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ABSTRACT 

The chlorination kinetics of Zr02 with and wit~ a 
1 

reduc~ng agent was studied in a single stationary particle reactor 

system.~ A plasma of pure ch1~rine generated by an induction torch 

:~oVided both th:e high~.entha1'py field and the reac~ing gaS'iThe 

influence on the rate 0, version of such parameters as t per

ature, chlorine conc:ntra~iO 'n the presence of argon),'p ticle 
~ . 

di~eter and porosity, were investigated. 'Based on experimenta1 

and theoretica1 studies, rate equations were deve10ped for each 
) r.,. ,l 

reaction system under different rate-contrp1ling mechanisms. 

• 0 , 

The ch1orination of Zr02 wit,h chlorine alone in the 

temperature range, of 1540 - Z480 K obeyed a shrinking-core reaction 

,mode1. The reaction was chemical1y-contro11ed below' 1950 K and 

above~ this temperature both chemica1 ~nd mass trarisfer resistances 

were important, The experimental resu1ts confirmed the theoretical 

analysis. 

~ . 
The 'reaction iri the presence of carbon was studied in the 

'- ~ 

·t~mperature range of 1400 - 1950 K, and the rate was influenced by 

the separation ~istance between Zr02 and carbon particles, hence 
"-

the shrinking-core mode1 was not obeyed. A different-conversidn-

timE model was propos~d. The rate was lower than the mod€l pre

dictions above a certain conversion, the level of which increased 

with both temperature and .carbon cbnte,nt. The experimental resu1ts 

provided adequate information for the'selecti~n of optimum ~nditlons 

with respect to reactor type, temperature and carbon content. 
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La cinétique de chlorat~on de ZrOa avec et sans agent 

, réducteur a été étudiée en exposant une particule:stationnaire à 

un plasma de chlore pur 'dans un réacteur, le ~asma étan~ engendré 

par une tôrch L' inf'luence sur le taux, de conversion 

de pa.ramètres 
0\1 

(quand de 1,' a 

que la température,. la concentr$tion du chlore 

était ajoutê), le dia~ètre de la particule et 

sa ,p~ro.sitéJ Y té étudiée.' Basées sur les étudès théoriques et 

expérimentàles, des équa~ion~ cinétiques ont été développées pour 

les diff€rents mécanismes' de contrôle de la réac~ion. , 
_J 

La chloration de ZrO~ avec du chlore pur dans l'intervalle 

de teml>~rature. de 154,.0- il 2480 K 'obéit au mOd~;e ;'shrinking core." 

L Le taux de conversion est contrôlé par la réaction chimique à moins , , . 
de 1950 K, tandis qu'au des~us de cette température la résistance 

créée p~r le transfert de masse devierlt également importante. Les 
, "" 

résultats expérimentaux confirment cette analyse théorique. 1 

<' 

En présence de carbone, la répction a,été étudiée dans 

l'intèrvalle 1400 :- 195,9 K. Dans ces ,conditions la cipêÙque est in-
, . 

fluencée par la distance entre les particules de'ZrOz et de 

carbone. Un nouveau modèle est proposé. Au-dessus d'un certain 

niveau de conversion, ies résultats' expérimentaux sont ~'inférieurs 
\ 

à ceux prédits par le mo~le. ce niveau croissant avec là ~ 
1 ~~ 

température et la teneur en carbone. Les données expértmental~s 

sont suffisantes pour permettre de cboisir les conditions opt~ales 
pour la réaction en rapport avec le ~ype de réacteur, le niveau 

de _ température et la teneur en çàrbone. o 
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GENERAL INTRODUCTION 

To a far greater extent than for any. other metal, with 

the excep~ion of uranium, it can be sa id that zirconium, in its 

present highly-purified forro, is truly a product of the nuclea~ 

age. No other metal offets such an unmatched combination of high-

,> temperature strength, corrosion resistance, and unusuall'y low 

neutron capture cross-section which have made the high performance 

of the Canadian CANDU reactor possible. Because of its high 

reactivity, the chemistry of~rconium has attracted researehers 

ever sOinee i t was diseovered in the late eighteenth eentllry, but 

it is only since the end of the Second World War that determin~d-

efforts have been made ta segarate the many impurities with which 

," the native ore. zircon, is contaminated, in o~der to produc~ the 

high-purity metal required for nuclear applications in commercial 

quantities. Of these,ahafnium is particularly difficult to 
·i 

r 

" 

eliminate because of its unusual chemical similariiy with zirconium, 

in spite of the fact that its atomic ~~ight ls double that of 

zirconium. 

" The production methods currently used by Industsy to 

,produce the pure metal are both extreme,ly complex (upward of 

fort y process steps) and very costly. Typically. a ID?dern- plant 

1 

, 
\ 
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to produce' three'million pounds of pure zirconium annually wquld 

involve a capital expenditure of upward of 30 million dOI,lars. 

with an operating cost of arbund $15 Rer kilo \in the forro of a 

sponge and $25 ta $30 per kilo in semi-finished shapes. It is 

not surprising, therefore, that a considerable effort is cur-

~ rently being mAde to simplify the ,j>roduction proces,s and lowér 
J 

its \cost. Th_e research, proj ect discussed in this thesis is an 

16 

\ 

" 

~xampleJ of such an effort. / 
'\Pc j;J 

Without going in~Y of the details of zirconium 
, ,(-

-production (this will be fu covered in the Literature Review 

~ 
section of this thesis), suffice to say that zircon~um tetra-

chloride is an important intermedia~e not on1y in the current 

conventiona1 pro~ess. but a1so in many of the newer processes 
, 

which have recent1y been proposed. The direct high-temperature 

chlorination of zirconia (ZrO 2) to produce the tetrachlorid'e may 

offer distinct advantages in the'elaboration of fut~re, more 

efficient production processes. This possibility i~ further 
o , 

enhavced if the use of a plasma flame is considered ta generate 

" the high temperature field necessary. 
ÇI .- '~ 

The literatu~e on the ch10rination of zirconia is scarce 

and i8 further limited to low temperatures «1400 K). The primary 

objective of the present work was therefore to investigate the 

chlorination of zirconium oxide with and without carbon as a' 

reducing agent at 11igh temperatiures (>~400 K). A chlorine plasma 
, " 

generated by an induction torch provided both the'high-enthalpy 
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field the reacting gas • lt should be added that, to the 
1 

author's ~owledge, this ,1s the first time that the generation of 
1 

a plasma pf pure chlorine and a kinetic study of this kind have 
1 
1 

o been mentloned in the literature. As part of the project, a 
,1 

1 
reactor system, complete with aIl auxiliary~;units, was designed 

1 i_' 

and consttucted to handle the hot and extremely corrosive chlorine 
1 
1 

gas', an'd ~o dispose of the off-gases safely. Measurement t-ech-

'niques had ~imilarly to be developed to provide the required 
i 
1 ~ 

kinetic d~ta. lt i9 gratifying ta report that the design of the 

reactor system proved to be so versatile that it will be used in 
, 1 

1 
l , 

other kigetic studies which will be undertaken in this faboratory 

1 ' ) in the n1ar future. ': 

" 

In accordance with current practice, this tnesis has bean 

written aa a number of individual sections which are complete in 

• themselves, in that they each have a separate Introduction, 

" ~ -Conclusion, Nomenclature and Bibliography. Thus, the experimental 
• 

part of the thesis can be submitted for publication with'little 
! 

modification. 

p 

The thesis is divided into three main parts: 

1. A Literature Review to provide the necessary back-' 
-

ground information on a11 related subject,s: zirconium and ,its 

production methods;.published kinetic studies on the chlorination 

."of metal oxides relevant to this work;' theoretical treatments of 

non-c~lytic gas~solid reactions; and fanally a description of 
" 

li 
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, pertinent plasma phenomena .;md plasma gas-sol id reactions,i 

"-
"\~, ' 

2. A report on the theoretical and the experiment;~ 
." 
~. ; 

work related to the chlorination of zirconium'oxide in the absence 

of a reducing agent. 

3. A repo~t of the work· on the~iorination of zirconium. 

oxide-graphite mixtures. 

\, 

, . 

" 

! 
'J' 

1 
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INTRODUC'l'ION 

The Review of the Literature is presented under the 

following four main headings: 

'; 2. 

3. 

4. 

Zirconium and Its Production Developments 

Chlorinatîon Kinetics of Metal Oxides 

Mathematical'Treatments of Non-Catalytic 
Gas-Solid Seactions 

Plasma.Phenomena and Plasma G&s-Solid 
Reactions 

Since the chiorination of zirconium dioxide i~ an 

integrai part of zirconium productioQ. techniques, the first " 

section is aimed at providing background information on "zirconium 
Jf"'" 

.' and its pres"en.t and potential rroduction methods, as weIl as 

related developments, including plasma applications. The second 
;1-

sehtion presents a critical discussion of published wor~s on the 

kinetics and reaction mechanisms of zirconium<di~ide chlorin-

ation, as weIl as the chlorination of other metal oxides which 
\, 

might shed some additional light on this reaction. Du~ to the 

fact that understanding and interpretation of the mechani~m of ~ 

gas-solid reaction is best obtained from its màthematical' 
,ê> 

" -1 

5 

l ' 

<Ii' 

• 1 
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representation, the third section is intended to give a fairly 

detailed overall view of the theoretical models representing non-

catalytic gas-solid reactions, using a different - and ~opefu11y 

novel - approach in classification. In an attempt to~e the 

treatment as complete as possible, a full discussion of the 

inher@nt assumptions made in these models, of their mathematical 

compÎexities and of their potential 'fields of application, is 

also given. 

Finally, since a plasma was used ta generate the high-

temperature heat sourte in/the expe~imèpt~l "part of this study, 

othe last section of the Literature Review,orepresents an attempt 
" 

to provide a brief "backgro~rtd 6'n plasma-generating devices, on 

their operation and characteristics, and on thjir field lof 

a~pIication in gas-soJ.j.d re'actions. 

ZIRCONIUM AND ITS PRODUCTION DEVELOPMENTS 

0, 

Aithough zirconium metai was discovered in 1789, its 

industrial uses have hàd a relatively short life, which began with 

the discoverY,of its nuclear properties during the late 1940'8. 

Because of" its low neùt'ron absorptiôn cross-section, its low 

radioactivity after radiation exposure plus its resistance ta 

corrosion in high purity water, zirconium and its alloys (zir-

.. . \ ~ 

caloys) are used for the claddingoof uranium dioxide fuel and for 
" 

the permanent reactor core structural components in the pressurized 
.1 

. '. 

,1 
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7 

\ 

and boiling water reactors (Miller, 1954), (Shelton'et al., 1956), 

(Kirk and Othmer, 1963). This initial major use stimulated the 

production of zirconium in the form of sponge and semi-finished 

shapes and it is now beginning to find increasing use in non-

nuclear applications~ A small quantity of commercial-grade 

zirco~~um metal is used as a corrosion-resistant construction 

material in the chemicaliind~~try.(Stamper and Chin, 1970). 

Another smal1 but growing 'ercial-grade zirconium 
. 

is in the form of ne powder as a "getter" in vacuum ?' . ) - , 

tubes, as an ignition sou ce in photo-fl~sh and detonator ap-

plications and in the forro of thin foils in flash bulbs CSundaram 

et al., 1967). It is rep1acing tantalum in surgical applications 

(Reno, 1956). 
1 - .. ' 

Zirconium,-_ fot'J!lerly considered a rare element, is now 

known to be more plentifu1 in the eart"h' s crust than nickel, 

copper,_lead and zinc (Shelt,on et aL, 1956). Zircon (ZrSiO .. ) is 

the most wid~ly distributed and most important source of the 

metal. A less important source mineral, because of its re~tricted 

occurrence,. is badde1eyité. another form of zircoAium ~ide 
(Miller,1954). Hafnium i5 almost invariably associated with 

zirconium mineraIs and the commercial zirconium (as opposed to 

.nuclear-grade) will always contain hafnium in.concentrations -
\ 

related ta the Hf/Zr ratios of the source mineraI. These Hf/Zr 

ratios vary frDm 0.917 ta 0.049 fo~ zircon and from"O.OOB ta 

0.014 for badde1eyite (Ryan, 1968). Certatn varieties of zircon 
pO 

" 



.. 

8 

conta~ing as .much oas 17 percent hafnia are the richest,sourçes of 
"--

hafljlium. 
~ ... u 

0, 

The stability of the zirconium-oxygen borlHing in zirconium 

silicates, and zirconium oxide and the reactivity of zirconium 

towards the common, gases, such as oxygeQ, nitr~gen and hydrogen, 

r even at moderate temperatures, make the productiort of the m~t~l in 

a pure state' a difficult task (Miller, 1954). Th.is may be the 
1 ~ .. ' 

reason for the passa&e of 130 y~ars fro~ the discovery of zir-
'l 

conium metal to the first production of pure metal by the iodide 

'" dissociation method of van Arkel and de Boer in 1925. For the 

fi.rst time, these workers obtained malleable metal that displayed 
" d • 

the real prop~rties of the element (Kroli ~nd Schlechten, 1946). 

Following this deve1opment, it, was recognized that a minute amount 
" ' ri 

of gases like oxygen and nitrogen was the main cause for ~e 
l" 

embrittlement observed in previous warks, 
" " 

\ 

\ 
The U. S. Bm::,eau of Mine.s initiated a re!,>earch program in 

" 1 
1945 under the direction of W.J. Kro!1 in an attempt ta deve10p a 

la~ge-SCa1e n~clear grade zirconiu~ production method to supply 
1 ~ 

\ 
the metai to the U.S. Navy. 

f' 
In the course of this wo~k, Kro1l 

and Schlechten (1946) pub1ished a critical survey of the 1itera-

ture on the metallurgy of zirconium~ ranging from the ore ta the 

metal product. The process fina11y developedoby Krall to produce 

zirconium meta! freë from most of the natura11y-occurr~ng con-
. , 

taminants, tnc!uding hafnium, is covered extensf~ely in the 

!iterature (Kro!! et al., 1948, 1950), ~Mil!er, 1954), (Shelton 

1 
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o 

et aL, 1956) and became the major production_technique, which it 

remains basically to this day. The oveiall procesB as originally 

conceived consisted of the fopowing steps: 

reaction of zircon with carbon in an electric arc 
,f 

furnace to forro zirconium carbide or carbonitride and volatile 

silicon monoxide; 

.., 
- chlorination of the carbide to form zircd'nium tetra-

chloride; . 

remova1 of hafnium and other contaminants by soivent 

extraction, to form high-purity~zIrcon~um oxide; 

- chlorination of the pure zirconium oxide with carbon, 

to form the tetrachloride; 

- further purification of zirconium tetrachloride and 

reduction with molten magnesium, and 

1 

removal Of magnesium chloride by vacl,!\l!U--distillation 

to produce zirconium sponge which, following vacuum remelting, 

was converted to ductile zirconium metal. 

Figure 1 (from Noranda, 1977) summarizes the conventional 

Krol~ Process, essentially used by Wah-Chang.and Pechiney Uginé 

-~ 

Kuhlmann. The actual production pbocess entailed upward of 40 

processing steps with corresponding high cost in material and 

chemicals, equipment and labour. Any reduction in the num~er ofl 
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FIGURÉ 1· 

THE CONVENTIONAL rœ:OLL PROCESS . 

ESSENTI~LLY AS USED BY WAH-CHANG 

AND PECHINEY UGINE KHULMANN 

(NORANDA, 1977) 
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proces~ steps or improvements in their respective efficiencies 

wouid not only reduce the cost, but also reduce the potentiai for 

impurities to enter into the system. the latter eons~deration is 

of considerable importance, sinee the purity specifications for 

the nuclear grade are extremely rigid. Renee, considerable 

research and development efforts have been devoted to virtually 
~ 

every step in the entire production spectrum. 

The first step in recovering metaIIic zirconium is to 

~lIopenll the ore, thélt is to break down the crysta11ine structure 

into its two oxide constituents. 'Zircon, Iike the silicates of 

most metaIs, is characterized by its relative chemical inertness. 

The'various methods of "opening" zircon wère sununarized by Marden 
" 

and Rich (1971), Kro11 and Sch1echten (1946) and a1so by Miller 

(1954). Chlorination constitutes one of the se methods and has 

been weIl accepted by industry. As a matter of fact, the modern 

processes used by both pechiney, Ugine Kuhlmann and by T:l~dyne
~ 

Wah Chang use it in preference to carbide formation. 

1 
Kroll, Carmody and Schlechten (1952) compared carbide 

\ 

(two steps) and zircon (one-step) chlorinations in reporting many 1 
sidelines that they investigJted durin~l!he development of the . , 

Kroll progess. Their recommendation was in favour of thè two-

step chlorination, based on the following factors. For the same 

output, the chlorinator needed for direct ch1orination of zircon 

in the presence of carbon was about five times as large as the one 

used for the chlorination of carbide. Zircon powder (size le~s 
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th an 200 mesh) and a large excess of carbon had to be used for 

effective chlorination of zircon. Furthermore, the zirconium loss 

in direct chlorination was higher than that of the carbide route 

and extra heat was required for the endothermic reaction. 

Stephens and Gilbert (1952), although taking n~te of 

these disadvantages, nevertheless- found carbide chl~rination in-

efficient and less satisfactory. Instead, they proposed d~rect 

chlorination of p~re zirconium dioxide which presented much less 

difficulty and lower operating costs than either the ch1orination 

of zircon or that of zirconium carbide. Pilot plant studies and 

design for fu11-sca1~ production equip~ent were described in their 

paper. A1mond-shaped briquettes w~th dimensions of approximately 

1-3/8 x 1 x 3/4 in. made u~ of 81 percent (-200 mesh) zirconium 

\dioxide, 15 percent carbon black and 4 percent dextrine as a 

qinder were chlorinated in a vertical shaft furnace reactor at 

1173 - 1423 Kj The source of pure zirconium dioxide was not 

reported. 

Several patents on the subject ot zircon and zirconia 

ch10rination were issued. Anderson (1960). described the chlo-

rination ~f -8 +200·mesh agglomerates of zircon and carbon in a 
o 

fluidized bed at 973 - 1273 K. Wigton (1960) chlorinated a -65 

+200 mesh zircon and carbon mixture in a fluidized bed at 1300 -

1423 K. ' Heat was supplied tprough the combustion of part of the 
1 

carbon in the bed with o~ygen. Callow and Bernard (1968) suggested / 

the addition\of 0.5 - 2 wt percent KCl together with cok'e ta 

( 
\ 

"'~ 

\ 

--------------............. 
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chlorinatë zircon. Ayukawa (1975) used pellets made up of -150 

mesh zircon and, petroleum coke for the chlorination of zircon. \ 

McCord (1966) described chlorination of z~rconium dÎO
xide pe11etized with a stiichiometric amount of carbon i? a 

vertical shaft reactor at 1073 - 1273 K. Reaction was reporteà to 

be se1f-sustaining when the temperature in the reaction zone 

reached the operating temperature, after which externa1 heat wa~ 

discontinued. 

A1though reducing agents containing hxdrogen are not 

recommended for the ch1orination of zirconia and~ircon due to the 

possibility of water formation which wou1d in turn convert zir-. 
conium tetrachloride into the oxych.1oride in the condenser~ in the 

patents c1aimed by George (1967) acety1ene was suggested aa the 

reducing agent, an~ more recent1y, Wilhelm ,(1974) 'proposed 

ch1orohydrocarbans as the ch10rinating and reducing a~nts for 

zirconia chlori~ation. 

Sehra (1974) studied the ch1orination of zirconium oxide 

with carbon monoxid~ and ch10rine in batch and semi-continuous 

f1uidized becl reactOTS. He reported 1023 K as an optimum operating 

temperature, above which reaction rate did not increase appre-

ciably. Obvious1y, this temperature' ia not the optimum one, since 

a transition region occurs at about 900 - 1300 K in which the rate 

of ch1orination.stays constant and above whach the reaction rate 

increases again (Landsberg et al., 1971). Sehra suggêsted that a 



'. 

,1 

14 

1 
f1uidized bed was more attractive than the -industria1 practice 

of using shaft-furnace chlorination. 

Recent1y, zircon ch1orination was discussed by Manieh 

and Spink (1973), and Manieh, Scott and Spink (1974). They 

studied the ch1orination in the presence of petro1eum coke, both 

in static boat and in an electrothermal f1uidized bed reactor. 

In the former, the individua1 effects of temperature, carbon/ 

zircon ratio and chlorine concentration, and in the latter the 

influence of temperature, gas ve1ocit~ and bed depth on ch10rine , 

utilizatioh were evaluated. Sufficient f1uidization of the bed 

was provided by the,amount of chlorine used and the gaseous , . 
1 ~ 

reaction products produced, thus, no diluting gas was required. 

The electrotherma1 f1uidized bed reaetor which was recommended by 

the authors as the only practical appafatus availabl~ for the 

ch1orination of zircon sand on a commercial basis was described 

and the data needed ta design such a reactor wer~ given in their 

papers. 

A somewhat different method of rimOViog siliea from zir-
~ 

con was proposed by White and Richmond (1972). Zircon was reacted 

\ 
with sulphur or other sulphur compounds at 1473 - 1673 K in the 

prisence of hydrogen or carbon as redueing agent. Siliea was 

removed as volatile SiS 2 • Later Motoi and Kurita (1973) c1aimed 

removal of siliea as the volatile halide ~hd leaving zirconium 
f 

~ dioxide as residue by reacting zircqn with alkali earth ha1ide and 
, 
carbon at 1873 - 2173 K. 
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It was reported as early as 1923 (Kro1l and Sch1echten, 

1946) that si1ica cou1d be removed by dissociation of zircon at 

2070 - 2400 K without the aid of carbon. But the mechanism and 

< 

t~mper~ture of the dissociation process have been the subject of 
\ ~ 

mu~~ discussion. Utseki et al. (1972) reviewed the previous w?rk 

an~ studied the mechanism of this jeaction. They conc1uded that 

fine zircon powder startecl to decompose at temperature as 10w as- _ 

1473 K, accompanied by sintering, but crystallization of ,zirconium 
~ 

dioxide (following dissociation) began at 1973 K. 
/ , 

For the last s~ages of zirconium production, the m~gnesium 

or magnesiu~-sodium reduetion and vacuum distillation processes 

(Kro11 proeess) have a160 been the topies of many studies and pat-

ent c1aims. K1imaszewski (196~0, Ishizuka (1972), ,Kanji (1973a, 

1973b) and recently Spink (1976) and Ishimatsu et al. (1976) de-
~ 

scribed different equipment designs and modifications, suggesting 

improvements over the original Krol1 process. In his latest 

patents, Ishizuka (1975a, 1975b) c1aimed a reduction in prôcessing 

time, which was reported.to be 1/3 that of the ordinary method. 

Starrat (1959) gave detai1ed information on the prod-

uction of nuc1e~r-grade zirconium at the Ashtabula plant of 

Ma~lory Shanon Metals Corporation which used impure zirconium 

tetrachloride as raw materia1. The method~of production was the 
\ 

\ 
sarne as the Kro11 process except that instead of magnesium re-

\ ' 
duction, Ashtabula made use of ~hat was claimed ta be a 10wer cost 

teduction with sodium. Elgèr (1962) investigated the advantages 

, 1 

. 
1 
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of ..... using different reductants in th'e Kroll process and concluded 

that the use'of a mixture of sodium and magnesium resulted in 

advantages such as higher purity. lower reaction temperature. 

easier separation and higher yield. These findings were later 
"-

confirmed by Babu et al. (1969) and Chintamani et al. (1972) who 

carried out pilot plant work over the complete range from .ore to 

metal to establish suitable equipment d'esign and process con-

ditions for large-seale operations in India. 

Very recently, Spink (1977b) reviewed the historieal 

deve~opm~nt of the zirconium market in conjunction with the, 

conventiona1 production method and conc1uded that, due to the 
1 0 

uncertainties and large fluctuations in zirconium demand caused 

by governmental policies, very little research and development 
, " 

work had been do ne in this highly demanding technological are a 

over the last 20-25 years. As a consequence, the zirconium 

industry had changed very little from the original, post-war 

operations installed years ago, despite the need for improvements 

or _changes in these operations. In the ,same,article~ he 

de~cribed a new process C',The Spink- Pt'ocess") for the preparation 

of nuclear-grade zirconium ~ rea~onably pure hafnium. The 

proposed process was claimed to he relatively pollution-free and 
~ 

more economical than the conventional process currently practised. 

A recent ca1cu1ation by Spink (1977a) has show~d that chemical 

costs associated with the new procesB are 1e88 than $1.00 per 

pound of zirconium sponge versus an estimated $3.23 for the 
{ ~ 
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conventional process. The Spink process still uses the original 

concept of the Kroll process (magnesium reduction and vacuum 

distillation), the'differences being due to improvements in 

individual operations (electrothermal fluidized bed chlorination \ 

of zircon, removal of hafnium in the tetrachloride form,,~tc.) 
-, . 

and equipment designs, plus additional SiC1 4 , Mg 'and chlorine 

recovery processes. 

Among other production methods, the metallo-thermie 

reduction of zirconium oxide has found indus trial use in the 

. preparation -I:?f zirconium metal powder to be used as IIgetterll in 

vacuum tubes and as ignition soûrce in photo-flash and detonator 

applications. This type of reduction is possible at' a t7IDper~ture 

qf 1073 - 1273 K only in the presence of calcium (Roy 1964) which 

i5 the costliest among the metallicoreducing agents (Ca. Mg, Al). 

While magne~ium does not possess as high an affinity for oxygen as 

calcium, aluminum on the oth~r hand creates difficu!ties due to 

the formation of solid aluminum-zirconium intermetalfic compounds. " 
( , 

Sandaram et al. (1967) investigated the preparation of micron size -., 
zirconium metal powder by the calciothermic reduction of zirconium 

dioxide at 1073 - 1223 K. Since the reaction of zirconium oxide 

with calcium i8 highly exothermic, it was found necessary ta in-
e 

corporate'in the reaction'charge a definite proportion of a heat-

sink material such as CaCl 2 to minimize the sintering of the 

charge"which created difficulties in subsequent ~eaching treat-
" . 

ments for the complete removal of calcium. They obtained a metal 

yield above 90 percent of theoretical in two-micron size range 

\ 

\ 
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using -}25 mesh Zr02 with 50 percent excess Ca and haIt a mole of 
\ ~ 

'CaC12 per mole of Zr02' -The r,sidua1 oxygen :ontent in the meta! 

powders after reduction decreased from 2.34 p~rcent to 0.10 per-

cent by increasing the reaction temperatùre from 1073 K to 1223 K. 

In his patent, Ga1lay et al. (1971) d~scribed the re-

duction of oxide with calcium in CaF2 melt usin~ a furnace heated 

by induction. 

Another met~ôd which may have potential-for the indus trial 
. 

production of ,zirconium is fused-sa1t electrowinning of the meta1 

from zirconium tetrachloride. Martinez and Couch (1972) obtained 

high-purity' zirconium on a laboratory scale by e1ectrowinning from 

if\. 
ZrC1~J using a NaCI-NaF e1ectrolyte which contained 2 wt. p~rcent 

zirconium as ZrC1/o·. 0 The process temperature was 1073 K. Later, 

Martinez et al. (1976) proposed a twin cell design for large-scale 

operatio~. Zirconium metal meeting ASTM standards was produced 

only in electrolytes with a relatively low zirconium concentration 

(about 3 wt. percent)". The rate of removal of chlorine from the 
.... 

anode was found to be'limiting the rate of anodic.reaction. They 

---------~ concluded that additional development~rk was still needed for 
,~ 

this approach to gain commercial ~cceptance • . 
In paralle1 with the rapid advances wnich have been made 

in'plasma tecnno1ogy over the 1ast f~fteen years, there has been a 

considerable number of investigations on the use of this techno1~gy 
. 

in zirconium production. ". Brown (1967) presented a paper c,oncerning 

( . 

" 
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his work on .the reduction of zirconium dioxide and zirconium tet-
1 

rachloride to zirconium with th~~use of an arc plasma jet. His 

thermodynamic anal sis showed that metal production by dissocia-

tion of zirconium d oxide in the absence of a reducing agenb was 

not feasible. ium dioxide partially dissociates on va-
. . 

por~zing to give onoxide and atomic oxygen above 4300 K. 

Figure 2 from Brown' s paper shows the stability of zirconium 
'" 

monoxide at qu~te high temperatures. Upon quenchipg, the products 
\ , 

are Zr, ZrO and oxygen. But in the condensed phase, the monoxid~ --. 
is not stable and Zr02' In attempting to reduce 

zirco~ium dioxide co~ium using carbon, Brown found that the 

residence time and le size of the Zr02 were more important 

than the methodjof ucing carbon. "Using lü-micron size 

o Zr02 powder and a çarbon ube ta lengthen the plasma section"he 

reported an increase in z rconium content from 66.5 percent in the 

feed ta 70 percent in t~e product. In the case of the decomposi-
, 

tion of zirconium tetrach oride in an argon plasma,/using a hydro-

gen dilutîQn quench and a~so straight thermal quench, he reported 

9n i~crease in zirconium contfnt from 38.2 percent in the feed ~o 

58.~ percent in the product. The products were nat identified. 
C· 

.. 
A, 'l.;w 

In their article concerning the state of the art in 

plasma chemistry, Vurzel and Polak (1970) indicated that they had 

had sorne success in reducing zirconium dioxide to zirconium in a 

hydrogen plasma. However, no further information was available 
, 

concerning this work. The investigation of Matsumoto and 

Miyazaki (1971) on the reaction of zirconium dioxide with graphite 

1 • 
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in argon anLl argon-hydrogen plasma jet~ showed that the final 

product composition was affeéted critical1y by the Jitiai C/Zr02 
! 

}tiO. The product consisted of lI' and Zr02 when the ratio C/Zr02" ' 

was one, and Zr, ZrG when the ra t io was two. 

Becherescu, Winter and Cicoare (1967) studied the reaction 

of Zr02 with metallic iron in a plasma jet supp1ied from a 60-kW 

unit. Their feed consisOted of briquettes of Zr02 + Fe, with an 

iron content ranging from one to seventy percent; In each case, 

the final products consisted of a mixture of Zr, Zr02' F'e, FeO 

and Fe;304' This was attributed to the short residenc&. time in 

the plasma, in addition to the reaction condition. 

Despite the earlier work of DiPietro and Findlay as 

reported by Abshire (1958) and of Kroli, Carmody and SchIèchten 

(1952), $ome recent studies showed that the reduction or thermal 

decompo~;ition. of zirconium tetrachloride in argon or argon-
" r 

hydrogen plasmas could be successful. Chizhikov, Deineka and 

Makarova (1969) and Chizhikov et al. (1971) reported the pro-

duction of pyrophoric metai powders by reduction of ZrCI 4• WC1 6 • 

MoC1 3 and"NbCI!5 in an argon-hydrogen plasma. 
~ 

They also produced 

the respective oxides from the chlorides in an argon-oxygen 

plasma. Semenenko et al. (1975) studied the reduction of 

zirconium tetra and lower halides in a hydrogen plasma. The r 
prodÛcts contained the respective halogens and hydrogen in 

smail quantities. 

In his Ph.D. work, Gragg (1973) investigated the 
" ,. 

r .... 
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• feasibility of the thermal d-issociatioI} of zirconium tetrachloride 

in Fi radio-frequency argon plasma, produced from a 25-kW, 4-mHz 

~enerator. He collected the metallic zirconium at the centreline 

of the plasma by 'mea~ of a water-cooled probe.' The percent of 

f'eed collected ranged from 1.9 ta 47.4. The percent conversion of 

~rC~4 to Zr based on the amount of metal collected ranged from 3.7 

to 89.6. No information was given about the portion which was not 

col1ected. Quenching efficiency, position of the collecting probe 

in the plasma and the feed rate influenced the conversion. Grâgg 

concluded that this process was technically feasilHe but not ,0 

economical w!th the apparatus he used. This was due to the Iow 

efficiency which was reported ta be 20% .of the power input ta the 

1 
generator. The cost of production of zirconium froID pure ZrCl4 

was estimated to be 5.3 cents per kg of zirconium which 5eems ta 

be very unrealistic. 

A patent by Little and Wentzell (1965) claims the use of 

Na or Mg in a plasma process to reduce chlorides of Zr, Ti, Nb 

\. ~~ 
process us~s a transferred-arc plasma where the upper 

and 

Mo. The 

surface of a movable bar of the respective metal (which slides in 

a vertical water-cooled mold) aets as the anode. Chlorides are 

1ntroduced into the plasma jet together with liquid sodium or 

powdered magnesium as the reducing agent. Pure metal ls said to 

forro as ,8 molten pool at the anode. The process ls attractive in 

that ft produces not sponge but bulk metal. 

.' Another patent (Ciba, 1966) d~sclosed the production of 
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! 
non-pyrophoric powders of zirconium and sorne other metals by 

introduction of the chlorides with argon as a carrier gas iuto a 

hydrogen plasma. 

The plasma dissociation of zircon into its component 
\:f> 

oxides was proposed as a .preliminary route to zirconia and 

zirconium chemicals hy Warren and Shimizu (1965). It has recently 

been the subject of a series of publications and patents-as the 

basis for the Ionare Process, which has enabled the manufacture of 

substantia1 quantities of p1asma-dissociated zit:conia with a high 

degree of conversion and 10w electrical energy r~quirement (Thorpe 

and Wilks, 1971)', (Wilks et a17, 1972, 1974), (Scammfn et al., 
, 

1973) . In this process, the f inely-powGered zircon sand «150 

microns) is introdueed with nitrogen a~ a carrier gas 'into the 

plasma flame of an Ionarc carbon arc furnace where it is melted 

and quickly quenched upon leaving the flame. Air jets introduced 

in the tailflarne oxidize the carbon contaminants. This produces ' 

a product ~ith high surface area from which the silica can easily 

be removed by a caustic leaeh. The purity of the fi"nai product 

depends on the number of 1eaching steps. The process is non-

polluting in ,that there are no unwanted byproducts. 

Very recently, Bayliss, Bryand and Sayce (1977) surveyed 

'0 
the earIier work on the thermal dissociation of zircon and de-

scribed the development of a new form of arc heater which had the 

advantages of using non-consumable electrodes and permitted , , 

operation under carbon-fre'e or oxidizing conditions. 

, " 
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CONCLUSION 

Zirconium ia proving to be a very useful Metal but its 

use has 50 far been rest~icted by its relatively high priee, due 

J. to the difficulties encountered in its production. Currently, 

research work is aimed ,t improving the efficiency of existing 

production methods and/or at finding alternative methods which 

would be less costly. 

The review of both present industrial and potential 

production metnods indicated the importance of zirconium tet

rachloride as' the intermediate product between the stirting 

material z~rcon and the zirconium metal product. Development of. 

the plas~a process for the thermal dissociation of zircon into 

zirconia, plus the disadvantages of direct or indirect zircon 
\ ) 

chlorirtations. may make the chlori.nation of zirconia more at trac-

tive" than that' of zircon. \ Depending upon the methods of removal 
J 

of hafnium from zirconium, the chlorinationoof pure zirconium 

oxide becomes an essential part of the overall process when 
. 

solvent extraction is used. 

CHLORINATION KINETICS OF METAL OXIDES 

CHLORINATION OF ZIRCONIUM DIOXIDE 

PU91ished warks on the chlorination kinetic~ of zirconium 

diàXide are rather scarce. Two comprehensive kinetic 

studies (Landsberg et al., 1972), (D'Reilly et al, 1972) have 
~ 

1 ( 
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- appeared in.the 1iterature recent1y, both of them cov~ring 

temperature be10w 1400 K. 

, 
O'Reilly, Doig and Ratcliffe (1972) studied the reaction 

between zirconium dioxide, carbon and chlorine in a static bed in 
~ 

th~ tempe rature range of 940 ta 1100 K using uncompacted, in-
, 

timate1y mixed zirconium dioxide powder (IS-micron partiçles, 

average) and petroleum coke (1 micron) in a weight ratio of one 

ta four. It was reported that the reactiorl was chemically con-

tro11ed and was taking place at the surface of the oxide par-

tieles. For conversions up ta 30-80 percent, the time - vs -

conver~ion data was corre1ated by the expression (shrin~ing-core): 

l, 

l - (1 - X) 1/3 = Kt (1) 

where X ls the fraction of o~ide r'e,acted at time !., and K is the 

avera11 rate constant. The activation energy and the arder of 

reaction with respect to chlorine concentration were 230.7 kJ/mole - , 

and 0.64, respectively. Dependence of the reaction rate on the 

fraetiona1 power of ch10rine ~oncentration was attributed to the 

dissociation of chlorine molecu1es at the surface of the oxide. 
\' 

\ 

The data of these authors showed that, at high con-

versions, the rate of reaction decreased significant1y and con-

version - vs - time deviated from the correla~ion predicted by 

the shrinking core model. The level of ~onversions at which this 
\ 

deviation' occurred increased with increase in reaction temperature 

(for temperatures of 940 and 1100 K, deviations began ta occur at 

;7 

! 

--------------.......... 
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JO and BO 'percent conversions, respe.ctively). No explanation was' 

given for this behaviour, beyonù the Ylention that it was the 
&. 

subjec,t of further investigation. The reason for -such a reduction 

in the reactlon rate, in the opinion of the present author, may be 

1 
the chârÎge in -the degree of contact between oxide and coke parti-

e1es, which decreases as the reaction progresses. The importance 

of this intimate contact ls less at high temperatures . 

In their kinetie study, Landsberg, Hoatson and Block 

(1972) chlorinated both compacted powder and opaque s\ngle crysta1s 

o't zirconium dioxide with carbon and carbon monoxide ar reductants. 

They a1so investigated the chlorination of Zr02 single crysta1s 

with chlorine alone, the~e authors being the first to do so. 

Despite the factithat chlorination of Zr02 without,r~ducing agent 

ls thermodynamically not feasible, they managed to measure an , 

appreciab1e rate of chlorination in the temperature range of ~.J20 

to 1420 K and obtained an activation energy of 166.2 kJ/m01e. 

"-
They reported that the reaction rate was inf1uenced by the total 

\ . 
gas flow rate, at rates below 800 cc/min in a\ 25-mm reactor tube. 

~ , 

suggesting a mass transfer effect. 

T~e chlorination experiments with carbon were carried out 

between 1120 and 1320 K with disk pellets of zirconium dioxide 

surrounded by a loosely packed bed of carbon powder. The pellets, 

15 mm in diameter and 5 mm in thickness t were compacted from ZrO:;! 

powder and sintered at 1273 K for one hour; they had a porosity of 

about 51 percent. In their work, the rate of chlorination in the 

1. 
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presence of carbon was found ta be directly propartipnal ta 

chlorine concentration which did not agree with t!tè findings of 

D'Reilly et al. (1972) who reported proportiona1ity to the 0.64 

power of chlorine concentration. This may suggest that the manner 

of intrpducing the carbon and the reaction temperature may in-

fluence the reaction mechanism. As a matter of fact, the authors 

investigated the effect of carbon particle size on the reaction 

rate and found that coarser carbon partieles, resulted in lower 

reaction rates, which indicated the importance of oxide7carbon 

contact. Reaction was reported ta be taking place at the surface 

\ 
and it was chemically controlled yielding an activation energy of 

127.7 kJ/mo1e as opposed to 230.7 kJ/mole found by O'Reilly et al. 

Conversion - vs - time data were not correlated, nor were they 

presented. 

Chlor'illation in the presence of carbon monoxide was 

studied by Landsberg et al. with compacted disk pellets of ZrD 2 at 

675 - 1375 K and with !sing1e crysta1s of Zr02 at 875 - 1375 K. 

Th,e chlàrination ra\e with compacted samples was almost ten times 

that of single crystals at the same t.emperature of 1275 K. It was ~ 

reported that reactian occurred within the entire parous structure 

of compacts exposed to carbon monoxide and ch1orine, and the 
<le! 

initial reaction rate showed a direct re1ationship ta sample 

volumes and weight, irrespective of geometric surfaces. However. 

the change in r~activity observed by these authors as the reaction 

proceeded, for both types of samples, inpicated that the'available 

, \ 
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surface area for the reaction played \n important role in the 

reaction rate. The relatiopship ~twe~n the rate of chlorination 
\ 

and the ,gas concentr~tions, as weIl as the activation' eneFgies, 

were found to be different at high and low temperatures. A 

transition zone in the temperature range of 900 - 1200 Kwas 
, .;---

observed with bath types of samp1es. In this zone, the rate either 

de~ased or remained almost constant.- This was explained by the 
, 

transition in the carbon monoxide-carbon dioxide equilibrium and 

its resulting effect on the reaction mechanism. -The same phe-

nomenon was observed by Dunn (1960) in the ch1orination of Ti0 2 

with phosgene (COCI 2 ) and with carqon monoxide plus chlorine. 
\ 

~I '), ...".--

The order of carbon monoxide reaction with respect to 

chlorine and carbon monoxide at 1273 K wa~ reporfed as 0.6 and 0.5, 

respec tivelY. The corresponding, activation energy was about 96.3 \ ,4\ () 
kJ/mole. 

On the basis of a thermodynamic analysis, Vasi1enko and 

Vol'skii (1958) concluded that chlorination of Zt0 2 ,by chlorinè 
~, 

alone was ineffective, even at temp'eratures between 1273 and 1773 

K. ,At equilibrium, the product (zirconium tetrachloride) con-

centration in the gaseous phase was 10w and with a rise of tem

perature in the indicated limits, it increasJd inSigni~icantlY 
from 0.2 to 2.7 volume percent. They also showed that, at tem-

peratures below 973 K, ch1orination of Zr02 in the presence of 

solid carbon took place according to the reaction 

(2) 
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while above 1300 K, it took place entirely according to: 

Zr02 + 2 C T 2 C1 2 + ZrCI~ + 2CO (,3) 

A recent work by Sehra (1974) re~orts on the fluidized

bed chlorination of nuclear-grade zirconium dioxide with,'carbon 
. 

monoxide and chlorine. He did not carry out a kinetic study in 

the strict sense of the term, but rather investigated the effects 
(J 

of operating variables such as flow rates of CO and C1 2 , bed-

height, temperature and residence time on the percent chlo-

rination, in order to establish the optimum operating conditions. 

Sehra reported a linear relationship between percent age chlo-

rination ot Zr02 and reaction time a~73 K up to~O percent 

conversion, above which the rate droppe\f. He in:erpreted 

this effect on the premise that, in the n tial stages, with the 

generation of surface pores, the face area'rèmained 

constant; at a certain stage of , the effective 

surface area and hence the rate of t,begin to 

deerease. This explanation may be appropriate~ it is 

known that the rate -in gas-so1id non-cata1ytic reactions generally 

varies with time and is basica11y transient (Szekely et al., 1976), 

• 
sinee the amount of reactant surface and its availability changes 

with the extent of reaction. The conversion - versus - time data 

reported by Sehra was re-analysed by the author of this thesis. 
'-

A plot of fractional conversion of ZrOd in the forro of, [1 - (1 -

X)1/3] versus time resulted in a straight 1ine at aIl conversion 

\ ' 

levels. suggesting that chlorination of ZrO:a with carbon monoxide .~ .. __ .~. 

; 

., 
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and chlorine was a chemica11y-contr011ed surface r1action de-

scribed by a shrinking-core,rnodel. Hence. the drop in the 

reaction rate mentioned by Sehra was really due to a decresse in 

geornetrica1 surface area resulting from the shrinking of the 

reacting particles. 

. ... 
Sehra (1974), also concluded that a ternperature of 1073 K 

"-was an optimum reaction temperature sinee the rate of reaction 

above this temperature did not inerease much. This rnay not be 

~rue in the light of the results reported by Landsberg et al. 

(19]2) who observed a transition region centered at about 1073 K 
~ 

in the (CO + C1 2 ) chlor~nation of Zr02' In this region, the rate 

of the reaction was almost constant, but above 1173 K the rate 

started ta increase again. 

The paper published by Pogonina and Ivashentsev (1974) ~ 

was ~ery brief and was concerned wi!h the ch1orination of Zr02, 

Hf O2 and Ti0 2 with and withouL carbon rnonoxide as reductant. The . 
)actiVat.iOn energy of 425.8 kJ/mole foi the ZrO, + Cl, reaction 

, reported by the authors seem~ ta be very high. It appeàrs t~ be 

bgsed on on1y two experimental data points in a narrow temperature 

range (1173 - 1273 K). 

CHLORINATION OF OTHER METAL OXIDES 

A large number of publications have been acc~ulated(~n 

the literature on the chlorin~tion of different ores and metal 
1 

oxides. While'a complete review is outside the scope of this 

\ 
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thesis, a brief discussion of some selected papers relevant tp 

• this study will be useful, on' the premise.that most of the metal, 

oxide chlorination reactions may show at least similar /qualitative 
1 

behaviour. 

The most controversial suhject in this field has·been 

the mechaniB~ of the reaction. lt has found the ~east agreement 

among different investigators, particularly among those who have 
~ 

studied'the same system. The paper published by Seryakov et al. 
D. 

(1967) is concerned with the me~hanism of chlQrination of tita-

nium dioxide by chlorine in the presence of carbon. The existing 

views on this matter at that time, as reported by the authors, 

. we~e: ,)f Q 

Th~ ~al 
,J 

'. 
l. oxide ia first reduced by cacbon or carbon 

o D 

monoxide tb a lower oxide, ,!hich in turn ~eacts with chlorine to 
1 

fQrm the tetrachIoride. , 

2. Chlorine reacts with the metal o~ide to form the 
'-. 

tetrachloride and eIemental oxygene The latter combines with 
, '1> 

carbon-to form carbon dioxide or carbon monoxide. 

3. The metaI oxide is chlorinated by carbonyl chloride 
, 

(phosgene COC1 2 ) formed~as a result of the.reaction of chlorine 

either with carbon monoxiap or carbon dioxide in the presence of .. 
• 

carbon. 

1 

,1 4. Chlorination takes place with the aid of chloro-

carbone formed on the surface of carbon due to the adsorbtion of • 
--------------............ 
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chlorine. It necessitates contact between the oxide and the 

carbon particles. 

5. Chiorinat/on proceeds through the . formation of 

CGel-type of radicals. This occurs in the absence of direct con-

tact between the part~s of meta1 oxide and carbon. 

On the basis- of their exp.erimental evidence, Seryakov et 

al. (~967) c6nc1uded that the chlorination of titan1uffi dioxide 

by ~hlorine and carbon in the temperat~re range of 626 to 777 K 

proceeds without the:participatio~ of such intermediates ~f 
'" 

"-elemental oxygen, ~s of .titanium in a lower valency. or 
, ' 

phosgene. ~; .. ::::r-
"" 

"-, 

Bergholm (1961) investi~ed the chlorination of rutile 
> \ \ 

in various ways and provided valuable information on the 

mechanism of the reaction and the parameters inf1uencing the rate 

of the chlorination. In an attempt to establish the importance of 
• 0 

contact between the oxide and 'the carbon particles, the author 

chlorinated a rut~le tablet placed on top of a cubic carbon pellet. 

'The rutile tab1et had two smaii hales (450-micron deep) on the 

surface in contact with the carbon pellet. It was reported that, 

the rutile reacted on1y where the two pieces had been in contact 

with one another. Almost no reactiGln took place in the bottom of 
\ 

the hales in spi te of the fact that they must have been fi1Ied with 

carbon monoxide .(produced during the· r~action) and chlorine. From 

microscopie examination of the contact surfaces, Bergholm conc1uded 

that the reaction was strongly promoted by carbon if the distance 
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between the carbon and 'the rutile was less than 200 microns or ~o. 

- .1 () ..y 

He indicated that the ~oints of contact di&"not react faster than , " 

surfaces 50 microns apa~t. Renee, the distance ~ather than the ~ 

direct 'contaét between the rutile and the carbon grains was found 

to be important. These findings were confirmed by chlorinating 

mixtures of the, r~tile and the carbon in pellet and loose forms. 

He" found that the rate of dense pellets at 973 Kwas ten t inles 

higher than that of the loose mixture bu~ the difference between 

the chlorination rates was less pronounced at 1120 K . 

. . 
Another evidence show:Ï=pg the importance of ~ deg~ee of 

contact between" the carbon and the rutile grains was obtained fro~ 

1 

further treatment of residues of previous experiments in whfch the 
1 

, . 
reaction almost stopped after 'l0 percent conversion. The residue 

was chlorinated once more after it had been thoroughly mixed. It 
, 

was found that 60 percent of the residue could be further chlo-

rinated. ln another experiment, the residue was mixed with more 

carbon, but this addition did not cause a greater increase in the 

reaction rate th an did mixing of ,the residue without new carbon. 

This impprtant observation shows that the ~eactio~ slows down or 

stops after a certain amount of conversion not because of carbon , 

defici7~CY or a 10ss of reactivity of --Col1stituents, but",rather 

,beèause of a decrease in the degree of contact between the rutile 
e-

and the carbon grains. 

of" 

Bergholm suggested that the reaction probably'proceeded 

through the formation of an intermediate uns table compound such as 

t 
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COC1-radica1s, and that the formation of phosgene was 1ess pro-
, " 

bab1e due to its dissociation into CO and Cll at the reacoion 
, 

temperatures. He also found that the ch1orination rate below 1273 

.' K in the presence of carbon was much higher th an that wi th CO, and 

Q 

recommended the use of a static bed rather than that of a fluidlzed 

bed reactor for ch1orination in the presence of carbon. 

In their investigation of the ch1orination kineticp and 

reaction mechanism of different minerals ~cluding zircon, Stefanyuk 
'1 

and Morozov (1965) suggested that phosgene was the most probable 

intermediate, activator of the pro cess ,. even though this suggestion 

w!ls ;~jected earlier by Bergholm (1961). 'The authors did not ,deny 

the possibility of formation of carb~-ch1orine ~ompounds or COCl-
,. 0; 

type radica1s, but pr~ferred the following stepwis~ mechanism: 

Cla + CO d ~ COCI a a s 

, 
2COCl l + MeOl = MeCl" + 2COl 

CO a + C, = co + CO ads 

(4) 

'(5) 

(6) 

According ta this scheme, chlorine reacts with intermediate surface 

oxides of carb~ to fo~ phosgene, and carbon dioxide reacts with 

carbon and regenerates the surfacé carbon oxides. The proposed 

mechanism does not.require a direct contact between the metal oxide 

and the carbon particles but omits an initiatioh step. Based oh 
o ~ 

thei~ experimental evidence~ Seryakov et al. (1967) later rejected 
fi 

the participation of phosgene as-an intermediate ch10rinating ... , agent 

it the chlorination of titaniÙID dioxide • 

\' 
\ 

, ' 
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\ 
, ' Stef~nyuk and Morozov éhlorinated uneompacted mixturt;!s of 

zircon and carbon po~ders in th)€! temperélture range of 973 - 1473 
1 

K and obtained an activation energy of 97.~ kJ/mole. The process 

"" '-was found to be one of chemically-controlled surface reaction for 

a shrinking particle. 
" 1 

A comprehensive study of the influence of carbon on the 
; 

chlorination of titanium dioxide was reported by Seryakov et al. 

(1970). They chlorinated disk pellets made out of titanium dio-

xide and different carbonaceous materials such as lamp black. ' 

petroleum coke and carbon obtained from the pyralysis of sugar. 

It was reported that the chlorination tate in a chemically-con-
a 

t:olled region was limited by the area of direct contact between 

the metal oxlde and the carbon particles. The increased contact 

area providêd-by the pyrolyzed sugar and by a high pellet-forming 

press~re resulted in higher chlorination rate. This limiting step, 

plus the activation ene:t;;gy or the chlorination (268 - 285 kJ/mole) 

and the order of the reaction with resP7c~ ta chlorine concentra-

tian (0.63 - 0.71) 'remained almost the sarne for a11 thre~ types of 

carbon. However, the pre-exponential factor in the Arrhen,ius 

equation was found to be different and the highest one was obtained" 

with _the pryolysed sugar. r ',> 

As for the rnechanism of chlorination, Seryakov et al; 

pro~~sed that the reaction proceeded through the transfer of , 

\ 

molecules of an intermediate product formed on the carbon particles 

to' the surface, of the titanium dioxide particl~s at the points of 
~ 

." 

~----------........ 
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direct contact. A0cordingly, the first step was the interaction 

of chlorine with carbon. The transfer of the intermediate pr?,duct 

was report~d to be the rate-limiting step, but the ftature of this 

intermediate product was not given. On the basis of this proposed 

mechanism, the authors derived the empirical equation: 

Q,n (1 '- 6W/ /:"Wa.» = -Kt (7) 

reported by them earli~r on an experimental basis (Setyakov et al", 

1'. The rl:lte was proportional to ~contact 
1967a) . They assumed that: 

area between the oxide and the carbon pattic1es (dW/dt a S), and 

2. the rate of decrease of the contact area was pro-

portiona1 to the available contact area (dS/dt aS). 

These two assumptions imply that the reaction decreases 

and eveittually stops when the contact ~fea diminishes and /:"W
oo 

/-' 
becomes the maximum amount of m~'-oxide that can be chlorinated. 

. L-=-~-

The theoretica1 treatment and the experimenta1 results of_ 

Seryakov et al. (1970) confitm the observations of Bergholm (1961) 
1 

except that Bergholm suggested the necessity of a close distance 

(less than 200 microns) rather than the direct contact between the 

"oxide and the carbon particles. ln a paper concerning the ch10-
, 

rinatio~ of zircon in the prçsence of carbon, Manieh, 'Scott and 

Spink (1974) suggested a reaction mechanism simi1ar to that of 

Seryakov et al. (1970). They postulated that carbo~hlorine 
/ 

bonding was an initial rapid step sinee molecu1ar or atomic ch10rine 

\ 

1 
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was readily and strongly chemisorbed on hot carbon surfaces. TIle 

reaction then had to.proceeJ subsequently by a solid state reaeLion 

on the surface of the zircon between the chlorinated, carbon and the 

zircon. Th~ following formulation was given: 

( 8) 

4(C.C1 2 )(s) + ZrSi0 4 (s) s ZrC1 4 + SiC1 4 + 4 CO ( 9) 

•• 
Tnis mechanism requires the existence of a direct contact 

ares between the zircon and the carbon particles, and in the prés-

ence of excess carbon the rate-detenmining factor will probably be 

the,surface area of the zircon on which'the carbon coats and not 

the amount of carbon surface which i5 available for ch10rine ad-
J 

sorbtion. 

. \.. 
Using an electrothermally-heated fluidized bed, the author 

found the chlorination.reaction of zircon to be of zero order with 

~~ 

respect to chlorine concentration, first ~w:ttb respect to the 
~ \ 

~ 
s~rface area of zircon particles-~d slightly dependent on the 

~ . 
carbon/zircon moxa~~. The activation ~nergy of the reaction 

was given as 44.4 kJ/mole, whereas it was reported to be 58.6 kJ/ .. 
mole in their previous paper (Manieh and Spink, 1973). 

Ketov et al. (1974) recommended two types of reaetion 

Imechanisms depending on whether the carbon played a role either as 

a catalyst or as an oxygen-binding compound. It.was reported that 

the majority of metal oxide chlorinations procee~ed first with the 

formation of CI-C type ~adicalst which in turn react immediately 

------------........... 
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at the contact sites with the oxide~ This was in agreement with 

Manieh et al. (1974) and Seryakov et al. (1970). In the, case of 

. \ cl \ the chlorination of alkaline earth ~xides, MeC1 2 an oxygen were 
1 

s~ggested to be formed in ~he first!stage fùllowed by reaction of 

1 

the oxygen with carbon in the seconç stage. 

1 
i 

In another zircon chl~~ination study, Sparling and 

Glastonbïr~1973) proposed an entiiely different reaction 

mechanism in which the metal oxychloride was the ,intermediate 
1 

prodùct. The following formulation was considered as possible: 

At the zircon surface: 

MeQ2 (s) + MeC1 4 (g) 
1 

2 MeOC1 2 (g) =1 (10) 
1 

i 
1 

At the carbon 
'\ 

surface: 

i 
1 

MeOC1~(g) + C(s) + C1 2 (g) 
! 

MeC14(g) + CO(g) f . (11) 

i 

Accord,ing to this meCh'aniSm~ sorne initiation reaction must 
! 

,occur by direct reaction of ch1orine~with the metal oxide ta prod-

uc~ sma11 amounts of the product or of the intermediate phase. 
1 

.,jI 

The reaction i8 se1f-sustaining once a small amount of MeC1 4 or 
, 

MeOC1 2 is present in the system. The authors described the zircon 

ch1orination according to two possible situations. For a carbon

~~ficient system (zircon surface present in excess) it was claimed 

that the rate-limiting step was diffusion of, ,the inten'llediate 

- . 

(oxychloride) ta t~e carbon particles through the boundary layer 

surraunding the carbon and the reaction occurred as soon as the 

" .. 

'\ 

------------------------------ ; 
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intermediate reached the carbon surface. In a zircon deficient 

system, however, the rate~limiting step was suggested as the 

diffusion of the ihtermediate away from the zircon particles 

through the boundary layer surrounding the zircon. 

Sparling and Glastonbury claimed that the distance 

between the oxide and the carbon partic1es was not important, 

in contradiction to the previous investigators, 
r \ 

(Bergholm, 1961), 

(Se~yakov et al., 1970), (Manieh et al., 1974). The applicabillty 

of their proposed mechanism to the zirconium constituent of the 

zircon is questionable, due to the fact that zirconium oxy-

chIo ride in anhydrous form is not known (Braver, 1965), (Venable, 

1922) and there is no experimental evidence demonstrating the 

presence of th. unstable zirconium oxychloride at the reaction 

temperatures. Based on their proposed mechanism, the authors 

further suggested that the rate was not only a function of zircon 

surface a~ea for a particular system, but also of the product 

partial prespure. hence, as the reaction proceeded the amount of 

zircon chlorinated was reduced due to reduction in both the 

particle surface area and in the product partial pressure. 

The authors chlorinated the zircon in the presence of 

carbon in a fixed-bed reactor. It was\rep'orted that both the 

carbon ,and the zircon rarticles shrunk as the reaction prQgressed, 

inclicating a surface reaction.' Two clifferent activation energy 
~ ~ 

values, 134 and 151 kJ/mole, were obtained for zircon and carbon-

deficient systems, respectively. 
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lvashentsev et al. (1975) suggested the formation of 

thorium oxych1oride (ThOC1 2 ) as an intermediate in the ch1o-

rin~tion of Th0 2 with CHCl 3 in the t~mperature rang~ of 873 -

but formulated a different reaction mechanism. compared 

of Sparling and Glastonbury (1973)', as follows! 

Th0 2 + 2 C.Cl = ThOC1 2 + CO + C (12) 

ThOCl a + 2 C.Cl = ThC1 4 + CO + C 

2 ThOC1 2 = Th0 2 + ThC1 4 (14) 
~ 

\\ The formation of C.Cl-type active radicals were eonfirmed 

1ater by Gol'tsova et al. (19v6) in the chiorination of Ti0 2 , ZrOa 

and Hf O2 with CHC1 3 above ,800 K. but no r'eferenee was made with 

respect to the metai oxych1oride as being an intermediate ,in the 

chiorination reaetions. These authors reported an activation 
-

energy of 125.6 kJ/mole, being the sa~t,for the three' oxides. 

Some of the investigators concerned themselves on1y with 

the kinetic aspects of meta1 oxide ch1orination, without suggesting 

any reaction mechanism. Masterova and Levin (1973) chlorinated a 
v 

,titanium slag (TiO a , SiOa) in the form of spherical pellets con-
-.:; .. 

taining 30 percent carbon, at 777 - 1273 K, using a ehlorine gas 
\ 

\ 
velocity of 1 cm/sec'. lt was reported that the re8;ction, having an 

activ~tion energy of 55.3 kJ/mole, proceeded throughout the pellet 

"volume up to 900 K; and was contro~led by chemical kineties. 

Transition from this ta ash diffusion region with pellets larger 
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1 

than 3 mm in diameter took place at ~ lower temperature. The 

equation ~n (1 - X) = -Kt, used by these authors' to carrelate 

time - versus - conversion data, differed from that af Seryakov 

et a1.\ (1967, 1970) in the definition of conversion. Here,! 

was the fraction of the oxide chlorinated at time ~. based on the 
~. 

initial-weight rather than the maximu~ amount that could be chlo

rinated, as defined by Seryakov et al. The rate 9f chlorination 

was found to be independen~ of the variation of chlorine con-

centra~ion above 35-45 percent chlorine, the l~tter depending ~pon 
\. 

the diameter of the pellet, and at lower chlorine concentrations 
, 

the order of the reaction with respect ta chlorine also varied 
1 

with the diameter (0.62 for 2 nun,\and 0.87 for 8 mm pellets). 

\ ' 

~thOUgh no explanation was offered by these authors for 

this behaliour, .the latter may be attributed ta the mass transfer 

effect p!esent in the larger pellets, in which,case the order of 

reactioI i~ equal to (n + 1)/2 (Seryakov et al., 1969) where n is J 

the ord r of the reaction in the kinetic region. Renee, the 
\ 

exponênt of the ch10rine concentratiqn with 1arger partic1es 

(0.87) is app.roximately equal to (0.62 + i)/2. 'The former, how-
Î y 

ever, may be explained by a strong adsorbtion of chlorine on the 

carbon sur ace at high ch10rine concentration. In this case, the 

reaction. b haves as zero order or low fractional order in chlorine 
\ 

(Kanieh~<-~, 1974), 

A om~\what similar observation was reported by Stef anyuk 
, ~ 

and Morozov in the chlorination of pyrochlore ore (Ca2Nb207, 

\ 
D 

----------------------------------~--
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ZrSiO.) where they ;ound dilution of the chl.rin. w~ nitrogon 

had a significant influence on the rate only at a chlarine con-

centration less than 50 percent. But Seryakov et al. (1969) did 

not make any reference to this concentration behaviour in their 

paper concerning the chlorinatian of titanium concentrate (80% • 

TiO~, 20% oxides of Si, Fe, Al) in the form of spherica1 pellets 

(8-10 mm in diameter) containing 27 percent coke. The order of 

"the reaction with respect to chlorine and the activatiôn' energy in' 
1 

the kinetic reglon were found to he 0.6 and 152.4 kJ/mole res-
_ -- if 

pective1y. They ohserved a transition from chemical control to 

mass transfer (Urst aSh,. and then gas film diffusion) at a 

chlorine gas velocity of 8 mm/sec and temperature of about 800 K. 
.. 

In the chlorination of titanium dioxide and niobium entoxide 1 1 

with carbon and ch1oFine, Morozov and -indicated a simi1ar transitio~ 'at 823 
\ 

velocity. At 873 K the rate was dir ctly proportiona1 to the 

" ch10rine concentration above 30 percent chlorine and it decreased 

sharp,ly be10w this l'evel. The activation energy of the Ti0 2 

ch1or~ation was 157 kJ/mole. 

Feruhan and Martonik (1973) ch10rinated Fe~03, NiO and 

NiFe204 spherica1 pellets with chlorine (1073 to, 1473 K) and with 

Rel (1073 to 1273 K) di1uted with helium or argon, in the absen~e, 

of a reducing agent. The rates o~tained when argon was used as 

the diluent were found,to be always about 50 p~rcent slower than 

those~btain d when helium was used. They explained this by 

consi ng the diffusiv1ties througn'argon and helium, and , 

\ \ 



\ 
\ 

J 
43 

indicated 1that gas diffusion was affecting the rates. Also in, 

accordance with the proper particle size depengency; the rates 

with bath Cl 2 and HCl~ecreased as the reactiort progressed. 

Following chl~ination, the physical appe~Fance of the oxides 

was reported to have changed-significantly. Below 1273 K in 

chlorine, the presence of a thin fluffy layer of oxide at the 

surface led ta the conclusion that there was no internaI reaction. 
, 

Above 1273 Kt this layer was even thinner. The rate of chlo-

rination in Cll at temperatures ress than 1273 K was re~orted to 

be proportional to the external surface area and to the chlorine 
& 

parti?l pressure. The rate also had a significant temperatpre 

depende~ce (activation energy of ~167 kJ simi1ar for aIl of the 

--oxIdes) and increased with effective gas diffusivity. At high 

temperatures, the rate was primarily controlled by the diffusion 
" 

of chlorine through the gas film boundary. The observed rates at 

i473 K were found ta be in good agreement with those calculated 

for boundary layer diffusion using the Ranz and Marshall (1952) 

equation for the mass transfer coefficient. It was co~luded 
, 

that ma'ss transfer was affecting the rates' for aIl cases. 

) 

Frue~an and Marton~k found the rates to bè~~ably 1 

faster for the more porous oxides, by a factor of 30 in the case ,? 

of NiO and by a "factor of 15 for Fe203' 
1 

",,-1 
th~~the reaction was confined primârily 

near the external surface. 

The authors suggested 

to the pore o~ngs 

, / 

Concerning the effect of porosity on the reaction rate, 



.................. --------------------------

, . 

! 

44 

Costa and Smith (1971) obtained â simi1ar resu1t in the hydro

fluorination of uranium di~~ide. They repo~te~ that the r~te for 

,sintered pellets of lower p'orosity was, about three times highe!, 

a1though the activation energy was unchanged. This difference was 

found to be much greater than expected from the area increase as-

sociated with the porosity 'change. It was suggested thqt the 

" degree of compression of the uranium dioxide particles used in 

forming the pellets appeared to affect the reactivity of the sol id 

surface. It is also probabte that the sintering process a1so 

changed the surface to an extent dependent upon the initial 

porosity. 

The chlorination kinetics of alumina and alumina-~n-

taining mineraIs in the 

monoxide or- carbon plus 

presence of either carbon or carbon 
, 1 

oxygen was studied recently by Landsberg 
, 
1 

(1975, 1976). The experimental results showed t~at a phase 

transformation from y-alumina to a-alumina lowered the reaction 

rate, and changed the temperature dependency (activation energy) 

of the reaf!tion. '" When carbon monoxide and chlorine were used, 

oboth~a- and y-al~inas yielded two traditional Arrhenius reaction 
. , 

areas separated by a transition zone, as was observed with other 

oxides (Landsberg et al., 1972, Dunn, 1960). With only carbnn 

~nd chlorine, the y-alumina chlorin~tion rate was found to be 

directly proportional to the chlorine' conce~tration at 1273 K, and 

this dependency chan~ed to a square root one in the presence of 

carbon monoxide. "-
The author foùnd that the overall dimensions , 

(5 to 10 mm) of rectangular and disc-shaped compac'ts did not 

\ 
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change appreciably during chlorination, and that the reaction 

appeared to occur throughout the entire porous volume. This was 

true bath when the compact ~urrounded by -325 mesh carbon reacted 

with ch10rine and'~hen it 'waslchlorinated in a chlorine-carbon 

monoxide atmosphere. In ?is second paper, Landsberg (1976) in-
. 

vestigat~d the effects of NaCl 
1 

additions and different types of 
, 

reductants on the chlorination of kaolin. 
1 

Charcoal gave a m~ch 

higher reaction rate than did petroleum coke or graphite. This 

was attributed to the greater surface area and hence greater 
r 

cpntact availab1e ~ith the charcoal. The presence of NaCl salt 

in a" ratio of 10 to 1 (clay/NaCl) enhanced the chlorination rate, 

~nd more 'particularlY ~he reactivity of the alumina c!,P/~nt. 

A recent study on the chiorination of Australian rutile 

(~96% Ti0 2 ) was'pub1ished by Morris and Jensen (1976). 'The authors 

used both carbon monoxide an4 petro1eum coke as ~educing agents in 

a fluidized-bed reactor at tem~eratures in the range of 1143 to 

1311 K. It was reported that the reaction occurred exclusively 
( 

at the surface of the oxide particles, at a rate proportiona1 to 

the receding surface area. The conversion - versus - time data 

were correlated by Equation (1) which assumed ~emiCallY con-

tro11ed surface reaction with shrinking partic1e. A comparison 

between the two reductants showed the energy.of activation for the 

coke sy&tem to be much less than for the carbon monoxide, 45.2 

versus 158 kJ/mole. The partial pressure of the chlorine had 
, 

similar exponents (~.665) for both systems. The coke was found, 
, ~ 1 

o 



1/ 

\ 
\ 

46 

to be a more effective ch.loriœation promoter thaq. the 'carbon 

monoxide. At 1273 K, the rAte with coke was nineteen times that 

1 

with carbon monoxide as reducing agent 1\ .. At higher temperat~re • 

this difference was less pronounced. 
\ 

1 
In the ch1orination with coke, the rate was i~reased 

with coke/ore ratio (O~3'3 - 1.0 'by weight) with an exponent of 

0.376. However, as~~ticed by the authors, for a fixed bed volume '. 
the amount of ore should decreas~ correspondingly, 50 that there 

\ 
shoùld\ exist an optimum coke/ore ratio above which the rate will 

drop. 

_~~ .. ,r 

In a similar but ear1ier s~udy, Dunu (1960) found a 
, \ 

semi19garithmic relationship between the °amount of remaining 

unchlorinated titanium dioxide ore and the reaction time. 
" .. 

.tu (1 - W) = -Kt 

) 
(15) 

'He also reported a surface reaction where the rate de-

creased with time. The rate was found to ,be dire~tly proportiona1 

ta both carbon monoxide a~d chlorine partial pressures, and the 
\ 

activation energy of the reaction was 87.5 kJ/mole. These results 

rere not in agree~nt with those of Morris and Jensen (1976). 
(' 

CONCLUSION 
" o 

Studies of the chlorination kinetics of zirconium diOXidL 

have been limited ta temperatures be10w 1400 K and only repo~ted 

1n two'papers neither of which suggested any mechanfsm nor agreed 

0.,- • 
, 1 
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on kinetic cparameters. The reaction of chlorine with zirconium 

dioxide in the absence of a reducing age~t has not beenrinves-

tigated fully. 

Although a "large number of publications have appeared in 

the literature on the chlorination of di~ferent meta! oxides with 

d1fferent reducing agents, no agreement was fdund on the subject 

of reaction mec.hanisms and their activation energy values. Most 

lof the proposed ~echanistic models have been nearly entirely 

speculative. However, the importance of the/de~ree of contact 
\ 

between the oxide a~d the carbon particles was indicated by 

, several investigators. 

The conversion-time relationship~ in the 'chlorination of 
\ 

'oxides with gaseous reducing and éhlorinating agents was success

fully c<)l;related by a slrinking core mode,l, while in the case of 
l "- of 

the chlorination of carbon-oxide pellets with chlorine a homo-, 
} , 

geneaus model was proven ta he adequate in analyzing the exp er-

imental data in the absence of diffusional reaistance. 

MATHEMATICAn TREATMENTS OF NON-CAT~YTIC GAS-SOLID REACTIONS 

• ! 

GENERAL CONSIDERATIONS 

While there ex1sts 6a close parallel between heteroge-

neous catalytic reaction systems and gas-solid non-catalytic 

reactions, the latter systems are rather more complicated because 

, 
~. 
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of ,the direct participation'of the solid in the averall reaction. 

As the !;!olid i8 consuDu~~d or undergoes chemical' c"hahge, its 

structute aisa changes continuously, making the system inherentIy 

transient in nature. It follows that the analysis of gas-sol id 

reactions involves,an additional dimens~on, namely that 'af time, 
( 

·which is not necessarily required in tQ.e study of heterogenous 

,_ \ cata1iÜc reactiQns (Szekely et al., 1976)! 

A generai equation for these reac~ions may be written<as 
o 

follows:- Ob 

Atgas) + bB(solid) + cC(gas) + dD(solid) )- (16) 

li 

The products comprise either so+id~ or fluids, or a combinat ion 
~ 

or both: H~logenation of metal oxides, gasification or Gombustion 

, ~. f.t~ 
of some carbo~ac~ous materials are exattlples where on~;f.,..luid". prQ- ' , 

ducts are encountered. A few examples of gas-solid reactians 
,'J. 

wh~re both solid and fluid products are pr~sent and in wnich the . , 
1 1 

sa1id does not change appreciably in size during the reaction 
, \ 

are the decomposition of molybdenite, the reduction of metallic 
. 

oxides and the roasting of ores. 

The overall rates'of gas-salid reactions are generally 

dependent on bath the ..ft:hemical kinetics and an thè mass transfet 

o / characteristics of the system. The reaction is said ta be under 

kinetic control when diffusi6n of the gaseous reactant in~a the , 

solida ïSll unhinder.ed. Hawever J as the temperature and hence the 

. intrinsic kinet~s of the cheinical reaction increa~e, the mass ~ 

/ \ 
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"transfer characteristi-cs become rate-c~trollin~. When both the 

'" \ 
chemical kinetics and physica1 d;i,ffusion phehomena play a ~igni-

ficant role in the overall rate control,. the reaction is said to 
no 

be in the intermediate reg~on. 

A largeonumber of m.a.the~tical representations of the 

" progress of gas-sol id reactions have appeared in t~ l:l.terature 

under different names, sometimes with the same' meaning~. IThese 

\ 

are: 1 
1 . 

, 
1. Sharp interface shrinking....;-core model (Yagi and 

\ 
Kunii, .1953). 

1 2. Flnite thickness, shrinking-core model (Bowen 

ahd Cheng', 1969), (Chettigar and Hughes, 1972). 

3. General model (Ishida and Yen, 1968). 

• J 
4. ' Diffusion with simultaneous rMction model , 

(Calvelo and Cl,lnningham, 1970). 

5. Pore model (Pèterson, 1957), (Hashimoto and Si~

veston, 19Z3a, b'), (Ramachandr~n ~nd Smith, 1977). 

6. Grain model (Szeke1y and Evans, 1970, 1971a,c). 

7. Partic1e-pellet model (Sempath et al., 1975). 

8. 

9. 

10. 

Craèk11ng-core model (Park and Levenspiel, 

'" 1975, 19$J7). 

Volume-reaction model (Wen and Wu, 1976). " 
-: 
Homogenous (\1?ifprmly reacting pellet) model.-

\ 

) 
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AlI these models were either related to a conceptual • 

~ picture of the progress of the reaétion or to a 'structural con-

sideration of the reacting solid, or sometimes to a ,combinat ion 

~ "of both .. Hence, to present a cle,ar-cut classification is very 

difficult and such a classification has not appeared in _the 

, / literature yet. Howev~r, they can be discussed under two general 

~ categories: 

, 

1. Surface reaction (s~rinking-core)-mo~els, in which 

the reaction 1s considered to occur either at a sharp interface or 

in a very narrow zone near the interface. 
~, 

2. ~iffuse zone-reaction rmodels, in which the reaetion , 

is considerêCl to take place in a zone Qf ~ubstant:lial thickness. 

These models are either based on aovolumetric reaction (that i8, 

they consider the solid to be a continuous phase and use volumetrie 

" 
rate constant), or on a structural consideration (grain, particle-

pellet and pore models). 

Homogenous reactions may be considered as special cases 

of either one of the two diffuse zone-reaction models, when 
, 

ehemical 'kin~ties are the rate-controlling step and the gfseous 

\ 
reactant diffuses throughout the pellet where reaction occurs 

uniformly. They will he discussed in eonnection with the diffuse 

zone-reactions models. .. 

A recent text by Szekely, Evans and Sohn (1976) provided a, ~ 

comprehensive descriptior; of gas-solid non-catalytic systems and 

l' 
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their mathematical treatments under various conditions., with 

particula-r: emphaai,s on the structural viewpoint. Review articles 

in the ffield include the work of Dè Wet (1970) who discussed dle 

kinetics and mechanism of gas-solid r,eactions of interest to the 

chemical and metallurgical industries; Sampath and Hughes (1973) 
" 

who compared the mathematieal properties of Jthe volumetrie, the 

sharp interface and the ,finite thickness shhnking core models; 

Roy and Luthra (1974) who discussed the variou8 kinetic equations 

availahle for different rate-controlling mechan~sms. Alse, Munz 

(1974) reviewed the works under the topies of " s hrinking-core" -And 

"generalll models. 

An attempt will now be made to provide an updatea com-

prehensive review of the field w!th a more specifi~ classification 

and definition of the various models than have appeared in fbe 

'-." literature todate. The major applications, simplificJitions and 
! . 

1 
l,~.c.omplexities associated with each development will be ~mphasized, 

..... 
and experimental verification will he pointed out· whenever pos-

sible. As a resule, it ls hoped that the reader will be provided 

wlth a broader view of the field, in a condensed forro, and will 

be ln a hetter position to ascertain where the treatment' of the 

present kinetic study fits in these highly diverse approaches. 

SURFACE REACTION (SHRINKING-CORE) MODEL 

. , 

Due to the mathematical siJnplicity of tb:ls approach. 

the majority of the modela for -gas-solid reactions have been based 

/ 
\ 
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on the assumption of a non porous solid react~nt - ev en when the 

latter exhioits' considerable porosity. It is convenie~t to 

classify gas-solid reactions according to the geometry of the 
) 

system undergoing reaction. The reaction of non porous solids 

can be divided into two types of geometrical groups: 

-

1. A shrinking particle, which results from the 

'" 
products being gaseous, or from a solid product 

"-

flakîng off the surface of the r~actant as soon 

as il is formed (shrinking-partic,le). 

\ 

2. A particle whose overall size is unchanged,~ 
~ 

with a product or 'ash 1 layer remaining ,around 

the unreacted core( hence the term 'shrinking 
, 

unreacted core' model). 

The shrinking-core model was first developed by Yagi and 

Kunii (1953, 1955a, 1955b) who visualized the following steps 

occurring in succession during reaction: 

Step l Diffusion 

film surrounding the 

of" gaseous ~actant through ~he 

partie le to the surface of the 

solide 

Step 2 Penetration and diffusion of gaseous 

reactant through the blanket of ash ta the surface . . 

of the unreae t~d cor~. 

, 

Step 3 - Reaction of the gas~ous reactant with the 



, 
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\ 

\ 
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solid at this reaction surface. 

Step 4 Diffusion of the gaseous products through 
1 

the ash, back to the exterior surface of the solid. 

Step 5 Diffusion of gaseous products through the 
,,1 

gas film back into the main body of the fluid. 

If the reaction is irreversible or if no gaseous product 

is formed, Steps 4 and 5 and, in the absence of ?n ash layer, 

Steps 2 and 4, do not contribute d~rectly to the re~istance to 

reaction. Also, the resistances of the different steps usually 

vary greatly from each other;'in such cases, the step with the 
1 

highest reslstance is considered to be iat,e-controllîni. Yagi 

and Kunii derived expressions for the rate of conversion of a 

spherical pellet where boundar~ layer diffusion, ash d~ffusion or 

a first order che,~a1 reaction at the i~terface was the rate con-

trolling step, as weIl as cases where the control was mixed. To 

overcome matnematical difficulties, a pseudo'-steady state was 

assumed, according to which the rate of movement of the,reaction , 

interface was,considered to he small 
" 

of diffusion of the reactant through 

with/respect to the vel~ocity 

the product layer, with the 

result that the concentration of gaseous reactant in the particle 

was considered ta be time-invariant. The validity of this as-. 
, 

sumption has been examined by severai investigators (Bischoff, 

~965), (Bowen, 1965), (Luss,. 1968), and it has been concluded that 
-'""'). " 

the pseudo-steady state solution la a good approximatipn for most 
"" 

of the gas-sol id reactio~ systems, except for systems under 
, l, 

\ 

! 
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,extremely high pressures or in the case of very 10w solid reactant 

concentrations. 

The sharp interface shrinking-core model has a1so been 

discussed by Levenspiel (J972) for the ge~eral case of a spherical 

particle and for the three special cases in which gas film dif-

fusion, ash diffusion or chemical reaction i8 the rate controlling 

step. Ho'Wever. Szekely, Evans and Sohn (1976) presented a more 

complete view on this subj ~ct and derived equa_tions \n generalized 

forms applicable to different particle geometries. Their conver-

sion-versus-time relationships are summarized below. 
~ 

For a shrinking p~rticle (no ash layer) under chemical 
, 

reaction control: 

where T = p _(F V lA )/bk [CAO s ppp s 
(18) 

, . 
F is the shape factor, which takes the values l, 2' an(i-.,J'~ 
~ 

for flàt plates, long cylinders and spherës, respectively. 

, 
A ,V are the, original surface area and volume of the 
--P- ~ 

partic1e~ respectively. 

If the particles are too small to b~ èasily observed 

visually, F can be obtained as the value that gives a straig p 

line between the experimental values of [1 ,,- (1 - X) ,/Fp ] 

reaction time, t. 

t • 
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The relationship for king particle under gas film 

diffusion control ta not straightforwa d. It requires a knowledge 

of the mass transfer coefficient and 18 cl pendent on partic1e 

size. For a spherical particle, using the Ranz and Marshall cor

relation for the Maas transfer coefficient for a first order 

reaction and for equimolar counter diffusion, the conversion-time 

relationship becomes: 

t/T = .L[l-(l-X) 1/:l] 2 [ d 3 - 2" l-(l-X) ] + \ r" .... 3a a 

~[l-(l-X) li 6] 4 1+a 
- ~tn[l+a(l_X)I/T] a - (19) 

(Wherê T = PsR2/2bDe(CAo-Cco/~)(1~) 
i 
i, 
1 

and a = . 0.3 N
SC 

li 3 (NO ):1. 1 :l 
Re 

! 
(21) 

--
In the syste\lls displaying a shrinking unrea ted-core 

( 
(overall size unchanging) the relationships (are: 

a) for gas film diffusion control:· 

th = X 

where (22) 

b) for asb diffusion control:' 

(23) 

.' 

4t/, -t+l(l-X)~n(l-X) (24) 

( ( 
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and (25) 

f 
for infinite/ slabs, "long cylinders and spheres, 

respectively where 

(26) 

For chemical reaction control, the conversion-time re-

, latlonsh~p ls the same as that given by Equation (17). AlI these 

treatments were based on anisothermal partisle. 

, ' Shen and Smith (1965) extended the sharp interface 

shri~ing-core model to include a reversible reaction where both 

diffusion and reaction resistances are important u~der isothermal 

conditions. Based on equimolar counter diffusion and constant 

,ef fective diffusivities in tJ1e gas film and within the product 

layer, the degree of conversion was expressed as an analytical 

function of dimen~ionless time and of two pârameters depending upon 

the relative resistances of internaI and external diffusion and ! . 
chemical reaction. 'The model was applied to\the hydrôgen re-

l ' 
duction of FeS2' and reasonable agreement with the experimental 

data was obtained. They also developed a difrereQt model to 

account for nonisothermal effects for a first order irreversible 

reaction. Radiation effects, variation of concentration and of 

diffusion coefficient with temperature were neglected, and the 

overall particle size was assumed to be constant. In this case, 

three additional parameters which included th~elative resistances 

• 
to heat transfer in the boundary fiim and in the 8sh layer, and 
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the heat and activation energy of the reaetion. were required in 
, - , 
order to solve the model ~quations numerically. Analytical 

t v. ~ 
solutions could not be obtained. This model was later applied to 

the hydrofluorination of uranium dio~ide ~y Costa and Smith (1971) 

with minor modifications (the partie1e size was allowed to change 

il' 
and a, different method of solution was employed). An intrinsic 

rate equation for the chemical step at the reac2irlg interface was 

obtained from an initial time perlod where diffusion effects were 

unimportant. The temperature and the reaction rate data were used 

to çalculate the effective diffusivity and thermal conductivity ofl 
, b 

the product layer under actual reaction conditions. Predictions 

of conversion-versus-time curves from the nonisothermal model 

and from the derived properties compared weIl with the experimen
~ 

~ 

~~l results. However. predictions of temperature profile in the 

product layer were found to be unsatisfactory under a pseudo- , 

steady state assumption with respect to the reaction interface, 

because of Beat transfer into the unreacted core of the pellet. 

An unsteady state method corrected muc~of the'error in the 

predicted temperature. It was concluded that, while a pseudo
~ 

steady state assumption is valid for mass transfer, the same 

assumption is' 1ess suitable for the calcula t'ion of the temperatuFe 

profile in the product layer. 
) 

"\ \' 
Ishida and Wen (1968a) introduced the concept of the 

effectiveness factor (actua1 reaction rate/rate obtainab1e when 

the reaction site 18 exposed to the concentration and tempera~re 

1 

1 

-1 
1 

1 
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1 

of the bulk gas) to examine three types of instabilities: the geo-
, 1 

metrical ihstability, the thermal instability due ~o m~tastable 

-temperaturrs, and the instability resulting from sudden\shiftings 
, 1 

or the ratf controlling regions. The geometrical instability 
1 

1 
(uneven sutface growth) i5 due to the increase in rate per unit 

i 
area as the reaction progresses and is indicated by an increase in 

J ' -t 

effectiveness factors with an increase in the conversion of the 

solid reactant. This may take place in bath isothermal and non-

isothermal reaetions, independent of the, transition between the 

• 
rate-controlling regions. However, the' second and third kinds of 

instabilitie\ s o,eeur only when the reaction is exothermic and depend 
. \ 

upon the he~t, generation and heat 1088 proce8ses. A metastable 

1 reaction te~perature was re~orted to exist when the following 
1 
1 

conditions were satisfied: 
1 

dO "> 
~en 

c 

~< 

(27) 

(28) ~ 

- fi • lt was point d out that, because the'unreacted core shrinks during 
~ 

the reaetion, the shapes and slopes of heat ge~ration and heat 

\ ' 
105s curves WIll. change for a given system, evén when the sur-

roundi~g conditions are kept constant. This, in return, causes a 

sudden ~ransit~on of the rate-control1ing steps. 

Based on a shrinking-core model and constant particle size 

during an irrev rsible chemical reaction, Ishida and Wen solved 

\ 
J 
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. the heat and mass balance equations analytically, under pseudo-

steady, state assumption. The influence of 'variùus factors on the , 

1 effectiveness factor was investigated and conditionstof optimum 

reaction rate were P?stulated. When the reaction temperature must 

be fixed within a certain range to avoid side reaetions, Jhe 

reaction should be carried out in a region where ch'emical reaction 

. , , 
,is cotttrolli~g, in whi'ch case the effectiveness f,actor is about 

II!!' 
unit y . On the ·other hand, if the range of reaction temperature is ~ 

unlimited, it i5 more advantageous to select a temperature at 

whieh the transition from chemical controlling region to ash dif

fusion controlling region would' take place. Under. such conditions, 
, , 

a hig~er reaction rate can be achieved at a ~ower surrounding gas 

temperaturê particularly for highly exothoetmic reactions. 

A graphieal analysis of the effects of diffusion and heat 

transfer on solid-gas reactions based on a shrinking-core mode! 

was reported by Ishida and Shirai (1969a). An irreversible reaetion 

with constant particle size and with ~s~udokteadY state heat' an~ 
mass transf~r was c,onsidered. r, Tw9,types of nomographs were pre-

senteo: one was.Lo determine the temperature at the reacting core 

surface for both exothermic and endothermic reactions; the other 

was 'to predict whether or not thermal or" transitional instahilities 
--... ' 

existed in an exothermic reaetion. ln a second paper, Ishida and 
~ ~ , ' 

Shirai (l969b) ,reported an experimental study of the oxidation of 

The ~ample hurned l a carbon-cement ~phere in a hot air stream. 

homogenously under the control of chemical reaction at relatively 
1 

"'" 1 
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• 

lower temperatures. Under diffusion-contretled conditions, how
, \ 

ever, an interface between the reacted shell and the unreacted 
\ "' 

core was quite distinct. The temperature of the reacting core 

sul:.face was a1most constant and the temperature llrofile in the ash 

layer was linear in terms of a reduced diameter. An arithmetic-
',"' P 

1 
mean temperature of bulk and core surface was sug~ested as the 

representative temperature for the estimation of the effective 

diffusivity in nonisothermal systems. 

The instability problem associated with gas-solid 

reactions bas.ed on a shl!inking-core model was further discussed 

o \ 

by Wen and Wang (1970) ia a paper concerning the thermal and 

diffusional effects' associated with this model. The governing 

equations were solved numerically for ~(lil irreversible r\ea~tion ,,, 

with equimolar counter.:...-diffusion.o It was pointed out ·that when 

geometrical instabilities Qccur, the reaction interface i8 no 

longer smooth and the mathematical model becomes a poor apptox,,: 

imation. The validity of~e pseudosteady state assumpti~n for 

heat transfer was also investigated; it was reported that thfs 

approximation may become inaccurate at large values of heat 

capacity of the solid and large temperature gradients, in the 

reacting pel1~t. The pseudosteady state model was extended ta 

include multiple react::tons in the sphere. This was also reported 
1 

b,y Wen and We~ (1970) ~ere three" types of simuhaneo~s reac't,ons, 

independ~nt, paral1el, ~nd consecutive, were examined in te~ of , 

the selectivity and the effectiveness factor. based on the 

~ 

Î 
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shrinking core model under isotdl conditiOns: Effects of C~ 
diffusion and chemical reaction were discussed. In a SUbSeq:'n~ 
p1aper by Wen and Wei. (1971) simultaneous mass and heat transfer 

, 
were tr~ated in the same mode!, to examine the nonisothermal 

behaviour. 

Wang and We~ (1972) investigated the combustion of a 
, " 

single agglomerated carbon-fire clay sphere in a thermobalance to 

test the nonisothermal shrinking-core model, using èxpressions fbr 

unsteady state h~at transfer dev~~oped earlier by them (Wen and 

Wang, 1970) ~ The initial porosities of the samples were quite 
o 

high (40 - 50%) and the particles were about 1 cm in·diameter. 

Visual examinatlon of the partially-reacted spheres showed that, 

o 
above a temperature of 800 K, the reaction interface was sharp, 

while below, this value a reaction zone was formed. Conversion'-
il , , . 

time curves predicted by the shrinking core model and accounting 

for both heat and mass transfer agreed well with the experimental :0 

, 
data where the carbon content of the spheres was low,· an~ to a 

"'lesser d"egree for high cârbon content. This dev,;i.ation was gt-eater 

in the initial. stages of the reaCtion, due to the fact that the 

> 

reacting spheres were not preheated to the gas temperature. Renee 

the assumption that the unreacfed ~ore ~as at> <1> constant tempera-

ture equal ~to that of th~ reaetion front was nat val id in the 
o 

initial stages of the reaction. The variations of the surface 
o ~ , 

reaction rate with the fractional conversion of carb~n cal~ulated 

- \ from both the unsteady and pseudosteady state conditions for heat 
~ 

., 

, 

li 
v 
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/ 
transfer agreed weIl with ,the experimental r~sults, although the. 

latter assumption overestimated conversion rates'during the early· 
v 

stages of reaction. At a solid conversion of about 95% for the 

high-carbon run, a transition from ~ diffusion-controlled regime 
f 

" ta 'a chemical reaction-controlled one occurred. , , 

o 

Bowen ;nd 'Cfieng (1969) .modified the sharp interface 

shrink!ng core model ta suit the intermed!ate reg{on of reaction 

cè)\~t'o1. They suggested that it' is more realistic to assume a 

narrow\but'finite thi~kness react~on zone between the product layer 

and the unreacted core, cinstead of one with a sharp interface: 

This ~{ffect means t~at the diffusing gas does not get consumed 
." .... 

'innnediately on contact with the reaction zone but ,only aft,er pep.
--\j 

etration of a small but finite length ~nto the unreacted core. . 

Reaction occurs aIl over this finite length. Under extreme con-

ditions of total kinetic or diffusio~ control, this reaction zone 
,",\ 

either extends aIl over the particle or contracts ta give a sharp , 
o " 

interface. Bowen"and Cheng formulated a model for an irreversible 

" 1'- id . . hi h th d th . gas-so reactl.on w c was ~ an ~ arder wl.th respect ta 

f1uid and solid reactant, respectively. It was ass~ed that the 
, 

reaction zone was' thin with resl?~ct to the 'radius of the unreacted .,. 

core and that the variation of concentration through the 2ione 

linear. An expression w~s perived for' the thickness of the 

reactian zone and it wàs shawn that if the reactian was first " ' 

o!der with 'respect ta the gas or under kinetic control, the 

1 

was 

reaction ZOne thickness wo\uld be~constant throughout( the r~action. '. 

i 
" 

• ... 
\ 

1 
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'r 
For the case of chemical reaction control, the rate was given as: 

r 

(29) 

-while for the sharp interface model, the case of chemical reaction, 

control w6uld be written as: 

= 4nr 2 n m (30) rA c CAO CBO 
'; 

,; where '1' ;: 1 m m(m-l) (m-2) 
n+1 n+L 3 ,l(n+4') (31) 

• 

and v is the ratio of the gaseous eactant concentration gradient 

a't the ptoduct ;i.nterface to the mea 1inea~ gradient .across the 

zone, De is tbe 'effective ,diffusivi y of t3e reactant in the , 
, 

"'reaction zone '0' and k. , k are 
, ~ 

te constants in the f~ 
. ~ 2. 

thickness an~ sharp interface models, respectively. It i~ 

'br 

apparent, that an Ider ~of react~on !!. ; ~ becomes an apparent order 

(n,+l) /2, m/,2 a?d apparent activation ene~gy becomes one,' halr of the!!;; 
i 

intrinsic activation energy: 

Further developrnent of the f nite thlcknéss reaction'~one 
' .... 1. ., 
\ , 

unreacted shrinking core model was carried out by Shettigar and 
a 

~ 
Hu,ghes (1972) who extended the model· to include noniso'thermal 

situations. An expression, inc1uding bath the chemical ~nd the 

mass transfer resistanc~s, was tlevelaped for,the'rate of advance 

. 
of the react{on' zone. This was coupled with the energy balance 

equation to calculate the transient temperature in the pellet. I~ 

was found that neglecting' the chemica1 resistance would lead to' 

1 
, \ 

/) 

, 

\ 
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\ 

~ 
the prediction of an excessive maximum,temperature fise in t~e 

pellet. The model a1so predicled that a change in mechani~ from 

chemical ~ontrol ta diffusional control may occur, especially 

during the eariy stages of the reaction, and this may give rise to 

thermal instabilities. 

The concept of reaction order with respect to the solid 

reactant in a reaction between gas and a porous solid was analysed 
\ " '" , 

by Cunningham and Calvelo (1970). Considering the rate e~uation: 

it was found that the reaction order with respect to the solid was 

a ~unction of the porous structure of the solid and might vary as 

the solid was being consumed. The exponent ~ was suggested to be 

lower-than unit y for aIl practical cases. cln the case of a solid 

btained by compaction of nonporous particles, the ,value of m 

"" -in the case of a solid matrix containing a , 
.-

random1y-connected cyl~ndrica1 pores (Peterson 

" ModeÙ Peterson, 1957), the value of m would vary with' the degree, 

~ of conversion. It was concluded that whether or not the above 

equation could be used to express the rate of porous solid-gas 

reactions dep.ended on the pore structure mode!. 

o • 

The majority of the models ~roposed for the interpretation 

of non-catalyttc gas-solid re~ctions ~ere based on the assumption 

chat the reaction was of first order with respect to th~ gaseous , . 
reactant, for mathematical convenience. Shon and Szeke1y (1972a) 

\ 

• 
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t1 
showed that use of first order kinetics for other reaction orders 

may intro8uce a serious error if the overa!! rate is determined 

by both chemical reaction and diffusion. 

the cpncept of shrinking core has been used for var-ious' 
" 

types of processes. In the reduction of sphericai ferrous chlor~' 
particles by' hydrogen in the temperature cange of 720 - 900 for 

particie dia~eters 0.7 - 2.0 cm, Yannapouios and Themelis (1 65) 

p' showed that the r~te of reduction cou Id be exprrSsed by a sh inking 

core mode!. When both chemical reaction' and boundary_layer if fusion 

were contr~!ling factors, a single r;!e equation was ~evelOPl\d by 

combining t~respective çontributJons of e~ch resistance. 

Munz and Cduvin (1975) found that the decomposition ~f 
mo1yb~enite in solid state was controlledfbY the diffusion Ofl 

sulphur through ~he product layer and the shrinking core mode 
r • 

described the overall reaction. 

Morris and Jensen,'(1976) reported that in the chiori -
1 

ation of titanium dioxide with chlorine and carbon monoxide ih a 
i 

fluidized ~ed reactor, the reastion occurred exclusive1y at the 

surfac~the oxide particles and exhibited shrinking particie 

behaviour unde< chemical <reaction control, The co~version-t~e 
relationship was expressed by a shrinking core model. Earli,er' 

Fruehan and Martonik (197·3) nia~e a similar observation in .thei 

ch1orination of porous Nib spheres by chlorine above 1473 K, \) 

except that the reactidn was f~nd to be controlled by gaS-fi~m 
diffusion. The rate waS proportiona! to the mass transfer 

'il 

/., 
;-
1 
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coefficient of chlorine calculated from the Ranz and Marshal~ 

(1952) correlation. 

Recently, the shrinking core model"was applied to another 

gas-so1id reaction of metallurgical lnterest. Fabim and Ford 

(1976) studied the1rrdrOgen red~ction of cobalt sulphide. It was 

pointed out that, the reaction was reversib1e and that the evolution 

of sroa11 amounts of hydragen su1phide would be sufficient ta keep 

the reduction reaction at equilibrium. ln arder, to carry out the 

raac tian under conditions approaçhing irreversibility," a high hydro-

gen flow rate was used to sweep the hydragen pulphide formed away 

from the vicinity of the solid. The unreacted shrinking core be-
< 
( 

haviour was tested by sectioning a partially-reduced spherical 
<, 

pellet, and a finite thickness reaction zone rather than a sha~p 

interface was observed. However, the time-conversion data fitted 

weIl with the sharp-interface shrlnking core model under chemica1 

reaction control. An attempt was made to evaluate.the true in-

trinsic kinetic parameters of the reaction by using nonporous 

cobalt sulphide powder rather than cgmpacted porous pellet. The 

powders showed a sharp interface type of reaction. Although the 

activation energ~es found, in both cases (pellet~= 113.5 kJ/mole, 
~, 

powder = 116.1 kJ/mo1e) were identical, the frequency factors in~ 

the Arrhenius equation'were different and in the case of the 

parous pellet this factor was overestimated. This was attributed 

to di~ferences in the reacting areas~ which was the geometrical 

area in the case of powclers, and the surface area in the diffuse 

" 

, . 

\ 
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reaction zone in the case of the pellet. 

) DIFFUSE ZONE-REACTIQN MODELS 

When a porous saUd particle reaets with 

temperatures, the reactant gas can diffuse ea~i1y 
c. 

terior of the porous solid and the reac_t ion takes 
'y::. 

\ 

agas at low 

into the in-

place in zones 

of substantial width. These madels consider either a particular 
1 

solid structure (pore-model, grain-model) or simply a porQUS 

solid (volumetric-reaction mpdel). Figure ,3, from Ishida 

and Wen (19 1) illustrates the description of these models. The , 

" 

diffuse -reaction models re ce to ~he uniform reaeting pellet 

(homogenous model at one extremr, ,,(ki etie control) and, ta the 
1 

shrinking-c re model at the athet extr me (di~fusion control). 

"a- Volumetrie-Reaction Model 

.... 
Ausman and Watson (1962), Msing a pseudosteady .state 

approximation for gas concentration distribution and a f rst arder 

reaction with respect ta the gaseous reactant, obtained a 

solution under isothermal condition for the éombustion of carbon 

in porous spherical catalyst particles based on the volumetric-

reaction model. The reaction pro cess was broken into two 

distinct s~ages, the first of which was a constant-rate period 

which ended when the outside"layer of material was completely , ' 

reacted. The second stage was a falling-rate'period during which 

the reaction boundary receded towards the centre of 'the spherical 

péllet. Carbon and oxy.gen ~oncentration prof±le~ in the pellet 

t" 0 ; ... 

\ 
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FIGURE 3 

.. 

, 

\ .. 

SCHEMATIC DIAGRAM OF CONCENTRATION PROFILE 

AND SOLID STRUCTURE IN THE PARTICLE 

. 1 
(ISHIDA AND WEN, 1971) 
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carbon and oxygen concentration profi] es in tlll' pel) ct were ob-

tnine>(! as .., (unctiOll of time>, [rom which the llver.1Ll carbon bundng 
- \ l ,,,-

rate equations [or the pellet were obtnined. 

A similar stagewise treatment ,for an isothermal, ir-

reversible sp,herical porous pelle~-gas reaction w~s presented 

lshida and Wen (1968b) and Wen (l~68) with pseudosteady st 

~ approximation.- Thel rate was assumed to be independent 
~

solid reactant concentrati~n but first arder with resp 

gaseous reactant. ,The reaction was investigated in two stages: 

considering the reaction as being faster near 't~e surface than in 

the interior of the pellet, after a certain time the solid 

reactant near thé surface would be completely consumed, thus 
\ 

forming an inert product layer. The period of reàction priar to 
. 

the formation of the ash layer was desigaated as the first stage 

and the period following the ash layer formation as the second 

stage. The diffusion in 'the ash layer and in the solid volume was 

considered to be difrerent but constant t~roughout the reaction. 

Two different conversion-time analytical equations were derived: 

one for the first stage in terms of a Thiele modulus based on 
,1 

diffusivity in the \eacting volume, the other for the second stage 

in terros of a Sh~rwood number and Thiele modulus ba~ed on,dif-

fusivities in the ash layer an? in the reaeting,volume. These 

were then combined to give a single' time-conversion relationship. 

When the effective diffusivities (ash and reactlng vQlume) were 

assumed to he theCsame and in the absence of gas-film resistance, 

the time-converpion relationship for the high Thiele modulus 

, , 
\ 
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\ 
(diffusion of the gas through the solid becomes fate-controlling) 

\ 

was exactly equal to that predicted by the shrinking-core model. 

When the chemical reaction was very slow and was the rate-con-

trolling factor (low Thiele modulus) the model became similar to 
, 

that of a homogenous reaction, but a plot of conversion-versus-

time data was again very similar to that predicted by the shrink-

ing core model. ' This indicates that determination of a correct 
1 

model from the experimental data is rather difficult. On the 

other hand, if the ash diffusivi,ty was much greater than t,he 
, 

reacting volume diffusivity, it was shown that the equations were 

.equivalent to the ones derived on the basis of a shrinking-core 

model, as was expected. It was further pointed out that, the 

rate constant based on surface (shrinking-core) is proportional 

ta the square root of that based on volume (volumetric-reaction); 

therefor~, the activation energy obtained from the shrinking-core 
, 

model could be as small as one half of the true value. ! 
'! 

Wen (1968) extended this "anlysls ta an irreversib1e 

\ 
order reaction of first arder with respect to solid and second 

with respect to gaseous react~ical equation rela\ing 

the effective diffusivity to the conversion was included and ~he 
governing equations were solved numerically with a pseUdost,ead\ 

state assumption. 

\ 
\ 

Ca1velo ~nd Cunningham (1970) presented another method ~f 
, ~ 

1 0(, 
approxitg.a~ion, in;,which the concentration profile of the solid 

reactant wàs obtained fr9m a vo~umetric-reaction mpdel~ The main \ 
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application o~ this ~ork is the inclusion of transient behaviour, 
t, ' 

-of the solid tructure with respect to porosity~ and hence surface 

area, and of he effective dif!usivity o~he gaseous' reactant in 

the porous pel The model assumed t~at the gaseous reactant was 
iii 

consumed inside the pellet at a distance from its, outer 

surface, at the pseudosteady state approximation was valid. 

between the, surface area and porosity (hence the 

ion) was~obtained frbm a structural model (Peter

s~m, 1957) and he variation of the effect,ive diffusivity with 

porosity imated from: 

(33) , D~f= Deo (€/CO)2 

The inflluences l the variation of surface area and ef

fecti~e diffuSiV:ity on eonversion-time relationships of an iso~ 
! " 

thermal, irreversible, first, ofber reaction involving diffusional 

resistance~ of bbth the gas film and the ash layer were th en taken 
- 1. .' 

into acc~unt thr~Ugh ~ çorrection modulus of'the effectiveness 

factor. The mod 1 was called by these authors the "diffusion with 
~ 1 

simul taneous rea~' tion mode!. Il This was later' cottlpared by Lemcof f 
. '-- ~~ 

et al. (1971) with those of Ausman and 'watso~ (1962), Is~a and 
, , 

Wen (1968b), Bowed and Cheng (1969), taking the predicted con-

version-Ume rell~ionShiP aS"" a r'eference for, tl;leir comparison. and 

by Calvelo and Cunningham (1972) with the shrinking core model. 
" l ' , , 

Later Will:f..ams, ,Calv;elo and Cunningham (1972) applied their model 
1 

ta the two-stag~ analysisjproposed bY,Ishida and Wen (1968b). 

~Récently~ Wen and Wu (1976) developed a volume-reaction 

~ \~ 

o 0 
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model for a slow isothermal porous solid-gas reaction, having first 
1 

order'dep~dencé on the solid and gaseous reactan~s. An average 

bulk solid co~centration was used to approximate the local solid 

concentratio~. The gas concentration profile and the ~ffective-

nes~ factor (no) were derived.under the assumptions of pseudo-

steady state of gaseous components within the solid particle, and 

with constant effective diffusivity. These were given as: 

= (sinh Mr/R)/(r/R) sinh M (34) 

(l-X) J3/M) (l/tanh M-I/M) 
, 1 

(35) 

Where ~1 = (36) 

The overall rate was expressed as: 

dX/dt = (37) 

and in the case of chemical-reaction control (homogenouB mode1) 

the rate was suggested ta he: 

-dX/dt = (l-X) kv CAO (38) 

1 ~ 
The model was tested experimentally on a carbon-carbon 

dioxide reaction system, and close agreement was obtained between 
, 1 

the experimental and calculated time-conversion fe1ationships. 
" 

When the observed rate (dX/dt) was p10tted ag~i~st l/T ~t 20 

percent conversion·from 1160 to 1365 K, a s~raight 1ine was 
, ' 

obtained in,the low-temperature region, leaving the points in the 

·r ~ high-temperature regton below the straight line. This was asctibed 

. . ' 
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ta the in~rapariicle diffusion which affected the overall reaction 

rate signifi~:mtly at high ternpe~atures. However, when the ef-

fectiveness fdctor was used to convert the observed fractional 

rat~, into the intrinsic chemical reaction rate, the plots of 

CdX/dt) / (no) ve~s l/T yielded a ~traight line passing through al! 

the points. This model provides a simp1ified interpretation'of 

the experimenta1 resu1ts and tak~s into account the intraparticle 

diffusion for the reactions which are not exceeding1y rapid and 
1. 

assumes that the porous structure remains essent,ially unchanged. 

The chlorination of metai oxide-carbon compacted porous 
a . 

pellets represents a different type of gas-solid reaetion involving 
1 • 

two solid components. Seryakov et al. (1970) analyzed this pro-

blem using a volumetric-reac~ion model and assuming homogenous 

reaetion where the contact area between the solid constituents 

was the rate-det~rmining factor, since the reaction was assumed to 

b,e limited by the qtep involving the transfer of an intermediate 

product from the surface o~ one SOl~ phase to' the other. 

rate equation was' giv-en as: 

. \ \ .. -i \ 

The 

-dW/dt = S f 1 (C*,T) (39) 

1 c 

, , 
and '"-dS/dt = S rz (C*, T) D (40) 

>hence dW/dS = f1(C*,T)/f2(C*,T~ (41) 

where, C* is the concentration of the intermediate prodù~t on the 

carbon surface in t~e thermodynamic equilibrium wit~ the~chlor~na
ting gas,#~ is the contaçt area between the solid phases, t'if the 
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reaction temperature, W is the weight of metal oxi;de'. 
fi /;4 

rf 
Irttegration,of Equation (41) yields= 

&, 1 

Wo - w'", (So - S) ft (C*,T)/f'l (C*,T) 

As the contact area approaches zero, the max~um amount of the 

oxide that can be reacted trom Equation (42) becomes: 

Wo - Wc»;: àW<J:);: So f 1 (C ,T)!fl (C ,r) 

r ,J 
Inserting this into the integrated forro of Equation (40), which .. 
is: 

yi~lds: 

and hence: 

R.n (S/So) = t f 2 (C*, T) 
'. 

//\ 

-.tn {1 -, nw/ [Sa f 1 (ç*, TfÎ 

f 2 (c*,T)]) = t f 2 <C*,T) 

'u 
-tn (1 - h.W/I1W) =" t fa (C*,T) 

co 

o 

(42) 

(43) 

(44) 

(45) 

(46) . 

where .f;I (C*, P was taken by ~eryakov et al. as the apparent, raté 

" t 

constant. In terms of,fractional cpnvers~on based on the ~ximum 
1 

'amount. of oxide that can beu,react.ed, the resulting conversion-time 
(,.1"'\ ~~ 

expression becomes': 

-tn (1 - X) = Kt - ) 

This model fitted ,their experimental data r~aso,nably well. 
'3 \ 

. , 

I~ 
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b- Pore Model 

<:;-- , 
, ' 

Macroscopic models are incapable of describing changes 
f), , 

in P?rous solid structure or surface area through reaction, 

except_with the aid of auxiliary empirical expression (Wen, 1968). 
1 1 ( , 

Microscopie consideration of porous solid-gas reaction was under-
, 

taken by Peterson (1957) who provi'lléd one of the first models for, 

the gasificat~on of solids, in which account was taken of the 

change~ in pore ,structure. Peterson considered a single cylindri-

cal pore initial'ly of. ttniform diameter. and a porous cylindrical 

pellet initially containing cylindrical pores. A model for the 
, 0 

time rate of change of the ~yerage radius of a eylindrical pore 

was developed for a first order reaction with simultaneous mass 
( , 

transfer, assuming pseudosteady state •. \ This model was exterided 

to a network of intersecting pores by including expressions for 

~the surfflce area and porosity as a function of the pore diameter 

and initial pqrosity. The governing equations were solved numer-

ieally and the solutions were used to interp~et the exper~mental 

results reported in the literature on the gasification of graphite 

rod,s with 'carbon dioxide. Although the agreement between the 

Oc ' 

'est,imated and obser-..ted rate was found te be satisfactory, the 
, '" 

model underestimat~d the effective pore diffusivity. The latter 

was attributed to the fact that the real pOl'e system containing 

-
por~s of varying diameters was rep1aced by an idealized sys~em of 
uniform cylindrical pores characterized by an average diameter. ' 

Later, Szeke1y et al. (1976) applied Peterson t spore .. 
• 1 

) l' 

" 
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structure model to a porous spherical pellet for the low-temper-

1 

ature regi:~ of a gasification-type reaction. It has been pointed 

out that, (Wa1ker et al., '1959) in the gasification rea,etions 

(where no solid residue remains) there are three somewhat distinct 

temperature regions with tran~ition regimes between them. In 
, i 

Region l, tb~ reaction temperature and the intrinsic,reaetivity 
'IJ \ 

df the soli~ are low, the gaseous reactant entering the solid has 

a high probability o~ diffusing deeply into the pellet. Also, the 

t 
activation energy and a11 other kinetic parameters are \e in-

trinsie values for the reaètion, and the rate does not depend on 

the size. The intermediate temperature region, Region il, i8 one 
- ' . 

in ~hich pore-diffu~ion is controlling, the concentration of the 

reaât/ant species goes to zero at a distance from the exterior 

\ 1 
surface. 'In the high temperature zone, Region III, the ,rate 

,becomes 50 great that the reaction i8 effectively localized at 

the externa1 surface of the particle. 

According to the ~hree-temperature .regions' theory, the 

treatment of Szekely et al. corresponds to Region 1 and ~t 

demonstrates \ the "homogenous reaction'Ît' version of the pore model. 

Considering t~at the reaction was under kinetic control, they 

obtained an annlytical solutton which p~ov!ded an explicit re-

lationship between the conversion (X) and ttme (t): 

\ \ X =1 (€Q/l - €o){[(l + tft):a (G - 1 - tir> / .-

(G - 1)] Il 

----where '\ T .. Z:O Ps/b k Cn . A 
~ , 

" 

• 

(48) 

(49) 
" 
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',,-
and ~ is the initial pore radius, ~ the initial porosity of 

the pellet, Ps the molar density of pore-free ~olid and ~ 18 a 

stoichiometric. coefficient. The parameter G 18 a function only , 
of ~ and i9 obt;ined by soluUon of eubic equation,: 

(4/17) Eo.G 3 
- G + l = 0 

.,. 
This type lof s.tructural approach was found to be ,useful in de-.' 
scribing the fact tha~ the surface area per unit volume may 

• 
increase, go through a maximum and then decrease. 

Another gasification-type pore model was introduced by 

nashimoto and Silveston (1973a" b)'which allowed a pore size . \ -' 

distribution and took into account pore growth, initiation and 

(50) 

coalescence. The model considered cylindrical pores, uniform pore 

length, firat order kinetics and an isothermal system, and re-

quired a large numbei of input paramet~rs. In their first paper, 

1. they only concerned themse1ves with kinetic-control gasification 

(low-temperature region), and predicted the particle radius as a 

f~ction of either time ~ the extent of react~on by means of 
~L 1/ 

numerieal methods. The model was tested with.the experimental 

data reported 1n the lite~ature. The agreement between the 

experiment~l values and the predictions were usually very satis-

factory. In their second paper, this model was ,extended to allow 
1 

for mass transfer of gaseous reactant to the particle.~nd fGr 

intraparticle diffusion which shiftèd the gasification to the 

outer surface of the psrticle. Menee reaction took place in a 

diffuse zone.! -

/. \ 

1 
1 

'1 

\ 
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Gasification is a special type of porous solid-gas 

reaction where no ash or sol~d ,product farms; hence the dif-

~ 
fusion of gaseous reactant ~hr?ugh the ash 'layer has not been 

considered in?the models which have just bee~ discussed. Szekely 
, 

and Evans (1970) included this additiona! parameter into their 

,pore model, which considered a semi-infinite porDus solid'cQn-, 

taining cylindrica1 pores of uniform size, spaced apart by,a . 

uniform distance and running normal to the reaction interface. It 

was assumed that the init~structure was maintained throughout 

and was unaffected by the progress of the reaction; th~ gaseous 

reactant diffusiçn in the pores was in the axial direction on~, 
1 • 

bht the dïffusion through the product layer in the sol'id·was. 
, 

With these assumptions, the c~nversion-:~me 

• 
relations were calculated numerically in terms of an'equivalent 1 

~ 
penetration of the reaction into the solid fo~~ first arder 

, 
irreversible reaction involving equimola~ counter diffusion, with , ' 

no external mass transfer resistance. The' influences ,of such - ~ 

parameters âs pore radius, porosity, diffusivity through the 
I!> 

product layer and gas phase, an3 intrinsic rate constant on the 

equivalent penetration, were demonstrated. 

" Chemical reaetion may result in a more open pore stràcture 

when ~ molal volume of the product formed ls 1ess than that of 

t~eactant. Alternatively, the effe~t of chemieal reaetion may 

be to form a denser pore structure, resulting in a decrease in' 

porosity. Recé~tly, Ramachandran and Smi~h (1977) proposed a 
r • 

l 

r 

. ' , 

.1 
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different type of pore model; which takes into account ~he 

structural changes due to rea~tion which were n~glected by Szekely 

and Evans (1970)., The model analyzed a single pore, as re-
Il 

presentative of the behaviour of the whole porous pellet. The
r 

solid was âssumed to consist of parallel cylindrical macropb~es, 
. ., 

each of finite length; and an associated concentric cylindrïcal 
, 

solid reactant. The chemical reaction which occurred along the 
1 

por~walls, resulting in a build-up of product layer, was' ir-

reversible and first ordèr with respect to the gaseous reactant. 
, , 

Ooly axial diffusion in the pore and only radial diffusion in the 
.... 

product layer and a sharp interface reaction were considered. , 

The maln parameters of the model were the effectiv~ pore length, 

the e~tiye diffU.i~ity in the prOduct. la~r and the ratio of 

the mola~ volume ,of the porous product to that of the reactant 
r c 

(y), which accounted for the change in pore geometry. ,The 

goveming equatione wer,~ solved numerically and the effects of 

~ the effective pore length, the effective diffusivity, 1 and the 

reaction rate constant on the conversion were investi~ated. ' For 
~ 

y > 1, tpe model predicted an as~ptotic conversion less than 100 

percent due to the closure of the pore mouths. The use of the 

j proposed mode1 for predicting c?nversion-tfme curves was il

lustrated by meana of experimental data for the reduction Qf NiO 

pellets with carbon monoxide (y < 0) and for the reaction of 

Bulphur dioxide with calcium carbonate (y > 1). In the former, 

reasonable agreement waa obtained, and in the latter, the'model 

1 predictions' agreed weIl with the' experimental data· in the early 
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stages bf the reactlon, but overestlmated the ~symptotlc con-
• t '" - .r~ 

version level. This was at~ributed t~ other possible structural 

cha~ges, such as sintering, during the experiment • 
.. 

c- Grain Model 

Szekely and'co-worke~~ publis~ed a series of papers 

'cbncerning the development of a structural model to describe the 

progreBs of a reaction in terms of the porosity, grain size, gas 

phase and solid state diffusivities, and'a heterogenous reaction 

~ate constant independent ,of the solid s~ructure, as opposed to 
\ 

the rate constant of a shrinking-core modèl where structural 

• parameters were incorporated into an empirical reaction rate 

constant. 

The basic model (Szekely and 'Evans, 1970) was developed 

for a first order isothermal Irreversible reaction, takingylace r , 

, , 
in a semi-infinite porous solid. without external mass transfer 

resistances and with equimolar counter-diffusion in the solid. 

lt was further assumed that the initial structure was ~in~ained 
1 

l ' thr~ughout the reaction and remained unaffected tiy the progress 
o • 

of the reaction. ~ types of material were examined. The firat . , 
was a continuous ~Qlid wi~h uniform cylindri~al pores normal to 

the reaction interface, the pore model which has al~eady been 

discussed. The sec~nd vas composed of spherical 8ol1d particl:.~s. 

each of which reacted accord;tng to the shrinldng-core model. In 
• 

this case, the gaseous reactant diffuses in the axial direction 

\ ' -

/ 
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through the interstices, and each horizontal row of grains 1s . 
surrounded' by a gas of uniform but time-dependent composition. 

Under pseudosteady state ~pproximation, the time-conversion 

relations were calculated numerically in terms of an equiva1ent , 

penetration similar to the"pore ~odel case. The influences of 

1 

1 such para~eters as the grain size, the porosity of the sol id 

~aterial, solid state and gas phase diffusivities and the reaction 

rate constant on the equivalent penetration-time relationships 
; 

, 
were demonstrated. Szekely and Evans recognized the fact that 

structural changes are likely to occur as the reaction proceeds, 

due to sintering, agglomeration or'simply change in the molar 

density. 

Latec~ and Evans (1971 .a, cl' extended the plain 

grain mode1 to a spherical geometry with the additional assumption 
(j. 

that the reacted lay~r surrounding each grain presents na dif-

fusional resistance. The model incorporated parameters such as 

porosity and grpin si~e, and allowahce was made_ for the role 

played by these quantities in affecting both the pore diffusivity 
• '1 

ànd the reaction ~f individual) grains. The overall rate of 
1 

{f' reaction was computed by summing up the contributions ~f al1 the 
.. 

individual grains that made up t~ porous solid matrix. A 
! • 

solution was obtained numerically and presented,in the papér by 
,= 

Szekelyand Evans (1971 a). 

Experimental measurements (Szekely and Evans, 1971 b, c) 

on the reaction of nicke! oxide pellets with hydrogen were 1n- 9 

""~ ",' , .... 

.. 

. ' 
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terpreted on the basis of this grain m~del. The photographs of' 

sectioned partially-reduced pellets showed that, at the lowest 

temperatures, the reaction extended throughout the pellet volume. 

Increasing temperatures led ta progr~~sively narrower reaction 

~ ~ 
~~~ ·zones and the pellet readted at 1173 K exhibited a very sharp 
/., ~ 

/ ' ) 
/ interface hetween the red\lced and unreduced regions of the pellet. 

( Good agreement between th~ pr.dict.d and measur.d overall re-
~ 

'. 

duction rates was obtained for different pellet sizes and po ros-

ities. The jgreement was less satisfactory at low temperatur~, 

where chemical kinetics played a predominant role, and also at 

high temperature where structural changes (sintering) occurred, 

which was neglected in the model. Both the predictions and the 
o 

experimental data indicated the existence of an optimal condition, 

in terms of grain size, porosity and temperature, for the reaction 

of single spherical porous pellets. The proposed scheme would 

converge ta the shrinking-core model at high temperat~re (dif-

fusion control) and would approach the behaviour of a homogenous 

reaction model at low temperatures, where chemical reaction 

control takes place. 

Sohn and Szekely (1972 b) generalized their grain model 
~ 

to allow for spherical and fIat plate-like pellets made up of 

sph~rical or fIat plate-like grains. The governing equations, 

under the same assumptions which were applied to the previous 

model. were non-dimensionalized and solved numerically for. a 
---

number of situations. The solution resulted in a plot of 

,.' 

\ 
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dimensionless Ume to achieve complete reaction 'against a 

generalized gas-solid reaction modu1us (a) which incorporated 

both structural and kinetic parame;~s, and was valid for al+ 

geometries. The generalized reaction modulu~ was defined as: 

\ CI • V lA [(1 - E) k C
n

-
1 

F A 1 pp sAO pg 

·2 D F V l' 1 a (51) 
e g g 

wbere, F· and F are shape factors for the Ipel1et and the grains, 
....P. ...& 

respectively. A ls the initial surface area and ~ ia the initial 

volume. , \ 

As ~ approaches zero, the overall rate 18 controiled by 

chemical kinetics and che diffusion within the pellet is rapid 

compared wi,th the rate of chemical reaction and a homogenous 

reaction model with pespect to the pellet results. As ~ approaches 

inf1nity,' the overall rate 1s controlled 80lely by thè''''tf1ffusion 
~ ,\ 

,1 . !} 

of the ~aseous reactant within the pellet and the model reduces 

to the shrinking-core model. 

Szeke~y. Lin and Sohn (1973) further investigated the 

reduction of porous nickel oxide pellets vith hydrogen within the 

temperature range of 500 - 685 Kt and int~reted the experimental 

, results using their recent -8ener~1ized model. A set of experi-

mental runs on thin discs at different t8!llperatures was performed 

to ob~ain information on the intrinsic kinetic parameters and on 

the shape of the solid grains under conditions where d~ffu8ional 

effects vere negligible. The shape factor F was obtained by 
-' . 

/ 
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.. 

plotting 1 - (1 _.~)l/~g versus time (chemical control) for) 

various trial values of F ; the ~alue of 2 was then selected f~ 
..-a 

F as it provided the best straight line relationship. Reaction 
~ 

rates at the same temperature but for different pellet sizes 
\ 

allowed the evaluation of the intrinsic rate constant. The plots 

.of conversion-veTsus-time which were predfcted.bY the model ta be 

linear showed deviation from a straight line towards the èndoof 

-.. ' 

. 
the c.onversion. This was -attributed to thoe. possibility of a 

diffusional resistance in the individual grains and also ta the, 

non-uniformity of the grain size. _ The intrinsic kinetic data _ 

obtained at lower temperatures agreed weIl with the literature 

data, wh~le that at high temperatures was less satisfactory, due 

ta the fact that diffusional effects could not be praperly ex- • 

cluded. The data taken using larger pellets allowed,the deter-

mination of the diffusionar parameters. The klnetic and dif-
, 

fusianal parameters obtained in the two asymptotic regions were 

then used to precÜct the conversion-time curves for reaction in 

the intermediate region (diffuse zone-reaction) where bath the 

kinetic and' diffusional resistances 'wère important. The pre-

dictions were fo~nd to be\easonable in most cases, where an 

appreciable induction period did not occur. Howeverf the time 
, 

predicted for comp,lete conversion of the pellets over and under 
1 

estimated randomly. This was suggested to be due to some 

structural changes in the reacting pellet during the course of 

the reaction. 
Il 

The grain-pell~t model developed by Szekely and ca-
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workers considered the pellet to be isothermal and neglected the 

diffusion-resistance through the aSh_~ayer of the grain. ~e-
cent1y, Sampath et al. (1975) made a trans!ent non-isothermal 

analysis of the same mod~l with xhe:inelusion of an ash layer 

diffusion resistance but. cal1ed their treatment a "particle-. 

pellet" model. The solid was taken as, an assembly of relatively 
" 

non-porous spherical particles of uni~orm si~e compressed into a 

spherieaA pellet. Their math'~ma~ica.1 model assumed: (i) both , , 
(. . 

pell~ts apd constituent parrieres did,not. change in size during 

the reaction; (ii) parti~les wère at a uniform temperaturè. but 
.' 

the pellet was large enough to ~er:nit both. c~ncen~ifti_on and 
'. , 

temperature profiles to exist ~ ({ii) the chemical reaction was 

first order and irreversible with 'respect to t~e gaaeous reactant; 
.. 

(iv) the reaction o~urred a~ a sharp'inte~f~c~ in the particle; 
1 

(v) the effective diffusivity of the-gas in the pellet and of the 

product layer in "the partièle~ and the ma~s and he~t transfer 

coefficients in both gaséoùs a~d so~id phases ~emained inv~r~~nt 

with temperature and concentration èhanges throughout the re-

action. This_model also negJected ~h~ structural changes. A 
. , . 

l' ' , 

single particle rate eqùation.was fncQrporàted with the initial 

porosity and part.icle cliameter to ~valua~è, the :tate based on· the' 
" 

pellet volume. This was then coupled 'wlth the transi~nt mass 

and heat balance equations on' the pel+et,. ' The r~sulting non-
, 

'" " linear parabolic partial differentia1 equations were reduced to 

systems of simultaneous first order ordinary·differential , 

equations by me ans of the "qrthogo?al Collocation" method. which 

\ 
, 
\ 
\ 

.. 
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were then solved numerically. The Orthogonal Collocat~on method 

is a special case of the collocation method and of the method of 

weighted residuals, and it was first reported by- Vi1ladsen and 

Stewart (1967) and ,further discussed b~Ferguson and Finlayson 
~ 

(1970) and Finlayson (1972, 1974). In this method, the unknown 

solution is e~panded in a series of known functions (ort~ogonal . , 

polynomials) with arbitrary.coefficients and the solution is 

obtained at the collocation points which are the roots of the 

orthogonal polynomials. Sampato et al. investigated the effects 

on the temperature profile and averal1 conversion of such para-

meters as the particle and pellet radii, the effective diffusivity 
, 

in the product layer and in the pellet and the therma1 con-

ductivity in the pellet. The inadequacy of the pseudosteady state 
, l ' 

assumption 'for heat transfer was confirmed. The mode! ~pproxi-

mated the homogeneous~ shrinkin~-core and diffuse zone-reaction 

models for the pellet as a whole, depending upon the ppysical 

characteristics of the pellet and the intrinsic kineticB of the 

reaction. 

,AlI of the diffuse zone~reaction models discussedOuntil 
"-

now viewed the pellet as original1y potous and having diffusional 

gradients. The majo~ity of them required computer solutions. 
1 ~ 

Park and LevenSPie} (1975) introduced 'a distinctly different kind 

of model W'hich was called the "crackling-core mod~l. I~ The pellet 

was assumed ta be initiallYI non porous. Under the action of the 

reactant' gas, the pellet then transformed itself progressively 

" 
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from the outside in,'by crackling and fissuring, to form an easily 

penetrated (no diffusional ~esiBtance) grainy material, which 

th en react~d away to the final pr~duct according to a shrinking-

'l 
core model with either reaction or aah-diffusion control. The 

.. ~, v 

diffusion resisÙnce within the attacked porous structure waB 

neglected in or der to'avoid the need for a numerical solution. 

The·rate of reaction of tbe virgin core a~d of the grains was 

first order with respect to gaseous reactant and the system was 
Ji' 

isotherma!. Figure 4 from P~rk and Levenspiel illustrates the 
o 

different stages through ,which a pell~t pass,es according'to this 
'} 

model, in relation to the relative v41ues of the time needed for 

complete disappearance of the virgin core ('c) and the time for 
-, 

complete conversion of a grain (~). Analytical expressions for 

the time-cbnversion relationships were presented for various 

stages of conversion: 'initiation, propagation and termination. 

For the reaction control of grains the analysis yielded explicit 

solutions, while for the ash-diffusion control, in the grain the 

expressions coulp'not be obtained in explicit forms. This model 

is an extension of the shrinking-core model; involving one 
" , 

additional parametero(' /T). The evaluation of this parame ter c: g il, Q 

which was describ~ ~n the ~aper r~quired converaion-time ex~ 

periments with different pellet size and fitting the data for the 

best values of. and,.' 
....& -E.. 

• G 

'At one extreme (, « , ). the proposed model reduce$ to 
g - c 

the simple 8hrinking-~ore model, while at the other extreme (,~ 

• 

" 

d 
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PROGESSIVE STAGES IN CONVERSION OF A PELLET 
... ;r 

ACCORDING Ta THE CRACKLING CORE MODEL 

NO PROGRESSI0NS ARE POSSIBLE DEPENDING ON WETHER 

, } 

. , 
," . 

" 
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THE CRACKLIN~ CORE ,MO'OEL FOR· THE REACTI,ON 01=' \OLIQ PARTICLES· '. 
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» TC)' it predicts a uniformly react,ing pellet. Application of 

, " • a. ",. ~ t 

the érackli~g ~ore model ta the eJÇperimental convel:s:lon-t~e ,data . .. 

of the reducÙ~m of magnetite with CO, resulted in a close ..agree

ment, better, thàl! ~ith the shr.inking-core mo~:l. Recently t Park. 
..... ,,1 

and Le~e~spi~l (197 Z): "sU'gg./3steq the use o'f ~his model ~n gas-soUd 

reactions tnvo1ving mUttisteps, such as the reduction of hematite 
p • 

through magnetite\ then' ~stite and finally to iron (Tsay et al., 

1976) . 

, . 
\ 

Th'e irl'terrre~ationships betveen the three' types of diffuse 

fone-reac,tion ,models (yolumetrie ., pore and $,1n mO~'lS) wa. 

discussed by 'Ish:id~ a~d Wen (1971a). By introducing the concept 
'..---

of an equivalent rate constant. ba~ed on the surface reaction 

. 
model, each diffuse zone-reaction model was shown to be repre-

sented in tenus of equ1Valent characteristic parame ter of the 

shrinking-core model. L~er, • this isothermal' analysis was ex-
, ' ( 

tend~d to nonisotherma1 cases (Ishida ant Wen 197:.Q). It was 

shown ~hat nonisothermal diffuse zone-reaction model could also 

be approximated' by, the shrinking-core model, by considering the 
\ 

~a~ effect. on "the equivalent ratè conS't~~t: Hovtr. sinc~ the 

te~p&rature profile in Othe soUd did not normally'reach steady 
"" ., lO' 

state, the equivalent rate constant approach for 'the non-

isotherma1 case tended to be more in error than that for the 

.. 
isothermal case. 

CONCLUSION 

The noncatalytic gas-sol id reaciifn models for a single 

.' 
\ 
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particie (pellet) were reviewed under two headings: the surface 

reaction models and the diffuse zone-reaction models .~The latter 

were diseussed with respect to the volumetrie-rea~ion model, pore 

model and grain model, togeth~r with their 'lIuniforntly-reacting 

pellet Il applications. The isothermal shrinking-cbre model in the 
. 

pres~nce of individual rate-controlling mechanisms (kinetic, ash-

diffusion, film-diffusion) is the stmplest a~d the mo~t widely 

used for t~ interpretion 9f experimental data. The non-iso-

thermal case of the shrinking-eore model with a pseudosteady 

staA approximation- gives an analytical solution, but: this as-

sumption has been found '9-oL to be valid for most cases. On the 

other hand, a transient approach requires a computer solutiol1' 

The majority of the diffuse zone-reaetlon models neces-

sitate numerical solution plus a large number of input parameters, 

depending upon the specifie mftel they are based on. Uncertain

ties in the physical and kinetie input parameters usually re-

l / 

duce the accuracy gained from the mathematically-complex treat-

ments, and the predictions become no more accurate than those 
--=(( 

_obtain~d~ from analytical expressions of simpler models. In any 

event, ,the works in the field seem to be divided in two groùps~ 

the first with a primary interest in mathematieal modelling, and 
, 

the second mainly concerned with experimental measurements'and 

the interpretation of the data. 
/ 

Almost aIl of the proposed mod~ls consider the presence 

/ 
of a single soUd component in the pellet, although practical 
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situations arise where more than one component i5 involved, 8uch 

as the ch1orination of a metai oxide in the presence of carbon • 
. 

Russian workers treated thia problem as, a homogeneouB reaction 

version of the volumetric-reaction model. Although the shrinking

core model assumes a non-porous sOl(d, it has been applied to 

poroua solid reactions·successfully. 

FinalIy, it is important to note that the use' of a 

particular model can ooly be justified if it fits the spec,ific 

'gas-solid reaction involved, if it agrees with the concep,tuai 

representation of the progress of the reaction, and if the re-
\ . 

liability and accuracy of the experimental data are good enough 

/' to take into account the complexities of the more Bophisticated 

mode1s. 

PLASMA PHENOMENA AND GAS-SOLID REACTIONS IN PLASMAS 

DEFINITIONS 

A plasma may be defined as agas that is sufficientIy 

10nized to be eiectrically conductive, although, as a whole, it 

1s electrically~neut~al. For the ionize~ gas (composed of free 
, 

electrons. positive ions, neutrai atoms and molecules) to be 

propeily termed a plasma, :lt. must satisfy the requirement that 
~ 

the concentrations of positive and negàtive charge carriers are 

approximately equal (Hollahan and Bell, 1974). Depending upon 

the conditions under which it i8 formed, the pl~sma may be 

/. 
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either hot (operating at and above atmospheric pressure) or cold 
, 

(operating under vacuum, in which case the molecules are at a low 

temperature and the electrons at a high tempërature). It i5 
~t .. , -

gènerally èonsidered that plasmas operating at and above atmos-
\ 

pheric pressure, the Il thermal plasmas, h ~ àre locall)) ilil thermal 

equilibriuffi (Reed, 1967). This assumption of local thermal 

equilibrium (LTE) is of fundamental importqnce from a theoretical 

and analytical point of view. Thermal plasmas .formed by electri-

cal discharges are those most relevant.;.. to high-temperature 

chemical and metallurgical processing and, for the purpose of 

this thesis. discussion will be limited to. this type of plasmas. 

PLASMA GENERATION 

"A plasma is generated whenever sufficient energy is 

transmitted to a gas ta cause at le~st partial ioni~ation. The 

electrons accelerated by the initiation of a plasma will collide 

with and excite the atoms or molecules in the gas. This ex-

, citation can cause' complete ionization, orbital displacement of 

one or severa! electrons or simply increased, kinetic e~ergy of the 

"-
various species involved. The electrons freed by~onization are 

also accelerated and cause more collisions and further ionization, 

resulting in an energy transfer from the electric field to the, 

gas, which i9 accompanied by a rise in the latter's temperature. 

Once a plasma ls formed, energy must be continuou9ly added ta make 

Up for thermal conduction and radiation losses and to prevent 

immediat. reattachment and ~combinat!:n. 

", 

, " 

1 
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A thermal plasma formed by electrical discharges can be 

generated either with electrodes (arc discharges) or without 
\ 

electrodes, as in inductance or capacitance-generated pl~sma from 

a high-frequency source. Arc discharges. on the other hand, are 

produced either as non-transferred (statio~ary) arc arias trans

ferred arc. Depending upon the method ~f ~rc stabilization (which 
o 

is define~ as the process by which the arc col~mn i8 positioned or 

Ipcalized withi~be region between the e1ectrodes), the non

transferred arc' is further subdivided into different categories. Ir 

'Baddour and Tinunins (1967) and Gerdeman knd Recht (1972) have '-

described these in detail. 

1 
In the,transferred arc, the arc i8 struck between the 

cathode and the external workpieç,~-,which acts as the anode. This. 

type is used for welding, cutting or other processing requiring , 
1 • 

. high workp1ece temperature, and also for the spraying of pro-

tective coatings. New and important applications for transferred 

arcs have recen't1y been found in the field of extractive metal-
" 

lurgy, when the anode consists of a molten metal. 

. \ 
f'j 

In the.non-tràn8ferred arc, 8uch as in a d~c. torch, the 
~ 

\' 
cathode is surrounded hy an annular a~ode, the outer end of which 

, 
consists of a constricting nozz1e. An arc is struck between the 

electrodes and is blown through the nozzle by the plasma-forming 

gas. 

1 \ 
In the electrodeless plasma generator, the energy is 

, " 
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transferred from the high frequency source to the gas by either 

a co il or a set of capacitor plates, resul~ing in an inductive or . -, ;, 
capacitive coupling between the electri~ and magnetic fields. 

Elimination of the presence of electrodes from the plasma chamber 

avoids contamination of the working sYstem with material which may 

evaporate o~ be'eroded from the e1ectrodes, a~d permit the use of 

even quite corrosive gases like chlorine as p1Jsma-forming gases. 1 _ 

1 

Application of a radio-frequency energy spurce to sustain a plasma 

was first described by Reed (1961) and further covered by Baddour~ 

and Timmins (1967) and Ho11aha~ and Bell (1974) . . ' 
~I -

In his Ph.D. thesis, Munz (1974) made an extensive review 

1 
of plasma devices, both those which were useful in smaH laboratory' / 

experiments, and those which ~ considered for commercial opera-

tions. He described in detai1'~operations of different torches 

and compared them with respect to thèir areas of application. 

1 

Also, in a number of review papers, Kubanek,and Gauvin (1967), 

Ibberson and Thring (1969), Landt (1970)" Sayce (1971, 1976), 

Rykaliq (1977) and Hamb1yn (1977) described varia us types of 

plasma devices- and/or furnaces. 

Bath d.c. plasma and R.F. induction torches have been 
1 

used in this laboratory for a number of studies on heat and 
" 

momentum _transfer to small partic1es (Kubanek and Gauvin, 1968) '. 
, 

(Kubanek et al., 1968), (Chevalier et a1' t 1970), (Lewis ~d Gauvin, 

1973), (Katta et al., 1973~, (Katta and Gauvin, 1973a, 1973b), 

(Sayegh, 1977). An induction,torch was a1so used in a study of 

, " 
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high-temperature reaction kinetics (Munz and Gauvin, 1975). Cur-

rently, 'Hork i5' continuing on heat transfer and diagnostics of a 

transferred arc plasma . 

/ 
.. 

, , 

PLASMA GAS-SOLID REACTIONS 

Considerable research effort has been devoted over the 

past twenty years in the development of new chemical and metal-

1urgical processing technologies, based on plasma devices. Several 

recent review articles caver much of the progress ta date. The 

'most important of these will now be briefly summarized. 

Vurze1 and Polak (1970) covered a wiq,e range of chemica1 

reactions which have been studied ~n yarious plasma devices, with 

'" particular emphasis on-homogenous reactions and on the impprtance 

of quenching. Tne ~view by Landt (1970) was devoted ta a 

description of ~norganic,reactions that have-been catried out in 

arc plasma jets. Sayce (1971) and Waldie (1972a, 1972b)'con-

-
centrated on heterogenous reactions in plasma, with particu1ar 

<V 
emphasis on metallurgical processes. Hamblyn and Reuben (1975) 

1 

reviewed the use of radio-frequency plasmas în chemical synthesis, 

covering bath orga~ic and inorganic reactions and their prospects 

for ,commercial applicptions. 

In ,his recent review, .Sayce (1976) discussed the current 

status of plasma processes involving heat and mass transfer with 
. 

particulai reference to chemical reaction and processes of vapor-

ization and condensation. Rykalin (1976) presented a survey of 

" 
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the wùrk Jone in the U.S.S.R. on the generation of thermal plasmas, 
( 

,generated by d.c. jets. More recently, Po1ak (1977) gave an 

a~count of various plasma reactions that have been report~d 

mostiy by Russian workers. Hamblyn (1977) presented a brief 

survey of typical applications of plasma technology inl... metal
~ 

lurgical processing and dis~ussed the work carried out on ferro~ 
1 

alloy applications in South Africa. 

~he first comprehehsive study of heterogeneous chemica1 

kinetics in a plasma flame was reported by Munz and Gauvin (1975). 
l ' 

They inve,stigated the decomposition kinetics' of molybdenite in . 
tht ta~lflame of a ràdio-frequency induction plasma. A reactor 

system was developed to allow kinetic measurements in both the 

solid and the molten state, using single stationary spherical 

pellets prèssed from naturally-occurring thin flakes of molyb
tJ 

denite. lt was concluded that the so1id state reaction was con-
. 

trolled by tpe diffusion of sulphur vapour through the product, 

layer. ~e shrinking-c0re model deacribed t~e over~ll reactian 

which léd to a time-versus-conversion equation of 'the form: 

t!-r = l - 3 (1 - X) 2/ 3 + 2 (1 - X)' (52) 

~here, X ls the fractional conversio~ to metal,"~ ls the time for 
.,1oJ. 

complete conversion and! ia the reaction.time. 1 The ~nfluence ~f~ 

particle diameter and void fraction on the rate of r~action con-

firmed the existence of ash diffusion control. 

The liq~id state reaction was found to be governed by'the 

,~ 

.\ 
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rate of heat transfer to the reacting particles, which was in turn . ) 

influ~nced by the mass,transfer of sulphur~va~our from the molten 

molybdenite. For the heat tTansfer calculations, the temperatures 

and veJocities of the plasma jet at th~yo~ition of the reacting 
~ 

particles ~ereoestimated by the aut~prs from the mean nozzle exit 

values, which weré obtained from experimental calorimetr'ic studies 

(Munz, 1974), using the predictions of Boulos and Gauvin (1974). 

Earlier studies of the thermal decomposition of mOlyb

denite incplasma wer~ re~orted by Huska and Clump ~1967) and Char-

liS et al. (1970). Huska and Clump.injected fine (-~OO mesh) 

molybdenite particles directly into an R.F. argon plasma fireball l' . 
" 

through a water-cooled probe and collected the product both from , 
,the quartz tube whichlcontained the plasma and from a water-

cooled quench chamb~r. They obtained co~versions as large as 70 

percent, although most of the conversions ranged from 30 to 50 

" percent, with feed rates rarging from 0.67,to 2.5 gm/hr. The 

_ degree of conversion was found ta be a linear function of the 

power transferred to the plasma, flame. 

Charles et al. (1970) injected molybdenite, powder (50 

micron in average diameter) through a water-cooled probe into 

\ 
the upper surface of plasma fireball. Molybdenum was collec~~d 

from th) fireball on a water-coôled surface'. They obtained 60-70 

\ p"erc'ént c6nversions at a feed rate up to 60 gm/hr. 
/ 

Bhattacharyya and Gauvin (~975) used the thermal 

o 

,-

1 

.. 
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decomposition of molybqenite particles as a specifie application 

of tpeir the:oretical model which was deve10ped ta simulate a 

plasma jet reaé tor for the treatment of fine particles. They 

considered a three-dimensional, non-isotherm~l, turbulent, 

compre~sible swirling confined f1ow. Velocity profiles of the 

plasma jet were ca1culated from the equations given by Chigier and 

Chervinsky (1967) and similar pr&files ~ere assumed for tempera- _ 

ture. Particle size, injection velocity and location, swirl 

parameter and angle of injection of the feed were found to be the 

important parameters. While high sdlid loadings quenched the gas 

.and lowered the reaction rate. lower solid loadings (wt. solid/ 

wt. gas < 6'.25) had insi'gnificant eff,ects on th~/overal1 con

versi~ provided that sufficient residence time was available. 

_ Recehtly, Bonet (1976) made a theoretical analysis of 

heterogenous reactions taking place in plasma systems. Using a 
1 

shrinking-core model, he showed that, in general, the progress of 

rea,ction in fine particles (or in 1arger ones, °as soon as they 

have reached a high temperature') was controlled mainly by a heat 

transfer mechanism. In view of this fact, he emphasized the 

importance of transport phenomena in the development and design 

of plasma reactors, particularly for the processing of refractory 

metals and their compounds. 1 
Among the sever'al papers 'published by Matsumoto and co-

workers (Matsumoto, 1968, 1969), (Matsumoto and Shirato,. 1970) , 

(Matsumoto and Kawai, 1912), (Matsumoto et al., 1972) concerning 
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the synthesis of refractory metal nitrides and oxides in trans-

ferred arc plasma, only_in the two most recent papers were sofue 

kinetic data reported. The reaction was usually carried ou~ 

between plasma gas and a disk-like pellet mounted" on a water-

cooled co~per anode. 

1 In the r!action between a nitroge~ plasma and zirconium 

meta1 (Matsumoto and Kawa. 1972), the rate of nitridation fo1-

lowed a parabolic' law, which was attributed to the diffusion of 

nitrogen into liquid zirconium as the rate limiting step. In the 

reaction between an air plasma and zirconium (Matsumoto et al., 

1972), nitrogen and oxygen atoms in the air plasma jet were shown 

to react independently with zirconium to form ZrN and ZrO:l' It 

1 

was reported that the dissolved amount of oxygen increased linearly 

"\ ... with increasing reaction time and air flow rate ana stayed in the 

surface region, whiie that of nitrogen increased parabolically and 

penetrated into the inner r~gions of the metal. Their thermo-

dyndmic analysis showed that, while the nitriding of Zr0 2' ,by 
, ~ 

nitrogen was impossible, the oxidation .of ZrN might take place. 

This was in fact confirmed experimental1y, since the ZrN formed 

was oxidized by oxygen in the air plasma jet. 

,~\ 

The mechanism of th~ reaction between zircon-graphite 
,~ 

mii{tures and· a nUragen plasma jet was studied by Matsumoto and 

Shirato (1970)~ They reported that zircon was first decompdsed, 

following which reaction between nitrogen and Zr02, SiO:l and

gràphite took place. The C/ZrSi0 4 ratio influenced the compositi6n 
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the op~~um nitriding 
! -~ 

zircon was obtained wi~h a C~Si04 ra~io of J. 

- Tejction, "as SU~!l,ted :-.: 0/ \ 

", '-
\ ' - ~ ... -~--

condition' for 

The overall 

'-.. 
ZrSiO .. + 3C + N -+ ,ZrN ~ SiO + JCO \ 

1 
When the ratio C/ZrSi0 4 exceeded 4, ZrC and Si~,~~re also formed. 

Particülate systems have also been used to synthesize , 

nitrides. Stokes (1969) reported the production of nitrides of 

'" Utanium, Magnesium and otungsten by injecting the powdered metai " 
~ s • 
~), /' 
into a Bitrogen plasma. 'Complete conversion was obtained with 

Utanium, while the conversions of magnesium and tungsten were 40 " 
/ . 

,~ 

4 'and 25 percent, respèctively. 

Plasma reduction of metal oxides has been attempted by 

severa1 investigators (Gilles and C1ump, 1970), (Rains and Kadlec, 
1 

• 0 

1970), (Stokes, 1969), (Brown; 1967). However, in aU of these 

works. as in most other investigations, the intention was to 
~ > -\ '"., 

'determine important process parameters and Qassess their quantita-' 

tive effects. rather tha~ to make a' detailed kinetic studY. 

Rains and Kadlec (1970)'investiga~ed the feasibilityof 
J 

" reaucing a stab1e refractory oxide, such as aluminum oxide, in an 

argon induction plasma. Alumina powder'(26 -'45 microns) was fed 
, 

into the fireball and the product was collected on the water-

cooled reactor ·wall. Conversions ranging from 3 to ,30 percent" 
, '1 

1 -
were rep~rted in the absence of reducing agent and at p~wer leveis 

, 1 

-' . 

. . 

.~ . 
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of 5.03 - 6.69 kW, corresponding to argon temperatures'of la 900 

- 11 200 K. Conversions increased with increasing power input, 
o 

and with decreasing alumina f1pwrate and particle size;.,The,use 

of a water-cooled probe placed directly in the plasma a1lowed the 

recovery of additional aluminum.at higher conversio~s.· Doubling 

and quadr~ling of the conversion were obtained by using CO and 

'" CH 4 às reducing agents, in the plasma, and by quenching with co19 

gases introduced into the lower section of the plasma core, counter-

current' to the plasma flow. lt is interesting to note th~t the, 
. 

. 'use of hydrogen as a reductant showed almost no effect o~ the 

conversion. The conversion data presented by Rains and Kadlec 

were based on1y on the material collected~ and as such may not 

represent a realistic sample .. ExtrapoTation 'Of their analysi's ~ 

to all the alumina in the f~ecl may not be justified, as material 

bypassing the flame would not deposit on the wa1ls and would 

probably show a much lower degre~ of conversion. 

• d 

Using a direct current arc plasma jet', Gilles and Clump 

(1970) attempted to reduce iron ore with hydrogen. They injected 

,the iton ore powder into the nozzle (anode) exit plane at a 45-

degree angle through two ports spaced 180 degrees apart, thus 

permitting th~ ore P?rticles to leave the torch without coming 

inta contact with the anode w~ll. The product was quenched and 

co11ected on a water-cooled copper plate assembly. Their con-

versions were up ta 69 percent with a lOO-percent hydrogen plasma, 

) and at a feed rate of 1 gm/min. It was again found that the 
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extent of conversion to iron increased with an increase in power 

and a decrease in powâer'size. In addition, conversion was higher 
1 

-at the lower plasma gas flow rates for the same amount of energy 
\ 

per unit volume of plasma gas. This was attri~uted t~ a longer 

residence time. 

Stokes (1969) reported complete conversion of ferric 

oxide to iron metal with hydrogen in a helïum plasma jet. No 

conversions were obtained in the reduction of titanium dioxide 

and zirconium dioxide with hydrogen in the same work. 
\ 

Axthough Brown's (1967) attempt to reduce zirconium 

dioxide tO,the ~etal by passïng powdered (lO-mi~ron particles) 

zirconia through a d.c. plasma 'flame in a carbon reaction chamber 
o ~ 

resulted in an incraase in the zirconium content of the product, 

his work was not conclusive in that the presence of metallic zir-

conium was not clearly identified and th~ small differences in 

zirconium content between the reactants and the products might 

have been due to experimental error. 

Recently, Gold et al. (1977) reported the development of 

a single-step plasma reactor system to convërt iron oxide directly 

to mo1ten iron in a hydrogen-natural gas mixture. The iron ore 

powder was pneumatica1iy conveyed to the plasma reactor and 

injected into the hot reducing gasas produced by~ d.c. arc. 

Molten ir~ .nd 81.g we,ra collected in • h01dw( c:' ihI •• which 

was poured intermittently. 
",-

The electrical energy 

given as 9.5 MJ/kg of iron (not including energy 

1 

1 
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reactor) at a hydr~gen-natural gas ratio of, two.,: This value 

compared favourably with a minim~ thermoaynamic process energy 

requirement of about 7.9 MJ/kg of iron. lt was suggested that 

the- spec;if ie energy requirement would be- decreased by a reactor 
{ 

scale-up from 100 kW ta l MW, by the use of finer powder and by 

an i-ncrease in the natural gas-hydrogen ratio. 

Again recentIy~ Mac Rae et al. (1977) described a 

commercial-scale plasma reactor that' has beeu developed for th~ 

production of férrovanadium. The operation involved the injection 
o 

of a mixture of vanadium dxide and coke powders into a trânsferred 

arc plasma (falling-film plasma reactor) where the oxide was 

reduced by catbon, and the vanadium thus produced was combined 

with an initial charge of iron in a receiving crucible below the 

reactor. The design of the falling-film plasma reactor developed 

by Mac Rae and his co-workers is rather unique, in that the arc 

is transferred from a single cathode ta the Iower-portio~ of the 

cylindrical reactor wall which acts as the anode. By the use of 

a strong swirling action in the injected reducing gas (hydrogen 

mixed with argon) the particles are flung against the anode walls 

w~ere they melt and fLow down in the forro of a film, which accounts 

for the name given ta this type of system. 

The molten ferrovanadium produced contained 40 - 90 per-

cent vanadium, and bhe energy consumption was repor~ed.to be 32 MJ/ 

kg of vanadium. The reactor was developed at a nominal 100 kW 

levei and then scaled-up to 500 kW. 

o 

.,' 
~ '\,. ....r~~~ t 
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PLASMA CHLORINATION OF METAL OXIDES 

The use of plasma techno1ogy -in metal oxide chlorination 

was suggested in the paper published by Warren and Shimizu (1961). 

Aside fram this, the literature on the subject of plasma chlo-

l ' rination ls limited to a few patents issued aftel; 1950. 'l'wo of 

these were granted to Sheer and Korman (1952a, 1952b) in which the 

high-intensity transferred arc was one of the fir'st techniques ta 

be employed for the purpose of vapor phase halogenation or re-

duction of metal oxides. In the first process described by Sheer 

and Korman (1952a) a mixture of the meta! oxide and carbon in 

stoichiometric proportions was compacted into a hard cylindrical 

bar and was fed into the reaction chamber as the core of a carbon 

shel!. The core acted as a consumable anode and was evaporated 

in an atmosphere of chlorine, thereby producing ch10rides of aIl 

the met al èonstituents by vap~r phase reaction. In an inert 

atmosphere, the reduction of thé oxide to the metal was a1so 

c1aimed. 

In the case of silicates, Sheer and Karman (1952b) sug-

gested that"partial chlorination was possible by" recycling the-

• • silicon tetrachlor1de formed to the reaction chamber, thus pre-

venting further halogenation of the silicon dioxide in the ore 

and conserving carbon and chlorine. Using their high intensity 

arc, the core made out of a mixture of the silicate with carbon 
~ ~ 

was vaporized at the rate of several feet per minute at 1500 amp., 

and reacted with the chlorine plasma at a temperature of 7000 -

• 
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10 000 K. 

Orbach et al, (1968) have patented a plasma process with 

non-consumable electrodes for the chlorinarion of beryl1ium oxide. 
~ ...... 

The process used a d.c. plasma jet (55 - 60 kW) pf nitrogen (as 

arc stabi1izer) ta heat a stream of chlorine cantaining a mixture 

of finely ground bery11ium oxide (68 percent) and petro1eum coke 

(32.percent by wt.). Using feed rates of l6 kg of ore-carbon 

mixtures, 28 kg ch10rine and 6.22 m3 nitrogen per hour, a con-

version of 62.6 percent was obtained in a single pass at an energy 

'consumption of 417 MU/kg of beryl1ium. The arc temperatures and 

reaetion, times for ha1ogenation -were reported to be 2000 - 10 000 

K an~ 1/1000 second. respec~ive1y. Reduction of BeC1 2 with sodium 

to obtain meta11ic beryllium was a1so included in their patent 

claims. 

A very recent patent granted to Davis et al. (1976) 

described the use of plasma method to chlorinate the oxides of Nb. 

Mo and Ta with carbon-ch1orine or carbon tetrachloride. In their 

description, the ~etal oxid~ and the chlorinatJng agent were 
, ~ 

introduced into the react,.ion zone downstream of the anode of the 

d.c. jet devi~e~ where the temperature was 2000 - 5000 K. The 
.- 1 

products were passed f~om this zone through a restricted passage-

way into a collection zone while maintaining a pressure dif-

ferential of 0.5 - 5 psig between the reaction and collection 

zones by varying the size of the restricted passageway during the 
, 

cour~e of the reactian. No operating data was reported. The main 
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thrust of this patent was the agglomeration of very fine product 

po~ders into "larger particles in the collection zone. 

CONCLUSION 

The selected articles on plasma gas-solid reactions and 
~ 

some of the review papers discussed in this section indicate that 

the majority of the- investigations were tlesigned ta evaluate the '0 

importance of relevant operating parametèrs and their quantitative 

effects on the performa~ce of the plasma system, rather than ta do 

a fundamental kinetic study. The reason for this trend may be 
\ 

attrib~ted ta the nature of plasma Syst~St name1y the high 

initial cost of plasma devices and attendant electrical contraIs, 

the complexity of thei'r operation under laboratory conditions, not 

to mention the difficulties of abtalning reliable measurements 

under a very difficult experimental situation. The important' 
.. 

kinetic parameters such as residence time, particle temperature, 
. " 

gas velocity. gas concentration and gas temp,erature may not be 

varied independently. Furthermore, conventional measurement 

techniques in most cases may not be used; srmPle measu~ments, 

such as gas and particle temperatures and velocities, usually 

require the development of SOPhisiicated and often indirect 

techniques. 

ù In theOcase of a ~hlorine plasma, such a study becomes 

an even more difficult task. The highly corrosive nature of 

! 
1 

hot·chlorine crea tes serious problems of materials of construction. 
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1 ... 
and its toxicity necessitates extre~e care in the ftandling of the 

gas streams. Finally, the stability·of plasma operation may 

limit the concentration of chlorine gas that may be used in the 

plasma. AlI these limitations are most probably responsible for 

the absence of any plasma chlorination kinetic studies on a 

laboratory seale in the literature. 

. In recent yf:!ar,s. the increase in the market value of 

fossi1 fuels and the experience with larger~scale plasma opera-
, 

tians seems to have improved the pros~s-f.pr their indus trial 
(' 

However, (to attain this objective, commercialization considerablY. 
\ 

i 

a much better understanding of the fundamental principlea under
\ 

1ying tneir operation must first be obtained, particularly in. 

the area of transport phenomena. In addition, it is now quite 

clear that different reactions will require differe~t, unique 

design characteristics. Before the design~f a plasma system 

can be undertaken, it is imperative to obtain the necessary 

kinetic data, which in t'urn will govern the design of virtually 

every component in the plasma. 

In conclusion, it is now apparent that a plasma'system 

every component of which is closely tailored to the exigencies 

of the proposed ~rocess, can.effect,the desired physical and \ 

chemical changes under unique conditions of extremely h~gh 
(' 

reaction rates, resulting in hi~h ,throughput per unit time. 

small equipment and continuous operation susceptible to excellent 
, 

control. Because of high capital cost Gonsiderations, their 
\ 
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domain of application, at least for the present, shou~d be 
- 1 

restricted to high-temperature reactions yie14ing a product of 

high unit value. Because of the growing deman~ of our society 

for high-purity metals, metallic compounds and. refractory 

materials, this domain i5 sufficiently vast to eusure this new 

technology a very bright future. 

! 
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A 

A 
g 

A 
p 

a 

B 

,,0 b, d c, 

C 

Ci 

CAO \ 
C

BO 

Cco 

c* + -

~ D 
e 

D 
eo 

F 
g 

F 

'l P 

f l , f:;a 

l' ~ 1 G l' 
ft 

K 

~ 
k s 

k m • 

NOMENCLATURE 

Gaseous reactant in Equation (16) 

External surface area of the grain 

External surface area of partic1e (or pellet) 

Constant defined by Equation (21) 

SoUd reactant in 'Equation (16) 

Stoichiometric coefficients 

GaseoU8 product in Equation (16) 

M01ar concentration of species i 

Bu1k concentration of gaseous reactant A 

Initial concentration of solid in the pellet 

Bu1k concentration of gaseous product C 

Concentration of intermediate product on the 
- carbon surface 

\ 

Effective, diffusiv~ty 

Effective diffusivity based on initial porosity 

Shape factor for grain 

Shape factor for particle (or pellet) 

Functions of rate constants in Equ~tions (39), (40) 

Constant defined by Equation '(50) 

Overal! rate constant 

Equilihrium constant ' 

Rate constant based on surface 

Mass transfer coefficient 
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Rate constant based on volume 

Mo4ified Thiele modulus defined by Equation (36) 

Order of reaction for sol id reactant 

Reynolds number 

Reynolds number based on initial particle diameter 

Schmidt number 

Order of reaction for gaseous reactant 

Rate'of heat generauion 

;Rate of heat 

Initial radius 

Particle or por radius 

;ate of reactio~ 
Radius of unreacted core 

q 

Initial pore radius, Equation (49) 

Contact area between' me,tal oxide and carbon particl~s 
in the pellet 

Initial contact area between metai oxide and carbon 
particles in the pellet 

Reaction temperature 

Temperature of unreacted core 

" Ume 

Volume of grain 

Volume of particle (or pellet) 

1 
" , 

Weight of metai oxide in the pellet 

Weight of metal oxide for S =: 0 

Amount of metai oxide reacted at time t 
ifl 

Maximum amount of metal oxide that can be reacted 

" 
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Fractional conversion of the solid 

Ratio of molal volume of porous product to that of 
salid reactant 

Effectiveness factor 

Porosity of salid reactant 
:/, 

Initial porosity of solid reactant 

Molar concentration of solid reactant 

." 

Generalized gas solid reaction modulus, Equation (51) 

Time for compl~te conversion 

Time for complete di8fLppearance of virgin corle in 
the crackling-core model , 

~ 

Time fo~ com~lete conversion of any grain in the 
crackling-core model 

Constant defined by Equation (31) 

) 

( 
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GENERAL INTRODUCTION 

.. 

o 

The chlorination of zirconium oxide may be considered as ~ 

an; integral part of the ~verall p~ocess for the production of , 

~uclear-grade ·~ircgnium. The 1atter's commercial p~duction is 
l~ b 

currently basad On the Kroli Process (Miller, 1954), (Shelton et 
• 

al., 1956), (StaT"rat, 1959), (E1ger"~ 1962), (Babu et al., 1969), -

(Chintamani et al., 1972)~ '(Spink, 1977) which uses hafnium-free, 

. pure z~rconium tetrachloride as the feed material. Naver proces-
1 

ses vhi~h have been proposed to replace t~e converytional com-

mercial method of production also use ~irconium t~trachloride as 

the starting material. These include plasma decomposition of 

zirconium tetrach10ride (Chizhikov, Deineka and Makarova, 1969), 

(Chizhikov. et a1-., 1971), (Semenenko et al., 1975), (Gragg, 
" 

1973), (Little and Wentzell, 1965), (CIRA, 1966) and electro-
". 

vinning of the metal from fused salts containirlg zirconium 

tetrachloride (Martinez and Cauch, 1972), (Martinez et al., 

1976). 

Zircon, ~e main source of the metal, may be either 

., chlorinated directly (Manieh and Spink, 1973), (Manieh, Scott • . 
and Spink, 1974), or through a tv~-step process, namely the 
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carbur1zatlon of zircon followed by the chlorinat1on of 'zirconium 

carbide or carbonitride (Kroll, Carmody and S~h1echton, 1952), 
, , , 

CStephens and Gilbert, 1952), (8helton et al., 1956). The former 

requires a larger reactor volume, extra chlorine and carbon for 

the 8102 con~ituent of the> ore, for the same throughput of 

zirconium tetrachloride. Furthermore, it necessitates the 

separation, handling and disposaI of SiC14 .' On the other ~and, 
the two-step process has been shown to b~ less efficient than 

~ 0 

ZrOa ch1orination (Stephens and Gilhert, 1952). ~he recent 

development of a plasma process for 'the dissociation of zircon 

iuto its two constituent oxides, Zr02 and SiOa , (Wilks et al., 

1972, 1974), (Bayliss, Bryant and Sayce, 1971) fo1lowed by 

1eaching of the silica may 1ead in future to the direct ch1orin-

. ' 

ation of zirconia rather than that of zircon. 

For the production of nuclear-grade zirconium, the near-

complete separation of hafnium, which is a1ways associated with 

-zirconium in the ore, i5 necessary due ta hafnium's high n~utron 
1 

absorption cross~section. In the present conventional process, 

hafnium separation is effected by means of solvent extraction, to 

yie1d purified'Zr(OH)4' The latter 18 then calcined to yield 

de-hafniated Zr02' The subsequent ch1orination' of the dioxide to 
f 

produce the tetrachloride feed for the Kro11 Process is thus an 

essential processing s~ep in the overall complex production 

schepie. 
" 

~ 

The Literature .~èview cha~~ showed that the kinetics 

1 
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of the chlorination of zirconium oxide have not received much 
\ 

attention. The available publications in the field are limited to 
1 

those of O'Reilly et al. (1972), Landsberg et al. (1972) for the 
( 

kinetic study; to those of Stephen and Gilbert (1952) and Sebra 

(1974) for vertical sbaft furnace and fluidized-bed chlorination 

operation, respectively, and to t~at of Vasilenko and Volskii (1958) , . 
.'" 

for thermodynamic analysis. AlI of these studies are concerned 

with temperatures belov 1400 K. • 
r. ' 

In the present work, it WBS intended ta study the kinetics 

of zirconium o~ide chlorination at high temperatures (1400 - 2480 

K),,, A chlorine induction plasma reactor system was used ta pro-

vide both the high-temperature field and the reactant gas. To 

the author's knowledge, the generation of a plasma of chlorine 

has never been attempted before, nor has the 
f 

system for chlorination kinetié studies. With the excepti~n of 
, / > "7 

tha work of Munz and Gauvin (1975) on the decom~osit1on of molyb-

denite in an argon plasma tai1flame, most of the other pub1ished 

plasma gas-sol id reactions (Huska and Clump, 1967). (Gilles and 

C1ump, 1970), (Rains and Kadlec, 1970) have not been studies in 
, 

chemical kinetics proper, but were rather inte~ded to evaluate 

the effects of operating, p~rameters on the degree of conversion. 
o 

To achieve, the objectives of the s'tudy, a special reactor 

system had to be designed and develo~~d to handle hot chl~rine and 

control and measure aIl parameters affecti1g the rate,of the 
! 

heterogeneous Zr02 ch1orination. A theoretical analysis 

• 
.;1 Î 
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walil carried out along with the expet;1:IÏ1ental work. The work is 

reported in two parts, due to the differences in reaction eon-

dit ions and consequent differences in the ana1ytical inter-

pretation of the results. The first part i8 concerned with the 

ch1orination of ZrOa with chlorine alone, whi1e in the second, 

graphite vas added as a reducing agent for the chlorination. Each 

part 1s intended to be complete in itself for the purposeoof 

presentation and eventua1 publication. 

PART l - CHLORINATION OF ZIRCONIUM DIOXIDE 

IN THE ABSENCE OF REDUCING AGENT 

INTRODUCTION 

NOrmally, chlorination of zirconium dioxide necessitates 

the presence of a reducing agent due to the lower affinity of 

zirconium for ch10rine than for oxygene The free energy of the 

chlorination reaction: 

ZrO; + 2 C1 2 • ZrCl,. + Oa (1) 

rema1ns positive up -to quite high t~peratures as shown in Figure 

-l, for which t~e free energy data were extracted fr~ the JANAF 

----- \ Thermochemïcal Tables (1967). Landsberg et al. (1972)~ud1êd \ 

th1à reaction in a very preliminary ~~e8 in the 

range 1320 - 1420!C. The~ could take place on1y when 

the chlorine gas velocity'was high enough to el~ate the ac

cumulation of the products near the reacting partiels, and even 
~ 

-~ ... 

\ 

& -
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t FIGURE 1 

FREE ENERGIES O~ 
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Zr02 CHLORINATION REACTIONS 
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then at a slow rate. RecentlYt Pogonina and Ivashen~ev (1974), 

in a very short paper reported 8.1 pel' cent conversion in 50 

minutes at 1273 K. 'l'lier, Vasilenko and Vol'skii (1958)- showed 
. 

on tbe bas1s of odynamic ana1ysis that the' equllibrium. con-

centration of zirconi tetrachloride in the gaseou~ p~8e in-

Icreased insignificant y from'0.2 to 2.7 volume percent vith arise 

of temperrture fram 1 73 t;" 177 3 K. llwever, a11 these worka we-re 

based on the reaction f molecular chlorine vith Zr02 (Equation 2 

in Figure 1). 

\ 

\ 
In 0 pl:asma sys ems t the temperature d1fference between the 

reacting particle and he ambient gas ia usual1y ~uite large. In' 

the présent case, it w:ts of the order of 2000 - 3000 K, with the 
\:; 

ambient gas temperat~~l in the range 3500 - 6000 K~ The equi-

1ibr'ium concentrations of mo1ecular' and atamic chlorine, as 

calculated from the da a ln the JANAF Tables at d1fferent 't~ 
1 

1 

peratures, are given 14 Table 1. lt 1a seen that, at the exper-

: \ 
imenta1 gas t~~eratur~ leve.ls (3500 - 6000 K) uaed in this work, 

the chlor1ne gas will e in the atomic forme . Thua, the following 
t 

_L \ \ ~ 
reac~ions ~y t place on ~he zirconium d1ox1de surface: 

1 

/ 
/ 

/ 
1 

-l, 
4 Cl • 2 CIta 

zrOa + 2 Cla - ZrCl. + Oa 

" zrO. + 4 Cl • ZrCl. + O. 

1 

(2) 

(3) 

.f (4) 

Reac,i1OU (3) 1a pOilsible, dep~d1ng 40n wh.cber atomic 
c' 

.. / 
1 
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TABLE l . 

EQUILIBRIUM CONCENTRATIONS OF ATOMIC CHLORINE 

1/2 Cl:;! :::z Cl 

~.' 

1 

T, oK .. log ~ (1) 
YCle .. 

'--

e. 
1500 -1.226 0.0577 

2000 -0.128 0.5174 1 

2500 0.536 0.9272 
" 

3000 0.982 0.9894 

3500 1.303 0.9980 

4000 1.545 0.9992 
1 

4500 1.734 0.9997 
, . 

5000 1.886 ,0.9998 J 

From JANAF Thermoch~ical Tables , '{ 

1 
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chlorine associates ta form mO~lar 

__ -e----------faee-.- -Althë;~gh the reaction temp,e' ture of 

at the oxide sur-

is lower 

than the bu1k gas temperature 

cular chlorine, the extent of he large due to 
\ 

i 
very short residence time. (4) represents 

both the sommation of Reactions (2) an a1so the direct 

/ action of atomic chlorine on zi~conium ide. Rence, regardless 

'of what happens on the pellet surface, tion (4) may be con-

sidered as representing the chlor~natio of ZrOa in the absence 

of reducing agent in the chlorine plas This reaction i8 also 

,a reversible one and it is thennodynamic 11y, more faV'o rable than 

that with molecular chlorine below about 2050 K, as in icated in 

Figure 1. 

The purpose of this section i8 to ~nvestigate fully the 

possibility of dïrect chlorination of Zr02 
, 

and to study its kinetics." A theoretical analysis ras 

out 
, i 

alang with ~he experimenta1 work in order to obtai a time-

conversion relationship and ta compare the exp~rimenta c\.ata with ... 
" " 

xhose of theoretical predictions of this work when gas 

" diffusion becomes important. 

THEORETICAL ANALYSIS 

MATHEMATlCAL MODELING OF THE REACTION 

The review on the mathematical treatment of gàs-solid 

• reactions in the Literature Review showed that e ery conceptual 

, q 

• 

• 
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picture or model for the progress of a heterogeneous reaction was 

accompanied by its specifie mathematical representation. The 

published treatments either assumed a surface reaction which was 

expressed by a shrinking core model CYagi and Kunii, 1953, 1955a, 

1955b), (Shen~nd Smith, 1965), (Levenspiel, 1972), (Szekely et al., 
, 

1976), or a diffuse-zone reaction model. The latter either viewed 

the reacting pellet as a homogenous matrix-volumetric reaction 

model (Ishida and~en, 1968), (Wen, 1968), (C11vel~ and Cunningham, 1 

o 

1970), (Williams et al., 1972), or considered a pore structure 

(Peterson, 1957), (Ramachandran and Smith, 1977) or envisaged a 

gra1n structure (Szekely and Evans, 1970, 1971), (Sohn and Szeke1y, 

1972), (Sampath et al., 1975). The uniform-reacting-pellet model 
~ 

was treated as a special case of diffuse-zone reaction models. 

'Except for "the isothermal shrinking-core model, the majority of 

the treatments required a numerical solutioq. Generally, the 
, 

modeling ,works seemed ta be divided in two groups: for the fi'rat, 

the pr~ interest was in mathematica1 m?de1ing, while for the 

second the main concern was experimental measurements and the 

interpretation of data. With respect to the second group, the 

shrinking-core model was'found useful in analysing'many solid-gas 

reactions including porous solids, due to its mathematical sim-
\ ~ 
plicity (Costa and Sm th, 1971), (Wang and.Wen, 1972), (Munz and 

Gauvin, 1975), (Morris d Jensen, 1976)" (Fahim and Ford, 1976). 

In the 1ight- of \t e experimental observations, the 

theoretical analysis of the r action between zrO a and atomte 

/ 
! 
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chlorine will be based on surface reaction of the sh~inking pellet, 

and it will be carried 
, , 

out for·chemical reaction and for gas film 
\ 

" 
diffusion control1ing mechanisms, separately. Then an approxima te· ~ 

solution-will be obtained for the intermediate case where both the 

chemical 'reaction and the gas film diffusion resistances contribute. 
1 

For the purpose of a compact generalized presentation and 

as a convenience for computer programming, the foilowing genet al 

gas-solid reaction i8 first considered: 

(5) 

and the final results are then applied ta the specifie chlorination 

reaction. The treatment assumes a shrinking isothermal spheric«l , 
pellet, a reversible surface reaction and' a, .. ~ .. ~~ .. _~.~ clependency 

of the reaction rate on 'the gase~us reactant cane tion. A 

schematic repre~entation of the re~cting system is glven Figure 

2. 

Chemical Reaction Control 

/ 
The overall rate of the reaetion (Equation 5) may be 

expressed a the rate of disappearance of the gaseous reactant Al 
1 

by the chemical reaction according to the expression: 

v 

wher 
~ , . 

rat\ reaction 

\ 

lit is the (moles per unit ti e, per unit 

(6) 

.~ 

• 
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FIGURE 2 

§CHEMATIC DRAWING'OF REACTING SYSTEM 
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surface area). ka 1s the surface react~on ra~e constant and f.(Y1) 18 
1 

the concentration dependence. Equation (5).may be related to the 

°disappearanee of Bo11d reactant (R) as: , 
• 

-(al/4vr ~)(dw/dt)(l/MO ~ 
,c' u 

,) -N 1 - ka f(Y1)(1/M) ( ) 
D 

or -(al/4wr #)(4wr'#pf)(dr' Idt) - ( 8) 
, c, c s e 

ks f(Y1) Q 

'} J' 

and Bquation (8) becomes: 

, 
-"~ -(dl' Idt) - ~k !a"p ) 'f(Y1) ( 9) ~ 0 , c s s ' 

were t ~ ia the atoich1ometl'ic coefficient in Equation (5), r the 
1 c 

radius of the shl'inking spherica1 'solid, t the reaction t1me, w the 

weight of soUd and p the molar de~itY :f ' the \~O~i the p:11et. 
o ....!. , . 

Integrating Equation (9): . ' 
\. 

yie1ds: 

1 - (r IR) • (k /alP R) f(y
1

} t 
c 8 8. l' 

>, 
• , a 

"" "", 
(10) 

(11) 

This can he witten in terme of fl'actional conyerslon .00. of soUd 

reactant hy n~t1ng that X • (Initial W';ight - Weight of Unl'eacted 

Pellet)/Initial W.~lht. Bence: 

x - 1 -" 4 tt s /4 na' - 1 - (r IR)' ) J C 'J' '<, c 
(12) 

t 
'- '1 

o 

,.' 

\ 
\ 

'--

i 
1 

1 • 

-
~ , !,. , , 
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r IR - (l-X)l!' c 

Then Equation (il) becomes: 

where, R i8' the initial radius of the reacting pellet. - , 

(lJ) 

(14) 

Concentfation dependence oa.reaction rate is usually ex-
o 

pressed as an exponent of ~oncentration. ln accordance vith the 

• 0 ' concentration of atomic chlorine is wrltten 

experimental data, the dependence of the chlorination rate ~n the 
, 1.: 

as: 
" 

f(Yl) a YI !(2-Yl) (15) 
s" s 

The matbematical conv~ience of thi. exp~es~ will be .een later. 
> "; 

ln addition, for'~ reversible reactio~~ the equil~br1um con-

centratlon should also-be inc1uded. nèr;lce the concentration 

function f(Y,l) i8 deflned as: 

1:> ~ 

f(YI) 
la (Y18-Y1se) 1 (2-y

18
) 

, 
(16) 

~. 

vhere Y18 is tKe mole fraction of 
~~ ,t~ 

the (a~omic chl~e) reactant gas 
9 ' 

at the reaction surface, and YI 18 that of react~t gas at 
. --1!.!. 

1;> 

equl1ibrium with the 9Oncent~ations of,product gasea at/the reaction 

surface L It 18 ,assumed tlfat porosity, particle si:ze, ,sintering and 

structural ~hanges have no effect;: <l 

~ 0 

If 'the reactton i6 control1ed solely by chemical reaction, 
,~ 

'\ 
the gas film diffusion' resistance i~, considered,to be neg11gible, 

. ~, 

~ 
,-

\ 
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hence the concentrations at the reaction surface are the same as in 

the bu1k of the gas stream. Therefore, for chemical reaction con-

tro1, the concentration f.unction becomes: 

(17) 

where the s,ubsèript E: denotes the bu1k ~condition.. The final '~form 

- '" , 
of the conversion-tinte r~lationship from EquaJ;ion (14) ia: 

\ 

c 
1 - (l-x) 1/ /li = t (k /alP R) (YI -YI ) 1 (2-Y10) - . (18) 

r s s a oe 

where 2.!. is equal to 4 from the stoiehiometry of the chlorination 

resction (Equation 4). 

, 
Mass Transfer Control 

J 
,1 

Equation (4) and similarly Equation (5) involve multi-

component nonequimolar counter diffusion. Bird, Stewart and 

Lightfoot (1960) have shown that mass transfer rates through agas 
, ~ 

film in multicomponent systems can be prÊ!dicted by using analogous 

binary formulae if an effective binary diffusivity D~ for the 

diffusion of tp.e i-th component in a mixture can be defined sa 
/' , 

that species !. behaves as., if i t were in 'a binary mixture of dif-
" p 

fu~ivity D
AD 

equal to the,prevailing Dim. The requirements for 

auelÎ a treatment are that the mass transfer rates should be low 

and the physical properties, includtng the effective diffusivfues, , 
$hould be constant. It ~s obvious that the physical properties 

! 

generally vary fram point to point, and this variation ia more 

significant in the case of plasma systelllS, oring b) the large 

1 



L 

• n 

\ 

,'. 

temperature gr~dients. For an approximate calculation, S'ayegh 

(1977.j pointed out that these variatic;ms can be handled by using 

average fluid properties eva1uated at the mean of the reaction 

surface and plasma gas temperatures. "This, together with an 

arithmetic mean avera.,ge film composition, is assumed td permit the 

"'use of binai-)' diffusion formulae and mass transfer coefficient 

correlations by introducing the effective binary diffusivity Dim' 

The molar flux of component 1. (Ni) by analogy' with the 

binary formulae, is the sum of the diff!Jsional contribution and of 

the bulk f10w contribution. That ls: 
1 

1 
n 

k . (Yi -y. ) + y, . El N. 
ml. S l.0 -1.8 J= J-

(19) 

wher"e kmi i8' the mass transfer coefficient", Yi is'the mole fr-actioD_ 
\ 

for component!, subscript ~ denotes the reaction surface while ~ 
, 

denotes the bulk condition. n is the total number of gaseous corn-

ponents. Equation (19) can be simplified by using the stoichio-
.. 

- rnetric re1atio:t;lships of Equation (5): 

(20) 

(21) 

or, in a gen~ra1 form: 

N. == (~/~i) (a/ai) Ni , " J 
(22) 

~. == 
J 

1 for the reactants 

1 _ 

4>j =-1 for the products ( (23) 

l' 1 

,rI t 
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where, ai i8 the stoichiom.etric coefficient ~nd cf>i the index for the ,.--( 

stoichiometrie coefficient fot: component 1. 

. , 
Insertion of Equation (22) into Equation (19) yieIds: 

(24) 

Equation (24) may be related to the disappearance of soUd reactant-

(B): 

Ni • ('iai/4Trr 2)(4trr a p )(dr Idt) G c c s c 
(25) 

, or: 

(26) 

, EquS:Ung Equations (24) and (26) and rearranging gives: 

, 0 

(27) 

Equatlon (27) cannot be integrated directly aince k i i8 a function m ' 
, -

of r • 
-.-S 

For a spherica1 pellet. the ma8S transfer coefficient k
mi 

may be c;a1c~ated from the Ranz and Marshall (1952) correlation: , 

N • 2 + 0.6 N,I" N,la 
Sh Sc Re (28) 

Equation (28) can be rewritten for a reacting pellet of radius r 
...5. 

as: / 

• .'i' 
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/ (29) 

Rearranging Equation (29) gives: 

where, E. ~s the total c.oncentration of gas (moles per unit volume), 
' .. 

NS the Schmidt nUtnber, N
R
o the Reynolds number based on initial 

. C e - -
pellet ltadius B" N

Sh 
the Sherwood number, !!. the bulk gas velo city , 

, ~ the viscosity and .1? the density of the fluid at average gas film 

conditions. 

Equation (30) can be written as: 

where: 

k '''S/(zR)+ctB'zd2 /(zR) 
mi ccc 

Z ::a 
C 

a ... 

r IR 
c 

',' 
S = c D im 

Inserting Equations (31) and (32) into Equa~ion (27) yields: 

where: \ 

(32) 

(33) 

(34) 

(35) 

(36) . 
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". 

Integration of Equation (35), for l ,<z $z, and 0 ~t ~t 
c m 

is given in Appendix 1. The final forro of the conversion-time re-

lationship is' thus: 

where: 

, \ 

t = -(l/y) [2/3CL(1-:z:3! ~)_ct""2 (1-z) 4:-
m ~ 

The concentration driving force in the treatment up to 

now was taken to he the difference between that at the reaction 

(37) 

surface and that in the hulk gas. For a purely gas-film diffusion-

controlled reaction, a good approximation to the reaction surface 

gas concentration may he obtained by assuming that chemical equi-

librium exists at the reaction surface. Then the chemical equi-
• 

libri~ relationship may be writte9-as: l' " 

or in generai form: 'r" 

where, ~ 18 the equiliorium constant and ~ the total number of 

gaseous components. For an ~ component system, the summation of 

mole fractions 'is ~ity, or: / ' 

l 

, , 

(39) 

(40) 



• 

• 

, 
144-

.r 

For a three-ga~eous component system, a set of three equations is 
1 

te the three unknowns (y" Y2, Ys). So one more 

relat1o~ship s required in addition to Equations (39) and (40). 

lt shou1d be oted that due to the existence of a diffusionsl 

process, the urf~ce concentrations are not stoichiometric. but 

That ls. Equations (20). (21) and (22) must 
1 

De tTue._ - "; the molar fluxes of the second and third èomponents 

may be as: 

(41) 

lnsertin Equation (24) for i = 2' and i = 3 into Equation (41) 

gives: 
1 

1 

1 

\ 
k (y -y ) 

ma 2se 20 = 
n n 

l-y se j~l (~j/$2)(aj/aa) ,1-y 
-J' 3se j!l (~/4>3) (a/as) (42) 

re~rranging': 

n 1 

1-Y2se j~1(~j/$2)(aj/aa) Y2se (43) 

Th~\mass transfer coefficients kmi can be calculated from Equation 

()ù) by inserting r IR - (l-X)l/s'as given by ~quation (13). Then ,_, c 

Equation (30) yields: 

(44) 

\ 

'J 

• r 
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Sincè' the fluid density, viscosity and effective diffusion co-

efficient are aIl functions of the gas film composition, the mass 
1 

transfer coefficient km! is also composition-dependent'
I 

Renee the 
~~ I! 

ca!culation of Y18e requires the use o~ an iteration technique for 

Equations (38). (40)/. (43) aid (44). The proc.edure may be as 

follows: 

1. Assume a value for Y3 /Y2 : se . se 

Y3 /Y2 • C (a constant) se se 

2. Caleulate YI using Equations (38), (40), (44), 
--.!!. 

and (45). 

3. Caleulate Y3se/Y2se from Equation (43): 

4. Compare the value of'3 /'2 found at step 3 se se 

with that at .step 1. If the ealeulated Y3 1 se 

'2S8 value i8 not açceptable, usi~g a conve~gence 
';:"" , 

eriter10n (Carnahan, Luther and Wilkes, 1969) 
, . 

repeat stepsr2-4 until a convergence i8 obtained. 

i 
Udng the stoioh1ometric coefficients, of Equat~on <4(> 

(chlortnation reaction: 8, • 4, 8a - l, 8. • 1 8nd +, ~ l, +a • 

-1, +. - -1) in Equation (36) and apply~ng it to Equation... (37) 

yi.lda the reactlon time-conversion relationships for the chlo-

rination reaction 8S: 

\ -

(45) 

/ 

(46) 

r 

--:1. 
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Combined Mass Transfer and Chemical Re ction Control 

When chemical reaction and mass present com-

parable resis~ances to/the progress of a 

of these processes must be considered 

the co~tributJon 

A pseudo-

steady statt assumption, stat~ng that 

reaction surface, dr Idt, i5 small with resp 
c 

of movement of the 

èt to the velocity of 

the gaseous components through the has been shawn to be 

a good approximation for most ,of the gas-s lid reaction systems, 

except for those under extremely high pre sures and very low solid 

reactant concentration ()3ischoff" ,1965), (Bowen, 1965), (Luss, 1968). 

Then the overall rate is identical to rate of interfacia1 
'-

chemical reaction and also to that of ma s transport. 

Using the stoichiometric c-oeffi, Equation (4) 

1, cjl~ = -1, cjla = -1) Equation (27) . 
can be rewritten for component 1 (chlori e) as: 

(47) 

It should be noted that the subscript e n the surface concentra-

~ tion terms is not used', due to the fact hat the system is not 
'\, 

purely roass transfer controlled, hence mical equilibrium at the 

reaction surface May not be assumed to ex st. Equation (9) for 

the chemical reaction can be rewritten as 

-dr Idt = (k /4p )(Yl -Yl ) (2~Yl )-Css s se s 
(48) 

In'Equation (48), surface in~tead of bulk concentrations were ... 

/ 

\ 

\ 
\ 
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used aince, in the presenc~ of d1ffusiona1 resistance, the con

centrations at the bulk are not the seme as those at the surface 

any more, as was the case in purely ch~mica1 reaction cont~ol. 
1 ,-

SolVing ,Equation (47) for the term Y1s(2~Y18) and substituting it 

into, Eqwltion (48) yields: 

" ~ 
-(4p Ik )dr Idt - -(2p Ik )dr Idt • (Y1 -YI )/(2-y1 ) (49) s s c s mie 0 se s 

Bere, Yls i8 the concentration of ch10rine at the reaction 

surface snd it 18 not mown. A total elimination 'of the Yls term 

results in a 'non1inear di~ferentia1 equation wh~ch creates con

siderable mathematica1 comp1exities in hand1ing. For the purpose 
( 

of pract1ca11ty and mathematical convenience, the term Y1s ie left 

on the right band side of Equation (49) to el tminat e "the handling 
1 

of a,nonlinear differentia1 equation. Kaeping th1s consideration b 
~t!. 

- \ in mind, derivation 1s continued leaving the Y1 term as unknown. , :!!. 
Insertion of Equations (31) and (32) into Equation (49) after re-

arrangement gives: 

(50) 

where a and ! are given by Equations (33) and (34~. Integration 
J -

of Equation (50) gives: 

(51) 
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Comparison of Equation (51) with Equation (18) ) 

reveals that the first term in Equation (51) represents the 

• 
chemical reaction contribution and the second tenu the mass 

transfer cpntribution. If the y 13 tenu in t~e first term is 

approximated by y 10 (ihat is by the bulk gas concentration). then \ 

the first terro becomes the tu\e for purely kinetic control as given 
\ 

by Equation (18). Simi19rly, if the Yls term in the second term is \ 

approximated by Y
l 

(that'is, the equilibrium concentration at 
se 

reaction surface) then the second 

-:m::a::s:;;s~t-:;:r-;;an"sFf":e2i"r-"';"""'''''Fi'rr--:;aiës'-;;g;-:{i~v~e~n by Equation (46). 50 when the , 
., \ 

reaction is under intermediate control, bath the(kinetic and the 

gas fifm'diffusion resistances are contributing, ,the total time 

can be approximate? by the s~ation of t~bl terms',: the time 

required to reach the Same conver~ion (or z = (1_~)1/3, Equation 
1 

12) in the absence of mass tra~sfer resi8tance a~ given by 

Equation (18) and that for p~ée m~ss transfer con roI as given 
.... 

.,. by Equation (46). As, will be sh(!),-m later, the ex erimental data 

obtained in- this study 'were in reasonable agreeme t with these 

theor~tical formulations. 

PREDICTIO~ OF TRANSPORT PROPERTIES 

Diffusion Coefficient 

In accordance with the concept of using analogous binary 

formùlae for multic01:qnnent diffusion, Hsu and Bird (1960) and 

a180 Bird, -Ste~art and Lightfoot (1960) obtained an equation for 
\ -

the" effective binary di:fusivity based on the Stefan-Maxwell 0 

equation: 

~\ 
\ ,,-
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\' 

(52) 

\ ' 

which describes the diffusion in an n-component mixture of ideal 

gases at constant temperature and pressùre. The effective b,inary 

diffusivity 1). for the diffusion of i in a mixture is def:ined by 
l.D1 , --- , 

analogous binary "" relatl~as: 

" "" ,- -', 
n 

( Ni == -CDim VY i + Yi j~l Nj 
(53) 

Insertion of Equation (52) into {53) and 
~ 

solving for D
i
-; gives: 

-- ---------------" 1 ---'----_ 

(54) -

r, 

, where. D .. i8 the bin~ry diffusion coefficient' for the components 
..-ll. 

.! and i, Yi i5 the mole fraction of component .! in the géts film and 

Ni i9 the molar flux of component !.' Equation (54) ca~ be s~pli

fied by using stoichiometric requirements on molar fluxes as given 
, \ 

by Equation (22). Then the effective diffusion coefficient becomes =, 
J' 

(55) 

A direct replacement of the binary diffusion coefficient by the 
1 

effective diffusivity Dim in binary fo~ulae asswnes t~at D
im 

is 

~lmoBt independent of the changes in concentration or position in 
,. 1 

• the gas film. llsu and Bird (1960) discussed the assumption, of 

linear vari~tion witb composition for systems il\" which tbe ' 
1 

variation of Dim i8 considerable and showed. that the Dm approach 

in solving multieomponent 'diSfusion problems gives reasonable 

) , 
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1 

results for mass transfer rates, but a less sa ~isfaçtory description 
( 

of the concentration profiles. The problem of defining an average-~ 
, 

dif>fusion coefficient has also been discussed by Wi1ke (1950a), 
" . ) 

, . ~ 

Sahin (1961) and Tureusk.ii et al. (1971). The laher made a com-
1 

parison of the calculation methods. 
" 

1 

Reid and Sherwood (1966) recommended the expression: , '-J 

(56) 

{or the estimation of binary diffusion coefficients D
ij 

at low 

pressure. In~ this equation, ~ 19 the molec1.l1ar weigh~, P the 

system pressure in atmospheres, T th~ temperature in, Kelvil), 0ij 

the Lennard-Jones force constant for the mixture', ~ the collision" 
- 1 

integra1 which 15 a function of the dimensionless tem~erature TI (el 
D 

k) .. 
1.J 

where E i8 the energy potential~parameter and k i8 the Boltz-

parameters cr •. and Ei. 
. 

manu constant. The are estimated from the 
J..J. ~ 

\ ," 
force constants for the pure gases by use of t:he combining rules 

, 
(Reid and Sherwood, 1966): 

, . 0ij:= 1/2 '(O"i +'O'j) 

E
ij 

/k == [(E:/k) (e:/k)] 1/ :l 

. 
_. Usually, the values of the collision integrals ~ are 

(57) 

(58) 

r \ .. \ 

given in tabular form (Hirschfelder, Curtiss ahd Bird, 195A) which 

have to be interpolated for general applicability. The available 

values ~ere correlated by Hattikudur and Thodos (1970) tq produce 

a functional relationship which ia more conv~nient for computerized 
, 

, r' 

o~ 
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0' 

ca1cu1ations. Th~ expression was given as: 

, * .'* nn = 1.069/'T 0'1,5&0 + O.34ltS/exp(0.6537T) + 

~ * * 1.556/exp(2.099T ) + 1.976/exp(6.488T ) 
; 

(59) r: 
where, 

* T = TI (e:/k) (60) 

Viscosity 

" .. 
The semi-empirical formula of Wilke (1950b) has been .. -

, --~ a ~, 

recommended by Reid a'nd Sherwood (1966) and a1so by Bird, Stewart 
'. 

and Lightfoot (1960) for thé estimation of multicomponent gas • 

1 

mixture viscosities at low pressures and ~t was given as 

in which 

Here n is the number of chemical species in the mixture, Yi and 

~ are the mole fractions. of spe~ies ! and i, Vi and ~. are, the 
'1 ,-

(61) 

(62) 

.viscosities of species .! and 1 at the sy~tem tempelJature and pres-

~' and M~ and Mj are,the corresponding mo1ecular, weights.' ~ 

ia dimensionless a~c;l~, when .! I~ )., ,:~j = 1. The data required for 

Wilke's method are more Jreadily available. and the latter has been 
• d , ~ 

found to be reliable' in almost a11 the cases in whithdt 'ha"s been 

used (Reid and Sherwood, 1966). " 

o 

JI 
1 

1 

, 
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':' ( 

For the estimation ofaPure gas Vi8cosit~ the fo110~g 
-Il 

eq~tion has bee~ ,recommended:. 

(63) 

the Leonard-Jones , vbere ! 1& the temperatur~f in ~lvin. f!.: ls 

~otential parameter ('molecu1ar diameter') 

'the' collision 1ntegraI for the v1scoaity ~ 

in MgstroUl8 and {l is 
-Y 

Hattfkudur and Thodos (1970) provided an equation for 

n in terms of theereduced temperature T* • T/(&/k) similar to 
v 

that of ~. 'lt was given as: 
o 

, ~ 

n - 1.155~T*o'14.~ + O.3945/exp(O.6672T*) + 
'fT . • 0 

2.05/exp(2.168T*) 

. 
Lennard-Jon!8 Potential Paramèters 

(64) -

The predictions of binary diffusion coeff~~nt8 and 

V:j.t>~ositie5ofrôm ~tionp (~6}-aad (63) ~quire thé knowledge oi 

. tbe Lennard-Jon~8 pot§ntia1· parametera S!.. and (Elk) •. For .chlo~ine 
~ , 
a~d oxygen, these values ~ere 'readi1y available (~ehla, 1962). 

'1 

HOwever, no such data cou1d be found in the' literature for zir-

conium'tetrachloride vapour. HirB~felder, èurtia8 and Bird (1954), 
, , 

.. " ~id and Sherwood (1966) and Svehla discuàsed the !i!fferent metbods 
. \' 

" 0 

ta ~evaluate .the8~ parameteJ;'s. 50ll)e of the suggested predic~1on 
i 

metbods ~ke usé of 'either of th~ following informatiçn; 

4 .. ~~ 

c l~ ExperiJllento\l second vidal eoef;icieiat8;~ B(T). at 

two temperaturea; , ~ ~ 

.. 
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2. " r}h~ 
critical Vâ"l~S, or } 

3. experimental viscosity or thermal c?nductivity 

"ata at two temper.atures: 

The procedure to d~termi~e the Lennard~Jones potential 
~ 

parame,ters from the exptf'imental B(T) (second virial coefficient) 

values i5 given by Hirschfeldér, Curtiss and Blrd. Flrst a quant1ty 

S is defined by: 
~ 

(65) 

\ 

and (e!k) ls determined by the trial-and-error solution of the 

equation: 

(66)-

, \ 

where Bt ia the Lennard-Jones second virial coefficients and ia 

given in tabular form as a function of the réduced temperature T* 

'" T / (c/k)., Once (17/k ) , ls estiIhated t' the collision dl~eter, S!.., 

1s given by the relationship: 

o 

1. 2615 0'3 = B(T *) /B* (T *) 
i i 

" In order tQ carry out the ca1fulations witb reasonable 

~ccuracy, the~tab~l~~ ~~lues of B* (Hirschfelder, Curtiss and' 

Bird, Table- 17B) 'in the tempe1:ature reglon,of interest were ex-
• , <> 

(67) 

p~esaed by a set'of equatione, obtained by curve-f~tting. ,The~~ ~ 

are given..in Table II. The second vidal coefficients for zir-

- conium tetrachloride reported b~Denisova and Bystrova (1972) were . 

" 

. ' 

,JI 

1 

- 1 

i 
1 
l ' 
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TABLE II 

EQUATIONS FOR LENNARD-JONES SECOND VIRIAL COEFFICIENTS 
a 

'Ï'* = TI (e/k) 

-\ 
2. 3 ~ T* ~ 2.4 B* = 0.26787 - 3.63713/T*2 

'. 
2. 4 ~ T* ~ 2.5 B* =,0.28645 - 3.74417/T*2 

2.5 ~ T* ~ 2.6 -B* = 0.30347 - 3.85055/T*a 

1 
, '2.6 ~ r* ~ 2.7 B* = 0.31909 '- 3.95612/T*2 

# 

.. 2. 7 ~ T* ~ 2.8 B* m 0.33347 - 4.06092/T*2 

~ 

ô 

1 

--



• 
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uaed in cODDection vith the equati01l8 of Table Il. Tbe re.ulta of 
(.~~ 

the trial and error solution out1ined abova are sumaarlzed iD . 

Table I~I"- - The par.-tera buecl on the aecoud virial coefficienta 
1 

vere foune! to be: 

r./k • 301.S K 

t1 • 10.872 1 

The aecoud method uses the critical values for the esti-

matlcm. The eapirica1 equation8: 

and 

&/k - O.7S T c 

a - 5/6 V ,1. 
e 

auu.eted by Svehla (1962) vere baeed on a large nuaber of data. 

The eritieal parameters of zirconium tetrachloride (T -- c , r 

(68) 

(69) 

776.5 K, V • 306j'/.ole, P • 57 ata) raportad'by .~.el'.on et c ' C 
1 

al. (1966) vere u d in Equatiojl. (68) and (69) J and the fo1lowiDg 

. value. vere obtained: 

Q 0 (> 

: Cf • 5.616 1 

. 
lt ia evld~t that dl. values baaad on the aecond virial 

. coeffiei~t ad tho .. b~ on the crlt1ca1// par~ter. ~r. quite 

41fferaDt. A cQIIPU'18oD of thea. vAlu .. vith the lADDard-Jone. 

paraetera for othR molecul .. lutecl by Svehla aluN'ed that a • 
" -

e .... 
'- " 
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\., TABLE III 
o 1 

" 

AS CALCULATED FROM SECOND VIRIAL COEFFICIENTS 

t 
(K) 

B(T) (1) 

(cm::! /mole) 

1 

E/k 
(K) 
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~ 
10.872 (from, the viria1 ~oefficient) may not be true. The highest 

. value of fl amoys more ,than 2,00 compounds was about 6.5. 

, . EXPerLntal viscosity data for ZrC~" vapour at biQ 

l':' \ temperatures lrIe~e "reported by Tsirel 'nikov et al. (1961). The 
1 

vlscosity of ZrCI. was calculated from Equation (63) using both sets 

of ~Lennard-JOne. pa: ... ter. predicted here. and tbe r.Bult. are 

summar1zed in Table IV. As can be seen, the estimated vlscosltles 

using the parameters based on tb~ critical properties gave an 

a1most perfeet agreement with the experimenta1 data, whife those\:' 
~ 

based on the second'viriaf coefficients were not even close~ Senee 

the 'previous coùelusion on the seco~d virial coefficients 1a 

confirmed by viscosity data. Therefore, the values 

s/k • 528.4 K 

and, 

1 

evaluated from the c~itlcai parameters were c~sen for" the cal-
, : '1" 

culatlou of the binary diffusion coefficient land visçoslty of 

zirconium tetrachlorlde. 

PREDICfION OF GAS vÊ'I..OCITY AND TEMPERATURE 

Numerica'l solution of the mass transfer model developed 

in the previous sections requ1res a knwledge of the velocity and .' 

" tamperatur,e of the sas. The problem of areing betlrleen the plasma 

saa and a conductins object acting as a ground inslde the plaSma, 

.' plus the reactlon of very hot'eblor~e with'almo~t'any mater1a1 

, , 

. ' 
--------~----- .~ 
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TABLE IV 

'-. 
LENNARD-JONES POTENTIAL PARAMETERS (0, E/k) FOR ZrCl,. -

COMPARISON OF EXPERIMENTAL AND CALCULATED VISCOSITY DATA 

( Temperature (K) 57~ 973 

'\ 
Viscosity ,x 10" % Â Viscosity X 10 7 \' % A.' 

(l'oise) (poise) 

-Experimental 1970 3230 

From Equation (63) 690 65% 871, . 73% 

\ with, 0- = 10.872 
" 

E/k :z 301.5 

From Equation (63) 1927 ~ 2.2% 3209 0.66% -
with, 0 = 5.616 

E/k = 582.4 .. 

.. 

'. 
.' 
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made the experimen measurement of gas velocity and temperature 
l ' t~ 

by practical method extremely dïfficult. _For the purpose of the 

theoretical analys of the experimental data, a set of empirical 
1 
\ 

expressions was develop~d foi" the e8tim;ation of these values. 
• 

The reaction sY8tèm in this work~ as will be di~cu8sed 
! _~...J' 

Iater, involved a nonisothermal swirling confined ch~orine plasma 

jet issuing from a ',roun~ oriflce. Since the reacting '.8Ptherical 

pellet was small and was positioneœ along the èenterline of the 

jet at some distaneè away from the nozzle exit, evaluation of the 

axial velocity and of the temperature only along the centerline of 
the plasma jet wa8 considered. 

Chigie~ and Chervins~y (1966, 1967) ~p~lied the principle 

of similarity to the integral fonn of the R.eynolds equations'-'of 
. , 

1 1. 
motion and obtained the following theoretical expression for the 

decay of-the axial velocity in the ful~y dev~loped reglpn of the 

jet: 
Il. j '. 

-
U/UN • KI [d/(x + XO)]f11/a (69) 

1 

- where, d i8 the di~eter of the Q.ozzle, .!'..!. i8 the axial decay 
,-

function expre88e~ in terms of the degree of swirl, ~ i8 the 
.~ 

local axial velocity along the cettter11ne, UN i8 ~hat at the noz-C' . - -
zle exit plane, è 18 the distance trom the,nozzle exit_plané~ and 

xo 18- th. di8t~nce of'the virtual origtn of the fully developed ........ .'. -

~et f't~' the no~zle exit tl.Fe~' Thé!i ia· inde~endent of the._ 

desree .of "wirl ~d ia ~iven as ~ •. 3 times the diameter of the 

- 1 

. •. 

, 
'" 

"<:' '", 

• • 

, , 

~ 1 



• 

-

, 

160 

1 nozz1e. !1 is the axial velocity decay constan expressed by an . ' -

" 

empi!ical equation of the form 

\ (70) 

1 

where, ~ i8 the swirl number which is related to t~e maximum values 

of swir1 and axial velocities 'at the nozzle exit: The foregoing 

relations were confitmed experimentally by Chigier ~nd Chervinsky 
, \ 

(1967) and by Pratte and Reffer (1972) wh~ u~ed (xo/~) as 3 instead 

of 2.3. Also, Bhattacharyya and Gauvin (1975) used t~ese 

incorparated wÜh a density .cor'rection fa~tor in t~ei \ 
relations 

stud1es of a plasma jet reactor. An expression used~b Lilley 

,(1974) wa\ ~imi1ar ta Equation (69) but the axial decay function 

iL was eliminated by letting the virvual origin distance""Xo vary 
1 

with the swirl and it was given a~: 

(71) 

where 

:Xo/d .. 35 + 100 S (72) 

and 

1 Ki = 15 + 10 S (73) 

~ and E. are the ambient and local center1ine densities~ res-, 
\ 

pectively. .~ ... . " 
\" 

In the case o~ a plas~ jet obtained from an induction 
". . 

torch, however, the plasma firebal1 formed, between.the gas dis-
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tributor and the nozzle may affect the jet and furthermore the 

~irl number S as defined in the literature may rot be the ,sole 

parameter to be considered. Experimental1y, it was obs~rved that, 

f a constant tangential and total gas flow rate, a 

input power may infl~nce the be~aviour of the jet. 

change in 

Rence an 
'ry.. 

attempt was made ta develop empirica1 expressions to pr~dict the 
1 

centerline axial velocity and temperature profiles in the fully 

developed region as well as in the transition onè, ~ased on the 

exper~mental data reported by Sayegh (1977) who used the same 

in4uction torch with argon gas. 

. - ~. 

Two paratneters were aefined to repI:.~sent,-·the operation of , 
, 

the induction ~orch with respect ta the jet. The first one waa 
. 

the ratio of the flow rates of swirl to radial gas (SR)' and the 

second was the rati~ of the power measured'at the nozzle exit 

~Plane ta ~hat st the tn1et (plate ppwèr), PRo Sayegh provided 
~ 

the de~ay of axial velocity and temperature data along the center-

1ine of the jet for four different conditions which are given in ' 

Table V. 

~ A r,egression analysis was carried out on the exp~\i~ental 
"/ 

profile data, 'using a pac~e statistical computer program, STATPK, 

of t~e MeGill University Computing Centre, ~nd the following 

expression were found ta fit the data b~st: 

.' "-
1 • 

, 1 

! 
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TABLE V 

PLASMA OPERATING CONDITIONS 

(SAYEGH, 1977) 

RATIO OF GAS FLOW RATES 
,SR"" (SWIRL/RADIAL) -

0.381 

0.434 

0.333 

. 0.266 

)' 

RATIO OF POWERS 
P = (NOZZLE EXIT/PLATE) 

R 

0.500" 
, "" 

0.450 

0.642 . 

0.666 

, 

f 
Il ___ ----------
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i) for the fully-developed region 

axial velocity decay: 

U/U = A (p /p)l/~[l/(x/d + 2.3)J 
N v 00 ~ 

axial temperature decay: 

1 

T/T
N

; ~[l/(x/d + 2.3)]~ 

'ii) for the core and transition<region 

axial velocitY,decay: 

1 
axial temperature decay: 

(7~) 

(75) 

(76) 

(77) 

, w~~re Av and Ar are the fully developed regidnlvelocit~ and temper-

"" ature decay constants. respectively; bv and b
T 

~re th~ transition 

r~.8ion velocity and tem\,erature decay coristants, respectively.' 

The values of the jet development parameters A , A , ~ \ . vT v \ i- __ 

4 and b~ resulting from the regression study are given in T~ble VI 

for fo~ different torch operating conditions. A similar Ire: 

, gression analysis was carri~d out on tbese data to find empirical 
..;,. ·1 

~ ) ,-

.1 expressions .for; the jet dev4Î!lopment p~ramet~rs iu. terme of the 

ope;at"ing variables. SR and PR'~ so that, Equations (74) through , ., --
'(77)' could be generaiized and used in the present work. After. a 

b 

considerable search. -the following empl1:ical expressions were 

1 r 1 '. f . . ,1 
, 

._., 

J. 

-\ 

• 1 

-
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found to fit the data best: 

" 

and 

Ar - 9.364 + 0.S67/Pi 
\ , 

0, 

b x 102 
a 0.555 -

V 

b X 10,a - 0.273 - 17-*1 pa - 2.:)60 S3 
'X R R 

" , 

(79) 

(80) 

(90) 

~e expertmental induction torch operating data' &s given in 

TablE! V were us1ed in Equations (74) through (99) and the calculated 
l ,'/ 

veloci~y and t~mperature profiles for each set of conditions were 

.' 
plotted in Figures 3 through'6; together with the exp~rimenta1 

profiles. Inspection of the plots indicates that the empirical 

equat!ons developed here fit thelexperimental data closely. lt 
..-

sho~ld be pointed out that, while the form of the expressions for 

the d~cay of axial velocity ana temperature in both the devel~ped 

and the t~ansition region~ of the plasma jet are proper. the 

~pirical -équation~ of the jet; development parameters (~I' A.r- b
v

; 

bT), [EqUat~ons (7~) .... /1 (90),] by :no mean~ represent the behavioux ' 

of the" j et in ful~ conf~dence." This 1s dUè ta the fact t'hft they 

were based on a limited~Bm9unt of experimentàl operatin, data which 
JI ", -, 

w;re not aimed at carry~g out such an ana1rsis when ~he original 
, 

author (Sayegh, 1977) made his studies. Although Equatio~s (~8) 

through (90)"are adequate for the purpose of thei~ use in this work, 

" they should be based on a larger number of èXperimental to~ch 
1 0 , , 

operating data {SR' Pa} to ensure their genera! apPlic~~ilttY. 
, , 

! " , , 

\ 
\ ' 



CONDITION 

J 

>. l 
~II 

0-' III 

IV 

," 

• '. 

- -----' 

o' 

o 
TA;.BLE VI 

c 

PLASMA JET DEVELOPMENT P~TERS 
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D]:CAY OF" AXIAL GAS VELOCITY AND TEMPERATURE 

ALONG THE CENTERLINE (CONDITION 1) 

(-) EXPERIMENTAL DATA FROM SAYEGH (1977) 

. ' 
(- -) DATA CALCULATED THROUGH EQUATIONS (74) - (9q) 
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FIGURE 4 

DECAY OFAXIAi GAS VELOCITY AND TEMPERATURE 

ALONG THE CENTERLIN~ (CONDITION II) 

(-) EXPERIMENTAL DATA FROM SAYEGH (1977) 

(- -) DATA CALCULATED THROUGH EQUATIONS (74) ~ (90) 
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DECAY OF AXIAL GAS VELOCITY AND TEMPERATURE 

ALONG THE'CENTER~INE (CONDITION III) 

(-) EXPERIMENTAL DATA FROM SAYEGH (1977) 

(- -) ~ATA CALCULATED THROUGR EQUATIONS (74) - (90) 
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DECAY OF AXIAL GAS VELOeITY AND TEMPERATURE 

ALONG-THE CENTERLINE (CONDITION IV) 
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NUMERICAL CALCULATIONS 

'fhe foregoing theoretical discussions wete incorporated in 

a computer program for numerical ca1culations. 
1 The listing of the 

program is given in Appendix III. Brief1y, the program uses the 

intrinsic kinetic data (activation energy, frequency factor), torch 

oper~ting,data (SR' P
R
), nozzle exit velocity (UN) and temperature 

(T
N

)' s stoichiometr:tc coefficients ('ai) and indexes (~i)" Lennârd~' 

Jones potential parameters (€i/k, 0i)' partiele distance from the 

~~~zle exit (x), bu1k gas composition (YiO)' and particlë reaction 

temperat'ure (T
R

) as the input data for the calcu1ations. The 

program may be considered to be a general one if the equations in 

·SUBROUTlNE THERMO ca1culating the free energy of the chlorination-

reaction are replaced with appropriate ones for the reaction under 

consideration. The free energy equations were deve10ped from the 

data in the JANAF Tables by curve fitting and the y are (in calI 

mole) : 

For Equation (2), per mole of C1 2 , 

~Fl 2 -59628.8 + 28.~ T + 229.80. X 10- 6 T~ 

For Equation (3), per mole of O2 , 

ÂF 2 = 51625.92 - 15.98 T + 203.48·x 19- 6 T~ 

For E9uation (4) " • 

(91) 

(92) 

(93) 

• 
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,. 

The output of the pro gram which will be discussed_at length, 

Iater, includes the input data as weIl as the calculated values of 

the binary and effective diffusion coefficients, pure component and 
. 

mixt~re viscosities, surface concentrations with associated degree 

1 of convergence, and the reaction IItimes (chemical reaction and rosss 

transfer). 

EXPERIMENTAL 

APPARATUS 

The apparatus used in the·e~perimental work consisted of 

two main ~ystems: a p~asma generation system including an induction 

• torch, a power supply and a console, and a reactor system in-
\ 

cluding a singie-particie +eactor, a set of heat exch~nger8 to cool 
1 " 

the ,reactor exhaust, and a chlotine absorption and disposa1 unit. 

A schematic drawing of the overall set up i8 given in Figure 7. 

Plasma Generation System 

THe plasma waa generated in a radio-frequency induction 
~ \ . 

torch manufacturld by TAFA '(mod~l 56), Concord, New Hampshir~. 

A drawing of the torch ls given ln Figure 8. lt consisted of a 

quartz tube surrounded by a copper induction coil immersed in 

cooling water, inside a Teflon body. Èach end of the torch 

was constructed of-meta!. Tight seals ~ere effected with O-rings, 
1 

and the whole assembly ,could be easily dismantled to provide 
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replacement of the quartz tube, as required. The cold plasma-
o 

forming gas entered the torch at the top, through a water-cooled 

gas distributor which al10wed the introduction of the gas in axial, 

radial and tangential direftions. The tangential (swirl) stream 

served' the purpose. of stabilizing the flow and preventing the hot 

plasma f ire-baIl, formed near the axis, from reaching the inner 

,. walls of the quartz tube. The axial flow was used for ignition 

only, and normal operation was :Ln the radial and swirl modes. The 

plasma gas, heated up and ionized in the coil section, left the 

torch as a jet through a water-cooled monel, nozzle which replaced 

~he original copper one when chlorine was u\iled. The nozzle was 

25.4 mm in diameter. Water at a flow rate of 1.36 m3 /h and at 

414 x lOS N/m" was required to cool the torch. 

The torch had to be start'è:d with argon gas and, fo11owing 
~--

ignition, chlorine gas could be introdu~~d. Normally, with argdn 

operation, the plasma f1~e was ignited by a spark produced by the 

coupling of a thin gold f~'rm on ~ the inside surface of the quartz 

tube with the induction coil. However, once chlorine was in-
~ 

troàûced, it reacted with the gold film and subsequent ignition 
1 

could not be achieved by this method. Hence a ~ifferent ignition-

procedure was employed. A gra~hite rod, 6.4 mm in diameter, was 

inserted from the top through the center-hole of the torch. The 
• 0 

-tip of 'the rod did "not enter the plasma but extended from the end 

of gas distributor. Ignition was obtained by contacting the other 
" . " \ 

) 

end of this rod intermittently with a grounded graphite probe, 

.. 

--------------............. 
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whi1E! adjuating the input power. The operation of the torch with 
.. 

. çhlorine gas was no~ as smooth and as flexible as that with argon. 

lt extinguished at low power levels (7-10 kW depending upon the gas 

flow rate) and it reacted with the water-cooled monel nozzle at: 
(, 

,~ 1( 4 

high poWer levels (25-30 kW) d'ue to insufficient cooling. 

Power and cooling water entered the t;;orch through two 

copper pipes connected directly < to the power supply. The power 

8upply.was manufactured by Lepel High Frequertcy Labo~atories Inc. 

lt provided a maxitnUDl power .Of 30 kW ï'.n the plasma gas at 4 MHz, 
1 

and requ~red 3 m'/h of cooling water at 414 x lOs N/ma• 

The standa;d eontroi cons~le. TAFAlnOde( 47-10A. metered 

and controlled the flow of gas to the plasma torch. It was '1 

modif1ed to allow a smooth transfer of operation t.0m pure argon 

ta pure chlorin~ ~r to a mixture of both, while t. e inlet power 

was adjusted to compensate for the change of gas. A sehematie 1 

drawtng of the standard and of the modified flow connections are 
~ 

shawn in Figure 9. No modification was made to the axial ~~s 

line, sinee it used argon only, as previously mentioned. The 

console c~n8iste~ of f,ive preCi~2%) rotameters with check 

valves at the oqtlets to prevent back flow of chlorine, and with 
rl 

a safety interlock to the power supply ta prevent operation onder 

low gas pressure. An additional flO1nneter was installed to 

regul~te the flow of argon purge gas to the viewing port of the 

reaetot'. 

Cblorine gas with a min:Lmum of 99.9% purity was supplied 

/ 

• 1 

) 

'. 
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1 

from a commercial 1iquid chlorine çylinder (Canadian Ind~tstries 

Limited) and regulated by a single-stage monel regul~tor accompanied 

by a purge assembly and a ~heck valve tonnected to an argon cylinder 

to purge ~Ihe system from the regulator on. Argon gas was supplied 
l 1 

from three cylinders joined ta a comman manifold and regulated by 

a two-stage pressure regulator. 

The Reactor System 

The reactor (Figure 10) was designed.specifically to study 

thê kinetics of gas-solid reactions of a single stationary particle b 

and to meet the requirements of operation with hot ch1orine. 

The water-cooled inner part was machined from a single 

piece of monel -400 rode The upper section (the reaction chamber) 

was 5.08 cm in diameter and 11.4 cm in 1ength. The lower section , . 
(2.54 cm in diameter_and Il.4 cm in length) housed the particle 

support system and provided a non-reactive area for the particle 

while steady plasma condi~ions wer~ esQshed. It a1so ac-

commodated the reactor outlet (1.9 cm in diameter) without dis-

turbing the symmetry of the flow in the reaction chamber. The 

efï:ective leng1th of the reacti~ chamber could be increased 

further (by 2.54 cm) by the in tallation of a water-cooled flange 
Q - '-~, . 

of 'the same diameter as the raac tor at its upper end. r:::::~ 

A single window was provided for visual observation and· 
" 

particle temperature measurements by means of optical pyrometry. 

The window wa~ kept clear by the conttnuous injection of a small 

! , 

~~----------............ 
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amount of argon gas which prevented the condensation of zirconium 

tetrachloride on the pyrex glass. The design of the bottom part of 

the reactor allowed the particle Bupporting system te slide up and 

down under leak-proof conditions. The reactor vas connected to the 

torch through a 0.63-cm thick uncooled stainless steel -304 flange 

which acted a8 an adaptor. 

The particle was mounted on an alumina sting 0.08 cm in 

diameter and l.Oem in length which itself was mounted on a larger 

alumina rod 0.48 cm in diameter and 30.5 cm in length. The lower 

part of the alumina rod was sheathed by an inconel tube 0.64 cm in 

outside di~eter and 15 cm in length, to provide strength and tight 
< 

sealing at ~he bottom. When the partiale was positioned st the 
Q 

level of' the viewing port, the insonel tube remained below the level 

of t~e reactor outlet so that it was not affected by the hot 
1 

chlorine. The inconel tube was connected to a laboratory jack 

through a male conn~ctor to allow positioning of the particle. 

Plexiglass was used to isolate the metal supports electrically from 
.... 

the jack and the table. 

A cold gas injection port was prov1ded st the outlet of 

the reactor to all~w quenching if needed. The reactor outlet was 

equipped with an Integral flange to connect with the héat exchanger 
.-

shawn in Figure ~l. The inner part of the heat exchanger (50-cm, 

long)' vas a water-eoo,led stainless steel -304 tube 2.5'4 ,cm in 

diameter with twenty internaI longitudinal fins manufsetured by 

the French Tube Division of Noranda Metal,Industrie~ Inc. in 

.' 
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FIGURE II 

SCHEMATIC DRAWING OF BEAT EXCHANGER \ , 
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Ne~ton, Connecticut. A water-cooled probe was placed 

exchanger to provide extra cooling~ while'keep~ng the equipment size 

.. small enough not to act as a gr,ound and to prevent arcing. The 

outside tube of the probe was inconel and 0.95 cm in outside dia-
1 

meter. The gas 1eaving this heat exchanger entered a second one of 

similar design, but shorter in length (30 cm). 

The chlorine gas, cooled down to 350 - 500 K at the outlet 

of the cooling system, entered à caustic absorber through a Teflon 

pipe. The end of this pipe. had a large number of small 'holes through 

which the c.~r~ne gas was injected in the form of very fine bubbles 

" into the caustic solution. 
~ ~~ 

The absorber consisted of a plàstic tank 

38 cm in diameter and 64 cm in length surrounded by a metallic 

jacket to provide water cooling. The NaOH solution (28% wt) was 
1 

sufficient to absorb 7 - 8 kg of chlorine in one batch. 

The outlet of the absorber was connected to a spe~ially 

designed ex~aust system through a 10-cm ~iameter neoprene-coate? 

flexible hose. Great care was exercised in! the design of the 

• 
ventilation ahd exhaust sys~em. Thus, tnree large flexible exhaust 

hoses (15.2 cm ,in diameter) were provided in key locations in the 

" laboratory, in the chlorine cylinder area, over the control console, 

and over the reactor area. The laboratory atmosphere was monitored 

continuously for chlorine with an automatie detector (Toxgard,\ 
\ ,1 ' 

Mine Safety Applianee~ of Canada). backed up by a visual and sound 

alarm unit. 

Sinee the entire reactor system had ta be kept electrica11y 

" 

~--~----~ .. --........... 
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floating ta prevent ardng. a11 the water and the gas lines con-

nected to the system were of non-conducting material. Provisions 

... ' were made in the design of the reactor and of the heat exchangers 

" for calorimetrie measurements. in order to predict the gas velocity 

and the temperature at the reactor inlet. 

o 
MEASUREMENT TECHNIQUES 

Preparation of Spheri.cal Pellets 

The zirconium dioxide used in these experiments was optical 

grade, having a minimum purity of 99.8%) and was suppli~d by 
" c 

Atomergic Chemetals Carp., Plainview, New York. Analysis of. the 

mat~r1al wa~ performed ~y the sarne company upon request and the 

results based on spectrographie methods are given in Table VII. 

Partiele size was analyzed using an X-ray se.dimentometer (SediGraph' 

SOOOD Partiele Size Analyzer, M~romeri~ics Instrumen~ Corp., 
. 

Norcross, Georgia) which measured the sedimentation rates of the 

zirconium dioxi~e particles suspended in a 0.1% sodium silicate 

solution, and presented the data é!-§ a cumulative rnass percent 

" 

distribution in terms of equivalent spherical diarneter. The 

. 
result given in Figure 12 showed that abo4.t 96 mass percent of the 

particles had an equivalent'diameter les~ than about 44 microns 

aûd the mass median diamèter corresponded to 6.6 microns. The 

experimen,.tal measurements were carried out with spherical pellets 
, 

of different diameters and porosities cofupacted from this powder. 

A die compaction ~ethod with pressure applied to both ends 

r; 

, . 
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, \ TABLE VII -_ .. ~---
1 

ANALYSIS OF ZIRCONIUM DIOXIDE USED IN KINETIC STUDY 

/'T 

CONCENTlto/fION % IMPURITY ( l ) 

Il / 
1 

Al 
.~ 

,- ~.~l 
, ; 

Fe ! <0.01 

1 <0.03 1 
'.' QI 

Mg <0.01 

Mn <0.01 

Si 1. <0.10 
Cl 

(1) The fo1lowing elements were checked but not detected~ 

Ag, As, B, Ba, Bi~ Ca, Cd, 'Co, Cr, Cu, Li, Mo, Na, 

Nb, Ni, Pb, Sb, Sn, Ta, Ti"V, W" z.n. 

\ . 

/ 

J'" 

'1 
Ti 

- " 
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FIGURE 12 

" . 
ZIRCONIUM DIOXIDE PARTICLE SIZE DISTRIBUTION' 
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of the powder mass was used ta prepare the pellets. The zirconium 

dioxide powder did not possess any lubricant property. as fat 
!P 

example in the case pf molybdenite, and presented conSiderable 

frictional forces between adjacent particles and between particles 

and die surfaces. This made the ejection of compa~ted spheres from 

the die without bréaking the pellet impossible. Following man~ 

unsuccessful trials, including the use of stearic acid as lubricant, 

a successful technique wa,s developed when the hemispherical cavities 
\ 

were shortened fr?m bath sides of the equator by a total length of 

one third of the sphere diam~er and the piece~ containing the 

cavities were'made separate from the cylindrical punches~ as shown . 
in Figure 13. This design resulted in a pellet of somewhat spher-

ieal shape having a di~k portion around the equator. The petlet 

could be ejected easi1y if both the cavities and the die walls were 

polished with the stearic acid prior ta the compaction process. 

Micrographs of two pellets are shown in Figure 14. 

An, attempt was made to fonu exact spherical shap,~._~Ilct to 

obtain pellets of different diameter by tumbling in a cy~inâ~ lined 

with a very fine abràsive cloth, but this only led to breakage of 

the pellets. 

The pellets were sintered in air atmosphere at 1400"K for 

four hours. Following the sinterihg prQcess, a hole of 0.08 cm in 

diameter was drilled to mount the pellet on the particle supporting 

system. o 
, / 

/ 
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FIGURE 13 

SCHEMATIC DIAGRAM OF DIE COMPACTION SYSTEM 

FOR A SPHERICAL PELLET 
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FIGutm 14 
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~ {\ 
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MICROGRAPHS (x 4) OF SIN'l'ERED' UNREACTED PELLETS 

a) DIAMETER - 0.826 cm 

b) DIAMETER - 0.494 cm 
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Pellets of three different void fractions with_a diamete~ 

of 0.671 cm were produced by applying the appropriate pressure. The 

maxtmum density which could be produced in this way was 2.95 g/cm 3 

\ 
which corresponded to a void fraètion of 0.485. The minimum density 

1 

was ltmited by the strength of the pellet and the lower limit of the , 

press. The maximum porosity which could be obtained was 0.59. 

\ \ Pellet s!zes ranged from a minimum of 0.494 cm to a maximum o'f 1.00 , 

cm. 

Measurement of Particle Temperature 

Generally, thermocouples or optical pyrometry can be used 

to measure solid temperatu~s in the range between i400 and 2500 K. 
o 

In this work~he latter was aelected, ainee the measurements vith 

the former were found impossible (Munz, 1974), (Sayegh, 1977) in 

the case of induction plasma systems where bath the torch and the 

fl,ame operated aO' a floating potential of several hundred volts. 

This ia due ta the fact that, when agas having a fairly high ' 

electric potential comes in contact with a grounded object, a 

d!scharge between the object and the gas ~akes place: The higher 

the temperature of the gas, the easier it i8 to form a conduct~ve 

path between the object and the high-potential region of the gas. 
\ 

\ 

.. 
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A high-resolutlon pyrometer (pyro Micro-Optlcal Pyro-

meter"The Pyrometer Instrument CD.; Inc., Northvalê, N.J.) was used. 

The pyrometer was supplied with six interchangeable objective lenses 

that permitted measurements ta be made at(distances varying from 12 

Cjll 

i~ 
\ 
\ 
1 

to infinity with abject sizes as small as 0.01 cm._;remperatures 
~, --------.--------the range of 1000 - 3500 K could .be-uféasored. 

" Since the .pyrometer ammeter readings are pre-calibrated 
< 

with a standard 1ight source ta indicate the temperature of a black 

body that has the same brightness as thatof the tungsten filament, 

and since radiance from real baaies and, consequently, their bright-

ness temperature, are bath lower than those from a black body, the 

value indicated by the pyrometer,ammeter is less than the actnal 

surface temperature of the abject. Therefore, the ammeter readings' 

should be co~rected for the emissivity of the-real object, in this 
. 

. case the zirconium dioxide pellet. The temperature correctio~ for 

an optical pyrometer is given (Branstetter, 1966) as: 

". 
liT - 1/T

b
=. (À/1.438) ~n e (94) 

where, ~ is the spectral emissivity, ~ ~s the wave length in ang

-stroms x 10- 6 (6500 X 10-6 for the present case), ~ and Tb are the 

black,body and the brightness temperatures in degrees Kelvin, 
f· 

respectively. 

\ 

J 

" (, 
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The emissivity of solids depends ta a large extent upon 

the roughness of the surface. _Since the reacted pellets were com

pacte~ from zirJonium dioxide powder, theYlhad considerable ,surface 

roughness which~~h~ed during the sintering process and possibly 
.......... --.-

duting the reaction also. Therefore, a literature emissivity value 

would not represent l the real situation. The actual emissivity 

values were measured by providing a blàckbody hole on the reacting 

pellet. The results_showed a dependence on the reaction temperature 

and, hence, on the speed of removal of zirconium dio~ide as zirconium 
1 1 

tetrachloride. A large number of blackbody experiments confirmed 

the trend shawn in Figure 15. 

This indicated that, during chlorin~tion, the micros cale 

surface roughness and, hence, the emissivity of th~ pellet, must 

change in a: manner dependent upon the temperat:Ure-. In à certain 

temperature range, the roughness'was minimum and then increased 

slighb;ly to a constant value which was"no longer affected by th~ -----------reaction rate. Such a behavioûr introd~~gree of com-
~----

--------plexity in the evaluation of the temperature. 
~------

------------------1 The te~per~tures of the reacting pellets were measured by 

focussing the 

spheres. The 

pyrometer filament \on the equator 

brig~tness temperatures were then , 

1 

portion of the '-

corrected by means 

of Equation (94) by using an appropriate emissivity value from 

Figure 15. 

J. 

k j 

',., 
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FIGURE 15 

1/ 

SPECTRAL EMISSIVITY OF REACTING 
! 

"ZIRCONIUM DIOXIDE PELLET 
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No~zle Exit Gas Temperature dnd Velbcity 

Q 

Predictions of temperature'and velocity of the plasma gas 

at the position of a reacting pellet, as discussed in the Theore-... 

t~cal Analysis section, r~quired a knowledge of the no~zle exit 
, 

values. The reactor and the heat exchang~r themselves could be used 

as a calorimeter to obtain the mean plasma enthalpy at the flow 

1 
condition of the same kinetic experiment. Preliminary runs in-

dicated that, the cooling water outlet and the e~haust gas tem-

peratures couIn reach a steady state condition,in a very short time 

1 

(about three minutes). H~nce, operation oJ the "'System with argon 

for a few minutes and then taking,. the calorimetrie data towards 

the end of the kinetic run with the chlorine plasma ensured that 

steady state conditions had been attâined~ 

The inlet and out let water temperatures were measured hy 

bimetarlic dial thermometers accurate to-O.25 K in the range 273 -

323 K. The gas exhaùst temperature was measured with:a similar , 

type of thermometer accurate to 1.5 K in the range 273 - 523 K. 

Provisions were made in the design of the equipment for immersion 

of the therrnorneter stems or ahout 10 cm in the fluid, in order to 

o 
meee their calibration. Water flow rate to the reactor system was 

rnetered, using precalibrated Brooks rotameters! For the purpo~ 

computer calcu1ations, an equation. w~s developed for the enth~PY of 

molecu1ar chlorine in the tempera~ure range of 298 - 1000 K hy 

curve fitting the tabular data of JANAF ~ables: 

,1 
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{} 

HCl~ = -2323.9 + 7.332 T + 17.436 x 

(95) 

wliere, Hel:! i5 the enthalpy in cal/mol.e~ gnd .t"is the temperature in 

degt,ees Kelvin. The meari plasma entha1py at the nozz1e ,exit was 

calculated by a simple heat 'balancé, which also yielded the nozzle 

exit mean $lasma temperature. Using the atomic chlorine denEi,ity 

eva1uat~ at this temperature, the maan plasma 'gas ve10city at the 
~"" 

nozzle ~ could be calcu1ated from the mass flow rate of the gas. 

Amount of Reaction 

The amount of reaction was measured by weight lOBs 9ue to 
;.. 

remova1 of zirconium tetraè:hloride as vapour. Pellets w,ere weighed 
If 

before and after the reaction on a Mettler H15 analytical balance , 
" 

which could' give readings to within ±O.OOOl~. Severa1 blat}k runs 
-, 

wére carrJed out in argon plasma (hence, no reaction) to check 
~ , ~ 

losses ta the pellets during hand1"tng, weighing, mounting the pellet 

on the supporting system pnd placing the 'pellet system' in and out 

'of the reactor.' The losses' due to such proceBse~ were found'to be 

negligible. 

'. 

PROCEDURE 

Betore an experimental run, the sintered and drilled pellet 

was checked under a microscope tor cracks and for its spheroidal 
l " 

shape. If the diameters measured a10ng the two axes differed by 

more th an three percent (which was set by th~~~e~uracy o~ press) of 
" . \ 

, . 

o 

. , 
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the shortest diameter, the pe!let was discarded. 

Fol1owing weighing and mounting on the support, the pellet - . 
o • 

!las placed in the IOwer cool por_tion of the reac tor which was th en 
1 

closed and purged for severayininutês, to remove any residual o~ygen. 

This was followed by start-up and operation of the torch with an 

a!gon plasma for about five minùtes to ensure steady state con-

ditiot:LB ~~r the purpose of calorimetrie data. Switching from pure 

argon to pure chlorine plasma was carried out by closing the swirl 

and .the radial argon gas valves while-opening those for the chlorine' 

rotameters and B.t the" same time adjusting the input power without 

extinguishing the ~:lasma. Once operation of the torch with chlorine 

was adjusted to the appropriate conditions, the pellet sUBporting 

system was moved up to a predetermine'd reaction position and a 

/ stopwatch started. Visual observations and pyrometrie measurements 

1 wete- made dU~ing the reaction. After, a prede/ermined length of 
l ' ;" " 

time 3 following the calorimetrie measurements,' the torch was turned , 

off: Chlorine gas flow ~as stopped and the system was purged with 
\ '- . 

cold argon to remove the remaining chlorine 80 that the reactor ' 

could be opened safely. Meanwhile, th~ -partially-reacted pellet 

cooled down. This was followed by its final weight measurement, , . 
microscopie examination and micrographing. 

The temperature of a reacting pellet in the chlorine 

pl~sma was ~ontrolled by its .emissivitYt its position below the 

torch nozzlE[ and the powe~ and gas flow rates 9.~, the plasma torch. 

For a g~ven temperature, an atterpt was ~.ade to keep aIl these 

\ 

1 . 

.. 

\ 
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conditions constant. However, sinee the ehlorin& gas was withdrawn 

from a cylinder through evaporatio~ of its liquid, the eylinder 

temperature and henee its pressure, changed during the reaction and 

also fr01ll tne run to another. Furtherm.ore, operation of the torch 

with ehlorine, unlike that vith argon, was very sensitive to the 

gas· flow fluctuations especially at high powers which influenced the 

pellet temperature. nu~se caused considerable experimental. dif-

fieul ties, mainly in designing exp erimen tal conditions. If a 
. , 

. ~ 

considerable temperature fluctuation oecurred during a kinetic run t 
(which happened in an appreeiable number of experimenta) the results 

of that run were ignored. In addition, ainee pure (non-stabili~ed) 
, 

zirconiwn dioxide 18 less resistant to thermal shock, sorne pellets 

cracked and fell apart once the torch was extinguished. "The ex

perim~ts were designed to obtain eo~version-time' r~lationship as 

a function of the reaction temperature, the chlorine concentration 

and the porosity and the diameter of partiele. 

~SULT:; ,AND DISCUSSION 

Microscopie Examinations 

~ 

Microscopie examinat10ns af partially-reaeted pellets 

revealed the presence, of a thin fluffy layer st the surface. The 

thicknea& of this layer increased with an increase in pellet 

porosity and it decreased rith an :l.ncraase in reaction temperature: 

This may ind:l.cate that the reaction did not oecur exactly on thè 

geometrical surface" but was rather confined to the pore mouths 

'., 

\ Y 

1 
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near the external' surface. as had a1so been observed in the chlo-

rinations of iron and nickel oxides 'With ch10rine (Fruchan and 

Martonik, 1973). The core of a partially-reacted pellet beyond 

the fluffy layer was still' hard and had almost the same density as 

that of an unreacted pellet ~ thus supporting a surface reaction 

model. -

The majority of the partia11y-reacted pellets sho'Wed cracks 

" 
which usually occurred st the base of the top and bottoJU sp.heroidal 

segments. These cracks 'Were posSibly caus~d by a large change in 

the volume (approximate1y 6 percent) of' the zirconia during pliase 

transformations as reported by Grain and Garvie (1965), Garvie 
" 

(1970) J and NeubaueF and Romwalter (1977). The crystal structure 

of pure Zr02 is monoclinic under j about 1423 K and then transforms 
, 

over a 100 ,K temperature range to a tetragonal phase. The latter 

o 

phase is stable up to about 2643 K~ above which the zirconia adopts 

a cubic structur.e. A reverse transformation from the tetragonal to 

the stable monoclinic phase takes pliee: during cooling. over a 

temperature range of 450 K starting at about 1225 K. 
1 

The localization of the cracks, however, may be attribut'd 

to the characteristics of the zirconium dioxide powder wJ:U:.-cn-----, 

- limited bulk movement and rearrangement of particles d~ to the 

frictional forces developed bet'Ween neighbouring particles during 

the compaction process. The applied unidirectional force during 
• 

compress~on may have induced different orientations of the par-

ticles in the spheroidal segments and in the disk portions, causing· 
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a layer type of formations and weak spots in the pellet. Bence, 

the changes in the crystalline phases of ZrOa accompanied by the 
l'\ .. ~~ .... 

large volume change may have caused the pellets to cfaëR at the 

loealized weak points ~ Several pellets were treated in argon \ plasma 

at comparable temperatuX'es for about ten minutes. Microscopie 

examinations of these b1anks a1so ShOWèd the presence of similar 

t1]>e of cracks, although the pellets vere denser and harder. 

This observation supports the reasoning above. 

" 
The cracks usually did not penetrate deep into \ the pellet 

1 

volume, although they were more severe in the case of the 1es8 \ 

porous pellets. :Sut at no time did they cause Il pellet to react 

homogenous1y throughout its volume.! 

A comment shou1d also be made regard1ng th~ shape of a 

partially-reacted pellet. The central disk of an unreac\ed pellet, 
\ 

as shown in Fi.gure 14, disappeared after a certain amount of 

reaction, resulting in a near1y spherical appearance. The shape 

was not. hO'llever t Bnt 1re1y sphertcally-symmetrical, being reacted 

more at the upper surface of the reacting sphere where the tem-, 

peratùre (and t~us the reaction rate) was the highest. 

Fisures 16 and 17 t which show micrographs (x 6.4) of 

typical partially-reacted pellets, illustrate the fpregoing 

descriptions. The pellets (O.671-cm initial d!l.ameter) shawn in " 

Figure 16 vere a11 reacted at 2210 K but to di{ferent conversions 

(Figure 16a to 51.2%, Figure 16b to 65.8% and Figure 16c to 82.6%) • 
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FIGURE 16 

MICROGRAPHS (X 6.4) OF PARTIALLY-REACTED 

PELLETS Of THE SAME INITIAL DIAMETER 

a) Conversion of 51'.2% at 2210 K 
" 

b) Conve~sionll of 65.8% at 2210 K 

Conversi,on of 82.6% at 2210 K 
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roe pe1(ets i~rated in Figure 17 had initial1y different dia

meters (Figure 17a - 1.00 cm, 17b - O.826-~m, 17c - 0.494 em), and 

were reacted at different temperatures (2175, 2015, 1881 K, res-

pec~ively) to about the s,aI1\e' conversion (507., 56% and 54.9%, res-

pectively). 

Conversion-rime Relationship 

Based on the microscopie e~aminations of partia11y-reacted 
/, 

pe11et~ (which showed that the reaction was confined to the external 

surfaces) the conversion-time re1ationship can be expressed by the 

shrinking-core mo~ ~f'ehanging partiele size.- Thus, when the 

chlorinatiop of zirconium dioxide ls purely chemical reaction con~ 

tr011ed, the overall consumption of Zr02 with time [as developed in 

the Theoretieal~t of this section, Equation (14)] 'can be 

written as 

l - (1 - X) l/S '" K t (96) 

where, K is the phenomenologiea1 overa11 rate constant. 

A n~ber of pellets of equal diameter and porosity were 

reaeted at 'a constant tempera'ture for different lengths of' time in 

'order to 'check the fitness of Equation (96). The exp~rimental 

~sults carried out at differ~nt temperature levels are given in 

Figures 18.1 and 18b fCl!' a pellet diameter of 0.671 cm and a void 
" 

fraction of 0.481. It i8 seen that the plots of time versus 

[1 - (1 - X)l/S] yielded straight 1ines, in agreement with Equation 

.-

• j 
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FIGURE 17 

MICROGRAPHS (X 6.4) OF PARTIALLY-REACTED 

PELLETS OF DIFFERENT INITIAL DIAMETERS 

1 a, b c 

\ Initial Diameter (cm) 1.00 0.826 ,0.494 

Temperature ( K) 2175 2015 1885 

Conversion ( %) 50 56 54.9 

, \ 
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FIGURE 18a 

CONVERSION VERSUS REAÇTION TIME 

Void Fraction = 0.485 

Pellet Diameter 

Chlorine 

\ ',,-

... 0.671 ~m 

= 100 k 

\ 

\ 
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FIGURE l8b 

CONVERSION VERSUS REACTION TIME 

\ 

Void.Fraction = 0.485 

Pellet Diameter = 0.671 cm 

Chlorine = 100 % 
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(96). In' order to confirm this s,traight-line relati~nship for the 

reaction of pellets of higher vo:f,d fnactions, similar experiments 
1. 

were carried out with
D 

pellets having porositie; 54.9% and 59.0%. 

The results are given tu Figures 19 and 20, respectively. ln aIl 

cases the pellet fdiameter was 0.671 cm. The straight-line relati1n

ships obtained in tpe latter figures confi~ed the results of micro-

sC~p'ic examination to the effect that a higher void fraction did not 

, cause a pellet. to react uniformly throughout the pellet volume in 

the porosity range reported hère. Hence Equation (96) was used in 

the é'alculation of overall rate constant (K) from the experimental 
-" , 

conversion-time data in analyz~ng other reaction pai:-'8'lne'ters (tem-

perature, porosity~ diameter and chlorine concentration). The 

complete experimental data are given in Appertdix II. 

Influence of Temperature 

The effect of temperqture on the reaction rate was studied 
~ c 

in the range between 1540 and 2480 K. The upper temperature was 
r-

1imited by the maximum power to the torch j b~. the ardng that took 

. place bètween the plasma 'and the t~rch nozzle~ and a1so by the 

excessive heating of the nozz1e with consequent attack by the 

hot chlorine. The lower temJjeratu;re, on the other hapd, was that 

at whic-h---tihe chlorine plasma could be maintained at a given gas 
, ) '" 

flow rate with a minimUIll power input, for a maximwn_. distance from 
~ . 

the nozzle exit (ab9ut 6 cm) at which a pe~let could be viewed. 

The stability"and reproducibility problem enc9untered with 
,J, 

/ 

( 
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", FIGURE 19 

r 

CONVERSION VERSUS REACTION TIME 
- '" 

Void Fraction .. 0.549 

Pellet Diameter = 0.671 cm 

Chlorine - 100' % 

/ . , 
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FIGURE 20 

CONVERSION VERSUS REACTION TIME 

Void Fraction 

Pellet Diameter 

Chlorine 

,1 

= 0.590 

= 0.671 cm 

= 100 % 
o 

1 

o 
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the generation of the chlorine plasma did not allow the experiments 

te be carried out systematically aL originally-planned temperature 

intervals. As a r'esult, the chQice of temperature levels was dic-
1 

tated by the plasma behaviour, sinee the torch operated with chlorine 
1 

very smoothly only in a certain range of operating conditions 

(relatively narrower than 'those witb ar~on) for a given gas flow 

rate. 

When more than one se't of conversion-time data at a con-

1 
stant tamperature was available,(under reproducib1e plasma con-

ditions), the overàll rate constants were obtained from the slopes 
\ 

of straight 1ines, [1 - (1'- X)l/~] versus t, (Figures 18-20) by 

least-squares fit. The results of these analyses are given in 

Table VIII. These values togethe,r vith the rest of the data (based 
"1 

on 123 experiments) Were p10tted aceording ta an Arrhenius-type 

of relationship in Figures 21, 22 and 23 for pellets of three dif-

ferent void fractions, 0.485, 0.549 and 0.590, respective1y. The 

experimental data for each case are presented in Tables A, Band 
\ 

C of Appendix tI. In these experiments, the ,pellet diameter was 

0.671 cm. 

1 

The plots in Figures 21-23 showed th-e existence of two 

distinct temperature regions. Up ta about 1950 K (the straight 

line portion), the'reaction rate was sensitive to temperature, thus 

suggesting a chemica~ reaction control region. At temperatures 

higher than this, the rate was reÎatively-insensitive to the tem-

perature rise sbowing that a physical step (gas-film diffusion) 

• 
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POROSITY 
% 

48.5 

48.5 

48.5 

48.5 

48.5 

48.5 
1 

48.5 

48.5 

54.9 

54.9 

54.9 

54.9 

54.9 

54.9 

59.0 

, 59.0 

59.0 

59.0 

59.0 

J. 
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TABLE VIII 

OVERALL RATE CONSTANT FROM THE 

SLOPE OF [1 - (1 - X)l/~J VERSUS t 

T 
K 

1540 

1570 

1675 

1700 

1790 

188~ 
1940 

1950 

1620 

1685 

1735 

1800 

1835 

1875 

l.600 

1800 

1830 

1900 

1930 

"Î. 

NUMBER OF 
DATA POINTS 

5 

4 

5 

3 

4 

2 

3 

3" 
.".,... 

2 . 
3 

2 

2 

7 

3 

4 

4 

2 

3 

2 

" 

\ 

OVERALL RATE CONSTANT (K) 
(minute- 1

) 

0.0065 

0.0083 /. 

0..0127, 

0.0155 
1 

0.0201 

0.0295 

0.0339 

0.0376, 

0.01;34 

0.0180 

0.0228 

0.0292 

0.0341 

0.0375 

0.0146 

0.0337 <' 

0.0385 

0.0464 

--- 0.0514 

,r' 
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FIGURE 21 

ARRHENIUS PLOt OF REACTION BETWEEN 

ZIRCONIUM DIOXIDE AND CHLORINE 

-l, 
Pellet Porosity ::s 48.5 % 

Pellet Diameter ::::: 0.671 cm 
1 

Ch10rine == 100 % 
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FIGURE 22 
( 

ARRHENIUS PLOT "OF REACTION BETWEEN 
r 

ZIRCONIUM DIOXIDE AND CHLORINE 

Pellet Porosity = 54.9 % 

Pellet Diameter = O.67lJc~ 
Chl.orine == 100 % 

\ 
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FIGURE 23 

ARRHENIUS PLOT OF REACTION BETWE~ 

ZIRCONIÙM DIOXIDE AND CHLORINE 

1 

Pellet Porosity = 59.0 % 

Pellet Diameter = 0.671 cm 

Chlorine = 100 % 
, 
-\ 

• 
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started to influence the rate. The temperature at whf~ both mass 

transfer and chemical reaction started to ~ave a combined effect,on 
\ . 

the rate wa~ alfuost ~he same with the three different pellet void 

fractions, as was expected. Th~ data of these figures below about 

1950 II. were t]1en used in a multiple regression analysis using a 

statistical package program (STATPK. McGill University Computîng 

Centre) in order to obtain the value ôf the activation energy to-

gether with the porosity dependence which will be discussed sub-

sequent1y. The least squares fit gave the fo11owing expression: 

in K = 1.603 - (12162 ± +76)/T 

(1.993 ± 0.08~) tn (1 - €) (97) 

with a multiple correlation coefficient of 0.998 and with a pro-

babi1ity associated with 'F' being unit y, (indicating that the 

excellent fit was not due to chance). From Equation (97» the re-

gression analysis yielded an activation energy of 101.183 ± 1. 465 
1 

kJ/mole (24.166 ± 0.350 kcal/mo1e). The partial correl~tion co~ 
'-' ~ 

efficient of activation energy was 0.997. 

The overall rate constants (!) of the data at temperatures 

above 1950 K in Figures 21-23 were also based on chemical reaction 

control (Equatilon 96) in order to obtain the ~urning point with l 

respest to te~perature. The results of a more correct treatment of 

the data in this region will be presented later, by considering 
0' 

both mass transfer and reaction resist~nces togethe~ • 
• c 

\ 
" \ 

'-. 

" 



\ 
Influence of Pellet Porosity . 

The limited compactibility .of zirconium dioxid~ ?owder did 

not a110w a"wide range of void fractions. The smallést porosity 

(48.5%) diq not chang~ much by increasing the applied die pressure. 

while with the lowest pressure (one-seven~h of that or the sm~11est 

porosity) that could be used a maximum porosity>of 59.0% was ob-

'tained. Therefore, only'three different porosity values.'could be 
l, 

• studied. However, a large number of experiments were carriednout 

at each value, sO that the porosity dependance of the overall ,rate 

constant could be evaluated with a relatively high degree of con-

fidence. The experimental data are plotted in, Figure 24, where 

eachOpoint represents th~ cumulative data (including their extent 
, ' 

, , . 
of scat ter) a,t the corresponding solid volume fraction. The 

straight line in the ~?me figure is the resù1t 'of a regression 
/ 

analysis as given/b~ Equation (97), which yielded the valu~ of the 
-, // . 

exponent of thé/solid volume fraction, (1 - 8). as about -2 , 
/ . 

(-1.993 ±/Ù.81 with a partial correlation coefficient of 0.979). 

Hence: 1 

'(98) 

On the other han~. the conversion-time relationship based 

On the shrinking-core model [as derived in the Theoretical Analysis 

section, Equation (14)) indicated that the overall rate constant, 

!l [Equation (96)] ~as invê~se1y proportiona1 to the por~us sol~d 

Idensity, p : 
:.Ji. 

, 1 

\ 
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EFFECT OF POROSITY ON OVERALL RATE CONSTANT 
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K CI IIp • ( 99) 

(100) 

(101) 

vhere. ~ 1& the theoreUcal denl1:ty of the soUd, and e i& the void 

~ 
fraction. Tharefore, the overall rate cODstant wa& expected to be 

, 1nver .. ly proportional to (1 - ~) if the 4&&UDlption that a &hrink~g-

core mode1 could be 118ad vas truly met in the reaction of a zirconium 

dioxide pallet. 

ft. ' 
This contradictory concluaion, compared with the experimen-

ta! rallUl.t" of .Equation (98) t may b'e explained by the fact that the 

'reactioD between a zirconium dio~de pellat and chlorine i& not 

takiDa place t~y on the gaoaetrical aurface area, but in a very 

thln layer on ~he axterior of the pellet. as obaarved from the 

,taicr08cop:lc exa-inatlon of a part:l.ally-reacted ,pellet. Tharefore, 

depeDdinl upon' the void fraction of a pellet (prohably a1so on/the 
• 1 

pore .iZ8 and atructure) the thiekne .. of tbi. layer and t ~0Îl-
1 

.equantly. the actual reacting area. changad in auch a vay a8 to 
? 

nlu1t iD a higber overall rate eonatct than could be accounted 

for by tba dllple clepandence on tha soUd dasity, a. givan in 

Iquatiou (99-l0l). lt ,hould be 1I8Dtioned that Fruehan and 

HartOlÛk (1973) in the chlorinat1on of bon and Dickel oxida.'-;pand 

• 1 

\ . '" 

l' 
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,/ 

also Costa and Smith (1971) in the hydrofluorination of uranium 

dioxide, reported similar behaviour, but with a higher porosity 
( 

dependence that;1 in the present case, It should a180 be pointed out 

that the value of the a_ctivation energy d1-d not change with,Othe void 

fraction in the rangé studied here. indicating. therefore, that it 
1 

ahould be representing an intrinsic activation energy. In this 

respect. Fahim and Ford (1976), in the reduct~n of cobalt su1phide ( 

in nonporous powder and poroua pellet forma, ~so found the 8ame 

activation energy for both cases, a1though in the latter a diffuse 

r68ction front was ob,served and consequentl)' a higher rate constant 

vas obtained. 

1 Influence of l'ellet Diameter ' 0 

AU of the previous reau1ts vere baaed on a pellet diameter 
1 

of 0.671 CUl. To eva1uate the influence of the diameter on the 
. 

overa!l rate constant, three otber d1ameters were studied, giving a 

range diameter ftom 0.494 to 1.00 cm. The void fractiona of these 

pellets varied to some extent dependin'g upon th, size. 
\ 
:But. aince 

, ."" 

the influence of porosity on the rate constant had already bean 
~ J 

dete~ined, it was felt that such a restriction (tru1y constant 

poroaity) vas not necessary. A sUlIIDAry of the diameters and their 

corresponding porosities 18 given in Table IX and the experimental 

data ar~ 
/ 

wer~H{ot 
( 

presented in Table D of Appendix II. These experiments 
...... JI. \ 

carried out at a conatant temperatura (due to exper1mental 

difficulties) , hence, the data of the chemieal reaètion controlled 
, 0 

\ 

region (T<1950 K) were correc:ted for temperature (ua14g the e;Kper-
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TABLE IX 

,1 
SUMMARY OF PELLET DIAMETER AND POROSITY 

1 
\..!''" 

~-

C -

DIAMETER POROSITY 
cm % 

/ 
1 

0.494 50.5 
1 

0.671 48.5 

0.671 54.9 

0.671 59.0 

0.826 50.0 \ 
1.000 49.8 
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\ 
imental value of the activation energy) and for )orosity effects 

-2 [using the form (1 - e) ]. The results are shown in-Figure 25. A 

multiple >regression ana1ysis, involving both the diameter a~d the 

chlorine concentration ~s -independent variables, was carried out 

using the STATPK package program. " The least square f,it of the data 

gave: 

in K + 12162~3/T + ~ in (1 - t) '" 1.198 -

(1.047 ± 0.041) in D + (0.992 ± 0.011) ~n YC1~ 

\ 
(102) 

with a multiple correlation coefficient 'of 0.996 (partial correlation 
1 

coefficients of 0.944 and 0.99-6, respectively), and the probability 

associated with 'F' being unit y . 

{J 

As seen in Figure 25 and Equation (102), the overall rate 

/ 
constant is found to be about inversely propbrtional to the diameter, 

which is in a~reement with the theoretical result given in Equation 
'T"'>., 

(14) • This finding confirms the 'fact that the rate was control1ed 

by chemica1 react:f..on (otherwise the exponent would be between 1.5 

and 2.0). 

Influence of Chlorine Concentration 

. The experiments to determine the effect of chlorine partial 

pressure on the overall rate constants were perfoI1lled with pellets 
1 

of two ~ifferent porosities (48.5% and 54.9%) and the same diameter 

(0.671 Em). Chlorine gas was.. diluted with argon in both the radial 

and the swirt--. oflows of he tQrch in the same proportion to ensure a 

uni~orm mixing. 20% ch10rlne could not be triel, 

{ 
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FIGURE 25 

EFFECT OF PELLET DIAMETER ON 

OVERALL RATE CONSTANT 

Chlorine :; 100% 

\ 

\ 
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, 
due to measutemenf; difficulties. An attempt was made to react the 

~~ 

pellets at the same temperature, but this required a considerable 
i· ... 

) 

trial - and - error approach in finding the appropriate power input 
" D 

and pellet position at different cODcentrat~on levels. Although 

this was achieved 'in sOme cases, the overal1 temperature 

varied from run to run, hence. the analysis vas done by correcting 

the overall r~te constant for the temperature by using the value ~f 

activation energy reported aarlier. The experimental data are 

presented in Table E of Ap~endix II and in-their corrected form in 

Figures 26 and 27. 

The regression analysis of the data as given by Èquation 

(102) resulted in an exponent of about one (0.992 ± 0.011) for the 

mole fraction of molecular chlorin~, YCla' This shows that the 

reaction is f!tst order with respect to chlorine When the ~on-

s expre8~ed in terms of C12' Howaver, the thermodyrlamic 

presentaa earlier indic~ted that chlorine should be present 

in the bulk gas in the atomic form, especially when the experi-

mental conditions result in mass transfer effects (T>19S0 K). 

Another regression aftalysis was therefore performed. thi. time based 

on the concentration expressed in terme of stomic chlortne. 'Cl' 

This yielded an exponent of about 1.53. But tt can be shown that 

y Cl and y Cl are related by: 
~ -

A chlorine concentration dependence in terme of YCI as 

\ 
\ 

(103) 
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FIGURE 26 

,
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EFFECT OF CHLORINE CONCENTRATION 

Pellet Porosity = 48.~ r.-

, Pellet Diameter = 0.671 cm 

! 
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FIGURE 27 

EFFECT OF CHLORINE CONCENTRATION .. 
l ' 

Pellet Porosity::: 54.9 % 

Pellet Diameter =" 0 • 6 71 cm \ 

-- " 

. , 
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" expressed tn Equation (103) was preferred over an exponential forro 

'--.:J 
(y 1- B) in calculations iiwolving. simultaneous mass transfer and \ 

Cl J 

chemical reaction resistanees, sinee the former allowed an ap-

proximate time-conversion relàtionship as discussed in the Theore-

tienl Analysis section, Equation (51), (without the need to solve 

a nonlirlear differential equation which would have resulted with the 

latte~ , 

Rate Expiesslon for Chemical Reaction Control 

, 

From the.theoretical formulation and the regression andl~-

. , 

sis of the experimental data, theo folloW'ing empirical expression 

for the rate of zirconium dioxide chlorination with chlorine alone' : 

has been obtained ~ 

(104) 

where X ls the fraction of zirconium dioxide reacted, _T i8 the 
/ ' 

reaction temperature, Y
C1 

i8 the chlorine concentration in the 
__ 2_ 

~ulk g~s, .f. is the void fraction.of the pellet, D i8 the diameter 

of Jhe pellet in cm, and t 1s ~he reactiof'time in minutes_ 

In Figure 28, the values of the reaction time c~lculated 
? 

from Equation (104) are plotted against the experimental data for (J 

• fl 

the chemical reaction coiltrolled reglon (T<1950,) including the , , 

effects of 'aIl individual parameters discuss~d previously. As can 
, 

be seen, Equation (104) represents the experimental data fairly , 
~ , 

o 

_' well, the scatter being within ± 10% of the reaction Ume. This 

., 

, 

" 
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FIGuRE 28 

COMPARISON OF EXPERIMENTAL REACTION Tnœ 

WITH VALUES PREDICTED DY EQUATION (104) 

~"\ 

(CHEMICAL ~CTION CONTROLLED REGION, T<1950 K) . 
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scatter seems to be reasonalile in the light of the experimental 

diffieulties encountered. , 

Combined Maas Transifer and ~emieal Reaction 

Controlled Region (T>19Sq ~ 

Cl 

As was diseussed earlier, Arrhenius plots of the experi-

mental data (Figures 21-23) have shown that above about 1950 K gas 
a 

film dirfusion started ta contribute sorne resistance. An approx~
\ 

mate ti~e-convér$ion expression has been derived in the Theoretical 

Analysis section and the reaction time has been shawn ta be ap-

proximated by: 

? t == t 
r 

+ t m 
(105) 

1 

where t i~ the 
-..5. 

time required to reach ~ conversion ! in the . 
'absence-of roass t;a~sfer resiatances' ~s ealeulated from Equation 

(104) .. t is the time rèquired to reaeh the S,atlle conversion when 
m 

the reaetion ia controlled purely by mass transfer as given by'\ 
~ J 

Equation (51). (" 

Numerieal caleulations were carried out with the aid of a 
, " 

computer program (the listing is presented in Appendix III) to <. 

prediet the contribution of mass tTansfer resistance at each ex-
. , 

perimental condition in the entire temperature range (1540 < T < 

2480 K). A typical o~tput from .this program ia presented in 
o 

Appendix IV 'for the data give~ in Table l of App'endix II (pellet 

porosity of 48.5% and diameter o~ 0.671 cm) •. 
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In Figure 29, the influence of mass transfer, 
1 \ 

a; tm/(t~ + t r ), is plotted -against the reaction temperature. The 

plot include~ the complete experimental data except those of the 
, ' 

chlorine concentration studies. Th~s figure shows that the theore-

Itlca11y-predicted mass transfer contribution increases sharply 
't~ ~_ .... ~. 

above 'about 1950 K, whereas be~ow this temperature this contribution 
, , 

is relatively small and within the limita of the experimental 

-scatter. Thus, the previous conclusions with respect to the control-

1ing mechanism seem to be confirmed. Furthermore, Figure 30, in 
\ ' 

which the values of the experimentâ1 reaction time are p10tted 

against the ones predicted for the sarne c6nversions in the region 

of the 

agrees 

COmb1n~, resistanc.s, shows that th. ~h.oretical formulation 

reasonably we~l with the experimenta1 resu1ts. ' 

CONCLUSION 

\ 

-1. The kinetics of the_ reaction between zirconium dioxide 

and chlorine in the temperature range of l54~ - 2480 K in a radio-

freqùency chlorine plasma tail-flame were studied. ,The influences 

of ~uch paraméters as time, temperature, porosity, diametera, and 

chlorine concentration on the rate were determined,~xperimentally, 

~sing a sing}e statio?ary spher~cal pellet. 
, , 

2. The microscopie examinations of partially-reacted 

pellets révea1ed that th~ reacti~n'was confined to a very'th!n 

layer near the external sur.f'ac«;1. This was confired by the 

: \ 

, 
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FIGURE 29 

THEORETICALLY PREDICTED ~SS TRANSFER 

CONTRIBUTIONS AT EXPERIMENTAL CONDITIONS 
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FIGURE 30 

COMPARISON OF EXPERIMENTAL REACTION TIME WITH VALUES 

PREDICTED BY EQUATIONS (104) and (51) 

(COMBINED CHEMICAL REACTION AND MASS TRANSFER 

CONTROLLED REGION, T>1950 K) " 
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experimental conversion-time data which fitted the shrinkingLcore 

model. 

3. The Arrhenius plots of the experimental data indicated 

the existence of a gas film diffusion resistance above about 1950 K, 

below which the rate was controlled by chemical,reaction. 'TUe 
1 1 

activation energy of iOl.2 kJ/mole (24.2 kcal/mole) obtain~d for the 

latter region did not change with the pellet porosity, thus support-
1 ~ • , 

ing the conclusion wlth respect to the surface reaction. .-

1 

4. The overall rate ~onstant, howe~er,' showed a higher 

porosity dependence [proportional to (1 - €)-2] than that cou Id be 
II 

accounted for by the change of solid density [proportional ta 

(1- €)-']. This was attributed to the existence of a thin fluffjy 

layer near the externa1 surfaces, resulting in a higher actual 

reacting .area than the geometrical surface area on whichl the 
1 \ 

shrinking-core model i8 based. 

5. The rate was, f~d to be inversely proportional to the 

pellet diameter, in agreement with the theo~eti~al formulation, 

Equation (14), again confirming the conclusion of chemiéà, reaction 

resis tance. 

6. The rate was (irst' arder with respect ta the gaseous 0 

. 
reactant concentration when it was expressed in terms of molecular 

chlorine, ~r in terms of a~omic chlorine in the form of (YCl/2 -

YCl)' 

1 . 
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• 

7. The empirical expression given by Equation (104) 

representedJ the experimental data reasonably weIl. 

"-
8. For the ragion of T>1950 K, where both the chernical and 

, 
mass transfer resist~nces were important, the.theoretical analysis 

showed that the total reaction time could be approximated by the 
.. 

summation of two terms: the time requlred to reach the same 
, 

conversion in the absence of diffusional resistance, and that for 

pure mass transfer control. Theoretically calculated_mass transf~r 

resistances confirmed the experimental flndings with respect to , 

the controlling mechanlsms. Furthermore, ~he predicted reaction 

time c~mpared reasonably weIl with the experimental values • 

• J 

- Il 



. . 

NOMENCLATURE 

1 

<> 

'. " 

f 



1 • 

NOMENCLATURE 

A Gaseous component in Equation (5) 

AT Temp'erature decay constant for fully developed region 

Av Velocity decay constant,tor fully developed region 

a Stoi.chiomet~ic coefficient in Equation (5) 

B ~ Solid reactant in Equation (5), second virlal coefficient 

B* 

b 
v 

C 

c 

D 

cl 

E 

e 

in Equation (65) 
~ 

Lennard-Jones second virial coefficient 
\ 

Temperature decay constant for the core and the 
transition region 

Velocity decay constant for th~, core and the 
transition reglon 

Constant in Equation (45) 

Totrl gas concentration 

Diameter of spherica(l reàcting particle 

Binary diffusion coefficient 

Effective binary diffusion coefficient of compo~ent 
i in mixture #r~ .. 
Nozzle diameter 

Activation energy 

spectral emissfvity at wavelength, 

Free energy change for Equ~tion (2) 

~F2 Free energy change f9r Equation (3) , 

r 

2~O 
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e ~F3 

f 

fI 

\ 
<' 

H
Cl2 

K, 

KI 

~ 
..:> k 

k 
m 

k 
s 

M 

N 

NRe 

N° Re 

N
Sc 

N
Sh 

n 

p 

p 

PR 

"q 

R 

r -' 
c 

S 

SR 

T 

- '" 

23' 

c' 
Free energy change for Equation (4) 

Concentration function 

Jet 'axial decay function 

Molar enthalpy of gaseous chlorine 

Overall rate co~tant 

r 

Jet axial velocity d~c~y constant'de~ned b~ Equatiort (70) 

Equilibrium cJnstant 

Boltzmann's constant 

Mass transfer coefficient 

"-
Surface reaction rate constant 

Molar flux 

Reynolds number 

Reynolds number base~ on initial particle diameter 

Schmidt number 

Sherwood number 

Total number of gaseous components 

Pressure 

Ratio ,of power at the nozzle exit to the' inlet 
(plate) power 

Factor defined by Equation (65) 

Initial radius of spherical particle 

Radius of shrinking spherical particle 

S",irl number ---- . 
Ratio <;>f swit:l 'ta radjal gas in RF torch ". 

Temperature 

\ 0 .. 

, . 

f" 

\ 

\ 

. , 

< • 
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... 

0" q t .. 

23~ 

T* 
0 J' 

Dimens ionless te~perature (T/E/k) ,1' 
fl 

Tb Brightness temperature (pyro~eter reading.} 
&-

T 
c 

Il Critical temperatur~ 

T
N 

Nozzle exit gas temperature 
"-

t Reaction time 

tm 
0 

transfer 
, 

Reaction time under mass control 

t r Reaction time under chemical reaction control' 

U Gas velo city 
~ 

UN Nozzle exit gas velocity 
o 

V Critical volume 
c 

w Weigkt of solid reactant 

X Fraction of solid reactant reacted at time ,t 

x -~t~ce fram nazzle êxit 

xo Distance 
from the 

of virtual origin of thé fully developedljet 

y 

z 

z 
c 

nozzle exit \ 

Mole fraction of gaseous component 

Dimensianles? radius of spherical particle rlR = 
z = (1" - X) 1 S J 

.... - Dimensianless radiqs of sp~erical particle (r' IR) 
c 

/, 

Gre e k Let ter s 

a 

B 

y 

('i ' 

L 

, 

ç' "-
Constant defined by Equation (33) 

\ 

,Constant'defined by Equati~n (34) 

Constant defined by Equation (~6) 

Void fraction; ~nnard-~ones parameter ' . 

Indef fat sto~chtmetric coefficient as def~ed 
by Equation (23) , , 

)' . , .. 
) 

7t ~j 

" , 
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• 

1 , 
\\ 

If Mixture viscosity parameter as defined by 
Equation (62) 

Il 

nD ï Collision integral for diffusion 

nv Collision integral for viscosity 

À Wavelength ~ 

p <0. Density of fluid 
'~ 

Ps 
Molar density of reacting solld 

, 
cr Lennard-Jones parameter 

lJ Viscosity 

S u b S' cri pts 

e Equilibrium 

f Gaseous film 
, 

1 

i. j Components i. j 

mix Mixture 
"-

0 Bulk fluid 
.~ 

s Surface 

co Ambient 
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PART II - CHLORINATJON 'OF ZIRCONIUM DJOXIDE 

l ' V'LESENCE OF CARBON 

/ INTRODUCTION 

the reaction of zirconium dioxide with In contrast with 

chlorine a10ne, ~h has been studied in Part l of this work~ the 

chlorination of Zr02 in the presence of a carbonaceous material is 

thermodynamica11y feasible, as shown in Figure l for the three: 

reactions: 
~ 

~ 

Zr0 2 + 2Cl z + C -+ ZrCl 4 + C()2 

. .. 
Zr02 + 2Cl z + 2e -+ ZrC1 4 + 2CO 

Zr02 + 2C1 2 + 2eO -+ ZrC1 4 + 2C0 2 

Although these three reactions are aIl P?ssible and robably occur 

simultaneously, it has been shawn thermodynamicall (Vasilenko and 
• 4 

Vol'skii, 1958) that at equilibrium the ratios 0 carbon monoxide 
/ '/ . 

to carbon dioxidé are about 12 and 330 at tem~~ratures oi 1075 and 

(1) 

(2) 

(3) 

1~75 K, respectively. Renee the end produét/of the èhlorination 

reaction ls essential1y carbon monoxide, r~her than carbon dioxide, 
, 1 ~ 

/ . 
when the gaseous products remain in con;rct w1th an excess of un-

reacte carbon above about 1300 K. T/,8 can a1so be seen in Figure 

1 in which .Reaction (2) has) the largest negative free energy values. 

As discussed in Part l, at experim Ztal bUlk gas temperatute levels 

(3500 - 6000 K) used in this wor • chlorine gas is expected to be 

in the atomic forro. Renee the chlorination of 

24' 
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FIGURE 1 ----

'FREE ENERGIES OF ZrO~ CHLORINATION REACTIONS 
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zirconium dioxide in the prese~ce of carbon in a chlorine plasma may 

be represented by' the following reaction: 

ZrOl + 4e1 + 2e (4) 

The literature on chlorination of various metai oxides, 

:i,ncluding TiO l (Dunn, 1960), (Berg~o1m, 1961), (Seryakov et al., 1967, 
/ 

1969, 1970),° (Masterova and'- Levin, 1973), (Morris and Jensen, 1976), 

Th0 2 (Ivashentsev et al., 1975), Al~Os (Landsberg; 1975, 1977), 
~ '" - , 

ZrSiO .. (Manieh et al., 1973,. 197,4), (SparHng and Glast;onbux:y, 1973) 
, , 

and ZrO, (Stephens and Gilbert, 1952), (O'Reilly et al., 1972), 

(Landsberg ~t al., 1972) with carbon as a reducing agent, ~as been 

"Umited to temperatures be10w 1400 K. 
. 

The results of different 

warke rs on the sarne oxide (e . g.) in tHe case 'Of TiO:l and ZrO::l) , 

varied widely depending upon experimental conditions, tte method of 

preparation of the samp1es, and the type of carbon reducing agent 

used. Landsberg et al. (1972) chlorinated d~sk pellets of zirconium 

dioxide surrounaed by a loose1y packed bed of carbon powder in the 
1 

,0 

5, 
temperature range of 1120 -'1320 K. It was found that the reaction 

was taking place at the surface, was fili'st order with',respect ta the 
" . -

chlorine concentration, and 'was chemica~ly-control1ed with an 

a~tivation energy of 127.7 kJ/mole. The rate 'of reaction wa~ l~er 
G 

with coarser carbon partic1es, suggesting tne importance of carbon-

metal oxide contact during the chldrination. The rate data reported , 

by O'Reil1y et al. (1972) a1so confirmed this fact, a1though it was 

not stated explicitly. in their paper. They chlorin~tëd uncofP~cted 
1\ .-,' 

~ntimately mixed zircon~um dioxide powder and petroleum coke (in a 

J 
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weig~t ratio 9f one to four) in the tempera~ure range of 940 ~ 1100 K. 
,,0 

The ~onversion-time data fitted the shrinking-core ·model under chem-, 
, 

ical reaction Iconçrol 'up to 30-80 percent conversions (depending upon 
, ~ 

~ J 

the temperature,level), above which the ~ate of reaction decreased 
~f"(. 

significantly ·and deviated from the model. The arder of reaction 1 
, 

with respect to éhloI"!i.ne concentration, 0.64, and the value'! of the , 
açtivation energy, '230.7 kJ/mole, reported by ü'Reilly et al. did not 

agree with those of Landsberg et al. (1972). 
0,; 

• 0 

In the present work, mixtu~es of zirconium' dioxide and 

carbon powder were compacted into spherica1 pellets and were chlo-
, . 

rinated in an ~.F. chlorine plasma tail f1ame. Graphite was selected 

as' the carbonaceous reducing agent due to its excellent compactibility 

in making the pellets. The kinetic study covered the particle 

temperature range between 1400 and 1950 K. 
1$ 

MATHEMATICAL MODELLING OF THE REACTION 

The analY,tic.al ti.:at~ent of a heterogenous reaction in

volving pellets composed~tw9 solid components, such as zirconium 

dioxide and ca~bon, exhibits a higher degre~ of complexity than that 
-' , 

of a single solid component reaction. The degr~e of cont~ct between 
- . 

the solid constituents may influence the progress of the reaction o 

due to a mechanistic behaviour of the solid reducing agent and the 

nature of the intermediate product (if it forms and exists during 

the reaction). 

Às seen in the Li~eratur1 Rev~ew, the mechanism of different 

J • 

.1 
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metal oxide chlorination reactions in the presence of carbon has 

found the least degree of agreement among different investigators 

(B'ergholm, 1961), (Stefanyuk and Morozov,~-,1965), (Seryakov' et al. ~ .. 
1967,1970), (Spar1ing and G1astanbury, 1973), (Manieh, Scott and 

Spink, 1974), (Ketov ab al., 1974), (I1IIashentsev et ,Ji'\1., 1975), 
~ of; ~ 1 

particu1~r1y amang those' "'ho have studied the sarne system.; Most of 

the proposed mechanistic models have been nearly entirely speculative. ' 
, 

, " 
1 However, the majority of these investigators and also thé kinetic 

data reported by others (Landsberg et "ai., 1972), (D'Reilly et al., 

1972) have indicated the importance of the degree of contact between , 

metal oxide and carbon par~. 1 
This was found to vary with the 

progress of the reaction andl'became the r~te-1imiting fact~r. Thus 
o , ~ 

a simple shrinking-core ~odel m~y not represent the progress of the 
, 

reaction under condi'tions of ch~mical control, whereas it May well 

correlate the time-conversion dat~ under'pu~ely mass transfe~-con-
~-... -

t~olled conditions. 

~ \ 

A relatively simple ap'p~acho ia followed here in developlng" 

a time-conversion relationship for the chlorination of zirconium 

dioxide çompacted 'Wfth carbon. The model assumes that mass transfer 
\ 

resistance (ash diffusion) 'is absent or negli8ib1y small. and that 

the rate is proportional to a contact area or to a distance of 

separation between the zirconium dioxide and '.the c~rbon partic1es. 

The latter in .turn is aasumed to be proportiona1 to a functional 
o 

forro of ini~ial carbon concentration in the pellet and alsa to the' 

amount of unreacted zirconium dioxide left in the pellet. Math-
) 

amatieally the rate equation may be wr1tten as: 
\ 



1 
1 -

. ,. • 

1 

D (5) 

where k i5 the intrinsic rate con~tant, ~ i8 the weight of 

unreacted zirconium dioxide in the pellet atltime tt x is the - c 

initial concentration of carbon in the pellet t y Cl 
~ 

iS' the con-

.1 

centration of chlorine in the bulk gas and iv h are the fWlctional 
-' 

relationships for the concentrations of carbon and chlorine t res-

pectively. 

Equation (5) may be rearranged and lntegrated t,? give: 

(6) '" 

or ." 
-R-n(W/Wo ) = K t (7) " 

, 
llhere Wo ia the initial lleight of zirconium dioxide in the pellet, 

and K i8 the overall rate constant deÜned as: 

(8) 

Equation (7) may be written in terms of fractional conversion of the 

zirco.nium dioxide, X, which f9 by deHnition: 

x (wo-W)/Wo (9,) ,.. 

and, thus: 

(W/Wo) = l-X Il 
,0 

Insertion oI Equation (10) ioto Equation (7) yields: - \ 

'\ 
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-~n(l-X) = K t (U) 

If Equation (11) represents the conversion-time relationships 
1 

for the ch1orination of zirconium dioxide-car~on pellets, the plot of 

'-R-n(l-X) versus time should 'yield a straight 11ne. lt should be 
, 

noted that the overall rate constant K as deflned by Equation (8) ls 

not a function of the particle diameter, hence the conversion-time 

re1ationship given by Equation (11) will not be affected by variations 
1 

in the particle diameter. 

A re1àtionship similar. to Equation (11) was derived by 

Seryakovet al. (1970) ~n the_basis of the transfer of an intermeaiate 

prdduct from the surface of one solid phase 'to the other,' as discussed 

in the Literature Review. They a1so assumed that the reaction stopped 
'V 

when the contact area approached zero, Y,ielding the maximum, amount of 
o 

oxide that could be reacted. The extent of conversion WqS based on 
1 _ 1 

the latter rather than on the initial amount of metal oxide in the 

pellet, as defined in the present work. Later, Masterova and Levin 

(1973) correlated t.heir data on the chlorination of titanium dioxide-
~ 

carbon pellets with a similar lagarithmic model, on a purely 

experimental basi~. 

EXPERIMENTAL 

APPARATUS 

\ 

A detailed description of the experimental system has béen 

given in Part 1. Briefly, it conslsted of two main systems: A plasma 

\ 
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generat,ing unit in~luding a radio-frequency induction torch, a power 

supply ~nd a control console, and a reactor sy-stem including a single-

particle reactor l, a set of heat exchangers to cool the gaseous 

exhaust, and a chlorine 'absorpd.o~ and, disposaI unit. Schematic 

- drawings of the overaii set-up and bf Hs individual components have 

been presenteçi in Figures 7 through 11 of Part 1. 

The torch consisted of a quartz tube surrounded by a copper 

inductio,n cqil immersed in cooling water, a water-cooled gas dis-
, . 

tributor at the one end and a water-cooled/monel nozzle (outlet) at 

the other end. The 
- C' ' '\ 

distributor allowed the introduction of the cold , 

plasma-fonning gas in axial, radial and tangential directi~ns. The 

former was used for ignition only, and the normal operation was in 

, the radial and tangential modes. The latter served the purpose of 

stabilizing the flow. The torch was started with argon and then 

switched over to chlorine with the pr~per power adjustments. A 
~ 

,minimum power levei of 1-10 kW WdS necessary to main tain the chlorine 

plasma. The maximum power was limited by the cooling raté of the 

nozzle. 

The water-cooled single stationary particle reactor con-

sisted of the reaction chamber (upperl section) with a window for 
~ 

visual observation and particle temperatùre measurements, and of a 

lower section which houseà tqe particle support system and provided 

the reactor outlét without disturbing the symmetry of the flow in 

the reaetion chamber. The design of the bottom part of the reactor 

allowed the particle-supporting system to slide up and down unQer 

/ 

/ 

1 _ 
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leak-proof conditions. 

The partie le was mounted on an alumina sting O~8 cm in 
, 

tliameter and 1.0 cm in length which itself was mounted on a larger 

"alumina rod (0.48 cm in diameter and 30.5 cm in length). The lqwer 

part of the alumina rod was sheathed by an iuconel tube to provide 

strength and tight sealing of the bot tom. The particle-supporting 
t. 

system was connected to a laboratory jaek which allowed positioning 

of the partiele. 

The chlQrine gas, cooled down to 350 - 500 K at the outlet 

of the cooling system, was absorbed in a eaustie solution. The gas 

had a minimum purity of 99.9% and was supplied from a commercial 

liquid ehlorine cylinder. 

MEASUREMENT TECHN~QUES AND ANALYSIS 

Preparation of- Spherical Pellets 
i 

As in Part Ir the zirconium dioxide used in these expe~i

ments was optital grade, having a minimum purity of 99.8% and was 
l 

1 

supplied by AtJmergie Chemetals Gifp., Plainview, N.Y. Analysis of, 

the material a~d the partiele size distribution have'been given iï 

Table VII and Figure 12 of Part 1. About 96 weight percent of the 

particles had an equivalent ~iame~er less than about 44 microns and 

the mass median diameter corresponded to 6.6 microns/ 

.. 
Different carbonaceous materials 8uch as coke, lamp black 

and graphite were rried ta form spherical pellets.fram their 



·e 
individual mixture with the zirconium dioxide. Trials with the 

former two were not successful due to their hardness. Graphite. on 

the other hand, due to its lubricating properties, improved the 

compactability of the zirconium dioxide particles. Graphite was 

therefo~e chose? as the carbon source in the chlorination study. The 

graphite used was by the J.T. Baker Company and was of technical 

'* 
grade, with a partie le size less than 4.4 microns. It containèd 2.69 

wt % of ash, as determined by ASTM specification C 56l. A semi-, 

quantitative spectrographie analysis of "the ash 18 given in Table 1. 

The die compact ion method described in Part l was also used 

here to prepare spherical pellets from intimately-mixed zjrconium 

dioxide and graphite powders. This method yielded a pellet of 

somewhat spherical shape having a disk portion around tre equator • 
. 

The'difference in the diameters measured along the two axes of a 

pellet could be contro11ed within three percent of the short est 

diameter. 
-, 

J' 

, 
Following the sintering process (at aboJ.lt 1275' K in "an 

inert atmosphere for about four hours) a hale 0.08 cm in diameter 

was drilled to mount the pellet on the partic1e supporting system • 
... 

Pellets of three different diameters (0.67, 0.826 and 1.000 cm) and 

five different carbon concentratIons (18.0, 20.2, 23t 1, 31.4, 42.5 

~t %) were produced for the kinetic study. 

Measurement of Particle Temperature 

1 
Partic1e temperature was measured ~ith a high-resolution 
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TABLE l 

ANALYSIS OF ASH IN GRAPHITE 

, 

1 
ELEMENT CONCENTRATION % 

'~ -' :, 

Si 30 

Mg 10 

Fe 10 

Al 5 
rÇ'"J\.-

Na 1 

" Ca 1 

Mn 1 '\, 

Cu 0.5. 

Ni > 0.05 

Cr 0.05 
"'- Pb 0.01 

Bi 0.002 

Ag 0.002 

As not detected 

Zn not detected 

Hg not detected 

Te not detect'ed 

Sb not detected 

Ti • not detected -
Cd 

4 

not detected '-

A-
" 



• 

'. 

• 

25~ 

optical pyrometer (Pyro Micro-Optical Pyrome~er) supplied by The 

Pyrometer Instrument Co. Inc. t Northvale, N.J. Six interchangeable 

objective lanses permitted measurementi to be made at distances 
t ~t 

\ 

v.rying from 12 cm to infinity with abject sizes as small·l as 0.01 

cm. Temperatures in the range of 1000 -3500 K could be measured. 

The temperatures of the reacting pellets were measured by 

fGcusing the py~ometer filament ~n the equator portion of the 

spheres. The brightness temperatures (the pyrometer ammeter 

readinga) were then corrected for the emissivity of the reacting 

pellet (see Part 1: Measurement of Partiele Temperature) using an 

equation (Branstetter,'l966) of the forro: 

(12) 

In this equation ~ i8 the spectral emissivity, ~ i8 the wavelength 

in angstroms x 10-' (6500 x 10-' for the pres~nt case), ! and Tb are 

the blackbody and the brightness temperatures in degrees Kelvin, 

respectively. 

The actual emissivity val~e was measured by providing a 

black body hale on the rea«?ting pellets. It was found ta have a t" 

constant value of 0.85. The/exter~or surface of the unreacted 

pellets was mostly covered by the graphite (due to its higher 

mobility during the compaction). Since the pellets contained the 

graphite in an amount in excess of the reaction (Equation 4) 

stoichiometry. the partic.l~ s1ze did- not change during the reaction. 

Therefore, the surface roughness did not change during the reaction i 
1 

1 
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or from run to run (as it did in the chlorination of pure Zr02)' to 

an extent appreciab1e ~nough to vary-the emissivity of the pellet. 

Amount of Reaction 

The amount of zirconium dioxide reacted was calculated from 

the measured weight loss(due ta the removal of zirconium tetrachloride 

as vapor, plus the removal of carbon as carbon monoxide) and the, 

reaction stoichiometry (Equation 4) as follows: 

~W = ~W MZ 0 I(Mz 0 + 2 M ) pra r ~ c 
(13) 

where 6W ls the amount of Zr02 reacted, 6W' 1s the total weight 10ss 
--...E. 

on the pellet" M~nd M are the mo'lecular 
'~-..S. ' 

~ioxide-and of carbon, respectively. < 

weights of zirconium 

\ 

The excess carbon in the partially-reacted pellets was;then 
.... _.1-

burnt off in a muffle furnace, and the residue (unre-act"é,f"zro:z) was 
-:, --~' ..--

weighed to obtain the degree of çpa~s:ion, X, which was calculated 
~- -,-

from: ___ ....-' ..... ----....... -... -_ ...... 

(14) 

\ 
1'-1 --

where Wf i8 the amount of unreacted zirconium dioxide. 

the'initial concentration of the zirconium dioxide in the 

pellet was a1so ca1culated through th~se weight measurements in order 
-~( - . 

to ch~~k the variation of the Zr02 concentration among the p~llets 
: ,"J. 
·" .. f 

(hen~e the degree of mixing of the Zr02 and the carbon). This was 
·r '" 

calculated as: 

1 

/ ------------......... 
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x = (ôW + Wf)/W Zr0 2 po 
. (15) 

, Xz 0 is the weight fraction'of Zr02 in the unreacted pellet, 
r 2 

fo is the initial weight of the pellet, 6W is the amount of Zr02 

eacte~. The maximum standard deviation of the ZrOa content of .. 
" pellets among the five concentration groups studied (means: 82.0,' 

/ 
79.8, 76.9, 68.6, 57.5 wt'%) was 0.8 wt % and at 95% confidence 

level, the value of each pellet was within ± 1.5 wt % of the 

. 
respective mean concentration. The concentration data are included 

(1 

in Appendix V. 

, '. 
PROCEDURE 

Fo11owing weighing, the pellet was;mount~a~on the support 
" , ' 

and placed in the lower cool portion of the reactor which was then 

closed and purged for severai minutes to remove any residua~ oxygen. 

The torch was started with argon while the particle was in the Iower 

section of the reactor, thus preventing.cracking of the particie due 

to thermal shock. Once smooth operation of the torch with an argon 

plasma was estab1ished, the particle was raised ta a predeterm1ned 

reaction position where it could be v~ewed through the reactor 

window. This was followed by switching from pure argon ta pure 

chlorine plasma ope~ation, with the adjustment of power ta a pre-

determined level. A stopwatch was started as soon as the chlorine 

began to flow. This procedure differed from the one described in 

Part l where the particle was kept in the lower section of the 

---------- reactor while switching from~argon to chlorine plasma, and the timing 

1 
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;-

~às statted ~hile positioning th~ particle. Sfnce the chlorination 

of Zr02 + C mixture couid take place at relatively much Iowar 

temperature than thatQof pure Zr02, the pr9cedu~e foilowed in this 

section ensured the correct ~iming of the reaction duration. 

9 

Visuai observati'ons and pyrometrie me~surements were madé 

during the reaction. After a predetermin~d ~ength of t~e, the torch 

was turned off and the flow of chlorine gas was stopped. The system 
t 

was purged with cold argon ta remove the remaining chlorine. so that 

the reactor could b~ opene,d ~afely. Mean,:,hile, the p'artially

read:ed pellet cooled down. r .This was falfowe& py its weig~t measure
, 

me~t, mi~toscopic ex~minat~on and micrographing. !inally,. the excess 
'* / 

carbon was burnt off in a muffle furnace.and the ~nreacted zirconium 
1,\ 

dioxide was weighed in order to obtain the degree of conversion. 

The temperature of the reacting pellet' in the chlorine 

plasma was controlled by its emissivity, its position below the tareh 

nozzle and the power and gas f10w rates of the plasma tarch. For a 

• . given temperature, an attempt was made to keep aIl these ~onditions 

constant ta an ,extent ~l1owed b~ the operation of the plasma- _ 

generating system. The experimènts were designed to study time-

conversion relationship, temperature and concentration dependence of 

'---
the rate, and influences of the mass transfer on the chlorination 

\ 
rate. -..:;::.. The latter was studied by reacting pellets of three different 

diameters (0.671, 0.826 and 1.00 cm) while the former were studied' 

~ith a single pellet diameter of 0.826 cm. 

t' r' 
1 

\. 

1 
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RESULTS AND DISCUSSION 

Q Microscopie Examinations f ,. 
Measurement of t~e pellet diameter befor~and after reaction 

did not indicate any variation in the pellet size durin~ t~e reaction. 

This was due to the presence of carbon in the pellet in ~n ampunt in 
è]' - .< 1 . . 

excess of the reaction stoichiometry (Equation 4), .which made the 

"pellet maintain its initial sh?pe and dimension. The surface of an 
'.> 

unreacted pellet was smooth and relatively nonporous whereas a -

partially-reacted pellet exhibited a porous surface, as seen in the 

micrographs (x 4) in Figure 2, where th initial carbo conc~ntra-

tions were 23.1 and 31.4 wt % for Fig~re 2a and 2b, respect' ely. As 

seen the surface i8 less porous in the la ter due to the higher 

carbon conten7. Also seen in these microg aphs is the presence of 

hemisphere "in larger .... 

concentration than in the top whete the temperature (hepce the rate .... 
of reaètion) was the highest, 

Microscopie examinations of partially-reacted sectloned 

,pellets showed a zirconium dioxide concentration gradient from the 
1 

surface to the center of the pellet. The degree of this radial ' 

variation of the concentration was influenced by the reaction 

temperature, being less pronounced at low temperatures and more 

apparent at high temperatures. The progress of the reaction 

approached the shrinking-core type of beh~viour (Levenspiel, 1972), 
<," 

(Szekely et,al., 1976) at high temperatures, yielding, a~ost a sharp 

interface between reacted and unreacted regions. This i8 illustrated 

, 
\ 

'.1 

" 
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FIGURE 2 
o l 

/ 

MICROGRAPHS ~x ~} OF PARTIALLY-REACTED PELLlnS 

1 
/ 

(0.826 cm DIAMETER) • 

" (a) (b) , 

Reaction Temperature (K) :1830 18;30 
'\ 

" ~ 
Conversion (%) :80.6 58.5 

Initial Car~on ~oncentration (wt%)-:23.l 3~.4 

I:J \ 

. . 

o , . 
\ .' 

./ ' 
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in Figures 3 and 4, which show micrographs (x 4) of typical sectioned 

parti~lly-reacted pellets of the sarne diameter (0.826 cm) and the-~ 

initial carbon concentration (42.5 wt %). The pellets shawn ,in Figure 
1 

3 were aIl reacted at 1540 K and those shawn in Figure 4 at 1680 K 

but in each case to different conversions (3a ta 28.7%, 3b to 44.6%. 

3e ta 87.1%, and 4a ta 36.9%, 4b ~o 61.9, 4e to 87.1%). 

( 

As seen in these micrographs, the reacted region in each case 

is not truly free from zirconium dioxide, ~ut tpe pellets reacted at 

high tempèrature (Figure 4) have relatively less unreacted zirconium 
\ ' 

dioxide left in the so-ealled 'ash-layer.' Although diffusion 

resistance through the ash layer becomes apparent at relatively high 

temperatures, this do es not searn ta be the rate-controlling factor' 

for the given temperature range due to the highly parous nature of 

the reacted layer. The main contributor to the progress o~ the 

reaction i5 most probably the'r~le of carbon, speeifically the 

degree of contact between the carbon and the oxide particles. The 

presence of unreacted zirconium dioxide particles near the external . , \ 

surface of the pellets which have reacted to' a conversion of~7% 
\ 

(Figures 3c and 4c) may substantiate this view. The co~parison of 

the distribution of the zircon\um dioxide particles in the partially-

reacted pellets show,n in Figures 3 and 4 may also suggest that the ~ 

degree of contact is less importan~_at high reaction temperatures, 
1 

based on the fact that in the latter f±~ure the\3Sh layer contains 

relatively l~ss unreacted zirconium dioxide. The foregoing dis-

. \ 
eus sion was s~orted by the experimental conversion-time data which 

are presented in the next section. 
1 

o 

1 

(J 
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FIGURE 3 
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1 
MICROGRAPHS (x4) OF PARTIALLY-REACTED SECTIONED PELLETS 

Carbon Concentration 42.5 wtJ% 
.,.--

Pellet Diamete'r - 0.826 cm 

Reaction Temperature 1540 K 

a)" Convers ion 

b) Conversion 

c) Conversion 

28.7 wt ~% 

44.6 wt % 

87.1 wt % 
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FIGURE 4 

~, 

MICROGRAPHS (x4) OF PARTIALLY-REACTED SECTIONED PELLETS 

Carbon Concentration 42.5 wt: % 

j. Pellet Diameter 0.826 cm 

Reaction Temperature 1680 K 

"-

a) Conversion 36.9 wt % 

b) Conversion 61.9 wt % 

c) Conversion / 

87.1 wt % 

J/ 
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J 
Conversion-Time Relationship 

The discussion in the previqus sec~ion led to the con-

clusion that the chlorination~of ,zirconium dioxide-carbon pellets 

does not progress according to the shrinking-core model, that is, on 

a sha~eaction front, but rather that it takes place in an en- . 

larging zone be$inning from the pellet surface. The thickness of 

this zone and the-concentration gradient of the zirconium dioxide 
1 

in it changes with the reaction time and the temperature level. 

Based on the se observat~ons, the overall consumption of the Zr02 

with time, under chèmical-reaction control, has been represented by 

the logarithmic expression given by Equation (11) deve10ped eariier. 

A number of pellets of equal diameter and carbon'con-

centration were reacted at a constant temperature for different 

lengths oF time in arder to verify the applicability of Equation 

(11). The experiment~l conversion-time data at different tem--

perature levels are given in Figure 5. The mean carbon con-

centration of the pellets used in this series of experiments was 

23.1 wt %. lt is seen that the plots of time ver~us -~n(l-X) holds 

a linear relationship as expected, but only to a certain conversion 

level beyond which the rate of conversion is less than the model 
1 

predictions. The fractional conversion at which the deviation from 

the logarithmic model occurs increases with the temperature. At 

1440 K, the deviation starts at about 60% conversion and the reaction 

almost stops, ~hereas at 1660 K it takes place at 95% conversion and 

the reaction continues at à slower rate. From the fact that mass 

. . 

\ 
\ 
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FIGURE 5 

CONVERSION-VERS US-REACTION TlME AS 

A FUNCTION OF TEMPERATURE 

~ 

Carbon Concentration 23.1 wt % 

Pellet Diameter - 0.826 cm 
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transfer res~tance through the 3sh layer theoretically becomes 

significant at high temperatures, e.g., at high reaction rates, one 

:would expèct thf deviation from a, chemical reaction control to occur 

at lower conversion levels as the temperature increases, if an ash 

diffusion resistance were influencing the progress of the reactiou. 

Since in the present case the opposite ls observed, an ash dif-

fusional resistance may not be the influencing factor. This 

conclusion was supported by the micrographs of the sectioned par-
, 

tially-reacted pellets which contained unreacted zirconium dioxide 

near the external surface of the pellet at ~ven 87% conversion' 

(Figures 3c and 4c). 

Figure 6 show~ conversion-time data for pellets under 

condit~ons similar ta those of Figure 5, but with a mu ch high~r 

~arbon concentration of 42.5 wt %. Tle results are entiré!y dif-

ferent. No deviation from the logarithmic model takes place at 

a11 leve1s of to~~~.~ 

-~n Figure 5. These 

for the fractional conversions covered 

1ts, together with the microscop~c examina-

tian of the partially-reac ed pellets; may suggest chat a limiting 

distance between the zirconium dioxide and the carbon particles, 
/ 

which is a minimum in the fresh pellet and increases as the reaction 

progresses, is influencing the rate of chlorination. With higher 
o • "-

".initial carbon concentration, a higher degree of contact between the 

oxide and the carbon particles 18 possibly achieved at a1l times 

during t~e reaction. Thus the rate of conversion does not drop as 

Il 
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FIGUREr6 ( 
CONVERSION-VERSUS-REAcrION rIME AS 

A FUNCTION OF TEijPERATURE 

Carbon Concentration - ~s wt % 

Pellet Diameter 0.826 ctn 
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1 

the reaction progresses. As the mobility of the solid constituents 

of the pellet increases with temperature, the influence of the 

di~tance on the rate .of convet:Sion becomes less pranaunced and 

approaehes zero. 

These ~ant findings are by the work of Berg7 

holm (~9?1) who studied the chJ..oranatio titanium dioxide-carbon 

~~~tures in both o:compacted and 100ge forms. Based on microscopie 

examinations, Bergholm concluded that direct contact between .the~ 

grai~s was not required but a dis tance ·less than about 200 microns 
\" 

was necessary for the chlorination ta proceed. He also found that , 

the chlorination rate qf compacted mixture was hi~her than that of 

100se mixture, but the difference in tne rates of conversion de-

creased with increasing temperature, in agreement with the present 

worlt. Bergholm confirm~d the importance of the close distance 

betlofeen the oxide and the carbon surfaces by further treating the 

residue of an experiment in which the reaction had stopped after a 

__ certain amount. of conversion. The reaction could be carried out 
\ 

<l.. further after t:he residue had been thoroughly mixed. However, 
! 

addition of fdre carbon did not cause a greater increase in the 
c? '" - l '1" 

reaction rate than did mixing of the residue without new carbon. 

o 

The kinetic data r:eported by O'Reil1.y et al. (1972) who 

studied the chlorination of zirconiufu dioxide-carbon uncompacted 

" 

mixture (1:4 wt ratio), also showed a drop' in the ratl~ of chlo- '-. 

rination after a certain amount of conversion. Deviation from 

their model (shrinking-core) ,predictions occurred at a conversion 
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1 
) 

,!I._-
level 'as low as 30% (at 1000 K) ev.en with the high, carbon con-~ 

-v 
centration they used. 

Influence Of Temperature 

The effect of temp~ratur~ on ,the rate of chlorination of 

zirconium dioxide-carbon compacts-was studied with pellets of 0.826 
o ( C 

cm in diameter in the range between 1400 and 1950 K. Since the 
Il 

conversion was based on the zirconiumcdioxide content' of a pellet 

,being as :mab .. s 57.S'wt %, pe-llets of smaller diameter would 

°necessitate handling very small quançities of unreacted zirconium 

c,J .' 
diox~de which would reduce the accuracy of the conversion measure-

ments. Pellets of larger diameter, on the other hanq, would 
~ 

experiénée a l~rger temperature.gradient on the pellet. Thus the, 

choice of 0.826 cm diameter was an optimum one and it was_used for 

the majority of ~he exper~ents. The upper temperature was ltmited 

by the maxfmum power to the tprch. by the aroing that took place 

bet~~n the plasma and the torch nozzle", and also by the excessive 

heating of the nozzle with consequent attack by the hot' chlorine, 
>, 

whereas the lower temperature waB that at which the ehlorine plasma 
, 0 

could .be maintained at a given gas flow rate with a minimum power 

input, for a maximum distance~from the nozzle exit (about 6 cm) at 
'. -

" 

which a pellet could be viewed. 

As in Part l of this study. the cholee of'6ne temperature 

levels was dictated by thè plasma behaviour,jthat la, its stability 

. " 
and reproducibi11ty. The overall ~ate constants corresponding to the , 

linear portion of -.1n(l-X)-versus-time data 

-
a 

" 

: 

------~------............. 
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to an Arrhenius-type relationship in Figures 7, 8 and 9 for pellets 

having initial carboti concentrations of 23.1, 31.4 and 42.5 wt %, 
" 

respectively. Theoexperimental data for each of tnese cases plus 
, 
the results .of another smaller number of runs with pellet? of 18.0 

and 20.0 wt % of carbon are pr~~ented in Tables A,! B, C and D of 

Appendix V. When more than one set of conversion-time data at a 
, n 

~onstaût- temperature were available, the overall rate constant'used 

"in the Arrhenius plots were ohtained from the slopes of the straight 

1 

lines by least-squares_fit. The results of these analyses are given 

in Table II. 

The Arrhenius plots in Figures 7-9 show two separate,~efu-
1 

J 

perature regions. Up to about 1700 K (the straight' line port.ion), 
~ , 

the reaction \rate is sensitive to temperat,ure, thus suggesting a 

chemical reaction coqtro11ing region. At temperatures higher than 

this, the rate is re1atively insensitive tp the temperature rise, 
... 

showing that a physical factor (asli-diffusion) starts to influence 
a 

the rate. As a1so seen in these figures, temperature sensitivity 

of the rate in the region above '1700 K 'decreases with increasing 

carbon concentration (in the order from Figures 7 to 9) due to a - ~ 

corresponding decrease in void fractions of the ash layer which 

raises the mass transfer resistance. 

The data in these figures bel~w 1700 K (corresponding to 

the chemiea! reac~ion-eontrolling region) were used in a multiple 
~ 

regression anftlysis using a statistical package program (STATPK. 

MeGill University Computing Centre)-, in order to obtain the value 
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FIGURE 7 

ARRHENIUS PLOT OF REACTION,BETWEEN 

Zr02-ClMIXTURE AND CHLORINE 

Carbon Concentration c: 23.1 wt % 
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FIGURE 8 

ARRHENIUS PLOT OF~~CTION BETWEEN 

Zr02-C MIXTURE AND CHLORINE 

Carbon Concentration 31.4 wt % 
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Carbon Concentration = 42.5 wt % 
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TABLE II 

1 
OVERALL RATE CONSTANT FROM THE SLOPE OF -tn(1-X) VE~SUS t 

Pellet Number Of Overa11 Rate Constant 
Carbon Diameter Temperature Data Points ,In K x lOiS 

~ (wt %) (cm) (K) Linear Portion (sec -1) 

~ 

23.1 0.826 1440 4 371 

23.1 0.826 1480 2 486 1 
23.1 0.826 H40 4 618 

G7 23.1 0.826 1530 3 678 
Il 

~ 23 •. 1 0.826 1610 5 877 

23.1 0.826 1660 ~~ 7 1045 

23.1 0.826 .1690 ; _2 ' 1245 

31.4 0.826 1585 3 719 

, 4î.5 0.829 1440 5 311 

42.5 - 0.826 1535 7 480 

42.5 0.826 1560 2 531 . 
42.5 0.826 1680 8 869 , 
23.1 0.671 1480 2 480 

23.1 0.671 ' 1500 3 -530 .--
23.1 0.671 1690 2 1210 

23.1 0.671 1810 2 1750 

23.1 0.671 1840 2 2050 

23.1 1.000 1640 '\. 2 850 

23.1 1.000 1650 2 940 
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of the activation energy together with the chlorine and carbon con-

centration'dependence which will be discussed separate~y. The least 

squares fit yielded an activation energy of 93.325 ± 1.272 kJ/mole 

* 
(22.300 ± 0.304 kc~l/mo1e) with a corresponding pa~tia1 correlation 

coefficient of 0.993. The straight 1ines in Figu!es 7-9 are the 
\ 

resulting regression 1ines which fitted the rate data corresponding 

to each carbon cQncentration 1evel perfect1y we11. The fact that 

the values of the activ?tion'energy (the slope~ of the Arrhenius 

plots) did not change with increasing carbon content of the pellets 1 -. . 
'" ," 

confirmed the absence of ash diffusion resistance in this region. 

Since a higher carbon concentration means a reacted layer of lesser 

void fraction, a amaller activation energy value would have resulted 

with the pellets of 42.5% carbon content if there. had been a mass 
~ 

transfer resistance through the reacted layer. This was also 

supported by the microscopie examination of the sectioned parti~lly-

reacted pellets as discussed earlier. A different-set of experimenta1 
o 

data confirming the above conclusion will be discussed subsequent1y. 

Ash Diffusion Versus Pellet Diameter 

As mentioned earlier in the develop~ent of the conversion-

time relationship, the overa!l rate constant, !, as defined by 

Equation (8), was not expected to be influ~nced'by the change in 

pellet diameter under chemical reactlon control. Accordingly, an 
" 

Arrhenius plot of the rate consta~ts of different pellet diameters 

is expected to yield a single straight 1ine, if aah diffusion i8 ,not 
1 . ' 

contributing. Otherwise, the overall rate constant>~uld decrease 
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\ 
with increasing pellet diameter due to a corresponding increase in 

the diffusion resistdnce. 

In order to confirm that the value of the activation energy 

reported in the previous section was an intrinsic one, a number of 

kinetic runs were carr~ed out with pellets of 1.000 and 0.671 cm in 

diam,eters, in addition to that of 0.826 cm used in the previous 
'" 

experiments. The kinetic data of these runs are presente9 ln Tables 1 
E and r of App·endix V., Figure 10 includes Arrhenius plots fo~ the 

three pellet diameters. As s'een, the data for both 0.-826 and 0.671-

cm pellet diameters fell on the same 1ine, up tO,about 1700 K, and 

had the same activation energy value (93.325 kJ/mole). Furthermore, 

ash diffusion did not start to influence the 'rate up to about 1850 K 
\ 

with the pe\1et of 0.671-cm diameter, whereas deviation f~om chemical, 

reaction control began at a relatively lower temperature (about 

1700 K) with the larger pellet diameter (0.826 cm), in agreement 

with the ash diffusion phenomenon. On the other hand, the value of 
". . . ~ 

the overall rate constant for the pellets of I.OO-cm diameter was 

lower than those with smaller diameters at aIl temperature levels: 

AlI of these observations confirm the conclusion previously stated. 

That is, ash diffusion was not contributing to the·progress of the 
ç t 

r-J 
reaction when the reacting pellet diameters were 0.826 cm and 

smaller, and t~us the reported activation energy was an intrinsic 

value. 

~nfluence of Chlorine Concentration ~ 

The èxperiments to determine the effect of chlorine partial 
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FIGURE 10 

1 ARRHENIUS PLO~ OF REACTION BETWEEN Zr02-C 
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MIXTURE AND CHLORINi~OR DIFFERENT PÈLLET DIAMETERS 

Carbon Concentration = i3;1 wt % 
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pressure on the overa11 rate constant were performed with pellets 

of O.826-cm diameter,cOntaining 23.1 wt % carbon. Chlorine gas was 

, diluted with argon in both the radial and the swirl flows of the 

.r 

torch in the sarne proportion, to ensure uniform mixing. An attempt 

was made to react the pellets at the sarne temperature, but this 

required a considerable trial-and~error approach in finding the 

appropriate power input and pellet position at different concentration 

levels. A1though this was achieved in sorne cases, on tge whole the 

temperature varied from run to run. Renee the analysis was done by 

correcting the avera11 rate constant for th~ temperature by using the 
-, 

value of the activation energy reported earlier. The experimenfad 

data of these runs are presented in Table G of App~ndix V, and in 

their corrected fom in Figure 11. 

~ The regressien ana1ysis of these data togethe~ with the rest , 

of the data presented eariier resulted in an exponent of 0.79 ± 0.03 

for the mole fraction of moiecular chlorine, Yel ' indicating that 
2 J 

the order of the reaction with ch10rine concentration 

:Ls 0.79. 

-
The fraqtional arder of the reaction found in this study 

! 

with the order of m~l oxide chlorinations 
1 

agrees reported in the 
. 

Literature. An order of 0.6 and 1.0 was reported by ü'Reilly et 

al. (1972) and Landsberg et al. (1972), respectively, for the , 

chlorination of zirconium dioxide. Seryakov et al. (1970) found the 1 
ordet of Ti0 2 chlorination varied from 0.63 to 0.71 with respect te 

the type of carbon used. For the chlorination of the same oxide, 
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Morris and Jensen (1976) found an order of 0.69, whereas Masterova 
~ 

, and Levin (1973) reported a range between 0.62 and 0.87. 

1 

Influence of Carbon Concent,ration 

/ 
Ana1ysis of the kinetic' data with respect to the carbon ._ 

fi , 
concentration was based on the carbonocontent of the individua1 

pellets, rather than the 'average values -of the five concentration 

groups discussed ear1ier. The experimenta1 runs covered a carbon 

concentration range between about 17.5 and 45 wt %. The lover 1imit 
, 

was the one close to the amount required by ~he reaction stoichiometry, 

(16.3 wt %, Equation 4). As in the prévious cases, only those dat,a 

correspondirtg to the straight 1ine portion OI the time-conversion 

expression (Equation Il) were con8idered. 

The overal1 rate constants were corrected for temperature 
, 

using the previously-obtained activation energy value, and werè then 

plotted in Figurel 12 in their corrected form against the .pellet 

carbon concentration. The data were best fitted by an expression of 

the fo11owing form: 

(16) 

where K la the overall rate constant, E 18 the activation energy, ! 

is ~he pellet temperature, Xc iSI~b.~ welght fraction ~f ~arbon in 

the pellet. The resulting regresslon curve is a1so plotted in 

Figure 12. The rate of chlOr~tion 18 sean to be highest within 

a certain car~on concentration range. Outside of this range, any 
1 

increase or decrease in the carbon content of the pe11e~ reduc8s 

----~,.--------.... _ ..... 
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FIGURE 12 

EFFECT OF CARBON CONCENTRATION ON THE RATE 
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the rate.' This observation may be attributed to the existence of an 

optimum ratio of zirconium dioxide-to-carbon in the original mix. 

yielding a maximum contact area per unit volume. and consequently a 
\ 

• JI. c 

maximum chlorination rate. This ratio depends on the relative sizes 

anq shape of the solid particles •. For example, if the zirconium 

dioxide and the carbon 'particles are both spherical and of equal . -, 
size, the carbon content corr~sponding to equal volumes of both 

gives the maximum contact area per unit volume of a pellet. 

Since the results presented ab ove were based on the data 

correspo~ding to the straight 1ine portion of the time-conversion 1 
, 

relationship presented earlier, the foregoing discussion should be 

interpreted with,caution. A drop in the rate of conversion (de-

viation from Equation Il as pr~sented in Figure 5) may take place 
'\ 

when the distance between the oxide and the carbon partiele sur-

faces in~ases to a eritic~l value after a certain amount of 
~~r 

conversion (the level of which increases with the reaction tem-

perature). Therefore, the range of carbon concentration yielding 

the hig~est conversion rate in Figure 12 is valid either for low 

conversion levels if th~ temperature i8 low, or up ta high con

version l~V~lS if the reaction is carried out at high temperatures ~ 

(for complete conversion at about 1700 K). In other words, a 
, 

decrease in the reaction temperature should be compensated by a 

l " higher carbon content in the pellet in order to maintain the 

conversion rate predicted by Equation (11). 
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Rate Expression for Chemical Reaction, Control 
i 

From the theoretical formulation and the regression analysis 

of the complete experimental data presented up ta now, the following 

empirical expression for the rate of zirconium dioxide chlorination 

with chlorine in the presence of carbon has been developed: 

-, 
-tn(l-X) 4.17exp(-11223IT)YClo079t/xo'696exp(000029Ix3) 

'- 2 c C 
(17) 

where X is the fraction of, zirconium dioxide reacted at time ~ (sec), 

T i8 the reaction temperature. Y
Clg 

is the chlorine concentration in 

the bulk gas, x i6 the weight fraction of carbon in the mixe The 
~ 

multiple-correlation coefficient Qf 0.993 and a probabi1ity associated 

with 'F' value being unit y indicates that the excellent fit was not 

due ta chance. 

Figure 13 shows the experimental and the predicted (from 
1 

Equation 17) reaction times for the chemical reaction-controlled 

region, not deviating from the logarithmic model. As can be seen, 
, 1 0 

Equation (17) represents the experimental data fairly MeIl. The 

scatter, being within ± 107. of the reaction time, seems ta be 

reasonable for a ch10rine plasma system. 

CONCl.USION 

, 
'1- The kinetics of the chlorination of compacts of 

, 
zircontum dioxide and carbon w~re studied in the temp~rature range 

of 1400 - 1950 K in a radio-frequency chlorine pl~sma tailflame. 



1 

i 
1 • -

\ 

'\ 
\ 
\ 
\ 
! 
r ___ 1 

\ 

" 

281 

.' 

FIGURE' 13 
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Influences of time, tempera~ure, chlorine concentration and pellet 

carbon content on the rate were determined experimentally, using a 

single s~ationary pellet composed of zir~nium dioxide and graphite 

particles. 

2- The microscopie examination of sectioned partially-
1 _ 

reacted pellets 'showed that the reac,tion did ,not progress according 

ta the shrinking-core model but rather that i~ took place in an 

enlarging rea/tion zone beginning fro~ the pellet surface. The 

presence of unreacted zirconium dioxide particles near the external 

surface o~ pellets (reacted up to about 90% conversion) suggested the 

importance of a close distance between the oxide and the carbon 
If 

particles for the progress of the reaGtion. 
,. 

3- . The overa11 consumption of. zirconium dioxide with time 

under chemical' reaction control was repreSj,nted by a logaritlunic 

expression (Equation Il) based on the volumetrie reaction model. For 

'pellets having a carbon concentration l~ss than about 32 wt %, the 

rate of conversion was less than the model predictions above a 

conversion level which i~creased with the reaction temperature. The 

pellets of higher carbon concentrations showed no such deviations. 

This behaviour was attributed to the limit imposed on the reaction 

rate by the degree of contact between the sonstituetit particles, as 
", 

1 was also" indicated by the microscopie examinations of partially-

reacted pellets. Ash diffusion resistânce could not be the reason 

for the above behaviour, sinee it would have caused a lower rate of 

conversion than the model Ptedictions for the pellets of high carbon 
~ 
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concentrations, rather than low ones due to the lower ash layer 
-.J' 

porosity aSBociated with the former. 

4- The Arr~enius ~lots of the experimental data indicated 

the existence of an ash diffusion resistance above about 1700 K (for 

a pellet diameter o~O.826 cm), be10w which the rate was contro1led 

by chemical reaction. The value of the activation energy (93.325 kJ/ 

mole) obtained for the latter region did not change with the pellet 

carbon content (hence with the porosity of the reacted layer) which 

supported the c9nclusion with respect to, the controlling mechanism 

(e.g., absence of ash diffusion resistance below 1700 K). 

5- The role of ash diffusion on 'the rate of chlorin~tion 

was further confirmed by the Arrhenius plots of rate constants 'for 

different pellet diameters. The pellets of 0.671 and 0.826 cm 
. ~ 

yie1ded the sarne rate constants belo~ 1700 K, whereas those of 1.00 

cm diameters resulted in the lower rate constants at aIl temperature 

"leve1s (>1400 K), showing that mass transfer started to contribute 

when the pellet diameter was larger than 0.826 cm. Furthermore, in 

agreement ,with the mass transfer phenomena, the pellets of 0.671 cm 

did not deviate from the Arrhenius straight 1ine up 'to about 1850 K 

(in comparison with 1700 K Vith the pellets of 0.826 cm). 

6- The arder of reaction with respect ta the' mo!ecular 

chlorine concentration was 0.79. 

7- Influence of carbon concentrations on the chlorfnati~ 
rate was expressed by a functional relationship given by Equation 

1 
1 
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, -

(16). Experimental data indicated the existence of ~n optimum ratio 

of the zirconium dioxide qnd the carbon in the original mix yielding 
1 

a maximum contac; area per unit volume, consequently, a maximum 

chlorination rate. 

8- The empirical expression _given by Equation (17) for the 

chlorination rat~s of zirconium dioxide-carbon compacts represented 

the experimental data (those having no deficiency in oxide-carbon 

contact area) reasonably weIl. 

9- The results ,obtained in this work suggest that: 

a- When low carbon concentratlon is used, the ch1orinator 

shou1d be operated at high temperatures (~170a K), 80 that the 

limiting oxide-carbon distance required for the progress of the 

reaction would be tolerable ~ough not to affect the rate. 

b- Any reduètion in chlorinator temperature should be 

compensated by an increase in initial carbon content of the pellet, 

BO that the degree of contact between the oxide and the carbon 

particles would be maintained at aIl times. 

c- Chlorination of dense compacts of fine-grained 

zirconium dioxide and carpon should be preferred over that of loose 

stationary mixtures for low temperature operat,ions. 
.!' 

> 

d- Since the cont'act between the oxide and carbon is less 

critical at high temperatures (~1700 K), a fluidized bed reactor 

may be a more natural choine (to eliminate ash diffusion resistance). 

A fluidized bed.operation below 1700 K may require higher carbon-to

zirconium Idioxide ratio \han the operation with compacts 1 for the Same 

reaction rate. 
• 
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NO@CLATURE 
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E "- Activation energy 

e Spectral emissivity at wavelength À 

fI Functional relationship for, x c 

~ Functional relationsh~ for J
ela 

K OVerall rate constant 
1 

k Intrinsic rate constant 

M Molecular weight 

R Gas'constant 

T Reaction temperature; pellet blackbody temperature 

Tb 
1 

Pellet brightness temperature (pyrometer reading) 

t Reaction time 

1 
W Weight of unreacted ZrOa at time t 

l' 

W 
P 

Total weight of pelle~ at tfme t 

X Weight fraction of ZrOa reacteQ at~tfme t 

-

xi Initial weight fraction of solid component i in pellet 

Yi Mole fraction of gaseous component i in bulk gas . 

Gre e k Let ter s 

0' 

\ 
\ -, Wavelength 

\ 
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CONTRIBUTIONS TO KNOWLEDGE 

1 

1- A plasma of pure chlorine has been generated successfully and 

iLS use for a chlorination kinetic s'tudy has been ùemonstrated. 
1 

- ~ 

\, 2, A reactor system complete ,~ith a11 'UXilia~ units ~as 
d~signed and constructed to provide the required kinetic data as 

weIl as to handle hot and extremely corrosive chlorine. This system 

with its versatile design will be suitable for studying kinetics of 

o 

a wide variety of heterogenous reactions in a plasma tailflame 

(of even highly corrt>sivè gases). 

3- The chlorination of zirconium dioxide has been an important 

intermediate production step in the manufacture of zirconium metal.· 

" .. The preJ;ent work provided the kinetic data in the -temperature range 

of 1400 - 2480 K which were not available in the literature. 

4':.. The reaction of zirconium dioxide and chlorine was- shown to 

take place in the absence of reducing agent above about 20 ml s 

atomic chlorine velocity and 1540 K. From the theoretical form-

ulation and the regression analysis of the experimental data an 

empirical rate equation for the chemica11y controlled region «1950 K) 

was developed • 

D 1 \ " 

For the regicm (>1950 K) where both gas film diffusion and" ' 

chemica1 reaction inf1uenced the rate, a separate time-conversion 

1. 
2Sq 



1 

relationship was dev~loped theoretically and the expertmental 

measurements confirmed the theoretical predictions. 

5- As part of the ,theoretica;I analysis: 

6-

"-
a) À set of empirical equations was deve.1oped for the 

plasma jet centreline velocity, and,e:nperature 

profiles which allowed t4.,e estimation of plasma 

" 

flame velocity and temperature at the position of 
1 

a reacting particle from the )plasma torch operating 

parameters. 

The unknown Lennard-Jones potential parameters of 

ZrC1 4 vapor were evaluated for the calculation of 

transpo~t properties from empitical equations 

reported in the literature. Reasonable a~reement 

obtained between the experimental measurements and 

the theoretical analysis confirmed the values pf 

potential parameters reported in this work. 

1 
A comprehensive kinetic'data for the chlorination of 

zirconium dioxide in the presence of carbon as reducing agent were 

p;ovided for thé temperature range of 1400 ~\ K. An empirical 

rate expr,ession was developed bàsed on lSh~retical formulation and 

regression analysis of the experimental data. 

7- The. kinet:1.c data resulting froD) this work provided important 

\ . 
information te help to design and operate the chlorinator under ...., . 
optimum conditions. It dm be concluded from, the study that the 

pres,ence of a reducing agent i8 necessary to obtain the rates of 

conversion' necessary for c_ercial apPl.icaF. 
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RE~OMMENDATIONS FOR FUTURE WORK 

'-

,. 

4 1. KINETIC STUDIES 

~ 

1. The technol{?gy of z~rcôtlium PFoduction has only marginally 

improved since the Second Wor1d War. W,ith the development of the 

CANDU reactors as the source of nuclear energy for Canada, the need 

for a Canadian source of zirconium metal appears to be obvious. This 

presents an excellent oPPoFtunity to review critically the existing 

methoQs of production and to develop new ones. The production of 

zirconium tetrachloride which has been studied in this thesis is an 

" 

example of "this approa~h. A study of the iodination of ZrO. to 
, , 

produce the tetraiodide should be a natural follow-up to the present 

investigation, in view of the possibility ,of using this halide in a 

novel process in conju~on w~th a simplified process of hafnium 

separation, as has beenmentioned in th~ Literature Review. It is 
) 

known that the dec'Oni.po~ition of the tetraiodide :i:'s easier to achieve 

than that of the tetrachloride, to ob tain zirconium directly by a 

plasma process. On 'the other hand, it ls also known that'a higher 

temperature l~vel is required for the conversion of Zr02 to the 
) 

tetraiodide under conditions of equal reaction rates. These higher 

temperatures are, however, weIl within the range-of commercial 

plasma-generating devices. 

2. ~he~~esent study has amply d~onstrated that, ~lthough the 

2.91 

1 

1 

Il 
1 



, 
chlorination of zirconia is possible in the presence of chlorine gas 

a10ne, the rate of the reaction is considerably enhanced if a 

reducing agent i8 a180 present. There ia a good, possibility ~hat 

CO might be as good or better a reducing agent than the solid carbon 

used in the present study, In addition, the use of a gaseous 

reductant such as gaseous CO shou1d avoid the problem of feed pre-

paration. and simplify the design of the reactor. 

\ 
II. EXPERIMENTAL TECHNIQUES 

1 

It 'i9 believed that the reactor system which has been 

designed and tested in this study i5 ideally 5uited for kinetic 

investigations of heterogeneous systems at high temperatures. Ta 

increase its applicability, simplify its operation and improve the 
1 

accuracy of the results, it 15 recommended that: 

a) A measùrement Itechniq~e be devised to allow continuous 

recording of the reacting partic1e temperature. An optical 

pyrometer was used in the present work, sinee it was not affected 

by the high r.f. noise levei associated with the induction plasma 

torch. The readings froIl\ this instrument are not continuous and 

depend on the emissivity of th~ surface, whlch may change with the 

degree of conver_sion and reaction temperature. '" . A measuremen t 

technique not Influenced by emissivity and/or having capability. 

of continuous recording would lead ta data of" high p1.tecision and 

accuracy, and probably would reduce the experimental difficulties. 

b) A technique) should be developed to obtain cont:GiU~us 
1 ___ -----------
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conyersion-time data which would greatly reduce the number of 
, 

experime'ntal runs and a1so improve the accuracy and precision of 

individual experiments. 

c) Measurement techniques should be developed for det,ermining 

the temperature and velocity of the plasma jet surrounding the 

"reacting particle more accurately in the temperature range between 

2000 and 6000 K. 

( 
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APPENDIX l 

Integration of x dx/(1 + ax 1
/

2
) 

for 1 < x < x 
c 

Define: 

y=1+axd2 

Derivative of Equation (2) is: 

dy c 1/2 ax- 1 / 2 dx 

1 . 

Solving Equations (2) and (3) for x and dx, respectively, 

and substituting in Equation (1) gives: 
• ' r 

/ 'Ii 
xdx/(l + ax 1 2) = 2(y _ 1)3dy/ a4y 

= 2/a4(y~ - 3y + 3 _ y-l) dy 

~ Integration of Equation (4) gives: 
x / x 
crxdx/(l + ax1 2) = 2/a4(y3/ 3 _ 3y2/2 + 3 _ tny) 1 C 

1 

= 

1 

Inserting Equation (2) iqto right hand side 

of Equation -:(5) gives: 

2/a4 [1/3(1 + axl/2)3 - 3/2(1 + ax 1
/ a )2 + 

- x 
. 3<1 + ax 1 / 2 ) - R.n(l- + ax 1 / 2 )] 1 c 

1 

- . 
= 2/a4[1/3 + ax 1

/
2 + a 2 x + a 3x S

/
2 /3 -'3/2 - 3ax 1

/ a _ 
l • 

(1) 

(2) 

(3) 

(4) 

1 

(5) 

(6) 

, / 'i / x 
3a 2 x/2 +~ + 3ax' 2 _ 1n(1 + ax~ 2~1 c (7) 

1 

1 (8) 
/ 

\ 
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APPENDIX l -

(Continued) 

Applying the integral limits to Equation (8) and 

rearranging it results in: 

(9) 

,\ 
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APPENDlX II 

EXPERIMENTAL DATA FOR PART l 

Nomenclature for Table headings: \ 

m 
g 

t 

x 

" 

Gas "mass velocity 
l, 

1"' 

RatiQ of power at nozzle exit to pl-ate (inlet) pçwer 
~ 

/, 

Ratio of swirl to radial gas in RF torch 

Gas temperature at nozzle e~it (based on atomic chlorine) 

Pellet reaction temperature 

tReaction time 

1 
Gas velocity at nozzle exit (based on atomic chlorine) 

Weight percent of ZrOz reacted at time t 

Distànce betwee~ pellet and nozzle exit plane 

Plasma chlorine concentration 
\ 

t ' 

--------------........... 
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TABLE II-A 

Pellet Void Fraction ... 0.485 
Pellet Diameter - 0.671 cm 
Ch10rine Concentration = 100 % 

~ 
No. x SR PR m V

N 
T
N 

Tp t X 
/---- -- ____ 8 

----
\ 

' (mm) (gIs) (mIs) (K) (K) (s) (X) 

! 
1 42 O.44Q 0.286 1.69 22.8 2914 1538 120 3.8 '1 
2 67 0.428 0.269 1. 31 23.6 3896 1538. 600 18.8 

h 3 67 O.47a 0.279 1.39 24.5 3819 1538 540· 17.2' 
4 66 0.48: 0.281 1.50 24.5 3539 1538 330 10.7 
5 42 0.44 O.2~6 1.66 22.8 2970 1538 '840 23.9 
6 64 0.439, 0.277 1,.54 ' 25.9 3639 1568 270 10.9 

J 63 0.451 0.262 1."48 25.1 3671 1568 360 14.4 
"i 8 67. 0.48~ 0.279· 1.42 25.5 3816 ' 1568 480 18.6 

9 66 0.48~ 0.286 1.54 21.8 3883 1568 420 16.3 
10 64 0.45~ O. "281 1.52 27.0 3853 1623 540 24.3 
11 61 0.45.1; .0.231 1.56 30.1 (: 4180 ,1673 240 ,,'15.8 
12 20 0.44à, 0.271 1. 70 31.3 3973 1673 ,540 28,~9 

13 65 0.463 0.248 .. ~ 3Q.5 4185 1673 '210 0 13 • 4 , 
14 34 0.441 0.285' 1. 30.5 3813 1673 960 . 49.8 
15 

1 

i.34 65 0.49$ 0.245 26.0 4171 1673 390 23.2 
16 65 0.47aj 0.238 1.35 29.3 4688 1701 ' 546 36.2 
17 65 0.46~ 0.241 1.3'3 29.6 4792 1701 360 ' 25.6 
18 65 0.439: 0.235 1.45 29.0' 4305 1701 360 25.7" 
19 45 0.4721 0.208 1.29 27.1 4534 ~756 390 31.8 
20 41 0.4381 0.279 1.49 27.8 4031 1791 300 '27.6 
21 28 0.4481 0.254 1.61 33.3 ~470 "1791 660 49.4 
22 28 0.441, 0.233 1.61 34.3 602 1791 1200 79.6 
23 28 0.448: 0.233 1.59" 34.7 4714 1791 3f?O r1. 4 
24 40 0.398· 0.229 1.40 29.6 4563 1882 330 40.6 

1 

25 , 40 0.438, 0.244 J.57 3~.6 4348 1882 240 32.2 
26 34 0.441: 0.239 1.63 4~.8 5544 1939 240 34.9 
27 34 0.441 0.257' 1.63 40.6 5395 1939 360 48.0 
28 34 0.448i' 0.257 1.61 40.2 5381 1939 600 71.9 
29 25 0. 412 1 0.242. 1.41 31.4 4801 1952 300 46.8 
30 . ,34 0.451, 0.247 1.60 34.3 4641 1952 360 53.0 
31 /19 0.3841 0.231 1.43 25.9 3903 1952 240 39.2 
32 34 0.438l 0.253 1.59 37.1 5027 1990 240 40.3 1 

33 19 0.398 ; 0.221 1.49 30.6 4431 2016- 240 40.2 
34 34 0.448 j 0.219 1.59 39.4 5351 2016 240 41.,6 
35 18 0.438 : 0.235 1.54 34.5 4822 2081 300 54.3 
36 18 0.425 : 0.221 1.57 ,,' 38.5 5~87 2081 180 36.3 

~eu 

- t 
1 
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11-2 

TABLE II-A 

(Contin~ed) 

No. x SR P
R 

m V
N 1--:-- ·_---~ -------

(mm) (g/ s). (mIs) 

'<'Î 
0 

37 18 0.438 0.223 1.53 34.9 
38 19 0.464 0.216 1.49 33~6 
39 26 0.448 0.208 1.65 42.7 

0 40 18 ,0.437 0.221 1.61 38.6 
41 19 0.457 0.216 1.51 °33.8 
42 26 0.448 0.179 i.66 o 39.1 
43 19 0.449 0.215 1.53 33.7 
44 26 0.448" 0.197, 1.65 41.0 
45 19 0.385 0.237 1.55 37.1 
46 19 0.451 0'.231 1.50 39.0 
47 26 O. 448 ~ 0.186 1.67 \ ;38.7 
48 18 0~423 0.222 1.69 37.1 
49 18' 0.451 0.223 1.63 36.6° 
50' 18 0.437 0 0.200 1.64 ,.' 39.9 
51 18 0.448 0.201 1. 70 51.4 
S2 18 . 0.437 0.217 1.67 41. 7 
53 18 0 .. 437 0.198 ' 1.64 41.8 
S4 18 0.437 0.229 1.68 45.5 

~ ~ 

, 

,-A 

\ 

~ 

'-'1, 
0 -cJ 

\ 

e 
r1 0 

1 
l, 1 

Il< 1 

_:li Tp t 

(K) (K) (8) 

4928 2114 240 
4865 2147 360 
5590 2147 450 
5171 2147 240 
4821 2147 300 
5092 2147 690 
4763 2179 180 
5366 2212 31.5 
5155 2212 156 
5625 2212 ,240 
4998 2212 195 
4730 2278 180 
4835 2-278 180 
5260 2411 300 
6525 2411 600 
5413 2411 330 
5517 2411 390 
5856 2478 285 

~' 

1;/ 1:::0. 

~ 

X 

, .-<,X) 

J 

47.4 

., . 

63.~ 73. <'. 

46.6 
52.5 
91.9 
37.5 " , 

59.7 
32.8 
49.0 
41.0 
38.1 
38.90 
57.9 
90.6 
64.5 
72.3 
58.4 

"-

,w 

.. 

, 
,. 

, , 

" -, 

,. 

' 0 





l 

-.e 

J 1 
1 

) 

, > 

II-4 f 

.. 

--



) 

" No. .X 

(mm) 

125 41 
126 41 
127 30 
128 44 

~ 129 41 
130 30 
131 29 ... 132 33 

~ ...... 
133 27 
134 22 
135 25 

136 37 
137 43 
138 30 

, 139" 17 
140 019 
141 - 19 
142 21 
143 19 

, 144 31 
145 37 
146 37 
141 28 

e 148 19 

\.., ~ 

II-5 

TABLE II-D,:' 

Pellet Void Fraction = 0.505 
0.494 cm 

100 i. 
Pellet Piameter = 
Chlorine Conc~ntration = 

SR, P
R 

m V
N 

T
N ____ 8 

-----
(gis) , (mis) (K) 

0.398 1.30 1 

0.446 1.30 
0.446 1.30 
0,398 0.252 1.30 19.3 3207 
0.350 0.237 1.19- 18.:5 1 3363· 
0.354 1.10 
0.430 0~2331 1.28 19.2 3257 
0.425 0.233 1.50 30.8 4434 
0.398 a.194 1.33 27.3 4439 
0.384 0.223 1.45 28.4 4237 
0.464 0.222 1.46 31.4 4640 

.;, ". 
Pellet Void" Fraction os 0.500 
Pellet Diameter .. 0.826 cm 
Ch10rine Concentration III 100 % 

0.405 0.230 1.37 22.4 3535 
0.425 0.270 1.55 26.6 3702 
0.457 0.216 1.58 32.3 '4426 
Q.412 0.202 1.33 28.6 4641 
0.39'8 0.222 1.43, 31.4 4744 
0.504 0.230 1.59 35.9 4876 
0.462 0.226 1.57 35.4 4859 
'0.504 0.221 1.48 34.1 4977 

1 

Pellet Void Fraction .. 0.498 
~ellet Diameter 

. 
iii 1.000 cm 

Ch10rine Concentration ... 100 % 
/1 , 

0.459 Orist 1.36 28.3 4506 
0.405 0.234 1.37 72.4 3546 
0.405 0.234 1.42 22.5 3420 
0.464 0.216 1.55 31.7 4400 

- 0-.504 0.248 1.57 38.6 5304 
.100 

~C ,1 

o 

-~~ 
t X 

(K) (s) (i.) 

1592 360 21.6 
1604 330 21.5 .' 1789 270· 38.8 

p 

1851 300 50.0 
1871 225 41.6 
1871 J 240 41.9 
1887 300 54.9 
1939 255 52.5 
1990 210 50.8 
2081 225 61.1 
2-147 240 65'.7 

~~ 
~ 

1836 375 34.5 
1849 330 32.8 

' .. 
1952 330 43.3 
1984 315 41.0 
2003 420 ' 56.3 
2016 4'05 56.0 
2081 3.30 46.1 
2179 ' 30d 48.1 

1816 525 37.7 ". 

1814 420 37.5 
1881 264 24.9 
1984 435 48.1 
2173 420 0.2 

.. . 
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"APPENDIX lIt 

LISTING OF COMPUTER PROGRAM 

FOR MASS TRANS FER CALCULATIONS 

, , 



; 

e 

.h 

1 - C 
2 C 

C 
'(' 
(" 

3 
( 4 . 

5 -
6-
7-
R-
9-

10 -
(', 

lI- e 
12- C 
13- C 

• 14' C 
15 r. 
16- C 
17- C 
't 8 ' C_, 
19- C 

C 
20- ~ . 
21 1500 
~2-
23-
24- 1 

'" 25-· 
26-
27-, 
28-
29-

1- 30- 1000 
C 

31- '-
32- 10 
33-
34- tOOI 
35-
36-
31" 
38-

... e 
~ 

" 

1 

MÂ! N PP"'GRAM .* ***,******'*.* ~) 
CO~~rNE~ CHEMICAL ~EACTION AND G~S ~rLM D!~~U?ION :ONTQ@LLING 

r 

rIMFNS N Y9(4),YS(4J.YAV(4).DIM(4),D{4,4),V!S(4),~(4).XK(4) 
_IC'N XE'K(4).S!GMA(4) ,TIME(4ltSC(41.XMW(4) ,XKM(4) 
VFVl.O,O.O.O.O.O.O/ 
~.14, 0,1. 0.1.0.0.0/ 
XK.ll.0,-1.0.,I.0.0.o/ 
XMW/3S.46,233.03.3?O,70.92.1 
XEK/130.e.SA2.4.106.7.316.0/ 
SIGMA/3.fiI3. ~.616.3.467.4.217/ 

Ne NUM~ËC n~ G4S~OUS (0MPQNF~TS 
A~ FPFaUFNCY ~ACT0Q 
ER ~("TIV~T!ON ENERGY/GAS CONSTANT 
FPS : SOLI~ vnLUM' FqACTION 
rp : PA~T!C:Lr: nU .. 'p .. coTF? ',':M" 
VR : ~ULK GAS COMPOSITION 
A : STcrCHIOM~TRIC COEFFICl~NTS 
xk : STOI~HIO",FTRIC COEFFICI=NT INDEX 
XrK,S!GMft°: LCNNAPD -, JONFS POTFNTIAl.. PAPAMr::T~J;S 

NC=3 ; 0=1. 
FOR~AT(IHl) 
AA=3.314 
e'R=12162.~ 
Cn"iTINUE 
NO=O 
PEArf5.1000.~N~=2JOO)OO.~PS 
W~ITC-(6'.1500 ) 
RnS=5.73':PS/121.2~ 
P=DP/2. ' 
FORMAT(2FIO.!4-} 

-
pos = MOL~P DE~SITY O~ 7R02 PEl..LET 

.J' 

CONTINur _ ~ 

PF.AD{~,1001)ID,DrST.5.C~.PCL.VGN.TGN.TP,CON.TIM 
FORM.T{A4.1X.F6.2.3~7.4.~n.2,2~7.1.F7.4.F6.2} 
I~(TIM.E~.O.O) GO T~ 1 
NO=NO+l 
VGN=VGNltlOO. 
T I~TI M-'60. 

= 

q 

7' 

/ 

.-! 

~ 

-;-----

H 
H 
H 
1 ,.... 

r 

". 



~ 

Ji' 

.. 

'. 

" 

'-

-----

'.~ 

e· 
\ 

.... : 

39-· 
40-
41-' 
42"" 

C 

43- • 
"" 44- (" 

45.. t? 
46 
47- C 
48-
4q-
50·· 
51-
52:' 
53-
54·· 
55-
56-
57, 
SB 
59-, 
60-
61-
62~ 
63-
64": 
65 

r: 

14 

le; 

, t R 

• 
,/ 

" 
/ 

li' 
G~,S VFLOCrTY AI-m TO:::a..,P. AT (DtST) .:~ ~QO"'· I\j!1Z7LF FXtT 
C~lL VFLTe"'{D!STt~r.~.Vr.N.S,CP.373.,2.54.-r,.V~) 
i"AV=(TP+TG'/2. 
CNFW= .S 
1'11=0 
ITE'PATlnN J:'OQ C:;lJQFA~E CONCC:NTR.TInNs 
CQI\jT 1 NUF 
C=r:Nt"W 
!OUILIB~îuM CONCFNTPATIONS 
CALL TH~RM~(TP,C,YS.NC) 
G.A S .- F r L M p.cn P f'P j 1 ES 
on 14 J=I .... le 

, YAV(J)=(YS(J)+YR(J»/2. 
XMWM! x :0,.0 
r-f"'I t'5 J=l.'I("" 
XMWM!X=XMWMIX+YAV(J)*XMW(J) 
RO~IX=P+X~W~IX/~~.0567/T4V 
CAL~ VISDrF(~AV,X~~,5!GMA,XMW.YAV~VJS,',VMIX.NC) 
CALl CIMr~CA XI(,r),YAV,DIM,NC) 
ç :-1'.=.3'" (2 ..... R{ VG't ROM 1 X/VM! X) * ... S/ (1 • -CON) *".166666 
DOle ! =2."'3 
SC{I)=V~IX/p(\M!x/nIM(I' _ 

·1 

/ 

XKM( l )=CI,.,O )/( 1. -CON)"''' .33J3'+C'1~(! ).SC( l ) ••• 333"'33 1l QEN 
eN=- W= X KM < ? ) / XI< M (3 ) .. ( 1 • -+ 2 • '* y 5 ( 3) } / fi. + 2 •• YS ( ? ) } 
r PROR= A8S ( t:NEw- c) /c 
IF(N.GT.5) GO TO tq 
"1= .... +1 
IF(E~~r.~.G~ •• OI' GO Tn 12 

e· 

..... 

/' 
65-
67-
68-
69": 
7.0,-
71-
72-
73-

1 Q C rtNT l N UF-
(' ~, !ME:. FOl' PJ~~ MA~S TRANSFF.1=l CONTRJL '(CALCUL~TO;:S I!'b~ E"CH nF NC COMPONéNTS) 

CALL M~SST(A.X~,R.VG,TAV,YS.Y8~CO~,VM!X,DI~.T!Mr.~[NO.~C.CaS.~OMIX 

c 

74-
75~ 20 
76 ~ 
77~ ~ 

1 • I\je J 
Tlt.1f FC'R PUPE CH~M!C6.L R~A.CTIO'" ~2NTPOL :. 
~EAC~:( 1.-(1.-(,ON)**(t.~3.}'/AA/EXP(-~~/TP)/PCL.DP*FPS~.2.0 
f:; E~C" =I:"E~ ~T" 60. 
Dr 20 1 = 1- , N t: ~ 
vIse !")=VISC! )*100. 
~1 X = V t<I! X+- 1 0 0 • 
~OMIX=PO~JX·I000. 
wPITE(6.150S) ; , 

-l 

78" 
79 
80,-
81-

150S r:-"'PY/lTCIX.113('='l,/. lX,'!O','3X,':'o!ST',lX.'C:::W/cAD',lX 

82-

1. rP"I/f"'PL' ,2><:. 'YCL2' .4X. 'f:'FN' .1X, 'V-NOl'. 3)(. tV-CIST' .3X, tT-NOZ' .2X. 
2'j rI~T' .2X,'--P4,P-;-' .2X.'CnNV·. AX.'TtME (SEC' './.6X.' (CM)' .30X. 
3' C 101/ 5 • .5 X. ,~,., /S ' • 6X. • K,' ,6 X, '1( • , 7 X. ~ K ' , 13 X, • EXo E"Q' .7 X. ' CAC UL-"ï.TED' • 

\ 
" 

H 
H 
H 
1 

N 

~ 



) 

• 
83-
84-
85~ 

86-
87-
88-
89-
90~ 
91-
92-' 
93-
q4~ 

95-
9~-

97·· 
98-
99~ 

100· 
101 ' 
102 
103-
104-
105-
t 06~ 

107-

108-
109-

/-110-
111-
112 
113-
114 . 
115'-
116-
117" 
118-
119-
120 

\. .' . ., 
.... ~ '\, .. .. .... -. 

4/ .97 X. ' c: H': ~ .. P, , • 3X • ' ~A 5-- TP , • /. 1 X t 1 t 3 ( , -, , ) 
W~ITE(~.1600)NO.~rST.S,C~.PCL.~r:NO,VGN.VG,TG~.TG,TP,CON,~IM,~=~~r 

.1 , T I..MF.-< 1 J _ 
1~00 FORM~T(rX, '1 ',T2,lX,F4.1.2F7.4.F6.3,6F8.0,F7.4.F7.0.3X.F7.0,2X, 

IF7.0./) 
wC ! T~' ( 6 , 1 <;01 ) 

1501 Ff'lP~~T(/,2(29x, 'CL' ,5X, !ZCCL4' .4X, '02',1 ~X) ,l') 
E':-POI:=FRFoo"100. . .-
'fil Cl l TF (6 • 1502 ) ( ,., ( t • J , • J = t • Ne ) • ( YS ( 1 ), 1=1 • N C:} ,( 6 ( 2. J) ,J:: l ,NC ) 

l , ('( 1- V ( l ) • T = l ,N C ) c, ( 0 ( 3 • J ) • J = 1 • Ne) , ( S C ( l ) , 1 = t ,"" c ) , (V 1 5 ( 1 ) , 1 = l , Ne} 
2, POMY X. yv. t x, -t.D--I M ( l >-.1=-1 ,Ne) .~PPO~ 

1502 FOQMAT(1X.r'BIN,AQY DIFFUSION CO~F. :_',3FJ3.4. . 
{~x.'SU~FACE CON~ENTR~TION :'.3FA.4./,6X,·(~Q~ÇM/SEC)',9X,3Fa.4 
2'-~X.''''V, F:..tL~_CONCENT'':::'''TI('IN· :',3F8.4,/,2#lX,3F8.4, . 
31jX.'~CHMrT NUVrl.FP , :. ,3 F 8.4,/./. 

-.., 

41X, 'vtSCOSITy <CENTI-POTSE) : " 31=~.4.10X.'J:"I ... ~-!:IENSXlOOQ.VISCOSITY 
5:'.2~8.4./.I.lx.·~F~r:CTIVë DIFF. C~EFF. !'.3F8.4. 
610X.·X CONVe~GENC~-~~qO~ :à.F8.4./././) 

• C D,AT~ tj",vs WyT~ .. ALANK C~ qD 
GO T2 10 

r-
C 
C 

f"' 

C 

t: 

(" 

2000 CONTINU~ 
WQITF(6.15001 
~TOP 

oFND 

"'""' 

~UAPOUTIN~ VELTE~fX,TGN,~GN.S.CQ.TINF.DN.TG.V~) 

THIS SU8ROU;IN~ CALCULATES.C:NT=q-LINE TF.MP. "ND V~LOCITY AT 'x' 
DTSTANCE(CMl AW~Y FqO~ ~OZZLŒ ~XIT. 
AY=1.e26/(1.+.922*S-.027*(S/~Q·*2,» 
8V=<.555-q.234·S~Cq)/l00. 
.T:9.364+.567/CR·*2~ 
~T=(.273-17.221·CP··2.-2.360·S·;3.)/100. 
TF.~P=QATURë ~ 
A~ T~ANSITION PFGION 
TG=(~T··(~T*(X/ON)··2.)1·Tr,N _ 
p- OEVELCP~O REGION 
TG~=(AT·(1./(2.3+X/ON»**2.).TGN 
IF(T~.GT.ïGD)~G=TGry 
VELOCITy 

-- 4 

- ... ...,.' 
". "'_,_ 

'-, 
\ 

e 

.. 

H " H 
H 
1 
w 

" 

J 



, ' 

/' 

e 

121 
122 
123-
124~ 

125-
126-
127-

1 ?8-
129 ' 
130-
131-
13"2-
133-
134· 
135-
136-
137-
138~ 

139-
140-
141-
142-
14-3-
144-
145-
146-
147-
148-
149-
150-
151-· 
152-

1 5~-
154-

C 

C 

(' 

'1 

10 

20 
r-

/ 
1 

--

, 

~ TP'NSITTON ~E~I~N 
VG~«AV·(TG;TINF).*.51··(RV~(X/nN)**3.Y)~V~N 
B rr-V~lQPFD P~GIDN ~ 
VG~=(~~V.rTG/TIN~)·*.5)*(1./(X/DN+2.3»))·V~N ~ 
IF" ( VG .'G T. VGD) VG =VGIJ 

, nrTUPN 
FNO 

SU~ROUTIN~ VlSDl~(T,X~K,S!G~A.XMW,Y.VIS,D.VMIX.NC) 
Dlt"::NStON xEI< (4) ,StGMA( 4) ,XMW( 4' .vIS(4) ,f")(4,4) .Y(4, ,PH! (4.4, 
00 5 1 =1. N(" 
TV~T/XFK(I) " , 
GA~V=1.155/TV~Y.1462+.3q45/~XP(.6672.TV)+2.05/EXP(2.16a.TV) 
VISe J )=26.69;:>r-06j-(XI.1Wn ).T)**.C;/G~.MAV/SIGMA( 1 ) .... 2. 
C (1NT! N OF. 
VMfX=O.O 
0020 t=I.NC 
SUM=O.O 
(' ("'1 1 0 J = 1 • NC 
xEK12=(xEK(I)*XFKeJ) ••• 5 
SIGV12=(SI~MA(I)+SIGMA(JI)/2. 

J 

,.. 

TO~T/Xr:K12 
GAMA('=I.ri69/TO**.(58+.3445/~XP(.6537*~OI+1.556/EXP(2.0qq*TD) 
('(I,J)=0.001858*T**1.5*(XMW(I'+XMW(J)/X MwCIJ/xMw(J)'+*.5AGAMAD/ 

lSIGM12**2. . 
PHI(1.J)=1./Q.*·.5/(1 .+XMW(!}/XMW(J)**O.S.Cl.+(VIS(!)/VIS(J)**.5 

.... <xM\IICJ)/xMWI!}) .. ·.2S)>> ... 2. - <,-' 
S UM = 5 U f.A + Y ( J ) ... PHI ( I • J) • 
CONïINUE -
VMIX=VMIX+Y(I)·VI~(I)/SUM 
CI"'INTI "IUF' 
,RETU~N 
rND 

-----
, -

SU9~CUTIN~ THCQM0(T,C.Y.NC) 

i 
-" 

C~LCUL~Té~ SURFACE CONCENT~ATIONS USING F~uILt8QrUM. 
! 

.' 

~ 
/ 

• 

.-~~~ 
-)-

H 
H 
H 
1 .,. 

, 

J 



"-

e 

155': C 
156- r: 
t 57- 0 C 
158- t 
1 '59- <: 
160- C 
161-
162 
163~ 

164-
'165-
166-
167-
168-
169-~ 
170-
17\-
t'tê 

~ 

173-
174-
175 
176-
177-

- 178-
179-
180-
181 
182-
183-· 
184~ 

185-' 
186-
187 
188-
189-
1 qO . 
191-
192-

"\ 

C 
C ,. 
C 
C-
r: 

10 

,.--

'" 
/ 

-rrl, ?:L--> ~L2 
~~2 ZD02+2CL2 --> ZPCL4+02 
0~3 Z~O?+4CL --> Z~CL4+~~ 
~ PA~-!CL~ ~E~o. 

y~,: ~UOFACP. C0~~=NT. 
NC NU~'3EP fl~ CrUIIPflNFr-nS 
DIM=NSION YS(4).Yf4) 
OFl = ~ 5962q. 79 +2,1'\. \1'\2+ T+22q. 798':- OF,.T.* *'2. 
DF2=51625.Q2 15.QB~.T+203.475~-06~T •• 2. 
CF3=2.~~Fl+D~? . 
ç QK=EXp( .q)F3/1 .987/T) 
E" Q=~OK. *.5 
B=C*".5/(I.+'=1 . 
Y(1)=(-P+(~~~2.+4.*~0~9)·+.'»2./~O 
y ( 2 ) = ( 1 • - y ( 1 ) ) / ( t,. +C ) 
Y(3)=C·Y(2) 

1- "Jr") 
~FTU~N \ 

~ 

d 

,. 

SURF:'QUTIN{; MA~ST(A.XK.D~V.T.YS.YB.X.VMIX.DtM.T!ME.~~NO.~C.ROS 
1.POMIX.NC) 
CtMENSI0~ ~(4).XK(4).YS(4).Y8(4j.OIM(4) 
X 0 FRACTTON OF Z P 02 PEACTF.D 
P : PAPT!CLF p_DIUS (CM) 
V ~ AULK ~4S VELnCITY. 
T: AV~RAGC FILM TF~P. 

/ 
.TIM~(4~.SC(4) 

'" 

CI~ EFFECT!VF-~INA~Y DIFFUSION COEFF. OF COMPON~NT l IN THE MIX 
TI~~ : CALCULATED RçACTIO~ TIME BA5EO~ O~ PU~t MASS TPA~SF~~. 
xx= 1.· X 
on 20 1=1.3 
P~NO=2 •• ~~v·pn~IX/V~IX 
SÇ(I)=VMIX/COMIX/D!MeIl 
F=.3'SC(t)·*(1./3.)~CrNn.·.5 
PETA:DIM1I)/~2.0567/T 
SU~=O.O 

Dn 10 J=l.NC 
S'UM=~UM+XK(J)*~(J)/A( !l/Xt« Il 
G"" ~A -= ( y 5 ( r ) - y 8 ( r ) ) /0'* "* 2 • / X K (1 ) / A ( 1 ) / P{) 5 / ( 1 .,.: YS ( r ) * S U M ) 
T IME- ( l ):: - ( 2 • / :3. /Fi- ( 1 • - X)('* ~ .5 ) - ( 1 • - XX Ik ., ( 1 • /'~ ! }-) /~ * If 2 • + 2. /r:: *' '" ~ ... 

e 

~ 

11 

/ 

H 
H 
H 
1 

..." 



" 
" 

,~ 

4 

. , 

• 

"1 

193-
19-4 -, 
195-< 
190' 
197 .. 

ll1 

196 ' 
199~ 

20()-
201-
202-
203-
204, 
205~ 

?06-
207 ' 
206-
209-
210'" 
211-~ 

21 .. 2-
213~ 
214' 
215-

-----

C 
C 
C 
C -1-

2~ 

(' , ..-

10 

20 

• 1 

.. 
i( l.-XX .... (1./0.) 1-2./C::-.*,4.*AL'iG( (1.+F')/( 1.+F,.:XX."( 1 ./6.») )/G.A"1A/ 
2['\1='''- A 

CONTINUF 
RF. ... UPN 
!:ND 

r' 
/ 

5UAhOU~I~t DIMIXCA,XK.n,V,DMIX,N:> 

<>. 

... 
...J .. _ . 

A : STOJCHJn~fTqIc COEFF'. NnT I~CLUDI~~ SOLIO WH'ïS: CC:FF. 15 \ 

----

XI< : SIGN OF STOICH COFF. ; 1. --> ~EACTANT , -:1. --> 0PODUCTS 
o : EINA=-Y DIFFIJSIONoCOFF. OF Cë.>MPON::"ITS I.J 
y .: "'~VFr>lGr:; e:"'ILt,4 cnNCFf\JTRATr'i~I<:; 

Ne: TOTAL NO. CF COMPO~FNTS 
C"MIX :.CF.P1iCT!V~ QI"IAQy D!FF'U~IQ"" CC=:F •. 0"" C~MPONENT 1 IN THE: "'IX 
DIM~NSI0N A(4).XK(~).Y(4).O(4.4).~t,4IX(4) 
('In 20' 1=-1.3 
SU~l=O.O SU~2=O.O 
o fl l 0 J = l , Ne 
S~I=SUMl+XK{J)*A(JJ/A(I)/XK(!) 
SUM2 =SUM2 + f Y ( J ) - y ( l ) ... A C J 1 / A ( l ) .. XK ( J ) / XI( ( 1 ) ) /':) ( 1 • J ) 
CONT.I NUF 
C"MIX (1 )=( 1 .~.y( 1 ).SUMI )/SUM2 
C ONT! NUF 
Rr-""·UPN 
END 

" 
01" 

-~, 

t> 

! 

'" 

... 
/ 

f 

e 

-----

H 
H 
H 
1 
a-

" 



APPENDIX ,IV 

'\ 

COMPUTER OUTPUT OF MASS TRANS FER CALCULATIONS 

\ 

FOR "!!fA OF 

, TABLE-A OF APPENDIX II 

(TABLE II-A) 

l ' 

e, 
1 

l 



.1 

" 
1> 

, 

------e e 

,.." 

, ~ 

••••••••••••• z.= •••••••• =~z=:z •• z=zm.z.=~s.==.~K=S •••••• a.a:.cc=.ZZ2.ZC •••••• a •• z •••• ~===c •• :.= •• =&z==_ ••••• _._ •• 
rD DIST S_/RAD PN/PPL YCL2 REN V-NOZ -v-otST T-NOZ T-Ot ST T-PART CONY TIME- (SEC) 

(CM' CM/S' CM/S 1( K K EXP5:R CACULATED 
CHEM-I'I "IAS-TFt 

r- I 4.2 0.4.479,O.2f!60,'.000 <;162. 2282. '1<;17. 0 2q14. ~629. 15"18. 0.0316 120. 1 1 1. 1 • . . 
() CL ZRC!.." 02 CL ZRCL. 02 

4tNARY DIFFUSION CoEF. ".6581 1~9201 5.0625 SURFACE CONC!;'NTRATtON 0.3830 0.~39~ 0.1777 
CSQ·CM,ISEC 1 1.92~H ·0.5717 2.1 ()96-- AV. FfLM CONCENTRATION : 0.t'l91~ 0.2197 'o.oese 

5.0625 2 el 096 5,\49~" SCHMIT NU"I8ER 0.5999 o. B04 6 O.3~9B 
C c 

vtSCOStTV (CENTI-POISE l 0".0721 0.,0592 0.0767 FtL~-OENSXIOOO.vtS~?SITY: 0.459. 0.0704 

~~~CTIVE orFF. COEF~. : 2.55.3 1.-<)046 4;,,3812 li; CONvERGENCE EFOR,ÇlR 0.9320 

••••••••••• c:sa ••••••••••• zz==.:zs========::=:===.= ••• =S ••• =~z=a==~=s=Z=:====:==a===.s====~=.$=====aE ••• =.Z._:a •• 
10 OIST SW/RAO PN/PPL YCL2 REN V-NOZ v-OIST ~-NOZ r-OISf T-PART CONV TIME (SEC) 

(CM" o-f/s C'VS K ,1( K EXPER ~ CACULATED 
• CHEM-R IU.S-TR 

-------------------.---------------------------.-----------------------------------------------------------------1- 2 6.7 0 •• 216 0.2695 1.000 ·802. 2358. 1<;114. 

0.. ZRCL4 02 
.', 

QtNARV OIFFUSION coeF. 4.8719 2~090 5.2948 
(SO-CM/SEC) 2.0090 0.'3993 2.2069 

5.29"8 2.2069 5.7517 
0 

VISCOSITY (CENTI-POISEJ : 0.0734 ,,0.060. 0.0780 
0 

wFFECTIVE OIFF. COEFF. 2.6714 1.9927 4.5795 

3896. 2744. 1538.0.1881 

SÜRF~CE cnNCENTRATION 
AV. Fll~ CONCENTRATION 
SCHMI T NU"IBI=;Il 

. . 
FILM-D~NSXIOOO.VISCoStTY: 

li; CONvERGENCF ERRQR 

600. 

ili O. 828 
0.6 14 
0.5 99 

0 ••• 75 

0.9.36 

587. 1. 

ZRCL. 02 

0.4~00 0.1172 
~.2200 0.0886 
0.8042 0.3499 

0.0717 

•••• :Ra ••• _ sa. ~s.a=_.&* •• a •• a: =~ &==z:== == =!:=z: ==:: == ======.:z •• z:zas,== =~:: == = ==:: == ===.z=:s=.:z== =z ::= = = =~===:zz === s.::r:::z =2= ===_z_ 
10 DIST SW/RAD PN/PPL YCL2 REN V-NOZ V-OIST T-NOZ T-OIST T-PART CONV[ 'TIME (SEC) 

(CM) C'VS CM/S K K K !:XPER CACULA TEO 
., CHÊ"'-R "'AS-TR 

----------------------------------------.---.----------------.---------.------------------.---------------------. 1- J 6.7 0.4777 0.2795 I.~OO 831. 2"4é~ 1675. 381q. 2603. 1538. 0.1720 5.0. 533. 7. 

CL ZRC!-" 02 CL 
, 

ZRCl4 02 

: . 
~ 

4.61 Ol l .9001 ~.0103 SURFACE CONCENTRA T [ON 0.3826 0 •• 399 0.1172 
1 .qOO 1 0.56";5 2.0671 AV. FtLM CONCENTRATION 0.6914 0.2200 0.01\86 
5. Ol 03 2.0877 ";.4426 SCt<MT T NU'-\6ER c 0.~995 0.8039 0.3496 

vrSCOSfTY (CENT I-POrSF) 0.0718 0.0590 0.01'64 ~ILM-OENSX1000.VISCOSITY: 0.4626 0.0701 
, 

~FFCCTrve OrFF. COEFF. 2.5210 1.86" 7 4.3134 , CONVERGENCe ~RROR 0.Q424 

." 

/' 

, 

:. 

H 
<: 
1 

f-' 

'-' 



~ 

~ 

-, 
, -

• e 
./ 

"'" " 

\ /' 

••••••••••••••••••••••••• a •••• asa.z •• :.:.====aaJ •••••••••••••••••••• === ••••••• =.: •••••• aa ••••••••••••••• w.; •• a ••• 
ID DIST SW/A4D PN/PPL ~CL2 RtN V-NOl V-DIST T-NOl T-OJST T-P~RT CONV TIME (SEC' 

(CN, CM/S C"o\/S t( K 1( EXPE!:! CACULATEO 
CHE_FI IoIAS-TR ------------------------------------------------------------------------------------------------------------.----

1- 4 6.6 0.4834 0.2808 1.000 866. 245 •• 1828. 353<). 2442. 153"3.... 0.1074 330. 325. 4. . 
0 
\.' CL ZRCL4 02 CL ZRCL4 02 

8t HARY DI "FUS 1 ON COEF. - : 4.3156 1.r.776 4.6902 SURFACE CONCENTRAtION 0.3829 0.4398 0.1773 
(SO-C~/SI!C , 1.7776 0.5275 1.<)534 AV. FIL~ CONC~NTRATION 0.6914 0.2199 0.0887 

" 4.6902 1.9534 0;.0950 SCHMtT NUM~F!:! . 0.5991 0.8,935 0.3492 

vrSCOSITY (C!NTI-POtSE, ~~0700 0.0572 0.,074" FIL~OENSXIOOO.VISCOStTY: 0.4813 0.0682 

EFFECTIvE DtFF; ~OEFF. ~.3645 1.7631 4.0~67 _ c~ CONVERG~NCE CRROR 0.9406 . 

_ 0 

s •••••••••• a& ••• a •••••••• a.=z===: •• sa:2:=2==:=:=sa.:~ • •••• • a.2zaa=.s==.=======.zs •• ~.==.z=z •• s== ••••• asa •••••••• 
ID DIST SV/RAO PN/PPL VCL2 REN V-NOl v-DtST T. l T-OIST T-PART CONV TlIoIe (S~C) 

'CM' CM/S c~/s K K K ExPER CACULATEO 
CHEM-R MAS-TR 

-----------------------------------------~-------------------------------------------~----~--------------------~. t- 5 4.2 0.4479 'o.2és9 1.000 94 •• 2278. 2192. 

CL ZRCL4 02 

8·NARY DIFFUSION COEF. 
c 

4.7521 1.9592 5.1647 
C SO- CM/SEC) ? 1 .959'2 0.5838 2.1524 

5.1647 2. \ 524 5.6104 

YI SCOSITY (CENTJ-potsE, 0.0727 0.0598 0.0773 

EFF~CTrve_~IF~~ COE~F. 2.6059 1.9433 4.4686 

,!Ii 

2970. ' 2680. 1538. 0.t!392 

" 
5URFAC~ CONCENTR~TtON 
AV. FILM CONCENTRATION 0 

SCHMIT NU"4Rt:Jl " 

FILM-OENSX 1-000. V 1 SCOSI TV: 

l CONyERGENC: ERROR 

1 ~ 

840. 

CL 

0.3829 
0 .. 6915 
0.5999 

0.4541 

0.9368 

761. 

ZRCL4 

0.4396 
0.2198 
0.8044 

0.07 i 0 

02 

0'1775 
0.0881' 
0.3498 

9. 

~ 

~~ ••• ~~;;.;:;::~.::~;~~cz~~~~z===:;~===~~~~~===~:;~;~,.2;:~~~=:~~~i;;==;:~~~;==~~~;==«~=-zs;i:Ë=~;~ê; .•• --••••• -. 
CCM'. C~/S C~I'S JO' K" EXPER " CACULArED 

, _ . - CHE~R M~S-TR 

.. _--~--~-----------------------------------------------.----------_.-------------------~--------------------~ 1- 6 6.4 O.~l9l 0.2774 1.000 . 87". 2592. 2081. 

CL lRCL" 02 .. 
°8tNA~Y DIFFIJSION COEf".- ".6983 1.CJ368 5.1061 

(SO-C,./SECJ 1.9368 0.5769 2.1279 
5.1061 2.1279 5.~68 

VfSCOSITV (CENT 1- PO ISE 1 0.0724 ~. 05QS- 0.0769 

~FFECTIVe OIFF. COEFr. 2.5864 ).9218 4.4495 
<l " 

o 

3639. 2621. 1568.0.1087 

r 

SURFACE CONC~NTRATION 
AV. FJL~ C~NCF.NTRATtQN 
SCHM r T N.!)"40'=C! 

FILIoI-DENSxtOOO.vtSCOS1TV: 

~ CONVERG;NC€ ER~OR 

/ 
'. 

_\ 

270. 283. 4. 

CL. lRCl4 02 

0.4153 0.4156 0.1691 
0.7076 0.2078 0.0845 
0.6175 0.8311 0.3589 

0.443<5 0.0708 

0.8607 

o 

0 

~/ 

\, 

:. 

H 
<: 
1 

N 

.......-

°0 



~ 

;f 

- -- ---.- ----------, 

a.-
• e ." 

~ > ? 

'", 

~ 

................................. a ••• ~z •••• * ••••••••••••••• a •••••• ~ ••••••••••••••• s .......................... . 
10 DtST SW/RAD PN/PPL YCL2 RFN y-NOZ Y-OIST T-NOZ T-OtST T-PART CONV TI~E CS~C' 

(CM) CMIS CM/S K K k EXP~R. CACULATEO 
, CHE_R ~AS-TR ,----------------------------------------------------------------------------------------------------------_ .. ---., 6.3 0."512 0.~620 1.000 824. 2506. :!129. 3611. 2"31 • 1568. 0.1435 360. 379. 6. 

CL ZRCL4 02 CL ZRCL4 02 .. 
qrNA~Y DIFFUSION COEF. 5.0946 2.101,., 5.5311 SURFACE CONCENTRATION 0."152 0.41 S8 0.1690 

- (50-CM/SEC' 2.1016 0.6281 2.30S4 AV. F 1 L~ C ONce NTRATI ON · 0.7076 0.201:9 0.0845 · 5.5371 2.J064 6.0149 SCHMI T NUMAER · 0.6180 0.831,5 0.3594 -· 
Vl-SCDSITY (C1!NTI-POts~ , 0.0141 0.0616 00 0194 FtLM-OENSXIOOO.Y~SCOSITY: 0.4224 0,0732 

EF~CTIYE orFF. COCFF .. 2.8059 2.0854 4.8249 X CONVE~GENCF FQROR 0~8627 

a •••••••• ac •••••••• z •• z •••• ca&ZZ:2 •• :zm==.:a:z ••••••••••••• 2=ZS== •• =.=as •• a.a.=.sz.~a.ax.==s.S.S=*t.Z* ••••••••••• 
10 OtST SW/~AO PN/PPL yCL2 REN V-NOl v-orST T-NOZ T-Ot5T T-PA~T CONV TI~E (S~C) 

.CN, CMIS CM/S K K K EXPER CACULATED 
CHEM-R MAS-TR ---------------------------.------------------------------------------------------------------------------_.-----1- 8 6.7\ 0.4834 0.2793 1.000 819.- 25S4. 1961. 3876. 2644.. 15611. 0.18~1 480. 498. 8. 

qlNARY DIFFUSION COEF. 
C 50-eN/SEC) 

YI seosr TY (C~NTJ·POrSE) 

CL 

4.741" 
1.9547 
5.1530 

0.0726 

ZRCL4 

1.9547 
0.5625 
2.1475 

0.0591 

02 

5.ISlO 
2.14 75 
5.5977 

0.0772 

~~~ECTIV~ otFF. COEFF. : 2.60QQ 1.9395 4.4892 

~ 

5URFA~E CONCENTRATION ~ 
AV. FtL'" CONCENTRATION t 
5CH"'. T NU'4f!ER' : 

FIL"'~~~SXIOOO.~tsCOSITV: 
x CONVEPG~NC~ E~ROR 

CL 

0.4152 
0.7076 
0.6174 

0.4412 

0.8654 

ZRCL4 

0.4159 
0'.2079 
0.8306 

0.071 1 

02 

0.1689 
0.oa45 
0.3590 

~ 

........... C •••••••••••• Z •• Z==~~~2.c=zz=sac==~a.z~ ••••• a& •• ==z=a.2s=zz~Z===,zs ••• =.t ••• =:za8 •••• ===Z ••• 2K •••••••• 
tD orST SW/RAO PN/PPL YCL2 REN V-NOZ V-OIS~ T-NOZ" T-OIST T-P4RT CONV TIME (SEC) 

(CM' CM/S CM/S k K k EXPER CACUL~TEO 
~ CHEM-R MAS-TR ---.-.-----------------------------------------------.-.-----------------_ ... _----------------------------~------t- 9 6.6 0 ... 834 0.28S8 t.OOO 893. 2775. j'40. 3ARl. 2638. 1568. 0.16l3 4~0. 4~. 6. ,. 

CL ZRCL4 02 CL ZRCL4 02 

~1~ARy DIFFUStON cnEF. 4.7306 I.Q50'2 5.1413 SURFACE C~NCFNTRATrON 0.4153 0.4.56 0.1691 
(SQ-OVSECa 1.9502 0."5811 2.1426 4V. FILM càNceNTR~TION 0.7016 0.2078 0.0846 a 5.1413 2. '426 5.5849 SCHM} T NU .... BF.:q 0.6116 0.831 1 0.3590 

'.'t SCOSITY (CFNT 1 POISE) 0.0726 '0.0'596 0.0771 ' - FILN-OENSX1OOO,VISCOSITV: O.,-~~ 0.0710 

~FF~C~VF otFF. COEFF. " 2.6043 1.<)10;, 4.4B02 ~ CONVEQG~NCE ERROR 0.86 

-, 
r .. 

( 

t:l 

. .. 

H 
<: 
1 

w 



/ 
,J' 

... 

1" 

-----

" 

"e -
-, r ~ 

", ('-
~ . .. , 

i \ 
~." , 

J 

-> ~ 

f. 
'" ' . 

{- "" 
••••••••••••••••••••••• z'a.~2._ ••••• R. __ a.:=s.«ta •••••• a.~ •• ~= ••• ~~ •• a ••••••••••• aa ••••••••••• _:~ ......... W •••••• 
TO OIST 5.'''AO PN'PPL YCL2 J1EN V-NOl V-OIST T-NOlt, l"-OI5T • T-PART CaNY Tr"'"E (SEC) 

(CN) ~ C~US CIoV'S 1(' 1( , • le EXP!R CACULATED 
CHF'N-R NAS-TR . 

---------------.-~-------------------------------------.--------------------~--------.--------------------------.. t- ~O 6.4 O.~'512 0.2807 1:.000' 809. 2703. 2203. 3853:~ 2747. 1~23. 0.2430 540. '51 J: 10. 
o} . 

J CL lRCL" n2 p 
0 

CL ZRCL" 02 

BINARY OI~FUStOH CQÉF. 5.039t 2.0785 5.4166 SUIiFAèE CONCENTJa TtON 
(SQ-CM,SFC' 2."0785 -0.620<) 2.283\ AV~ FIL~ CONC~NTR~TIaN 

5.4766 2.2831 0;. Q4.92 SCHMI T HUIoIeER ' 

. 0.4"757 O. J71 2 0.1532 
~0.7378 0.1856 0.0766 
0.6S:J5 ' 0.885. 0.3778 

YISCOSITV CCENTt-POISI) : 0.07"" 0.0613' 0.07
0
<)0 FILIoI-OÈNSXlooo.vrSCOSITY: 

"i>' , 

. - ~ 
o •• O"O~ 0;01,32 

~ 

EFFECTIYE OIFF. COEFF. · 2.7~62 2.06J8 4."'71 X épNVERGE~€E ,EmROR · Q~7228 

, ' ~ 

" ~ ~ ~ Î" II- ~ 
••• Z ....... K_.Z •• ~2 •• '=a=.:._.s: ••••••••••••• Z=2 •• ===a.a=z~.=c.a ••••••• za.zs •••••• s ......... __ •••• 

Dtsr SW,Rm PN/PP" °YCL:~ RrN V-NOZ V-DIST T-NOZ J-DIS~ T-P''''H CaNY TI~e (.sec) • 
(00 - 0 ',- CM/S, ,.c~/s 1( - 1( .: 1(' , [XPER CACULATEO 

ID 

_ 0'_ , _. , '0" CHEM-R ~AS-TR _______________________________ ~ ______________ ~ _______________ ~ _______ J~-----------__________________________ __ _ 
1-11 6.-' CN"512 0:230~ 1.00'01 697. 3013. 'f!75~. .180. 31!>01.\..J-. 1•673 '.O.158'1 2 .... 0. 258. 6. 

CL ZQCL4 

B t NARY '0 IFFUS l'ON COEF. 6.8833 2.8438 
(SO-CN/SEC) "I?,I 2.84J8 0.8594 

7."808 3.12UI 

VISCOStTy (CEHTl....fôrSE) 0.08 .... 0 0.0702 

E~FECTtVE otF~. co~tF. · 3.8512 2.8256 .. 

02 .... 
1.480~ 
3.121 
,.1263 -

&;089j 

6.690'5 • 
, 0 

~ , ';- '~.' 
t '<:;. ~ , 1 

" . 1 

02 CL lRCL4 
\ . ~ ~ ~ 

SURFACE CONl:eNT~"'TtON &: 0.5297 0.3315 0.1388 
AV. FILM CON~ENT~ATtON :, 0.T649 0.1657 0.069. 
SCtHdT .NU"'!'IF" ~ .:" 0".691tO- 0.940 .... • 0~3~72 

FtL,..:~E~S~lÔOb.Yt~cd5ITY: 9~31"1 ~0.0835 
, CONV~RGÈ~CË ~RRO~· O~5992 

""" W'''' ..:-
~-."~ ~ ... ... 

•••••••••••••• :a ••• s •••••••• zz.: •••• a:.=2.z:=a==s~ ••••••• s.aa~t:zaw ••• *=a •• w2z.S •••••• a.: •••••• ~.a .............. . 
ID DtS'T S.,RAD PN/PPL' YCl2 REN V-NOZ v-DIST T-NOl T':'O~ST _ T-Q4R-T ' CONY Tf~E (SEC) .'\. 

(CI., " CM/S CIoI'S 1(.:1 IC \. 1<, l '" ExpErt 'CACULATED 
, .' ." CHfM-A. MAS-TR 

-------------------------------~----------------------------------------------_.---------------------------------IM12 2.0 0.4479 0'.2713 1.000 719. 3125. -3112. 3973. 3'à9o,f.'~ .1~73. 6.2894 s!'o. - .98. 12. 

STHARY DIFFUSION COfF. 
(SO-C~/SEC' 

CL 

7.5184 
3.\070 
6 • 17'10 

ZRCL4 

3.I07cO 
0.9415 
3.4103 

.~ 

02 

S.\710 /' 
3."103 
8~8761 

VISCOSITY JCENTI-POISE) O.OR6Q 0~0726 O.OQ24 

C:FFECT!ve OIFF. COEFF_-~· ... 073 3.0871 

~~. 
7.3071 

~ 

~ .,-
.. 

\::: f 0' 

~ 

Q 

" 
<- CL ZACL 4 02 

SURFACE CONCENTPATtoN 0 ... 5297 0.3315 0.1388 
AV. FILM CONCENTRATION, 0.7649 0.1658 0.0694 
SCHMtT NU"If"IE'l' 0.6902 0.9" 07 0.397" 

FILIoI-D:NSXIOO~,YISCOSfTY: 0'.29'16 0.086"5 
'-• CONVE'lGCNCE FPROR 0'.5998 

,- r, 

"-

, 

.. . 

~ 

'J;' 



Œ 
~. e. " 

~. 

-9 
li 

.,.. 
..... 

~ 

1 

.,. 
<~, 

cC 

.ft 

'f 

---A 

'\, . 
0'0 

7> 

iL· ,- c 

" ~ . 
.~ -

" 

't 

.) -", 

.: 

'*' 
~ 

.t 

- t ... ~'{O 
5 

'" 

tJ;, e 

~ :5 tf.> ~ ~6f1: .... 1 "" _, 
............. ___ •••• _ •••• _ ••• _ ••• K.E~~ •• S3._.aa._ ••••• ~ •• aa •• e.=.2 .......................... _ •••• _ ••••• _ •• _ •••• ~ 

rD DIST SW,AAD PN~PL VCL2 RFN Y-NOZ V-DIST T-NOZ' T~oIST T-PART CONV TIME (SEC' 
(CM) C~"'S C~ • ..,S 1( K li> K ExP!: A CACULATED 

" . CH~M-R MA5-TR 
------------------------------------------------------.------~---------------------------_._---------------------Y-13 6.5 0."6320.2"8" 1.0'00 6"42 ... 30.7. 2670. '''785. 37~0. 1673.0.1337 210. 216. 6. 
l ( 

CL ZRCL4 
<J 
02 CL ZRCL4 (12 

~INARY DIFFUSrON COEF. 7. 2JO J 2.9876 7.8579 . SURfACE CONC~~TRATION : ,0.5297 0.3316 0.1387 
(50-C M/SEC) 2.9876 '0.90. J 3.279" AV. F u!lo4 CONI.. rf/TR A T( ON · .0.76.8 O. ~658 0.0693 

7.8579 3.2794 -8.5360 SCHMIT NUN~ER '0.6900 0.9" Oc" 0.3973 

VISCDSITY CCEHTI-POISI! , 0.0856 0.0716 O:;Oq 10 FILM-OENSXtOOO.VIS~OSITY: 6.3050 0.0851 
.... ".,. 

E~~ECTIVE OIFF. COEFF. 4.045. 2.q685 7.0267 l CONVERGrNCE f~~O~ 0.6026 

. . 
aa •• ~a. __ ••••• = ••• a ••••• a ••• z= •• sa~s.:.=.~as •••• a.a ••• a •• _aa=z~.=.=z=z~=a.s~~z~a# •••• &.= •• ~ •• c •••••• - ••••••••••• 
ID DJST $W,RAO PN/PPL VCL2 REN Y-NOZ v-OrST T-NOZ T-OrST T-PA~T CONV TI~E (SECI 

(CM) C,.,/5 <:JoUS 1( - t( 1( EXPER CACULATEO' • 
CHE"'" R I4A5,-T R ' 

------------.------------------------.---------------------------------_.~-----------------._--------------------1-14 J." 0.4410 0.2850 1.000 ~~I. 30.5. 2979. 3813. 3568. 167J. 0 •• 976 960. 948. 22. 

CL ZRCL4 02 CL ZRCL" 02 

8lHARY DIFFUSION COF.F. 6.8110 2.8138 7.4022 SURFACe: CONCENTRATION : 0.5297 0.3317 0.1387 
«SO-CM/Sl!C) 2.813e 0.8500 3.0889 AV. FILM CONCENTRATrON : 0.7648 0.1658 0.0693 

7.4022 3.0889 8.0.09 SCHMI T NU .. eER · 0.68.98 0.9401 0.3971 · 
VISCOSITY (Cl!NTI-PO ISE) 0.0836 0.0699 0.0889 FILM-OENSXI000,VISCQS1TY: 0.3162 0.0831 

EF~ECTIVE orFF. COEFF. 3.81~1 2.7958 ".6187 X CONvERnENCE E~~OR ! 0.603. 

s. __ w. __ ............ c:s ••••• =_za.c •• z=== ••• $==:a •••••••••••• ~=&=z====a== ••••• :.a ••••••• 2=a== •• ~a.= ••• a ••••••••••• 
ID DfST SW/RAD PN/PPL Vel2 RFN V-N01 V-DrST T-NOl T-OrST T-PART CONV TIME (SEct 

(CN) CM/S OoUS 1( t( te: EXPER CACULATED 
. \ • CHl",....R "'A5-TR -------------------------------------------------------------------------------.---------------------------------

I-I~ _".5 0.4976 0.2449 l~OOO 623. 2595. 2252. 

BINARV DIFFUSION COEF. 
«50- C""SE"C t 

VISCpSITY (CENTI-POISFI 

~FFECTlY!! OIFF. CCOE-FF. 

'!I\ 

-

) ... 
CL ZI:C'l:.. 

6.2939 
2.5994 
6.8402 

o .OIH, 1 

?'5994 
0.7812 
2.'1539 

0.0675 

3 • 51 9 7 ? • <; A? 7 

(12 

(,.8.02 
2.8539 
7 •• J05 

0.01162 

6. 1 10;0 
--::. 

4171. 332 •• 1673. 0.2322 390. J90. Il • 

~ 

CL ZqCL" 02 

SUPFAC~CONC~~T~ATION 0.5296 0.3319 0.1385 
AV. FILM CONceNTRATION · d.7648 0.1659 0.0693 
SCHNI T NllM~e:R 0.6894 0.9395 0.3968 

F[L,....OEN~XIOOO.VISCoSITY: 0.3317 0.0805 

" CONVrRG:=~ICr F.r:?POR 0.607'0 

:. 

H 
< 
1 

\JI 

,~ 



e 

1% 

------

e 
l' 

, 1 

~~ 

" 
/ 

............... w •••••• w~ ••••••• =.a.z2=.w.S •• 2 ••••••••••••••••••••••• a ••• 2.= ••••••••• ~ •••••••• -................••• 
ID DI5T SW/RAD PN/PPL VCL2 RFN Y-NOZ v-OIST T-HOZ T-~IST T-PAAT CONY TIME (SEC' 

(CM' CI'4/S C'"'/5', K 1( K EXPER CACULATEO 
, CHE ~R JoIAS-TR -----------------------------------------------------------------------------------------------------------------

1-'6 6.5 0.4777 0.2382 1.000 577. 2925. 2566. 4699. 3844. 1701. 0.3624 546. 571. 17. -
CL lRCL" 02 CL ZRCL4 02 

8rNA~Y DIFFUSION COEF. 7.4790 3.0907 8.1282 SURFACE CONcENTRATION 0'.5593 0.3104 0.1304 
(50-C l'''SFC' 3.0906 0.<)364 3.3924 AV.~FTLM CONCENTRATION 0.7796 0.15'52 0.0652 

8.1282 3.3924 8.6296 SCH"'IT NU'4PEFl 0.7105 0.9715 0.4080 

YI SCOSITY (CENU- POl Se:) 0.08MI 0.0727 0.0922 FIL"'-OCNSX10DO,VISCOSITY: 0.2896 0.0864 

~FFfCTrVE DIFF. COEFF. ".2003 3,07 19 1 7.3153 " CONVERG~~ICe: ERROR 0.5452 

••••••• 2 ........ S ••• Z.= •••• s~z==.z.a=zs~ •••• z ••••••••••• S2.a2.ZX.=W~=:.=.a==s=:==== •••• = •• ~=a.=a: ........ ~ ••••••• 
10 DI5T SW/RAD PN/PPL YCL2 REN V-NOZ. V-DIST T-NOZ T-OI ST T-PART CONV TIME (SEC" 

COC) • Ct·VS CIo4/S le l< K l'!xPER CACULATED 
CHEM-R MAS-TR 

-.-----------------------------------------.-----------------------------------------~-~-------------------- ----1-17 6.5 0.4632 0.2413 1.000 581. 2960. 2609. 4792. 3877. 1701. 0.2562 360. 38S. 12. 

CL lRCL4 02 CL ZRCL4 02 

8tNARY DIFFUSION COff. 7.5538 J.1217 e.?oQ!5 SVP FACe cnNCFNTRATIQN 0.5593 "0.Jl02 0.ll05 
(sQ-CM/s EC' 3.\217 0.9"61 3.4264 AV~ FILM CONCENTRATION 0.7796 0.1551 0.0652 

8.2095 3.4264 8.9179 SCH"'IT NUMBF.R 0.7106 0.9717 0. 4980 

VlSCÔ51TY (CENT I-POI~E J 0.0871 0.0730 0.0926 FJL"'-OENSX1000,VI5COSITV: 0.2878 0.0868 

EFFECTIvE OIFF. COEFF. : ______ ".2428 3.1027 7.3696 " CONVEFlGFNC!" ,FRROR 0.5425 
\ ., 

•••••••••••••••••••• e.z ••••• == ••• z.&==s:~z.:===: ••••••••••• = •• ~.s.=a.z.=.~.c.z:= •••••• ====z •••• c=.z-••••••••••••• 
rD DI5T SW/RAD PN/PPL YCL~ RFN" V-NOZ 'V-OrST T-NOZ T-DIST T-PART CONY TIME (SFC' 

(CM) CM/S CM/S K K K ExPER CACULATED 
, CHC~R ~AS-TR 

J -18 6.5 0.4393 0.2351 
c..J 

1.000 637. 2898. 261'. 430~. ~R. 1101. 0".2570 360. 387. 12. 

CL 19CL4 02 CL ZRCL. 02 

8TNARY DrFFUSION éOEF. 6.8935 2.8480 7.4'H9 SURFACE CQNC::N'nu, TI 0"1 : 0.5594 0.3100 0.1306 
rSO-CM/SFC) 2.8480 0.8607 3.1264 "'- AV. FJL~ C~NCENTR~TION 0.7797 0.1550 0.0653 

" 7.4919 3.12"4 e.13S4 SCH~T T NUM"E!:1 0.7106 0.971-8 0.4079 

VI SCOSlTY (CENTI-Porse: ) '0.0840 0.0702 0.0893 F[LM-DENSXIOOO,vISCOStTV: O.J041 0.0836 

~FFFCTIVE DIFF. COEFF. 3.\716 2.'1308 6.7_48 ~ CONVC~G=NC, FR~OR 0..5385 \ 
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s ••••••••••• ~ •••••••••••••• Ks ••• =.a===cz==.=za •• z •••• à ••••••••••• a'.:: •••• aa •••• a •••••••••••••••••••••••••••••••• 
ID DIST SV/RAD PN/PPL YCL2 REN V-NOZ V-DtST T-NOZ T-OI~T T-PART CONV TIME (S~C' 

CCM, CM/S CM/S K K K ~XP~R CACULATEO 
• C~E~R MAS-TA 

---------------.----------------------.--------------------------------------------------~-----------------------1-19 •• 5 O." 718 0.2083 1.000 487. 2708 • 2620. "53". "22'5. 1756. 0.3182 390. 394. 16. 
0 

CL ZRCL" 02 CL ZRCt.4 02 

nlNARY DIFFUSION COEF. 8."786 3.50"6 9.21"5 SURFACE CONCENTRATION 0.61"3 0.270" 0.1153 
(50-C loi/SEC' 3.5046' 1.0656 3.8463 A.V. FILM CONCENTRA U ON 0.8072 0.1352 0.0576 

9.2145 3.8463 10.0097· SCHMI T NUMAER 0.7521 1.0353 0.4296 

VISCOSITY (CENTI-POISE, 0.0911 0.0766 0.0968 FIL!4-0ENSXIOOO.VISCOSITY: 0.2525 0.. 0911 / 

EF~ECTtVE OI~F. COEFF. 4.7978 3.4857 8.199 :3 \II: CONVERGENCF. ERROR 0.43tt 

.a •••••• za •••••• K •••••••••• s= •• :~ •• sa==s=:a2.==a ••••••••••• :czc============z •••• :s.: ••• :.s.z •• a.:.:aa •••••••••••• 
tOI OIST SW'RAO PN/PPL YCL2 REN V-NOl v-DtST T-NOZ T-DIST T-PART CONV TIME (SEC' 

(CM' C~/S C~/S K K K EXPER CACULAT~O 
CHEM-R MAS-TR 

----------------~------------~---------------------------------------------------------------------------.-------1-20 ".1 0."379 0.2790 1.000 561. 2777. 2677. "031. 3674. 1784. 0.2762 300. 301. 15. 

CL ZRCL4 02 CL ZRCL4 02 

SINARY DIFFUSION COEF. 7.283q 3.0098 7.9162 SURFACE cnNCt;NTPA Tt ON 0.6416 0.2504 0.1081 
(50-CM/SEC) 3.0098 0.q112 3.3038 AV. FILM CONCENTRATION 0.8208 0.1252 0.0540 

7.9162 3.3038 8.5993 SCH"'IT NUMEIER 0.77 •• 1.0699 0.4,410 

YISCOSITY (CENT 1- POISf"' 0.0859 0~0719 0.0913 FIL!4-DENSXIOOO.VISCOSITY: 0.2680 0.0859 t 

" ~FFccTlye OIFF. COEF~. 4.1372 2.9947 7.2650 " 
1 

CO~VeRGENCF. ERROR 0.:1681 

~ .' 
::.a~ •••• ~" •••• 2.... .a~s.a= •• z===.z=z.a=2== ••••••• a.a.Z&.a=2======:=====a.~sc ••••• _=_.z •••• Z.2 •••• _ •••• a •••• 
ID DIST SV/RAO PN L YCL2 RrN V-NOZ v-DIST T-NOZ T-OIST T-PART CONV TI"'E CSEC' 

(CM' C"'/S CM/S K K K eXPER CACULATED 
CHE'f+oR MA5-TR -------------------.-.-----------------------.-------------------------------------------------------------------

1-21 2.8 0 •• 479 0.25"1 1.000 569. 3331. 3295. "471. 4308. 1791. 0.4940 660. ~82. 26. 

CL ZRCL4 02 CL ZRCL4 02 

'HNARr DIFFUSION COEF. 8.7588 3.6206 Q.51QO SURFACF. CONCFNTPATION, 0.6487 0.2453 ,0.1060 
(Sa-CM/sec, 3.6206' 1.1018 'hQ735 AV. FTLM CONC~NTRATtON 0.82-_ 0.1227 0.0~30 

9.51QO 3.9736 10.3405 SCH!41T NUMAEP 0.78Q5 1 .0791 0.4443 

<3 VTSCOSITY (C!!NTl-POI sr, 0.0923 0.0777 0.0961 ~ILM-OENSXlooo.VrScnSlTY: 01.2376 0.0925 

"'"FFECTIV'! OIFF. COE~F. 4.QS09 3 .. 6027 8.,7.Q7 " CONve~('~NCF ERROR 0.3570 _. 
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e' e 

............. a.a ••••••• a •• = ••• s.zc •• :==~c=zzz •••• w •• s. 2a ••••• ES.=.~SK.$ •• t.= •••••••••••••••••••••••••••••••••••• 
ID DtST S./RAD PN/PPL YCL2- REN V-NOl V-OIST T-NOZ T-OIST T-PAR~ CONY TIME (SEC' , 

(CN, CNI'S CM"S le: le: le: EXPER CACULATEO 
_ CHEM-F! Io\AS-TR 

----------------.-----------------------------------------------------_._------~----------------------------- ----1-22 2.8 0.4410 0.2329 1.000 564. 3430. 3400. 4602. 4460. 1791. 0.7964 1200. 1179. 49. 

CL ZRCL4 02 CL ZRCL4 02 

SJHARY DIFFUSION COEF. 9.1233 3.7715 9.'H52 SdRFACE CONCENTRATIO~ 0.6'85 0 •• 2'60 0.1055 
(SO-C N./SEC ) 3.7715 1.1489 4.1391 AV. FILM CONCENTRATION 0.8242 0.1230 0.0527 

9.9152 '.1391 10.7709 SCH"'IT NU"'REI'1 0.7799 1.0778 0.4441 

VISCOStTY CCENTI-porSE, kO.0937 0.0790 0.0996 FILM-OFNSX1000,VISCOSITV: 0.2323 0.0940 

E.EF~CTIVE DIFF. COEFF. 5.1862 3.7527 9.1074 li: CONVERGENC!: ERROR 0.3708 

:aa •••••••• s=zsa~&sz •• =z.=.===.%z •• =.z=:=~:z==~=a ••••••••• z====sz:====.~===a ••• :== •• =.======.a •• :~s •••••••••••••• 
ID DIST SW/RAD PN/PPL YCL2 REN V-NOl V-OIST T-NOZ T-OIST T-PART CONY TIME (SEC) 

(CN) CM/S CN/S le: le: le: EXPER CACULATED 

------------------------~---------------------------------------------------------------------_:~:~~-_-!~!:~~--1-23 2.8 0.4479" 0.2329 1.000 553. 3466. 3436. 4714. 4567. 1791. 0.3136 360. ~ 33e. 15. 

. "-' CL lPCL4 02 CL ZRCL4 02 

DIHARY DIFFUSION COEF. 9.3848 3.8797 10.1994 SURFACE CONCENTRATION .: 0.6488 0.2451 0.1061 
(SQ-CIVSEC) 3.8797 1.18'26 4.257,7 AV. FILM CONCENTRATION 0.8244 0.1226 0.0530 

10.1994 4.2577 11.0795 SCHto4lT NU'048ER 0.7807 1.0793 0.4444 

VJSCOSITY (CENT I-PO ISF) 0.0948 0.0799 0.1007 FILN-DFNSXIOOO.YISCOSJTY: 0';2280 0.0950 

~FFF.CTIVE DI~. cOEFF. 5.3378 3.8606 9.3766 li: CONVERGENCE ERROR 0.3538 

.................. z:.a •••• z:.z.zz:z:s=====.==a==:=.: •• c SS •• 22~=~==S===.=~=====.a.z •• a.z=:z •••• aasz.a ••••••••••••• 
rD DJST SW'RAO PN/PPL YCL2 PFN V-NOl V-OrST T-NOZ T-OIST T-PART CONV rIME (SEC) 

(CM' ''''l'S CMI'S le: K le: ExPER CACULATEO 
. CHEN-R MAS-TR -----------------------------------------------------------------------------------------------------------------1-24 4.0 0.3981 0.2295 1.000 

CL 

8tN"RV DIFFUSION COEF. : 8.9678 
(SO-C"I/SEC) 3.1071 

9.7462 

YJSCOSJTV (C~NTI~JSE' o. 09~ 1 

~FF~CTJVE OJFF. FF. 5.15'.2 

"43. 2958. 2903. 4563. 4305. 1882. 0.4063 
1 

lRCL4 CI;,! 

3.'." •• ,~ SUPFACE CONCENTFO'A TI ON 
1.\21\8 4.061111 AV. FILM C~NCENTQATION 
4.06?t tO.5 SCH"'t T NU~f\EI'! 

~ 
0.07~4 0.09~0 . FILM-DCNSX1OOO.V1SCOSITv: 

3 • 69?6 9 • 1 %'67 . li: CONVERGENCE ERROR 

330. 329~ 27. 

CL ZRCL4 02 

0.1267 0.1894 0.0838 
0.8634 0.0947 0.0419 
0.8523 1.)900 0.4815 

0.2129 0.0935 

0.2183 .. 

. 
c 

H 
<: 
1 

OJ 



- .. e 
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•••••••••••••••••••••••••• a ••••••••••• aa.s ••• sa.z •••••••••• za •••• zs •• a •••••••• ~ •••••••••• - •••••• - ....... _.-•••••• 
10 DtST $W~RAO PN~PPL YCL2 REN V-N~Z v-OIST T-NOZ T-OIS~ T-PART CONV TI~E (SEC) 

CCN) - C~oVS C";'S ' 1(, 1( 1( , EXPER CACULATEO 
, CHE"'R MAS-TR 

---------------------------------------------------.-.-----------------------------------------------~-------- --. J 25 4.0 0.4319 0.2437 1.000 503. 3164. 3080. 4348. 4059. 11382 • 0.3217 240. 250. 20. 

~ 
CL ZRCL4 02 CL ZRCL4 02 

BINAAY'DtFFUSION COE~. 8.3830 3.4650 9.1106 SURFACE CONCENTPATION 0.1269 0.1891 0.0840 
CSa-CM/SEC) 3.4650 1.0533 3.8-029 AV. FILM CONCENTRATION . 0.8634 0.0946 0.0420 

9.1106 3.8029 9.8969 SCH~tT NUM~EP 0.8527 1. 1908 0.4817 

vrscostTY (CENTI-POtsE) 0.0907 0.0763 0.0964 FILM-OEHSXI000.V15COSITY: 0.2216 0.091 1 

EFF~CTIV~ DIFF. COEFF. 4.8204 3.4515 8.5331 
l 

~ OONV~RGENCE ERROR 0.2129 

••••••••• __ •• s2 ••• a.sa ••••• =sxe=:.~=sz=ss.=z_.s ••••• awa •• *ssc_z====:=_ •• _=.~=s ••• _.=.===2== •• =.= •• _a •••••••• _ ••• 
ID OIST SW/~AD PN;'PPL YCL2 REN V-NOZ V DIST T-NOZ T-orST T-PART CONV Tt~E (SEC) 

(CM) (""'1'5 C"'I'S K 1( K EXPER CACULATEO 
CHEM-R /o4AS-TR 

H 

-1 
---------------.------------------------------------------------------------------------------------------------- 1.0 
1-26 3.4 0.4410 0.2394 1.000 459. 4176. 410l. 5544. 5261. 1939. 0.3490 240. 228. - 23. 

CL Z~CL. 02 CL ZRCL4 02 
~ 

qtNARY DIFFUSION COEF. Il.5840 4.1897 12.5895 SURFACE CONCFNTRATION 0.7694 0.1597 0.0719 
(SO-CN,/SEC, _.7897 1.4662 5.2559 AV. FILM CONCC~~RATION 

i' 
0.6842 0.0798 0.0360 

12.5895 5.25'59 13.6759 s:: HI4I T NU"tBER 0.6953 1.2572 0.5039 

vISCOSITY (CENTI-POISE) 0.1029, 0.0871 0.1093 FILM.OEN5X1000.VISCOStTY: 0.1725 0.1035 

~F~CTlvE OlF.F. COEFF. 6.7026 4.7737 11.9095 ') • CONvERGENCE ~RROR 0.1503 

.E •• _._._. __ .2~_t •• S •• _ •• 2 •• ==.z ••• =ca.==s==:=zza._ •• ~.~a:~&~&=az=E •• *.=2~==~ ••• = ••• =~z3aa •• a~.s&a ••••• c •••• _. 
rD OIST SWI'RAD PN/pPL YCL2 REN V-NOT V-OIST ~Z r-OIST T-PA~T CONV TIM~ (SEC) 

COI)· CM'/S CloUS K K te EXPER CACULATEO 
1 CHE'fO-_R MAS-TR 

--------------------------------------------------------~------------------------------------~r-------------------1-27 3.4 0.4410 0.2573 1.000 464. 4060. 3979. 5395. ~t04. 1939. O~4801 360. 335. 33. 
J' 

CL ZRCL4 02 CL lRCL4 02-

~INARY DIFFUSION COEF. ll.ll'Sl 4.!l969 12.0931 
CSO-C "';'SEC, 4.5~69 1.406? 5.0444 

12.0831 5.0444 13.1256 

SURFACE CONCENTRA TI ON 0.7684 0·1596 0.0719 
AV. FIL~ CONC!NTRATION : 0.8842 0.0799 0.0359 
SCH"'I T NU"'R~" : 0.895" 1.2571 0.5039 

VISCOSJTY (CENT I-P,PI,SE, 0.1012 0.08'57 0.1016 FILM-OENSX1000.VISCOS1TY: 0.1769 0.1019 

~F~F.CTIV~ DIFF. COEFF. 6.4327 4.5615 1'.4292 li: C'bNV~PGENC: E~ROR 0.1520 
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•••••••••••••••••• ~ ••••••• a~ •••••• a •••••••••• a •••••••••• a ••••• ~ •••••• z.=* •••••••••••••••••••••••••• _. 
10 OIST lW/RAD PN/PPL VCL2 REN V-NOZ v-OIST T-NOZ T-015T T-PART' CONY TI~E (SEC)~ 

'CM) e.vs C~/S 1( K K EItPER CA ULATED 
. CHf' Mo- MAS-T ---------------------------.---------------------------------------------------------._.--------------1-28 3._ 0._.79 0.2572 1.000 460. 4020. 3937. 5387. 5095. 1939. 0.7193 600. 590. 

" , 
"-CL ZRCL4 02 CL ZRCL4 

BINARY DIFFUSION COEF. Il.0929 4.5865 12.0557 SURFACE CONCENTRAT 1 ON_ 0.7682 0.1601 0.0717 
(SQ-CIVS EC' 4.5865 1.4029 5.0330 AY. FILM CONCENTRATION 0.88.1 0.0801 0.0358 

12.0557 5.0330 13.0960 sC HMI T NU"4f1ER 0.8949 1.2563 0.5038 

VISCOSITY (Cr:NT I-POI SE' 0.1012 0.0856 0.1075 ~ILN-OENSItIOOO.VISCOSITY: 0.1773 0.10t8 . 
EFFECTIVE OIFF. CQE~F • ~ 6.4167 4.5710 Il.399~ li: CONVERGENCE ERROR 0.1581 . 

,) 

................. az •• ss ••• sc:=a~z •• asz*w ••••••••••• sa::=~::2~=S=sz2c.e ••••••• =s.~.= ••••• 2S •••••••••••••• 
W/RAD PN/PPL VCl2 REN V-NOZ V-DIST T-NOZ T-OIST T-PART CONV TIME (SfC) 

C~'S CM/~ K K K ~xPER CACULATEO 
, . CHEMo-R ~AS-TR --_._------------------------------------------------------------------------------------------------

t- 29 2.5 0~4118 0.2418 1.000 397. 3136. 31HI. 4801. 4679.' 1952. 0.4..683 300. 311. 36. 

CL ZRCL;4 02 CL ZRCL- 02 

USION COEF. 10.0600 4.1592_ 10.9332 SURFACE CONCE~TRATION 0.7770 0.1538 0.0692 - -=? SEC) 4.1592 1.2698 4.5642 AV. FIL~ CONCENTRATION 0.8885 0.0769 0.0.3..46 
10.93J2 4.5"42 11.8767 SCHNIT NU/040EP 0.9050 1.2720 0.5089 

vrs~y CCENTI-POlSE' 0.097. '-0-'-0822 0.\035 FrLM-DENSXI000.VISCOSrTY: 0.1858 0.0980-

~~~ T'U~ DIFF. COE~F\ 5.8268 4.i457 10.3610 " CON,VFRGENCE ERROR 0.1435 

••• _._ ••• _ •••••••• s._ ••• _. __ .=a= •• z&s •• =z ••• ~._ ••••• _. __ •••• =_==.= •• =~z=c=_ ••• a.za ••••• sz ••• _.& ... ~&a. __ •• a •••••• 

DIST SW'RAD PN/PPL YCL2 REN V-NOZ V-DIST T-~OZ T-OIST T-PART CONV TIM~ (S~C) . 
-(CM) CM'S CI.US K K IC EXPER CACULATED 

CHE""'" MAS-TA 
---------------~---------------------------------------------------------.---------------------------------------J.4 0.4512 0.2465 1.000 460. J434. 

f 
3371. 

COE'F. 

vtSC~SITY, (CENTI-POISE, 

~~FEdTrvEloIFF. COFFF. 
1 

L 

CL 
'---./ 

9.3812 
3.8782 

10.1954 

0.0948 

5.433Q 

o 

ZQCL. 02 

3.8782 10.1954 
1.1822 ' 4.e561 
4.2561 11.07S2 

0.07QQ '·0. \ 007 

J.P.6,7 Q.(,I,34 

4641. 4406. tQ52. 0.5301 360. J65. 41. 

CL Z,"CL4 02 

SURF4'C!:: CmIC~NTPATI ON 0.7770 0--'5J .,. 0.0693 
AV. FIL~ CONCFNTRATION 0.88135 0.0768 0.0346 
SCHMIT NU"'8E~ , : 0.9054 1.2727 0.5091 

FrLM-0~NSXI000.VISCOSITY: 0.1937 0.0953 
c t 

" CONVEPGENC-f fPROR 0.1407 

",'~ 
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- ------~-----------------~--------------------------------------------------------~------------~ 

• • . . 

••••••• _.a •••••••••• ~ .... =c •••• a.=== •• ~.==2.$ •• ZZ ••••••••••••••• = •••••••••••••••••••••••••••••••••••••••••••••••• 
ID OnT SW'RAD PNI'PPL VCL2 Pf'N V-NOl V-DIST J'-NOZ T-DIST T-PART CONV TtME (SEC' ". 

(CM" C~/S CMI'S K K K EXPER ~ACULATEO 
• CHEIoI-R ~S-TR -----------------------------------------------------------------------------------------------------------------

t 31 1.9 0.3844 0.2312 1.000 410. 2590. 2585. 3903. 3853. 1952 • 0.3918 240. 250. 32. 
,-

CL ZPCL~ 02 CL ZRCL4 02 

BtNARV DIF~USrON COEF. 8.0671 3.3343 8.7674 sut:lFACE CONCENTRATtON 0.7770 0.1'537 0.0693 
(SO-CM/SEC' 3.3343 1.0124 3.6595 AV. FIL~ CONCENT~ATION · 0.8885 0.0769 0.0346 

8.7674 3.6595 9.52;39 SCH~lT NU,",OFP , . 0.9057 1.2731 0.5092 

VISCosrtv (CENTr-POISE, 0.0693 0~0750 0.0950 FIL~-OENSXl000.VISCOSITY: 0.-2122 0.0898 

EFFECTIVE DIFF. CoEFF. 4.6718 3.3234 8.3093 X CONVEAGENC~ FRROR 0.1417 

2.a.= •••••• = ••••••• ~ ••••••• =c=== •• aas.aa=w •• =.a ••••••••••• S.S===.Z.==z •• a •• =z ••••••• a ••••• z •••• a:=a ••• c •••••••••• 
ID DrST $W/RAD PN/PPL YCL2 PEN V-NOl V-OIST ~ T-NOZ T-OIST T-PART CONV TIME (SEC' 

(CM' , CM/S C~/5 K K K EXPER CACULATEO 
CHEIoI-R MAS-TR 

-Ï:;;--;:;-O:;;7;-Ô:~5;;-~:~oô----;;;:---;;o;:---;;;ë:---;~2~:---;;65:---ï~~~:-~:;~;;---;;O:------2;o:------j;:---
- /' 1 

CL ZRCL4 02 CL lPCL4 02 

91NARY OI~FUSION COEF. 10.3756 4.28Q8 11.2162 SURFACE CONCENTRATION 0.8018 0.1358 0.0625 
(50- OVSEC' 4.2898 1.3105 4.7075 AV. FIL~ CONCENTRATION : 0.9009 0.0679 0.0312 

11.2762 4.7075 12.2493 StHMt T NU"'SEC! : 0.9341 1.3177 0.5239 

vlSCOSfTv (CENT I-PO ISE) 0.0986 0.0833 0.1047 FIL~-DENSX1000.VISCOSITY: 0.1759 0.0992 

CFFECTlv~ OIFF. COEFF. 6.0345 4.2775 10.7585 X CONvERGENCE ERROR 0.9409 

. = .... as •••••• z •• c •••••••••• ms •• s •• E=s==::a~.== •• =a.a ••••••• =S=:2.=:==~.=====s •• =szcsa.===z.= •• Za=K •• z.zz.a ••••••• 
10 OIST SW/RAD PNI'PPL YCL2 RFN V-NOZ V-DIST T-NOl T-01ST T-PART CONV T1ME (SEC' " 

(CM' CM/S C~/S K K K - EXPER CACULATFO 
'CHEM-R "'AS-TR -----------------------------------------------------------------------------------------------------------------1-]3 1.9 0.3961 0.2207 1.000 390. 3061. 31)55. 4~31. 4377. 2016. 0.~022' 240. 212. 36. 

CL 1~CL4 02 CL ZJ<CL4 02 

BtNARY Dr~FUSlàN COEF. 9."697 3.9149 \0.2916 SuRFACE CONCENT~ATI0N 0.8\66 0.1255 0.0579 
(SQ- C ~VSEC , 3.9149 1.1936 4.2963 AV. FtL~ CnNC~NT~ATION · 0.9083 0.0627 0.0290 · 10.2916 4.2963 1 1. 1797, St:HMI T NUI,II'\!?'O '(' · 0.9521 1.3458 0.5331 

VI ScnSITY 
I!I 

FtlM-OFNSXIOOO.VISCO~lTV: (CENTI-POIS!! ) 0.0951 0.0802 0.1011 0.1821 0.0957 

~FFECTtVE OIFF. COEFF. 5.5188 3.9045 9.8527 X CONyERG!::NCr: EPROI'l- 0.8528 0 

./ 
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e T' 

41 

•••• Z •••••• _ •••••••••• zz.az •• ~.Z.=.E&Z.SZZ.S= •••••••••••• ZS •••••• SC~.S.2.aZ •••• a.~ •••• ~ ......................•••• 

10 DIST SW'RAD PN'PPL VCL2' REN V-NOl V-~IST T-NOZ T-OIST T-PART CONV TIME (SEC) 
(CM). C'VS C"'./$· K" J( _ 1( ExPER CACULATEO' 

- " . ' 'CME .... R MAS-TR 
---~---------~----------------_._----~----------------------~-----------._---------------------------------------(-:5413.4 0.4479 0.Zle8~ 1.000 412. 3939. 3881.' 5J51. 5132. 2016. 0.4159 .240. 2Z0. 34. 

CL Z~CL4 02 CL Z~CL4 02 . 
4.711~ 8tNARY DIFFUSION COEF. Il.3955 12.3847 SU.F~<ONCENT •• TtON , 0.616'7 0.1254 0~0579 

(SQ-CM.l'S~C ) 4.7117 1.4419 5.1704 AV. FI~ CONC!NTRATION : 0.9083 0.0627 0.OZ90 
'12.3847 5.1704 13.4534 SCHNIT U~8ER : 0.9515 1.3449 0.5330 

vt5èOSIT't" fC!NTr- POl SE 1 0.1022 0.0665 0.1086, FIL~-OE sXloho;vrSCOSITV: 0.1628 0.IOZ9 

eFFECTIVE DIFF. COEFF. 
, 

11.8572 11: 'CQN GeNCE EPROR : 6.64Z2 4.6992 0.8420 

1 

.a~.az •••••• a=a: ••• a2 •• ~.z •• =====~ •• :.=== .. =.~ ..•••.•••. ~ •• =s .. =s=_.=:_=z= .•.••••. _= ••••• :==as: •• =s •••••• = ••••••• 
rD O~T SW'RAO PN,PPL VCL2 REN' V-NOZ~ v-OJST -T-NOZ T-OIST T-PART CONV TI~E (SEC' 

(CN. "''''S C"'/S 1( • K ,1( ExPER -. CACULATED· 
, CHEM-R I<IAS,.:rR 

-._---------------------~----------------------------------------------_.---------------------------------------~ 1-35 1.8 0.4379 0.2351 1.000 374. 3445. 3437. 4822 t 4760. 2081. 0.5430 300. 255. . 59. 

"-' 
CL~ ZRCL4 :12 Cl. ZRCL4 02 

8tNARY DIFFUSION CQEF. 10.5940 4.3801 Il.5136 SURFACE CONCENTRATION, s. 0.8495 0.1027 0.0478 
CSO-CIVSEC) 4.3801 1.3386 . ".8066 AV. FIL'" CONCE~RATtON : 0.9247 0.0513 0.0239 

1 11.5136 4.8066 12.5011 SCH~U'.E' ' , 0.9934 1 .• 4101 0.5548 

vrSCOSlf't" (CENTI-POJSEI 0.0994 0.0840 0.1056 .F1L"'-D S~IOOO.VISCOSITV: 0.1622 o. tooo 

F~F~CTlyE DIFF. COEFF. 6.2040 4.3705 11.1060 X ceNV GENCE ERqOR : 0.6434 
~ 

~. 

,j' 

_~~···~;;;·;:;;;;·:~;::~··~ë~;··=·~~~===~:~;i·z=~:O~;j···;:~~i·=~:~Ï;;~=;=~;~;z:c~~~~a===:=:~;:;a~;E~;······· ••••• 
(Ca4) CM/S CM/S K le. .' K EXPER, CACULATEO 

- ", CHE M-R MAoS-TR ------------------------------------------------------------------- --------------------------~-----------------1-36 1.6 0.4246 0.2211 1.000 315. 380;3.. 3845. 5-267. Z081. 0.3633 180. 155. 35. 

a.. Z~CL4 112 ~ CL' Z.QCL4 02 

QINARV 01FFUSJON COEF. 11.8196 4.8871 12.6455 
(SO-C.VS C) , 4.6671 1,4965 5.3628 

12.6455/5.3628 13.9540 

'SURF4C:: CONCE:NTPATION : 0.8495 0.1026 0.0479 
AV. FILM CONCeNT~ATI0N : 0.9248 0.051 J 0.0240 
SC"1MtT NU"'AEJ:! , 0.9930 1.4097 0.5546 

vrSCOSfT't" (CENU-POISE) 0.1"037 O.0~76 0.1102 FtLM-OENSX10Oo,vtsCoSrTv: 0.1518 0.1043 

:~FECTIVE CIFF. COEFF. :' .6.9226 4.8764 12.3945 ~ CCNVERCENC~ F~~oq ,0.6218 

; 
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-1 9 

e~ e 
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_ 0 

.s ••••••••••••••••••• , ••••••••••••••••• = ............................................... s •••• a •••••••••••••••••••• 
ID DI5T S./RAD PN/PPL YCL2 REN V-NOl V-OIST T-NOl T-OIST T-P~RT CONV TIME (SEC' 

f(:"., " - Cao/5 C"'/S K 1( K ExPER CACULATEO 
CH!~R - MAS-TR 

... _--------------------.------------------------------------------------------------------------------.---------
1- 37 1.& 0.4319 0.2233 1.000 359. 3491. 34&4. 492&. 4870. 21 \4,.. 0.4'742 240. 196. 5" • 

CL ZRCL4 02 CL lRCL" 02 

BINARY Or~FUSION CO!~. .10.9631 ".'5328 11.9147 SURFAce CONCENTRATION 0.8637 0.0928 .D.0435 
(SQ-CM/S~C) 4.5328 1.3862 4.9741 14.11. FIL~ CONCENTRATION 0.9,319 0.0~64 0.0217 

11.9"147 4.9741 12.9428 SCHMIT NV"!!IE~ 1.0124 1.4:)99 0.564-7 

vrSCOSJTY (CENT!-POISE J 0.1007 0.0852 O.IO:rO FrL~-O!NSX1000.vISCOSITY~ 0.1555 0.1013 

EFFECTIVE OIF~. CO~FF. 6.4339 4.5238 Il.5343 X CONVERGENCE ERROR 0.5466 

.=.a ..................... S •• ~ •• = •••••••• z2.===a ....... a •••• =sa.=.z ••• :2S •• Z •••••••••••• Z •••••••••• &ZS •••••••••••• 

10 DIST $W/AAD PN/PPL YCL2 R~N V-NOZ V-DIST T-NOZ T-OIST T-PART CONV TIME (SEC) 
(CM) CM/S CM/S K K K EXPER CACULATED 

CHEM-R MAS-TR ------------- ---------------------------------------------------------------------------------------------------
1-3& 1.9 0.4645 0.2164 1.000 341. 3359. 3350. 4865. 4âol. 2147. 0.6383 360. 268. 81. 

CL ZRCL4 02 CL ZRCL4 02 

SlHARY DIFFUSION CO!F. 1'0.8698 4.4942 Il.8133 SURFACE CONCENTRA Tl ON . 0.8765 0.0841 0.0394 
(50- CM/SEC' 4.4942 1.3742 ".9318 14.11. FIL'" CONCENTRATrON ~ 0.9382 0.0420( 0.0197 

11.8133 4.9~18 12.83<>7 5CHMI T NUM~ER : 1.0302 1."675 0.5740 

VISCOSrTY (CENT!- PO 1 SE' 0.1004 0.0849 0.1067 FILM-OEN~IOOO.IIISCOSrTY: 0.1533 0.1009 

EFFECTI .... E 01FF. COEFF. 06.3908 4.4860 Il.4698 • CONV~RGF.NCE ~RROR 0.4934 

•••••••••••••• Z ••••••••••••• ZS ••••• 2a:.===.2: •••••••••••••• x •• =as.az.z •• 2~: •••••••••••• =~*Z •••••••• * ••••••••••••• 
ID DIST SW/RAD PN/PPL YCL2 

(CN, 
REN V-NOZ 

CM/S 
v-OIST .T-NOZ T-OrST T-PART CONV 
tN/S K K K 

TI lE (SEC) 
EXPER CACULATEO 

CHE' .... R MAS-TR 
--------------------~--------------------------------_.----------------------------~-----------------------------1-39 2.6 0.4479 0.2076 1.000 

9fNAQy DIFFUSION COEF. 
(SO-CM/SEC) 

vtSCOStTY (CENT1-POlSE, 

~FFECTIvE OIFF. CO~FF. 

f i 

CL 

12.6509 
5.2310 

13.1490 

0.1065 

7.4382 

372. 4266. 4241. 

ZRCL4 02 

5.2310 13.7490 
1.6035 5.7401 
5.7"01 1".9'35" 

0.0903 0.1 1 32 
1 

5.2215 13.'3490 

~ 

5590'. 5461. 2147. 0.1323 450. 331. 95. 

CL lRCL4 02 

SURFACE CONCENTRATION 0.R765 0.084. 0.0394 
AV. FIL~ CONC!NTRATION 0.9382 0.0420 0.0197 
SCH/oIIT Nv .. ar::R 1.0293 1.4663 0.5735 

FILM-OENSXIOOO.VrSCOSITY: 0.1399 0.1071 

" CONV':RGENC!' EAAOR 0.49571.0 
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e .' 
J .". ,~ 

/ 

, ' 

••••••••••••••••••••••• a ••••••••••• ~= •• aaaa •••••• z •••••• 3Z •••• a •• =a.=.~ •• zz ••• aa.2 ••• =S ••• =a •• a •• z ••••••••••••••• 
rD DrST SW/RAD PN/PPL YCL2 REN' V-NOZ V-OIST T-NOZ T-OIST T-PART CONV TINE (S~CJ 

(CN, C"'/5 C"/S IC 1( 1( EXP.ER CACULATEO 
CHE-R MAS-TR 

- _____________________________________________________ --____________________ - _______________________________ ----- 4 

1-40 1.8 0.4364,0.2212 1.000 365. 3858. 3850. 5171. 5110. 2147. 0.4660 240.' 176. 56. 

CL ZRCL4 . 02 CL ZRCL4 02 

8INART DI~~USJON COEF. 11.6835 4.1\309 12.6q77 SUR~ACC CONCENTRATION 0.8766 0.0839 0.0395 
(SQ-C~SEC' •• 8309 1.4790 t JOII AV. FILN CONCENTRATION 0.9383 0.0419 .0-.0198 

12.6977 5.1011 1 .7934 SC H14U NU'4BFR 1.03~0 1.4675 '0.5139 

VISCOSIT'( (CI~NTI-POI SE' 0.1032 0.0874 _ 0.1097 FILN-OENSK1OOO.vtSÇOSITY: 0.1467 :0.1038 

EF~ECTIVE DIFF., COE~F. 6.8701 4.8221 12.3306 ~ CONvERGENC! ERROR 0.4604 

•••••••••• a ••••••• ~s ••••••••• a •••••• =a •••• as •••••••••••••••••••••••• == ••••• a.a ••••••••• ===z •••• aa ............... . 
ID DtST S.~RAD PN/PPL YCL2 RCN V-NOl V-DIST r-NOZ T-DI5T T-PART CONV TIN~ (SEC' 

(CN, C"'/S C~VS 1( K 1( EXPER CACULATED 
CHf!N-R MAS-TR, 

---------------------------------------------------~---- ---.-----------------------------------------------------1-41 ·1.9 0.4568 0.2J61 1.000 347. 3378. 3369. 4821. 4759. 2147.0.5252 300. 205. 68. 

CL ZRCL4 02 CL ZRCL~ 02 

~INAÂy DI~~U5tDN COEF. 10.7597 4.4.97 11.693"- SURFACE CONCENTRATION 0.8765 0.0840 0.039.5 
(SQ- CMISEC J 4.4.87 1.3600 •• 8818 AV. FILM CONCENTPATION 0.9383 0.0.20 0.0\97 

\1.6937 4.81\181 12.7029 SCH"'1 T NU"'BER 1.0304 1.4679 0.5741 

'(UC051T'( (CENTI-POt"SE' 0.1000 0.08-5 0.1062 FILM-DENSXI00O.V1SCOSITV: 0.1542 0.1005 

~~~~CTIYE DI~F. COE~F. : 6.3264 •••• 06 11.3547 • CONv~RGENCE ERROR 0.4755 

~ J ••••••• _ ••••••••• a.z ••••• a.~.&&ax_&.===a.z.z.=.Z2 •••••••••• =2_ ••• ~2Z2 •••••• z •• _ ••••• _._s.zz •• _ ••• __ ._._ ••••••••• _ 
ID DIST SW/RAD PN/PPL YCL2 REN V-NOZ v-DIST T-NO~, T-OIST T-PART CONY TIME (SEC) 

CCNt t:"'/S· CM/S IC 1( 1( EXPE~ CACULATEO 0 

-------------------_.--------------~----~------------------------~--------~---------------------~~:~---~~:!~--1-.2 2.6 0.4479 0.1785 1.000 '378. 3907. 3893. 50Q2 •• 5007. 2147. 0.9187 690. 527. 1.5.' 
(1 

CL ZQCL4 02 CL ZRCl.4 02 

~INAAY Dt~~StON coe~. . 1t.4l0S ..'t7Q 12.4010, SUQFACE CONCENT~ATION · 0.8765 0.0843 0.0392 . · (SQ-CM/SEC' •• 7179 1.4.18 5.1772 AV. ~IL~ CONCENTRATION · 0.9383 0.0422 0.0196 
12.4010 5.1772 13.-711 SCHMtT NUMBER 1.0295 1.4663 0.5737 

.-
YISCOSITY (CENTI-POtSEt 0.1023" 0.0666 O.IO~7 FtLM-DENSX1000.VISCoStTV: 0.14-90 0.1029 

!~F~CTrV~ DrFF. CO!F~. 6.707. ..7092 12.0362 ~ CaNV~RG=NCE E~AOA 0.5636 
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~ 
................. ~ •••••••••• =z.a.= •• =2a.èss ••••••••••••••••••••••••• aa •••••••• s •••••••••••••••••••••••••••••• _ ••• 
10 OrST S., RAD PN~PPL VCL2 ~PEN V~NOl V-DIST T-NOl T-OrST T-P_RT CONV TrM~ (SEC) 

(CM' 'C~/$ _ CM/S ~ ~ ~ EXP~R CACULATEO 
1 CHE~R MAS~TA 

---------------------------------------------------~_.-._------.--~---_._----------------------------~----------.' l--j 1.9 0.4495 0.2153 1.000 342., 3369. 3361. 4763.- 4103. 2119. 0.3149 180. 124. 50~ 

CL lRCL4 ' 02 eL ZRCL4 02 

BtNARV DIFFUSION COEF. 10.6993 •• 4231 11.6280 SURFACE CONCFNT~ATION O.886~ 0.0159 0.0359 
C5Q-CM/SEC) 4 •• 237 1.3522 4.85 •• AV. FILM CON-:~ NTRAN ON 0.9441 ~:~~~~o o.oleo 

11.6280 4.854. 12.6315 SCHloItT·NUIoIBE!:I : 1.0473 0 .. 5829 

VISCOStTv (C~NT r-POts~ 1 : 0.0997 0.0843 0.1060 FtLM-D~NSxiooo.vrsCOSITY: 0.,1519 0.1003> 

eF~CTlve bIFFe eOEFF. 6.3021 ~._164 lt.J~)J ~ eONV~~G~NCe FP~OP 
, 

0.3918 

\l , 
•••• _ •• z •••• a •• a •• z ••••••••• s= •••• a •• za.2a.=~ •• = •••••••• _ •••• S •• 2~=zaz •• a •••• aa •• a.a ••••••••••• a.~ •••••••••••••• 
ID OIST SW,RAD PN,PPL YCL2 ReH V-NOl Y-Or5T T-NOZ T-orst T-PART CONV TINE (S~C, 

(eN" C ~01/§ C"/5 1( 1( 1( .f.XPfl< CACULATED 
- 1 CHEM-R MA5-TR 

-~-------------._-----~--~---------------------------------------------------------------------------------------1·'" 2.6 0."79 0.1970 1.40.0 356. _099. 4018. 5366. 5259. 2212. 0.5968 315. 206. 88. 

t<-
eL ZPCL4 O! CL lACL"4 02 

I!tNARY OtP'''USlON eœ,. 1 

12.2607 5.0696"'13.3249 SUR~ACE CONe~NTRATION 0.8981 0.0687 g:g~~~ UO-CM/SECt 5.0696 1.5533 5.5630 AV. FILM CONCENTRATlON 0.9493 0.0344 
13.3249 5.563'0 14._748 SCHMI T NUM8ER 1.06.19 1.517_ 0.5905 

vtSCOSITY rCI!NTI-POIS~ 1 : 0.\052 0.0892 o. tl t8 FILN-OF.NSXlooo.vrSCOStTV: 0.1376 
"-. 

0.1057 

~~FeCTIV! Dtfl'F. CO~"'. 7.2332 5.0620 D.OO7S • CONVERGCNC~ ~RROR 0.5460 

t. ~ { .. 
c ... ,..... .. ••• a ••• __ •• _._.s •••••••• _a.=~ ...... :a •• a ••••••••••••••••••• a ••• :ax.s •••• a&sa •••••••••• a ........................ . 

ID DIST S., RAO PN'PPL Y~2-~ ~F.N /V-NOl V-015T T-NQZ T-015T T-PART CONV TtM~ (SEC~ 
(CM' C/lVS ,CIIVS K K II; c ExPER C*EULATED 

o )., ~ CH~_A MAS-TR 

---------~-----------------------------------------------------------------------------~---~---------------------j·45 1.9 0.3853 0.2375 1.000 336. 3706. 3698. ~155. 50e_.· 2212. 0.3284 1~6. 913. 46 • 

StHARY OI~FUSION COE~. 
(Sa-t'MIs!:c» 

·vrsCOSrTY (ee:NTI· POIS!!:' . . 
~FFECTIVE orFF. COEFF. 

'" 

CL 

Il.7877 
4.87.0 

12.8109 

0.t036 

..,6.954. 

lRCL4 02 

4.8740 12.8109 
1.4924 5.3483 
5.3.~3 13.9164 

0. 0817 O.llOI 

4.861'>7 12.5067 

SUR~ACE CONCE~TRATION 
AV. ~ILM CONCENTRATION 

.a.sCHNtT NUfI4'3!!:R 
. . 

~rL-DENsXIOOO.VISCOSITV: 

x <:o~v~pr;ENCE F.PROR:' 

.., 
CL 

0.8987 
0.9.94 
1.0623 

0.1409 

0.3303 

lRCL4 • 02 

0.0686 0.03.26 
0.03_ 3 0.0163 
1.5180 0.5907 

0.104l 

r., 
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\1 
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•••••• a ••••••••••••• z •••••• zc:a=.====.~=.aa.a •••• aa~2 • • : ••• :a=:za== •• :.=.ZZ •• : ••• e.za •• s.z.s ••••• a .... 2 •••••••••• 
ID DIST 5W/RAD PN/PPL VCL2 REN V-NOl V-OIST T-NOl T-OIST T-PA~T CONV TINE (SEC' 

(CM' CM/S / CM/S KI(l( EXP!R CAC ULATE' 0 
CHE I4-R MAS-T~ 

ï:;6--~:9-O:;5ï2-o:2jïo-ï:o~o----jï9:---j89;:---jë8j:---5625:---5;;~:---22i;:-~:;900---2;O:------ï5ë:------7ï:--· 
c 

-_~-::: 0 , 
CL' 1~CL4 02 CL· ZRCL4 02 

BINARY DIFFUSION C6EF. 13.0458 5.3Q43 14.11'82 SURFACE CONCr:NTRATtON , . 0.6987 0.0687 0.0326 
(50- C~VS EC' 5.3943 1.6543 5.9192 AV. FILM CONCENTRATION 0.9493 0.0344 0.0163 

14.1782 5.9193 15.4016 SC HM t T NUI4BE",R 1.0615 1.5168 0.5903' 

vrscosÎTY' (CENT r-po r SE' 0.1078 0.0914 0.1145 FILI4-0ENSX'OOO.vISCOS1TV~ 0.lj26 0.1083 ------
~FFECTIVE OIFF. COEFF. 7.6963 5.3863 13.6400 ~ CONVERGENCE" ERROR 0.3506 

cil 
'( .= ••• a.za.=tSD~&~.= •• z •• ~.~~ZE=.=.=:===~==Z==:==2.Z ••• :.z.===a&:======:.====z==.=.S.2=====s.a •• =._#aa •• ~ •• a.s ••• 

ID OIST SW/RAO PN/PPL YCL2 RFN V-HOZ v-DtS-.1~ T-NOZ T-DIST T-PART CONY TI"IE (SEC) , 
(000 • CIVS C~/S>:-'" KI(l( EXPER CACULATEO 

CHE ..... R MAS-~ 

------------------------------------t-----------------------------~-------------------------------~--------------1-47 2.6 0.4479 0.1856 1.000 ,365. 3813. 3857. 4998. 4908. 2212. 0.4099 195. 127. 58. 
r, 

CL ZRCL4 02 CL ZRCL4 02 

RINARY DIFFUSION COEF. : 11.3208 4.(,S06 12.3014 SUPFACE CONCENTRATION 0.8981 0.0686 0.0327 
(SI)-C~4/seC) , 4.6e~ 1.4323 5.1364 AV. FILM CONCENT~A~ION . ; 0.949 • 0.0343 0.0163 

12.303. 5.1364 13.3651 SCH"'I T HUMBER : 1.0626 1.5185 Oo'~909 

VISCOSITY (CENTI-POI SE) 0.1020 O. 0~63 0.1084 FILM-OENSX10OO·YlSCOSITV: 0.1444- 0.1025 

EFFECTIVE OrFF. CoEFF. 6 .. 6790 4.6738 12.0116 ~ CONVERGENCE ERROR 0.3251 

9 =zz •• aa.= •• =z==s.z=.zz=s.=c===~========%====z:~:==.=z •• ===============~~===s~====a_=========Z.=2ZC2 •• Z.Z_ ••• sa ••• 
ID DrST SW/RAO PN/PPL VCL2 REN V-NOl V-OIST T-NOZ T-OIST T-PART CONV TIME (SEC)' 

(C~) CN/S CM/S' K K K EXPER CACULATED 
CHEM-R MAS-TR 

._---------~----------------------------------------------------------------------------------------------------1-48 1.8 0.4230 0.2221 1.000 353. 3101. 3700. 4730. 4676. 2278. 0.3813 180. 99. 65. G 

CL ZI:!CL4 1)2 CL ZRCL4 02 

~INARY DIFFUSION CO~F. 10.8866 4.'5012 tt.8316 .=: 0.9167 0.0563 0.0270 
( 50-CM/SEC' 4.5012 1.376:>- 4.Q394 0.9584 0.0281 0.0\35 

1'.8316 4 • .,39" 1?'152~ 1.0906 1.5623 0.6054 

VISCOSITV (CENTI-POISE, ': O. tao. 0.0849 o .t 067 FILM-OENSXI000.VISCOSITV: 0.1436 0.1009 

~FFECTJV! OIFF. COEFF. : 6.4401 4.4956 11.6001 X CONVERGENCE ERROR 0.2333 
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, ~ •••••• _____ ..... _ •••••• c.= ••••• =.:==.=s=.z.zz •• a ••••••• a=a ••••• z.zz.z~~ •••• s •••• = ••• ~.= ••• _. ___ ••• _._ •••• _ ••••••• 
ID DIST SW'PAD PN'PPL YCL2 PEN V-NOZ ~-DtST T-NOZ T-DIST T-P~RT CONV TIME (SEC' 0 

(CN) - • CM'S CM/S -"1( 1( J( _EXpER CACULATED 
• ' CHeM-R NAS-TR --------------------------... -------------------------------------------------_._--~----------------------------

1-49 1.8 0.4512 0.2225 1.000 340. 3651 •• , 36"9. "835. "116. 2276. 0.3886 160 •• 1'01. 66. 

CL. ' ZRCL.4 02 CL ZRCL. 4 02 

BfNARY DIFFUSION CO~F. Il.1483 ".6094 12.1160 SUF:FACE CONCENTPATION 0_'H61 0.0563 O.Q270 
(SO-CN'SEC' 4.6094 1.4100 5.0582 AV. FILM CONCENTRATION ~0.9584 0.0282 0.0135 

12.1160 5.0582 13.1615 SCHMIT NU""BEI') . 1 .0904 1.5619 0.6053 

V rsèosfTY (C~ITI-PO 1 SE) 0.1014 0.0656 0.I-OZ7 __ FILM-DENSX1000.VISCOSITY: 0.1416 0.~1018 

FFFECTlve: OIFF. CO!FF. 6.5948 4.6038 Il.8792 " " CONVCRGeNCE ERROR 0.2380 
~-

2t •••••••• za.::zc= •••••••• =.====.ZX=::=:Z==:SZ=2 •• Z ••••••• ==s.z=a=======a==aaaa: •• _zz.c=2=za •• ~.~.~ ...... a ••••••• 
lO OIST SW'RAO PN'PPL 

(CN,-
YCLZ REN V-"IOZ 

C'"'/5 

" . 
V-DIST 

Clol/5 
T-Nr:JZ 

K 
T-DI ST 

K 
T-PART 

1( 
CONV TI ~E (SI:C, 

EXPER CACVLAl.EO 
CHE ~R "'AS-TR -----------------------------------------------------------------------------------------------------------------

l-~O 1.8 0.4366 0.2004 1.000 314. 3994. 3987. 526? 5'209. 2411. 0.5785 300. 125. 147. 

CL ZRCL" 02 CL ZRCL4 02 

SINARY DIFFUSION COEF. 12.6668 5.2376 13.1663 SURF~CE CONCENTRATION 0.9429 0.0385 0."l86 
(SQ-C ~'SEC' 5.~376 1.60';5 5.7<473 A,V. FIL'" CONCENTq~TI~N 0.9715 0.0192 0.0093 

13.7663 5.7473 1 ".9542 SCt-U"I T NU"4BEP - 1 • 1 323 1.6277 0.6272 

VISCOSITY CCENTl-POI SE' 0.1065 0.OQ03 O. Il 32 FILM-OCNSX1000,VISCOSITY: 0.1255 0.1069 

EFFECTIVE OIFF. COEFF. 1.5228 5.'233 ,,_ 13.5810 ~.CONvERGENCE ERROR :- 0.1400 
~ 
~ 

.a.~ •••••••• &~.~ .... &.as.z~.==z=:~=====:========2 •• C ••••• ==a=======a========Z= •• =2= •••• ====z ••• a=a~ •••••••••••••• 
ro OIST SW/RAD PN/~PL YCL2 RFN V-NOZ V-OrST T-NOZ T-OtST T-PART CONV TI~E (SEC) 

(C~) CI.VS CM/S K K K EXP!:::R CACULA.TCO' 
CHE _R MAS-TR 

1-51 1.8 0.4479 4.2011 1.000 315. 5139. 5129. 6525. 6460. 2411. 0.9060 600. 273. 258. 

CL " p~CL4 "'2 CL ZRCL4 02 
'-- o. 038~ AtNARY DIFFUSION COEF. - 16.2986 6.7396 17.7133 SUr?FACE CONC!"~ITPA TI ON 0.9428 0.0185 

(SQ-OVSECI E-.7396 2.0720 7.3953 ' AV. FILM CONC~NTRATION : 0.9714 0.0194 0.0092 
17.7133 7.19'53 19.2419 5CHMIT NUM<\Ep :~.1299, 1.6Z41 0.6260 

VTsrOStTy (CENTt'-POISf )r 0.1175 0.0999 0.12"9- FloLM-OEN5XI 000 .VI SCOSI TV: '0.1079 O.1l80 

"'FFrCTtVt! OrFF. COEFF. C).6785 6.7::138 17.4707 ,; cmlVE1') GF.:NCF FRROR 0.1880 

J 

.' 

:. 

H 

1 
f-' 
'-.J 
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a •••• __ ••••••• _ ••••••• z.z •• ~a==.z •• za.z= •• : •• 2 •••• =.Z.:.=z.~~.a.= •• 2=RE.D ••••• a ••••••••••••••••••••••••••••••••• 
ID OIST SW/RAD PN/PPL vCL2 - RFN V-NOl V-OIST T-NOZ T-015T T-PART CONV TINE (SEC) , \ 

(CM) . CM/5 CM/S' le 1( le ex~ER CACULATEO 
, CHE_R MAS-TR -----------------------------------------------------------------------------------------------------------------1-52 1.8 0.4366 O.Z173 1.000 318. 4173. 4164. 5413. 5352. 2411. 0.6451 330. 146. 161. 

1 
CL 7RCL4 02 .Cl. ~RCL4 02 ! 

~tNARY DIFFUSION COEF. 13.0641 5.4019 t4.19~'t SURFACE CONCÈ'NTI'IATION 0.Q429 0.0385 O.tMe6 
rSO-CN/SFC) 5.4019 t .6566 5.9276 AV,. FIL'" CONCENTRATION : 0.9715 0.0193 0.0093 

14. t 981 5.9276 15.4233 SC~MI T NU"4BER : 1.1320 1.6273 0.6271 

VTSCOSITY (CENTI-P01SE' 0.1078 0.0915 0.1146 FtL~-OENSX1000.VISCOSLTY: 0.1232 0.1082 

!F'~CTfvE DrFF. COEFF. 7.7587 5.:3973 14.0067 X c:;;p...VERGE~ICC: ~ROR 0.1440 

• • ••••••• ~w •••••••• a •••• & •••• E='.Z.=.z •• ==ZZ=~2=.KS •••••••••• ~&.=a==s== •• ==.=.~z ••••••••• a •• a •••••• c ••••••••••••••• ' 
ID OtST SW/RAD PN/PPL VCL2 ~fN V-NOl V-OIST T-NOZ T-OIST T-PA~T CONV TI~E (SEC) 

(C~' CM'S CN/S K K K ExP~' CACUl.ATED 
CHE~R MAS-TR . , 

-------------~---------------------------------------------------------------------------------~----------------. S3 1.8 0.4366 0.1985 1.000 312. 4182. 4175. 5517. 5464 •. 2411. 0.7229 390. 174. 194. 

CL ZFlCL4 02 CL ZRCL4 02 

91NARY Dl~FuStON COEF. 13.3787 5.5320 14.5399 SURFACE CONCENTRATION 0.9429 0.0386 0.0185 
(SQ-CM/sec) 5.5320 1.6971 6.0703 AV. FIL~ CONCENTPATrON 0.9715 0.0193 0.0093 

VISCDSITY (CENTI-POlSE'~ 
14.5399 6.0703 15.7946 SC HMI T NUI4F.1E~ 1.1318 1.6269 0.6269 

0.1088 0.OQ24 0.1 \57 FILM~DENSXlo60.vISCOSrTY: 0.1214 0.10'92 

5 f!;273 
j 

!F~ECTly~ orFF. COEF~. . 7.9453 14.3433 X CO~VERGENC~ ERROR 0.1535 
r 
~ 

•••••••••••• a ••••••••••• = •• & •• c.c*z=a=== •• c.~ •• aa ••• a ••••• a.= •• zz:~=.==z •• ==s.zw •••••• : ••• _ •••••••• & •••••• ~.aw._. 

tO OtST SW/RAD PN'PP~ YCl.2 RFN V-NOZ V-DIST T-NOZ T-015T T-PA~T CONV Tr~E (SEC) 
(CN) CM'S CM/S K K K EXPER CA~Ul.ATED 

~HEM-A MAS-TR -------------------------------------------------------------------.--------------------------._---------------.- -1-S4 1.8 0.4366 0.2291 1.000 308. 4548. 4537 • 5856. 5783. 2478. 0.51535 285. t 1 1. 168. 

CL ZRCL4 02 CL ZRCl.4 02 

etN~RY Dt~~uSION CoEF. 14.4838 5.Q891 15.7410 SURFACF. CONCENTRATION 0.9524 0.0320 0.0155 
(SQ-CN/SEC) 5.9891 1.8391 6.5118 AV. FILM CONCENTFlATION 0.9762 0.Ot60 0.0078 

~ 15.7410 6.5718 11.0993 SC~NI T ~UMBER 1.1_76' 1.6519 0.6352 

vt!lCOSITY (CENT 1". POtSE) ci .1122 0.OQS3 0.1193 FIL*-DEN5XIOOO.VISCOStTv: 0.1139 0.11 26 

FFFECTrve OIFF. COEFF. 8.6145 5.9848 15.5644 , CQNVERGENCf ERROR 0.1054 
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APPENDIX V 
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EXPERIMENTAL DATA FOR PART II 
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V-1 

'TABLE V-A 

~ 

Average Carbon Content 23.1 ± 0.1 % \olt 

Pellet.., Diameter = 0.826 cm 
Ch10rine Coricen t ration = 100 % 

1 

J No. • Gas Swir1/ ZrO~ Pellet Reaction 
(gis) Radial Content . Temperature Time Conversion 

(wt % ) (K) (s) (wt % ) 
'> 

'i:> 1 1.44 0.434 75.4 1'415 " 165 41. 7 
2 1.45 0 .. 405 76.7 1437 60 19.2 
3 1.41 0.421 76.4 °i437 75 23.8 
4 1.43 0.413 '.75.2 1437 330 65.6 
5 1.42 0.413 75.1 1437 420 68.3 
6 1.40 0.459 75.3 1437 255 6L5 
7 1. 38 0.478 75-.4 1437 210 53.9 
8 1. 38 0.478 76.1 1446 120 37.7 
9 1. 46 0.434 76.4 1466 120 40.8 

10 1.43 0.434 76.3 1471 150 49.9 Q 

11 1.43 0.434 76.4 1483 90 35.3 
12 1.44 0.434 76.5 1483 13~ 48.1 
13 1 .. 44 0.434 76.3 1522 105 47.4 
14 1.45 0.405 76.2 1537 144 58.5 

. 15 1. 45 0.442 .76.3 _ 1537 48 27.0 
16 1.42 0~413 76.2 1537 90 45.7 
17 1~47 0.434 76. ~ 1537 192 < 68.8 

'\ 18 1.43 0.413 75.8 1537 , 330 79.6 
19 1.42 0.428 75.5 1537 180 64.6 
20 1.44 0.442 75.8 1551 255 74.9 
21 1.39 0.391 77.3 155+ 60 38.8 
22 1. 38 0.391 76.7 1551 420 1 81.9 
23 1. 47 0.463 76.9 1551 90· 47.5 
24 1.40 0.384 76.7 1551 300 79.3 

\: 
'" 25 1. 39 0.391 76.6 1551 150 61.1 

26 1.43 0.434' 77 .4 1551 90 47.0 
27 1.38 0.494 77.3 1608 90 54.2 
28 1. 37 0.478 78.2 1608 120 65.2 
29 1.38 0.494 77 .1, 1608 186 79.8 
30 1.47 r 0.434 76.6 1608 252 89.8 

. 31 1.47 0.434 76.4 1608 3'30 94.2 .-.. 
32 1.42 0.376 76.8 1608 390 95.4 
33 1.36 0.478 76.6 1659 90 58.9 
34 1.48 0.463 77 .1 1659 180 83.1 
35 1.44 0.434 . 76.9 1659 . 120 69.3 e 



~ ...... -------------------------

No. Gas- Swirl/ 
(g/s) Radial , 

36 1.40 0.510 
37 1.48 0.463 
38 1.47 0.434 
39 1.48 0.434 
40 1.48 " 0.434 
41 1.47 0.434 
42 1.46 0.434 
43 1.49 0.463 
44 1.45 0.434 
45 1.45 0.434 
46 1.47 0.427 
47 1.46 0.427 
48 1.41 0.434 

. 49 1.54 0.425 
50 1.44 - 0.434 
51 1.44 0.427 
52 1.58 0.579 
53 1.44 0.427 
54 1.44 0.427 "-
55 1.52 0.507 
56 1.50 0.478 
57 1.48 D.463 
58 1.52 0.507 
59 , 1.44 0.434 
60 1.46 0.434 . "- 61 1.46 0.434 
62 1.42 0.405 
63 1.55 0.565 
64 1.58 0.579 
65 1.62 0.579 
66 1.56 0.590 

f 67 1.56 0.590 

V-2 

(Co'n tinued) 

Zr02 
Content 
(wt %) 

77 .2 
78.6 
77.4 
7(1.3 
76.5 
76.3 
76.4 
77.2 
77.2 
77 .6 
76.9 
77 .1 
77 .1 
77 .5 
77.7 
76.7 ' 
77.7 
77 .4 
76.6 
77 .0 
77.9 
76.7 
77 .6 
77.2 
76.9 
77 .0 
77.3 
77 .3 , 77 .0 
77 .9 
77 .6 
7.7.6 

Pellet 
Temperature 

-, . , 

(K) 

1659 
1659 
1659 
1659 
1659 
1659 
1659 
1693 
1693 
1710 
1733 
1750 
1750 
1780 
1790 
1796 
1796 
1796 
1796 
1807 
1807 
1807 
1807 
1836 
1836 
1836 
1836 

• 1900 
1925 
1925 
1950 
1950 

Reaction 
Time Conversion 
(9) 

r 
(wt %) 

1; 

120 71.1 
69 49.2 
48 41.0 

270 94.2 
351 95.3 
290 95.4 
330 95.6 

90 67.6 
60 51.6 
90 68.2 

180 87.0 
135 80.1 
180 87.5 

75 63.8 
60 56.2 
90 71.2 
83 69.1 
60 55.1 

120 79.~ 
78 66.8 . 
57 54.4 

J02 - 76.7 
78 67.8 
90 72.3 

116 80.6 
45 48.5 

120 80.3 
120 84.7 
105 81.8 

30 40.6 
45 55.3 

'72 69.7 



.No. 

68 

69 

70 

71 

,72 

73 

7"4 

75 

76 

77 

78 

79 

Gas 
(gis) 

1.45 

1. 46 

1.46 

1. 37 

1.40 

1.41 

1.47 . 
1.47 

1.47 

1.47 

1.47 

1.47 

V-3 

TABLE V-B 

, 
Average Carbon Content = 
Pellet Diameter = 
Ch10rine Concentration = 

31.4 ± 0.5 % ""t 

Swirl/ 
Radial 

0.420 

0.434 

0.434 

0.462 

0.362 

0.510 

0.434 

0.434 

0.434 

0.434' 

0.434 

0.434 

Zr02 
Content 
(wt %) 

67.2 

68.3 

68.6 

68.5 

68.8 

69.2 
...; 

, 68.0 

69.4 
n 

69.3 

67.9 

69.8 

67.7 

ft 

Pe1iet 
Temperature 

(K) 

' 1449 

1466 

1585 

1585 

1585 

1642 

1653 

1653 

1721 

1750 

1767 

1830 

0.826 cm 
100 % 

Reaction 
Time 
(s) 

180 

135 

135 

180 

165 

135 

102 

105 

90 

'75 

105 

-75 

.Conversion 
(wt %) 

47.8 

39.9 

63.9 

72.6 

68.7 

69.3 

':,D 60.5 

61.4 

62.9 

56.4 

69.4 

58.5 



'V-4 

TABLE V-C 

Average Carbon Content = 42.5 ± 0.4 % wt 
Pellet Diameter = 0.826 cm 
Chlorine Concentration = 100 % 

No. Gas Swirl/ Zr02 Pellet Reaction 
(gis) Radial Content Temperature Time Conversion 

(wt %) (K) (8) (wt %) 

80 1.46 0.434 56.2 1398 195 35.8 
81 1.47 Q.434 57.9 1443 120 29.8 
82 1.46 0.420 55.2 1443 198 46.S 

" " .83 1.46 0.420 56.1 1443 270 58.1 
84 1.47 0.420- 55.4 1443 330 63.7 , 
85 1.46 0.420 55.7 1443 420 72.7 
86 1.46 0.434 56.6 1477 180 47.9 
87 1.46 0.434 56.6 1535 120 44.6 
88 1.43 0.420 57.2 1535 190 34.5 
,89 1.47 0.434 57.6 1535 180 58.5 
90 1. 47 0.434 56.6 1535 60 28.7 
91 1.44 0.405 59.4 1535 426 87.1 
92 1. 47 0.434 56.8 1535 330 78.5 
95 1.47 0.434 56.7 1535 270 3.3 
96 1.20 0.531 5~.8 1558 150 
97 1.47 0.434 56.6 1558 135 52.5 
98 1.44 0.405 57.7 1642 141 65.3 
99 1.45 0.405 60.7 1 90 47.9 

100 1.39 0.362 56.0 1 53 120 62.9 
101 1.46 0.405 58.2 1 3 J, 120 63.0 
102 1.45 0.405 57.9 16 6 45 36.9 
103 1.44 0.405 57.0 167 150 72.4 
10'4 1.44 0.,405 57.9 167 240 ~ 8,7 .1 

~ 105 1.45 . 0.405 57.2 1676 180 78.8 
" 106 1.46 0.434 58.6 167 315 93.5 

107 1.45 0.405 57.6 • 167 255 89.2 
108 1.44 0.405 57.4 167 75 49.9 
109 ~ 1.40 0.376 57.5 167 105 61.9 
110 1.45 0.405 -' 59.6 1761 105 63.3 
111 1.45 0.405 58.9 1761 84' 54.1 
112 1.45 0.405 58.3 . 1761 60 45.3 
113 1.44 p.405 57.1 1761 240 87.7 
114 1.44 0.405 59.2 1761 150 75.8 , 
115 1.44 0.405 57.5 1761 30 ' 31.6 
116 . 1.45 0.405 57.2, 

0 

1807 57 44.9 

e c 

117 1.45 0.405 58.8 , 1807' 210 84.9 
~ 

-{ 
1 

----~~--~----.......... 



. 0 
TABLE V-D 

Average Ca~bon Content '" 18.0 ± 0.4 % wt 
Pellet Diameter 0.826 cm 
Ch1orin'e Concentration = 100 % , 

-. , cr , 

~ 

G,as., Svtirll ZrO;l Pellet Re,action 
No. <iJ i) Radial Content Temperature Time Conversion 

4 (wt %) (K) (8) (wt %) '" J 

.. 

118 1.39 0.421 81.6 1437 .lao 43.1 

119 
1.1 

0.429 81. 7 1446 135 36.8 

120 1. 0.383 82.0 1457 75 24.3 

121 1.42 0.420 81.9 1545 120 49.9 

122 1.44 0.413 82.6 1548 , 
60 31.0 

, 

Average Carbon Content = 20.2 ± 0.7 % wt , 
Pellet Diameter = 0.826 cm 
Ch10rine Concentration = 100 % 

, 123 1.47 0.434 
\ 

78.6. 1437 180 43.0 

124 1.4'5/ 0.434" 80.9 1449 ,77 24.0 

125 1.42 0.376 79.7 1449 120 35.4 
~ 

126 1.46 0.434 79.8 1539 150 58.3' 
, 

1.45 0.405 / 127 80.2 60 30.2 • 
'-, - " ..... ..-

\ 



~ ...... ------------------------~---
.. 

• 

No. 

118 

119 

120 

121 

122 

do· 

, 123. 

124 

125 

126 
1 

127 - 1 

_ TABLE V-D 

Average Carbon Content = 18.0 ± 0.4 i. wt 
Pellet Diameter = 
Ch10rine Concentration = 

0.826 cm 
100 % 

Gas Swirl/ ZrO~ Pellet Reactioq ~ 
(g/ s) Radial Content' Temperature Conversion 

(wt %) (K) (wt %) 

1.39 0.421 81.6 1437 180 43.1 , 

1.36 0.429 81. 7 1446 135 36.~ 

1.~O 0.383 82.0 1457 75 24.3 

1.42 0.420 81.9 .1545 120 49.9 

1.44 0.413 82.6 1548 60 31.0' 

Average Carbon Content 0:: 20.2 ± 0.7 i. wt 
Pellet Diameter := 0.826 cm 
Chlorine Concentration .. 100) 

-, 

1.47 0.434 78.6 1437 ... ...180, 43-.0 

1.45 0.434 80.9 1449 77 24.0 

1.42 0.376 79.7 1449 120 35.4 

1.46 0.41; 79.8 1539 150 58.3 

1.45 0.4 5 80.2 1539 60 30.2 



v- 7 

TABLE V-E -"", 

Average Carbon Content = 23.1 % wt 
Pellet Diameter '0.671 cm 
Chl~rine Concentration = 100 % 

1 

<C' 

Gas Swirl/ ZrOa Pellet Reaction 
No. (gis) Radial Content' Tempe'tature Time Conversion 

(wt %) (K) (s) (wt %) 

--> 
128 1.36 . , 0.429 76.7 1420 165 40.9 

129 '1.44 0,434 75.4 1466 120 40.9 1 . 
130 1.34 0.406 76.5 1480 165 53.4 

.. 131 1.44 0.434 76.0 1480 105 40.9 ,- , 

132 1.45 0.405 76.5 1494 135 50.3 

133 1.47 0.434 75.1 1500 180 62.7 " i 

-13J , 

1.47 0.434 77.7 1500 120 47.1 

'0 135 1.46 0.434 76.4 1500 78 36.3 

136 1.47 0:434 75.9 1500 270 69.6 

137 1.47 0.434 77 .2 1500 360 72.2 

". - 138 1-.43 0.405 76.7 1556 1:50 62.IJ 

139 1.44 0.405 ~ 

-76.9 1687 108 ' 73.3 

140 1.45 0.405 77 .3 1687 18 61.2 1" 

141 1.47 0.434 77 .1 177$ " 78 72.6 
~ 

142 1.45 0.405 17 .1 1807 75 71. 7 

143 1.45 0.434 76.~' 1807 105 85.7 

144 1.44 0.405 .76.6 1836 75 77 .1 

145 1.47 0',434 77 .1 1836 l}5 94.6 

, . 

/ 



- No. Gas 
,(gis) 

, , 

·146 1.47 

147 1.41 

·148 1.40 

\0-
149 1.44 / 

150 1.44 

151 1.44 

152 

153 

154 

155 

--- ------- -----------------------

v- 3 

TABLE V-F 

Average Carbon Content = 23.1 % wt 
Pellet Diameter = 1.00 ,cm 

-Chlorine 9oncentration = 100 % 

Swirl/ <tJ ZrO:z Pellet Reaction 
Radial Content Temperature Time 

(wt %) (K) (s) 

0.434 76.1 1454 150 
" 1,. 

0.405 76.0 3:483 150 -, 

@.405 76.2 1557 135 

0.434 76.0 1636 165 

0.434 76.5 1636 165 

0.405 77 .0 1653 105 

. 0.434 77.3 1653 135 

1653 126 

1710 100 

1750 104 

• 

Conversion 
(wt %) 

41.4 

46.4 

59.1 

76.5 

74.4 

61. 7 

72.4 

69.6 

63.0 
--

67.0 



\ 

le 
't' 

.. 

t' 

No. Gas 
(gis) 

v-'t 

TABLE V-G 

Averag,e CarbQn Content 

Pellet Diameter' 

Swir1/ ZrO~ Pellet 
Radial Content Temp. 

(wt %) (K) 

156, 1.13 0.420 77.2 1562 

157 

158 

159 

160 . , 

161 

162 

163 

164 

, 165 

" 

1.30 0.450 77.6 

1.00 . 0.391 \ /7.6 

1.39 0.458 77.5 

0.77 

1.11 

1.12 

1.51' 0.447 

0.84 0.400 

78.3 

77.9 

77.7 

77 .6 

7'8.3 

77.7 

1636 

1642 

1647 

1653 

1653 

1653 

1653 

1676 

1687 ' 

.110 

= 23.1 % wt 

:::! 0.826 c~ 

Chlorine Reaction 
Concent. Ti~e Conversion 

(mo1e%) (s) - (wt %) 

59.0 

69.4 

" 54 .. 6 

82.0 

31.1., 

60.0 

60.0 

58.7 

91.4 'J 

40.7 

150 48.2 

135 65.1 

300 83.9 

107 62.3 

165 48.8 

60 34.8 

195 72.5 

150 63.3 

105 67.S. 

150 56.9 

0 

\ 

< , 


