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ABSTRACT

- ®

N

The chlorination kinetics of Zr0O, with and withﬁﬂz a
reducing agent was ;tudied in a single stationary particle reactor
system.. A plasma of pure chlorine generated by an induction torch

‘fprovided both the highﬁgnthakpy field and the reacting gas. \ The
influence on the rate o Tcepversion of such paramefers as tefjyper— .
aturé,\zhlorine concentf;tjiaziin the presence of argon),np Rticle
diamete} and porosity, were investigated. Based on experimental
and theoretical studies, rate equations were developed for each

Wt

. 3
reaction system under different rate-controlling mechanisms. .

The chlorinatign of Zr0, with chlorine alone in éie
temperature range of 1540 - 2480 K obeyed a shfinking—core reaction
model. The reaction was chemically-controlled below 1950 K and
above this temperature both chemical ;nd mass transfer resistances

were important. The experimental results confirmed the theoretical

~

analysis. -

n

Y - - s

The ‘reaction in the presence of carbon'Was studiéd in the
‘temperature range éf 1400 - 1950 K,\and the rate was‘influenced by
the separation distance between ZrO, and carbon particles, hence
the shrinking-core model was not obeyed. A differekc’coqversidn-
time model was proposed. The rate was lower than the moéél pre-
dictions aboJe a certain conversion, the level of which ipcreased
with both temperatﬁré and carbon content. The experimental results
provi&éd adequate information for thevselectign of optimum Snditions

with respect to reactor type, temperature and carbon content.

~




- RESUME ’ '

La cinétique de chloration de Zr0, avec et sans agent
.+ réducteur a étéd dtudide en exposant une particule rstationnaire 3
un plasma de chlore pur dans un réacteur, le B{asma etant engendré

_par une térch 5 induction. L'influence sur le taux.de conversion

de paramétres felg’que la température, la ‘concentration du chlore

3 ~ -
(quand de 1'a était ajouté), le diamétre de la particule et
sa porogité, awété 2tudiée. ' Basées sur les études théoriques et
expérimentales, des €quations cinétiques ont été développées pour

les différents mécanismes de contrdle de la réaction..

N -

. La chloration de Zr0, avec du chlore pur dans 1l'intervalle
de temperature de 1539‘5 2480 K-obéit au modele "shrinking core."
 Le taux de conversion est contrdlé par la reaction chimique 3 moins
de 1950 K, tandis qu'au dessus de cette température la résistance o

f#, créée par le transfert de masse deviert egalement importante. Les

v resultats experimentaux confirment cette analyse théorique. ,
A v
- En présence de carbone,'la réaction a &été étudiée dans
1'intervalle 1400 - 1950 K. Dans ces conditions la cinéﬁiqué est in- -
fluencée par la distance entre leg parricules de:Zroa et de
carbone. Un nouveau modéle est proposé&. Au-dessus d'un certaim
niveau de conversion, les résultats expérimentaux sont”ipférieurs
a ceux préﬂits par le mgaéle, ce‘niveau croissant avec la ‘ f/
température et la teneur en carbone, Les données expérimentaléé
sont suffisantes pour permettre de choisir les conditions optimales
pour la réaction en rapport avec le type de réacteur, le niveau

de .température et la teneur en cdrbone.- .
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GENERAL INTRODUCTION

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

the exception o% uranium, it can be said that zirconium, in its
present highly-purified form, is truly a product of the nuclear
age. No other metal offe{s such an unmatched combination of high-
temperature strength, corrosion resistance, and unusually low

neutron capture cross-section which have made the high performance *

of the Canadian CANDU reactor possible. Because of its high

X

reactivity, the chemistry ofA;}rconium has attracted researchers
ever since it was discovered®in the late eighteenth century, but
it is only since the end of the Second World War that determined

o

efforts have been made to separate the many impurities with which

-the native ore, zircon, is contaminated, in order to producg the

]

high—-purity metal required for nuclear applications in commercial

quantities. Of these,shafnium is particularly difficult to
of

o

eliminate because of its unusual chemical similarity with zirconium,
in spite of the fact that its atomic weight is double that of

zirconium,

The production methods currently used by Industry to
produce the pure metal are both extremely complex (upward of

N

forty process s$teps) and very costly. Typically, a modern plant



o
N

‘ to pl:oducec three million pounds of pure zirconium annually WQ/uld

Al

involve a capital expenditure of upward of 30 million dol}ars,

with an operating cost of around $15 per kilo.in the form of a
a\\‘ sponge and $25 to $30 per kilo in ;emi—finished shapes. 1t is PR
not surprising, therefore, that a considerable effort is cur- d

/rentiy being made to simplify the production process and }gwér

"' its\cost. The research. project discussed in this thesis is an P

2

example of such an effort.
o

~

Without going in ny of the details of zirconium
' \ s
-production (this will be fu covered in the Literature Review

‘ 3
{ section of this thesis), suffice to say that zirconium tetra-

7

.. chloride is an important intermediate not only in the current
¥ £
conventional process, but also in many of the newer processes
which have recently been proposed. The direct high-temperature

chlorination of zirconia (Zr0O.) to produce the tetrachloride may

offer distinct advantages in the 'elaboration of future, more

efficient productjon processes. This possibility is further

enhanced if the use of a plasma flame is considered to generate

.. the high temperature field necessary. - ’

%

2
’ ) .

- The literature on the chlorinatioq of zirconia is scarce
and is 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 high temperatures (>1400 K). A chlorine plasma

generated by an in&uction torch provided both thechigh-enthalpy




o

. s

fiéld and the reacting gas. It should be added that, to the

t
1

author's %nowledge, this is the first time that the gemeration of

a plasma pf pure chlorine and a kinetic study of this kind have
been mentioned in the literature. As part of the project, a “~.
el
] .
reactor s&stem, complete with all auxiliaryfunits, was designed
| . ¢ -

and const#ucted to handle the hot and extremely corrosive chlorine

|
gas), and éo dispose of the off-gases safely. Measurement tech-

‘niques had similarly to be developed to provide the required

i
kinetic data. It is gratifying to report that the dé;ign of the

reactor system proved to be so versatile that it will be used in
1
I
{
| :

other kinetic studies which will be undertaken in this }aboratory

J . ’
in the n%ar future. .- . //

o

o R ~

In accordance with current practice, this tnesis has been
. o

written as a number of individual sections which are complete in

1

themselves, in that they each have a separate Introduction, .
o .

AN -
Conclusion, Nomenclature and Bibliography. Thus, the experimental
[

part of the Ehesis can be submitted for publication with little
!

modification.

,‘;} -
The thesis is divided into three main parts:

S

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

£

ground information on all related subjects: zirconium and its

s
.

production methods;’published kinetic stﬂdies on the chlorination '

'

.0f metal oxides relevant to this work; theoretical treatments of

non-catalytic gas-solid reactions; and fdnally a description of f
L - |
A s

-~ /ﬁ,‘ _ . l




.

pertinent plasma phenomena and plasma gas-solid reactions;
s

«‘\‘\";\ B
. 2. A report on the theoretical and the experimentai
o B
work related to the chlorination of zirconium.oxide in the absence

of a reducing agent.

*

3. A repo}t of the work- on thq_gﬁiorination of zirconium®

.

oxide-graphite mixtures.

.
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INTRODUCTION

The Review of the Literature is presented under the

4
3

following four main headings:

-1 Zirconium and Its Production Developments

~ K

&7 2. Chiorinatfon Kinetics of Metal Oxides

3. Mathematical:Treatments of Non-Catalytic
Gas-S0lid Reactions ’

4. Plasma.Phenomena and Plasma Gas~Solid
Reactions

Since the chlorination of zirconium dioxide is an
integfal part of zirconium production techniques, the first.

S

section is aimed at providing background information on ~zirconium

. and its presbn& and potential Production methods; as well as

related developments, including plasma applications. The second
A ~ -

seLtion presents a critical discussion of published works on the

L

kinetics and reaction mechanisms of zirconium-digxide chlorin-

ation, as well as the chlorination of other metal oxides which

\r

might shed some additional light on this reaction. Due, to the

[y
a

fact that understanding and interpretation of the mechanism of a

gas—solid reaction is best obtained from its mathematical -
. , ®

ok




-

- representation, the third section is intended to give a fairly

. detailed overall view of the theoretical models representing non-

3

catalytic gas-solid reactions, using a different - and hopefully

novel - approach in classification. In an attempt to\né‘l%e the
treatment as complete as possible, a full discussion of the

inherént assumptions made in these models, of their mathematicai )
complexities and of their potential fields of application, is .

, also given. - >

/

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

1

‘ . L
. temperature heat source in the experimental part of this study, ,

%
.

°the last section of the Literature Review .represents an attempt .

- 8
.

to provide a brief &background on plasma-generating devices, on

\ '

their operation and characteristics, and on their field of

I
application in gas—solid reactions.

P

v

v

|
B ZIRCONIUM AND ITS PRODUC:FION DEVELOPMENTS

°

+ Although zirconium metal was discovered in 1789, its

4

~ industrial uses havé had a relatively short life, which began with

the discovery of its nuclear properties during the late 1940's.

. Because of "its low neutron absorption cross-section, its low

‘ radioactivity after radiation exposure plus its resistance to -

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

caloys) are used for the cladding jof uranium dioxide fuel and for

©
~ /

the permanent reactor core structural components in the pres’\surized
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and boiling water reactors (Miller, 1954), (Shelton'et al., 1956),

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

o

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

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

nuclear applications. A small quantity of commercial-grade )

zirconium metal is used as a corrosion-resistant construction

T~ e .
%, material in the chemical ‘industry (Stamper and Chin, 1970).

(5%

o Another small but growing ercial—grade zirconium

is in the form of a very fine powder as a "getter" in vacuum -
¢ . .
tubes, as an ignition soutce in photo-flash and detonator ap-

plications and in the form of thin foils in flash bulbs (Sundarémn
et al., 1967). It is replacing tantalum in surgical applications

(Reno, 1956). R !

°

Zirconium,  formerly considered a rare element, is now

" known to be more plentiful in the earth's crust than nickel,

copper, .lead and zinc (Shelton et al., 1956). Zircon (ZrSi0,) is

the most widely distributed and most important source of the

!

metal. A }ess important source mineral, because of its restricted
. , A —
occurrence, is baddeleyite, another form of zirconium oxide
(Miller, 1954). Hafnium is almost invariably associated with
zirconium minerals and the commercial zirconium (as opposed to

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

\
\
N

related to the Hf/Zr ratios of the source mineral. These Hf/Zr

a8

-

ratios vary from 0.017 to 0.049 fof zircon and from 0.008 to

0.014 for baddeleyite (Ryan, 1968). Certain varieties of zircomn

o o
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S

contajfiing as much .as 17 percent hafnia are the richest sources of
~ 4 .

v _

[}

3

hafnium. »
’ N

a o

The stability of the zirconium-oxygen bomding in zirconium

silicates, and zirconium oxide and the reactivity of zirconium &

-

towards the common, gases, such as oxygen, nitrogen and hydrogen,
even at moderate temperagures, make the production of the m;tal in
a pure state a difficult task (Miliér,leSA). This may Rg the
reason for the passageoof 130 years from the discovery of zir-

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

dissociation method of van Arkel andode Boer in 1925. For the
first time, these‘workers obtained malleable metal thaFHQisplayed
the real propgrties of the element (Kroll and Schlechte;, 1946).
Following this development, it was regogni;e& gﬁat a,minuteﬁamount
of'gases like oxygen and nitrogen was the main cause forJQQf
i?brittlement observed in previous works |

| J u o
% The U.S. Bureau of Mineg initiated a research program in
|

1945 under the direction of W.J. Kroll in an attempt to develgp ‘a

-

N <
1a4ge—scale nuclear grade zirconium production method to supply

! ,
thed metal to the U.S. Navy. In’the course of this work, Kroll

a

and Schlechten (1946) published a critical survey of the litera=—

ture on the metallurgy of zirconium, ranging from the ore to the

metal product. The process finally developed by Kroll to produce
~ kY

zirconium metal free from most of the naturally-occurring con-

on

taminants, including hafnium, is éovered extenﬁﬁvely in the

literature (Kroll et al., 1948, 1950), (Miller, 1954), (Shelton



w L3
et al., 1955) and became the major production technique, which it

remains basically to this day. The overall process as originally

’ Lconceived consisted of the following steps:

- reaction of zircon with carbon in an electric arc
v 4
furnace to form zirconium carbide or carbonitride and volatile

silicon monoxide;

iy

- chlorination of the carbide to form zi;cd’nium tetra-

chloride;

- removal of hafnium and other contaminants by solvent

extraction, to form high—purity;’zfrcon:'[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

!
- removal o/f magnesium chloride by vacuyum.-distillation
to produce zirconium sponge which, following vacuum remelting,

was converted to ductile zirconium metal.

Figure 1 (from Noranda, -1977) summarizes the conventional
Kroll: Process, essentially used by Wah-Chang and Pechiney Ugine
Kuhlmann. The actual production process entailed upward of 40
processing steps with corresponding high cost in material and

chemicals, equipment and labour. Any reduction in the mun\ber of’

-

g
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FIGURE 1 - .

[y

THE CONVENTIONAL KE{OLL PROCESS -

ESSENTIALLY AS USED BY WAH-CHANG

AND PECHINEY UGINE KHULMANN : .

(NORANDA, 1977) *
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process steps or improvements in their respective efficiencies

would not only reduce the cost, but also reduce the potential for

impurities to enter into the system. The latter cons?deration is -

©

of considerable importance, since the purity specifications for

the nuclear grade are extremely rigid, Hence, considerable

research and development efforts have been devoted to virtually
4

every step in the entire production spectrum.

°
c

The first step in recovering metallic zirconium is to

"open" the ore, that is to break down the crystalline structure

-

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

most metals, is characterized by its relative chemical inertness.

The various methods of "opening" zircon were summarized by &?rden
“and Rich (1971), Kroll and Schlechten (1946) and also by Miller

(1954). Chlorination constitutes one of these methods and has

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

processes used by both Pechiney, Ugine Kuhlmann and by Téiedyne-
' L
Wah Chang use it in preference to carbide formation.

/ -

Kroll, Carmody and Schlechten (1952) compared carbide

(two steps) and zircon (one-step) chlorinations in reporting many /
°

sidelines that they investigdted duringfhe development of the
Kroll pro#ess. Their recommendation was in favour of the two-

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

»

output, the chlorinator needed for direct chlorination 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 less



than 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 chlurination in-
efficient and less satisfactory. Instead, they proposed direct
chlogination of pure zirconium dioxide which presented much 1é;s
difficulty and lower operating costs than either the chlorination
of zircon or that of zirconium carbide. Pilot plant séudies and
design for fgll—scalé production equiphent were described in their
paper. Almond-shaped briquettes with dimensions of approximately
1-3/8 x 1 x 3/4 in.made up. of 81 percent (-200 mesh) zirconium

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

|

TN

hinder were chlorinated in a vertical shaft furnace reactor at

1173 - 1423 K¢ The source of pure zirconium dioxide was not

3

reported.

a

3

v Several patents oﬂ the subject of zircon and zirconia
chlorination were issued. Anderson (l960)-described the chlo-
rination Pf -8 4200 mesh agglomerates of zircon and carbon in a
fluidized bed at 973 - 1273 K. Wigton (1960) chlorin;ted a ~65
+200 mesh zircon and carbon mixture in a fluidized bed at 1300 -
1423 K. - Heat was supplied throdgh the combustion of part of the .

carbon in the bed with oxygen. Callow and Bernard (1968) suggested /

the addition'of 0.5 - 2 wt percent KCl together with coke to

’

— - N
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chlorinaté zircon. Ayukawa (1975) used péllets made up of ~150

mesh zircon and petroleum coke for the chlorination of zircon.'

McCord (1966) described chlorination of zirconium d?o-
xide pelletized with a stgichfometric amount of canon in a
vertical shaft reactor at 1073 - 1273 K. Reaction was reported to
be self-sustaining when the temperature in the reaction zone
reached the operating temperature, after which external heat was

discontinued.

~

Although reducing agents containing hydrogen are not
recommended for the chlorination of éirconia and zircon due to the
possibility of water formation which would in turn convert zir-
conium tetrachloride into the oxychloride in the condense;; in the
patents claimed by George (1967) acetylene was suggested as the
reducing agent, and more recently, Wilhelm (1974) -proposed
chlorohydrocarbons as the chlorinating and reducing agents for

-t

zirconia chlorination. w

Sehra (1974) studied the chlorination of zirconium oxide
with carbon monoxide anﬁ chlorine in batch and semi—continuous
. fluidized bed reactors. He reported 1023 K as an optimum operating

temperature, above which reaction rate did not increase appre-~ -

‘ciably. Obviously, this temperature is not the optimum one, since
a transition region occurs at about 900 - 1300 K in which the rate

of chlorination stays constant and above which the reaction rate

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




J

and the data needed to design such a reactor were given in their

/

fluidized bed was more attractive than the industrial practice

of using shaft furnace chlorination.

A

Recently, zircon chlorination was discussed by Manieh K .
and Spink (1973), and Manieh, S;ott and Spink (1974). The&
studied the chlorination in the presence of petroleum coke, both
in static boat and in an electrothermal flui&ized bed reactor.

In the former, the individual effects of t;mperatufe, carbon/
zircon ratio and chlo;ine conhentration, and in the latter tﬁe
influence of temperature, gas velocity and bed 9epth on chlorine
utilization were evaluated. Sufficient fluidizat?on of the bed
was provided by the amount of thorine‘used and the gaseous
reaction products produced, tgus, no diluting gas was required.
The electrothermal fluidiged bed reactor which was recommended by

the authors as the only practical appafatus available for the

chlorination of zircon sand on a commercial basis was described

papers. \ ‘ , .

7

" A somewhat different method of rémoving silica from zir- Q\
con was proposed*by White and Richmond (1972). Zircon was reacted

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

prTéence of hydrGgen or carbon as reducing agent., Silica was

removed as volatile SiS,. Later Motoi and Kurita (1973) claimed

removal %f silica as the vola;ile halide ahd leaving zirconium

dioxide as residue by reacting zirgqn with alkali earth halide and

“tarbon at 1873 - 2173 K. ‘ ]
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n

. It was reported as early as 1923 (Kroll and Schlechten,
1946) that silica could be removed by dissociation of zircon at

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

temperature of the dissociation process have been the subject of
5 :

mu&h discussion. Utseki et al. (1972) reviewed the previous work

S
/ and\séudied the mechanism of this Veaction. They concluded that

fine zircon powder started to decompose at temperature as low as |

1473 K, accompanied by sintering, but crystallization of .zirconium
4

dioxide (following dissociation) began at 1973 K.

@
~

- For the last stages of zirconium production, the mdgnesium

or magnesium-sodium reduction and vacuum distillation processes .

N (Kroll process) have also been the fopics of many studies and pat-

ent claims. Klimaszewski (1967), Ishizuka (1972), Kanji (1973a,

1973b) and recently Spink (1976) and Ishimatsu et al. (1956) de~

scribed different equipment designs and m;difications, sugéesting
improvements over the original Kroll process. 1In his latest

patents, Ishizuka (1975a, 1975b) claimed a reduction in processing

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

[
-

Starrat (1959) gave detailed information on the prod-

uction of nucledr-grade zirconium at the Ashtabula plant of
H

Mallory Shanon Metals Corporation which used impure zirconium ¢

4

tetrachloride as raw material. The method‘of‘production was the

1
same as the Kroll process except that insteéa of magnesium re-~
duction, Ashtabula made use of what was claimed to be a lower cost

reduction with sodium. Elger (1962) investigated the advantages




of using different reductants in the 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 désign and process con-

ditions for large-scale operations in India.

Very recently, Spink (1977b) reviewed the historigal
development of the zirconium market in conjunction with the
conventional production method and conclyded Fhat, due to the
uncertainties and large fluctugpions in zirconium demand caused
by governmental policies, veryqlitqle regsearch and development
work had been done in this highly demanding technological area
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 thelsame.articlei he‘
degcribed a new process ("The Spink Process") for the preparation
of nuclear-grade zirconium qsﬂ reasonably pure hafnium. The
proposed process was claimed to be reléggvely pollution—-free and
more economical than the conventional process currently practised.
A recent calculation by Spink (1977a) has showed that chemic;i
costs associated with the\new.prdcess are less 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

o

distillation), the differences being due to improvements in
individual operations (electrothermal fluidized bed chlorination®

of zircon, removal of hafnium in the tetrachloride form,}gtc.)

~

and equipment designs, plus additiomal S$iCl,, Mg and chlorine

-
@

s

Among other production methods, the metallo-thermic

N

recovery processes.

reduction of zirconium oxide has found industrial use in the
- preparation-of zirconium metal powder to be used as "getter" in

v

vacuum tubes and as ignition source in photo-flash and detonator
applications. This type of reductiop is possible at' a tgmperature
gf 1073 - 1273 K only in the presence of calcium (Roy 1964) which
is the costliest among the metallic: reducing agents (Ca, Mg, Al).
While magnesium does not possess as high an affinity for oxygen as
calcium, aluminum on the other hand creates difficulties due to
the formation of solid aluminum-zirconium intermetafric compounds, t
Sandaram et al. (1967) investigéted 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 is highly exotbermi&, it w;s found necessary to in-
corporate’'in the reaction charge a definite proportion of a heat-
sink material such as CaCl, to minimize ghe sintering of thg
charge, which created diffigult%es in subsequent leaching treat-
ments for the complete removal of calcium. They obtained a metal

At s

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



'CaCl, per mole of Zr0,. -The E?Sidual oxygen content in the metal

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

-

us%ng -325 mesh ZrOz; with 50 percent excess Ca and half a mole of

N *

powders after reduction decreased from 2.34 pércent to 0.10 per-

cent by increasing the reaction temperat&re from 1073 K to 1223 K.

In his patent, Gallay et al. (1971) described the re-
duction of oxide with caleium in CaF; melt using a furnace heated

by induction. on
» ’ B , .
Another methoéd which may have potential for the industrial
production of zirconium is fused-salt electrowinning of the metal

from zirconium tetrachloride. Martinez and Couch (1972) obtained

high-purity zirconium on a laboratory scale by electrowinning from

o3
ZrCl,, using a NaCl-NaF electrolyte which contained 2 wt. percent

~

zirconium as ZrCl,. °The process temperature was 1073 K. Later,

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

\ .
operation. Zirconium metal meeting ASTM standards was produced

only in electrolytes with a relatively low zirconium concentration

a

anode was found to bé\limiting_Ebf rate o€ anodic. reaction. They

~
concluded that additional development work was still needed for

»

this approach to gain commercial acceptance.
0 ® L

In parallel with the rapid advances which have been made
in ‘plasma tecknology over the last fifteen years, there has been a

considerable number of investigations on the use of this technology

in zirconium production. - Brown (1967) presented a paper concerning

e
3

a2
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his work on .the reduction of zirconium dioxide and zirconium tet-

{ il
rachloride to zirconium with the use of an arc plasma jet. His

» <

thermodynamic analysis showed that metal production by dissocia~

tion of zirconium dioxide in the absence of a reducing agent was
M

Rl

monoxide at quite high| temperatures. Upon quenching, the products

Al '

)
are Zr, Zr0 and oxygen., But in the condensed phase, the monoxide,

]

is not stable and yields Zr and ZrOz. In attewmpting to reduce

s

zircopium dioxide to zirconium using carbon, Brown found that the

feed to 70 percent in the |product. In the case of the decomposi-

gen dilution quench and a%¥so straight thermal quench, he reported
an increase in zirconium content from 38.2 percent in the feed to

58.4 percent in the product. The Ryoducts were not identified.

.
- \
4

~ 8l

- In their article concerning the state of Ehe art in
plasma chemistry, Vurzel‘and Polak (1970) indicated that they had

had some success in reducing zirconium dioxide to zirconium in a
e fre b

hydrogen plasma. However, no further information was available

Y

. concerning this work. The investigation of Matsumoto and

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

a

~ -~

7
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> in argon and argon-hydrogen plasma jets showed that the final

product composition was affected critically by the iy)iti?l C/Z2x0,
7(:1’.0. The product consisted of Zr and Zr0, when the ratio C/Zr0, '

was one, and Zr, ZrG when the ratio was two.

Becherescu, Winter and Cicoare (1967) studied the reaction
of Zr0, with met?llic iron in a plasma jet supplied from a 60-kW
unit. Their feeq consisted of briquettes of Zr0., + Fe, with an
iron content ranging from one to seventy percent: In each case,
the final products consisted of a frixture of ZIr, Zr0,, Fe, Fe0
and 4Fe301.. This was attributed to the short residence time in °

the plasma, in addition to the reaction condition.
. . ,

De:spite the earlier wi:rk of DiPietro ané Findlay as
reported by Abshire (1958) and of Kroll, Carmody and Schlechten
(1952), ‘some recent studies showed that the reduction or thermal
“decomppsitio\n_ of zirconium tgtrachloride in a'rgon or argon-—
hydrogen plasmas could be successful. Chizhikov, Deineka and

- Makarova (1969) and Chizhilfov et al. (1971) reported the pro-
duction of pyrophori‘c metal powders by reduction c;f ZrCi,, WClg,
MoCl,; andNbCls in an argon~hydrogen plasma. The;y also produced
the ;espective oxides from the chlorides in an argon—oxygen
;)lasma. Semenenko et al. (1975) studied the rgd;xction of
zirconium tetra and lower halides in a hydrogen plasma. The f

prodiicts contained the respective halogens and hydrogen in

small quantities.

. ~

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

€ , N




O~

22

feasibility of the thermal dissociation of zirconium tetrachloride
in a radio-~frequency argon plasma, produced from a 25-kW, 4-mHz
generator. He collected the metallic zirconium at the centreline
of the plasma by ‘means of a water-cooled probe.* The percent of -
‘
feed collected ranged from 1.9 to 47.4. The percent conversion of
ZrCl, to Zr based on the amount of metal collected xjanged from 3.7
to 89.6. No information was given about the portion which was not
collected. Quenching efficiencz, position of the collecting probe
in the plasma and the feed rate influenced the conversion. Gragg
concludea that this process was technically feasible but not .0
economical with the apparatus he used. This was due to the low
efficiency which was reported to be 20% of the power input to the
generator. The cost of production of zirconium from purcla 2rCl,

was estimated to be 5.3 cents per kg of zirconium which seems to

be very unrealistic. !

A patent by Little and Wentzell (1965) claims the use of ‘
Na or Mg in :; plasma process to reduce chlorides of Zr, Ti, Nb and
Mo. The process uses a transferred-arc plasma where the u}iper
surface of a movable bar of the respective metal (which slides in
a vertical water-cooled mold) acts as the anode. Chlorides are
introciuced into the plasma jet together with liquid sodium or
powdered magnesium as the reducing agent. Pure metal is said to
form as,a molten pool at the anode. The process is attractive in

that it produces not sponge but bulk metal.

Another patent (Ciba, 1966) disclosed the production of
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non-pyrophoric powders of zirconium and some other metals by -
introduction of the chlorides with argon as a carrier\gas into a

hydrogen plasma.

The plasma dissociatic;n of zircon into its componené
oxides was proposed as a preliminary route to zirconia and
zirconium chemicals by Warren and Shimizu (1965). It has recently
been the subject of a series of publications and patents-as the
basis for the Ionarc Process,' which has enabled the manufacture of
substantial quantities of plasma-dissociated zirconia with a high
degree of conversion and low electrical energy requirement (Thorpe
fmd Wilks, 1971)°, (Wilks et al?, 1972, 1974), (Scaman et al.,
1973). 1In this process, the finely—powdered zircon sand (<150
microns) is introduced with nitrogen as 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 tailflame oxidize the carbon contaminants. This produces -
a product with high surface area fr;)m which the silica can easily
be removed by a caustic leach. The purity of the finadl product

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

polluting in that there are no unwanted byproducts.

Very recently, Bayliss, Bryand and Sayce (1977) surveyed
. 0 !
the earlier 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-free or oxidizing conditions.

e
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“ to the difficulties encountered in its production. Currently,

24 >

-

Zirconium is proving to be a very useful metal but its

o >

1

use has so far been restricted by its relatively high price, due -

research work is aimed Rt 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 methods indicated the importance of zirconium tet-
rachloride as™ the intermediate product between the stgiting

material zircon and the zirconium metal product. Developmenﬁ of.
- <]
the plasma process for the thermal dissociation of zircon into

zirconia, plus the disadvantages of direct or indirect zircon
3
chlorikations, may make the chlorination of zirconia more attrac—

tive'than that of zircon. | Depending upon the methods of removal
of hafnium from zirconium, the chlorination of pure zirconium

oxide becomes an essential part of the overall process when

solvent extraction is used.

’

&

. CHLORINATION KINETICS OF METAL OXIDES .

£3

CHLORINATION OF ZIRCONIUM DIOXIDE °

o
Published works on the chlorination kinetics of zirconium
didkide are rather scarce. Two comprehensive kinetic (

studies (Landsberg et al., 1972), (O'Reilly et al, 1972) have
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.~ appeared in -the literature recently, both of them coviring

temperature below 1400 K.

O'Reilly, Doig and Ratcliffe (1972) studied the reéction
between zirconium dioxide, carbon and chlorine in a static bed in
the temperature range of/;go to 1100 K using uncompacted, in-
timately mixed zirconium dioxide powder (15-micron p;rtigles,
average) and petroleum coke (1 micron) in a weight ratio of one

° ‘

to four. It was reported that the reaction was chemically con-
trolled and was taking place at the surface of the oxide par- \
ticles. For conversions up to 30-80 percent, the time — vs ~

" conversion data was correlated by the expression (shrinking~core):

t

1- -0 ke 1)

where X is the fraction of oxide reacted at time t, and K is the
overall rate constant. The activatiog energy and the order of
reaction with respect to chlorine concentration werf 230.7 kJ/mole
and 0;64, respectively. 'Dependence of the reactién rate on the
fractional power of chlorine concentration was attributed to the

dissociation of chlorine molecules at the surface of the oxide.

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

versions, the rate of reaction decreased significantly and con-
version - vs ~ time deviated from the correlation predicted by
the shrinking core model. The level of conversions at which this
<
AN

deviation occurred increased with increase in reaction temperature

(for temperatures of 940 and 1100 K, deviations Began to occur at

e
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¢
30 and 80 percent conversions, respectively). No explanation was’
given for this behaviour, beyond the ;n,ent‘ion that it was the
suijecIt of further investigation. The reason for -such a reduction
in the reaction rate, in the opinion of the present author, may be
the chﬁée in “t1/1e degree of contact between oxide and coke parti-~

cles, which decreases as the reaction progresses. The importance

of this intimate contact is less at high temperatures.

)

In their kinetic study, Landsberg, Hoatson and Block

(1972) chlorinated both compacted powder and opaque single crystals

of zirconium dioxide with carbon and carbon monoxide as reductants.

They also investigated the chlorination of 2r0; single crystals
with chlorine alone, these authors being the first to do so.
Despite the fact;that chlorihation of Zr0, without.r’educing agent

is thermodynamically not feasible, they managed to measure an ,

appreciable rate of chlorination in the temperature range of _1_;3120

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

N

They reported that the reaction rate was influenced by the total
(-

gas flow rate, at rates bjﬂeloﬁ 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 powc{er. The pellets,
15 mm in diameter and 5 mm in thickne:;s, 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

-y
——
v




presence of carbon was found to be directly proportional to

chlorine concentration which did not agree with t#iez findings of
O"Eeilly et al. (1972) who reported proportionality to the 0.64
péwer 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
ir\westigated the effect of carbon particle size on t;he reaction
rate and found that coarser carbon particles resulted in lower
reaction rates, which indicated the importance of oxide-carbon

. . -
contact. Reaction was reported to be taking place at the surface
and it was chemically controlled yielding an activation energy of

N

127.7 kJ/mole as opposed to 230.7 kJ/mole found by 0'Reilly et al.

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

presented.

/ ¢

Chloripation in the presence of carbon monoxide was

\
A

studied by Landsberg et al. with compacted disk pelleté of Zr0; at

675 - 1375 K and with /single crystals of ZrO, at 875 - 1375 K.
The chlorination ra\:e with compacted samples was almost ten times
that of single crystals at the same temperature of 1275 K. It was

reported that reaction occurred within the entire porous structure

;

of compacts exposed to carbon monoxide and chlorine, and the
) %
initial reaction rate showed a direct relationship to sample

volumes and weight, irrespective of geometric surfaces. However,
the change in reactivity observed by these authors as the reaction

proceeded, for both types of samples, indicated that the available

’
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‘ v surface area for the reaction played &n important role in the

1
/ )

reaction rate. The relationship Qgtwe n the rate of chlorination

\
and the gas concentrations, as well as the activation energies,

~ were found to be different at high and low temperatures. A
- transition zone in the temperature range of 900 - 1200 X was
3 - /
\ observed with both types of samples. 1In this zone, the rate either

dgﬁgsgsed or remained almost constant. This was explained by the
transition in the carbon monoxide-cérbon dioxide equilibrium and
its resulting effect on the reaction mechanism. -The same phe;
nomenon was observed gy Dunn (1960) in the chlorination of TiO,
with phosgene (COCl;) and with carbon monoxide plus chlor;ne.

. \

IENEN - -
The order of carbon monoxide reaction with respect to

chlorine and carbon monoxide at 1273 K was reported as 0.6 and 0.5,
respectively. The\correspondiﬁg.act}vationufneggy was about 96.3

" kJ/mole.

o

On the basis of a thermodynamic ;naiysis, Vasilenko and
Vol'skii (1958) concluded that chlorination of ZrO, by chlorine
alone was ineffective, even at temperatures between 1273 and 1773
K. At equilibrium, the product (zirconium tetrachloride) con-
centration in the gaseous phase was low and with a rise of tem-

perature in the indicated limits, it increasgd insignigicantly

from 0.2 to 2.7 volume percent. They also showed that, at tem-—

peratures below 973 K, chlorination of Zr0O, in the presence of

solid carbon took place according to the reaction

3

. Zr0s + C + 2 Cl, + ZrCl, + €O, (2)




s

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

Zr0, + 2 C 7 2 Cl, = ZxCl, + 2CO ‘ (3)

A recent work by Sehra (1974) reperts 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 investigaged the effects
of operafgng variables such as flow rates of CO and Cl,, bed- g
height; temperature and residence timé on the percent chlo-
rination, in order fbgestablish the optimum operating conditions.
Sehra reported a linear relationship between percentage chlo-
rination of Zr0, and reaction time‘a 1073 K up topQQ’percent
conversion, above which the réte dropped\ off. He interpreted

this effect on the premise that, in the initial stages, with the

generation of surface pores, the effective face area remained

constant; at a certain stage of the chlorination, the effective
surface area and hénce the rate of chlorination\mugt begin to
decrease. This ekplanation may be appropriate, however, it is
known that the rate in gas-solid non-catalytic reactions generally
varies with time and is basically transient (Séekely et al., 1976),
since the amount of reactant surface and its availabifit; changes
with the extent of reaction. The conversion - versus - time dafé
reported by Sehra was re-analysed by the a;thor qf this thesis.

A plot of fractional conversion of Zr0O; in the form of [1 - (1 ~
x)llal versus time resulted in a'straigh; line at all conversion

5 3 i

levels, suggesting that chlorination of Zr0, with carbon monoxide -

= \

s
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and chlorine was a chemically-controlled surface reaction de-

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

reaction rate mentioned by Sehra was really due to a decrease in
geometrical surface area resulting from the shrinking of the

reacting particles.

. .
Sehra (1974) also concluded that a temperature‘of 1073 X

W

was an optimum reaction temperature since the rate of reaction

above this temperature did not increase much. This may not be

true in the light of the results reported by Landsberg et al.
. (1972) who observed a transition region centered at about 1073 K

N

in the (CO + Cl;) chlorination of ZrO,. In this region, the rate

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

4

7
started to increase again.

\ The paper published by Pogonina and Ivashentsev (1974) °

was very brief and was concerned with the chlorination of Zr0,,

Hf0, and Ti0, with and without carbon monoxide as reductant. The

+

:>activation energy of 425.8 kJ/mole for the Zr0, + Cl, reaction

reported by the authors seems to be very high. It appears to be
based on only two experimentdl data points in a narrow temperature

o

range (1173 - 1273 K). ": .

CHLORINATION OF OTHER METAL OXIDES

; A large number of publications have been accdhulated{in
the literature on the chlorination of different ores and metal

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

\/’ :
! B . /
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thesis, a brief discussion of some selected papers relevant to

»
o

this study will be useful, on' the premise.that most of the metal,
oxide chlorination reactions may show at least similar /qualitative

!

behaviour. N

The most controversial subject in this field has been
the m::;hanism of the reaction. It has foumi the ]#east agreement
among diffe;:ent: investigators, particularly among those who have
studied the same system. The paper published by Seryakov et al.
(1967) 1is concerned v:ith the mechanism of chlorination of tita-
nium dioxide by chlorine in the preéence of carbon. The existing

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

. were: o : a

4

v

1. The médal oxide is first reduced by carbon or carbon,

monoxide to a lower oxide, which in turn reacts with chlorine to

- v
.

form the tetrachloride. .

2. Chlorine reacts with the metal okxide to form the

tetrachloride and elemental oxygen. " The latter combines with

T

7y

- P
carbon "to form carbon dioxide or carbon monoxide.

3. The metal oxide is chlorinated by carbonyl chloride

»

(phosgene ’COC].,) formed -as a result of the.reaction of chlorine

either with carbon monoxidg or carbon dioxide in the presence of

-~
P
e -

carbon.

i
|

/ 4. Chlorination takes plaée with the aid of chloro-

carbons 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. Chlorination proceeds through the .formation of

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

tact between the part%(gs of metal oxide and carbon.

On the basis- of their experimental evidence, Seryakov et

al. (1967) céncluded that the chlorination of titanium dioxide /

< by

1 by chlorine and carbon in the temperature range of 626 te 777 K

\ proceeds without the :participatiop of such intermediates as

Fal

~~
elemental oxygen, N@s of titanium in a lower valency, or

°

phosgene. W

Bergholm (1961) investig{ti\ed the chlorination of rutile
' | | y
(Ti0,;) in various ways anci provided valuable information on the

mechanism of the reaction and the parameters influencing the rate

v

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

contact between the oxide and the carbon particles, the author

‘

chlorinated a rutﬁile‘ tablet placed on top of a cubic carbon pellet.

[

~ ‘The rutile tablet had two small holes (450-micron deep) on the

¢

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

the rutile reacted only where the two pieces had been in contact
with one another. Almost no reaction took place in the bottom of

-

\
the holes in spite of the fact that they must have been filled with

carbon monoxide (produced during the:reaction) and chlorine. From

microscopic examination of the contact surfaces, Bergholm concluded

]

that the reaction was strongly promoted by carbon if the distance

‘ . 3
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.

between the carbon an;‘thé rutile was less than 200 microns or so.

He indicated that the %bints of-&ongact aid~not;react faster thand
surfaces 50 microns apart. Hence, the distance .wather than the L
direct 'contacdt between the rutile and the carbon grains was found

to be i&portant. These findings were confirmed by chlorinating -
mixtures of the rutile and the carbon in pellet and loose forms. -
He" found tﬁat the rate of dense pellets at 973 K was ten tires

ﬂigher than that of the loose mixture but the difference between

the chlorination rates was less pronounced at 1120 K.

. 4

. 2
Another evidence showing the importance of %b@tdegree of

contact between'the carbon and the rutile grains was obtained from
{
further treatment of residues of previous exgeriments in which the
v
reaction almost stopped after 70 percent conversion. The residue

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

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

o L]

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

“ >

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

reaction rate than did mixing of the residue without new carbon.

This important observation shows that the reaction slows down or

stops after a certain amount of conversion not because of carbon

deficiency or a loss of reactivity of -constituents, but rather

because of a decrease in the degree of contact between the rutile
&

and the carbon grains.

- ' . -

Bergholm suggested that the reaction probably proceeded

through the formation of an intermediate unstable compound such as :




[ !
x'

' . COCl-radicals, and that the formation of phosgene was less pro- '

ES

tad bable due to its diésociatit;n‘ into CO and Cl; at t?he reaction

( . temperatures. " He also found that the chlorination rate below 1273

.K in the presence of carbon was much higher than that with CO, and .
"

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

i " bed reactor £or chlorination in the preéénce of éarbon. .
| \ : b
In their inves“tigatioﬁ of the chlorinatiop kinetic.e; and
s . reaction mechanism of different minerals i,nc}}uding zircon, Stefanyuk
- and Morozov (1965) suggested that phosgene was the most probable
intermediate activator of the process ," even though this sqggestion
was }'qjected earlier Uby Bergholm (1961). 'The authors did n;)t .deny
W the possibility of formation of carban—uchlorine €ompounds or COCl-
~ type radicals, but preferred :he followinug; stepwise mechanism:

= COCl, ’ (4)

. . cl, + CO
a \

ds

2C0C1, + MeO, = MeCl, + 2C0, (5)

~ Y

€O, + C =Co_, +CO (6)

L4

According to this scheme, chlorine reacts with intermediate surface s
'boxides of carbor to foﬁ phosgene, and carbon dioxide reacts with t o
carbon and regenerates the surfacé carbon oxides. The proposed
mechanism does not- require a fiirect contact between the metal oxide
“ T and the carbon particles but omits an initiatioh step. Based oh
+ their experimental evidence, DSeryakov et al. (1967) later rejecte:i
the participation of phosgene as-an inter::ediate chlo’rinatirsg agent

. ' th the chlorination of titantum dioxide. - :

©
.
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v - Stefanyuk and Morozov chlorinated uncompacted mixtures of

°

zircon and carbon powders in the temperature range of 973 - 1473

N <

K and obtained an activation energy of 97.6 kJ/mole. The process

£

was found to b& one of chemically~-controlled surface reaction for _

a shrinking particle. . ‘

U / , )

A comprehensive study of the influence of carbon on the
chlorination of titanium dioxidé'was reported by Seryakov et al.
(1970) . They chlorinated disk pellets made put of titanium dio-
xide and different carbonaceous materials such as lamp black,
petroleum coke and carbon obtained from the pyrolysis of sugar.
1t was reported that the chlorination yrate in a chemically-con-
trolled region was limited by the area of direct contact between
the metal oxide and the carbon particles. The increased contact

area providéd’by the pyrolyzed sugar and by a high pellet-forming

pressure resulted in higher chlorination rate. This limiting step,

‘plus the activation energy of the chlorination (268 - 285 kJ/mole)

and the order of the reaction with respect to chlorine concentra-
tion (0.63 - 0.71) 'remained almost the same for all three types of
carbon. However, the pre—exponential factor in the Arrhenius

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

TN
&\'\d

As for the mechanism’of chlorination, Seryakov et al.

with the pryolysed sugar.

propqsed that the reaction proceeded through the transfer of -
1 v

molecules of an intermediate product formed on the carbon particles

to’ the surface of the titanium dioxide parficlés at the points of

t . —

~ -

S ——




IllIIII----::———————i—————T—T___________________f_—‘“‘—*—“‘“—*_T”“*Ki_‘"‘*'*_"_""‘**"““*“i“"

36

‘ direct contact. Accordingly, the first step was the interaction
of chlorine with carbon. The transfer of the intermediate prdduct
was reported to be the rate~limiting step, but the flature of this

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

«

mechanism, the authors derived the empirical equation:

.

fn (1= AW/AW_) = =Kt (7

- , reported by them earlier on an experimental basis (Setyakov et al.,

1967a). They assumed that: . ‘ ‘ \

I. The rate was proportional to the available contact
area between the oxide and the carbon patticles (dW/dt o S), and
2. the rate of decrease of the contact area wasApro—

o portional to the available contact area (dS/dt a S).

- These two assumptions imply that the reaction decreases

- and evehtually stops when the contact %tea diminishes and AW_

v

becomes the maximum amount of metal oxide that can be chlorinated.

L

s

The theoretical treatment and the experimental results of _
Seryakov et al. (1970) confitm the observations of Bergholm (1961)
except that Bergholm sugg;sted the necessity of a ciose distance
(less than 200 microns) £;the§ than the direct contact between the /
.oxide and the carbon particles. In a péﬁer concerning the chlo-

- 3

rination of zircon in the,prgsence of carbon, Manieh, Scott and
Spink (1974) suggested a reaction mechanism similar to that of -
Seryakov et al. (1970). They postulated that carbor®hlorine

’ l bonding was an initial rapid step since molecular or atomic chlorine

=]

\\4’3 ’ | \ P

'\:l—"/
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Y

waé readily and strongly chemisorbed on hot carbon surfaces. The

' reaction then had to.proceed subsequently by a solid state reaction
on the surface of the zircon between the chlorinated\carbon and the

zircon. The following‘formulation was given:

c + Cl, = c.01=(5) ‘ ( 8

(s)

Q(C.Clg)(s) + ZrSiOu<sj = ZrCl, + SiCl, +r4 co . (9)

»

This mechanism requires the existence of a direct contact
area between the zircon and the carbon particles, and in the pres-
ence of excess carbon the rate~determining factor will probably be
the surface area of the zircon on which the carbon coats and not

the amount of carbon surface which is available for chlorine ad-

. n

sorbtion.

N
; N
Using an electrothermally-heated fluidized bed, the author

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

—
v

P
respect to chlorine concentration, first order with respect to the

/

— N
=
surface area of zircon paffig;es/ﬁﬁd slightly dependent on the 8
carbon/zircon molﬁTﬁfﬁE;;. The activation energy 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 réhction
'mechanisms depending on whetﬁer the carbon played a role either as
a catalyst or as an oxygeh-binding compound. It was reported that
the majority of metal oxide chlorinations proceeded first with the

formation of Cl-C type radicals, which in turn react immediately

.
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: i
at the contact sites with the oxide. This was in agreement with
Manieh et al. (1974) and Seryakov e; al. (1570). In the case of
the chlorination of alkaline earth %xides, MeClzaand o*ygen were

|

suggested to be formed in the first|stage followed by reaction of
the oxygen with carbon in the seconé stage. .

~ l' j'

In another zircon chlq&inaéien study, Sparling and

Glastonbury A1973) proposed an entifely d%fferent reaction 7 \
mechanism in which the metal oxychloride was the/intermediate .

product. The following formulation was considered as possible:
N i

i
| : |
At the zircon surface:

]
o | .
. MeQz(S) + MeCla(g) —;2 MeOClz(g) - (10)
! | /
At the carbon surf;ce: %
\
MeOCl + C + Cl1 # MeCl + CO “ (11
2g) T C(s) T Clagy) T MeClu) T Oy D
. Lo -
According to this mechanisml some initiation reaction must
i

- occur by direct reaction of chlorine with the metal oxide to prod-

uce, small amounts of the product or of the intermediate phase.
| v

The reaction is self~-sustaining once a small amount of MeCl, or .

MeOCl. is present in the system. The authors described the zircon
chlorination according to two possible situations. For a carbon-

&
deficient system (zircon surface present in excess) it was claimed -

that the rate-limiting step was diffusion of the intermediate ?

(oxychloride) to the carbon particles—through the boundary layer 4

surrounding the carbon and the reaction occurred as soon as the
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1

intermediate reached the carbon surface. 1In a zircon deficient

system, however, the rdte-limiting step was suggested as the
diffusion of the intermediate away from the zircon particles

through the boundary layer surrounding the zircon.

a

Sparling and Glastonbury claimed that the distance
between the oxide and the carbon particies was not important,
in contradiction to the previous investigators, (Bergholm, l96§),
(Seryakov et al., 1970), (Manieh et al., 1974). The applicability
of their proposed mechanism to the zirconium constituent of the
zircon is questionable, due to Ehe fact that zirconium oxy-

chloride 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 area for a particular system, but also of the product
partial pressure, 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‘reported that both the
darbon,and the zircon ?articles shrunk as the reaction progressed,

indicating a surface reaction.' Two different activation energy
” '’

[ ‘

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

deficient systems, respectively.
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Ivashentsev et al. (1975) suggested the formation of
thorium oxychloride (ThOCl,) as an intermediate in the chlo-
rination of ThO., with CHCl, in the temperature range of 873 -

1073 K, but formulated a different reaction mechanism, compared

to ﬁhat of Sparling and Glastombury (1973), as follows!

’ - ThO, + 2 C.Cl = ThOCl, + CO + C (12)

ThoCl, + 2 C.C1l = ThCl, + CO + C (13)
| ® i
2 Thocl, = ThO, + ThCl, (14)
\\ The formation of C.Cl-type active radicals were confirmed

[=

later by Gol'tsova et al. (1976) in the chlorination of Ti0., Zr0;
and HfO, with CHCl; above 800 K, but no reference was made with
respeét to the metal oxychloride as being an intermediate‘in‘the
chlorination react%ons. These aﬁthors reported an activation

energy of 125.6 kJ/mole, being the samf%for the three oxides.

Some of the investigators concerned themsel&es only with
the kinetic aspects of.ﬁetal oxide chlorination, without suggesting
any reaction mechanism. Masterova and Levin (1973) chlorinated a
titag?um slag (T1i0;, éiog) in the form of sphericalv;ellets con-
taining 30 percent carbonm, at 777 - 1273 K, using a chlorine gas .
velocity\of 1 cm/sec. It was reported that the reaction, having an
activation energy of 55.3 kJ/mole, proceeded throughout the pellet

“volume up to 900 K, and was contrelled by chemical kinetics. .

Transition from this to ash diffusion region with pellets larger

o
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-
than 3 mm in diameter took place at a lower temperature. The
equation in (1 - X) = -Kt, used b; these authors to correlate
timel- versus - conversion data, differed from that of Seryakov
et al.j (1967, 1970) in the definition of conversion. Here, X _
was the fraction of the oxide chlorinated at time t, based gP the
initial”weight rather than the maximum amount that could be chlo-

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

—

was found to be independent of the variation of chlorine con-

centration above 35-45 percent chlorine, the latter depending upon

~ kY

a \ ¢
the diameter of the pellet, and at lower chlorine concentrations

the order of the reaction with respect to chlorine also varied

with the diameter (0.62 for 2 mmmand 0.87 for 8 mm pellets).

'
4 N ~

Although no explanation was offered by these authors for
this behéfiour,‘ihe latter may be attributed to the mass transfer

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

reactiol ig equal to (n + 1)/2 (Seryakov et al., 1969) where n is J

the order of the reaction in the kinetic region. Hence, the

exponent| of the chlorine concentration with larger particles

T

(0.87) is| approximately equal to (0.62 + 1)/2. 'The former, how-
- y

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

carbon surface at high chlorine concentration. Iﬂ this case, the

reaction, behaves as zero order or low fractional order in chlorine

(Manieh-et &l., 1974).

A om%what similar observation was reported by Stefanyuk

~

and Morozov |(1964) in the chlorination of pyrochlore ore (Ca;Nb,0,,

a
/ 3
.

~

D
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L
2xS$i0,) where they found dilution of the chlorine with unitrogen

had a significant influence on the rate only at a chlorine con-
centration less than 50 percent., But Segyakov et al. (1969) did
not make any reference to this concentration behaviour in their
paper concerning the chlorination of titanium concentrate (80%

Ti0;, 20% oxides of Si, Fe, Al) in thé form of spherical pellets
(8~10 mm in diameter) containing 27 percent coke. The order of

the reaction with refpect to chlorine and the activation energy iﬁ
the kinetic region were found to be 0.6 aéd 152.4 kJ/mole res-
pectively. They observed a transition from chemical control to
mass transfer (first_ashvand then gas film diffusioﬁ) at a

chlorine gas velocity of 8 mm/sec and temperature of about 800 K.
In the chlorination of éitanium dioxide and niobium entpxide / ‘
with carbon and chlorine, Mo;ozov and‘S an;ii 4;z;i:::::11%;; ’

indicated a similar transitiop at 823

and 16 cm/sec chlorine
velocity. At 873 K the rate was dirgctly proportional to the
chlorine concentration above 30 peréent chlorine and it decreased
sharply below this level. The activation energy of the TiO.

chlorination was 157 kJ/uole.

Feruhan and Martqnik (1973) chlorinated Fe;0s, NiQ and
NiFe,0, spherical pellets with chlorine (1073 to. 1473 X) and with
HC1 (1073 to 1273 X) diluted with helium or argon, in the absenge\
of a reducing agent. The rates obtained when argon was used ag
" the diluent were found to be always about 50 percent slower than
those obtaingd when helium was used. They explained this by
con;i )ng the diffusivities through argon and heliudm, and
\ »

_ —

—~
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. ' indicated \yhat gas diffusion was affecting the tates. Also in.
accordance with the proper particle size dependency, the rates
;ith both Cl; and HCl ‘decreased as the reaction progressed. -
Following chié%ination, the physical appe;;ance of the oxides
was reported to have changeéd significantly. Below 1273 K in
chlorine, the presence of a th%n fluffy layer of oxide at the
surface led to the conclusion that there was no internal reaction.
Above 1273 K, this layer was even thinner. The rate of chlo-
rination in Cl, at temperatures less than 1273 K was reported to
be proportional to the external surface area and to %he chlorine
- ?artipl pressure. The rate also had a significant temperature
dependence (activation energy of 167 kJ similar for all of the.
—oxides) and increased with effective gas éiffusivity. At high
- temperatg;es, the rate was primarily~controlled by the diffusion
of chlorine through the gag film boun&ary. The observed rates at
. 1473 K were found to 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 concluded -

S

that mass transfer was affecting the rates-for all cases.

s . _

Fruehan and Martonik found the rates to bé\c{n‘s}i.efably

s

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

F 3

of NiO and by a factor of 15 for Fe,0;. Thé authors suggested .
’ |
that “the reaction was confined primarily to the pore opehings

. near the external surface.

-

N « /
. , . Concerning the effect of porosity on the reaction rate,

«




&, ‘
' Costa and Smith (1971) obtained 4 similar result in the hydro-

fluorination of uranium diéxide. They reported that the rate for
sintered pellegs of lower porosity was,aboﬁt three times highef{
~ altho&gh the activétion 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 that the
degree of compression of the uranium Eioxide particles used in
forming the pellets appeareé to affect the reactivity of the solid
surface. It is also probable that the sintering process also -

changed the surface to an extent dependent upon the initial
3

porosity.

/ (/

s

1 )
The chlorination kinetics of alumina and alumina-:%n—

taining minerals in the presence of either carbon or carbon

) . R
.monoxide or carbon plus oxygen was studied recently by Landsberg

i
(1975, 1976). The experimental results showed that a phase
transformation from y-alumina to a~alumina lowered the reaction ,

rate, and changed the temperature dependency (activation energy)

—
.

. , >
of the reaction. When carbon monoxide and chlorine were used,

v L}
—

‘ oboth a- and yY~aluminas yielded two traditional Arrhenius reaction
areas separated by a transition zone, as was observed with other e
oxides (Landsberg et al., 1972, Dunn, 19605. With only carbon
and chlorine, the y-alumina chlorination rate was found to be‘
q;rectly propbrtional'to the chlorine concentration at 1273 K, and
this dependency chanéed to a square root o;e in th; presence of

carbon ponoxide. The author foﬁnd that the oveYall dimensions

‘ (5 to 10 mm) of rectangular and disc-shaped compacts did not

’
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. change appreciably during chlorinatién, and that the reaction

appeared to occur throughout the entire porous volume. This was

A ‘

true both when the compact surrounded by -325 mesh carbon reacted

&

" with chio;ine and’ when it was chlorinated in a chlorine-carbon
monoxide atmosphere. 1In pis second paper, Lanasberg (1976) in--
ve?éigatéd the effects of NaCl additions and different types of

\ N
< S ' ' reductants on the chlorination of kaolin. Charcoal gave a mwch
higher réaction rate than did petroleum coke or graphite. This
was attributed to the greatér surface arealand hence greater

. . f
contact available with the charcoal. The presence of NaCl salt

M !

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

and more particularly the reactivity of the alumina co p? ent.

A recent study on the chlorination of Australian rutile
(v96% Ti0,) was published by Morris and Jensen (1976). The authors
\ used both canon monoxide and petroleum coke as reducing agents in
- a fluidized-~bed reactor at temperatures in the ranée of 1143 to
1311 K. It was reported that the reaction occurred exclusively
at the surface of the oxide particles,\at a rate proportional to
the ;eceding surface area. The convérsion ~ versus - time data
were correlated by Equation (1) which assumed & chemically con-
trolled surface reaction with shrinking particle. A comparison
between the two reductants showed the energy.of activation for the
coke system to be much less than for the carbon monoxidé, 45.2

versus 158 kJ/mole.\JThe partial pressure of the chlorine had

similar exponents (+0.665) for both systems. The coke was found .
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w \\ B
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" to be a more effective choriration promoter than the ‘carbon

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

1
with carbon monoxide as reducing agenty At higher temperature,
N A
¥ [
this difference was less pronounced.
. . ;
\t

)

Ed . !
In the chlorination with coke, the rate was inﬁreased

i

°

with coke/ore ratio (0?33 ~ 1.0 by weight) with an exponent of
0.376. However, as.ngticed by the authors, for a fixed bed volume

the amount of ore should decrease correspondingly, so that there

: . U . . :
should exist an optimum coke/ore ratio above which the rate will

drop. : . '
I

< o
AT tt

In a similar but earlier study, Dunn (1960) found a
o
i
semilogarithmic relationship between the ‘amount of remaining

unchlorinated titanium dioxide ore and the reaction time.
sV o \

an (1 - W) = -Kt (15)

s ¢ LN

A

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

J

creased with time. The rate was found to be directly proportional

to both carbon monoxide and chlorine partial pressures, and the

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

Fere not in agreehent with those of Morris and Jensen (1976).
' _ o

\ k]

CONCLUSION

“

Studies of the chlorination kinetics of zirconium dioxid

have been limited to temperatures below 1400 X and only reported

%n two' papers neither of which suggested any mechanism nor agreed

~
L 55‘\
]




on kinetic parameters. The reaction of cfllorine with zirconium

-

dioxide in the absence of a reducing agent has not been’ inves—

tigated fully. “ ' '

¢
A

Although a ‘large number of publications have appeared in

the literature on the chlorination of different metal oxides with

different reducing agents, no agreement was found on the subject

of reaction mechanisms and their activation energy values. Most

of the proposed :nechanisiic models have been nearly entirely

speculative. However, the importance of the/degree of contact

between the qxide and the carbon particles was indicated by

a} '

several investigators. . /

The conversion~time relationshipé in the chlorination of
\ ) g y
oxides with gaseous reducing and chlorinating agents was success-

fully cbox;related by a s’x:rinking core model, while in the case of
£

{ A

the chlorination of carbon-oxide pe}lets with éhlorine a homo~-
\ .

geneous model was proven to be adequate in analyzing the exper-

imental data in the absence of diffusional resistance.

\ '
MATHEMATICAL TREATMENTS OF NON-CATALYTIC GAS~SOLID REACTIONS

f

3

GENERAI. CONSIDERATIONS

Y

While there exists*a 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 overall reaction.
As the solid is consumed or undergoes chemical'dhahge, its

structufe also changes continuously, making the system inherently

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

reactions involves an additional dimension, namely that ‘of time,
i
which is not necessarily required in the study of heterogenous

\ ! o

catalymtic reactions (Szekely et al., 1976),

i

A general equation for these reactions may be written‘as
follows: . .

~

Algas) + bB(solid) - cC(gas) + dD(solid) }‘ (16)'

N g

The products comprise either solids or fluids, or a combination
Y .

of both. Halogenation of metal oxides, gasification or combustion

of some carbonaceous materials are examples where”ﬁbhi‘gﬁfwluid pro-:

T —

ducts are encountered. A few examples of gas-solid reactions

. ¢ ' K
where both sglid and fluid products are présent and in which the

14
¢

solid does not change appreciably in size during the reaction

are the decomposition of molybdenite, the reduction of metallic

i

oxides and the roasting of ores.
v °

o
]
/
°

The overall rat\:as/of gas—solid reactions are generally

dependent on both the+themical kinetics and on the mass transfet

o
'

characteristics of the system. The reaction is said to be under

4

e

kinetic control when diffusidén of the gaseous reactant into the -~
solid-‘isyunhindered. However, as the temperature and hence the

" intrinsic kineti&s of the chemical reaction increase, the mass -

=
L4
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‘transfer characteristics become rate—céntrolling. When both the
N A

: 3
chemical kinetics and physical diffusion phehomena play a signi-

ficant role in the overall ra‘tée control, the reaction is said to

be in the intermediate regilon,

A

A large.nunber of mathematical representations of the

progress of gas-solid reactions have appeared in the literature

under different names, sometimes with the same meanings. /These

are.

10.

/

r/ ’

Sharp interface shrinking~core model (Yagi and

\
Kunii, 1953). \ :

P4
Finite thickness, shrinking-core model {Bowen
ahd Cheng’, 1969), (Chettigar and Hughes, 1972).

General model (Ishida and Wen, 1968).

. D*;Luffusion with simultanepug reaction model

(Calvelo and 6unningham, 1970).

Pore model (Péterson,‘ 1957) , (Hashimoto and Sik—
veston, 1973a,b), (Ram;mhandrann and Smith,f1977).
Grain inc;lel (Szekely and Evans, 1970, 197la,c).
Particle-pellet model (Sempath et al., 1975).

Crackling-core model (Park and Levenspiel,
1975, 19497).
Ydlume—reaction model (Wen and Wu, 1976). °

Homogenous (uniformly reacting pellet) model..

’
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- o
All these models were either related to a conceptual -

"picture of the progress of the reattion or to a structural con-
sideration of the reacting solid, or sometimes to a combination

.of both.. Hence, to present a clear-cut classification is very

difficult and such a classification has not appeared in the

'

literature yet. However, they can be discussed under two general

categories:

-

\

1. Surface reaction (shrinking-core) “models, in which -
the reaction is considered to occur either at a s'ﬁarp interface or

Y

in a very marrow zone near the interface.
hY

2. TDiffuse zone-reaction models, in which the reaction

a

. P . ) le .
is consider&d to take place in a zone of substantial thickness.
These models are either based on a volumetric reaction (that is,

they consider the solid to be a continuous phase and use volumetric
; 5

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

pellet and pore models). S
- \
/

Homogenous reactions may be considetred as special cases

of either one of the two diffuse zone-reaction models, when

2

chemical ‘kinetics are the rate-controlling step and the g?seous

\
reactant diffuses throughout the pellet where reaction occurs .

uniformly. They will be discussed in connection with the diffuse

2

zone-reactions models, ’

A recent text by Szekely, Evans and Sohn (1976) provided a.

comprehensive description of gas-solid non-catalytic systems and

ot
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‘" - their mathematical treatments under various conditions, with
particular emphasis on the structural viewpoint. Revi.ew articles
in the field include the work of De Wet (1970) who discussed the
kin;atics and mechanism of gas-so}.id reactions of interest to the

. chemical and metailurgical iniiustries; Sa;npath and H?ghes (1973)

\ ' *" - who compared the mathematical properties ofz:e volumetric, the

sharp interface and the finite thickness shrinking core .models;

S

Roy and Luthra (1974) who discussed the various kinetic equations
available for different rate-controlling mechanisms. Alse, Munz

(1974) reviewed the works under the topics of “shrinking-core" .and

£

“general” models. Co

~

An attempt will now be made to provide an updated com-
prehensive review of the field with a more specifi: classification

'\ and definition of the various models than have appeared in the

N literature todate. The major applications, simplifications and -

j : _ N
(- complexities associated with each development will be emphasized,

and ex;erimental verification will be pointed out.whenever pos-
sible. As a resu\l\t, it i1s hoped that the reader will be provi-ded
with a broader view of the field, in a condensed form, and will
be in a better position to ascertain where the treatment' of the

present kinetic study fits in these highly diverse approaches.

F) Q
/ »

SURFACE REACTION (SHRINKING-CORE) MODEL ’ ) )
/ <

Due to the mathematical simplicity of this apprc;ach,

the majority of the models for -gas-solid reactions have been based

e S o L

3
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on the assumption of a non porous solid reactant - even when the —
'I’ - e ) . . . e
latter exhibits considerable porosity. It is convenient 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 grdups:

-

1. A shrinking particle, which results from th&
products being gaseous, or from a solid product
flaking off the surface of the rgactaﬁf as séon

- as it is formed (shrinking-particle).

AN
2. A particle whose overall size is unchanged,?

with a product or 'ash' layer remaining around

/ - , the unreacted core( hence the term 'shrinking

B

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:

o &

L 3
’ Step 1 -~ Diffusion of gaseous‘%factant tﬁrough the
™~ A
film surrounding the particle to the surface of the N
solid.
Y
Step 2 - Penetration and diffusion of gaseous
- ‘ reactant through the blanket of ash to the surface
. of the unreacted core.
o 3tep 3 - Reaction of the gaseous reactant with the
‘ P2




2 -
solid at this reaction surface.

Step 4 - Diffusion of the gaseous preducts through
¢ . . -
the ash, back to the exterior surface of the solid.

Step 5 - Diffusion of gaseous products through the

L]

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 an ash layer,
Steps 2 and 4, do not contribute directly to the resistance to /
reaction. Also, the resistance; of the different steps usually
vary greatly from!each other; in such cases, the step with the

e

highest resistance is considered to be fage—controllfng. Yagi

. o J
and Kunii derived expressions for the rate of conversion of a

¢
spherical pellet where boundary layer diffusion, ash diffusion or

a first order cheqigal reaction at the interface was the rate con-

trolling step, as ;ell as cases where thelcontrol waf mixed. :To

overcome mathematical difficulties, a pseudo-steady state was .
assumed, according Fo which the rate of movement of the reaction

interface was.considered to be small with respect to the velocity

of diffusion of the reactant through the product layer, with the . -
result that the concentration of gaseous reactant in the particle

was considered to be time-invariant. The validity of this as-

sumpt;on has been examined by several investigators (Bischoff,

1965), (Bowen, 1965), (Luss, 1968), and it has been concluded that

T oy a

the pseudé-steady state solution is a good approximation for Qsat

of the gas-solid reaction systems, except for systems under ~
~ 4
Y
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extremely high pressures or in the case of very low solid reactant

concentrations.

The sharp interface shrinking-core model has also been
discussed by Levenspiel (1972) for the general case of a spherical
particle and for the three special cases in which gas film dif-

fusion, ash diffusion or chemical reaction is the rate controlling

step. However, Szekely, Evansuand Sohn (1976) presented a more \J
«complete view on this subject and derived equations in generalized
forms applicable to different particle geometries. Their conver-
sign—versus-—time relationships are summarized below.

~ Y
’
For a shrinking particle (no ash layer) under chemical

i

reaction control: !

t/t=1- (1 - X)l/Fp’

an .

where | T=p ,(FPVP/AP)/ka [CAO - (CCO/KE)‘] (18)

W

ER is the shape factor, which takes the values 1, 2 ahﬁ4—v3\\‘

for flat plates, long cylinders and spherés, respectively.

‘A, XE. are the original surface area and volume of the

particle, respectively.

If the particles are too small to be easily observed

visually, Fp can be obtained as the value that gives a straig

reaction time, t.




The relationship for a shriyking particle under gas film

diffusion control is not straightforwakd. It requires a knowledge

of the mass transfer coefficient and is dependent on particle

slze., For a spherical particle, using the Ranz and Marshall cor-

relation for the mass transfer coefficient for a first order

«

? relationship becomes:

Q

2

R SR I RIS IR

i@ - ey

vheré

-
it

p R?/2bD (cAO CO/KE)(

l-I-KE

~

. i/a .0 va/a
and a 0.3 NSc (NRe)

In the syastems displayingﬂ a shrinking unreag¢ted-core

({)verall size unchanging) the relationships /are:

a) for gas film diffusion control:
) t/t = X
% where T=p/ (AP/V )bk (cAo CO/KE) (KE/l-H(E)
t
b) for ash diffusion control!:

%t/r = x*

4t/ -‘Q!x+1(1-x) #n(1-X)

reaction and for equimolar counter diffusion, the conversion-time

(19)

(20)

(21)

(22)

(23)

(24)
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and 6t/t = 1-3(1-X) + 2(1-X) (25)

o

for infinipe/slabs, long cylinders and spheres,

respectively where

5 - T = ps/bDe(AP/FPVP)2(CAO—CCO/KE) (KE/1+KE) (26)

For chemical reaction control, the conversion-time re- -
lationship is the same as that given by Equation (17). All these

treatments were based on an isothermal particle.

Shen and Smith (1965) extended the sharp interface
shrinking-core model to include a reversible reaction where both
diffusion and reaction resistances are important under isothermal

conditions. Based on equimolar counter diffusion and constant R

~

,effective diffusivities in the gas film and within the product

layer, the degree of conversion was expressed as an analytical
function of dimensionless time and of two parameters depending upon
the relative resistances of internal and external diffusion and
chemical reaction. -The model was applied to|the hydrégen re—
duction of FeS,, and redsonable agreement with the experimental
data was qbtained. They also developed a different model to
account for nonisothermal effects for a first order irreversible
reaction.’ Radiation effects, variation of concentration and of
diffusion coeffic}ent with temperature were neglected, and the
overall particle size was assumed to be constant. 1In this case,

three additional parameters which included the®relative resistances

to heat transfer in the boundary film and in the ash layer, and
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3

the heat and activation energy of the reaction, were required in

order to solve the model equations numerically. Analytical
v Y

solutions could not be obtained. This model was later applied to

the hydrofluorination of uranium dioxide by Costa and Smith (1971)
with minor modifications (the particle size was allowed to change

~

and a, different method of solution was emgioyed). An intrinsic o,

rate equation for the chemical step at the reacﬁﬁﬁg interface was
obtained from an initial time period where diffusion effects were N

unimportant. The temperature and the reaction rate data were used

to calculate the effective diffusivity and thermal conductivity oﬂ
. , &
the product layer under actual reaction conditions. Predictions

of conversion~-versus-time curves from the nonisothermal model -

and from the derived properties compared well with the experimen-
)

gE?l results. However, predictions of temperaturé profile in the

product layer were found to be unsatisfactory under a pseudo-
steady state assumption with respect to the reaction interface,
because of Reat transfer into the unreacted core of the pellet.

An unsteady state method corrected muclr of the error in the

predicted temperature. It was concluded that, while a pseudo-
3

steady state assumption is valid for mass transfer, the same
agsumption is‘less suitable for the calculation of the temperature

—

profile in the product layer.‘
- H

i

¥\
Ishida and Wen (1968a) intréduced the concept of the

ef fectiveness factor (actual reaction rate/rate obtainable when

the reaction site is exposed to the concentration and temperature




1

&

o} the bulL gas) to examine three types of instabilitiés: the geo-~
metrical iﬁstability, the thermal instability due Fo m%fastable
~temperatur%s, and the instability resulting from sudden!shiftings »
;f the rat% controlling regions. ‘The geometrical instability

1 . N
(uneven sutrface growth) is due to the increase in rate per unit
|
area as the reaction progresses and is indicated by an increase in
4 &

<

effectiveness factors with an increase in the conversion of the

solid reactant. This may take place in both isothermal and non-

isothermal reactions, independent of the, transition between the
\ S

rate-contrelling regions. However, the" second and third kinds of
instabllities occur only when the reaction is exothermic and depend
upon the heat generation and heat loss procesges. A metastable

l
reaction te&perature was reported to exist when the following

e Lﬁ <
conditions were satisfied:
| - =
E Qgen Qloss (27) /
|
. \ 3( "> 3Q
a,rcen . BT(l:oss (28) |

’

- N .
It was pointed out that, becadse the unreacted core shrinks during
2 f /__q/
the reaction,| the shapes and slopes of heat geépration and heat
loss curves wtll~change for a given system, even when the sur-
roundinﬁ conditions are kept constant. This, in return, causes a
\

sudden transitiion of the rate-controlling steps. ' f

Based lon "a shrinking-core model and constant particle size

during an dirreversible chemical reaction, Ishida and Wen solved

—

|
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- the heat and mass balance equations analytically, under pseudo-
steady, state assumption. The influence of 'varibus factors on the

effectiveness factor was investigated and conditions, of optimum

[S

reaction rate were postulated. When the reaction temperature must

be fixeéd within a certain range to avoid side reactions, the -

'

reaction should be carried out in a region where chemical reaction
is controlling, in which case the effectiveness factor is about
. .
o
unity. On the ‘other hand, if the range of reaction temperature is =

unlimited, it is more advantageous to select a temperature at
which the transition from chemical controlling region to ash dif-

1

Under such conditions,

fusion controlling region would take place.
¢ 4

a higher reaction rate can be achieved at a jower surrounding gas

temperature particularly for highly exothermic reactionms.

- ¥

A graphical analysis of the eff.ectn:s of diffusion and heat
transfer on solid~gas reactions based on a shrinking~core model

was reported by Ishida and Shirai (1969a). An irreversible reaction
{

with constant particle size and with pseudoLteady state heat and e

i

Two types of nombgraphs were pre-

sented: one was to determine the temperature at the reacting core

mass transfer was considered.

surface for both exothermic and endothermic reactioqs; the other

was to predict whether or not thermal or. transitional instabilities

~

existed in an exothermic reaction. In a second paper, Ishida ,and
<Q N
K

Shirai (1969b) reported an experimental study of the oxidation of

-

a carbon-cement sphere in a hot air stream. The“sample burned

homogenously under the control of chemical reaction at relatively
' y

i 1
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lower temperatures. Under diffusion-contrelled conditions, how~

\
ever, an interface between the reacted shell and the unreacted
{ i
core was quite distinct. The temperature of the reacting core
\

surface was almost constant and the temperature profile in the ash
laye; was 1inea/\f£ in terms of a reduced diameter. An arithmetic-

mean temperature of bulk and core surface was sugg,'ested as the
representative temperature for the estimation of the effective ' 3

~

’diffusivity in nonisothermal systemst.

The instability problem associated with gas-solid

reactions based on a shrinking~core model was further discussed

. o
by Wen and Wang (1970) in a paper concerning the thermal and

o

diffusional effects associated with this model. The governing ' /
‘ v 9
equations were solved numerically for é(n irreversible reaction”

with eé;uix;lolar counter-diffusion. It was pointed out .that when

geometrical instabilities gccur, the reaction interface is no

- ¢ 1

longer smooth and the mathematical model becomes a poor ai)pirox~:

imation. The validity of the pseudosteady state assumption for

heat transfer was also investigated; it was reported that this

\

approximation may become inaccurate at large values of heat )

1

capacity of the solid and large temperature gradients in the
reacting pellet. The pseudosteady state model was extended to

include multiple reactions in the sphere. This was also reported
/

|

by Wen and Weidq (1970) where three types of simultaneous reaizons,

independent, parallel, and consecutive, were examined in te of

the selectivity and the effectiveness factor, based on the . |

M b
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e !

© ! ° (»/ /
' | shrinking core model under isothermal conditions. Effects o\f

diffusion and chemical reaction were discussed. 1In a subsequ£n°t

paper by Wen and Wei (1971) simultaneous mass and heat transfer

i «
Q

were treated in the same model, to examine the nonisothermal’

behaviour. }

} —

o

_Wang and Wen (1972) investigated the combustion of a

a

2

single agglomerated carbon-fire clay sphere in a thermobalance to

test the nonisothermal shrinking-core model, using expressions for ‘ P
‘( . -

unsteady State heat transfer devEI:oped earlier by them (Wen and

©

Wang, 1970). The inir:ial porosities of the samples were quite -

high (40 - 50%) and the particles were about 1 cm in-'diameter.

)

Visual examir}at'ion of the partially-reacted spheres showed that,‘

. o ,
- above a temperature of 800 K, the reaction interface was sharp,

b o

while below, this value a reaction zone was formed. Conversion- Y
B v

time curves predicted by th‘e shrinking core model and accounting
.0 -

for both heat and mass transfer agreed well with the experimental -
data where the carbon content of the spheres was low,“and to a

’«\‘ . “lesser degree for high cirbon content. This deviation was gfegter
in the initial. stages of the reaction, due to the fact that the !

o

reacting spheres were not preheated to the gas temperature. Hence

[y i
, the assumption that the unreacted core was at & constant tempera-

ture equal to that of the reaction front was not valid in the

initial stages of the reaction. The variations of the surface

v v “

) ’ v 4
reaction rate with the fractional conversion of carbon calculated

v from both the unsteady and pseudosteady sfa\t:e conditions for heat
. .

- s
.t ~ .y i
v 0 2
. .
\
. - y \

1
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.

y
transfer agreed well with .the experimental results, although the

latter assumption overestimated conversion rates during the early:

14 R s N
\ ‘stages of reaction. At a solid conversion of about 95% for the

high—carbon run, a transition from a diffusion-controlled regime

a I3
\

to‘a chemical reaction-controlled one occurred.

°

0
Bowen ;nd'Cﬁeng (1969) modified the sharp interface

°

X

shrinkgng core model to suit the intermediate region of reaction

cofitrol. They suggested that it’ is more realistic to assume a

narrow:but’ finite thickness reaction zone between the product layer

and the unreacted core, .instead of one with a sharp interface.’

I ‘
0 . This in effect means that the diffusing gas does not get consumed
- a 3¢ ™mp
- immediately on contact with the reaction zone but only after pen-~
_/’U 3

etration of a small but finite length into the unreacted core.
Reaction occurs all over this finite length. Under extreme con-

ditions of total kinetic or diffusion control, this reaction zone

©

either extends all over the particle or contracts to give a sharp -

T interface. Bowen and Cheng formulated a model for an irreversibile

gas-solid reaction which was ntb and mth order with respect to

v

fluid and soldid reactant, respectively. It was assumed that the

s ”

reaction zone was’ thin with respect to the radius of the unréacted

core and that the variation of concentration through the zone was

linear. An expression was derived for the thickness of the B

-~ " )

regstion zone and it was shown that if the reaction was first

‘- order with respect to the gas or under kinetic control, the ‘
. -~

. ’ reaction zone thicknesg would be constant throughout the reaction. ¥

-
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For the case of chemical reaction control, the rate was given as:

3

3 - ~

C 2 if2 (n¥l)/, m/2 ’ .
r, = 4ﬂrc (vDekSW) CAO- CBO N (29)

= ~
0 -

while for the sharp interface model, the case of chemical reaction,

control would be written as:

= 2 ] n m © \
r, = 4wl k! C.. Cpo (39)
) & " - i ’ .
. where Y= 1 - m +,mm1) - m@m-1l)(m—-2) o .
o o+l nh2 2 L(ok3) 3 I(a+h) (31)

eactant concentration gradient

U

linear gradient.across the

:

' N
“reaction zone,; and ks, ks are the rate constants in the fiﬁﬁﬁ? .

, respectively. It i

[

intrinsic activation energy. -

K
(=3

Further development of the finite thickness reaction’ zone

~ » T

unreacted shrinkiﬁg core model was carried out by Shettigar and \
o .
- ‘ o
Hughes (1972) who extended the model to include nonisothermal

situations. An expression, including both the chemical and the
< -~ - e

k'] n Q
mdss transfer resistances, was developed for.the rate of advance

of the reaction zone. This was coupled with the energy balance

equation to calculate the transient temperature in the pellet. It

-

" was found that neglecting the chemical resistance would lead to

9

% ‘ -
- . . PN b
.
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\ .
, 9 :

the prediction of an excessive maximum temperature rise in the
' <)

pellet. The model also predicted that a change in mechani®hk from

° chemical gontrol to diffusional control may occur, especially

o

: ~jé§ ’ 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 ? reaction between gas and a porous solid was analysed

by Cunningham and Calvelo (1970). Considering the rate eguation:

_ n m
Ta = ¥ a0 Cro ' £32)

- it was found that the reaction order with respect to the solid was
a function of the porous structure of the solid and might vary as

- 9

the solid was being consumed. The exponent m was suggested to be

& [
q

lower than unity for all pract{cal cases. In the case of a solid

Wwobtained by compaction of nonporous particles, the value of m
':-u_d be 2[3Iwhile in the casé of ausolid matrixlEoﬁt?ining a

netwé“k of uniform, randomly-connected cylL;drical pores (Peterson
nModef; Peterson, 1957), the value of m would vary with’the degreg\

~ of c?nversion. It was concluded that whether or not the above .

equation could be used to express the rate of porous solid-gas

reactions depended on the pore structure model. -

i #

- - The majority of the models proposed for the interpretation
of non-catalytic gas-solid reactions were based on the assumption
that the reaction was of first order with respect to the gaseous

reactant, for mathematical convenience. Shon and Szekely (1972a)

® | N
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4
showed that use of first order kinetics for other reaction orders .

. may introduce a serious error if the overall rate is determined

by both chemical reaction aﬁa diffusion.

S

The concept of shrinking core has been used for various:

types of processes. In the reduction of spherical ferrous chloriggIE g

particles by hydrogen in the temperature range of 720 - 900 for

- ' ) particle diameters 0.7 —‘2.0 em, Yannapoulos and Themelis (1965)
showed that the rate of reduction could be expressed by a shrinking

! . Kcore model. When‘ﬁoth chemical reaction and boundary layer .iffusion

= were contrblling factors, a single ;3ge equation was developed by

combining tﬁi@respective contributions of each resistance.

Munz and Géuvin (1975) found that the decomposition pf

molybdenite in solid state was controlled by the diffusion of
£
sulphur through the product layer and the shrinking core model

, described the overall reaction.

Morris and iensen «(1976) reported that in the chlo;in—
) ation of titanium diox1de with chlorine and carbon monoxide iL -
’ fluldlzed‘frd reactor, the reastiog occurred exclusively at tL :
) surfacg\gf the oxide particles and exhibited shrinking particle
behaviour under chemical‘reaction control, The copversion—t’ e
‘ ) relationship was expressed by a shrinking core model. Earlief,
Fruehan and Martonik (1973) mage a similar observation in.theg . (//

chlorination of porous NiD spheres by chlorine above 1473 K, )

u\\K except that theureaqtidn was fJUnd to be controlled by gas—fi}m

¢ diffusion. The rate was proportional to the mass transfer
L4

|
° |
I
|
!
|
1
|

° ' 4,

ol
o “
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coefficient of chlorine calculated from the Ranz and Marshall

(1952) correlation. : _ .

!

Recently, the shrinking core model ‘was applied to another

Y

gas-solid reaction of metallurgical interest. Fahim and Ford

. ) ' (1976) studied the-fydrogen reduction of cobalt sulphide. It was

o

pointed out that,K the reaction was reversible and that the evolution
of small amounts of hydrogen sulphide would be sufficient to keep
> the reduction reaction at equilibrium. In order. to carry out the

reaction under conditions approaching irreversibility,” a high hydro-~

~

gen flow rate was used to sweep the hydrogen sulphide formed away

from the vicinity of the solid. The unreacted shripking core be-

«
¢

haviour was tested by sectioning a partially-reduced spherical

pellet, and a finite thickness reaétion zone rather than a sharp
interface was observed. However, the time~conversion data fitted
well with the sharp-interface shrinking core model under chemical
reaction control. An attempt was made to evaluate.the true in- ’
trinsic kinetic parameters of the reaction by using nonporous
\ . ol .
. cobalt sulphide powder rather than compacted porous pellet. The .
powders showed a éharp interface type of reaction. Although the

a

activation energies found in both cases (pellet ,= 113.5 kJ/mole,

.powder = 116.1 kJ/mole) were identical, the frequency ¥actors in -
- ) the Arrhenius equation were different and in the case of the
porous pellet this factor was overestimated. This was attributed

to differences in the reacting areas, which was the geometrical

area in the case of powders, and the surface area in the diffuse

@ N [

¢ N
. . |
~
- ‘y .
.
R \




‘ reaction zone in the case of the pellet.

’ / DIFFUSE ZONE-REACTIQN MODELS —

)
"

R \
When a porous solid particle reacts with a gas at low
temperatures, the reactant gas can diffuse eagily into the in-
7 .

terior of the porous solid and the reaction takes place in zones
o

of substanﬁial width. These models consider either a particular

solid structure (pore-model, grain-model) or simply a poreus §

solid volume (volumetric-reaction mpdel). Figure 3, from Ishida

A

and Wen (1271) illustrates the description of these models. The

diffuse zonp~reaction models reduce to the uniform reacting pellet

(homogerrous) model at one extrem?ﬁ(ki etic control) and.to the
! .

shrinking-cpre model at the othe#fextr me (diﬁfusion control).
i

yd

-a=' Volumetric-—-Reaction Model - ‘ ¢

Ausman and Watson (1962), using a pseudosteady .state

approximation for gas concentration distribution and a first order
a ! 1

reaction with respect to the gaseous reactant, obtained a R€¢neral

solution under isothermal condition for the d¢ombustion of carbon

in porous spherical catalyst particles based on the volumetric-

or

reaction model. The reaction process was broken into two

distinct stages, the first of which was a constant-rate period

s which ended when the outside layer gf material was completely' N

Vo

reacted. The second stage was a falling-rate period during which /‘

» the reaction boundary receded towards the centre of ‘the spherical

pellet. Carbon and oxygen concentration proffies in the pellet

‘ . “ o M ~ *




68

. ‘ /
9 . Y
v []
! /
~
\ FIGURE 3 .
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. SCHEMATIC DIAGRAM OF CONCENTRATION PROFILE
AND SOLID STRUCTURE IN THE PARTICLE
’ (ISHIDA AND WEN, 1971)
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carbon and oxygen concentration profiles in the pellet were ob-

tained as a function of time, from which the overall carbon burning
N / o~

rate equations for the pellet were obtained.

2

A similar stagewise treatment for an isothermal, ir-

reversible spherical porous pellet-gas reaction was presented b
Ishida and Wen (1968b) and Wen (1968) with pseudosteady stgfe
approximation.. The/rate was assumed to be independent of ghe

C o
solid reactant concentration but first order with resp to the
gaseous reactant. ,Thg reaction was investigated in two stages:
considering the reaction as being faster near 'the surface than in
the interior of the pellet, after a certain time the solid
reactant near the surface would be completely consumed, thus

{

forming an inert product layer. The period of reaction prior to
the formation of the ash layer was designated as the first stage
and the periéd following the ash layer formation as the second
stage. The diffusion in the ash layer and in the solid volume was
considered to be dif?éreut but constant throughout the reaction.

Two different conversion-time analytical equations were derived:

]
one for the first stage in terms of a Thiele modulus based on '

<

» diffusivity in the Rfacting volume, the other for the second stage

in terms of a Sherwood number and Thiele modulué basged on dif-

fusivities in the ash layer and in the reacting,volume. These

a

were then combined to give a single time-conversion relatiomship.
When the effective diffusivities (ash and reacting valume) were

assumed to be theC;ame and in the absence of gas-film resistance,

. .

the time-conversion relationship for the high Thiele modulus
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\
(diffusion of the gas through the solid becomes rate-controlling)

- |

was exactly equal to that predicted by the shrinking—coré model.

Y

When the cﬁem@cal reaction was very slow and was the rate-con-
trolling factor (low Thiele modulus) the model became similar to
that of 5 homog;nous reaction, but a plot of conversion-versus-~
time data was again very similar to that predicted by the shrink-
ing core model. ‘ This indicates tha? determinatipn‘of a correct
model from the experimental data is rather difficult. On the

other hand, if the ash diffusivity was much greater than the ’

reacting volume diffusivity, it was shown that the equations were

.equivalent to the ones derived on the basis of a shrinking-core

o

model, as was expected. It was further pointed out that, the
rate constant ba;edoon surface (shrinking-core) is proport;onal
to the square root of that based on volume (volumetric-reaction);
therefore, the activation energy obtained from the shrinking-core

model could be as small as one half of the true value.?

Wen (1968) extended this ‘anlysis to an 1rreversib1;
reaction of first—order with respect to solid and secon& order
with respect to gaseous reéctap{:A’;;—;;;;;ical equation relating
the effective diffusivity to the conversion was included and the
governing equations were solved numerically with a pseudostead

state assumption. .

<\

Calvelo and Cunningham (1970) presented another method\pf

approximation, in:which the cogbentration profile of the solid

reactant was obtained from a volumetric-reaction model, The main
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°

application off this work is the inclusion of transient behaviour,

§ ¢

-0f the solid structure with respect to porosity, and hence surface
area, and of the effective diffusivity of the gaseous reactant in

the porous pelllet. The model assumed that the gaseous reactant was
*

consumed completely inside the pellet at a distance from its. outer

surface, and that the pseudosteady state approximation was valid.
v

The relationshilp between the. surface area and porosity (hence the

solid concentration) was®obtained from a structural model (Peter-

3

sLn, 1957) and the variation of the effective diffusivity with

porosity was esttimated from:

»
N

i ,
i D| = Deo (eleo)?® (33)

*

The influences of the variation of surface area and ef-
fecti;e diffusiv%ty on eonversion—time relatiqnships of an isof\‘~\
thermal, irrever%ible, first. ofler ;eaction involving diffusional ‘
resistances of b?th the gas film and the ash layer were then taken
into acéount thrpugh a correction modulus of ' the ;ffectiveness
factor. The model was called by these authors the "diffusion with

simultaneous reacg%on model." This was later compared by Lemcoff

et al. (1971) with those of Ausman ;nd Watson (1962), isﬂ?;h and

Wen (1968b), Bowert and Cheng (1969), taking the predicted con-

version-time relLtionship ag a reference for their comparison, and

<

by Calvelo and %unningham (1972) with the shrinking core model.

Later Williams,fCalvelo and Cunningham (1972) applied their model
f e 4

. to the two-stage analysis /proposed by Ishida and Wen (1968b).

-

\\;;bently! Wen and Wu (1976) developed a volume-reaction

R\
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model for a slow isothermal porous solid-gas reaction, having first
t

order'depquencé on the solid and gaseous reactants. An average
1]

bulk solid concentration was used to approximate the local solid

concentration. The gas concentration profile and the effective-

'

ness 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:

&

' CA/CAO = (sinh Mr/R)/(r/R) sinh M (34) =
M ®= (1-X) (3/4) (1/tanh M-1/¥) G5
where ' M o= R(kcho/ne)‘/2 (1—x)‘/’ , (36)

The overall rate was expressed as:
dx/dt = no k_C, . 3N

and in the case of chemical-reaction control (homogenous model)

the rate was suggested to be: )

- i s

-dX/dt = (1-X) kv CAo (38)
The model was tested experimentally on a carbon-carbon

-

dioxide reaction system, and close agreement was obtained between -0
the experimental and calculated time-conversion relationships.

When the observed rate (dX/dt) was plotted agaimst 1/T %t 20
t

~

. A}
percent conversion -from 1160 to 1365 K, a straight line was

A ]

obtained in: the low~temperature region, leaving the points in the

°

' high~temperature reéi@n below the straight line. This was ascribed .

. -
{




| | / .
to the intraparricle diffusion which affected the overall reaction

‘ ' rate significantly at high temperatures. However, when the ef-
fectiveness factor was used to convert the observed fractional

raté into the intrinsic chemical reaction rate, the plots of
¢ .
(dX/dt)/(no) versus 1/T yielded a straight line passing through all

the points. This model provides a simplified interpretation of

the experimental results and takes into account the intraparticle

. - diffusion for the reactions which are not exceedingly rapid and
|
assumes that the porous structure remains essentially unchanged.

v

- a

The chlorination of metal oxide-carbon compacted porous

pellets represents a different type of gas-solid reaction involving
. { '

two solid components. Seryakov et al. (1970) analyzed this pro-~ .

B

blem using a volumetric-reaction model and assuming homogenous

reaction where the contact area between the solid constituents

-

was the rate-determining factor, since the reaction was assumed to

o\ " be limited by the step involving the transfer of an intermediate

t

product from the surface of one SOliS phase to the other. The

o

rate equation was given as:

¢

« al b A BN
-dW/dt = s f, (C*,T) ! (39)
and ~ds/fdt = s f, (C*,1),"' | L 40)
i - - \
I
‘ = f;(C*,T)/f:(C*,T}\ ° (41)

shence dw/ds

o

where, C* is the concentration of the intermediate product on the

carbon surface in the thermoéynamic equilibrium with the_chlorjina-

ting gas, S is the contagt area between the solid phases, T'is the
&

' —
. . o -
,

€
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)

. is: ’ o . /'
” fn (8/S0) = t £, (C*,T) R
' yields: ' . \ s
P ° . v o
. ///\\ ,
~in {1 -.0W/[So £, (£*,T)/ - ' :
. A
f2 (C*,T)1} = t £2 (C*,T) (45)
and hence: , } a o
~n (1 - AW/MW) = t £, (C*,T) (46) - a
L] © )

¢ “ ! - , /\ 1Y
reaction temperature, W is the weight of metal oxide.

'y ~ ~4 ‘I’ !

. #
Integration of Equation (41) yields:

1
t

. w . l .
Wo — W= (So =~ 8) f1 (C*,T)/E; (C*,T) (42)

-

As the contact area approaches zero, the maximum amount of the

oxide that can be reacted from Equation (42) becomes: \ .

o

Wo — Wm = A’Wm = 5, £, (C ,T)/fa (C ,T) (43)

r

Inserti?g this into the integrated form of Equation (40), which :

~. ) T
where f, (C"','g) was taken by §e'ryakov et al. as the apparent rate

[ n

c/onStant. In terms of fractional conversion based on the maximum ) T

'amouné:_\of oxide that can be reacted, the resulting conversion-time

N » B t
expression becomes': T . \

i

'
o “ o 0 |

-¢n (1 -~ X) = Kt . (47)

o
1

This model fitted their experimental data r(easona‘ély’ well.

\ LY




time rate of change of the a,yeroage rédius of a cylindrical pore

v

b- Pore Model ,
S,

Macroscopic mode:ls are inca;pable of deejg/}'ibing changes

in p;orous solid structure or surface area through reaction,

except’\swith the aid of au\xiliary empirical expréussion (Wen, 1968). ) ’
Micros(copic consideration of porous s;ltd-gas reaction was under-

tallcen by Peterson (1957) who provitied one of the first models for.

the gasification of soiids, in which account was taken of thel

changeé in pore &tructure. Peterson considered a single c):lindri—

cal pore initially of yniform diameter, and a porous cylindrical ‘

pellet initially containing cylindrical pores. A mode} for the

was developed for a first order reaction with simultaneous mass

transfer, assuming pseudosteady state., This model was extended : .

to a network of intersecting pores by including expressions for

+

the surface area and porosity as a function of the pore diameter

and initial porosity. The governing equations were solved numer-

8 3

ically and the solutions were used to interpret the experimental
results reported in the literature on the gasification of graphite

rods with ‘carbon dioxide. Although the agreement between the

¢

o
-estimated and observed rate was found to be satisfactory, the

model underestimated the effective pore diffusivity. The latter’
was attributed to the fact that the real pore system containing

pores of varying diameters was replaced by an idealized system of =

uniform cylindrical pores characterized by an average diameter. - ) .

Y ]
- +

Later, Szekely et al. (1976) applied Peterson's pore ’ .
. A

ok aar Ty e “ 3
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structure model to a porous spherical pellet for the low-temper- ’

ature regién of a gasification-type reaction. It h;s been pointed
out thatl(Waiker et al., '1959) in the gasification reactions -
(where no solid residue remains) there are three somewhat distinct
temperature reg;&ns with trangition regimes between 2hem. In

Region I, the reaction temperature and the intrinsic .reactivity
oy *
v
of the solid are low, the gaseous reactant entering the solid has

a high proéability of diffusing deeply into the pellet. Also, the

activation energy and all other kinetic parameters are QQé in-
trinsic values for the reaction, and the rate does not depend on

the size. The intermediate temperature region, Regfon 1I, 1is one

.

in w%ich pore—diffugion is controlling, the concentration of the
re;gggnt specles goes to zero at a distance from the exter%or
surfaée.\‘ln the high temperature zdhe, Region III, the,ghte .
becomes éo great that the reaction is effectively localized at

the external surface of the particle.

\

- According to the three-temperature .regions' theory, the

treatment of Szekely et al. corresponds to Region I and it

~
\

demonstrates the “homogenous reaction” version of the pore model.

Considering that the reaction was under kinetic control, they

v

obtained an analytical solution which provided an explicit re-

o «

' lationship between the conversion (X)Jénd time (t):

. X = (eofl - {1 + t/D?(@ -1 - t/x)/ - \
: G-11-1 : . (48) ‘
\\ ° @ _ ‘n - , ’ . "
where . T = Lo p/b F C, (49)
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and Eéfis the initial pore radius, go the initial porosity of

the pellet, Pg the molar density of pore-free solid and b is a

3

stoichiometrics coefficient. The parameter G is a function only
4 .
of ¢, and is obtained by solution of cubic equation:

o

(4/37) €6.G> ~G+1=0 (500 .
C t i

. B ,

This type 'of structural approach was found to be useful in de- d

scribing the fact that the surface area per unit volume may o

increase, go through a maximum and then decrease. -

Another gagification~type pore model was introduced by
Haghimoto and Silveston (1973a,, b) which allowed a pore size

distribution and took into account bore growth, initiation and .

coalescence. The model considered cylindrical pores, uniform po?F . ™
length, first order kinetics and an isothermal system, and re-

quired a large number of input parameters. In their first paper, ‘

they only concerned themselves with kinetic~control gaséfication
(low-temperature region); a;d predicted the particle radius as a

fuﬂction of eitheidsigg,d{ the extent of reaction by means of a )
numerical methods. The model was tested with.the experimentgl \ o "
data reported 4n the literature. The agreement between the

experimental values and the predictions were usually very satis- .

factory. In their second paper, this model was extended toiallow

i N
for mass transfer of gaseous reactant to the particle.and for .

intraparticle diffﬁsdon which shifted the gasification to the

outer surface of the particle. Hence reaction took piace in a L
diffuse zone, - @
. . .
~ “~ t \ »
/ »
> , .
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Gasification is a épécial type of porous salid—gas

reaction where no ash or solid product forms; hence the dif-

Q ) . :
fusion of gaseous reactant through the ash layer has not been

Pl

congidered in-the models which have just been discussed. Szekely

and Evans (1970) included this additional parémeter into their

.pore model, which considered a semi-infinite pordhs solid'cqn—,p

v

taining cylindrical peres of uniform size, spaced apart by.,a -
uniform distance and running normal to the reaction interface. It

was assumed that the initjgl.structure was maintained throughout °

o [

and was unaffected by the progress of the reaction; the gaseous

reactant diffusion in the pores was in the axial direction only,
3 * ' ’

but the diffusion through the product layer in the solid-was _

purel& ragial. With these assumptions, the conversion-time
. .‘
relations were calculated numerically in terms of an equivalent

3 \ . ll
penetration of the reaction into the solid forga first order ‘ (’

«
irreversible reaction involving equimolar counter diffusion, with
p .

no _external mass transfer resistance. The influences of such

¢

parameters as pore radius, porosity, diffusivity through the

.3
product layer and gas phase, and intrinsic rate constant on the
A

equivalent penetration, were demonstrated. -

W
f ' ’ ,
Chemical reaction may result in a more open pore stricture

when tHe molal volume of the prodﬁct formed is less than that of

¢

the’ reactant. Alternatively, the effect of chemical reaction may

be to form a denser pore structure, resulting in a decrease in:

porosity. Recéntly, Ramachandran and Smipﬁ (1977) proposed a
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different t}pe of pore model, which takes into account the -
structural changes due to reaction which were néglected by Szekely

N

and Evans (1§70).~ The model analyzed a single pore, as re-

presentative of the behaviour of the whole porous pellet. The”
solid was dssumed to consist of pa?allel cylindrical_macr;pb;es,
each of finiée lengch;qand an associated concentric cylindrical
solid reactant. The chemfcal reaction which occurred along the
por%>walis, resulting in a build-up of produéf layer, was ir-
réver;ible and first order with‘respeét to the gaseous reactant.’
Only'axial diffusion in the pore and only radial diffu;ian in the
pfoduct layer and a sharp interfaze reaction were considered.

The mailn parameters of the model were the e%fective pore length,
the effeptive diffusivity in the product layer and the ratio of
the molal volume .of the porous product to ég;t of the reactant
(y;j which accounted for the change In pore geometry. The
governing equations were solved numericaliy and the effects of

Y, the effective pore length, the effecti;e dif fusivity, and the
reaction rate constant on the conversion were investigated. . For '
Y > 1, the model predicted an asymptotic cénversion }ess than 100
percent due to the closure of the pore mouthsf The use of the
proposed model for predicting cgnversion—time curves was il-
lustrated by means of experimental data for the reduction af NiO
éellets witp carbon monoxide (y < 0) and for the reaction of
suiphur dioxide with calcium carbonate (v > 1). In the formér,

reasonable agreement was obtained, and in the latter, the model

‘ predictions 'agreed well with the experimental data-in the early

1
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stages bf the reaction, but overestimated the gsymptotic con-

. N . "o ‘:k \ . i
. version level. This was attributed to other possible structural

L

changes, such as sintering, during the experiment. N

-~

. ¢~ Grain Mbdel

\ { .
\ ’

Szekely andwco—workeég published a series of papers

'cbncerning the development of a structural model to describe the
- progress of a reaction in terms of the porosity, grain siéé, gas ‘
phase and solid state diffuéivities. and'a heterogenous reaction
. //iate constant independent’of the solid séructupe, a8 opposed to
- the rate constant of a shrinking—cor; model where structural
parimeters were incorporated int? an empirical reaction rate

constant.

The basic model (Szekely and Evans, 1970) was developed
for a first order isothermal irreversible reaction, taking place -

in a semi-infinite porous solid, without external mass transfer

. ©

resistances and with equimolar counter-diffusion in the solid.
It was further assumed that the initial structure was maintained

/ throughout the reaction and remained unaffected By the progress

-

\ of the reaction. gyo types of material weré examined. The first
b
was a continuous s¢lid wi#h uniform cylindrical pores normal to

the reaction interface, the pore model which has already been
discussed. The second was composed of aphéricai‘solid particles, e
' each of which reacted according to the shrinking-core model. In

»

' this case, the gaseous reactant diffuses in the axial direction N \ :

°
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gpfough the inFerstices, and each horizontal row of grains is
k‘ s surrounded’ by a gas of uniform but time-dependent compositionl.
° 0 Under pseudosteady state approximation, the time-conversion
felations were calculated numerically in terms of an equivélegt
penetration similar to the-pore model case. The influences of
5. > + such par;@eters as the grain size, the porosity of the solid :

ﬁaterial, solid state and gas phase diffusivities and the reaction

rate constaet on the equivalent penetration-time relationships

. - were demonstrated. Szekely and Evans éecognized the fact\that‘
structural changes are likely to occur as the reaction proceeds,
due to sintering, agglomeration or simply change i; the molar

t
. density. ' =

v ' Latex,] Sz£€kely and Evans (1971 a, c) extended the plain
grain model to a spherical geometry with the additional assumption

0 -
that the reacted layer surrounding each grain presents no dif-

-
-t

fusional resistance. The model incorporated parameters such as
porosity and grain size, and allowance was made. for the role

played by these quantities in affecting both the pore diffusivity
: - !

dnd the reaction éf individual/grains. The overall rate of
| - -

~

fﬁ’ reaction was computed by summing up the contributions of all the

|3

. individual grains that made up the porous solid matrix. A
’ ' / ® \
solution wdas obtained mumerically and presented.in the paper by

=

Szekely and Evans (1971 a).

- Experimental measurements (Szekely and Evans, 1971 b, ¢)

on the reaction of nickel oxide pellets with hydrogen were in-,

LA

4
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. terpreted on tvhe basis of this grain model. The photographs of’

, sectioned partially-reduced pellets showed that, at the lowest

temperatures, the reaction extended throughout the pellet volume.

¢ 13

Increasing temperatures led to progressively narrower reaction
,,ff’/‘qones and the pellgt reaéted at 1173 K exhibited a very sharp
/ v interface between the reduced and unreduced regions of the pellet.
\
Good agfeement between the predicted and measured overall re-

duction rates was obtained for different pellet sizes and poros-

ities. The agreement was less satisfactory at low temperatures,
e

3

where chemicél kinetics played a predominant role, and also at

high temperature where structural changes (sintering) occurred,

which was negleéted in the model. Both the predictions and the
experimental daga indicated the existence of an optimal condition,

in terms of grain size, porosity and temperathre, for the reaction

of single spherical porous pellets. The proposed scheme would ,
converge to the shrinking-~core model at high te;peratpre (dif-

fusion control) and would approach the behaviour of a homogenous

a4

reaction model at low temperatures, where chemical reaction ,
12

! control takes place.

Sohn and Szekely (1972 b) generalized their grain modél ‘ '
to allow for sphexicai and flat plate-like pellets maﬁe up of
spherical or flat plate-like grains. The governing equations,
under the same assumptions which were applied to the prgvious
model, were non—dimensionalized and sol#ed numer%gally for. a

number of situations. The solution resulted in a plot of

-
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dimensionless time to achieve complete reaction against a

.  generalized gas-solid reaction modulus (o) which incorporated
= - both structural and kinetic parameteps, and was valid for all

geometries. The generalized reaction modulus was defined as:

) o
=V /A[(L-ek C-F A/
\ g p/p[( e) k a0 Fp A
- 2 De Fg vg]‘/a (51)

| where, F- and are shape factors for the ipellet and the grainms,
‘ . P
|

F
£
A

1 respectively. is the initial surface area and V is the initial

volume. LI

{

As o 7approaches zero, the overall rate is contro?tled by
chemical kinetics and the diffusion within the pellet is rapid
compared‘ with the rate of chemical reaction and a homogenous
reaction model with respect to the pellet results. ‘As o approaches
infi‘.nity,; the overall rate 1s controlled solely by thediffusion
of the gaseous reactant witixin the I;ellet and the model reduces

. to the shrinicing—core model. b

-3

Szekely, Lin and Sohn (1973) further investigated the

. =
reduction of porous nickel oxide pellets with hydrogen within the

temperature range of 500 - 685 K, and integpreted the experimental

t

results using their recent “genefAlizec'l model. A set of experi-
mental runs on thin discs at different temperatures was performed J
to obtain information on the :Lnt:r:l;aic kin;etic parameters and on

. the shape of the solid grains under conditions where diffusional

< effects were negligible. The shape factor E& was obtained by

| . / |



dictions were foynd to be keasonable in most cases, where an

A — ..

-

plotting 1 - (1 —_X)‘/Eg versus time (chemical control) for

1]

various trial values of EE} the ¥alue of 2 was then selected féﬁf

A Eg‘as it provided the best straight line relationship. Reaction

rates at the same temperature but for different pellet sizes

! .
allowed the evaluation of the intringic rate constant. The plots

.0f conversion-versus-time which were predicted by the model to be

linear showed deviation from a straight line towards the end of

_the conversion. This was attributed to the possibility of a

diffusional resistance in the individual gr;ins and also to the.
non-uniformity of the grain size. The intrinsic kiﬁetic daéa,
obtained at lower temperatures agreed well with the literature
data, whjle that at high temperatures was less satisfactory, due
to the fact that diffusional‘effects could not be properly ex- ;
cluded. The data taken using larger pellets allowed, the deter-

mination of the diffusional paraﬁeters. The kinetic and dif-
* ok
fusional parameters obtained in the two asymptotic regions were

then used to predict the conversion-time curves for reaction in
the intermediate region (diffuse zone-reaction) where both the

kinetic and diffusional resistances were important. The pre-

\

’

appreciable induction period did not occur. However, the time

4

\)

predicted for complete conversion of the peliets over and under

) ’
estimated randomly. This was suggested to be due to some

structural changes in the reacting pellet during the course of

-

~ the reaction. '

it

‘

The grain-pellet model developed by Szekely and co—
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M

N

N

{

rl

workers considered the pellet to be isothermal and neglected the

L
diffusion-resistance through the ash fayer of the grain. Re- ;
centl&, Sampath et al. (1975) made a transient non-isothermal

analysis of the same model with the inclusion of an ash layer

—

diffusion resistance but.called their treatment a "particle-.
pellet" model. The solid was ;aken ag, an assembly of relatively
nSn—po;ous spherical particleé of uniﬁ&rm size compressed into a
sphericaﬁ pellet. Their matﬁéma;icaltmodel asspmed:1g(i) both

- £ f
pellets and constituent particles did not. change in size during

*

the reaction; (ii) particles weére at a uniform temperature, but

; .
¢ ¢

the pellet was large enough to permit bath concentr%tipn and

temperature profiles to exist; {(iii) the chemical reaction was

first order and irreversible with respect to the gaseous reactant; -

(iv) the reaction bq@urred aé a sharp'interfé%g in the particle;
(v) the effective QAffggivity of thg\gas in the pellet and of the
product layer in the particle, and the mass and hghp tfansfer
coefficients in both gaseous and bo;id phases femained }nvarignt

with temperature and concentration thanges throughout the re-

v

action. This.model also neglected the structural changeé. A

! » ! . B
single particle rate equation was incerporated with the initial

B
" »

porosity and particle diameter to évalua;éxthé rate based on: the

- |

pellet volume. This was then coupled with the transient nass

and heat balance equations on’ the pellet. ' The rgsulting non~

linear parabolic partial aiffereﬁiiai equations were reduced to
systems of simultaneous first order ordinary differential

equations by means of the "Qrthogonal Collocation" method, which
' N\

N
A\ It

3



were then solved numerically. The Orthogonal Collocation methoq

is a special case of the collocation method and of the methed of - .
weighted residuals, and it was first reported by- Villadsen and -
Stewart (1967) andefurther discussed by Ferguson and Finlayson
(1970) and Finlayson (1972, 1974). TIn this method, the unknown
solutiqnvis expanded in a series of known functions (ortbogonal
polynoﬁials) with arbitrary coefficients and the solution is
o@tained at the collocation points which are the roots of the
orthogonal polynomials., Sampath et al.ninQestigated the ;ffects
on the temperature profile and overall conversion of such para-
meters as the particle and pellet radii, the effective diffusivity
in the product layer an& in the peliet and the thermal con-
ductivi}y in the pellet. The inadequacy~of the,pseudoéteady state
assumption for heat transfer was confirmed. The model approxi-
mated the homogeneous, shrinking-core and diffuse zone-reaqtion
models for the péllet as a whoie, depending upon the physiéai
characteristics of the pellet and the intrinsic kinetics of the

.

reaction.

.All of the diffuse zone~-reaction models discussed until
N

now viewed the pellet as originafly porous and having diffusional
gradients. The majority of them required computer sélqtions. ’
Pérk and Levenspiel (1975) introduced a diskincily different kind
of model which was called the "erackling-core modgl.q The pellet
was assumed to be igitially,non porous. Under the agtion of the

reactant gas, the pellet then transformed itself progressively

5
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from the outside in, by craf:kling and fissuring, to form an easilyl
penetrated (no diffusional resistance) grainy material, which
then reacte_d away to the final product according to a shrinking-
core model with either reaction or ash-diffusjon congrol. The
diffusion resistance within the attacked porous structure was
neglected in order to avoid the need for a numerical solution.
The -racne" of reaction of the virgin core and of the grains was

“ -~

first order with respect to gaseous reactant and the system was
- . ‘b K B
isothermal. Figure 4 from Park and Levenspiel illustrates the

different sotages through which a pellet passes according 'to this
3
model, in relation to the relative values of the time needed for

complete disappearance of the virgin core (‘L’c) and the time for

- ——

complete conversion of a grain (fg) . Analy;:ical expressi:ons ft;r
the time-cbnversion relationships were presented for various
stages of cor;version: ‘initiation, propagation and termination.
For the reaction control of graing t};e analy;is ylelded explicit

solutions, while for the ash-diffusion control. in the grain the

expressions could 'not be obtained in explicit forms. This model

is an extension of the shrinking-core model, involving one

The evaluation of this parameter

&

additionai pérametero (-rc/ Tg) .
which was describ?d in the‘paper required conversion~-time ex-

periments with different pellet size and fitting the data for the

i

best values of T and t . :
B c

. ' r
»
« ¢ g

( ‘At one extreme (rg <« rc), the proposed model reduces to

the simple shrinking-core model, while at the other extreme (-ré
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THE CRACKLING CORE MODEL FOR-THE REACTION OF SOLID PARTIGLES.
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>> TC), it pr/edicts a uniformly reacting pellet. Application of
- N o

the crackling core model to the e:fc_perimental conversion-time data

¥

of the reduction 6;? magnetite with CO, resulted in a close agree-

ment , beéfterk than with the shrinking-core model. Recently, Park

R

and Le;rehspiql (1977% suggested the use of this model }n gas—solid

reactions invblving Iﬂ‘dl‘f:istzebs, such as the reduction of hematite
e " ' - *

2

through magnetite, then wlstite and finally to iron (Tsay et al.,

1976).\ . 3

8 hd

A

§
The in’terrrelationships between the three types of diffuse '

A E

'L:one-reacxion\models (volumetric, pore and &Eain modpls) was

discussed by Ishida and Wen (197la). By introducing the concept
P

of an equivalent rate constant. based on the surface reaction

s 4

model, each diffuse zone-reaction model was shown to be repre-

sented in terms of equivalent characteristic parameter of the
! )
shrinking-core model. Later, ‘this isothermal analysis was ex-~
' ¢

. tended to nonisothermal cases (Ishida and Wen 1971h). It was

shown that nonisothermal diffuse zone-reaction model could also ,
‘ + L
" be approximated-:by, the shrinking-core model, by considering the
l 3 o
heat effect or ‘the equivalent rate constant. Howegbr, since the

"

o 7 > .

g ® temperature profile in the solid did not normally ‘reach steady
. . Q .

*, « state, the equivalent rate constant approach for ‘the non-

isothermal case tended tt; be more in error than that for the

-

isothermal case.
Y CONCLUS ION . =

~  The noncatalytic gas-solid reactfi/bn models for a single
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particle (pellet) were reviewed under two headingns: the surface '
reaction models and the cdiffuse zone-reaction models . The latter
were discussed with respect to the volumetric-reaction model, pore
model and grain model, together with their"'uniformly—reacting
pellet" applications. The isothermal shrinking-core model in the
presence of individual réte—controlling mechanisms (kingtic, ash-

diffusion, film-diffusion) is the simplest and the most widely

used for the interpretion ¢f experimental data. The non-iso-—

thermal case of the shrinking-core model with a pseudosteady

—

sta.t/& approximation gives an analytical solution, but this as-~
sumption has been found not to be valid for most cases. On the

other hand, a transient approach requires a computer solution.

The majority of the diffuse zone-reaction models neces-

sitate numerical solution plus a large number of input'parameters,
depending upon the specific m&del they are be{xsed on. Uncertain-
ties in the physical and kinetic input parameters usually re-
duce the accurac'y gained from the mathemati\cally-coinplex treat-

ments, and the predictions become no more accurate than those
\:“ L
_obtaine,d’ from analytical expressions of simpler models. In any

event, the works in the field seem to be divided in two groixps{!‘:},
the first with a primary interest in mathematical modelling, and
N <

the second mainly concerned with experimental measurements and

the interpretation of the data, /

~

Almost all of the proposed models consider the presence

of a single solid component in the pellet, although practical

]




2

In

DEFINITIONS

situations arise where more than one component is involved, such

as the; chlérination of a metal oxide in the presence of carbon.
Russian workers £réated this problem ag a homogeneous reaction
version of the volumet'ric—reaction model. Although the shrinking-
core model assume‘s a non-p;orous solid, it has been a;pplied to

porous solid reactions -successfully. . .

-
il

Finally, it 1is important to note that the use of a
particular model can only be justified‘ if it fits the specific
gas-solid reaction involved, if it agrees with the conceptual
representation of the progress of the reaction, and if the Ire-
liability and accuracy of the experimental data are good enough
to take into account the complexitigs of the more sophisticated
modei.s. ‘ .

«
-

PLASMA PHENOMENA AND GAS-SOLID REACTIONS IN PLASMAS

~

1

;
A plasma may be defined as a gas that is sufficilently
ionized to be’ electrically conductive, although, as a whole, i-t
is electricaliymeutx;al. For the ionized gas (composed of free
electrons, posit:i(re ions, neutral atoms and molecules) to be
x;roper‘ly termed a plasma, it must satisfy the requirement that

the concentrations of positive and negative charge car.riera are ¥

* approximate}y equal (Hollahan and Bell, 1974). Dépending upon

\

the conditions under which it is formed, the plgsma may be



«

either hot (operating at and above atmospheric pressure) or cold

- 3 13
(operdting under vacuum, in which case the molecules are at a low

temperature and the electrons at a high température). It is
~Lta, -

- '
-

génerally considered that plasmas operating at and above atmos-

i

pheric pressure, the "thermal plasmas,"” “are locally in thermal
equilibrium (Reed, 1967). This assumption of local thermal
equilibrium (LTE) is of fundamental importance from a theoretical

and analytical point of view. Thermal plasmas .formed by electri-

v

cal discharges are those most relevant, to high-temperature

chemical and metallurgical processing and, for the purpose of

this thesis, diécussion will be limited to this type of plasmas. '

€

PLASMA GENERATION l '

»

A plasma is generated whenever sufficient energy is
transmitted to a gas to cause at least partial ionization. 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

t

one or several elgctrons or simpl§ increased{kinetic energy of the

various species involved. Thé\electrons freed by™onization are

also accelerated and cause more collisions and further iomization,

resulting in an energy transfer from th; electric field to the /
gas, which is accompanied by a rise in the latter's temperature. '
Once a plasma is formed, energy must be continuously ;dded to make

~

up for thermal conduction and radiation losses and to prevent

o

] ‘ -
immediate reattachment and yecombination.
- . o
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A thermal plasma formed by electrical discharges can be

generated either with electrodes (arc discharges) or without

A
electrodes, as in inductance or capacitance-generated plasma from

a high-frequency source. Arc discharges, on the other hand, are
produced either as non-transferred (statiopary) arc or, as trans-
ferzfd arc. Depending upon the method of ‘arc stabilization (which
is defined as the process by which ghe arc column is positioned or
localized withizhgbe region between the electrodes), the non-

transferred arc is further subdivided into different categories.

'Baddour and Timmins (1967) and Gerdeman énd Hecht (1972) have <

¥

described these in detail.

/ . | B

In the.transferred arc, the arc is struck between the
cathode and the external workpiece 'which acts as the anode. This.

type is used for welding, cutting or other processing requiring
o

_high workﬁiece temperature, and also for the spraying of pro-

tective coatings. New and important applications for transferred
~

arcs have recently been found in the field of extractive metal-
<
lurgy, when the anode consists of a molten metal.

a A

v
In the.non—thnsferred arc, such as in a d.c. torch, the
>
.
cathode is surrounded by an annular anode, the outer end of which
3
consists of a constricting nozzle. An arc is struck between the

electrodes and is blown through the nozzle by the plasma-forming

gas.

/ In the electrodeiess plasma generator, the energy is

\r
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transferred from the high frequency source to the gas by either

a coil or a set of capacitor plates, resulting in an inductive or

3% 7

capacitive coupling between the elect}iq and magnetic fields.

Elimination of the presence of electrodés from the plasma chamber

avoids contamination of the working s§sEem with material which may )

)
\

evaporate or, be eroded from the electrodes, and permit the use of
even quite corrosive Ygas.es like chlorine as plgsma-forming gases.

{ iR
Application of a radio-frequency energy source to sustain a plasma

was first described by Reed (1961) and further covered by Baddour*

and Timmins (1967) and Hollahan, and Bell (1974).

In his Ph.D. thesis, Munz (1974) madé an extensive review
of plasma devices, both those which were useful in small laboratory: /
experime:xts, and those which were considered for commercial opera-
tions. He described in detai\i(‘ hey operations of different torches\
and compared them with respect to theif areas of application. .
Also, in a number of review papérs, Kubanek, and Gauvin (1967),
Ibberson and Thring (’1969), Landt (1970),‘ Sayce (1971, 1976),
Rykalin (1977) and Hamblyn (1977) described various types of

8

plasma devices and/or furnaces.

Both d.c. plasma and R.F. indlsxction torches };ave been
used in this 1aboratorn}: for a number of studies on heat and
momentum transfer to small particles (Kubanek and Gauvin, 1968) N
(Kubanek et al., 1968), (Chevalier et al., 1970), (Lewis and G'auvin,
1973), (Kai:ta et al., 1973%, (Katta and Gauvin, 1973a, 1973b),

(Sayegh, 1977). An induction torch was also used in a study of
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high-temperature reaction kinetics (Munz and Gauvin‘, 1975). Cur-

rently, work is’continuing on heat transfer and diagnostics of a

—

transferred arc plasma. -~ . .

v
~ - l L
//

PLASMA GAS-SOLID REACTIONS

4

Considerable research effort has been devoted over the
past twenty years in the development of new chemical and metal- |

lurgical processing technologies, based on plasma devices. Several

@

recent review articles cover much of the progress to date. The

‘most important of these will now be briefly summarized.

N

Vurzel and Polak (1970) covered a wide range of chemical
re’actions which have been studied in various plasma devites, with
particular emphasis on- homogenous reactions and on the imppr:ance
of quenching. The Qview by Landt (1970) was devoted to a -~
description of inorganvic‘reactions that have been catried out in
arc plasma jets. Sayce (1971) and Waldie (1972a, 1972b) con-

centrated on heterogenous réactions in plasma, with particular

emphasis on metallurgical process:s. Hamblyn and Reuben (1975)
}

reviewed the use of radio-~frequency plasmas “in chemical synthesis,

!
. i

covering both organic and inorgd#nic reactions and their prospects

for commercial applications.

In his recent review, Sayce (1976) discussed the current

"
'

status of plasma processes involving heat and mass transfer with

\

particular reference to chemical reaction and processes of vapor-

ization and condensation. Rykalin (1976) presented a survey of

£

- . )
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. the work Jone in the U.S.S.R. on the generation of thermal plasmas
.geunerated by d.c. jets. More récently, Polak (1977) gave an )
. / . account of various plasma reactions thaé have been reported
mostly by Russian workers. Hamblyn (1977) presented a brief
survey of typical applications of plasma technology in“metal-

LR
lurgical processing and discussed the work carried out on ferrox

i

alloy appiications in South Africa.

The first comprehehsive study of heterogenaous chemical
kinetics in a plasma flame was reported by Munz and Gauvin (1975).

They inveétigated the decomposition kinetics' of molybdenite imn

the tailflame of a rédio:frequency induction plasma. A reactor
system wa; developed td allow kinetic measurements in both the
solid and the molten state, using single stationary spherical
pet}ets préssed from naturally-~occurring thin flakes of molyb-
denite. It was concluded that the solid state reaction was con-
| . .
trolled by the diffusion of sulphur vapour through the product
layer.- The shrinking~cere model described tﬁéqovenall reactidn
whichdléd to a timejversus—conversion equation of ‘the form:

Jr=1-30-074+201-% (52)

~

where, X is the fractional conversion to metal, 1t is the time for
complete conversion and t is the reaction, time.; The influence ng
. : ) !

‘*~/(’~ particle diameter and void fraction on the rate 6f reaction con- !

firmed the existence of ash diffusion control.

&

The liquid state reaction was found to be governed by the -

’ o
-
5 a
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rate of heat transfer to the feacting particles, which was in turn
influenced by the mass.transfer of sulphur.vapour from the yolten
molybdenite. For the heat transfer calculations, the temperatures
and ve]gcities of the ﬁlasma jet at tﬁa\Pogﬁgion of the reacting
particles qere(@stimated by the authgrs from the mean nozzle exit

values, which weré obtained from experimental calorimetric studies

(Munz, 1974), using the predictions of Boulos and Gauvin (1974).

.

Earlier studies of the thermal decomposition of molyb-
denite in.plasma were re#orted by Huska and Clump (1967) and Char-
175 et al. (1970). Huska and Clump.injected fine (-200 mesh)
molybdenite particles directly ingp an R.F. argon plasma fireball
through a water-cooled probe and,;ollected the product both from
.the qua;tz tube which)contained the plasma and from a water-
cooled quench chamber. They obtained copversions as large as 70
percent, although most of the conversions ranged from 30 to 50
percent, with feed rates r;;ging from 0.67\Fo 2.5 gm/hr. The

degree of conversion was found to 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
B j
the upper surface of plasma fireball. Molybdenum was collected

from the fireball on a water—cooled surface. They obtained 60—?0

| percént anversions at a feed rate up to 60 gm/hr.

Bhattacharyya and Gauvin (1975) used the thermal
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decomposition of molybdenite particles as a specific application

of their theoretical model which was developed to simulate a

plasma jet reactor for the treatment of fine particles. They

LY

considered a three-dimensional, non-isothermal, turbulent,

compregsible swirling confined flow. Velocity profiles of the

o

plasma jet were calculated from the equations given by Chigier and

Chervinsky (1967) and similar préfiles were assumed for tempera- .

ture. Particle size, injection velocity and location, swirl
paramete1; and angle of injection of the feed were found to be the
important parameters. While high solid loadings quenched the gas
.and lowered the reaction rate, lower solid loadings (wt. solid/

wt. gas < 0.25) had insignificant effects on thg/overall con-

versi\sn7 provided that sufficient residence time was available.

v

. . Recently, Bonet (1976) made a the;)retical analysis of
heterogeno%s reactions taking' place in plasma systems. Using a
shrinking—core model, he showed that, in general, the progress of
rea‘ction in fine particles (or 4in large;' ones, °as soon as they
have reached a higt'n 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

i

(Vaal
of plasma reactors, particularly for the processing of refractory

metals and their compounds. /

Among the several papers 'published by Matsumoto and co-
workers (Matsumoto, 1968, 1969), (Matsumoto and Shirato, 1970),

(Matsumoto and Kawai, 1972), (Matsumoto et al., 1972) concerning

\

+

L8]
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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 sohe

kinetic data reported. The reaction was usually carried out

+

between plasma gas and a disk—1like pellet mounted on a water-

cooled copper anode.

/ !

In the reaction between a nitrogen plasma and zirconium
metal (Matsumoto and Kawa, 1972), the rate of nitridation fol-

lowed a parabolic law, which was attributed to the diffusion of ) '

’

nitrogen into liquid zirconium as the rate limiting step. 1In the

reaction between an air plasma and zirconium (Matsumoto et al.,

.

1972), nitrogen and oxygen atoms in the air plasma jet were shown

h . to react independently with zirconium to form ZrN and Zr0;. It

! was reéported that the dissolved amount of oxygen I:'mcreased linearly
w:i:th increasing reaction time and air flow rate an‘&’fwstayed in the
surface region, while that of nitrogen increased parabolically and

. . penetrated into the inner regions of'the metal.‘ Their thermo-
dynamic analysis showed that, while thé nitriding of Zr0, by
nitrogen was imposs.ible, the oxidation of aZrN might take pla/ce.

This was in fact confirmed experimentally, since the ZrN formed

was oxidized by oxygen in the air plasma jet. °

‘

The mechanism of the reaction between zircon-graphite .

] N

miXtures and a nitrogen plasma jet was studied by Matsumoto and N
Shirato (1970). They reported that zircon was first decomposed,

following which reaction between nitrogen and ZrO,, SiO; and -

graphite took place. The C/Zr$iO, ratio influenced the compositicn
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© of the fimal product\€nd the opt;\gm nitriding condition’ for

”regctioncwas sug%?§ped as: o

T

rand 25 percent, respéctively.

~ had

zircon was obtained w1th a c[z@slo“ railo of 3. The overall

[}

Y\ -
\ °
5 i o T

Zr§i0. + 3C + N > ZrN# Si0 + 3C0"y (53)
t . \ ! . L
, : | |
When the ratio C/ZrSi0, exceeded 4, ZrC and S1C were also formed.

5 +

Partichlate systems have also been used tolsynthesize

a

nitrides. Stokes (1969) reported the production of nitrides of

titanium, magnesium andntungsggﬁdby injecting the powdered metal .
. ol

into a mitrogen plasma. Coiplete conversion was obtained with

titanium, while the conversions of magnesium and tungsteén were 40 . /

‘'

k]

Plasma reduction of metal oxides has been attempted by

several investigators (Gilles and Clump, 1970), (Rains and Kadlec,

1970), (Stokes, 1969), (Brown, 1967). However, in all of these

v - ’ 1
- R -

works, as in most other investigations, the intention was to
- ¥ ’ "l
determine important process parameters and-assess their quantita-

-

tive effects, rather than to make a-detailed kinetic study.

Rains and Kadlec (1970) investigated the feasibility of

R
3 .
reducing a stable 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- > i .

cooled reactor wall. Conversions ranging from 3 to 30 percent-
, ¢ ' ;-

were repqrted in the absence of reducing agent and at power levels

7
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' of 5.03 - 6.69 kW, corresponding to argon temperatures‘of 10 900

- 11 200 K. Conversions increased with increasing power input,
and with decreasing alumina flowrate and particle size:..The use
of a water-cooled probe placed directly in the plasma allowed the

recovery of additional aluminum at higher coﬁversiogs; ﬁoubling

~and quadrupling of the conversion were obtained by using CO and

Cﬁ} as reducing agents, in the plasma, and by quenching with cold

gases introduced into the lower section of the plasma core, counter-

°

current to the plasma flow. It is interesting to note thht the.

use of hydrogen as a reductant showed almost no effect on, the

conversion. The conversion data presented by Rains and Kadlec

were based only on the material collected, and as such may not

represent a realistic sample. ' Extrapolation df their analysis
to all the alumina in the feed may not be justified, as material

bypassing the flame would not deposit on the walls and would

probably show a much lower degree of conversion.

»

o
Using a direct current arc plasma jet, Gilles and Clump

(1970) attempted to reduce iron ore with hydrogen. They injected

_the ifon ore powder into the nozzle (anode) exit plane at a 45-

degree angle tﬂrough two ports spaced 180 degrees apart, thus
permittiﬂg the ore particles to leave the torch without coming
into contact with the anode wall. Tﬂe product was quenched and
collected on a water-cooled copper plate assembly. Their con-

versions were up to 69 percent with a 100-percent hydrogen plasma,

and at a feed rate of 1 gm/min. It was again found that the
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o

extent of conversion to iron increased with an increase in power

and a decrease in powder'size. In addition, conversion was higher

/

.at the lower plasma gas flow rates for the same amovnt of energy

A

per unit volume of plasma gas. This was attriﬁuted to a longer

residence time.
° . ' @
Stokes (1969) reported complete conversion of ferric
oxide to iron metal with hydrogen in a helium plasma jet. No

converéions were obtained in the reduction of titanium dioxide

and zirc?nium dioxide with hydrogen in the same work. ,

4

Arthough Brown's (1967) attempt to reduce zirconium
dioxide to the metal by passing powdered (10-micron particles)

zirconia through a d.c. plasma flame in a carbon reaction chamber

°

resulted in an increase in the zirconium content of the product,
his work was not conclusive in that the presence of metallic zir-
conium was not clearly jdentified and the 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 dévelopment of
a gingle-step plasma reactor system to convert iron oxide directly
to molten iron in a hydrogen-natural gas mixture. The iron ore
powder was pneumatically conveyed to the plasma reactor and
-

injected into the hot reducing gases produced by.a d.c. arc.
p N

. 2 ] i
Molten iron and slag were collected in a holding crucdible, which

Y -
was poured intermittently. The electrical energ;\ 'hmez\§a§
. N
given as 9.5 MI/kg of iron (not including energy losse \frod,phé/‘\\\\
\\\\//// -
h T
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reactor) at a hydr?gen—natural gas ratio of tWQ; This v?lue
compared favourably with a minimum thermodynamic process energy
requirement of about 7.9 MJ/kg of iron. It was suggested that
(theﬂspecific energy requirement would be- decreased by a reactor

scale-up from 100 kW to 1 MW, by the use of finer powder and by

an increase in the natural gas-hydrogen ratio.

¢

Again recentlyf Mac Rae et al. (1977) described a
commercial-scale plasma reactor that has been developed for the
production of ferrovanadium. The operatiéﬁ involved tPe injection
of a mixture of vanadium oxide and coke powders into a transferred
arc plasma (falling-film plasma reactor) where the oxide was
reduced by carbon, and the vanadium thus produced was combined
with an initial chafge of iron in a receiving crucible below the
reactor. The design of the falling~film plasma reactor de&eloped
by Mac Rae and his co-workers is rather unique, in that the arc
is transferred from a single cathode to the lower -portion 6f the
cylindrical reactor wall which acts as the ancde. By the use of
a strong swirling action in the injecged reducing gas (hydrogen
mixed with argon) the particles age flung against the anode walls
where they melt and flow down in the form of a film, &hich accounts

for the name given to this type of system.

The molten ferrovanadium produced contained 40 - 90 per-
cent vanadium, and the energy consumption was reported-to be 32 MJ/

kg of vanadium. The reactor was developed at a nominal 100 kW

¢

level ana‘then scaled-up to 500 kW.

— 1
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PLASMA CHLORINATION OF METAL OXIDES

The use of plasma technology/in metal oxide chlorination

was suggested in the paper published by Warren and Shimizu (1967).
Aside from this,uthe literature on the subject of plasma chlo-

* rination is limited to a few patents issued aften\l950. Two of
these were granted to Sheer and Korman (1952a, 1952b) in which the
high-intensity transferred arc was one of the first techniques gb
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 metal oxide and carbon in
stoichiometric propo?tions was compacted into a hard cylindrical
bar and was fed int; the reaction chamber as the core of a carbon
shell. The core acted as a consumable anode and was evaporated .
in an atmosphere of chlorine, thereby producing chlorides of all
the metal constituents by vapor phase reaction. In an inert
atmosphere, the reduction of thé oxide to the metal was aiso
claimed.

In the case of silicates, Sheer and Korman (1952b) sug-
gested that partial chlo;'ination was possible by recycling the.-
silicon zetrachloride formed to the reaction chamber, thus pre-
venting further halogenation of the silicoP 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

N ’
was vaporized at the rate of several feet per minute at 1500 amp.,

and reacted with the chlorine plasma at a temperature of 7000 -

1
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10 000 K.

1

-

Orbach et al. (1968) have patented a plasma process with
non-consumable electrodes for the chlorination of b;ryllium oxide.
The ﬁrocess used a &.c. piasma jet (55 - 60lkw) of nitfogén (as
arc stabilizer) to heat a stream of chlorine containing a mixture
of finely ground beryllium oxide (68 percent) and\petroleum coke
(32 .percent by wt.). Using feed rates of 16 kg of ore-carbon
mixtures, 58 kg chlorine and 6.22 m® nitrogen per hour, a con-
version of 62.6 percent was obtained in a single pass at an energy

‘consumption of 417 MJ/kg of beryllium. The arc temperatures and

reaction times for halogenation -were reported to be 2000 - 10 000

K and 1/1000 second, respectively. Reduction of BeCl: with sodium i

to obtain metallic beryllium was also included in their patent

claims.
\

A very recent patent granted to Davis et al. (1976)
described the use ;f plasma method to chlorinate the oxides of Nb,
Mo and Ta with carbon~chlorine or carbon tetrachloride. lIn their
deScriPtion, the metal oxid? and the chlorinatﬂ;g agent were
introduced into the reaction zone downstream of the anode of the
d.c. jet dedige, where the temperature was 2000 - 5000 K. The
products were passed fgom th;s zone through ; restricéed passage-

-

way into a collection zone while maintaining a pressure dif-
ferential of 0.5 ~ 5 psig Hetween the reaction and collection
zones by varying the size of the restricted passageway during the

course of the reaction. No operatiﬁg data was reported. The main

S
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.

thrust of this patent was the agglomeration of very fine product Y-

s

powders 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 indi&ate that
the majority of the investigations were designed to evaluate the Ve
importance of relevant operating parametérs and their quantitative
effects on the performance of the plasma system, rather than to do
a fundamental kinetic study. The reason for this trend may be
< attributed to the nature of plasma systeﬁs, namely the high

initial cost of plasma devices and attendant electrical controls,

the complexity of their operation under laboratory conditions, not
to mention the difficulties of obtaining reliable measurements
under a very difficult experimental situation.‘ The important’
kinetic paramgters such as residenc% ti&e, particle temperaéure,A

gas velocity, gas concentration and gas temperature may not be

varied independently. Furthermore, conventional measurement

, L . /
techniques in most cases may not be used; sﬁmple meaguyrements,

\

-

such as gas and particle temperatures and velocities, usually

require the development of sophisg;cated and often indirect

techniques.

L] .

\ ‘ » In the’case of a chlorine plasma, such a study becomes

S an even more difficult task, The highly corrosive nature of

hot:chlorine creates serious problems of materials of construction,

.

®
)
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and its toxicity necessitates extreme care in the handling of the

gas streams. Finally, the stability-of plasma operation may
limit the concentration of chlorine gas that may be used in the .
plasma. All these limitations are most probably responsible for

the absence of any plasma chlorination kinetic studies on a

i

laboratory scale in the literature. :

In recent years, the increase in the market value of
fossil fuels and the experience with largenzscalé plasma opera-
tions seems to have ‘improved the‘prospéth*goi their industrial
commercialization considerably. However, 'to attain this objective,
a mLch better understanding of the fundamental principles unéer—
lying thleir operation must first be obtained, particularly in.
the area of tranéport phenomen;. In addition, it is now quite
clear that different reactions will require differeﬁt, unique
desipgn characteristics. Before the design «wf a plasma’system
can be undertaken, it is imperative to obtain the necessary

-

kinetic data, which in turn will govern the design of virtually

o ks

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 process, can effect, the desired physical and \ .
chemical changes under unique conditions of extremely high

IS
reaction rates, resulting in high throughput per unit time,

small equipment and continuous operation susceptible to excellent

control. Because of high capital cost econsiderations, their
\
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domain of application, at least for the pfesent, should be

restricted to high-temperature reactions yilelding a product of

high unit value. Because of the growing demand of our society
- for hiéh—purity meta;s, metallic compounds and refractory

materials, this domain is sufficiently vast to ensure this new

]

technology a very bright future.

v
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Gaseous reactantﬂin Equation (16)

External surface area of the grain

External surface area of particle (or pellet)
Constant defined by Equation (21)

Solid reactant in ‘Equation (16)
Stoichiometric coefficients

Gaseous product in Equation (16) *
Molar concentration of species i

Bulk concentration of gaseous reactant A

Initial concentration of solid in the pellet

"Bulk concentration of gaseous product C

Concentration of intermediate product on the

- carbon\surface

4

B -

Effective diffusivity
Effective diffusivity based on initial porosity

Shape factor for grain

Shape factor for particle (or pellet)

Functions of rate constants in Equations (39), (40)
Constant defined by Equation '(50) )

Overall rate constant \\

Equilibrium constant

Rate constant based on surface !

Mass transfer coefficient

»
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Re

Re

Sc

gen

loss

Volume of grain )

110 -

Rate constant based on volume

5

Modified Thiele modulus defined by Equation (36)
Order of reaction for solid reactant ) i
Reynolds number

Reynolds number based on initial particle diameter
Schmidt number

Order of reaction for gaseous rea;ta;t

Rate of heat generation

Rate of heat séy

Initial particle radius ‘

Particle or por¢ radius -

Rate of reaction

Radius of unreacted core

Initial pore ;adius, Equation (49)

Contact area between'metal oxide and carbon particles
in the pellet .

Initial contact area between metal oxide and carbon
particles in the pellet .

Reaction temperature
Temperature of unreacted core v
i P

AN

Time

Ky

Volume of particle (or pellet)
Weight of metal oxide in the pellet\
Weight of metal oxide for 8§ = 0
Amount of metal oxide reacted at time t -

#

Maximum amount of metal oxide that can be reacted

!




>

-

Fractional conversion of the solid

Ratio of molal‘volume of porous product to that of
solid reactant

Effectiveness factor

Porosity of solid reactant

-

Initial porosity of solid reactant
Molar concentration of solid reactant
Generalized gas solid reaction modulus, Equation (51)

Time for complete conversion
Time for complete disappearance of virgin core in
the crackling-core model

Time for complete conversion of any grain in the
crackling-core model ]

Constant defined by Equation (31) N

{
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GENERAL INTRODUCTION
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.

The chlorination of zirconium oxide may be considered as .

ar\/ integral part of the 9vere;ll process for the production of

nuclear-grade zirconium. The latter's commercial pmduction is

currently based on the Kroli Process (Miller, 1954), (Shbelton et

L)

(Chintamani et al., 1972), (Spink, 1977) which uses hafnium-free,

!
ses which have been proposed to replace the conver?‘tional com-

" pure zirconium tetrachloride as the feed material. Newer proces-—

mercial method of production also use zirconium tetrachloride as

the starting material. These include plasma decomposition of

zirconium tetrachloride (Chizhikov, Deineka and Makarova, 1969),

o

(Chizhiko'{ et al., 1971), (Semenenko et al., 1975), (Gragg,

g

1973), (Little and Wentzell, 1965), (CIBA, 1966) and electro-

winning of the metal from fused salts com:ain:hig zirconium
tetrachloride (Martinez and Couch, 1972), (Martinez et al.,

o

1976).

Zircon, the main source of the metal, may be either

“ chlorinated directly (Mamieh and Spink, 1973), (Manieh, Scott

and Spink, 1974) or through a two-step process, na;nely the

126

N

al., 1956), (Starrat, 1959), (Elger, 1962), (Babu et al., 1969), -

N
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carburization of zircon followed by the"chlorinaﬁion of ‘zirconium

carbide or carbonitride (Kroll, Carquy and Schlechton, 1952),

(Stepheﬂs and Gilbert, 1952), (Shelton et'al., 1956). The former

requires a larger reactor volume, extra chlorine and carbon for

the S10; congiituent of the-ore, for the same throughput of

zirconium tetrachloride. Furthermore, it necessitates the

separation, handling and disposal of $iCl,. On the other\hand, '
vth‘e two-step process has been shown tohbe, less efficient than L.

2x0, chlorinationf%Stephené and Gilbert, 1952). Ihegtecent

devélopment of a plasma process for the dissociation of z%rcon

into its two constituent oxides, ZrO, and Si0;, (Wilks et al.,
1972, 1974), (Bayliss, Bryant and Sayce, 1977) followed by
leaching of the silica may lead in future to the direct chlorin-

étioﬁ of zirconia rather than that of zircon.

For the production of nuclear-grade zirconium, the near—
complete separation of hafnium, which is always associated‘with
~zirconium in the ore, is necessary due ‘ta hafniun's high ngutron
absorption cross-section. In the present conventional process,
hafnium separation is effected by means of solvent extraction, to

yield purified ‘Zr(OH),. The latter is them calcined to yield
de-hafniated Zr0,. The subsequ%nt chlorination of the dioxide to
produce the tetrachloride feed for the/Kéoll %rocess is thus an

essential processing step in the overall complex production

scheme.

it

The Literature Review chap:g¥ showed that the kinetics
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of the chlorination of zirconium oxide have not received much
attention. The available publications iﬁ the field are limiteg to
those of O'Reilly et al. (1972), Landsberg et’al. (1972) %or the
kinetic study; to those of Stephen and Gilbert (1952) and Sehra
(1974) for vertical shaft furnace and fluidized-bed chlorination
operation, respectively, aﬁ@ to tﬁat of Vagilenko and Volskii (1958)
for thermoaynamic analysls. All of these studies aré';oncerned

with temperatures below 1400 K. . ‘

In the present work, it wag intended to study the kinetics °
of zirconium oxide chlorination at high temperatures (1400 - 2480
K). A chlorine induction plasma reactor system was used to pro-

vide both the high-temperature field and the reactant gas. To

the author'’s knowledge, the generation of a plasma of purg chlorine
has never been attempted before, nor has the(yge‘gf/:,:;:Zma
system for chlorination kinetic stédies. With the exceptign of
the. work of Munz and Gauvin (1975) on the decompésitfbn of molyb-
denite in an argon plasma tailflame, most of the otﬁer published
plasma gas-soiid reactions (Huska and Clump, 1967), (Gilles and
Clump, 1970), (Rains and Kadlec, 1970) have not been studies in
chemigal kinetlcs proper, but were rather ;ntepded to evaluate

the effects of operating. parameters on the degree of conversion.
o

To achieve. the objectives of the study, a special reactor
system had to be designed and develo?éd to handle hot chlorine and
control and measure all parameters affectiyg the rate,of the ‘

7

heterogeneous ZrOa chlorination. A theoretical analysis
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‘was carried out along with the experimental work. The work is
reported in two parts, due to the differences in reaction con-
ditions and conseqixentv differances in the analyt?tcal inter-
bret:ation of the results. The first part is concerned with the
chlorination of Zroa‘with chlorine alone, while in the second,
graphite was added as a reducing agent for the chlorination. Each
part is intended to be complete in itself for the purpose of
presentation and eventual publication.

A

PART I - CHLORINATION OF ZIRCONIUM DIOXIDE
IN THE ABSENCE OF REDUCING AGENT

o -~ INTRODUCTION

Normally, chlorination of zirconium dioxide necessitates
the presence of a reducing agent due to the lower affinity of
zirconium for chlorine than for oxygen. The free energy of the

chlorination reaction:

~

Zr0, + 2 Clg = ZiCl, + O, " (1)

remains positive up to quite high temperatures as shoﬁn in Figure
1; for which the free energy data were extracted from the JANAF

\

Thermochemical Tables (1967). Landsberg et al. (1972) studied
this reaction in a very preliminary way m& in the
range 1320 - 1420 K. me«mamon/mumtaka place only when
the chlorine gas veloc:l.ty’was high enough to eliminate the ac-

cumulation of the products near the reacting particle, and even
. SS—p
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' FIGURE 1

FREE ENERGIES OF

\

' 1
ZxrQ, CHLORINATION REACTIONS
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then at a slow rate. |Recently, Pogonina and Ivashentgev (1974),

in a very short paper, reported 8.1 per cent conversion in 50
minutes at 1273 K. E ‘rlier, Vasilenko and Vol'skii (1958) showed
on the basis of a thermodynamic analysis that the’ equilwibrimn con~-

centration of zirconium tetrachloride in the gaseoué phlae in~-

‘creased insignificantly from 0.2 to 2.7 volume percent with a rise

of temper/ature from 1273 to 1773 K. However, all these works were

based on the reaction pf molecular ::hlorine with 2r0. (Equation 2
{n Figure 1). j
In.plasma systems, the temperature difference between the
;'eacting particle and the ambient gas is .usually quite large. In '
the present case, it was gf the order of 2000 - 3000 K, v}i;:h the
ambient gas temperatur in the range 3500 - 6000 K. The equi-
librium concentrations |of molecular and atomic chlorine, as
calculated from the data in the JANAF Tables at different tem~

i
peratures, are given in Table I. It is seen that, at the exper-
| |

/

e in the atomic form. Thus, the following

imental gas tem#eratur levels (3500 - 6000 K) used in/this work,
the chlorineggas will J

reactions u#iy t plac.‘e on the \zirconimn dioxide surface:

A,

4 Cl = 2 Cl, oo (2) s
B 2r0; + 2 Cla = ZrCl, + 0y (3)
/
/ S *
/ ZrOg + 4 Cl = ZrCl, + 0. @

Reaclt/:ion (3) is possible, depelnding ann wvhather atomic

-




A

/ TABLE I -

EQUILIBRIUM CONCENTRATIONS OF ATOMIC CHLORINE

|

' N L 1/2 Cla = (Gl
. ! ,
. | / N
i
° v ()
T K 1og g Yole
) a
1500 i -1.226 © 0.0577
% 2000 -0.128 0.5174 |
2500 ( 0.536 0.9272 \
‘ 3000 ‘ 0.982 0.9894
3500 1.303 ' 0.9980 '
4000 . 1.545 0.9992
4500 1.734 0.9997
v a { 3
5000 1.886 .0.9998 J
)

From JANAF Thermochemical Tables N KR
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chlorine associates to form moigs:lar chloring at the oxide sur-

B

Vf\{‘

faeeT~IA1th6hgh_t£e reaction tempetature of Zr0; pellet is loweér

than the bulk gas temperature and pe

™

cular chlorine, the extent of Reactio

its the formation of> mole-
(20 may not be large due to
A
{
very short residence time. fﬁ:any evept,! Reaction (4) represents

both the summation of Reactions (2) and (3) and also the direct

action of atomic chlorine on zirconium|dioxide. Hence, regardless

*of what happens on the pellet surface, {Readtion (4) may be con-~

K

sidered as representing the chlorinatioh of ZrO. in the absence

of reducing agent in the chlorine plasma. This reaction is also

a reversible one and it is thermodynamicdlly more favourable than

that with molecular chlorine below about 2050 K, as indicated in

\
Figure 1.

1
L4

The purpose of this section is to investigate |fully the

possibility of direct chlorination of Zr0O, with chlorine alone

and to study its kinetics. A theoretical ahalysis Fas carried

{

out along withthe experimental work in order to oﬂtai a time-

conversion relationship and to compare the experimentall data with
those of theoretical predictions of this work when gas |film

diffusion becomespimportant.

THEORETICAL ANALYSIS

MATHEMATICAL MODELING OF THE REACTION

The review on the mathematical treatments of gas-solid

reactions in the Literature Review showed that every conceptual

”

\
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s
picture or model for the progress of a heterogeneous reaction was
accompanied by its specific mathematical representation.. The
publisfmed treatments either assumed a surface reaction which was

expressed by a shrinking core model (Yagl and Kunii, 1953, 1955a,

v

1955b), (Shen,%nd Smith, 1965), (Levenspiel, 1972), (Szekely et al.,

1976), or a diffuse-zone reaction model. The latter either viewed
the reacting peilet as a homogenous matrix-volumetric reaction
model (Ishida and<Wen, 1968), (Wen, 1968), (Ca(lvelo and Cunningham, '
1970), (Williams et al., 1972), or considered a poreb structure
(Peterson, 195.7), (Ramachandran and Smith, 1977) or envisaged a
gratin structure (Szekely and Eva'qs, 1970, 1971), (Sohn and Szekely,
1972), | (Sampath et%al., 1975). The uniﬁorm-—react;tng—pellet model
was treated as a special case of diffuse-zone reaction models.
'Except for ‘the iéothermal shrinking-core model, the majority of
the treatments required a numerical solutiog. Generally, the
modelir;g works ;;eemed to be divided in two groups: for the first,
the prim#®y interest was in mathematical modeling, while for the
second the main concern was experimental measurements and the
interpretation of data. With respect to the second group, the
shrinkiné-core model was found useful in analysing many solid—-gas

t

reactions including porous solids, due to its mathematical sim—
\ o \
plicity (Costa and Smith, 1971), (Wang and Wen, 1972), (Munz and

Gauvin, 1975) » (Morris

d Jensen, 1976), . (Fahim and Ford, 1976).

In the light of ‘the experimental observations, the ’

>

theoretical analysis of the reaction beltw'ee'n Zr0; and atomie

i
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chlorine will be based on surface reaction of the shrinking pellet,
\ A
and it will be carried out for.chemical reacti?n and for gas film
\
diffusion controlling mechanisms, separately. Then an approximate ~

solution- will be obtained for the intermediate case where both the

chemical reaction and the gas film diffusion resistances contribute.

For the purpose of a compact generalized presentation and

as a convenience for computer programming, the following general

4 ~

gas-solid reaction is first considered:

31 Brongy * Bleorid) T -

! aa Az (pas) T 33 A3 (gas) (3)

and the final results are then applied to the specific chlorination
reaction. The treatment assumes a shrinkipg isothermal spherical
pellet, a reversible surface reaction and a.nonlinear dependency

of the reaction rate on the gaseous reactant concen

schematic representation of the reqéting system is glven

2. ’ N e

Chemical Reactiom Control

/

The overall rate of the reaction (Equation 5) may be
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surface area), ks is the surface reaction rate constant and f.(yl) 1is

the concentrét/ion dependence. Equation (5) .may be related to the

disappearance of solid reactant (B) as:

’ - ~(afhmx ?) (dw/de) (1/M) =

N "Nz - kB f(yl)(lln) . ( \7)
or ‘ . -ﬂ(a;/tm:;)(4ﬂr;’p;)(drvc/dt) - ' (, 8)
ks f(yl) . o

and Equation (8) becomes: :
) - o ~(dr /dt) = €k [aip ) 1f,(y1) , (9)

where, a, is the stoichiometric coefficient in Equation (5), r_ the

/ £
radius of the shrinking spherical sol:ld t t:he reaction time, w the
weight of solid and p the molar denaity of t:he soli the pellet.

: Integtating Equation (9) .
' . CN
t ’ rc o t;_ \\ )
-gf T - (_ksla;ps) £(yp) " dt (10)
yields: ..
1- (rc/R) - (ks/alpsR) f(yl) t. ‘ - (11)
) This can be written in terms of fractional conversion (X) of solid

reactant by n{oting that X = (Infitial We;ight -~ Weight of Unreacted '

A

Pellet)/Initisl Weight. Hence: ' .

¢

X~ —-—c 3 ’ - s
1- %nc /%‘ =1 - (r /R) (12)
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» Therefore: .

. e /R = @0 (13)

E Y

‘ Then Equation (11) becomes: : ,

1- (1—-x)‘/’ - (ksla,pBR) £(y1) £ (14)

where, R is the initial radius of the reacting pellet.

. Concentration dependence on.reaction rate is usually ex-
pressoed as an exponent of concentration. In accordance with the

. . experimental data, the dependence of the chlorination rate on the
C o : ) - L
. concentration of atomic chlorine is written as:

!
°

- ‘ () ey J(2-y ) (15)

~ . " The mathematical convenience of this expresfﬁ will be seen later.
In addition, for a reversible reaction, the equilibrium con-

centration should alsosbe included. Hence the concentration

function f(y;) is defined as:

v

, L BB = (v Yy ) /(2-y185 :(1§) .

-

v, 0 ’ l » - . L t%"} B2
where yl8 is tife mole fraction of the reactant gas (atomic chl&%ine) ‘

v - :
) at the reaction surface, and Yige is that of reactant gas at

e
equilibrium with the concentrations of. product gases at,the reaction

surface. It is .assumed that porosity, particle“ size, sintering and \

structural ¢hanges have no effec / ;

3 ] 1 O " . 2
If the reaction is controlled solely by chemical reaction,

<

2
~ .

' AN
. . the gas film diffusion’ resistance is considered to be negligible,

“r

“ N -
v

-
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hence the concentrations at the reaction surface are the same as in

o

the bulk of the gas stream. Therefore, for chemical reaction con-

trol, the concentration function becomes:

®

fc'y’;) - 1o T10e) By an

-
s

-

where the subscript o.denotes the bulk condition: The final form

¢

of the conversion-time relationship from E&\{a&ién (14) is:
_ -t/ e . - _ _ —_—
1 - (1-X) tr(ks/a;pSR) (ylo yloe) /(2 ylo) (18)

where a, is equal to 4 from the stoichiometry of the chlorination

reaction (Equation 4).

e

Mass Transfer Control ) . ®

Equation (4) and similarly Equation (5) involve multi-
componen't nonequimolar counter diffusion. Bi'rd, Stewart and

Lightfoot (1960) have shown that mass transfer rates through a gas
® &

film in multicomponent systems can be predicted by using analogous \\

binary formulae if an effective binary diffusivity Dim for the

4 R

diffusion of the i-th componen{: in a mixture can be defined g0
that species 1 behaves as if it were in a binary mixture of dif-

fugivity D, equal to the prevailing D The requirements for

AB im’

i —a———

such a treatment are that the mass transfer rate:s should be low
and the physical properties, including the effective diffusivi\ties,

should be congtant. It #s obvious that the physical properties

© generally vary from point to point, and this wvariation is more

significant in the case of plasma systems, owing to the large w s

S




temperature gradients. For an approximate calculation, Sayegh ‘ P

(1977) pointed out that these variations can be handled by using
average fluid properties evaluated at the mean of the reaction
- surface and plasma gas temperatures. -This, together with an

arithmetic mean average film composition, is assumed to¢ permit the

8

~

use of binary diffusion formulae and mass transfer coefficient

correlations by introducing the effective binary diffusivity Dim'

‘The molar flux of component i (Ni) by analogy with the
binary formulae, is the sum of the diffusional contribution and of

the bulk flow contribution. That 1is:

/ ' »
. [

n
Ny ks OgeVild Ve 5B Ny (29)

where kmi is the mass transfer coefficient, Yy is ‘the mole fraction

——— ——

\
for component i, subscript s denotes the reaction surface while o . 7

denotes the bulk condition. n is the total number of gaseous com-
ponents. Equation (19) can be simplified by using the stoichio-

- metric relationships of Equation (5):

- - Na = -(aa/ai) Ni ' (20)
” Ny = -(as/a)) Ny ° (o1)
- or, in a general form: ) N
\‘ ) LN Wyl Gafa) N, - Q2 -
: o, =

1 for the reactants

¢j =-1 for the produét;s 2 (23)
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where, a, is the stoichiometric coefficient and ¢ 1 the index for the ¢

—— e

stoichiometric coefficient for component i.

Insertion of Equation (22) into Equation (19) yi:elcis:

n ,

N, = kmi(yis_yio)/u"yis jﬁl“j“’i) (aj/ai)] (24)

Equation (24) may;be related to the dilsappearance of solid reactant.
(B):

N, - (tb:l.&si/lmrc’)(lnrrc3 pa)(drc/dt) o (25)

v <

¢ a e, (dr /dt) . (26)

Equdting Equations (24) and (26) and rearranging g:l.\‘reé:

7

dr /dt = kmi (yis-yio)/

-

(lyy, 42, ¢

=)

{49 (a,/8)1058,0.) (27

Equation (27) cannot be :Lntégrated directly since kmi 1s a function
- of r .
. <

For a spherical pellet, the mags transfer coefficient kmi

may be calcylated from the Ranz and Marshall (1952) correlation:

- ils 1/a )
NSh 2 +0.6 NSc NRe (28)

Equation (28) can be rewritten for a reacting pellet of radius T,

as: ~ : / )




[ 4 Panl
k . (r /R)R H \/3 ZU‘ PR 1/2 r 1/2 :
‘ =1+ 0.3~ ¢ 5 / (29)
- = c im AP im H '

4

Rearranging Equation (29) gives:

- ‘ /s 12
= + (0. N! o
, km:L (e Dim /rc) (-3¢ Dim /rc) Sc NRe

~

(rc/R)‘/2 (36)

where, ¢ is the total concentration of gas (moles per unit volume),
(]
NSc the Schmidt number, Nﬁe the Reynolds number based on initial

—

pellet radius R, N

e

Sh the Sherwood number, U the bulk gas velocity,

' U the viscosity and p the density of the fluid at average gas film

conditions.

3 Equation (30) can be written as: i .
-«
N a1/ a .
kg =8/ (zR +a gz */(zR) . (31)
vhere:
| z, = rc/R * ) (32)
= 0 3 Nl/s 0"/: (
¢ "7 Tse NRe‘ 33)
| B=c D, (34)
‘ ks
Inserting Equations (31) and (32) into Equation (27) yields:
z dz /(‘1 + a zx/a) = Y'dt (35)
c ¢y c ..

: where: ,/ &

) n
Y = (Yis— yio)cDim/{Rad)iaips[l"yis jél (¢j/¢i) (aj/ai)] }’ (36) ,

| ' |

t Ed




-
Integration of Equation (35), for 1 €z sz, and 0 «t st

is given in Appendix I. The final form of the conversion-time re-

lationship is- thus: -

S

N\

t = ~(1/y) [2/30(1-2% )= (1-2) ¥

-3 ;/z -3 i/ 2 —u . (1o i
20 (1—2 )"2(1 l ) ~2a R,n(m:ﬁ" (37)

4

where:
z = rc/R = (1—X)‘/3 as ngen by Equation (13)

~ The concentration driving force in the treatment up to

now was taken to be the difference between that at the reaction
surface and that in the buik gas. For a purely gas-film diffusion-
controlled reaction, a good approximation to the reaction surface

gas concentration may be obtained by assuming that chemical equi-

librium exists at the reaction surface. Then the chemical equi-

1ibriu§\relationship may be written as: o
a; as, a; : -
KE = ya® y3 /y:it . (38)
or in general form: ™
KE = y:¢xax y2‘¢2az L. y;¢nan‘ (39)

where, KE is the equiliBrium constant and n the total number of

—

gaseous components. For an n component system, the summation of
mole fractions 'is unity, or: /

n
PV 1 (?0)

- ” {
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3
may be reélated as:

e

N, = (@,/as)(aaz/as) Ny . (41)

Inserting Equation (24) for i = 2 and 1 = 3 into Equation (41)

gives:
j . .
% ) ‘ DA
| \km2 VyeeY20) = (02/03)(aa/as)k (¥q -y3 )
1 n : n
{ 1Y e jgl (¢j/¢z)(aj/az) gfl-ySSe jgl(¢j/¢s)(8j/33) (42)
] , i v \
%r after rearrangihg: //
' W

E y3se/y2se = (kmz/kma)(¢3/¢z)(aa/az) .

o
! A-3,/¥50a) “V3se sy (05703) (ay7a3) | yq,

' 1 n :

\ l—yzse j£1(¢j/¢2)(3j/33) nge (43)

‘
|
e

The\mass transfer coefficients kmi can be calculated from Equation

(30) bx inserting EC/R = (l-X)‘/"as given by Equation (13). Then

Equation (30) yields:

= . _yyi/ 3 1/ 9 qo1/2 1/,
Rkpg = D/ G-X)71"2 40,3 Dy No % Np °% (1-%) 7€ (44)
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Since the fluid density, viscosity and effective diffusion co-

efffcient are all functions of the gas £ilm compoa:lt?.on, the mass
transfer coefficient .l.(;"_‘:. is also composition-dependent”.‘ Hence the
calculation of Yige ret;uires the use of an iteration teéhnique for

Equations (38), (40),, (43) and (411). wThe procedure may be as

follows:

1. Assume a value for y33e/y-23e:

y Bse/yzse = C (a constant) - (45)

2. Calculate Y1ge using Equations (38), (40), (44),
and (45). |

a

[

3. Calculate y38e/yé ge from Equation (43).

4. Compare the value of Y36 e./ste found at step 3 ‘

with that at step 1. If the calculated y3se’

/S

. Yoge value is not acceptable, usigg a convergence
criterion (Carnahan, Luther and ‘:Iilkes, i969)
repeat steps 2-4 until a convergence is obtained,
Using the stolchiometric coefficients of eqitation (4/) .
(chlorination reaction: a, = 4, a; = 1, a; = 1 and ¢, = .1, $a =
-1, ¢ = ~1) in Equﬁtibn (36) and applying it to Equation (37)
yields che reaction time-cpnversion relafionships for the chlo-
rination reaction as:
‘ w2 /p e
2R%p b
w (ylo_yls':?[(z-yhe).{-j% (l’z"/')—u—’ oa ‘
30”2 (1-¢*/%) + 207n (%—I%z-r/«;;l N (1))

~ |
3
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Combined Mass Transfer and Chemical Reaction Control

steady staif assumption, stating tﬁat the gat of movement of the
reaction surface, drc/dt, is small with respeét to the velocity of

the gaseous components through the gas film,/ has been shown to be

a good approximation for most of the gas-sglid reaction systems,

except fér those under extremely high pregsures and very low solid
reactant concentration (Bischof%,”1965), (Rowen, 1965), (Luss, 1968).
_Then the overall rate is identical to the rate of interfacial .

chemical reaction and also to that of mass transport.

Using the stoichiometric coefficients in Equation (4)

(a, = 4, a; = l:)’ a3 = 1 and ¢, =1, ¢2 =(-1, ¢35 = —1) Equation (27)

!

can be rewritten for component 1 (chlori

2—yls) (47)

d?c/dt - kml(yls_ylo 8

reaction surface may not be assumed to exjist. Equation (9) for

the chemical reaction can be rewritten as

'

-dr_/dt = (kS/lrps)(yls ) (2-‘—’yls), (48)

-ylse

In Equation (48), surface instead of bulk gas concentrations were

-
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. used since, in the p¥eaencg of diffusional resistance, the con-
. centrations at the bulk. are not the same as those at the surface
any more, ags was the case in purely chemical reaction control.
v
Solving Equation (47) for the term yls(Zeyla) and substituting it
into‘qullb't:lon (48) yields:
o ‘ g ) B
~(4o Je )dr [dt = «2p [k )dr [dt = (910‘5'1“”(2"'13’ )
Here, yl is the conceantration of chlorine at the reaction
aurface and it is not known. A total elimination ‘of the yl erm
results in a nonlinear differential equation wh:!.ch creates con-
siderable mathematical complexities in handling.' For the purpose
c;f practicality and mathematical convenience, the (t:erm Yis is left
. on the right hand side of Equation (49) to eliminate'tﬁ;~;;ndling

of a nonlinear differential equation. Keeping this consideration ®
we

in mind, derivation is continued leaving the ﬁ_g term as unlgnwn ‘

Ingertion of Equations (31) and (32) into Equation (49) after re-

arrangement givesf )
~ ‘ i

X 2

(4p sR/ks)d,zc 2R%p B 'z bz

(
k (ylo-ylse)/(z_yla) (ylio-ylse)/(zﬁnyls) 1+“zc

J2) = dat (50)

L , where a and § are given by Equations (33) and (34). Integration

of Equation (50) gives: : Ty

9

4p R(1-z) R*0_ (B .
CoET ot + oalsy
- \ (ylo-yl“)/ (2"3’15) (Ylo-ylse) /(z—yl ) [3“(1 z )
073 (1-2) + 207 (1-2)/ 4 207 Tradia L (1)
- 1+az"’




Comparison of Equation (51) with Equation (18) an

; . ‘ ‘ reveals that the first term in Equation (51) represents the
chemical reaction contribution and thepsecond term the mass \
transfeF*égntribution. If the yis term in the first\term is \ i\\\\f\\\
approximated by ylo (that is by the bulk gas concentration) then \

tpe iirst term becomes the time for purely kinetic control as given

by Equation (18). Similarly, if the y;¢ term in the second term is |

approximated by Yise (that'is, the equilibrium concentration at

reaction surface) then the second term yield me for purely

as given by Equation (46). So when the
< < 3
reaction is under intermediate control, both the/kinetic and the

mass transfe (o]
gas fi}mrdiffusion resistances are contributing, the total time
can be approximated by the summation of tw?/terms: the time
. ! |
. required to reach the same conwversion (or z = (1—X)‘/3, Equation o
|
12) in the absence of mass transfer resistance as given by

<
Equation (18) and that for puve mass transfer control as given

4% by Equation (46). As will be shown later, the experimental data s

obtained in‘this study were in reasonable agreement with these

theoretical formulations.

PREDICTION OF TRANSPORT PROPERTIES

t

Diffusion Coefficient
¥ o“

s In accordance with the concept of using anélogous binary

formulae for multicompnnent diffusion, Hsu and Bird (1960) and
also Bird, Stewart and Lightfoot (1969) obtained an equation for

the- effective binary diffusivity based on the Stefan-Maxwell °

. equation:
Al
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N ‘

a :
= D - 52
‘ . vy, 351 (1;/ ij)@i Nj v N (52)

. 3 i
\\\ N Pty
whiclh describes the diffusion in an n-component mixture of ideal

gases at constant temperature and pressure. The effective binary

diffusivity bim for the diffusion of i in a mixture is defined by

———

\\ - analogous binary relatien as: S
- \\\\ . .
\ Ty vy, L, N (53)
~. / 17 7Py Vit Yy gk Ny \

e

Insertion of Equation (52) into (53) and solving mi; gives:

"~ ~.

. a . 1 \\\
’ . n .
/ / Din = Wyvy ok Nj)/jgl(l/])ij)(YjNi-yiNj) (54)

!

i

. where, Di' is the binary diffusion coefficient for the components
i and j, g is the mole fraction of component i in the gas film and

Ni is the molar flux of component _i_.' Equation (54) can be simpli-
0 L]

fied by using stoichiometric requiremen}:s on molar fluxes as given

by Equation (22). Then the effective diffusion coefficient becomes:

n .
Do = =¥y 4y ("’j“j)/("’ﬁ”/\
n

|
(1/Di )[y-(yﬁitb a )/(¢1a°1)] ' (55)

j=1 3773 i

A direct replacement of the binary diffusion coefficient by the o

effective diffusivity D:Lm in binary formulae assumes that Dim is

2lmost independent of the changes in concentration or position in
. , . /
‘the gas film. Hsu and Bird (1960) discussed the assumption.of
linear variation with composition for systéms in, which the .
f

variation of D im is considerable and showed that the D im approach

e el

in solving multicomponent ‘diffusion problems gives reasonable
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l 4
results for mass transfer rates, bu(l; a less satisfactory description

of the concentration profiles. The problem of defining an average.
diffusion coefficient has also been discussed by Wilke (1950a),

’ . /‘\J
Sahin (1961) and Tureuskii et al. (1971). The lafter made a com-

[§

!
parison of the calculation methods.

»

.Reid and Sherwood (1966) recommended the expresséi.on:

v

= 3,,/2 1/2 3
Dij momfss T [(Mi-l-Mj)/MiMj] /o (56)

for the estimation of binary diffusion coefficients D at low

P11

pPressure. In this equation, M is the molecular weight, P the

system pressure in atmospheres, T the temperature in Kelvin, o i3

the Lennard—-Jones force constant for the mixture, ﬂD the collision®

N H —

t
integral which is a function of the dimensionless temperature T/ (e/

k)ij where ¢ is the energy potential-parameter and k is the Boltz-

mann constant. The parameters ¢ . .and €., are estimated from ‘the
i A

. \ . w
force constants for the pure gases by use of the combining rules

»

(Reid and Sherwood; 1966):

1 =1 ‘"
. %5 /2"(0:[ + oj) q i (57

-

eyl = e e 1M (58)

—

.. Usually, the values of the collision integrals QD are

——

given in tabular form (Hirschfelder, Curtiss atd Bird, 1954) which

9

have to be interpolated for general applicability. The available

values were correlated by Hattikudur and Thodos (1970) to produce

a functional relationship which is more convenient for computerized

[ . )
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o e

calculations. The expression was given as:

sk %
. 2 = 1.069/T °"2*°° 4 0.3445/exp(0.65371 ) + o —
! o * *
” 1.556/exp(2.099T ) + 1.976/exp(6.488T ) (59) ¥
3 1 , n
' where,
y *
. - %
3 o T =T/ (e/k) ’ (60)
Viscosity - ) s
? ’ Y 4 <
The semi-empirical formula of Wilke (1950b) has been ‘ *
»

) “‘J‘
recomménded by Reid and Sherwood (1966) and also by Bird, Stewart
and Lightfoot (1960) for the estimation of multicomponent gas *

h t
mixture viscosities at low pressures and it was given as

©

A - n )
Moix = 1 1(yivi/j§1yj‘l‘ij) . (61) .
in which ‘ '
,wij = (1/78) (1+M1/Mj)_‘/“[l+(ui/uj)‘/z(tf{j/Mi)I/"]3 (62)

Ll

Here n is the number of chemical species in the mixture, Yy and .

are the mole fractions.of speaies 1 and j, My and lxi’areb the

y
—-i 1 1 5 3
viscosities of species i and j at the system temperature and pres- ‘

| »@’\s:f’ and Mi., and Mj are.the corresponding molecular} weights. “’ij N

is dimensionless and, when i = 3 = ], The data required for '

L1

Wilke's method are more ‘readily availiable, and the latter has been

a

found to be reliable' in almost all the cases in which.it rimas been N

used (Reid and Sherwc;od, 1966). h

Ty | - '

. o n ’




"the ‘collision integral for the viscosity: . -
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-~ Q/ ‘

' For the estimation of pure gas viscosity the following

eq’ug‘tion has been recommended: . )
&

- 2,669 x 10°° &F/(u’ (8, (Poise) (63)

\

21

K

- where T is the temperature in Kmelvin, g is the Lennard-Jones
- rd

potential parameter ("moleculdr diameter') in Zngstroms and Q, is

v

Hattikudur and Thodos (1970) provided an equation for
. ,
QV in terms of the-reduced temperature T* = T/(e/k) similar to * .

that of nD "It was given as:

— aq
R a

[

6, = L1SSAT* 1483 4 0.3945/exp (0.6672T*) +

2.05/exp (2. 168T*) : (64) -

Lennard-Jones Potential Paraméters -

The predictions of binary diffusion coeff ents and

]

0 . / v - !
viscosities from Eyuations (56&#&1 (63) require the kpowledge of

. the Lennard-Jones potential parameters ¢ and (e/k). "For chlorine

_and oxygen, these values were teadily available (S':rehla, 1962).

' 1
However, no such data could be found in the'literature for zir-

conium tetrachloride vapour. Hirsehfelder, ‘Curtiss and Bird (1954),
Reid and Sherwood (1966) and Svehla discussed the different methods
to 'evaluateﬂ_thesg parameters. Some of the suggested prediction

methods make usé of either of ﬁh;elfollowing information:

4

1 Experin;entqlﬁ second virial coefgicie:itsa“B(T), at

two temperatures; (
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2. critical \Lréi\gs, or ¥

3. experimental viscosity or thermal conductivity

- Mata at two temperatures. °

o

t The procedure to de_termi‘.t_xe the Lennard—-Jones potential
’ o .
parameters from the expgfimental B(T) (second virial coefficient)

values is given by Hiréchfelde’r, Curtiss and Bird. First a quantity

[}

i
q is defined by: - i
"’\ .
) s
q = [B(T2)/BTD] ) - (65)
an;lJ (e/k) is determined by the trial-and-error solution of the
equation: ’ |
\ q = B*(T,*)/B*(T,*)" © (66)-
P ,’ ’ .
vhere B¥ is the Lennard-Jones second virial coefficlents and is
given in tabular form as a function of the réduced temperature T*
= T/(e/k). Once (g/k)‘is estimated, the collision diameter, g,
is given l;y the relationghip: o k
© 1.2615 o° = B(T,*)/B*(T,%) (67)

In order to carry out the calculations with reasonable

accuracy, theﬂtabula; values of B* (Hirschfelder, Curtiss and'

\
o o

Bird, Table IyB) in the temperature region.of interest were ex—
pressed by a set'of equations obtained .by curve-fitting. These\ b

@

are given in Table II. The second virial coefficients for zir-

conium tetrachloride repor’ted by. Denisova and Bystrova (1972) were *

\‘ A
.
el

N
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TABLE 11 ’ '

EQUATIONS FOR LENNARD-JONES SECOND VIRIAL COEFFICIENTS
< #

T* = T/(e/k) B* (T*)

-\

2.3 T* s 2.4 B* = 0.26787 - 3.63713/T**

2.4 < T* < 2.5 \ BX = 0.28645 - 3.74417/T*? )

2.5 s T* < 2.6 “B* = 0.30347 - 5.85055/1?*2

2.6 < T* < 2.7 L B¥ = 0.31909'— 3.95612/T*; .
2.7 £ T* < 2.8 B* = 0.33347 - 4.06092/T*?
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used in connection with the equations of Table II. The results of
:
the trial and error solution outlined above ire summarized in .

Table III. The parameters based on the second virial coefficients

\ i

o ' e/k = 301.5K

LS

were found to be;:

o = 10.872 X

The second method uses the critical values for the esti~

mation. The empirical equations:

!

e/k = 0.75 T, < (68)

o

and ‘ o = 5/6 vc‘/‘ R . (69)

.
i
1

¢ suggested by Svehla (1952) were based on a large number of data.

The critical parameters of zirconium tetrachloride ('1'c =
-

‘776.5 K, vc = 306 */mole, fc = 57 atm) reported'by Nisel'son et
al.’ (1966) were uséd in Equations (68) and (69), and the following

- values were obtained: .

!

. ) .
- N e/k = 582.4 K
‘o= 5.616 X

, It ls ev;.d_;nt that the va\luen based on the second viria}

" coefficient and those bpucd on the critic.l// paru?tera are quite
differant. A comparisom of these values wi:h' the Lennard-Jones
parameters for othex molecules listed by Svehla showed that o =

3
- A

.
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TABLE 1III

LENNARD-JONES POTENTIAL PARAMETERS FOR ZrCl,

AS CALCULATED FROM SECOND VIRIAL COEFFICIENTS

T B(r) (+) e/k o
(K) (cm®/mole) (K) (%)
713 -618
304.4 10.744
733 1 ~562 “
. 298.9 10.984
753 <507
303.3 10.778
773 -457 ,
‘ 299.2 10.983
793 =408 ﬁ
301.2 10.872
\\ 713 -618 “
Average 301.5 " 10.872
(1)

Denisova and Bystrova (1972)
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10.872 (fxom, the virial coefficient) may not be true. The highest

, value of ¢ amo?‘g more than 200 compounds was about 6.3.

Exper[\mental viscosity data for ZrCl, vapour at twgQ
temperatures we;eur\:eported by Tsirel'niko‘v et al. (1961). ~ The
vi;cosity of ZrCl, was calculated from Equation (63) usiné both sets
of the i.ennard-Jones pa;ameters predicted here, and ’the results are
sumnarized in Teble IV. As can be seen, the estimated viscosities
using tt;g paramet;rs based on the critical progerties gave an
a]émst perfect agreement with the experimental data, whi}e those -~
based’ on the second virial coefficients were no_tfeven close. Hence
the previous conclusion on the secon:d virial co‘eff:l.cients is
confirmed by viscosity data. Therefore, the va}ues

|

e/k = 528.4 K {

and. g=5.616 A°

!

evaluated from the critical parameters were cixosm for the cal-
culation of the binary diffusion coefficient 'and viscosity of

zirconium tetrachloride. ‘ f

PREDICTION OF GAS VELOCITY AND TEMPERATURE

g : -
Numerical solution of the mass transfer model developed

in the previous sections requires & knowledge of the ve]:ocity and
temperature of the gas. The problem of arcing between the plasma )
gas and a conducting object acting as a ground inside the plasma,

it

plus the réact.ion of very hot' chlorine with almost "any material

“ s
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TABLE IV

P

LENNARD-JONES POTENTIAL PARAMETERS (v, efk) FOR ZrCl, -

' COMPARISON OF EXPERIMENTAL AND CALCULATED VISCOSITY DATA

Temperaturé x)

57

973

3

;Experimental

From Equation (63)
 with, o = 10.872
e/k = 301.5

From Equation (63)
with, o 5.616
e/k 582.4

Viscosity x 107

%2 A Viscosity x 107 7 % A

(poise) (poisge)
1970 ' 3230
690 65% 871 - 732
1927 o 2.2% 3209 0.66%




made the experimental measurement of gas velocity and temperature

- I .
. , by practical methods extremely difficult. For the purpose of the

theoretical analysis| of the experimental data, a set of empirical

\ .
expressions was developed for the estimation of these values.

v

) The reaction Bystem in this workf as will be discubsed
{ e -

.1ater, involved a nonisothermal swirling confined chlorine plasma
jet issuing from a round orifice. Since the reacting spherical

pellet was small and was positioned along the centerline of the
) . <
jet at some distance away from the nozzle exit, evaluation of the

| -
" . axial velocity and of the temperature ouly along the centerline of

the plasma jet was considered.

{

Chigier and Chervins_ky' (1966, 1967) applied the principle
of similarity to the integral form of the Reynolds eqﬁatioxié"’of

motion and obtained the following theoretical e:q')resaion for the

decay of -the axial velocity in the fully developed region of the

et: c
/ j “,//r -~ "

1 | ‘ VU = R (x #2016, Y

1 ‘
“where, d is the diameter of the nozzle, f; is the axial decay

function expressed in terms of the degree of swirl, U is the

«

local axial velocity along the centerline, Uf; is that at the noz- v

.

zle exit plane, x is the distance from the nozzle exit\plané,‘ and
Xo 1s- thé distance of' the virtusl origin of the fully developed

Jet from the nozzle exit ng.ne'.‘ The x¢ 1s independent of the

‘degree of gwirl and is given as 2.3 times the diameter of the

LS +

! * "
- _ ©
' . I .
. ' .
B
0

44
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!

' nozzle. K, is the axial velocity decay constant expressed by an

empirical equation of the form

K. =6.8 /(1L +6.85% \ (70)

where, § is the swirl ﬁurnber which is relat;ed to t‘i\]e maximum values
of swirl and axial velocities at the nozzle exif. The foregoing ‘
\
relations were confirmed experimentally by Chigier é\nd Chexrvinsky
(1967) and by Pratte and Keffer (1972) who used (xo/ ) as 3 instead
of 2.3. Also, Bhattacharyya and Gauvin (1975) used these relations
incorporated with a density correction factor in thei\ modelihg
* studies of a plasma jet reactor. An expression used*by Lilley

(1974) wag similar to Equation (69) but the axial decay| function

f, was eliminated by letting the virtual origin distance*_i'g vary
'

with the swirl and it was given as:

VU = Ky (o /0¥ * a/ (e + xo) ‘ " ()
where (
| Xo/d = 35 + 100 S (72)
and ! |
/ ’ - K = 15+ 10 S (73)

p, and p are the ambient and local centerline densities, res—

S
¢
* AR

v

f)ec tively.

In the case of a plasng jet obtained from an induction

£
S

torch, however, the piasma fireball’formed‘ between. the gas dis-

'
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tributor and the nozzle may affect the jet and furthermore the
swirl number § as defined in the literature may pot be ‘the sole
parame;ter to be considered. Experimentally, it was obséwed that,
74./3 constant tangential and total gas flow rate‘, a change in
input power may influence the behaviour of the jet. JHence an
attempt was made to develop emf)irical expressions to préﬁict the
centerline axial velocity and temperature profile:s in the f‘ully
developed region as well as in the transition one, ‘based on the

experimental data reported by Sayegh (1977) who used the same

induction toxrch with argon gas. l

&

»

Two parametere; were defined to represent-the operation of
\

the induction torch with respect to the jet. The first one was
the ratio of the flow rates of swirl to radial gas (SR), and the

second was the ratio of the power measured ‘at the nozzle exit

R

- ——

1 y N
L‘/plane to that at the inlet (plate powér), P_. Sayegh provided
the decay of axial velocity and temperature data along the center-

line of the jet for fogr different conditions which are given in .

Bow ety ~

‘Table V.

~

o
©

- A regression analysis was carried out on the expe\xiimental
. S
profile data, using a pack%e statistical computer program, STATPK,

of the McGill University Computing Centre, and the following ‘

expression were found to fit the data best: ‘
N

s
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TABLE V e

PLASMA OPERATING CONDITIONS

[

! (SAYEGH, 1977) -

)I
RATIO OF GAS FLOW RATES RATIO OF POWERS

CONDITION sR'= (SWIRL/RADIAL) PR = (NOZZLE EXIT/PLATE)
I L 0.381 ' . 0.500,
f &, . \
I 0.434 0.450
111 ©0.333 ., 0.642:

"IV . 0.266 ‘ 0.666

|
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-

i ) for the fully~developed region

axial velocity decay:

U/ = A, (0, /0) 211/ Ge/d + 2.3)] (7)
axial temperature decay: i . ‘ .

) ) {
1‘/'1:N = ATll/(x/d +2.3)]° (75)

, " 4i) for the core and transition region

axial velocity decay:

. ' 3
v/t = [ (o /o) 1P /DT (76)
I . , .
axial temperature decay: fo.
. b (x/d)® '
/f;,° ) T/TN (Ap)T ] an
T e . where .l's.v and A, are the fully developed regidﬁ\veiocitx and temper-
. ature decd? constants, respectively; bv and bT are tﬁg transition

—— c——

region velocity and %em?erature decay constants, respectively.

The values of the jet development parameters Av, AT’ bv ‘

]

\
and bi resulting from the regression study are given in Table VI !

for four different torch operating conditions. A similar re- ) ‘ s

' gression analysis was carried out on these data to find empirical

o o

expressions foi/the jet ﬁevélobment parameters in terms of the
A - .

operating variables, Sp and Pg» so that Equationms (74) through . -
¥ - = i _ c
ot *  (77) could be generalized and used in the present work. After.a !

' considerable search, the following empitical expressions were




|
\
|
|
|
I
|
!
'
|
|
;
|
|
.
|
|
-,
|
|
|

!
|
’«
|
|
|
|
|
|
[,
‘\
|
|
|
|
}
I

-

‘profiles. Inspection of the plots indicates that the empirical

T 164

ﬁound to fit the data besf:

[

- ] - 2
A, = 1.826/[1 + 0.922 S, - 0.27(S,/2)?] (78).
’ Ay = 9.364 + 0.567/P% N ¢4
) Qg '( ’ i

2
b, X 10% = 0.555 - 9.234 Sp P, (80)
and o
¢ ‘/

L - - 2 _ 3

by x 10° = 0.273 ~ 17:231 Pp - 2.360 Sp . (90)

The experm;ntal induction torch operating data as given in
Tallzle V were used in Equations (74) through (90) and the calculated
velocity and temperature profiles for each set of conditions were

v

plotted in Figures 3 through 6, together with the expérimental

equati’ons developed here fit the,experimental data closely. It
shoqld be point:d out that, while the form of the expressions for
the decay of axial velocity and temperature in both the devélqped

and the transition regioné of the plasma jét are proper, the

. empirical "equations of the jet development parameters (Av. AT’ bv,'

{

br), [Equar:%ona (78) ' (90)] by 1o means represent the behaviour ‘
of the jet in full confidence. This is due to the fact that they
were based on a limited.amount of experimentai operaﬁing data t‘chich
were not.vaimed at carrying out such an anal};sis when the or:l.glnal

aur‘r;or (Sayegh, 1977) made his studies. Although Equatiiolﬂs (18)‘ Vo
through (90).are adequate for the purpose of their use \in this work,

they sfxould be based on a iarger number of experimental torch

operating.data (SR, PR) to ensure their general applicabil#tf.

A 2

.
°
.
H o
N - . (RIS
o ' ° <
' f
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TABLE VI

v

. ¢

PLASMA JET DEVELOPMENT PAWTERS

(FROM REGRESSION ANALYSIS)

o

e

°

2 4 2
] CONDITION A, b, x 10 A b, x 10
by " 0 ¢ ©
: 1.279 -1.191 13.222 - =2.509
. \“n 1.327 1277 12.401 -3.198
) ITI 1.227 . -1.410 " 14,492 ~2.248
‘ /,./“
" \ v 1.263 ~1.075 17.375 ' * ~1.655
i
4 '*\nl /
a ‘“ /
- ’ L N
<y e - *
> ‘ . ' ]
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DECAY OF AXTAL GAS VELOCITY AND TEMPERATURE
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FIGURE 4

DECAY OF AXIAL GAS VELOCITY AND TEMPERATURE ‘ .
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FIGURE 6

—

S~

} DECAY OF AXJAL GAS VELOGITY AND TEMPERATURE
|
|

) ALONG -THE CENTERLINE (CONDITION IV)

(—) EXPERIMENTAL DATA FROM SAYEGH (1977 ‘ o

N

(- =) DATA CALCULATED THROUGH EQUATIONS (74) - (90)

o



w4 : — 100 -

1.00
N EXPERIMENTAL
( Sayegh, 1977)
EXPéRIMENTAL N
| {saveah. 1977) CALCULATED
090 |— > Yedh: 090 | :
n \ - h
070 |— 0.70 |— N
- o : - . )
\ CENTER-LINE AXIAL VELOCITY CENTER-LINE AXIAL .
060 — PROFILE 060 — TEMPERATURE PROFILE \
o CASEIL : Sg = 0.666 N CASE IY : S =0.666
| - Pg= 0.266 _ S Pr =0.266
0.50 I ol & _l l l l l 0.50 l J j l l L J J
0 1 2 3 4 5 6 7 8 o I 2 3 4 5 6 7 8

i DISTANCE FROM NOZZLE EXIT,em - )




NUMERICAL CALCULATIONS

- « 5

~

The foregoing theoretical discussions were incorporated in
a computer program for numerical calculations. Tﬁe 1i§ting of the
program is given in Appendix III.( Briefly, the program uses the
intrinsic kinetic data (activation energy, frequency factor), torch

operdting data (SR, PR); nozzle exit velocity (UN) and temperature

—— a——— e ———

(TN), stoichiometric coefficients (hi) and indexes (¢i),hLennérd;'

i ——

Jones potential parameters (si/k, ui), pérticle distance from the

nozzle exit (x), bulk gas composition (y, ), and particié reaction
— io

\ﬂ..

temperature (TR) as the input data for the calculations. The

——— .

program may be considered to be a general one if the equations in ‘

-SUBROUTINE THERMO calculating the free energy of the chlorination™

reaction are replaced with appropriate ones for the reaction under

consideratioun. The free energy equations were developed from the
data in the JANAF Tables by curve fitting and they are (in cal/

mole):

For Equation (2), per mole of Cl,,

OF, = -59628.8 + zé.bq T + 229.80, x 10’; T? (91)
For Equation (3), per mole of Oa, i

AFa2 = 51625.92 - 15.98 T + 203.48 x 10 * T* (92)

~ !

For Equation (4) - . . .
{

. AFy = 2 AFs + AF, v (93)

R
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The output of the program which will be discussed. at length

later, includes the input data as well as the calculated values of

the binary and effective diffusion coefficients, pure component and

»

mixture viscosities, surface concentrations with associated degree
of convergence, and the reaction ,times (chemical reaction and mass

¢ 3 4
transfer). {

EXPERTMENTAL

The apparatus used ih the -eyperimental work consisted of
two main systems: a plasma generation system including an induction

- L
torch, a power supply and a console, and a reactor system in-

J

cluding a single-particle react?r, a set of heat exchangers to cool
the reactor exhaust, and a chlorine absorption and disposal unit.

A schematic dravwing of the overall set up is given in Figure 7.

.

Plasma Generation System !

- . 1

-

THe plasma was generated in a radio-frequency induction
3

" gorch manufactuq;d by TAFA (model 56), Concord, New Hampsﬁiré.

A drawing of the torch is given in Figure 8. It consisted of a .
quartz tube surrounded by aﬂﬁopper induction coil immersed in
cooling ther, inside a Teflon body. Each end of the torch

was cons;ructed of metal. TighF seals were effected with O—ringsf

1

and the whole assembly could be easily dismantled to provide
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. ' . feplacement of the quartz tube, e;s required. The cold plasma-
forming gas entered the torch at t,hi top, through a water—cooled
® gas distributor which allowed the introduction of the gas in axial,
radial ar:d tangen}tial direftions. The tangential (ewirl) btre;m
served the purpose of stabilizing the flow and preventing the hot
pla;sma fire-ball, formed near the axis, from reaching the inner
- walls of the qiartz tube. The axial flow was used for ignition
only, and normal operation was in 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
: Eh; original copper one when chlorine was used. The nozzle was

25.4 mm in diameter. Water at a flow rate of 1.36 m”/h and at §

414 x 10® N/n® was required to cool the torch.

The torch had to be started w\i\t\h‘ argon gas and, following
ignition, chlorine gas could be introdugad. Normally, with argon
operation, the plasma flame was_ignited by a spark produced by the
coupling of a thin gold fi\m on the inside surface of the quartz
tube with the induction coil. However, once chlorine was in-

]

tr;a{med, it reacted with the gold film and subsequent ignition

:
could ﬁpt be achieyed by this method. Hence a different ignition-
procedure was employed. A graphite rod, 6.4 mm in diameter, was
inserted from the top through the center~hole of the torch. The
‘tip of %he 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,

i




q

175 . =

vhile adjusting the input power. The operation of the torch with

. chlorine gas was not as smooth and as flexible as that with arg‘on.

It extinguished at low power levels (7-10 kW depending upon the gas

flow rate) and it reacted with the water-cooled monel nozzle at

N 7 . .
high power levels (25-30 kW) due to insufficient cooling.

t

~

Power and cooling water entered the torch through two
copper pipes connected directly‘to the power supply. The power
supply was manufactured by Lepel High Frequency Laboratories Inc.

It provided a maximum power of 30 kW in the plasma gas at 4 MHz, -

]
and required 3 m*/h of cooling water at 414 x 10® N/m®.

The standard control consoie, TAFA mode\l 47-10A, metered

and controlled the flow of gas to the plasma torch. It was

i

modified to allow a smooth transfer of operation #fom pure argon

to pure chlorine b:{ to a mixture of both, while the inlet power )

was adjusted to compensate for the change of gas. A schematic - )
dr&wing of the standard and of the modified flow connections are

shown in Figure 9. No modification was made to the axial gas

line, since it used argon only, as previously mentioned. The

console cpnsisteé of five precisidn /(22) rotameters with check

valves at the oytlets to prevent bacl: flow of chlorine, and with

a safety minterlock to the power supp1:y to prevent operation under

low gas pressure. An additional flowmet/er was installed to /
regulate the flow of :argon purge Agas to the viewing port of the

reactor. ? h '

' t v

*

Chlorine gas with a minimum of 99.9% purity was supplied
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. !
from a commercial liquid chlorine cylinder (Canadian Industries

. Limited) and regulated by a single~stage monel regulator accompanied

.

by a purge assembly and a check valve connected to an argon cylinder
to purge t;’he system from the regulator on. Argon gas was supplied i

) {
from three cylinders joined to a common manifold and regulated by

v a two-stage pressure regulator. *

—

The Reactor Systen
. —

o

The reactor (Figure 10) was designed specifically to study

_the kinetics of gas-solid reactions of a single stationary particle -

and to meet the requirements of operation with hot chlorine.

, The water-cooled inner part was machined from a single
piece of monel -400 rod. The upper section (the reaction chamber)
was 5.08 em in ‘diameter and 11.4 cm in l.ength. The lower section
(2.54 em in di’améte\rxand 11.4 cm in length) housed the particle
support system and provided 4 non-reactive area for the particle
while steady plasma condi;:ions were es@shed. It also ac—-
commodated the reactor outlet (1.9 cm in diameter) without dis- )
turbing the symmetry of the flow in the reaction chamber. The
effective length of the reaction chamber could be increased |

further (by 254 cm) by the installation of a water—cool@ f}_gmge
r o ’ ) '

of ‘the same diameter as the reactor at its upper end. "

T

I *

A singlt‘a window was provided for visual observation and.
particle temperature measurements by means of optical pyrometry.

The window was kept clear by the continuous injection of a small
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FIGURE 10

SCHEMATIC DRAWING OF REACTOR °
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amount of argon gas which prevented the condensation of zirconium ‘
tetrachloride on the pyrex élags. The desgign of the bottom part of
the reactor allowed the particle supporting system to slide up and
down under leak-proof conditions. The reactor was connected to the

torch through a 0.63-cm thick uncooled stainless steel -304 flange

which acted as an adaptor.

The particle was mounted on an alumina sting 0.08 cm in
diameter énd 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 lower
part of the alumina rod was shegthed‘by an inconel tube 0.64 cm in
outgide diapeﬁer and 15 cm in length, to‘provide st;ength and tight
sealing at thq}bottom. When the pérticle was positioned at the
level of the viewing port, theHingonel tube remained below the level
of the reactor outlet so that it was not’affected by the h&t oo
chlérine. The inconel tube was connected to a laboratory jack
through a male connector to allow positioning of the particle.
Pl:xiglaés was used to isolate the ﬁetal supports electrically from
the jack and the table. |

4
A cold gas injecﬁion port was provided at the outlet\of
the reactor to allow quenching if needed. The reactor outlet was '
equipped with an integrai flange to connect wiéh the heéat excyaﬁger
shown in Figﬁfe 1l. The inner part of the heat exchanger (SO-cm;
long)'was a water~cooled stainless steel -304 tube 2.54 cm in
diameter with twenty internal longitudinal fins manufactured by/;

i
| -

the French Tube Division of Noranda Metal Industrieg Inc. in |
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FIGURE 11
SCHEMATIC DRAWING OF HEAT EXCHANGER
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Newton, Connecticut. A water-cooled probe was placed inside the

I exchangér to provide extra cooling, while keeping the equipment size

LN "W .

.small enough not to act as a ground and to prevent arcing. The
outside tube of the probe was inconel and 0.95 ¢m in outside dia-
. 1 ;

meter. The gas leaving this heat exchanger entered a second one of

LY

2

similar design, but shorter in length (30 cm).

’
~ \

The chloriné gas, cooled down to 350 - 500 K at the outlet
of the cooling system, entered a caustic absorber through a Teflon

pipe. The end of this p’ipeh had a lar;ge number of small holes through

which the Q}Erine gas was injected in the form of very fine bubbles
W ' “

78
L)

into the caustic solution. The absorber consisted of a plastic tanK

:

38 cm in diameter and 64 cm in length surrounded by a metallic

jacket to provide water cooling. The ENaOH solution (287 wt) was
'

sufficient to absorb 7 - 8 kg of chlorine in one batch.

The outlet of the absorber was connected to a spe_ciﬁally
designed exhaust system through a 10-cm diameter neoprene—-coateg
flexible hose. Great care was exercised in! the design of the
ventilationuoahd exhaust syst;e‘lrx. Thus, tliree large flexible exhaust  _
hoses (15.2 cm .in diameter) V{ere provided in key locations in the
laboratory, in ;t.}xe chlorine cylinder area, over the cont;tol console,
and over the reactor area. The laboratory atmosphere was monitored

e 4 R
continuously for chlorine with an automatic detector (Toxgard,,

Mine Safety Appliances’ of Canada), backed up by a visual and sound

. ' alarm unit. 1 \

|I " Since the entire reactor system had to be kept electrically




floating to prevent arcing, all the water and the gas lines con-—

nected to the system were of non~conducting material. Provisions
. . o .
were made in the design of the reactor and of the heat exchangers

for calorimetric measurements, in order to predict the gas velocity

and the temperature at the reactor dinlet.

o
MEASUREMENT TECHNIQUES

Preparation of Spherical Pellets

The zirconium dioxide used in these experiments was optical
gr's;de, having a minimum purity of 99.8%, and was supplie}i‘\ b? }
Atomergic Chemetals Corp., Plainview, New York. Analysis of the
mat’erial was performed by éhe same Eompan; upon request a;ld the
results based ;m spectrographic methods are given in Table VII.
Particle size was analyzed using an X-ray sedimentometer (SediGraph’ .
5000)5 Part:icle Size Analyzer, M}cromeriyics Instrumentf Corp.,
Norcross, Georgia) which measured the sedimentai;ion'rates of the /
zirconium dioxic}e ;arcicles suspended in a 0.17% sodium silidate
solution, and presented the data ag a cumulative mass percent

™ '

distribution in terms of equivalent sphérical diameter. The
result given in Figure 12 showec; that aboyt 96 mass percent of the
particles had an equivalent'diameter less than about 44 microns
and the mass median diaméter corresponded to 6.6 mfcrons. The
experimental measurements were carried out with spherical pellets

of different diameters and porosities cofipacted from this powder.

A die compaction method with pressure applied to both ends

¥ - -~

4,

i




NN ’ TABLE VII

ANALYSIS OF ZIRCONIUM DIOXIDE USED

v
e <

IN KINETIC STUDY

?

0

-

5 /7~
neurrTY ) CONCENTRATION 2
g /
7
LS
Al ’ : <0.01 . .
¥
Fe ! <0.01 ~
He / <0.03 ° , -
~ 7/ - %
Mg . <0.01
AN
Mn : <0.01 ‘
51 , e <0.10
° !
!
The fol'lowing elements were checked but not detected:
Ag, As, B, Ba, Bi, Ca, Cd, Co, Cr, Cu, Li, Mo, Na, |
Nb, Ni, Pb, S$b, Sn, Ta, Ti,.V, W, Zn. " I
« L')‘ -] )
@ 4




o,
W
)
PR
-
s
A
N
.
-
' \
o : -
“ 3 ~
r 99 <o
. .
1
‘ N
Ld
" ‘
”»
° a
. .

FIGURE 12 '
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s R S

. of theﬁ powder mas;s was used to prepare the pellets. The zirconium
dioxide powder did not possess any lubricant property, as for

example ;n the cgse of molybdenite, and presented considerable .
frictional forces between adjacent particles and between particles
and die surfaces. This made thg ejection of compggted spheres from
the die without bréaking the pellet impossible. \?ollowing many
unsuccessful trials, including the use of stearic acid as lubricant,

a successful technique was developed when the hemispherical cavities

: ) |
were shortened from both sides of the equator by a total length of
one third of the sphere diamgter and the pieces containing the

cavities were made separate from the cylindrical punches, as shown

in Figure 13. This désign resulted in a pellet of somewhat spher- \C

ical shape having a digk portion around the equator. The be;let

)

could be ejected easily if both the cavities and the die walls were

)

polished with the stearic acid prior to the compaction process.

Micrographs of two pellets are shown in Figure 14.

'

An_attempt was made to form exact spherical shape and to
obtain pellets of different diameter by tumbling in a cylinder lined
with a very fine abrasive cloth, but this only led to breakage of

the pellets. N

' The pellets were sintered in air atmosphere at 1400 K for
four hours. Following the sintering process, a hole of 0.08 cm in
diameter was drilled to mount the pellet on the particle supporting

1

System- ° |
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FIGURE 13

SCHEMATIC DIAGRAM OF DIE COMPACTION SYSTEM

i

~ FOR A SPHERICAL PELLET
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T

Pellets of three different void fractions with a diameter

of 0.671 cm were produced by applying the aﬁpropriate pressure, The

maximum density which could be produced in this way was 2.95 g/cm’
\ <
which corresponded to a void fraction of 0.485. The minimum density

was limited by the strengéh of the pellet and the lower limit of the

-

- il

press. The maximum porogity which could be ogtained was 0.59.
Pellet sizes ranged from a minimum of 0.494 cm to a maximum of 1.00

cl. s . o

Measurement of Particle Temperature

Generally, thermocouples or‘optical pyrometry can gé used
’ {

to measure solid temperatures in the range between 1400 and 2500 K.

3

&

In this worﬁkthe latter was selected, since the measurements with

the former were found impossible (Munz, 1974), (Sayegh, 1977) in

the case of induction plasma systems where both the torch and the .
2 ﬁ,“

flame operated at a floating potential of several hundred volts.

- - s

This is due to the fact that, when a)gas having a fairly high'
electric potential comes in contact with a groy?ded object, a
discharge between«the object and the gas ‘takes place. The higher
the temperature of the gas, the easier it is to form a conductive

path between the object and the high-potential region oﬁ the gas.
\




lgq /
[ ) B .

&

A high-resolution pyrometer (Pyro Micro-Optical Pyro- '
meter,.The Pyrometer Instrument Co.; Inc., Northvale, N.J.) was used.
The pyrometer was supplied with six interchangeable objective lenses

that permitted measurements to be made at/distances varying from 12

©

cm to infinity with object sizes as small as 0.0l/fgb,,lemperatures

. \ o, ] V‘//
in the range of 1000 - 3500 K could be-measured.

\ ° N

| .

! -

Since the pyrometer ammeter readings are pre~calibrated | ‘

with a standard light source to indicate the temperature of a black
3

body that has the same brightness as that' of the tungsten—filament,
and since radiance from real bodies and, consequently, their bright-

ness temperature, are both lower than those from a black body, the

value indicated by the pyrometer .ammeter is less than the actual

surface temperature of the object. Therefore, the ammeter readings’

should be corrected for the emissivity of the-real object, in this

.case the zirconium dioxide pellet. The temperature correction for

i
an optical pyrometer is given (Branstetter, 1966) as:

. . /T - l/Tb.=.(A/l.438) n e (94)

T e

where, e is the spectral emissivity, A 1k the wave length in ang-

stroms x 10 ° (6500 x 10 ° for the present case), T and T, are the

b

blac%#body and the brightness temperatures in degrees Kelvin,
. A | /
respectively. . . —¥
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"
" The emissivity of solids depends to a large extent upon
_the roughness of the surface. _Since the reacted pellets were com-

pacteé from zirJonium dioxide powder, they, had considerablelsurface
’ roughness whicﬁnéhaggﬁd during the'sintering process and possibly
~— -
during the reaction also. Therefore, a literature emissivity value
. . .
' would not represent' the real situation. The actual emissivity -
, values were measured by providing a blackbody hole on the reacting
pellet. The res&lts_showed a dependence on the reaction temperature
and, hgnce, on the speed of removal of zirconium dioxide as zirconium
1 ! N

tetrachloride. A large number of blackbody experiments confirmed

the trend shown in Figure 15.

B

This indicated that, during c¢hlorination, the microscale
surface roughness and, hence, the emissivity of the pellet, must
change in a manner dependent upon the temperaturs. In a certain
te&perature range, the roughness ‘was minimum and then increased

slightly to a constant value which was-no ionger affected by the
i

R
teaction rate. Such a behavioir int;gguced’sﬁﬁéraégree of com-
. e ‘ /
plexity in the evaluation of the temperature.
/// ' !
// <

! The teﬁpergtu;es of the reacting pellets were measured by
-~ i |
focussing the pyrometer filament on the equator portion of the™

spheres. The brighkness temperatureg were then corrected by means
of Equation (94) by using an appropriate emissivity value from

Figure 15. ‘
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FIGURE 15

*

SPECTRAL EMISSIVITY OF REACTING

e

ZIRCONIUM DIOXIDE PELLET
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Nozzle Exit Gas Temperature and Velocip&

- v

. Predictions of temperature and velocity of the plasma gas

at the position of a reacting pellet, as discussed in the Theore-

tical Analysis section, required a knowledge of the nozzle exit £

values. The reactor and the heat exchanger themselves could be used

°

as a calorimeter to obtain the mean plasma enthalpy at the flow

condition of the same kinetic experiment. Preliminary runs in-

LY

dicated that. the cooling water outlet and the exhaust gas tem—

peratures could reach a steady state condition.in a very short time
(about three minutes). Hence, operation of the -system with argon

for a few minutes and then taking the calorimetric data towards

t

the end of the kinetic run with the chlorine plasma ensured that

steady state conditions had been attained.

o

w
o

The inlet and outlet water temperatures were measured by

A

bimetallic dial thermometers accurate to-0.25 K in the range 273 - ¢

~
~

323 K. The gas exhaust temperature was measured;with;h similar ’
type of thermometer accurate to 1.5 K in th; range 273 - 523 K.
Provisions were made in the design of the equipment for immersion

of the thermometer stems of about 10 cm in the fluid, in order to
meet thei; calibration. Water fiow rafe to the reactor system was

metered, using precalibrated Brooks rotameters: For the purpo

computer calculations, an equation was developed for the enthylpy of

- molecular chlorine in the temperature range of 298 - 1000 K by

curve fitting the tabular data of JANAF tables:

o
5 [l
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.
B = -2323.9 4+ 7.332 T + 17.436 x
- 1074 T2 - 636.27 x 10 ° 1° ‘ (95) Yoo

a )

a

where, is the enthalpy in cal/mole, and _’}‘_" is the temperature in

HC;L,
degrees Kelvin. The mear plasma enthalpy at the nozzlel,exit was
caleculated by a simple heat ’balance, which also yielded the nozzle

- . <

exit mean $lasma temf)erature. Using the atomic chlorine dengity
evaluated at this temperature, the mean plasma 'gas velocity at the

~nozzle e\c&’ could be calculatéd from the mass flow rate of the gas.

- 3

! / L]
Amount of Reaction °

o - The amount of reaction was measured byr weight loss due to

¢

removal of zirconium tetrachloride as vapour. Pellets were weighed
. A

before and after the reaction on a Mettler H15 analytical balance ,

vwhich could give reédings to within 20.0001 gm. Several blank runs

were carried out in argon plasma (hence, no reacgtion) to check
v LY

2
‘ o

losses to the pellets during handl‘\lng, weighing, mounting the pellet
. on the supporting system and placing the 'pellet system' in and out
"of the reac;tor + The losses' due i:o such processes were found to be

negligible. - .

' BROCEDURE ’

S

. ) , Before an experimental run, 'the sintered and drilled pellet

was checked under a microscope for cracks and for its spheroidal
— ' - shape. If the diameters measured along the two axes differed by

more than three percent (which was set by the«a\f'curaci of press) of
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8 778

a

the shortest diameter, the pellet was discarded.

Following weighing and mounting on the support, the pellet

©

was placed in the lower cool portion of the reactor which was then

/

a

closed and purged for several//fninutes to remove any residual oxygen.

This was followed by start—up and operation of the torch with an

argon plasma for about five minutes to ensure steady state con-
ditions f\or the purpose of calorimetric data. Switching from pure

argon to pure chlorine plasma was carried out by c¢losing the swirl

and the radial argon gas valves while’openi;xg those for the chlorine:
rotameters and at the’same time adjusting the input power w'ithout
extinguishing the q:lasma. Once operation of the torch with lchlorine
was adjusted to the appropriate conditions, the pellet supporting
system was moved up to a‘plfedetermirie'd\reaction position and a
stopwatch started. Visual observations and pyrometric measurements

were made during the reaction. After a predet/ermined length of

1 .
time, following the calorimetric measm.:ements,‘ the torch was turned

Q

off. Chlorine gas flow was stopped and the system was purged with
cold argon to remove the reﬁaining chlorine 8o that the reactor °

could be opened safely. Meanwhile, the-partially-reacted pellet

o

cooled down. This was followed by its final weight measurement,

microscopic examination and micrographing.

, The temperature of a reacting pellet in the chlorine

plasma was controlled by its emissivity, its position below the
. . Py r

torch nozzle and the power and gas flow rates of the plasma torch.

For a given temperature, an atte?pt was made to keep all these
\ ' ..
\
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\
. ‘ conditions constant. However, since the chlorine gas was withdrawn
y o from a tylinder through evaporation of its liquid, the cylinder
temperature and hence its pressure, changed during the ree;ction and
also from /me run to another, Furthermore, operation of the torch
with chlorine, unlike that with argon, was very sensitive to the
gas- flow fluctuatiox;s especially at high powers which influenced the

pellet temperature. These caused considerable experimental.dif-

ficulties, mainly in designing experimental conditions. If a

Jow- 4]

congiderable temperature £luctuation occurred during a kinetic run
(which happened in an appreciable number of experiments) the results
of that run were ignored. In addition/, since pure (non-stabilized)
zir;:oncium dioxide is less resistant to thermal shock, some pellets -
cracked and fell apart once the torch was extinguished. . The ex-—

periments were designed to ol;tain cor.\version-time' rg'lationship as

a fnnction of the reaction temperature, the chlorine concentration |

and the porosity and the diameter of particle.

RESULTS AND DISCUSSION

3 Microscopic Examinations ) , .

\\ /«
Microscopic examinations of partially-reacted pellets

revealed the presence of a thin fluffy layer at the surface. The
thickness of this layer intreased with an increase in pellet
porosity and it decreased with an increase in reaction temperature. ¢

- , . \
This may indicate that the reaction did not occur exactly on the

geometrical surface, but was rather confined to the pore mouths

pres




temperature rar;ge of 450 K starting at about 1225 K. / '
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H

/ near the external surface, as had also been observed in the chlo- _

~

" rinations of iron and nickel oxides with chlorine (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 partially-reacted pellets showed cracks ,,wwwﬁ&”
which usuwally occurred at the base of the top and bottom spheroidal
segments. These cracks were posgibly causiad by a large change in
the volume (approximately 6 percent) of the zirconia during phase

[}
transformations as reported by Grain and Garvie (1965), Garvie

(1970), and Neubauer and Rouma;ter (1977). The crystal structure ’

of pure Zr0, is monoclinic under about 1423 K and then transforms
over a 100 K temperature range to a tetra‘gonal phase. The latter /
phase is stable up to about 2643 K, above which the zirconia adopts |

a cubic structure. A reverse transformation from the tetragonal to

the stable monoclinic phase takes pla/ce“, during cooling, over a

The localization of the cracks, however, may be attribut%d —
to the characteristics of the zirconium dioxide powder érpichﬂh\‘
limited bulk movement and rearrangement of particles d\Le to the
frictional forces developed between neighbouring particles during
the compaction process. The applied unidirectional force du.ring . ~

compression 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 a.nd weak spots in the pellet. Hence,

the changes in the crystalline phases of Zr0, accompanied by the
large volume change may have caused the pelzlets to ci:gél‘c at the
localized weak points: Several pellets were treated in argon plasma
at comparable temperatures for about ten minutes. Microscopic
examinations of these blanks also showed the presence of similar
type of cracks, although the pellets were denser and harder.

This observation supports the reasoning above.

The cracks usually did not penetrate deep into:the pellet
. i
volume, although they were more severe in the case of the less \

porous pellets. But at no time did they cause a pellét to react
’ i
homogenously throughout its volume.v/ %

—
" A comment should also be made regarding the shaiae of a
partially-reacted pellet. The central disk of an\ unreac\t\ed pellet,
aé shown in Figure 14, disappeared after a certain amount of
reaction, resulting in a nearly spherical appearance. The shape
was not, however, entirely spherically-symmetrical, be:l;xg reacted
more at the upper surflace of the reacting sphere where the tem-

\
perature (and thus the reaction rate) was the highest.

Figures 16 and 17, which show micrographs (x 6.4) of
typical partially-reacted pellets, illustrate the foregoing
dfscriptions. The pellets (0.671-em initial diameter) shown in
Figure 16 were all reacted at 2210 K but to different converaipns

(Figure 16a to 51.2%, Figure 16b to 65.8% and Figure l6c to 82.6%).

s

~
~




FIGURE 16

- _

MICROGRAPHS (X 6.4) OF PARTIALLY-RFACTED

PELLETS OF THE SAME INITIAL DIAMETER
\ :
a) Conversion of 51.2% at 2210 K
b) Conve?}sionnof 65.8% at 2210 K
Conversion of 82.67% at 2210 K
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' \ The peléets illygstrated in Figure 17 had initially different dia-
! ) meters (Figure 174 - 1.00 cm, 17b - 0.8267¢tm, 17c - 0.494 cm), and

©

were reacted at different temperatures (2175, 2015, 1885°K, res-
pec}:ively) to' about the same’' conversion (50%, 567 and 54.9%, res-

pectively). . e

Conversion-Time Relationship

i )
Ké\ Based on the microsco:pic examinations of partially-reacted
pellets (which showed t;hat the reaction was confined to the external
| surfaces) the conversion-time relationship can be expressed by the
shrinking~core modeL of ‘changing particle size.- Thus, when the
chlorination of zirconium dioxide is purely cPemical reaction con-
trolled, the overall consumption of Zr0, <with time [as developed in

o the Theoreticath of this section, Equation (14)]‘'can be

. ) .
written as . - \\-u

- !

1- (1- x)‘/a =K t (96)

3 —

where, K is the phenomenological overall rate constant. ’

x

A number of pellets of equal diameter.and porosity were
reacted at'a constant temperature for different lengths oi:"~ time in
‘order to check the fitnesb of Equation (96). The experimental
results carried out at diffexiént ten?perature levels are given in

Figures 18a and\l8b for a pellet diameter of 0.671 cm and a void

fraction of 0.481., It is seen that the plots of time versus

1-Q0-% 1/E‘] yielded straight lines, in agreement with Equation

. ‘ a ,

— 3




= ' FIGURE 17

MICROGRAPHS (X 6.4) OF PARTIALLY-REACTED

_J .

s PELLETS OF DIFFERENT INITIAL DIAMETERS

%

: a2 b €
\ Initial Diameter (cm) 1.00 0.826 0.494 .
Temperature ( X) 2175 2015 1885

_ Conversion ¢ Z)f 50 56 54.9
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FIGURE 18a , R

CONVERSION VERSUS REACTION TIME

Void Fraction 0.485
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FIGURE 18b

' CONVERSION VERSUS REACTION TIME

> <

Void Fraction = 0.485

Pellet Diametqer = 0.671 cm _ \\\
Chlorine = 100 % :
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'(96). In order to confirm this straight-line relationship for the

reaction of pellets of higher void frnactions, similar experiments
vere carried out with’ pellets having porosities 54.9% and 59.0%.

The results are given in Figures 19 and 20, respectively. 1In all
, by

cases }‘.he pellet {diameter was 0.671 cm. The straight-line relatic?n—
ships obtained in the latter figures confinpéd the results of micxlo—
scopic examination to the effect that a higher void fraction did not
cause a pt;.ll”et, to react uniformly throughout the pellet volume in
the porosity range reported here. Hence Equation (96) was used in

the cdalculation of overall rate constant (K) from the experimental

w S » o
Y
RSN

conversion-time data in analyzing other reaction patameters (tem-

perature, porosity, diameter and chlorine concentration). The

complete experimental data are given in Appendix II.

-
.

Influence of Temperature .

-

The effect of temperature on the reaction rate was studied

[s]

%
in the range between 1540 and 2480 K. The upper temperature was

limited by the maximum power to the torch; by the arcing that took

“place bétween the plasma and the torch nozzle, and also by the

excessive heating of the nozzle with consequent attack by the
hot chlorine. The lower temperature, on the other hand, was that
at which—the chlorine plasma could be maintained at a given gas

3 “
J
flow rate wiqth a minimum power input, for a maximum distance from

the nozzle exit (abqut 6 cm) at which a pellet could be viewed. -

/

>

The stabil:ﬂ[!ty "and reproducibility problem encountered with

i o -
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FIGURE 20 / y
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\
the generation of the chlorine plasma did not allow the experiments

to be carried out systematically at originally-planned temperature

intervals. As a result, the choice of temperature levels was dic-
\

tated by the plasma behaviour, since the torch operated with chlorine

|
very smoothly only in a certain range of operating conditions

(relatively narrower than those with argon) for a given gas flow

rate.

~

' When more than one set of conversion-time data at a con-
stant temperature was available.(under reproducible plasma con-
ditions), the overall rate constants were obtained from the slopes

: ,
of straight lines, [1 - (lﬂ— X)‘/B] versus t, (Figures 18-20) by
least-squares fit. The results of these analyses are given in
Table VIIL. These values together with the rest of the data (Baseq
on 123 experiments) were plotte&\according to ;n Arrhenius—tybe
of relationship in Figufes 21, 22 and 23 for pellets of three dif-

ferent void fractions, 0.485, 0.549 and 0.590, respectively. The
experimental data for each case are presented in Tables A, B and

R ¥
C of Appendix ]I. In these experiments, the pellet diameter was

0.671 cm.

| )

The plots in Figures 21-23 showed the existence of two
distinct temperature regions. Up\to about 1950 K (the straight
}ine portion), the reaction rate was sensitive to temperature, thus
suggesting a chemical reaction control region. At temperatures

higher than this, the rate was reiatively’iﬁééﬁéitiﬁe to the tem-

perature rise showing that a physical step (gas-film diffusion)




TABLE VIII

OVERALL RATE CONSTANT FROM THE

SLOPE OF [1 - (1 - X)‘/’J VERSUS t

POROSITY T NUMBER OF OVERALL RATE CONSTANT (K)
% K DATA POINTS (minute 1) ,
48.5 1540 5 0.0065 '
48.5 1570 4 0.0083 /.
48.5 1675 5 0.0127:
48.5 1700 3 0.0155 !
48.5 1790 4 0.0201
48.5 1880 2 0.0295
48.5 1940 3 0.0339 ) .
48.5 1950 3 0.0376 .
54.9 1620 ) 0.0134
54.9 1685 3 0.0180
54.9 1735 2 0.0228
54.9 1800 2 0.0292
54,9 1835 7 0.0341
564.9 1875 3 0.0375
59.0 1600 4 0.0146 >
. 59.0 1800 4 0.0337 )
59.0 1830 2 0.0385
59.0 1900 3 0.0464
59,0 1930 2 0.0514
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FICURE 21
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ARRHENIUS PLOT OF REACTION BETWEEN

~

ZIRCONIUM DIOXIDE AND CHLORINE

Pellet Porosity = 48.5 ¢
Pellet Diameter = 0.@71 cm
Chlorine =

100 %
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FIGURE 22
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started to influence the rate. The temperature at whfeh both mass

. transfer and chemical reaction started to have a combined effect.on
¥

the rate was almost the same with the three different pellet void
, w . .

fractions, as was expected. The data of these figures below about

1950 Riwere then used in a multiple regression analysis using a

Dy

statistical package program (STATPK, McGill University Computing
Centre) in order to obtain the value o6f the activation energy to-
gether with the porosity dependence which will be discussed sub-

sequently. The least squares fit gave the following expression:

"

fn K = 1.603 - (12162 + 176)/T -

(1.993 + 0.081) %n (1 - €) (97)

with a multiple correlation coefficient of 0.998 and with a pro-
bability associated with 'F' being unity, (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

" kJ/mole (24.166 + 0.350 kcal/moie). The partial correlgtion co-

.
efficient of activation energy was 0.997.

% ’ , ‘ .
| The overall rate constants (K) of the data at temperatures
[ - -

; e
} above 1950 K in Figures 21-23 were also based on chemical reaction

control (Equatﬂon 96) in order to obtain the turning point with’
&

respect to temperature. The results of a more correct treatment of

¥

' the data in this region will be presented later, by considering

both mass transfer and reaction resistances together. ~

Ny
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Influence of Pellet Porosity

The limited compactibility .of zirconium\dioxidg powder did
not allow a'wide range of Void fractions. The smallest por&sity
(48.5%) did not change much by increasing the applied die pressure,
while with the lowest pressure (orne~seventh of that of the smallest

porosity) that could be used a maximum porosity of 59.0% was ob-

tained. Therefore, pnly three different porosity values'could be

~ 1y

studied. However, a'large number of experiments were carried’ out
at each value, so that the porosity dependance o§ the overall .rate
constant could be evaluated with a relatively high degree of con-
fidence. The e#%erimental data are plotted in. Figure 24, where

each’point represents the cumulative data (including their extent

of scatter) at the corresponding solid volume fraction. The

' straight line in the same figure is the result of a regression

7
analysis as giveg/b§ Equation (97), which yielded the value of the
exponent of gbé/solid volume fraction, (1 - &), as about -2

/' / |
(~1.993 %/0.81 with a partial correlation coefficient of 0.979).

Hence:
Ka(l-c¢) 2 : T . (98)

On the other hand, 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,

K, [Equation (96)] was inversely proportional to the porous solijd

,density, Eﬁf
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: Koallp ) ( 99)
— s -
but: ' S
b, = o, (L =¢) (100) N
and, hence:
Ka (1-¢)? (ro1)

~

where, p": is the theoretical density of the solid, and ¢ is the void
fuctio: Therefore, the overall rate constant was ex’pécted to b; |
inversely proportional to (1 - g) if the assl;mpt;i.on that a shrin’kiung-
core model could be used was truly met in the reaction of a zirconium

dioxide pellet.

This contradictory conclusion, comp%red withlthe exper imen-

tal result of Eq@tim (98), may be explained by the fact that the :

‘reaction between a zirconium dioxide pellet and chlorine is not
taking place truly on the geometrical surface area, but in a very
thin layer on the exterior of the pellet, as observed from t:l{e
microscopic examination of a partially—reaci:ed pellet. Thereforf,
depending upon' the void fraction of a pellet (prob;;bly also on-the
pore size and structure) the thickness of this 'layer and, con-
sequently, the actnall reacting area, changed in such a way as to -
result in a higher overall rate constant than could be accounted ‘
for by ths simple dependence on the solid density, as given in ' "
Equations (99-101). It should be mentioned that Frushan and
Martonik (1973) in the chlorination of iron and nickel oxides;-and

i




data are ptasenﬁed in Table D of Append}ix II. These experiments

also Costa and Smith (1971) in the hydrofluorination of uranium

dioxide, repo;ted similar behaviour, but with a higher porosity
dependence than in the present case. It should also be pointed out
that tt;e value of the activation energy did notJ: change with 'the void
fraction in the range sgudiad here, indicating, therefore, that it
should be representing an intrinsic activation egergy. In this
respect, Fahim and Ford (1976), in the teductﬁn of cobalt sulphide /
in nonporous powder and porous pelle; forms, also foxmdkr.he‘same |
activation energy for both cases, although in the latter a diffuse

reaction front was obgerved and consequently a higher rate constant

was obtained.

A

Influence of Pellet Dismeter

All o§ the previous results were based on a pellet diameter
of 0.671 cm. To evalluate the influence of the diameter on the
overall rate constant, three other dlameters were studie;l, giving a
range diameter from 0.494 to 1.00 cm. The void fractions of these
pellgts zaried to some extent dependin‘i upon the size. \But, since X'
the influence of porosity on the rate constant had already been
determined, it was felt that such a restric?:ion (truly éonstant
porosity) was not necessary. A summary of thg diameters and their
corresponding porosities is given in Table IX and the‘ ;xperimntal

J ~ o
wegg~:iot: carried out at a constant temperature (due to experimental

¢ :
difficulties), hence, the data of the chemical reaction controlled

1

region (T<1950 K) were corrected for temperature (using the exper—-
4
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TABLE IX

SUMMARY OF PELLET DIAMETER AND POROSITY

o

DIAMETER POROSITY
cm pA
/ ~
I
0.494 50.5  °
0.671 ' 48.5
0.671 54.9
0.671 59.0

1 0.826 50.0 <\

1.000 49.8 . .

. o
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N AN
imental value of the activation energy) and for \borosity effects
[using the form (1 - ¢) *]. The results are shown in-Figure 25. A

multiple,r'egression analysis, involving both the diameter aqd the

[ .. .

chlorine concentration as -independent variables, was carried out
using the STATPK package program.® The least square fit of the data

gave: i ] J

an K+ 12162,3/T+2 ¢n (1 - €) = 1.198 - \

(1.047 + 0.041) %n D + (0.992 + 0.011) #n yc'l (102)
a

with a multiple correlation coefficient 'of 0.996 (partial correlation
?

. coefficients of 0.91;4 and 0.996, respectively), and the probability

associated with 'F' being unity.

I

As seen in Figure 25 and Equation (102), the overaélvl rate
constant is found to bé about inversely propbrtional to t;he diameter,
which is in agreément with the theoretical result given in Equation
(14). This finding colr?irms the fTact that the rate was controlled
by chemical reaction (otherwise the exponent would be between 1.5

and 2.0).

Influence c:»f Chlorine Concentration

- The experiments to determine the effect of chlorine partial
pressure on the overall rate constants were performed with pellets
of two different porosities (48.5% and 54.9%) and the same diameter
(0.671 cm). Chlorine gas was diluted with argon in both the radial
and the swirt- flows of tthe tqrch in the same proportion to ensure a

uniform mixing. A value\lower than 20% chlorine could not be tried,
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FIGURE 25

EFFECT OF PELLET DIAMETER ON
1
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due to measurement difficulties. An aftempt was made to react the
pellets agwgg; same temperature, but this required a considerable
trial - and -~ erro} approach in f}nding the appropriate power input
and pellet position at different concentrat&on leveis. Although
this was achieved in sbﬁe cases, the overall temperature

varied from run to run, hence, the analysis was done by correcting(

[}

_ the overall rate constant for the temperature by using the value of

activation energy reported esarlier. The experimental data are
presented in Table E of Appendix II and in their corrected form in

i

Figures 26 and 27.

The regression analysis of the data as givem by Equation
(102) resulted in an exponent of about one (0.992 + 0.011) for the
mole fraction of molecular chlorin?. Zgéa' This shows(;hat the
reaction is first order with respect to chlorine when the con-
ttration 8 expressed in terms of Cla. However, the thermodyrnamic
ysih presented earlier indicated 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>1950 K).l

Another regression ahalysis was therefore performed, this time based

. on the concentration expressed in terms of atomic chlorine, Ye1'

This ylelded an exponent of about 1.53. But it can be ghowm that

and Yoy are related by:

\
"“‘=~3r- /@ - ' (103)

A chlorine concentration dependence in terms of Yoy 88
\ —

&
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FIGURE 26

3

»

EFFECT OF CHLORINE CONCENTRATION

!
I

Pellet Porosity = 48.5 %

* Pellet Diameter = 0.671 cm
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FIGURE

\

3

EFFECT OF CHLORINE

27

CONCENTRATION

Pellet Porosity

Pellet Diameter

A

) a

’ ~

54.9 %

[

‘0.671 cm . \




-E/RT), min~!

/

K/EXP(

25—

o
l

10 {—

PELLET ROROSITY = 54.9%
PELLET. DIAMETER = 0.67! cm

Qv
{

REGRESSION LINE .
SLOPE =0.992+0.0I1 '

el

0.3 04 05 06 08 ‘10

yc|2 or yo /(2=ye,)




ol

222

expressed in Equation (103) was preferred over an exponential form

-
(ycl"”) in calculations involving,simultaneous mass transfer and <
¥

chemical reaction resistances, since the former allowed an ap-

.

3

- proximate time-conversion relationship as discussed in the Theore-

0

tical Analysis section, Equation (51), (without the need to solve

a nonlinear differential equation which would have resulted with the

latter). -
» ,3’

o

Rate Expression for Chemical Reaction Control -

From the. theoretical formulation and the regression andly-

sls of the experimef\tal data, the- following émpirical expression

for the rate of zirconium dioxide chlorination with chlorine alone - .

has been obtained:

1-(1-x)*® = 3.313exp(~12162/ )y, (1) 720" & (104)
o 2 '

-

¢

where X is the fraction of zirconium dioxide reacted, T is the
reaction témperature, 'ycl is the chlorine concentration in the
2

bulk gas, ¢ is the void fraction.of the pellet, D is the diameter

&

of the pellet in cm, and t is the reactioﬁ\\t’ime in minutes.

o
a

8

In Figure 28, the values of the reaction time calculated
from Equationq(lolo) ;re l;lotted against the oexper:i.xn&nt:al data for -
the chemical reaction controlled regign (’I,‘<l‘950~) including the
effects of all individual parameters discussed previously. As can

be seen, Equation (104) represents the experimental) data fairly -

" well, the scatter being within *+ 10% of the reaction time. This
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FIGURE 28
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scatter seems to be reasonable in the light of the experimental

Q

difficulties encountgred. é

Combined Mass Iransfer and Chemical Reaction

Controlled Region (T>1950 K) .

As was discussed earlier, Arrhenius plots of the experi-

mental data (Figures 21-23) have shown that above about 1950 K gas

film diffusion started to contribute some resistance. An approxi-
4 .

mate time-conversion expression has been derived in the Theoretical
Analysis section and the reaction time has been shown to be ap-

proximated by: . -

.. t=t_+t ' (105)
/ . . r R

where EE ié the time required to reach a{conversion_ﬁ in the

“

‘absence of mass trapsfer resistances as calculated from Equation

(104), tm is the time required to reach the same conversion when

the reaction is controlled ﬁurely by mass transfer as given by‘k
i3 z ~—~x“-~;‘
Equation (5;). ‘ -

o )

N;merical calculations yere carried out with thé aid of a
cémputer program (the 1iséing is presented in Appendix III) to -
predict the contribution of mass transfer reSiséance at eaéh ex-—
pefimental condition in the entire temperature range (1549.6 T <
24861K2. A typical output from this program is presented in

Appendix IV for the data given in Table I of Appendix II (pellet

porosity of 48.5Z and diameter of 0.671 cm).

A

-
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In FiguFe 29, tpe i;fluence of mass transfer, expresse§
as ém/(ti + tr)' is plétte&"against the reaction tempe%ature. The
plot includes the complete experimental data except those of the
chlorine concentration studies. This figure'shows that the theore-
tically-predicted mass transfer contribution increases sharply‘
above ‘about 1950 K, wher;eas below this tempfzrature t{:is contribllltion

is relatively small and within the limits of the experimental

-gcatter. Thus, the previous conclusions with respect to the control-

on

ling mechanism seem to be confirmed. Furthermore, Figure 30, in
\ .

which the values of the experimental reaction time are plotfed
against the ones predicted for the same c8hversions in the rég%on
of the combineﬁ, resistances, shows that the theoretical formulation
agrees reagpnabiy well with the experimental results.

CONCLUSION
A o . !

\
71. The kinetics of the reaction between zirconium dioxide

and chlorine in the temperature ;ange of 1540 - 2480 K in a }adio-
freqiency chlorine plasma tail-flame were studied. The influences .
of such paraméters as time, tempeiature, poroéity, diameters, and
chlorine concentration on the rate were determined,expeyimentally,
using a single sfatiopary spherical peilet.

e
2. The microscopic examinatdions of partially-reacted

pellets révealed that the reaction was confined to a very ‘thin
%

layer near the externsal surface. This was confixﬁned i:y the
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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 shrinking-core

]

model. : p

{
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 Hy chemical .reaction. The

activation energy of 101.2 kJ/mole (24.2 kcal/mole) obtained for the

“

latter regigp did not change with the pellet porésity, thus support-
| ' ' |

ing the conclusion with respect to the surface rfeaction. -w»-

>~

1
4, The overall rate constant, however, showed a higher

porosity dependenFe [proportional to (1 - €) 2] than that could be
|

- accounted for by the change of solid density [proportional to

(L- €) *]. This was attributed to the existence of a thin fluffy
layer near the external surfaces, resulting in a higher actual

reacting area than the geometrical surface area on which the
i |
shrinking~core model is based. ‘

5. The rate was {g%nﬁ to be inversely proportional to the

pellet diameter, in agreement with the theoretical formulation,

~

Equation (14), again confirming the conclusion of chemiéé% reaction

resigtance.

\

6. The rate was first order with respect to the gaseous .
reactant concentration when it was expressed in terms of molecular
chlorine, or in terms of aLomic chlorine in the form of (yCl/Z -

Yeu)

FEOSN
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7. The empirical expression gi:ven by Equation (104)
represented: the experimental data reasonably well. .
. "

8. For the region of T>1950 K, where hoth the chemical and
mass transfer ;'esistgxnces were important, the theoretical z'malysis
showed that the total reaction time could be approximated by the
summation of two terms: the time required to reach the same
conversion in the abs;nce of diffusional resistance, and that for
pure mass transfer control. Theoretically calculated mass transfer
resistances confirmed the‘experimental findings with respect to .

the controlling mechanisms. Furthermore, the .predicted reaction

time compared reasonably well with the experimental values.

L )
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AF,

o

NOMENCLATURE

’

Gaseous componént in Equation (5)

Temperature decay constant for fully devéloped region
Velocity decay constant for fully de;e10pe£ region
Stoichiometric ;oefficient in Equation (5)

S0lid reactant in Equa%ion 25); second virial coefficient
in Equation (65)

Lennard-Jones séﬁond virial coefficient

1
Temperature decay constant for the core and the
transition region .

Velocity decay constant for the core and the
transition region '

Constant in Equation (45) ' v
Tot@l gas concentration . ,
Diameter of sphericdl reacting particle
Binary diffusion coefficient :

Effective binary diffusion coefficient of compdbent

i %n mixture L
Nozzie diameter ’ e ‘
Acgivation energ; . /// -
Spectral emissfvity at wavelength, A ///f :
free energy change for Equation (2) . '§ ) @ -
Free energy change for Equation (3) . . ° L

] ’ , ' “ )
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.l " _ L
. ‘ AF; - Free energy change for Equation (4) .
’ £ - Concentration function - ( }
f, -  Jet ‘axia} decay functii)n
\ ¢ HCl;, - Molar enthalpy of gaseous chlorine :
K. -" Overall rate con\Stant ;
K, - Jet axial velocity decay constant'defined by Equation (70)
. . . -
5 Kg -  Equilibrium cqjvnstant o . ' ‘
» - k - Boltzmann's const:'an\t:
a km - Mass transfer coefficient . B
. - Surface reaction rate constant g - .
] . M - DMomlecﬁlar weight B N
N - Molar flux'; ' : \
NRe - Reynolds n‘umber Q
NID{e . = Reynolds number based on initial particle diameter ' 5
\ NSc - Schmidt number ‘ _
NSh - ., SLerwﬂood number
n - Total m;mi;er o’fa gaseous components ‘ - o |
P - Pressure c c
’ %R ~ Ratio .of power at the nozzle exit to the inl‘et -
. (plate) power . . ' \ -
’ q - TFactor defined by Equation (65) ' . ‘ \ ‘ t
, R ~  Initial radius of spherical particle
) T, ' —,, Radius of shr:'u;king spherical particle ) u |
S |, - Swirl number — *
“ SR - Ratio of swirl to radjal gas in RF torch N ‘ '
T - ‘i‘emperature‘ J o ' ) o
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o ° A
- Dimensionless temperature (T/e/k) &ﬁ
- Brightness temperature (pyroqeter reading)

4

- 7 Critical témperaturg

~ Nozzle exit gas temperature
~ . ’ p
- Reaction time '

I3

- Reaction time under mass transfer control

- Reaction time under chemical resction control®

- Gas velocity ) ° ) r
- Nozzlz exit gas velocity

- Critic;l vol&me ' 0

- Weigﬂt of solid reactant ‘ v -
- Fraction of solid reactant reacdted at time t

Dletince from nozzle éxit S

- Distance of virtual origin of the fully developed.jet
from the nozzle exit , L \

- Mole fraction of gaseous component

Pl o 2

~ Dimensionles7 radius of spherical particle r/R =
z = (1-x)"3

~ " Dimensionless radius of spherical particle (r;/R) ‘
. . .

o

4

Greek Letters

Ty

-  Constant defined by Equation (33)

~ - Constant 'defined by Equation (34)

B

- Constant defined by Equation (36)

- Void fraction; Lennard-Jones ﬁarameter'- ‘

3

-~  Index for stoichimetric coefficient as defined ST
by Equation (23) |




3

Mixture viscosity parameter as defined by

! Equation (62)
Qp r Collision integral for diffusion
Qv - Collision inFegral for viscosity
A -  Wavelength ‘ -
p~ - Density of fluid
p, ~~— Molar demsity of reacting solid
o - Lennard-Jones parameter ‘ \
- Vi%co;ity

¢
Subscripts - /
e - Equilibrium / V
f -  Gaseous film '
i, bJ - Comp‘onents i, j |
mix -  Mixture | | N
o -  Bulk fluid . s
] - Surface B
o - Anl\bient -

~§
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PART 1T - CHLORINATION 'OF ZERCONIUM DIOXIDE S

/ .
IN THE PRESENCE OF CARBON
W / .

/ INTRODUCTION ?

i
:

In cohtrast with the reaction of zirconium dioxide with
chlorine ;lone, ;”ich has been studied in Part I of this work, the
chlorination of ZrQ, in the présence of a carbonaceous material is
thermodynamically feasible, as shown in Figure 1 for the three

reactions:

; . et

Zxr0, + 2C1l, + ¢C > ZrxrCl, + CO, ) (1)

- ‘
Zr0, + 2Ci, + 2C + ZrCl, + 2C0 (2)

/ s

Although these three reactions are all possible and probably occur

. i

simultaneously, it has been shown thermodynamically (Vasilenko and

, . .
Vol'skii, 1958) gpat at equilibrium the ratios of carbon monoxide

to carbon dioxidé are about 12 and 330 at temeﬁ%atures of 1075 and
1275 K, respectively. Hence the end product/gf the chlorination
reaction is essentially carbon monoxide, d/;er than carbon dioxide,
when the gaseous products remain in coﬁ;ﬁct with an excess of un~
reacted carbon above about 1300 K. é?}s can also be seen in Figure *
1/in which Reaction (2) has-the largest negative free energy values.

-~

As discussed in Part I, at experimental bulk gas temperature levels

(3500 - 6000 K) used in this wor

N in the atomic form. Hence the chlorination of

» chlorine gas is expected to be
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zirconium dioxide in the presence of carbon in a chlorine plasma may

be represented by- the following reaction:

Zr0, + 4CL + 2C + 2ZrCl, + 2?0 . oW - ,\

1
§

J The litergture on chlorination of various metai oxides,
including TiO, (Dunm, 1960), (Be;gbolm, 1961), (Seryakov et al., 1967,
1969, 1970) /(Mast;erova and\Lt‘avin, 1973), (Morris and Jensen, 1976),’
ThO,; (Ivashentsev et al., 1975), Al;0s (Lands';bergz 1975,9\1977),
Zrsi0, (Manieh et al., 19'73,0 1974), (;parlfng\and Glastonbury, 1973)
and Zr0, (Stephens and Gilbert, 1952), (0'Reilly et al., 1972),
(Lar;dsberg et al., i972) with carbon as a reducing agent, i}as been
‘limited to temperatures below 1400 K. Tixe results of different

» 8

workers on the same oxide (e.g., in tHe case of Ti0O, and Zr0;) °
varied widely depending upon experimental conditions; t11e method of
preparation of the samples, and the t;,rpe of carbon reducing agent
used. Landsberg et al.. (1972) chlorinat;ad disk pelhiets of zirconium
dioxide surrounded by a loosely packed bed of carbon powder in the

- o .
temperature range of 1120 - '13§'20 K. It was found that the reaction
wa;s ta;king place at the surface,bwa; first order withlrespect to the
chlorine concentration, and was chemically-controlled with an
activation energy of 127.7 kJ/mole. The rate of reactior; wad lower
with coarser carbon particles, suggesting the importance of carbon-
metal oxide contact ddring the chmldrination. Thes rate data reported ’
by 00'Reilly et al, (1972) also confirmed this fact, although it was
not stated explicitlys in their paper. ;l‘hey chlorix(\;xté’d uncoﬁnpa’cted

.

intimately mixed zirconium dioxide powder and petroleum coke (in a

¢ L 4

J o
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The conversion-time data fitted the shrinking—core‘hodel under chem-
N ) - M 23

ical reaction|control ‘up to 30-80 percent conversions (depending upon
. ! b

weight ratio of one to four) in the tempéra@yre range of 940 + 1100 K.

2 4 Y
the temperature level), above which the rate of reaction decreased gy
) ‘e ?JJ “vi‘r

significantly and deviated from the model. The order of reaction ! '

v

with respect to chlorine concentration, 0.64, and the value’of ther
0 A 14 4

activation energy, 230.7 kJ/mole, reported by O'Reilly et al. did not

agree with those of Landsberg et al. (1972).

N N .

In the present work, mixtures of zirvonium dioxide and

carbon powder wetre compacted into spherical pellets and were chlo-

N @

rinated in an R.F. chlorine plasma tail flame. 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. )

. ¢
% . a

MATHEMATICAL MODELLING OF THE REACTION '

> i

Y

o

The analytical treatment of a heterogenous reaction in-
volving pellets composed off two solid componments, such as zirconium
dioxide and cagbon,‘éxhibits a higher degreé of complexity than that

r

of a single solid component reaction. The degree of contact between
the solid conétituents may influence the progress of the reaction
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). ¢

As seen in the Literatur? Review, the mechanism of different




‘\ ) (

1967, 1970), (Sparling and Glastonmbury, 1973), (Manieh, Scott and

-

metal oxide chlorination reactions in the presence of carbon has

found the least degree of agreement among different investigators

(Bergholm, 1961), (Stefanyuk and Morozov,-1965), (Seryakov et al.,

Spink, 1974), (Ketov et al., 1974), (Iwashentsev et :‘%l" 1975),

particularly among those’ who have studied tt;e same s:;rstem., b_ﬁpst of

the proposed mechanistic models have been nearly entirely speculative.

However, the majorit; of these investigators and also the kinetic

data reported by others (Landsberg et “al'., 1972), (0'Reilly et al.,

1972) have indicated the.importance of_the degree of contact betwbeen

met;al oxide and carbon pér&i{féﬁ. Thig was %ound to vary with the

progress of the reaction and'became the rate-limiting fact:)r. Thus S
a simple shrinkir‘xg—core godel‘may not represent the prbgrefss of the<>

reaction under conditions of chemical control, whereas it may well

correlate the time-conversion data under}ur\el’y mags transfer-con-

_trolled conditions.

*

\
A relatively gimple ap\psaach" is followed here in developing
™~

a time-conversion relationship for the chlorination of zirconium /

V4

dioxide compacted with carbon. The model assumes that mass transfer
resistance (ash ciiffusion) ‘is a;:sent or negligibly small, and that

the rate is proportit/)nal to a contact area or to a distance of

separation between the zirconium dioxide and the cz‘arbor‘x particles.

The latter ir:) turn is agsumed to be pr«;portioml to a functional

form of initial carbon concentration in the pellet and also to the'

amount of unreacted zirconium dioxide left in the pellet. Math- -

s
ematically the rate equation may be written aa:\

\

. ~
. T




} 9
; _ dw _ b . L
. kW f,(x(g) £alyey,) (5

b

: /

where k is the intrinsic rate constant, W is the weight of

unreacted zirconium dioxide in the pellet at time t, xc is the

¥ initial concentration of carbon in the pellet, ig the con-

, Ve,
' o
centration of chlorine in the bulk gas and f,, f; are the functional

relationships for the concentrations of carbon and chlorine, res-

pectively.
\ Equation (5) may be rearranged and integrated to give: .
L(2nW-InWo) =k F,(x ) faly., ) t 6) .
[+4 Cla R
or _ . “ s |
- o
B -2n(W/Wo) =K t (7
~
where _‘g\ﬁ is the initial weight of zirconium dioxide in the pelle;.,
and K is the overall rate constant defined as:
) - -
K=k £2(x) falyg ) L ®
> 3
Equation (7) may be written in terms of fractional conversion of the
zirconium dioxide, X, which is by definition:
AN
) ! f X = (Wo~W)/Wg R . €] 4
r s
and, thus:
; (W/We) = 1-X H (10)
A ! . o t
' Insertion of Equation (10) into Equation (7) yields: . -
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. -n(1l-X) = K t (11)

N\

1f Equatign 11 represent? the ;onversion—time relationships
for the chlorination og zirconium dioxide-carbon pellets, the plot of
-2n(l-X) versus time should yield a straight line. It should be
noted that the oveéallArate constant K as defined by Equation (8) is
not a function of the particle diameter, hence the conversion-time
relationship given by Equation (11) will not be affected by variations

in the particle diameter.

A relationship similar to Equation (11) was derived by

Seryakov et al. (1970) on the basis of the transfer of an intermediate
/

prdduct from the surface of one solid phase ‘to the other, as discussed

-

in the Literature Review. They also assumed that the reaction stopped
. .
when the contact area approached zero, yielding the maximum amount of

oxide that could be reacted. The extent of conversion was based on
{ ~ !
the latter rather thaq on the initial amount of metal oxide in the

pellet, as defined in the present work. Later, Masterova and Levin

o

(1973) correlated their data on the chlorination of titanium dioxide-

carbon pellets with a similar logarithmic model, on a purely -

] AN

experimental basis.

EXPERIMENTAL

APPARATUS

N\
A detailed description of the experimental system has been

given in Part I. Briefly, it consisted of two main systems: A plasma

!

+
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generating unit including a radio-frequency induction torch, a power

. )
supply and a control conmscole, and a rea;:tor system including a single-‘
particle reactor, a set of heat exchangers to cool the gaseous
exhaust, and a chlorine\absorptioq and disposal unit. Schematic
drawings of the ovefall set-‘up and bf its; individual components have

been presented in Figures 7 through 11 of Part I.

! 7
The torch consisted of a quartz tube surrounded by a copper

induction coil immersed in cdoling water, a water—cooled gas dis-
tributor at the one end and a water~cooled ‘monel nozzle (outlet) at

v

the other end. The discril")uctor allowed% the introduction of the cold
plasma-forming gas in axial, radial and tangential directions. 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 proper power adjustments. A
<2 .

minimum power level of 7-10 kW was necessary to maintain the clilorine

. 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 (upper! section) with a window for

”
visual observation and particle temperature measurements, and of a

lower section which housed the particle support system and provided
the reactor outlet without disturbing the symmetry of the flow in
the reaction chamber. The design of the bottom part of the reactor

allowed the particle-supporting system to slide up and down under
! !

o

n’ / !
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leak-proof conditions.

. ™ .
The particle was mounted on an alumina sting 0.08 cm in

diameter and 1.0 cm in lenéth which itself was mounted on a larger

“alumina rod (0.48 cm in diameter and 30.5 cm in length). The lgwer

part of the alumina rod was sheathed by an inconel tube to provide

strength and tight sealing of the bottom. The particle—supporting |
£

system was connected to a laboratory jack which allowed positioning

of the particle.

The chlorine gas, cooled down to 350 - 500 K at the outlet
of the cooling system, was absorbed in a caustic solution. The gag s
had a minimum purity of 99.97 and was supplied from a commercial

liquid chlorine cylinder.

<

MEASUREMENT TECHNIQUES AND ANALYSIS

Preparation of Spherical Pellets

{

As in Part I[ the zirconium dioxide used in these experi-
ments was optical grade, having a minimum purity of 99.8% and was
2
supplied by Atémergic Chemetals (Qrp., Plainview, N.Y. Analysis of: ¥

the material a%d the particle size distribution have ' been given in

Table VII and Figure 12 of Part I. About 96 weight percent of the ¢

1
-

particles had an equivalent diémeger less than about 44 microns and

the mass median diameter corresponded to 6.6 microns.”

\

\ Different carbonaceous materials such as coke, lamp black

and graphite were Fried to form spherical pellets . from their
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individual mixture with the zirconium dioxide. Trials with the _

a

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
therefore chosen as the carbon source in the chlorination study. The

graphite used was by the J.T. Baker Company and was of techmnical

+

grade, with a particle size less than 4.4 microns. It contained 2.69
wt\% of ash, as determined by ASTM specification C 561. A semi-

quantitative spectrographic amalysis of the ash is given in Table I.

N

The die compaction method described in Part I was also used
here to prepare spherical pellets from intimately-mixed zirconium
dioxide and graphite powders. This method yielded a pellet of

somevhat spherical shape having a disk portion around the equator.

The difference in the diameters measured along the two axes of a

pellet could be controlled within three percent of the shortest

a

diameter.

3
1T

Following the sintering process (at about 1275'K in ‘an

7

inert atmosphere for about four hours) a hole 0.08 cm in diameter

was drilled to mount the pellet on the particle supporting system.

Pellets of three different diameters (0.67, 0.826 and 1.000 cm) and
five different carbon concentrations (18.0, 20.2, 23,1, 31.4, 42.5

wt %) were produced for the kinetic study.

i

Measurement of Particle Temperature

/

Particle temperature was measured with a high-resolution

1
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- ‘ S
' TABLE I

ANALYSIS OF ASH IN GRAPHITE

/ ‘ ’ ;
ELEMENT CONCENTRATION %
-
Si 30
Mg ' 10
. Fe ._ ) 10
Al i 5
e Na \ 1 )
~ Ca 1
. Mn N “
Cu ' 0.5.
Ni . 0.05
. Cr ) 0.05
~ Pb o 0.01
Bi ‘ 0.002
Ag 0.002
As . not detected
Zn not detected
) Hg not detected .
Te : not detected -
Sb not. detec;:ed
) Ti * ’ not detected
Cd not detected -

-
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s

optical pyrometer (Pyro Micro-Optical Pyrometer) supplied by The

Pyrometer Instrument Co. Inc., Northvale, N.J. 8ix interchangeable

°©

objective lenses permitted meaéurement7 to be made at distances
4 &

5
varying from 12 cm to infinity with object sizes as small'as 0.01

cm. Temperatures in the range of 1000 - 3500 K could be measured.

The temperatures of the reacting pellets were measured by
focusing the py;ometer filament Ln the equator portion of the
spgeres. The brightness temperatures (the pyrometer ammeter
readings) were then corrected for the emissivity of the reacting

pellet (see Part I: Measurement of Particle Temperature) using an

equation (Branstetter,'1966) of the form:

1T - 1/T, = (A/1.438)ine : (12)

’In this equation e is the spectral emissivity, ) is the wavelength
in angstroms x 10°® (6500 x 10 ® for the present case), T and T, are

‘the blackbody and the brightness temperatures in degrees Kelvin,

respectively.

The actual emissivity vglue was measured by providing a
black body hole on the reacting pellets. It was found to have a "
constant value of 0.85, The/extarior surface of the unreacted
}ellets 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 particle size did not change during the reaction.

Therefore, the surface roughness did not change during the reaction |
[

/ - |
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~

or from run to run (as it did in the chlorination of pure ZpO,)'to

an extent appreciable enough to vary the emissivity of the pellet.

3
a

Amount of Reaction .

The amount of zirconium dioxide reacted was calculated from

the measured weight loss(due to the removal of zirconium tetrachloride
ag vapor, plus the removal of carbon as carbon monoxide) and the .

reactioh stoichiometry (Equation 4) as follows:

AW = AWP MZrOa/(MZrog + 2 Mc) (13)

where AW is the amount of Zr(Q, reacted, AW: is the total weight loss

on the pellet, M nd Mc are the

molecular weights of zirconium

’

%ioxide~and of carbon, respectively. c

The excess carbon in the partially-reacted pellets‘was,jhen
burnt off in a muffle furnace, and the residue (unraapfga‘ZrO,) was
v " . _,,///
weighed to obtain the degree of comvefsion, X, which was calculated

" from: . e
e I
o
X = SW/(8W + W) ) A (14)
\ ~
where Wf ig the amount of unreacted zirconium dioxide. -

»

'The'initial concentration of the zirconium dioxide in the

pellet was also calculated through these weight measurements in order
N .
to check the variation of the ZrO, concentration among the pellets
75 -

(henég‘the degree of mixing of the Zr0O, and the carbon). This was
4 - 4 S

»
< N -

calculated as:

(\‘\“‘_s




S

X

= (AW + wf)/wpo - - (15)

210,

s

wheye, is the weight fraction of ZrQ, in the unreacted ﬁellet,

*2x0;
W A is the initial weight of the pellet, AW is the amount of Zx0,

eacted. The maximum standard deviation of the ZrO, content of g

/ 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
/
K respective mean concentration. The concentration data are included
/ ’ C?
J in Appendix V. . .
;
// ' b L\ r) -~ b :
PROCEDURE ff4(

. L] - N

Following weighing, the pellgt was:mcﬁnted;én the support
and placed in the lower cool portion of the react;; which was théﬂ ‘
closed and purged for several minutes to remove any residual oxygen. B
The torch was started with argon while the particle was in the lower
section of the reactor, thus preventing. cracking of the particle due
to thermal shock. Once smooth operation of the torch with an argon

14

plasma was established, the particle was raised to a predetermined

¢ » o

reaction position where it could be viewed through the reactor
window. This was followed by switching from pure argon to pure
chlorine plasma operation, with the adjustment of power to a pre-

determined level. A stopwatch was started as soon as the chlorine ,

i

began to flow. This procedure differed from the one described in

+

- Part I where the particle was kept in the lower section of the

reactor while switching from argon to chlorine plasma, and the timing

/ )

=
3
s
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dioxide was weighed in order to obtain the degree of conversion.

I

. , R
was started while positioning the particle. Since the chlorination

of Zr0, + C mixture could take place at relatively much lower
temperature than that°of pure Zr0O,, the procedure followed in this

section ensured the correct timing of the reactién duration. -
_ ’ N ' @

Visual observations and pyrometric megsurements were madé

3

during the reaction. After a predetermined length of time, the torch
was turned off and the flow of chlorine gas was stopped. The system
was purged with cold aigén to remove the remaining cﬁlorinekso that

the reactor could be opened safely. Méanyhile, the partially-

” .

reacted pellet cooled down. ' .This was followed by its ﬁeigbt measure-

. ‘
ment, miffoscopic efﬁminat;on and micrographing. Finally, the excess

- "
A Y] hig

carbon was burnt off in a muffle furnace and the unreacted zirconium
!

The temperature of the reacting pelleé"in the chlorine
plasma was controlled by its emissivity, its position below the torch
nozzle aﬁd the gower and gas flow rates of the plasma torch. For a
éiven temperature, an attempt was made to keep all these conditions
constant to an .extent gllowed by the operation of the plasma-
generating system. The experiménts were designed to study time-

conversion relationship, temperature and concentration dependence of

>
~

the rate, and influences of the mass transfer on the chlorination

€ s

rate.™ The latter was studied by reacting pellets of three differemt - -~
diameters (0.671, 0.826 and 1.00 cm) while the former were studied-

with a single pellet diameter of 0.826 cm.

Ead

9 —_ z
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RESULTS AND DISCUSSION ' ' : . -
r Ad [
~° Microscopic Examinations . ‘ o v
-

Measurement of the pellet diameter before and after reaction
did not indicate any variation in the pellet size during tbe reaction.
" This was due to the presence of carbon in the pellet in an ampunt in
excess of é%e reaction stoidﬁiometry (Equation 4);.which made the
.pellet mdintain its initial shape 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

concentration than in the top whete the temperature {(hence the rate

of reaction) was the highest.

°

Microscopic examinations of partially-reacted sectioned

¢ S

pellets showed a zirconium dioxide concentration gradient from the

»

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 behaviour (levenspiel, 1972),

(Szekely et.al., 1976) at high temperatures, yielding almost a sharp

a3

interface between reacted ard unreacted regions. This is illustrated .

*




FIGURE 2 .

MICROGRAPHS (x 4) OF PARTIALLY-REACTED PELLETS

‘ 7/
(0.826 cm DIAMETER) . !

, @ )
Reaction Temperat{n:e . (K) :1859 1830
Conversion ) (i) :80.6 58.5

' Initial Carbon Concentration (wt%):23.1 31;4
o \ '
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* {

in Figures 3 and 4, which show micrographs (x 4) of typical sectioned

3

partially-reacted pellets of the same diameter (0.826 cm) a:d the-same
initial carbon concentration (42.5 wt %). The pellets shown in Figure
3]were all reacted at 1540 K and those shown in Figure 4 at 1680 K
but in each case to different conversions (33 to 28.7%, 3b to 44.6%,
Bé‘to 87.1%, and 4a to 36.9%, 4b 'to 61.9, 4c to 8%.1%).

4
As seen in these micrographs, the reacted region in each case

{

is not gruly free from zirconium dioxide, but the pellets reacted at
high t?mpérapurel(Figure 4) have relatively less unreacted zirconium
dioxide left in the so—calied 'ash-layer.' Although d2ffusion
resistance through the ash layer becomes apparent at relatively high
temperatures, this does not seem to be the rate-controlling %actor'
for the given temper;ture range due to.the highly porous nature of
the reacted layer. The main contributor to the progress of the

reaction is most probably the role of carbon, specifically the

degree of contact between the carbon and the oxide particles. The

presence of unreacted zxxcopium dioxide particles near the external

surface of the pellets which have reacted to a conversion of -87%

: !
(Figures 3c and 4c) may substantiate this view. The comparison of

the distribution of the zirconium dioxide particles in the partially-

reacted pellets shown in Figures 3 and 4 may also suggest that the

degree of contact is less important] at high reaction temperatures,
{
based on the fact that in the latter figure the\?sh layer contains

relatively less unreacted zirconium dioxide. The foregoing dis-

(4

. !
cussion was supported by the experimental conversion-time data which

are pregsented in the next section.
{

.
&
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| FIGURE 3

a

J
MICROGRAPHS (x4) OF PARTIALLY-REACTED SECTIONED PELLETS

Carbon Concentration -~ 42.5 wti %
0.826 cm

L. ’ Pellet Diameter
Reaction Temperature - 1540 K

1

!

) a)- Conversion - 28.7 wt %
b) Conversion - 44,6 wt 7

c) Conversion - 87.1 wt ¥%
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FIGURE 4

w

MICROGRAPHS (x4) OF PARTIALLY-REACTED SECTIONED PELLETS

t

Carbon Concentration - 42.5 wt %

Pellet Diameter - 0.826 cm
Reaction Temperature - 1680 K

a) Conversion - 36.9 wt 7 -
b) Conversion - 6l.9 wt %

c) Conversion =  87.1 wt %

1
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. ¢« Conversion-Time Relationship

r\ -
k)

The discussion in the previqus section led to the con-
clusion that the chlorinafiou/of‘zirconium dioxide-carbon pellets

does not progress according to the shrinking-core model, that is, on

a sha(g\igaction front, but rather that it takes place in an en- | ;
larging zone beginning from the pellet surface. The thickness of

this zone and thec® concentration gradient of the zirconium dioxide
']

»

in it changes with the reaction time and the temperature level.

Based on these observations, the overall consumption of the Zr0;

\ '

with time, under chemical-reaction control, has been represented by

°

the logarithmic expression given by Equation (11) developed earlier.

o A number of pellets of equal diameter and carbon con-

or

centration were reacted at a coﬁstant temperature for different

lengths of time in order to verify the applicabdility of Equation

(11). The experimental conversion-time data at different tem— - N
perature levels are given in Figure 5. The mean carbon con-

= e

centration of the pellets used in this series of experiments was

23.1 wt %. It is seen that the plots of time versus —2n(l-X) holds

a linear relationship as expected, but only to a certain conversion

4

level beyond whicp the rate of conversion is less than the model

predictions. The fractional conversion at which the deviation from L
~

the logarithmic model occurs increases with the temperature. At . :

1440 K, the‘deviation starts at about 607 conversion and the reaction

s

almost stops, whereas at 1660 K it takes place at 95% conversion and \

the reaction continues at a slower rate. From the fact that mass .
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FIGURE 5
M e ——

CONVERSION-VERSUS—-REACTION TIME AS

1
. A FUNCTION OF TEMPERATURE |
4 \

o

&

Carbon Concentration - 23.1 wt % /
~N - ! -
Pellet Diameter - 0.826 cm .
7 ﬁ 3 -
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transfer resiétahce through the ash layer theoretically becomes

significant at high temperatures, e.g., at high reaction rates, one
~would expect the devi;tion from a chemical reaction control to o;cur
at lower conversion levels as the temperature increases, if an ash
diffusion resistance were influencing the progress of the reactionm.

]

Since in the present case the opposite is 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 even 87% conversion

(Figures 3c and 4c).

Figure 6 shows conversion-time data for ?ellets under
conditions similar to those of Figurg 5, but with a much higher
carbon concentration of 42.5 wt Z. The results are entiréi§ dif-
ferent. No geviation from the logarithmic quel takes place at

all levels of t ure, for the fractional conversions covered

/

lts, together with the microscopic examina-

“in Figure 5. These re

tion.of the paréiall&—reac ed pellets, may suggest that 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
-initial carbon concentration, a high;r degree of contact between the

oxide and the carbon particles is possibly achieved at all times

during the reaction. Thus the rate of conversion does not drop as

»
H
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the reaction progresses. As the mobility of the solid constituents v

of the pellet incvreases with temperature, the influence of the

distance on the rate.of conversion becomes less pronounced and

approaches zero.

- ~

—_ 7

These impgfant findings are{supported by the work of Berg-

holm (1961) who studied the chlorinationof titanium dioxide-carbon

pixtures in both compacted and loose forms. Based on microscopic

examinations, Bergholm concluded that direct contact between the®

1
(-

grains was not recfuired but a distance-less than about 200 microns
»

was necessary for the chlorinatioq to proceed. He also found that ~

the chlorination rate of c'ompacted mi;(ture was Higher than that of
loose mixture, but the difference in the rates of conversion de-
creased with inc‘:reas;[ng temperature, in agreement with the p;:esent
work. Bergholm confirmed thg importance o% the close distance

between 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

¢
| 4

further after t/\he residue had been thoroughly mixed. However,
/

addition of /mdre carbon did not cause a greater increase in the

-

reaction rate than did mixing of the residue without new carbon.

o

e}

The kinetic data reported by 0'Reilly et al. (1972) who
studied the chlorination of zirconiv:.\in diéx\ide—carbon uncompacted
mixture (1:4 wt ratio), also showed a d::op' in the raté of chlo-~
rihation after a certain amount of cgonversion. Deviation from

thelr model (shrinking-core) Dpredictions occurred at a conversion

) .
[
».

//

~

,‘7
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level 'as low as 307 (at 1000 K) i;\zé:;—;ith the high carbon con-

cerftration they used.

aty
k4

2

Influence 6f Temperature

The effect of temperature on the rate of chlorination of

zirconium dioxide-carbon compacts-was studied with pellets of 0.826 °
/ .

o

- cm in diameter j;yn the range between 1400 and 1950 K. Since the

conversion was based on the zirconium dioxide content: of a pellet
being as E:malg;;.s 57.5.wt %y pe-lletg of smaller diameter would

‘necegsitate handling‘very small guantities of unreacted zirconium
dioxide which would reduce the accurac(; of the conversion measure-

ments. Pellets of larger diameter, on the other hand, would

. N
experiénce a larger 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 the experiments. The upper temperature was limited
by the maximum power to the torch, by the arcing that took place
between the plasma and the torch nozzle, and also by the excessive
heating of the nozzle with consequernt attack by the hot chlorine,

]

whereas the lower temperature was that at which the chlorine plasma
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.

a

‘As in Part I of this study, the choice of éhe temperature

levels was dictated by the plasma behaviour,/ that is, its stability

and reproducibility. The overall rate constants correaponding to the

linear portion of -Ln(l-X)-versus-time data were
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to an Arrhenius-type relationship in Figures 7, é and 9 for pellets
having initial carborl concentrations of 23;1, 31.4 and 42.5 wt %,
respectivel&. The.experimental data for each‘of these cases plus toe
the results .of another sméller number of runs with pellets of 18.0
and 20.0 wt % of carbon are presented i; Tables A, B, C and D of
Appendix V. When more than one set of conversion-time data at a
gonétaﬁt'temperature were availablé; the gverall rate constant ' used

- in the Arrhenius plogs were obtained from the slopes of the straight

lines by least—squaresufit: The results of these analyses are given

in Table II.
f

|

. The Arrhenius plots in Figures 7-9 show two separate tef-

- / 'S

perature regions. Up to about 1700 K (the straight line portion),

— .
the reaction'rate is sensitive to temperature, thus suggesting a

I

chemical reaction controlling region. At temperatures higher than
this, the rate is relatively insensitive tp the temperature rise,

showing that a physical factor (ashbaiffusion) starts to influence

4

N Q
the rate, As also seen in these figures, temperature sensitivity

v

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 .

H

raises the mass transfer resistance.

13

The data in these figures belqy 1700 K (corresponding to

)

the chemical reaction-controlling region) were used in a multiple

-

N © a . €
regression analysis using a statistical package program (STATPK,

McGill University Computing Centre)., in ordef,to obtain the value

~
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FIGURE 7

ARRHENTIUS PLOT OF REACTIION BETWEEN

Zr0,-C MIXTURE AND CHLORINE

Carbon Concentration = 23.1 wt %
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FIGURE 8

ARRHENIUS PLOT OF/REACTION BETWEEN

Zr0,-C MIXTURE AND CHLORINE -

t

Carbon Concentration = 31.4 wt %
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FIGURE 9

ARRHENIUS PLOT OF REACTION BETWEEN

Zr0;—-C MIXTURE AND CHLORINE

Carbon Concentration = 42.5 wt %
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‘ll' 3 ‘ TABLE II
/
OVERALL RATE CONSTANT FROM THE SLOPE OF -in(1-X) VERSUS t
Pellet Number 0Of Overall Rate Constant

Carbon Diameter Temperature Data Points In K x 10°
w (Wt %) (cm) (K) Linear Portion (sec ')

\ : ]
23.1  0.826 1440 4 371

23.1  0.826 1480 2 486 /

23.1 0.826 1540 4 618
23-1 0.826 1550 3 678
»  23.1 0.826 1610 5 877
23.1  0.826 1660 -7 1045

23.1  0.826 6% 7 2 1245 ]
31.4 0.82% 1585 3 719
4775  0.826 1440 5 317
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 v 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 acFivation energy of 93.325 £ 1.27§)kJ/mole
(22.300 + 0.304 kcal/mole) with a corresponding partial correlation
coefficient of 0.993. The straight lines in Figures 7-9 are the
resultihg regression lines which fitted the rate data corresponding

to each carbon concentration level perfectly well. The fact that

the values of the activation’ energy (the slopes ;f the Arrhenius
plots) did not change with increasing carbon content of the pellets /’

) t

confirmed ghe absence of ash diffuqion resistance in this region.
Sincg a higher carbon concentration means a reacted layer of lesser
void fraction, a smaller activation energy value would have resulted
with the pellets of 42.57 carbon content if there. had been almass
transfer resistance through the(}eacted layer. This was also
supported by the microscopic examination of the sectioned partiglly-

reacted pellets as discussed earlier. A different-set of experimental

data confirming the above conclusion will be discussed subsequently.

o

Agh Diffusion Versus Pellet Diameter

’

As mentioned earlier in the development of the conversion-
time relationship, the overall rate constant, K, as defined by
Equation (8), was not expected to be influenced by fhe change 'in
péllet diameter under chemical reaction control. Accordingly, an
Arrhenius plot of the rate constants of different pellet diameters
11; expected to yield a single straight line, if ash diffusion is‘ﬂot

contributing. Otherwise, the overall rate constant,K would decrease A



~

the overall rate constant for the peilets.of 1.00-cm diameter was

&
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\

with increasing pellet diameter due to a corresponding increase in
the diffusion resistance.

d
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 carried out with pellets of 1.000 énd 0.67L cm in
diameters, in addition to‘that’of 0.826 cm used in the previogs
experiments. The kinetic data of these runs are presented in Tables
E and ¥ of Appendix V.. Figure 10 includes Arrhenius plots for the
three pellet diameters. As seen, the data fér both 0.826 and 0.671~
cm pellet diameters fell on the same line, up to,abqut 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 aéout 1850 K
with the peLiet of 0.671-cm diameter, whereas deviation from 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 -

lower than those with smaller diameters at all temperature levels:

3

All of these observations confirm the conclusion previcusly stated.

That 1s, ash diffusion was not contributing to the-progress of the

< !

J
reaction when the reacting pellet diameters were 0.826 cm and
smallér, and t?dé the reported activation energy was an intrinsic

value.

NAInfluence of Chlurine Concentration “

The experiments to determine the effect of chlorine partial

9
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ARRHENIUS PLOT OF REACTION BETWEEN Zr0,-C
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y
pressure on the overall rate constant were performed with pellets

of 0.826-cm diameter containing 23.1 wt % carbon. Chlorine gas was

-~
]

"diluted with argon in both the radial and the swirl flows of the
torch in the same proportion, to ensure uniform mixing. An attempt
was made to react the pellets at the same temperature, but this
required a considerable trial-and—-error approach in finding the
levels. Although this was achieved in some cases, on the whole the

temperature varied from run to run. Hence the analysis was done by

~

2 -

value of the activation energy reported earlier. The experimental
data of these runs are presented in Table G of Appgndix V, and in

their corrected form in Figure 11.

2

~
\'f,—/ The regression analys%s of these data together with the rest

i . of the data predented earlier resulted in an exponent of 0.79 = 0.03

for the mole fraction of molecular chlorine, Ye1,? indicating that
~ 2 .

the order of the reaction with réspe 0 the chlorine concentration

r'd

I3

is 0.79.

The fractional order of the reaction found in this study
/

. ’ N /r
) . agrees with the order of me&;} oxide chlorinations reported in the

Litefature. An order of 0.6

b -

and 1.0 was reported by 0'Reilly et

al. (1972) and Landsberg et al. (1972), respectively, for the

o
-

chlorination of zirconium dioxide. Seryakov et al. (1970) found the
order of Ti0, chlorination varied from 0.63 to 0.71 with respect to

the type of carbon used. For the chlorination of the same oxide,

" £

i
“
v

appropriate power input and pellet position at different concentration

correcting the overall rate comstant for the temperature by using the .
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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.

Influénce of Carbon Concentration

~

/
i Analysis of the kinetic’data with respect to the carbon _
. .

concentration“was based on the carbon. content of the individual
pellets, rather than the average values .of the five ;oncentration/
groups discussed earlier. The experimental runs covered a carbon
concentration range between about 17.5 and 45 wt %. The lower limit
was the one close to the amount required by the reaction stoichiometry,
(16.3 wt %, Equation 4). As in the previous cases, only those data

corresponding to the straight line portion of the time-conversion

expression (Equation 11) were considered.

a

The overall rate constants were corrected for temperature
using the pr:-:vio:xsly-—obtaiued activation energy value, and weré ther;
plotted in Figure' 12 in their corrected form against the pellet
carbon concentration. The data were best fitted by an expression of

the following form:

K/exp (-E/RT) = 4.17/x3"**%exp(0.0029/x%) (16) -

]

where K is the overall rate constant, E is the activation energy, T

is the pellet temperature, x_ is ;h(\a weight fraction of carbon in
£ ‘ |

the pellet. The resulting regression curve is also plotted in

Figure 12. The rate of chlorination is seem to be highest within

a certain carbon concentration range. Outside of this range, any

!
increase or decrease in the carbon content of the pellet reduces

El

Y
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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,
yie}ding a maxinum contact area per unit volume; and consequ$ntly a
maximum chlorination rate. This ratio depénds on the relative sizes
and shape of the solid particles. ' For example, if the zirconium
di;xide and the carbon particles are both spherical and of equal

size, the carbon content corresponding to equal volumes of both

gives the maximum contact area per unit volume of a pellet.

] Since the results presented above were based on the data
correspopding to the straight line portion of the time-conversion/
relationship presented earlier, ;he foregoing discussion should be
interpreted with,caucioﬁ. A drop in the rate of conversion (de~
lviation from Equatio; 11 as presented in Figure 5) may take place
when the distance between the ;xide and the carbon particle sur-
faces inéﬁgases to a cfitical value after a certain amount of

PN
conversion (the level of which increases with the reaction tem-
perature). Therefore, the‘range of carbon concentraéion yielding
tﬁe highest conversion rate in Figure 12 is valid either for low
conversion levels £f the temperature is low, or up to high con-
version 1?véls if the reaction is carried o&t at high témperatures
(for complete conversion at about 1700 K). 1In other words, a
décrease in the reaétion temperature should be compensated by a

lhigher 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

From the theoretical formulation and the regression analysis
of the complete experimentél data presented up to now, the following
empirical expression for the rate of zirconium dioxide chlorination

i

with chlorine in the presence of carbon has been developed:

-1
-2n(1-X) = 4.17exp<—11223/T)yC1°'”t/x2'°9‘exp(o.0029/x2) (17)
~ 2

where X is the fraction of zirconium dioxide reacted at time t (sec),

T is the reaction temperature, is the chlorine concentration in

y
Cl,
the bulk gas, X, is the weight fraction of carbon in the mix. The
multiple correlation coefficient of 0.993 and a probability associated
with fg' value being unity indicates that the excellent fit was not

due to chance.
%-
Figure 13 shows the experimental and the predicted (from
Equation 17) reaction times fo%lthe chemical reaction-controlled N
region, not deviating from the logarithmic model. As can be seen,
Equation (17) réﬁresents the experiﬁental data fairly well. The
scatter, being within * 10% of the reaction time, seems to be

>

reasonable for a chlorine plasma system.
CONCLUSTON

"1- The kinetiﬁs of the chlorination of compacts of
zirconium dioxide and carbon wgfe studied in the temperature range

of 1400 - 1950 K in a radio~-frequency chlorine plgsma tailflame.
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‘pellets having a carbon concentration less than about 32 wt %, the

282

Influences of time, temperature, chlorine concentration and pellet
carbon content on the rate were determined experimentally, using a \
single stationary pellet composed of zirﬁbnium dioxide and graphite

particles.

2- The microscopic examination of sectioned partially-
reacted pellets'showea that the reaction did\pot progress according
to the shrinking-core model but rather that it took placé in an
enlarging rea7tion zone beginning from the pellet surface. The
presence of unreacted zirconium dioxiée particles near the gxternal
surface of pellets (reactgd up to about 907 conversion) suggested the
importancg of a close distance between the oxide and the carbon

particles for the progress of the reagtion. .

a
N

3- . The overall consumption of zirconium dioxide with time
under chemical reaction conttrol was repres7nted by a logarithmic

expression (Equation 11) based on the volumetric reaction model. For

~
!

rate of conversion was less than the model predictions above a
conversion level which increased with the reaction temperature. The
pellets of higher carbon concentrations showed no such devia£ions.
This behaviour was attributed to the limit bnpased on the reactio;
rate by the degree of contact between the qpnstitueﬁt particles, as
was alésﬂindicated by the micrégcopic examinations of partially-
reacted pellets. Ash diffusion resistance could not be the reason
for the above behaviour, since it would have caused a lower rate of

conversion tha? the model predictions for the pellets of high carbon

’

“ -



concentrations, rather than low ones due to the lower ash layer .

£

porosity associated with the former.

. 4= The Arfﬂ%nius élots of the experimental data indicated
the existence of an ash diffusion resistance above about 1700 K (for /
a pellet diameter o0f«0.826 cm), below which the rate was controlled
by chemicgl reaction. The value of the acéivation 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 conclusion 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 chlorination

was further confirmedyby the Arrhenius plots of rate const?nts'for
different péllet diameters. The pellets of 0.671 and 0.826 cm
yielded the same rate constants belowil700'K, whe;eas those of 1.60
cm diameters resulted in the lower rate constants at all temperature
“levels (>1400 K), showing that mass éransfer started to contéibute |
when the pellet diameter was lagger than 0,826 cm. Furthermore, in
agreement:wi£h the mass transfer phenomena, the pellets of 0.671 cm

\

did not deviate from the Arrhenius straight line up 'to about 1850 K

~

(in comparison with 1700 K with the pellets of 0.826 cm).

! 6~ The order of reaction with respect to the molecular J

chlorine concentration was 0.79.

@

7- Influence of carbon concentrations on the chlorfnati;}K\
/ ‘

rate was expresfed by a functional relationéhip given by Equation )
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o

(16). Experimental data indicated the existence of an optimum ratio

. of the zirconium dioxide and the /carbon in the original mix yielding

~

! k3 .
a maximum contac7 area per unit volume, consequently, a maximum

chlorination rate.
!

8- The empirical expression given by Equation (17) for the
chlorination rates of zirconium dioxide-carbon compacts represented
the experimental data (those having no deficiency in oxide-carbon

contact area) reasonably well.

.

9- The results .obtained in this work suggest that:

i

a- When low carbon concentration is used, the chlorinator
should be operated at high temperatures (1700 K),'so that the
limiting oxide-carbon distance required for the progress of the

> reaction would be tolerable enough not to affect the rate.

o

b- Any reduction in chlorinator temperature should be

: i

compensated by an increase in initial carbon content of the pellet,
. 8o that the degree of contact between the oxide and the carbon
particles would be maintained at all times. ) . \

c- Chlorination of dense compacts of fine-grained

+

zirconium dioxide and carbon should be preferred over that of loose
\ f
A stationary mixtures for low temperature operations.

d- Since the c;ntact between ;he oxide and carbon is less
critical at high temperatures (v1700 K), a fluidized bed reactor
may be a more natural choice (to eliminate ash diffusion resistance).
- 'A fluidized bed. operation belo@ 1700 K may require higher carbon-to-
zirconium:hioxide ratio 'than the operation with compacts/for the same

A

. reaction rate. '

Vi
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NOMENCLATURE

P

v

Activation energy

E~ -
e -  Spectral emisétvity at waveélength X
f, -  Functional relationship for X,
Jbﬁga - Functi&nal relationshég for yc12
K - pverall rate constant
k - Intrinsic_rate constant
M -  Molecular weigﬁt \
R -’ Gas’ constant : )
T - Reaction temperature; pellét blackbody temperature
'I‘b - Pellet brightness temperature (pyrometer reading)
t - Reaction time - ' /
W - | Weight of ;nreacted Zr0; at time t
Wp -  Total weight of pellet at time t b
X - Weight fraction of Zr0O, reacted ak\time t
X - initial wéight fraction of solid component {1 in pellet
Yy - Mole'fraétion of gaseous component i in bulk gas . |
Greek Letters . -
A - Waveleﬁgth ' .
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CONTRIBUTIONS TO KNOWLEDGE !

. u
1- A plasma of pure chlorine has been generated successfully and .
~its use for a chlorination kinetic study has been demonstrated. }
! 1
: N
2+ A reactor system complete with all auxiliaé units was

designed and constructed to providew the required kinetic data as

©

well as to handle hot and extremely corrosive chlorine. This system

with its versatile design will be suitable for studying kinetics of

Y

a wide vax.:iety of heterogenous reactions in a plasma tallflame
o

(of even highly corrosive gases).

3- The chlorination of zirconium dioxide has been an important
intermediate production step in the ma;lufactz;re of zirconium metal.:
The present work provided the kinetic data in the temperature range

of 1400 - 2480 K which were not available in the literature.

I

b The reaction of zirconium dioxide a;nd chlorine was- shown to
take place in the absence of reducing agent above about 20 m/s

atomic chlorine velocity and }540 K. From the theoretical form-
ulation and the regression analysis of the experimental data an
empirical rate equation for the chemically controlled region (<l’950 K)

.

was developed.
| ' SV

For the region (>1950 K) where both gas film diffusion and- ‘

chemical reaction influenced the rate, a separate time-conversion
~
| 289

;
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relationship was developed theoretically and the experimental

{

measurements confirmed the theoretical predictions.

»

5~ As part of the theoretical aﬁalysis:

-
a) A set of empirical equations was developed for the

plasma jet centreline velocity, and"te;:xperature
profiles which allowed the estimation of plasma
flame velocity and temperature at the position \Bf
a reacting particle from tl:he ;plasma torch operating ¥
pa;rameters.

b) The unknown Lennard-Jones pgtential parameters of
ZrCl, vapor were evaluated for the calculation of

| transport properties from empixlical equations

reported in the literature. Reasonable agreement

-

obtained between the experimental measurements and

]

the theoretical analysis confirmed the values of

potential parameters reported in this work.

. y 4
6~ A comprehensive kinetic data for the chlorination of

.

zirconium dioxide in the presence of carbon as reducing agent were

x .

provided for the temperature range of 14075%\ K. An empirical

rate expression was developed based on Phegretical formulation and

regression anélysis of the experimental data.

-

A}
o

7- The, kinetic data resulting from this work provided ixhport'ant
information to help to design and operate the chlorinator under
optimum conditions. It can be concluded from.the study that the
presence of a reducing agent is necéssary .to obtain the rates of

conversion necessary for commercial applicatﬁﬁ. e

23
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RggﬁMMENDATIONS FOR FUTURE WORK

+

4
~

"e 1. KINETIC STUDIES

N

#
1. The technolggy of z@rcdﬁium production has only marginally
imp?éved since the Second World War. With 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‘l
presents an excelient opportunity to review critically the existing
methods of production and to develop new ones. The production of
zirconium tetrachloride which has been studied in this thesis is an
example of -this approagh. A study of the iodination of ZrQy to
produce the teéraiodide should be a natural fOllbW‘up to the present
!
investigation, in view ?f the possibility of using this halide in a
novel‘process in conjuq?tion w}th\a simplified process of hafnium
‘separation, as has beenimentioned in the Literature Review. It is

known that the decomposition of the tetraiodide is easier to achieve

than that of the tetrachloride, to obtain zirconium directly by a

. plasma process. On the other hand, it is also known that'a higher

‘

temperature level is required for the conversion of Zr0, to the
)
tetraiodide under conditions of equal reaction rates. These higher
i
temperatures are, however, well within the range of commercial

{

plasma-generating devices.

&

2, The .present study has amply demonstrated that, although the

R
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~

chlorination of zirc\onia is possible in the presence of chlorine gas
alone, the rate of the reaction is considerably enhanced if a
reducing agent is also present. There is a good possibility that
CO might be as good or better a reducing agent than the solid carbon
us‘ed in the present study. In addition, the use of a gaseous

reductant such as gaseous CO should avoid the problem of feed pre-

paration, and simplify the design of the reactor.

11. EXPERIMENTAL TECHNIQUES

\
AN

j .
1t is believed that the reacfor system whiéh has been
designed and tested in this study is ideally suited for kinetic
investigations of heterogeneous systems at high temperatures. To
increase its applical;ility, simplify its operation and improv(e the

accuracy of the results, it is recommended that:

i

2

a) . A measurement ,techniqge be de)vised to allow continuous
f’ecording of the reacting particle temperature. An optical
pyrometer was used in the pres-ent work, since it was not affected
by the high r.f. noise level associated ‘with thé induction plasma
torch. Tt_xg readings from this instrument are not continuous and
depend on the emissivity of the surface, which may change with the
degree of conversion and reaction temperature. A measurement
technique not influenced by emissivity and/or having capability .

of continuous recording would lead to data of high precision and

accura&y, and probably would reduce the experimental difficulties.

b) A technique should be developed to obtain continuous
e
e n
o

.

o




RN

conyersion-time data which would greatly reduce the number of

2

experime}ltal runs and also improve the accuracy and precision of

. \ v

individual experiments.

c) Measurement techniques should be developed for determining

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 T

«©

Integration of x dx/ (1 + ax’/fl 1) oo
, for 1 < x <x
~ ¢ ~
Define:
y =1+ ax‘/2 , (2) !
Derivative of Equation (2) is:
dy = 1/2 ax_"/2 dx (3)
Solving Equations (2) and (3) for x and dx, respectively,
. and substituting in Equation (1) gives:
. .
xdx/ (1 + ax’/a) = 2(y - 1)%dy/a’y
= 2/a*(y* - 3y ¥ 3 -y *) dy (4)
- \
) RN Integration of Equation (4) gives:
xC 1/2 4, 3 2 xc ?
~ Jxdx/(1 + ax**?) = 2/a*(y?/3 - 3y*/2 + 3 - iny)|
3 3
/ Inserting Equation (2) into right hand side
of Equation 5) gives:‘ . 5)
= 2/a“[1/3(1 + ax‘/’)’ - 3/20 + ax*'*)? 4
. = x
30 + ax‘/’) - sn(l + ax‘/’)]l ¢ (6)
\ ‘ S
_or:
= 2/a“[1/3 + ax’/2 + a’x + asx°/2/3 -~3/2 - 3ax1/a -
2 2 /ay e
3a?x/2 +3 + 3ax’’? ~ (1l + ax? ) )]
v - | 1 . 4
or.
weoala s sla 2 1/a %
= 2/a"” [ax + a’%*"?/3 - a®x/2 - n(1 + ax'’'?) + 11/16)|
(8)

1 1
® /
v R
|




APPENDIX I -

\ )
(Continued) -
/ 3 -
, N
Applying the integral limits to Equation (8) and *

rearranging it results in:

S

il

Xc - 1/2 i 3/2 ) 2
Jxdx/(1l + ax'" %)= -2(1 - x ¥/3a + (1 - xc)/a -

1

)1/a" ~ (9

- ' . ’2(1 - xé/a)/a°‘+ 2 [ +a)/Q1 + ax;/2

7




’ APPENDIX II
- S
. N\

EXPERIMENTAL DATA FOR PART I \

Nomenclature for Table headings: \ ~

- Gas "mass velocity -

- /»React ion time

\
"

- Ratio of power at nozzle exit to plate (inlet) power
5

4 4

~ Ratio of swirl to radial gas in RF torch

0

-~ Gas temperature at nozzle exit (based on atomic chlorine)

-~ ,

°

Pellet reaction temperature \

-~

- Gas velocity at, nozzle exit (based on atomic chlorinfa)
- Weight; percent of Zr0, reacted/ at time t

- Distance between pellet and nozzle exit plane '
- Plasma chlorine cox;centration
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TABLE II-A

Pellet Void Fraction = 0.485
Pellet Diameter = 0.671 cm

0.425: 0.221 1.57 . 38.5 5287

)

e AN B 5 s e st VAt
—
-

Chlorine Concentration = 100 %
&
Nor X % R m W ot X
(mm) ’ (g/8) (m/s) x) XK) (s) (%)
s :
1 42 0.448 0.286 1.69  22.8 2914 1538 120 3.8
2 67 0.428 0.269 1.31  23.6 3896 1538. 600 18.8
3 67 0.478 0.279 1.39  24.5 3819 1538 540- 17.2
4 66 0.483 0.281 _ 1.50  24.5 3539 1538 330 10.7
5 42  0.448 0.286 1.66 22.8 2970 1538 ‘840 23.9
6 64 0.439 0.277 1.54  25.9 3639 1568 270 10.9
7 63 0.451 0,262 1.48 25.1 3671 1568 360 14.4
8 67 0.483 0.279. 1.42 25.5 3876 1568 480 18.6
9 66 0.483 0.286 1.54 27.8 3883 1568 420 16.3
10° 64  0.45% 0.281 1.52 27.0 3853 1623 540 24.3
11 61  0.45% 0.231 1.56  30.lc 4180 1673 240 '15.8
12 20 0.448 0.271 1.70 31.3 3973 1673 540 28.9
13 65 0.463 0.248 ..1.38 30.5 4785 1673 210 .13.4
14 34 0.441  0.285 ° ~~}?&3 30.5 3813 1673 960 - 49.8
15 65 0.498 0.245 1.34  26.0 4171 1673 390 23.2

16 65 0.478 0.238 1.35 29.3 4688 1701 546 36.2
17 65 0.463 0.241 1.33  29.6 4792 1701 360 “25.6
18 65 0.439, 0.235 1.45 29.0: 4305 1701 360 25.7°
19 45  0.472: 0.208 1,29 27.1 4534 1756 390 31.8
20 41 0.438] 0.279  1.49  27.8 4031 1791 300 27.6
21 28  0.448 0.254  1.61  33.3 4470 <1791 660 49.4
22 .28 0.441, 0.233 1,61 34.3 4602 1791 1200 79.6
23 28 0.448" 0.233 1,59 34.7 4716 1791 360 {31.4
24 40  0.398: 0.229 1.40 29.6 4563 1882 330 }40.6
25 . 40 0.438, 0.244 .57 _ 31.6 4348 1882 240 }32.2
26 34 0.441; 0.239 1.63  41.8 5544 1939 240 ¥34.9
27 34 0.441 0.257 1.63  40.6 5395 1939 360 48.0
28 34 0.448; 0.257 1.61  40.2 5387 1939 600 71.9
29 25 0,412} 0.2642. 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 0.384, 0.231  1.43  25.9 3903 1952 240 39.2
32 34 0.438! 0.253 1,59 37.1 5027 1990 240 40.3
33 19 0.398; 0.221  1.49 30.6 4431 2016- 240 40.2
34 36  0.448% 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 2081 180 36.3



TABLE TI-A : | | »

(Continyed)

Voo o S AR m N R X

(mm) ) . (g/8). (m/s) () K) (8) . %)

. Y “ )
e _
/
37 18 0.438 0.223 1.53 34.9 4928 2114 240 47.4 |
38 19 0.464 0.216 1.49 33.6 4865 2147 360 63.€
39 26 0.448 0.208 1.65 42.7 5590 2147 450 73.2°
40 18 0.437 0.221 1.61 38.6 5171 2147 240 46.6 i
41 19  0.457 0.216 . 1.51 -33.8 4821 2147 300 52.5
42 26 0.448 0.179 1.66 ., 39.1 5092 2147 690 91.9
43 19  0.449  0.215 1.53 33.7 4763 2179 180 37.5
A 26 0.448° 0.197. 1.65 41.0 5366 2212 315 59.7
45 19  0.385 0.237 1.55 37.1 5155 2212 156 32.8
46 19 0.451 0.231 1.50 39.0 5625 2212 240 49.0
47 26 0.448"° 0.186 1.67 \ 38.7 4998 2212 195 41.0
48 18  0.423  0.222 1.69 37.1 4730 2278 180 38.1
49 48 0.451 0.223 1.63 36.6° 4835 2278 180 38.9.
50 18  0.437 . 0.200 1.64 7 39.9 5260 2411 300 57.9 |
51 , 18 0.448 0.201 1.70  51.4 6525 2411 600 90.6 .
52 18 . 0.437  0.217 1.67 41.7 5413 2411 330 64.5 .
53 18  0.437  0.198 1.64 41.8 5517 2411 390 72.3
54 18  0.437 0.229 1.68 © 45.5 5856 2478 285 58.4 ?o
=
\}
o L
~ B v a / -
\ - )
0 W T
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TABLE I11-B
‘ Pellet Void Fraction = = (9549 S
- Pgllet Diameter = 0.671 cm '
| )\ Chlorine Concentration = °100 %
7’ - -
NS S S S S R S
(mm) . ! (g/s) @/s)  (K) (K) () (%) '
i hid Ve
L5 42 0,429  0.263 ~ 1.39  21.7 3361 1598 300 16.5
56 38 0.427 0.266  1.48  24.1, 3525 1622 300 18.7
\ 57 38 0,448 - 1.25 - -7 1622 150 9.9
58 38 0.439 0.253  1.57  26.3 3619 1639 420 28.8
- 59 37 <0.439 0.249  1.54  26.4 3691 1686 300° 24,2
‘ 60 37  0.467 0.247  1.57 . 25.7 3531 1686 300 23.0
61 37 - 0.439  0.239  1.53  24.9 3528 1686 540 42,0
62 41 0.339C 0.224 1.33 18.9 3082 1735 . 390 37.5
63 42 0.318 0.248 1.19 17.6 3189 1735 480 46.0
f 64 39 0.498 0.259 - 1.52  28.5. 4062 1779 330 35.9
.65 41 0.430 0.257- 1.30 22.5 3751 1800 300 36.6
66 35 0.279 .0.198 L 2.35 22.3 3654 1800 360 45.1
" 67 36 0.384 0.223  1.44 " 27.5 4139 1823 , 318 43.2
68 k31 313 0.218  1.34  27.9 4485 1836 : 240  35.7
- . 69 35 0,327 0.184. 1.36  24.9 3955 1836 180 28.0 .
. - 70 35  0.347 0.184  1.35 24,9 ' 3992 1836 390 53.6
n 38 . 0.492 |, 0.229  1.47  25.3 3727 1836 430 57.6
72 37 - 0.501 0.264  1.45  26.8 3997 1836 270 39.2
el e 73 38, 0.442- 0.235  1.40  23.8 3672 1836 300 41.6
. 74 39 0.362 " 0.269 1.4l  22.1 3393 . 1836 240 34.2
75 36 0.362 0.259  1.37  24.2 3820 1874 240 39.6
o 76 35  0.405 0.249  1.42  26.7 4083 1874 300 47.1
77 37  0.439 0.246  1.56  26.6 3688 1874 360 52.4 .
- 78 37 .0.451 0.247 1,55  34.9 4853 ;1926 300 51.3
.79 32' 0.480 ~ 0.231  1.57  32.2 4442 1952 360 63.3
80 *24  0.516 0.216  1.46  30.1 4439 1971 240 47.7
81 24 0.507 0.220 1.50 27.6 3988 1971 180 37.9
- s 82 26 0.516 0.213  1.46 26.8 3947 2016 249 52.2 .
.83 ' 28 0.457 0.213  1.47  29.7 4377 2049 240 53.2
84 28 0.464 0.222 ' 1.57  31.1 4286 2049 300 60.8
. 85 20 0.522 0.203 1.62  32.4 4324 2179 240 55.5 -
- 86 21 0.467 ~ 0.221  1.58, 32.9., 4496 2179 300 ° 66.2
87 18 0.427 0.229  1.48  32.7 4785 2179 360  74.2
88 20 0.442 0.214  .1.43 ° +28.6 4321 2179 240 ' 55.1
© 89 18 0.512 . 0.211° 1.53  33.1 4675 2212 410 B82.6
. 90 I8 0.467 0.213  1.54  35.5 4986 2212 300 65.8
o C,91. ) - 220 0,514 0.227  1.76 - 44.0 5387 2212 210 51.2 -
o 92 19  0.463 0.237  1.53  36.6 5159 2278 360 75.0
’ 93 0.540 0.202  1.55 35.0- 4870 / 2344 240 57.9




{ . TABLE_II-C

- Ty
) ,M\Pellet Void Fraction = 0.590 ’ ) 8
Pellet Diameter = 0.671 cm R
. Chlorine Concentration £ 100 % .
{
: Mol xSy o mg W Ty T £ X
r (mm) © -~ (g/s)  (m/s) x) X) (s) %)
% e g
94 38 0.478  0.260 1.32° pg.e 3190 1598 240 16.3
'95 - 30" 0.355 0.240 1.24 ° 18.0 3148 1604 360 23.1
96 38  0:478 0.260 1.32  19.6 3190 1604 480 31.9
97 39 0.343  0.259 1.32 19.4 3185 1604 300 20.6
98 30 0.325 0.221 1.06 17,9 3632 1698 300 29.7 .
99 39 0.331  0.232 1.14 °-19.0 3602 1800 7300 42.1
100 36 0.382 0.251  1.23 19.1 3368 1800 630 71.6
101 42  0.339 © o= 1.14 - - . 1800 210 32.2
! “ 102 36  0.382 0.251  1.23  19.1 3368 1800 240 37.2
oo 103 20 0.478 °0.223° 1.33  18.4 3006 -1830 390 57.9 -
104 3¢ 0,398 0.251 1.55 29.7 4134 1830 360 54,3 .
105 . 7 28 0.362 0.244  1.40 29.8 4611 1887 300 53.4
106 35 0.398 0.226  1.45  25.7 3860 1900 360 62.3
107 35  0.447  0.246 1.53  29.1 4099 11900 195 39.5
108 735  0.398  0.224 1.45 25.7 3860 1900 240 45.5
109 34  0.451  0.248 1.61  31.2 46182 1932 240 49.7
110 30 0.425 0.250 1.58 29.7 4058 1932 300 59.2
’ 111 27 0.425 0,217 1.46 28.7 4246 1984 180 42:8
112 33 0.438. 0.253 1.61  34.6 4633 1984 390 76.3
113 27  0.398  0.231 1.45 25,9 3875 ,1984 360 71.7,
114 30  0.425  0.262 1.572. 34.6 4754 2029 300 64.1
U, 115 24 0.425 0,220  1.45  31.2 4642 2049 390 79.7
N 1 116 29  0.439  0.243 1.57 31.1 4283 2049 240 | 55.4
; 117 - '24  0.425  0.207 1.46 28.9 4260 2049 180 - 45.2
, 118 38 0.425 " 0.234 1.59 30.1 - 4083 2068 R10 50.4 .
' 119 22 0.425  0.213 | 1.57 32.0 4401 2144 300 66,2 \
120 22 0.491  0.235 1.53 36.7 . 5196 2212 396 83.)2
.121 19  0.451  0.235 1.63 35.0 4657 2212 180 48.0 :
122 20 0.425 0.221 . 1.59 3184 4257 2345 240  60.7 -
123 22, 0.451  0.234 1.63 34.9 4619 2245 240 59.7 ° .

124 18 0.451 0.235 1.63 35.3 4690 2278 300 72.3
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TABLE II-Ds ,

Pellet Void Fraction

0.505

Pellet Diameter = 0.494 cm
Chlorine Concentration =, 100 %
I
]
Noo xS B om . W N B P2
(mm) (g/s) , (m/8) (x) (x) (s8) (%)
125 41 0.398 ' -  1.30 - 4 - 1592 360 21.6
126 41 0.446 - 1.30 - - 1604 330 21.5
127 30 0.446 - 1.30 - - 1789 270- 38.8
128 44 0.398 0.252 1.30 19.3 3207 1857 300 50.0
- 129 41 0.350 0.237  1.19  18J)5 3363 1871 225 41.6
130 30 0.354 - 1.10 - - 1871] 240 41.9
131 29 0.430 0.233! 1.28 = 19.2 3257 1887 300 54.9
" 132 33 0.425 0.233 1.50 30.8 4434 1939 255 52.5
133 27 0.398 0.194 1.33 27.3 4439 1990 210 50.8
134 22 0.384 0.223 1.45 28.4 4237 2081 225 61.1
135 25 0.464 0.222 1.46 31.4 4640 2147 240 65.7
‘ " Pellet Void- Fraction - 0.500

Pellet Diameter = (0.826 cm

Chlorine Concentration = 100 %
136 37 0. 405 0.230 1.37 22.4 3535 1836 375 34.5
137 43 0.425 0.270 1.55 26.6 3702 1§ﬁ9 330 32.8
138 30 0.457 0.216 1.58 32.3 4426 1952 . 330 43.3
139. 17 0.412 0.202 1.33 28.6 4641 1984 315 41.0
140 19 0.398 0.222 1.43 31.4 4744 2003 420° 56.3
141 19 0.504 0.230 1.59 35.9 4876 2016 405 56.0
142 21 0.462 0.226 = 1.57 35.4 4859 2081 330 46.1
143 19 0.504 0.221 1.48 34.1 4977 ' 2179 ' 300 48.1

Pellet Void Fraction = 0,498

Pellet Diameter -~ = 1.000 cm

Chlorine Concentration = 100 Z
. 144 37 0.459 0,254 1.3  28.3 4506 1816 525 37.7
145 37 0.405 0.234 1.37 22.4 3546 1874 420 37.5
146 37 0.405 0.234 1.42 22.5 3420 1881 264 24.9
147 28 0.464 0.216 1.55 31.7 4400 1984 435 48.1
148 19 ~0.504 0.248 1.57 =~ 38.6 5304 2173 0.2

Y.




TABLE II-E

INFLUENCE OF CHLORINE CONCENTRATION

\
Pellet Void Fraction = 0.485
Pellet Diameter = 0,671 cm
yo- S Ye1, T .t E et
(g/s) (x) (s) (%
149 0.466 1.56 0.741", 1686 300 15.4
150 0.455 1.08 0.207 1789 480 10.0
151 0.502 1.20 - 0.486 ~ 1803 300 16.0
152 0.464 | 1.31 0.458 1816 300 15.7
153 0.425 1.20 0.553 1816 #360 22.3
" 154 0.410 1.37 - 0.705 1823 300 25.0
155 0.472 1.20 0.319 1823 300 11.3
156 0.531 1.18 0.246 1829 300 9.2
157 0.498 1.48 0.588 1849 315 25.3 h
158 0,522 1.19 0.266 1849 420 13.1
159 0.399 1.29 0.379 1856 300, 15.5
160 0.438;¥ 1.53 0.732 * 1856 360 32.7
161 0.458 1.51 0.729 1856 300 29.5
162 0.466 . 1.55 0.507 - 1856 300 . 20.3
163 0.496 1.57 0.510 1856 300 20.1
. 164 0.527 1.09 0.218 - £1952 360 13.5
! v*" Pellet Void Fraction = ,().549
Pellet Diameter = (.671 cm
i -
165 0.391 1.38 ©0.647 1769 300 23.0
. 166 0.497 1.14 _0.231 1782 240 7.2
167 0.431 1.38 - 0.472 . 1782 300 18.7
168 0.432 1.20 0.320 1782 360 14.8
169 0.473 1.17 0.250 1803 420 14.0
170 0.432 ©1.19 . 0.321° 1803 300 14.0
171 0.462 1.38 0.464 - 1803 " 300 19.2
172 0.463 1.44 0.683 1803 300 27.6
173 0.486 1.46 0.568 1803 - 300 24.2
174 0.485 1.14 0.243 1810 360 12.4
175 0.447 7 1.47 0.708 1810 300 29.5 °
176 0.450 “1.21 0.329 1816 300 14.5
177 0.533 1.20 - 0.271 , 1816 360 13.7
178 0.382 1.46 © 0.853 1823 330 - 37.5
179 0.458 ~ 1.51 - 0.734 1823 300 31.7
180 0.448 1.52 0.861 1823 300 6.5
181 0.432 1.16 0.312 1843 300 5.0 -
182 0.430 1.35 . 0.450 1913 300 4.7
183 . 0.453 1.16° 0.307 1919 300 7.9
184 0.472 1.36 0.536 . 1919 300 ° 29.6
#=~ 185 .0.433 .48 0.694 1999 240 32.8
~N

L 1N
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okl bk MAIN PRAGRAM

LR 28 TER &1

CIMFENS Q(4,-YS(4).YAV(4)QDIM(4)0
DImME 5K(4)gS!GMA(4)oTIME(4)o$C
CATMA 100010404007

C AT P/7Gs031e0¢l1 40400/

DATA XK/1 s0v~1e00- £:040.,0/

DATA XMW/ 35446323340393240470e92/
DATA XEK/130.8:582,4,106, Te316,07
DATA SIGMA/3.613, 5.616.3.46704q?l7/

P NUMBES NE GaSEOUS COMPANENTS
AL  FFEFQUENCY FACTNR

* ACTIVATION ENERGY/GAS CONSTANT
FPS ¢ SOLID VOLUMA FRACTION
PARTICL™ NIAMETER “,om
RULK GAS COMPOSITION
STCICHIOMITRIC COEFFICIENTS
STOICHIOMFTRIC COEFFICITNT INDE
XCKeSIGMA LENNAPD

MNC=3 :
FORVAT(1H1)
AA=3,314
FR=1216243
CONT INUE .

NO=0 . '
FEAD(S5,1000, ? 0=2200)1D0,5pP5
WRITT(691500 . !
Rns=5.73i"DS/1 22

P=DP/2,., °

FORMAT (2F10.4)

RNS = MOLAR DEMSITY OF 7R02 PELLET
CONTINUF

<
»
o8 08 00 0 b

91. T

X

sk dk H ek kkd dkok
COMBINED CHEMICAL REACTION AND GAS FILM CIFFUSION ZONTR

JONFS POTFNTIAL PARAMCTERS

READ(S541001)1D,0DIST,5,C R DCL.VGN.TGN.TPoCONoTIM
FURMAT(AkolXoFS.Zo3¢7.4.=6-202¢7.l.F7-4 FHe2)

IF(TIM.EQ,.
NO=NO+1
VGN=VGN* 1 00,
T!¥=TIM160.

e

«0) GO TN 1

I-11X



, / ’ /
39- C GAS VFLOCITY AND T=MP, AT (DIST)Y 'JgCQDM NNZ7LF FX1T
40 - CALL VALY EMIDIST (TANGVGNI S CP 3 373,,2¢54,"G,V3)
a1~ . TAV=(TP+TG) /2.
42= CNFwW=,5
A3~ ) MN=0 .
4a- |\ ¢ ITERPATION FD® SURFACE CONCENTRATINNS
a5- | 12 CONT IMUF
46 \ C=CNETW -
a47- -\ ¢C’ EQUILIBRIUM CONCFNTRATIONS
48~ CALL THERMN(TP,CeYS«NC} ) ) -
49~ c GAS-FILM PENPERTIES
S0-- . DO 14 J=1 NG
S1- 14 ° YAV(J)=(YS{J)+YRBLJI)) /2, 3
52 - XMWMIX =040 ~3
53~ PR 1S gz W NC . - .
54 .- 1= XMWMIX=XMWMIX+YAV(J)I®xXMW( J)
55~ ROMI X=0¥ XMWM]I X/R2,0567/TAV [
56~ CAL L VISDIFf’AV.X.K.SYfMA.XMU.YAVoVISoO.VMIX.NC) :
57- é CALl EIMI”(A/XKcO'YAVvDIM'NC, ) |
58 FIM=Ze3% (2. REVGYROMIX/VMI X)kk, 5/(1--CDN)**-166666 = L
59- DO 18 1=2,3
60~ SC{(I)=VMIX/ROMIX/DIM(T) .
61- ‘18 XKMUI)I=CIM(T)/(1e-CONI*» 23333340 IM(1)¥SC(I)%e , 333IIeREN
62~ CNFWSXKM(2)I/XKM(3)*(1e42e%¥YS(3))1/(1442,%YS(2))
63- © T RROR=ABS(CNEW-C)/C . _ .
64" IF(N.GTOS’ GO TO lq
65 N=N4+] . >
66" IF(FFFPR‘G,OOOI, GO Tn 12 //
67~ 19 CNANTINUF ’
68 - C =T IME FOP PJURE MASS TRANSFER CONTRIL (CALCULATFES cb: EACH DF NC COMPONENTS)
69~ CALL MASST(AWXKsR4VGsTAV,YSeYB,CON,VMIX,DIU,TIME ,FINDLSC,E0S, ROM] X
7.0~ 1+NC)
71~ C -~ TIME FQOR PURE CHEMICAL RFACTION TQNTPOL
72~ REACT=(1e~{1e~CONI*%(14734))/A4/EXR(~ EQ/TD)IDCL*DQ*FPS**Z 0
73~ FEACT=FEAZLT*®E0.
76~ DC 20 I=1,NC~ -
75 20 VIS({T)=VvIS(I)*100, .
76 ™o VMI X=VMIX¥100. )
77~ i FOMIX=FOMI X¥ 10 00. -
78 - WPITE(6,1505) . -
79 1505 FNPPMAT(IX4113("='),/, IXg'ID 33X TNISTY L1 Xy SW/TADY 41X
80 - Lo PPN/ZPPL Y 42X 'YCL2Y 44X 'EFN® ¢ IX, 'V=NDZ T, 3%, 'V~ CISTY ,3X,*T=NNZ",2X,
81 - 2'T CIST 42X " T-PaARTI 42X, YCONVE , BX ' TIME (SEC)14/,6Xe" (CM}* 30X,
az- 3'CM/S"5X.'CM/S'.6X"K'96X.'K"?Xc'K"13Xu‘CXDFQ'.7X.'CACULN§50'




r’b-b-h—'-ll“i-‘-‘—!_'}-‘

83- B/ 9T Xy *"CHEM--R 1, IX G ITMAS-TE * /3 IXg113("—~1))

84~ WHITE(ﬁOlﬁOO)NO'nISToSQCp‘pCLocEND'VGNoVGoTGVDTsnTpoCONt’IMoDEAGT

835~ JaTIME(L)

86~ 1A00 FORMAT(TIXs *'T 13T 2,1XeFa0l42F7.08,F54346F8,401F708¢FTe033XsF740s2Xs

87~ 1F7404¢7) .

88- WEITHE(6,1501)

89 - 1501 FORMAT(/42(29X,'CL*,5X lZDCL4'94X;'02'-l3X)o/)

90~ f FPOR=FRFOP* 1004

91 - WETTE (6915021 (DT Lo d)sd=1oNCYs (YSIT )y T=1aNC) o (6024 3) 4d=1+NC) .

92~ Lo (YAVIT 1o T1=1 sNCIH(D(3,33)9JI=1oNC) o (SCUT)eI=1NCIH»(VISII)sI=1leNC)

93~ SyRFOMIX VM I, {DIM(I)e1=1NC),,=PRPOR .

94 ~ 1502 FOQMAT (1 X.YBINARY DIFFUSION COEF, TV 3FB .4,

95- i&@X"SUFFACE CONCENTRATION -'o3=804'/96X0'(SQ*CM/SEC)'09X93F8-

96— 2% Xs?Av, FILM CONCENTF‘TION '+ 3F84,4,/7,26X,3F8.6,

Q7. 313X '*SCHMIT NUMAFD ' y3FBe8 4/ s/

98 - 41 Xe *VISCOSITY (CENTI- DOYSE) T Y9 3FB,8, 10X '"FILM=-DENSX1000,VISCOSITY

99- SV 425Bal 9/ s/ 11X, *CFFECTIVE DIFF., COEFF, T' s3F8 .4, - ¥
100; - 610Xy *'%X CONVERGENCE ERROR .  28,F8.4e/0/ /) -
101 © C - — DATA FMDS WITH A BLANK CARD - 1
102 - a0 T 10 ; o
103~ 2000 CONTINUF i . .

104 - . WRITF(6,1500) 0 ° N : .

105- €TOP . : ’

106~ L END .

. - -~
197 SUBRCUYINE VELTEMIXsTGON s VGNsS+sCReTINFeDNsTG,VS )
- - - ’

108~ C THIS SUBRQUTINF CALCULATES. CENTER=LINE TEMP, AND VFLOCITY AT 'X°*

09~ o DISTANCE(CM) AWAY FROM NQZZLE CXIT.

10- *AVZ 1 4 B8267( 14 4e922%8~ ,027¥(S/LR*¥%2,))

11~ BV=(.555-9,234*S*CR)/100,

12 AT=0,3644+,567/CR%x2,"

13- PT=(a273~17,2218CR%k%2 ,-2,360%S*>» 3,)/100, - :
14- - TEMPEQATURE © - » -
15— (o A- TRANSITION RFGION

16~ TG=(AT* ¥ (RT*( X/DN)* %2, ) )X TGN _ .

17 € B - DEVELCPFD REGION fo-

18~ TOO={AT® {14/ (2e3+X/DN))*%2,)«TGN

19- IFITG o GT TGDITG=TGN - T <

20 c VELOCITY .

S~ If
- o \
- - < . \A\




\ -
i

121 C A TRAMSITION REGINN
122 VG={ (AVY (TG/TINF ek S )&+ (RY*{ X/DN)*#k3, )/)*Vf'N
123~ c 8 CFVELOPFD REGION g
124~ VGD= ( CAVY (TG/TINF %% ,5)%(1,/( X/ON+2.3)))*vaN 4
125~ IF{V546GTe VGD) VG=VGD
126- "RETURN
127- END
128~ SUSBROUTINE VISDIF{T,XEKsSTIGMA XMW, Y sVIS Dy VMIX,4NC)
129 . DIMENSION XEK(8) 4STGMA{4) yXMW{A),VIS(A),D(4,4),Y{4)OHI(4+4)
130~ DN 5§ I=1,NC . -
131- TV=T/XFK(1) < )
132~ GAM V=1e155/TVHY ¢ 18624,394S5/ZTXP( 66724TV )42 .,05/EXP(2,168%TV)
133~ (1)=26.6977- Oﬁ*(XMw(Y)*T)**oS/GﬁMAV/SIGMA(I)**?.
134 5 CUNTYNUF
135~ VMIX=0,0 i
136~ - DD 20 I=1.NC , ;
137 SUM=0.0
138~ CO 10 J=1,NC
139~ XEK12=(XEK{(I)2XEK(J)I% / ’
140- SIGMI2=(SIGMA(I) +SIGMA (anxz. )
141~ . TD=T/XFK12 -
142- GAMAD= 14069/ TD*% 158+ ¢3445/EXP{ «6537%TD ) 41,556/EXP( 2,099%«TD)
143: C(IsJ)=0,001858%TexloS¥((XMWII)+XMW(JI))/ XMW (TJ/XMWLI))**  SAGAMAD/
144 . 1SIGM12#%32,
145- PHI( Y 4J)=14/84%%,5/(1 .+ XMw(!)/XMW(J))**o.qttx.+(v15(I:/VIS(J))*: 5
146~ 1 (XMW J)/ XMW T))IFE D5)0 %2, @~
147~ SUM=SUM+Y (J)*DHI(I,J) -
1648~ 10 ~CONTINUE .
149~ VMIX=VMIX+Y(I)*VIS(TI)/SUM -
150~ 20 CANTINUF . 4 . ‘
151 - ~ .RETURN . - : '
1S52- END ) . N . .
153~ SUSRCOUTINE THTRMO(T,C,Y,4NC)
154~ c CALCULATES SURFACF CONCENTRATIONS USING EAUILIBRIUM,

y-111
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155~
156 -
157~
158-
159-
160-
161~
162
163-
164 -
165~
166~
167~
168-

169~

170~
171~
172-

o

NANYANN

20N YON

10

r 1 /
@

-DFE . 22L=--> CL2

nE2  :  7P0242CL2 —~> ZPCL4402
DF3 : ICQ2+4CL —=-> ZRCLA+N?

T H PAF TYCLFE TEwmD,

YsSr o SURFACE CONCENT._

NC : NUMSER NF CIMPNNFNTS

DIMENSION YS(4),Y(4)
DE1=-59628,79428.182+vT+229,7987«-0A%T*k¥»2,
DF2=51625.,92 15. 983'74203.475: 06'T**2.
CF3=2,*0CF1 #DF2 - -
£ QK= EXP(‘DF3/1.987/T) .

EQ=FaK*x,5

B=Ckw» ,S/(1] o¢1)

Y(1)=(—PR+(A% L2 .44 ,*TN*7 )+ ,5) )2, /70
Y{(2)=(1a-Y(1))/(1e+C)

Y(3)=C*Y(2)

RETUEN

F ND - - \

SUBRQUTINE MA@QT(A.xK.n3v.T.vs.vB.x.vmrx.oIM.Tt~=
1 4FOMIX,NC) v

L

EENDO,SC, QOS

C IMENSIOM A(#)gXK(A)'YS(4) YR(4) DIM(8) ,TIMT(4¥,SC(4)

X D FFACTION NF Z902 REACTED
P : PAFTICLF RADIUS (CM)

V N OBULK 6AS VELOCITY

T: AVEFRAGD FILM TFwupP,

CIM ¢ EFFECTIVEF AINARY DIFFUSTION COSFF, 0OF COMPON
TIMS 1 CALCULATED RFEACTION TIME BASTD. ON PURE MA
XX=1e- X . P

DN 20 I=1,3

RENO=2 . *Fx Yk RNAMIX/VMI X

ST(I)=vMIX/POMIX/DIM(T])
Foeg3¢SCUIIRF(1,/3.)%DTNO¥+,.5
RETA=DIM{I)/R2,0567/7

SUM=0Q .0

DN 10 J=1.,NC

SUM=SUMEXK I *B (J)/7A( T /7XK(T)
GAMA=(YS(I)~YB(I))/oxx2, /XK(I) (I)/QOS/(I-’
TIME(I)S=(2,/3,/F4(]1,~XX%+,5)~ s=XXEk¥k(] ,/3,

=
S

NT
S

I 1
TRAN

o

N THE MIX
SFER,
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193~
194 -
195~
196-
197 -
L]

198 -
199~
200 -
201 -
202~
203~
204-
205~
206-
207 -
208~
209~
210~
211-"
212~
213~ -
214 -
215~

Ay anan:

1(1e=XX?3{14/64))-2/5%%8 ,FALNG((Lo#+F )/ (1 o+FEXXH¥( 1 ,/6,))))/GAMA/
» 2BFTA s
20 CONTINUF - - it
RETURN °
SND -

. ' / - .- .
. i )

>

SUBROUTINT DIMIX(As XKD, ¥, DMIX,sNZ) X .
A i STOICHIQMETRIC COEFF. NOT INCLUDING SQOLID WHNST COZFF, 1S 1

XK : SIGN OF STOICH COFF, H s ==> REACTANT , =1l. —=> ORQDUCTS
D . BINADY DIFFUSION :COFF, OF CIOMPONTNTS 1,4

‘ Y . TAVFPEGT FILM CNNCFNTRATYINNS
NC ¢

TOTAL NO., CF COMPONENTS

. DMIX 2.CFPECTIVE AINARY DIEFUST AN COSF, N COMPONENT 1 IN THE MIX

— DIMENSTON A(&8),XK(4),Y(4),0(4+s4),DMIX(4) -
DN 20 I=1,3
SUM1=0.0 :
OO0 10 J=1,NC
SUMI=SUMI +XK(JI=A(JY7A(T) /XK(T)
SUM2=SUM2#(Y(J)=YUI)*A(I) /AT )exXK{I)/XK(T))/D(T,3)

10 CONT.I NUF .
DMIX(I)=(]1.=Y(I)¥SUML)/SUM2 -

20 CONTINUF
RETUYRN

: END

SUM2=0.0

9-1I1 "
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- APPENDIX IV
' .
COMPUTER OUTPUT OF MASS TRANSFER CALCULATIONS
' | FOR_THE SATA OF
o ,
\ ﬂ ' . TABLE-A OF APPENDIX II ‘
(TABLE II-A) - : :
) .
- - 2
, | A
. ‘ Al . ) ) 'u

e




«

3 ~ 4
R R R I R R SR R L I I T I I I I T I R E S S I E I I I E AR E X IS IS I I E R IS R R AR EF X R E NS E S R F S E AN SN ECSE I -NERENEREEE R

10 DIST SW/RAD PN/PPL. YCLZ REN V-NOZ 4=D1ST T-NGZ T-DIST T-PARY CONV TIME (SEC)
(CM) [of V4 - cMss K K X EXPER CACULATED
CHE M=R MAS=TR
I~ 3 4.2 0.,4479 0.2860 1.000 962. 2282. 2197. ° 2914, 2629, 1538, 0,0376 120. 11l le
.
o cL ZRCLA o2 . . cL ZRCL 4 o2 .
ATNARY DIFFUSTION coEF.. ! 4.6581 1.9201 S.0825 SURFACE CONCENTRATION 03830 00,4394 00,1777

(SQ~CM/SEC) 19201 - 045717 2.1096- AVe FILM CONCENTRATION ; 0.6915 00,2197 ‘00,0888
- ’ 50625 2,1096 5,499 SCHMIT NUMBER T 0.5999 0.8046 0,3498 =
A ) .
VISCOSITY (CENTI-POISE} 2 0.0721 0.0592 0.0767 FILM-DENSX1000.,vISCOSITYZ 0.4594 0.0704
EFFECTIVE DIFF. COEFF., : 2.5543 1.9046 a.3812 X CONVERGENCE EFRRQOR T 049320 R
/ o ) ' . °
’.’.ﬂl":'I:::‘ISS‘SRS.SSIRR=SS=SS===============8==38==888=28====:2::::::::2:==8===!2=:==:=’======888.!28!.8:'.'
- 10 DIST SwW/RAD PN/PPL  YCL2 REN vﬂnoz v=-DISY Y=NQZ T-otsr Y-PART CONV TIME (SEC)
(CM) 3 cN/ cMss [3 ) EXPER o CACULATED
- CHE M=R MAS-TR —
-.-———-----—-—---——---—-----~----_--—-------——-—--—a--—-—--—--—-—-——--------_-----_------_--_--__----__---_----_. <! -
I1- 2 Be7 064276 0.,2695 {.000 802, 2358, 1914, 3896, 2744, 1538, 0.1881 600, 587 Te :J
; a ZRCLS 02 ZRCL A oz -
INARY DIFFUSION COEF, : 4,8719 24,0090 5,2948 SURFACE CNNCENTRATION : 6.4400 0.1772
{S0-CM/SEC) 240090 0.5993 2,2069 AVe FILW CONCENTRATION Ca2200 0.0886
542948 2,2069 S5,7517 SCHMIT NUMARER H 048042 0.3299
VISCOSITY (CENYI-POISE) @ 00.0734.-0.0504 0.0780 FILM-DENSXI1000,VISCOSITY: 0.0717 i
Q'FFECTIVE D1FF. COEFF, H 2.87!# 149927 44,5795 X CONVERGENCF ERRQR H
. ,
ult::::---::i:ssazxxztsastss==========$‘==:===========s:z===l===,======== T S S T S S S N I T T S I S S S S ErX IS STIRITITIASITSNSERXN
10 DIST SW/RAD PN/PPL  YCL2 REN v=NOZ v-DIST T~NOZ T-DIST T-PART CONV TIME (SEC)
(cm) - cM/S CM/S K K K t EXPER CACULATED
, CHEM=R MAS~TR
1I- 3 6 T 0.A7T7 00,2795 1,000 831, 2448, 187s, 3819, 2603, 1538« 041720 540. 533, . Te
. cL ”  zmcrLa 0z . cL “zRcL 4 02 \
N
BINARY DIFFUS COEFe $+ 446101 1,900y 5,0103 SURFACE CONCENTRATION T 043828 0.4399 00,1772
(50-CM/8EC) 19001 0,5655 2,0877 - AV, FILM CONCENTRATION * 0.6914 0.2200 0.0886
5.0103 2,0877 S,4426 - SCHMIT NUMBER® : 0.95995 0,8039 0.3496
VISCOSITY (CENTI-POISE) : 0.0718 0.0500 0.0764 FILM=-DENSX1000,VISCOSITY: 0.4626 0,070} .
EFFCCTIVE DIFF. COEFF, : 245270 1.8847 4,33134 ° X CONVERGENCE ERROR b 0.9@2‘ N '




o

B

s -

=
g
“.I"'tl‘I’Il"'."‘tll::l:l!tx388!82‘2’222:838’38:88-8' 2RI FE R S S S I R E NI I S I S N XN SR I A AR EE S AR R EEEEEENESINEIRER

to DIST SW/RAD PN/PPL  YCL2 REN V=-NO2 v=-D1ST T=NO2Z T-DIST T=PART CONV TIME (SEC)
(Cw) cM/s CM/S ® 3 K EXPE CACULATED
- CHE #=R MAS=~TR
1- 4 6.6 0.4834 0,2808 1,000 B66 . 2458, 1828, 3539, 28A2, 153Q, 0.1074 330. 32S. 4,
. .
-
! ! cL ZRCLA o2 cL ZRCL A 02
BINARY DIFFUSION CDEF, - 4.3f56, 1.2776 4,6902 SURFACE CONCENTRATION : 0« 3829 0.4398 0.17713
(SQ~CM/SEC) . 17776 0.5275 11,9534 AVe FILM CONCENTRATION ! (0.6914 0,2199 0.,0887
< X 4,6902 19534 500950 SCHMIY NUMAFR .0 05991 0.%935 0s3492
VISCOSITY (CENTI-POISE) 060700 0.0572 00744 B FILM—DENSilQOO.VISCOS!TY: 0.4813 00,0682 -
EFFECTIVE DIFF, CDEFF, : é.36a5 l.7631: 4, 0567 k4 CDNVEQG;NCE ERROR H 0.9406
- s o- -
’III’ttt.'S,l’28S:l;’!‘t:l!:::===S.2‘=22=I======!8‘8=i't!t, :zz::::=::z:::=§====a=:xs—ss==sx=x:====x:sxisx:s:;s:-a:
ID DIST SW/RAD PN/PPL  YCL2 REN V=NOZ v~DISYT Te k4 T=-DISY T~pPARTY CONV TIME (SEC)
~ (CM) , . CM/S - CM/S K - K x EXPER CACULATED
. CHEM=R MAS~TR
- T = - . WP WS A e o - T D D e 0 T W TR S S W T o et e B e M e b e Y S e %S
1- 5 4,2 00,0879 '0.2859 },000 941, 2278, 2192, 2970. . 2680, 1638. 0.,2392 840, 761, 9,
: o cL ZRCLA o2 . , CL " ZRLLA - 02
B NARY DIFFUSION COEF., @ 4,7521 1.9532 S.1647 SURFACE CONCENTRATION ¢ 043829 00,4398 é?l775
‘ {SQ~CM/SEC) » 1.9592 0,5838 2.1524 ° AVe FILM CONCENTRATION %o 0.6915 0.2198 0,0887
R S.164T7 22,1524 5,610 > SCHMIT NUMBER ° ! 05999 0.8044 0.3498 .
¥YISCOSITY (CENTI=-POISE) ¢ 0,0727 0.,0598 00,0773 F1L.M~DENSX1000,VISCOSITY: 0.45S41 0.0710 . -
EFFECTIVE OIFF, COEFFE . H 2,6059 19433 44,4686 . X CONVERGENCE ERROR H 09368
. - 3 . - » &G\u
N - B E- - . ° K
t:l.,a!:tttt:ttt;=::==x:=:s:s:zz::::::::::a::::::::ttt::t: ‘=======:s=v==:z=========:==ti===:===’==ssxs:-:.’lstn:'-
10 DIST SW/RAD PN/PPL  YCL2 REN V~NDZ V=DIST" T=NOZ T=D[ST T=~PART CONV TIME (SEC)
- (CM) - - cM/S [l V4 - [ 4 ¥ EXPER CACULAYED
N P ~ CHEM=R MAS=-TR
- wwen el - - T 0 T 7 e e e O T e W e . e o e e e e e B e o P
I- 6 644 04393 0.2774 1,000 . B7as, 2592, 2081, 3639, 2621, 1568, 0,1087 270 283. 4.
. o, cL ZRCL 4 n2 : cL IRCLA . 02
. ° i ) .
BINARY DIFFUSION COEF, - : 44,6983 1,.,9368 S.1061 . SURFACE CONCFNTRATION : 04153 0.4156 0.1691
~ (S0-CM/SEC) 1.9368 0«5769 21279 + AVae FILM CNONCENTRATIGN ¢ 0,7076 0.2078 00,0845
- - 5.1061 2.1279 5.%k68 ~ SCHMIT NyupBeER . T 046175 0.8311 0.3589
VISCAOSITY (CENTI-~-POISE) @ 0.0724 90,0595 00,0769 FILM-DENSX1000,VISCOSITY! 0.8435 0.0708_
FFFECTIVE OIFF, COEFF, 2.35864 11,9218 44,4495 P 4 CONQERGENCE ERROR :! 0.8607 . '
Y] ~ ¢ -
. N ) © / 3 =
. < oy L - ° . o
- ] & . . .

a

Z-A1



Tee

!'-l.IIl'i.t‘I.‘l..-llI’!l‘t.'SIS’SIISSSISCiI-.-I;.IIIIIIIl’..."’;i‘!III'SI88.’..'..8--...-.'3-3-..'.-"-".".-

10 DISY SW/RAD PN/PPL YCL2 RFN v=NOZ v-D1ST T-:Ol T—SXST T-:ART CONV ;!!E (SEC)

cw) cm/S cM/S EXPE CACULATED
. o . . CHE M-R MA S=~TR
1 7 643 0.43512 0.2620 1.000 824, 2506, 2129, 3671, 283t. 1568+ 041435 360. 379. 6.
cL ZRCLA 02 ~ <8 ZRCL 4 o2 -
) AINARY DIFFUSION COEF, : S5,0948 2.1016 5,5371 SURFACE CONCENTRATION T 0.8152 0.4158 041690
- (SO=-CM/SEC) 2.1016 0.6281 2.3084 AVe FILM CONCENTRATION ! 0.7076 042079 0.0848
: : 5.5371 2.3084 &6,0149 . SCHMIT NUMAER P 0.6180 0.8315 0.3594-
VISCOSITY (CENTI-POISE) ¢ 0.0747 0.0616 00794 FILM=-DENSX1000.,VISCOSITY: 0.4224 0.,0732
EFFECTIVE DIFF. COCFF. : 2.8059 2,0854 4.8249 X CONVERGENCF FRROR 3 0.8627

»

= ."".'8t':“!.:‘:’::'."‘8‘3:33"S!S:SI.E::’:S:-.':.'.."83:8: I TR I E R R Y R I E AR I XN T T EEANA AT EXE R TRATAREE S

10 DISY SW/RAD PN/PPL  YCL2 REN v=NOZ v-DIST T=NOZ T~DIST T«-PARY CONV TIME (SEC)
(CM) curss CM/S [ 4 X x EXPER CACULATED
\ ) CHE M=R MAS~=TR
I- 8 6.7\0.4834 0,2793 1,000 819, 25%4, 1967, 3876, 2684, 1568, 0.183%7 480, 498, 8,
- . - cL ZrRCLA 02 cL ZRCL & 02
AINARY DIFFUSION COEF, I &4.7418 11,9547 55,1530 SURFACE CONCENTRATION P 0.4152 00,4159 00,1689
. (SO0-CW'SEC) . 1:9547 0.5825 2.1475 AVe FILM CONCENTRATION & 0.7076 00,2079 0.0845
. 5.1530 2.1475 S,5977 SCHMIT NUMRER ° T 046174 0,8308 0.3590 g
VISCOSITY (CENTI-POISE) : 0.0726 0.0597 0.0772 _, FILMSDFNSX1000,VISCOSITY: 0.4412 O0.07t1 “ <
EFFECTIVE DIFF, COEFF. 2 2.6099 11,9395 4,4892 X CONVERGENCE ERROR T 0.8654 '
"9 7 & M
' AR ETERWYTLEL A RN !:SI,I1888885=83138=====S: ===3!Ix:t’:”8='t‘:= R I T S SN EE T I I P R I T R EEEE TSI RN EE TS O CSRA RSN NN SRS
10 DIST SW/RAD PN/PPL  YCL?2 REN V-NOZ V-DIST _ T=NOZ T=DIST T=-PART CONV TIME (SEC)
(C™) cM/s cM/S 4 LK K EXPER CACULATYED "
R . CHEM=R  MAS=TR
T A G D S G R T A S 40 S e S et B P e T T R S B A o D P S A S G S T W AR YR e N R W e e % v W m TR SIS D NS e e e e A T G YR o VD
I= 9 66 0.4834 0,2858 1,000 893, 27175, 2140, 3883, 2638, 1568, 0.1633 420, 434, 6
- - . . a - . - v °
: cL ZRCL S o2 N - : cL ZRTL 4 o2
SINARY DIFFUSION COEFe 1, 4.7306 1.9502 55,1413 SURFACE CANCENTRATION P 044153 0.4156 0.1691
(SQ-CM/SEC) 1.9502 0.5811 2,1426 “, AVe FILM CONCENTRATION : 0.7076 0.2078 0.0846
? S5.1413 2.1426 S,5849 SCHMITY NUMBES P 046176 0.8311 0.3590
YISCOSITY (CFNT1 POISE) ¢ 0.0726 "0.0596 0.0771 T, FILM=DENSX1000,VISCOSITY: o.‘tig 0.0710 ’ ’
SFFECRIVE DIFF. COEFF. : 2.6043 1.93151 4.4802 X CONVERGFNCE ERROR : 0.88
' . L3
7 . . - ’ r ~ . . - ’




T e
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TINE (SEC)

10 OIST SW/RAD PN/PPL

(CM) P

O D D G G Y M e S g S M D o o B8 A G o O S S e A P ) SR AR S S M T A T R EGED B W M Gy S e A W - R WS M S

ycL 2

3

T-10 6.4 0.4512 0.2807 1,000
\

=

BINARY DIFFUSION coeF.
, (SQ-CM/SEC)

- -

VISCOSIYY

EFFECTIVE DIFF. COEFF,

@

~ >
TR E T R R R AR N N N E S E R R R I R S T I Y AR I I EE N EE AR NN ERE IR ISR T >

(CENTI-PDISE)
>

.
-

c
5,0391
2.0785
5.4766
0.074a
2.7962

a

T

{_
¢
REN vV-NOZ v=DIST T‘NOk T=D1ST . T=PART CONYV
cnss cMss K K, . ©

809. 2703, 2203, 3853,'° 2747. 1623. 0.2430
ZRCLA nz ’ . .
2.078% s,a766 SURFACE CONCENTRATION
046209 2.2831 AVe FILM CONCENTRATION
2.2831 %5.9492 SCHMIT NUMBER :
0.0613- 0.0790 F!LM-DENSXlooo.vrscosxTv:
2.0638 4.8171 X CONVERGENCE ERROR ‘. 1

- 4.

7

EXPER CACULATED
CHEM=R  MAS~TR
540, 513, 10.
a3
GL ZRCL & 02 :
. 0eA757 003712 041532
«047378 00,1856 0,0766
0.65%5 1 0.8B854 0.,3778
o.oooa 0,0732 -
Qg7228 [}

k4

~ ® B

TIME (SEC) .

-
~
P I S E T NI R T E Er I NN E S SIS N EE S S ENEEEE

D
---—o---.-------_.---i--------é.--'----—---—~--—--u--—----————-------‘-_——3-,-—-—--———--’-------—---_-—-—“-—--——-—----

ID  DIST SW/RAD PN/PPL °YCL2 REN V=NOZ V-DIST
N CM) o ? < CN/S . ’C”/S
I-11 6,1 034512 0.2309 I.OOO} 697. 3013, 2759,
. ) H
. cL ZRCLA a2 |,
BINARY DIFFUSION COEF. : 6.8833 2,8438 7.a804
. (Sa-CM/SEC) Yol 2.8438 0.8594 3.121
. . 7ie80s 3l1218 al1263-
VISCOSITY (CENTI-HOISE) : 0.0840° 0.0702 0e0893-
L 3.8512 2.8256 6.6905 ¢

EFFECTIVE OYFF, COEEF.

I R E I S I R I N I E T TR T A E R T YRR RANE LIS ESI BT

-

.

N

b

T=NOZ T-DIST T-PART CONV
X K . - Ly
- * <y
4180, 3601..7 1673. 0.1581
h.b. N - " \ . -
ST
> )‘ ‘am’

SURFACE CONCENTRATION 5t
AV. FILM CONCENTRATION

SCHN!I NUMBFR K 2°

FxLn£55~sxloob.y15cdéxtv-
X CONVERGENCE ERROR s

° ¢
.
o - ie
¥ . . % 2

—_— 10 DIST SW/RAD PN/PPL: YCL2 REN V=NO2 v-D1ST T=NOZ T;DLST_ Y-_EAR:T - CONV
(CM) ’ N CcM/S cM/8 X 2 K Po- b a
e .- - - .- - - - - 5
112 2.0 00,4479 0.2713 1.000 719. 312S5. "3!‘2. 3973, 3%90,!\-“ ‘16730 0.2894
> : ) ;-/ v o‘ ': “l .
cL ZRCL A 02 <« .
/ . BINARY DIFFUSION COEF, : T«5184 3.1070 8.1710 ": SURFACE CONCENTRATION H
¥ B (8Q~-CM/SEC) ' 3.1070 0.3415 3.4103 . Ave FILM CONCENTRAT!ON; H
88,1710 3.4103 88,8761 8 SCHMIT NUMRER- :
- VISCOSITY {(CENTI-PDISE) : 0.0869 s0728 0,0924 FILM‘DENSXIOOD,V!SCOS[TV!
: ¢
CFFECTIVE DIFF, %&073 33,0871 T.3077 X CONVERGONCE FRROR < 0
- o . . .
- ° - ISal -
R - 4 A R v 2 ~ .
v =’ v - > PR
. e hiter -

EXPER CACULATED
CHEM-R  MAS-TR
240 258, 6
cL "ZRCLa, - 02

& i ’
0.5207 0.3315 0.1388

. DaTEAD 01657 OoogOQ
06900~ 00,9404 - 033972
0:314! <0s0835
0.5992

TIME (SEC) -4,

EXPER
sao.

cL
05297
Q7649
Qe 6902
0.2978

0.5998

£ o -
IREFETERRNETIRITEXD é"h';ti::;"“t""'-t.i=ts’!" EXREEESRNESEERNENEN

- o . s D @ B A - o . = e

7 CACULATED
CHEM=-R , MAS=TR
T a9a, 12.

IRCL 4 o2
0.3315 0.,1388
0.1658 00694
0.9807 043974
0.,086%

./
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¥
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¥
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* . L S » - - . N
E-4 # K T, s . ° - - '
L - # % e :
* - 3 ? iad & - v
Y] ’;’V y) . '\ a,‘ . - N -
- . € . < N [ - \ B "y -
2 v ! z
' . N - & "‘ L ) e - /
\ , o, - s N
- h at ’ ! °
- ' S T ’
I.'"‘.“-..II;“I.‘---'II'-.8‘...8St::.t::ltx::"iltt.lulS::If":‘s’I'.I‘ﬁ.'.‘...'.‘S-.-.I..II8’...8-'8“-'-.88.’..‘.‘
10 DIST SW/RAD PN/PPL  YCL2 RFN v-NOZ v-DIST T=NOZ' T-DIST T-PART CONV TIME (SEC)
(CM) ~ cMss (4 743 X . K o5 L3 EXPER CACULATED
. N . _ CHE M=R MAS-TR
1-13 6,5 0,4632 0,2484 1,000 632, #3047, 2670. &78S. 3760, 1673, 0.1337 _ 210. 216, 6e
Py > - '3 *
cL ZrcLs b2 ~ . cL ZRCLA o2
BINARY DIFFUSION COEF, ¢ 7.2303 2,9876 7.8%579 ° SUPFACE CONCENTRATION $ .0.5297 0.3316 0.1387
{S0=-CW/SEC) 2.9876 10,9043 3,2794 AVe FIUM CONU INTRATEON : 30,7648 0.1658 0.0693
T«8579 3.2794 '8.5360 . SCHMIT NUMBER T 06900 O0.9408 043973
VISCOSITY (CENTI-POISE) : 0.0856 0.0716 0.0910 FILM-DENSX1000,VISCOSITY: §.3050 0.08S! .
EFFECYIVE DIFF, COEFF, ! 44,0454 2,968% 7.0267 X CONVERGENCE ERROR ¢ 0.6026
. P ” 0

. o

. -
R AR R R R A R R N N S N R IS C I F I R T S IR N A E F T RS E E I EE I AR E T T E I TXTISZITTERE IR I N S E X TSR SIS E R r R ST AN EREREREEES

10 DIST SW/RAD PN/PPL  YCL2 REN V-NOZ v=-DIST T-NOZ T-DIST T-PART CONV TIME (SEC)
{CM) [of 7 g cCM/S L4 - T K L4 EXPER CACULATED" -~
CHE »=~R MAS~TR *
Y S T R - e T e D e e B S e = D e o o e 8 e R 4 e W P e L e D L e e A T e D B W A W o 20 —ar S e o o -
I-14 3,4 04310 0,2850 1,000 %§§§1. 3045, 2979. 3813, 1568, 1673, 0.4976 960, 948, 22,
Qe N
’ cL ZRCLA 02 cL ZRCL & o2
BINARY DIFFUSION COEF, : 6.,8110 12,8138 7.,4022 SURFACE CONCENTRATION T 065297 0.3317 0.1387
(SQ-CM/SEC) 2.8138 0.8500 3,0889 - AV, FILM CONCENTRATION : 0,7648 0.1658 0,0693
T7.4022 3.0889 B8.,0409 SCHMIT NUMBER 2 0.6898 0.9401 0,3971
VISCOSITY (CENTI-POISE) : 0.0836 0.0699 040889 FILM-DENSX1000,VI5COSITY: 0,3162 0,0831 ° ‘
EFFECTIVE OIFF. COEFF, : 3.81Q01 2,7958 A.6187 X CONVERGENCE ERROR Y 0.6034

v

R R R R R S I R R L E S R X S T R S I S S BN I S S S I E S S B E N I R B E T T S T I S S S I S I FE A S S S I R E S E N N A I S S S SR T Z T E ER AESE SN BAREREE

G-AI

10 DIST SW/RAD PN/PPL YCL2 RFN v~-NO? v-D1ST T-NO2 T-DIST T-PART CONV TIME (SEC)
(CH) cM/S cM/S K K [4 ¢ EXPER CACULATED
. . CHE M=R MAS=TR
- —— . B we . WD U WS W ey e e o A D N B S G e e SR G T = SR YD G S T M e T S e W D e et G O B e S A WD e W W W e D S b A A - - e W - » e o
1=1% 6,5 04976 0,2449 1,000 623, 2595, 2252 Al71. 332a. 1673, 0.2322 390. 390, it
& ®
cL h4-Xo Y 02 CL IRCL A 02
AINARY DIFFUSION COEF, ¢ 6.2939 22,5098 6.8402 supFAcéé"coa:csnann anN T 0.5296 0.3319 0.138%
{S0-CM/SEC) 2.5994 0,7832 2,8539 AVe FILM CONCENTRATION : (.7648 00,1659 0.0693
6.8402 2,8539 7,4305 SCHMIT NUMRER P 0.6894 00,9395 0.3968
VISCOSITY (CENTI-POISF) : 0.0811 0.0675 0.0862 FILM=-DENSX10004VISCOSITY: 043317 0,0805
CEFECTIVE DIFF, COEFF. ? 3.5197 2.5827 6.1150 N X CONVFRGFMCT ERROR ! 0.6070 .
* - LY

t g\
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1D DIST SW/RAD PN/PPL YCL2 RF N V-=NOZ v=-D1ISY T=NOZ Y=PISY TYT~PART CONV TIME (SEC)
™) cM/S cm/S . K X X EXPER CACULATED
. CHE M~-R MAS=TR i
;—!6--;.; 04777 022382 1,000 577, 2925, 2566, A689, 38a4A. 1701, Oo?ﬁZA S46. S71. 17,
, cL 7RCLA 02 €L zrcLa 02 -
BINARY DIFFUSICN COEF, @ 744790 3.0907 8.1282 SURFACE CONCENTRATION H 0.5593 0.3104 0,130s -
(S0~-CM/SEC) 33,0906 09364 3,3924 AVe FILM CONCENTRATION 2 0.,7796 0.15%2 040652
8.1282 3.3924 8,8296 SCHMIT NUMRER 2P 07105 0.9715 0.4080
VISCOSITY (CENTI-POISE) I 0.0868 0.0727 0.0922 FILM=-DENSX1000,VISCOSITY: 00,2896 0.0864
EFFECTIVE DIFF, COEFF, T 4.2003 3,0719' 7.3153 %X CONVERGEMCE ERROR T 0.54852
. B
EEXEREEXEZTRS us:t:sgt':zsgatgg':::=3=-:;:z::t!xs:s:zl:lntttx=t:=:=:==l===t=t:==== PSR ST EERE: XEITIESRIRET XN EERICXBERNR .
10 DIST SW/RAD PN/PPL  YCL2 REN v=NOZ , v-DIST T=NOZ T=0DIST T=PART CONV TIME (SEC)"
(€M) N cm/s Cu/s . x K EXPER CACULATED L.
. CHEM=R  MAS=TR <|:
R R LR AR R TR G G e e S e L G G A S e D e R S Y e D D R A R ) s e 0 S% T e G e % e e P R I e R e W D A R e B B e R G G e W
1~17 6.5 0.4632 0,2413 1,000 S81. 2960, 2609, 4792, 3877. 1701« 0.2562 360. 385, 12, o
R cL ZRCLA 02 ~ : cL ZRCL & 02
_BINARY DIFFUSION COEF. : 745538 3.1217 8.2095 SURFACL CNNCENTRATION P 045593 " 0.3102 041305
(SQ~CM/SEC) J1217 0.9461 I 4264 AVy FILM CONCENTRATION 2 047796 00,1551 0.0652
B8.2095 33,4254 8,9179 SCHMIT NUMBER S 0.7106 049717 044080
VISCOSITY (CENTI-POISE} t 0.0871 0.0730 0.0926 FILM=DENSX1000,VISCOSITY: 0.2878 0.0868

EFFECTIVE DIFF, COEFF., 48,2428 33,1027 7.3896 X CONVERGENCE FRROR H 0-5465

- ’ N

~

SEBSTEXRNR I R RN E T R T IR S IE T S E RS T ST RAEEEENRE NN Y R I ¥ R T I S IR I T I A R EE TR T ERRER R EE RN

ID DIST SW/RAD PN/PPL  YCL2 RFN- V-NOZ V-DIST T-NOZ T-DIST T-PART CONY TIME (SEC)

(cH) cM/S cM/S x s X EXPER CACULATED

. e : CHEM-R  MAS-TR
1-18 645 044393 0.2351 1.000 637, 2898. 2611. 4305, 3I%7B. 1701, 0.2570 360. ° 387. 12. p
l
i cL zRcLa 02 : ) cL ZRCL 4 02 )

BINARY DIFFUSION COEF. : 6.8935 2.8480 7.4919 SURFACE CONCINTRATION : 0.5594 03100 01306

(SO-CM/SFC) - 28480 0.8607 3. 1264 ) . AVe FILM CNANCENTRATION : 0.7797 0.1550 0s0653 N

“ Te&919 3.1264 2.1384 SCHMI T NUMRER ¢ - t " 0.7106 0.9718 00,4079

VISCOSITY (CENTI-POISE) ! /0.0840 0,0702 0.0893 . FLLM=DENSX1000,VISCOSITY: 0,3041 0.0836 ’
SFFFCTIVE DIFF, COEFF., 2 3.8716 2.8308 6.7448 - X CONVERGINCT FRROR ~  : 045385,

a8
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N 4
8'---8..-'""'-..-.-'t'"'28“:3'::======:=2S::8:.l.ﬂ.’l'--t..:t:tlsz888‘“8”"".‘--8-...’-’-338 EEESSEEERENSERRE

ID  DIST SW/RAD PN/PPL YCL2 REN  V=NDZ V=-DIST T=NOZ T-CIST T=PART CONV TIME (SEC)
(CcM) cu/s cM/S K K EXPER CACULATED
. . CHEM=R  MAS=TR
1-19 4,5 0.4718 0.2083 1,000 ABT, 2708. 2620. A534, 4225, 1756. 0.3182  390. 39a. 16. i
D -~
cL ZRCLA 02 . cL ZRCLA 02
BINARY DIFFUSION CDEF., B.4786 3,5046 9,2145 SURFACE CONCENTRATION ! 046143 0.2704 0.1153
(SQ=-CM/SEC) 3.5046  1.0656 3.8463 AYe FILM CONCENTRATION : 0.8072 0.1352 0.0S576
9.2148 3,.8463 10,0097 SCHMIT NUMRER T 0.7521 1.0353 0.4296
- VISCOSITY (CENTI-POISE) I 0.0911 0.,0766 0.0968 . FILM-DENSX1000,VISCOSITY: 0.2525 0.0911 /
EFEECTIVE DIFF, COEFF, : 4.7978 3.4857 8.13991 X CONVERGENCE ERROR : 0.a311
2EX I’l‘.:"’:!”:8’8"'.":3::':BI::8=====8=’==33"8..'--8832 t 2 2 2+ 2 23+ F 2 2 21 2 R 2 2 E T P R L R R 3 3 2 X L E I TR EERREEERS R -t ?
ID, DIST SW/RAD PN/PPL  YCL2 REN  V=NOZ V-DIST T=NOZ T=DIST T-PART CONV TIME (SEC) =
- (CM) cm/s cM/S L 4 L4 K PER CACULATED ]
CHEM=R  MAS=TR ~
. e e e e e e P e e e e e e - = o B e et e e o s e
1-20 4.1 0.4379 0,2790 1.000 561, 2777, 2677, 4031, 3674, 1784, 0.2762 300. 301. 15.
i cL ZRCLA F cL ZRCL & 02
BINARY DIFFUSION COEFe : T7.2839 33,0098 7.9152 SURFACE CNONCENTFATION $ 046416 00,2504 0.1081
(SQ-CM/SEC) 3.0098 0.9112 3,3038 AV, FILM CONCENTRATION I 0.8208 041252 00540
7+9162 3.3038 88,5993 SCHMIT NUMBER T 0.7744 1.0699 0.4410
VISCOSITY (CENTI-POISE) ¢ 0.0859 0,0719 0.0913 FILM-DENSX1000,VISCOSITY: 0.2680 0.0859
SFFLCYIVE DIFF, COEFF. : 44,1372 2.9947 7.2650 X CONVERGENCE ERROR ! 0.3681
=T=X 3":.!”'8SIBSIW(S/SSS’S;;===::8:::”‘-‘3:::..:,"”3’8&-38 EESSTETIST=SZR Sg::;:‘:l: ST EEEREINEENEREEEESSENERER *
ID DIST SW/RAD PN/BPL vCL2 RCN  Vv=-NOZ  Vv-DIST T-NOZ T-DIST T-PART CONV TIME (SEC)
(CHM) cM/S cM/ss X K X EXPER CACULATED _
CHE M=R MA S~-TR
T T IR RS 0 SRS ST B M W S 6 G e A0 0 e e e e B e 6 e e - = - o 0 S 20 W L - - - - v - - G . e - - \
1-21 2.8 0,4479 0,2541 1.000 569. 3331. 3295, A47g, A308, 1791, 0.4940 660, 582, 26,
cL ZRCLA n2 cL ZRCL & 02 .
1
IINARY DIFFUSION COEF, : B8.7588 3.6206 9.%190 SURFACE CONCENTPATION. : 0,6487 0.2453 0.1060
. (Sa~CM/SEC) . 3.6206° 1.1018 13,9735 AV, FILM CONCENTRATION t 0.8244 0,1227 0.0530
9.5190 3.9736 10.3405 SCZHMIT NUMBEP T 047805 1.0791 0.4443
VISCOSITY (CENTI-POISE) : 040923 0,0777 0.0981 FILM-DENSX1000,VISCOSITY: 0.2378 040925 o
FFFECTIVE DIFF, COEFF., : 4,9809 35,6027 B8.7497 X CONVERGHENCF ERROR :t  0.3570




~ -

A RN R I S R R I R I N YR N T E R T S N T R I I N N I A NN I I R T R S I NS N E TR RS AN I E N SR S AN RN E IS E N X E S RSN EENEREEN RS R
10 DIST Sw/RAD PN/PPL  YCL2 - REN vV-NO2 v=D1IsT T=NOZ T=DIST T=PARYT C(CONV TIME (SEC)
(Cu) - . cM/s CM/S X 3 K EXPER CACULATED .
. . . - CHE M=~R MAS=-TR
1-22 2.8 0.4410 0.2329 1,000 S564. 3430, 3400. 4602, 4460, 1791, 00,7964 1200, 1179, 49,
. H
r -
cL ZRCLA 02 < ZRCL & 02
BINARY DIFFUSTON COEF. : 9.1233 347715 9.9152 SURFACE CONCENTRATION T 0.6485 0,2460 0,105%
(SQ-CM/SEC) - 3.7715 1.1489 4.1391 *  AVe FILM CONCENTRATION ! 008242 0.1230 0,0527
: 9.9152 4.1391 10.7709 SCHMIT NUMBER . T 0.7799 1.0778 0O.4441
VISCOSITY (CENTI-POISE) : 000937 0.0790 0.0996 FILM-DENSX1000,VISCOSITY: 042323 0.0940 /
EFFECTIVE DIFF, COEFF, : S5.1862 "3.,7527 9.1074 X CONVERGENCE ERROR ! 0.3708 -

°
IR I T I I R E S I R S S S T E R I R I T NI I S rE AR IR AR R SIS STETI ST R I I E R S I E N T S S SN NN NI ETEEERANASERE N

et
1D DIST SW/RAD PN/PPL  YCL2 REN V=NO2Z vV-01ST T=«NOZ T=DIST TY=PARYT CONV TIME (SEC) <3
. (Cm) CM/S CM/S LY 4 K EXPER CACULATED i
, CHEM~R MAS=-TR o
- ——— > > - - T " - " - - - - o - - - —— - -
I=23 28 0.4479 0.2329 1.000 553, 3468, 3436, AT14, 4567, 1791, 0.,3136 360. ° 338e. 1S5, .
4 .
7™ (48 IRCL 4 02 . . ’ cL ZRCL & o2
BINARY DIFFUSION COEF, H 9.3848 38797 10.1994 SURFACE CONCENTRATYION “% Ce6488 002451 01061
{SO~-CM/SEC) 38797 1.1826 4,2577 AVe FILM CONCENTRATION 0.8244 0,1226 0.,0530
101994 44,2577 11,0795 SCHMIT NUMBER H 00,7807 140793 O.8484 .
VISCOSITY (CENTI-POISF) ¢ 0.,0948 0.0799 0.1007 FILM-DENSX1000,VISCOSITY: 0.2280 0,.,0950 -
CFFECY IVE DIEF« COEFF. : 543378 33,8606 9,3766 X CONVERGENCE ERROR H 0.3538 ’ ..
atﬂst-:lztua::I::::t:l:::z:z::sx:::z==:=::==:====8=:t:::zi::8=5—'==t===8=======!3388=888=8883883===888"!3!888'!8’ »
10 DIST SW/RAD PN/PPL  YCL2Z PFN V=NOZ v-DISY T=NGZ T=DIST T=PART CONV TIME (SEC)
(CM) . CM/S ., CM/S K K K EXPER CACULATED
CHE M=R MAS~THR
1-24 4.0 0,3981 0,229% 1,000 443, 2958, 2903, 4563, 430S5. 1882« 0.4063 330. 329, 27 .
- /
cL ZRCLA o2 , - cL zZrcLa 02
BINARY DIFFUSION CDOEF, ¢ B8.9678 3.707% 9,74 SUPFACE CONCENTRATION ¢ 0,7267 0.1894 0,0838
(S0-CM/SEC) 3.707 1 1.1288 4,06A84 AVe FILM CONCENTRATION ¢ 08634 00947 0.0419
9.7462 4. 06% 10.5 SCHMIT NUMBER . H 0.8523 1.,1900 0.4815
’ 3
VISCOSITY (CENTI-POISE) 3 0.0931 0.,0784 0.0990 " FILM-DECNSX1000.VISCOSITY? 00,2129 00,0935
SFFECTIVE DIFF, }OEFF. : 5.15nm2 33,6926 9.1256 X CONVERGENCE ERROR H 0.,2183 B

-




" ’ !
° -

ID  DIST SW/RAD PN/PPL YCL2 REN Vv-NOZ v=-DIST T-NOZ T=DIST T-PART CONV TIME (SEC)
© o (eM) - CMrs cmss x x X ER CACULATED
) EN-R  MAS=TR
I 25 4.0 0,4379 0.2437 1,000 503, 3I16A. 3080. A3AB, A0%8. 1882. 043217 240, 250, 20,
e zRCLA 02 cL ZRCLA 02 b
BINARY 'DIFFUSION COEF., ¢ 8:3830 3.4650 9.1106 SURFACE CONCENTPATION : 0e7269 041891 040840
(50-CM/SEC) 3.4650 1.0533 3.8029 AV. FILM CONCENTRATION : 0-8634 0.0046 020420
9.1106 3.8029 9,89068 SCHMIT NUMQER H 0.8%527 11908 DeAB817
VISCOSITY (CENTI-POISE) I 0.0907 0.0763 0.0964 FILM-DENSX1000,VISCOSITY: 042216 000911
” 1 > s
EFFECTIVE DIFF. COEFF, : ‘4.8204 3,A515 8.5331 X GONVERGENCE ERROR t 0.2129

-

R I R R X N N T IR IR I T A I S T R R I R R I NN I N Y T I S P R E T R T T I N NS I A T I ST SR R CE ST AN RN TSN CARNE RS

ID DIST SW/RAD PN/PPL  YCL2 REN v-NQZ Vv DIST T-NOZ T-01ST T=~PART CONV TIME (SEC) -
CCM) , cM/S cM/s K K K - EXPER CACULATED <
- CHE =R MAS-TR ‘L
1-26 3.4 00,4410 0.2394 1,000 459, 4176, 4103, 5548, 52814 1939« 043490 240, 228. T 23. i
i -
. . cL ZRCLs | 02 ) cL ZRCL 4 02
AINARY DIFFUSION COEFe I 11.5B840 4.7897 12.589% SURFACE CONCENTRATION 2 0.7684 0.1597 0,0719
(SQ~CM/SEC) 4,7897 1.4662 5,2559 AVe FILM CONCENTRATION 3 0.8842 0.0798 0.,0360
12,5895 5.2559 13,6759 SCHMIT NUMBER ¥ 048953 1.2572 045039
/
VISCOSITY (CENTI-POISE) ¢ 0.1029. 0.0871 0.1093 FILM-DENSX1000,vVISCOSITY: 0.172% 0.1035
EFFECTIVE DIFF. COEFFe : ©6,7028 &,7737 11.9095 X CONVERGENCE ERROR T . De1503
7
L] . B
‘BI.C!’:S”!’:!'gﬂi,ﬂsaﬂ'SIISS‘ISSSEES.==S====:=;-.I’ BEETX R R S R E R S I T S EE N EE RS T EEEENEXZISEAEEEE RN ANSEN R
I0  DIST SW/RAD PN/PPL  YCLZ REN v=NOZ V=-DIST ~J=MGZ 7T-DI!ST T~PART CONV TIME (SEC) A
(cmy cm/S cM/S K K X EXPER CACULATED
i . CHE M=R MAS=TR
e e o e e T e e e e et o e o
I=27 3.4 0.4410 0.2573 1.000 464, 4060, 3979, $19s., St04. 1939, 0.4801 360. ' 33s. 33,
' >
cL ZRCL 4 02 cL ZRCL S (oF-
BINARY DIFFUSION COEF. : 11,1181 4,.,5969 12,0831 SURFACE CONCENTRATION T 0.7684 0.1598 0.0719
(SQ-CM/SEC) 4.5969 144062 S5.0444 AV, FILM CONCENTRATION I 0.8842 0,0799 0.0359
\ 12,0831 S.0444 13.1258 SCHMIT NUMBER ! 0.8954 1.2571 0.5039
VISCOSITY (CENTI-PDISE) ¢! 0.1012 0.0857 0.1076 FILM-DENSX1000,V1SCOSITY: 0.1769 0,1019
EFFECTIVE DIFF. COEFF., 1 6,4327 4,.5815 11,4292 X CONVEPGENCE ERROR 3 0,1520 -

LR

.




.
) | "
. J
R ! . .
10 OIST SW/RAD PN/PPL  YCL2 REN V=NOZ V~DIST T=NOZ T-DIST T-PART' CONV TIME (SEC)
) CM/S cM/S < K K . EXPER CA
. f CHE = N
1-28 3e8 044479 0.2572 II.OOO 460, 4020. 3937, %387 5095, 1939, 07193 600, 590,
N g ~,
CcL ZRCL A Q2 cL ZRCL A
BINARY DIFFUSION COEF, T 110929 4,586%5 12.0557 - SURFACE CONCENTRATION_ H 0e7682 Qel1601 00717
(SQ~-CM/SEC) 4 ,5865 1.4029 $.0330 AVe FILM CONCENTRATION : 0.884a1 00,0801 00358
12.0557 50330 13.0960 SCHMIT NUMBER H 0+8949 142563 0.5038
VISCOSITY (CENTI-POISE) ¢ 0.1012 0.0856 0.107S FILM-DENSX1000,VISCOSITY: 0,1773 0.1018
EFFECTIVE DIFF. C%EFF. T 64167 4,5710 11,3992 b 4 CUNVEPGENCEOEQROR , : 0.1581 -

N -

N R R E N NI N R R N R I e R A PN B E T I E I R E R 2 Y YN C RN N EEF RS RIS

aSRsE= R N P P R T R I N T I R N T E N NN T r T EEE EEETE NSNS
ID  DIST\SW/RAD PN/PPL YCL2 REN  V~NOZ V=DIST T=-NOZ T=DIST T=PART CONV TIME (SEC)
(Cwm) cCM/Ss CM/S X [ K EXPER CACULATED
. N CHEM=R  MAS~TR
1-29 2.8 0J4116 0.2418 1000 397+ 3136e  3118.  4801s 4679« 1952+ 0e4583  300s 31 4. 36.
cL ZRCLA 02 - cL zacL A o2
BINARY DIFAUSION COEF, ¢ 10.0600 4.1592. 10.9332 SURFACE CONCENTRATION &t 07770 041538 040692
{S0-CH/SEC) 4.1592 1,2698 4,.%5642 AVe FILM CONCENTRATION : 0.8885 0.0769 00346
10s9332 4.5642 11.8767 SCHMIT NUNREP T 0.9050 11,2720 0.5089
Y (CENTI-POISE) I 0.0974 030822 0.1035% FILM-DENSX1000,VISCOSITY: 0.1858 0.0980-
TIVE DIFF. COEFFY : 5.8268 4.{457 10,3610 X CONVERGENCE ERROR ! 0.1435

Sl.I'slza-suut!x:l:s:uass:s:.—ss:’::s:::::ssz!s:::-c--:::a.-:-z-nsx--::====t:z::=:gﬂItssznssa-x-s:s:sa-.taa:ﬂttl.

1D DIST SW/RAD PN/PPL YCL2 REN V=NO2Z v=-DIST T=NOZ T=DISYT T=PART CONV ) TIME (SFC)
~{CM) CH/S cM/s K K ! K EXPER CACULATED
~ CHE W= MAS=TR
1-30 3.4 00,8512 0,2465 1,000 A60, 3Q3$- 3331. 464t 4406, 1952+ 005301 3600 365, 41,
a . . .
cL ZRCL A N2 4 cu ZRCL A 02
S
BRANARY DIFFUSION COFF, ¢ 9,3812 3.6782'10.1954 SURFACE CONCENTRATION $ 047770 041537 0.,0693
{SQ-CM/SEC) 3.8782 1.1822 4,2561 AVe FILM CONCFNTRATION : 0.8885 0.0768, 0.0346
! 10.1954 4.2561 11.0752 SCHMIT NUMBE=R /3 0.905a4 11,2727 0.5091
VISCPSITY, (CENTI-PDISE) ¢ 0.0948 0.0799 “0.1007 FILM~DCNSXIOOO.VX$COSITY 01937 0,09%3
SFFECTIVE| OIFF, COFFF, ¢ 544339 33,8657 9.6A34 X CONVEP(ENCF EPROR T 01407 :
— 7

0T-AT

“



T RN E TR I I R AN I E S I I I E T A AT F I N S E N T I A N S I E SN S I S A I N R R R N SRR FEXE RN IS ESE EES S RESaEREN

10 OIST SW/RAD PN/PPL  YCL2 REN VeNOZ v=DIST T=NOZ T=DIST T=PART CONV TIME (SEC)
(CMm) cMm/s cm/S K L4 K EXPER \.ACULATED
CHE M=R MAS-T R N
1 31 1.9 0.3844 0,2312 1.000 410. 2590, 2s8s, 3903, 3853, 1952. 0.3918 240. 250, 32.
. L ZRCLA 02 ! cL ZRCLA 02 3
atnanv DIFFUSION COEF. : 8.0671 3,3343 8,767 ¢ SURFACE CONCENTRATION T 0.7770 0.1537 0.06%93
(S0-CM/SEC) 3.3343 1.0124 3,6595 AVe FILM CONCENTRATION : 0.8885 0.0769 0.0346
. 847674 3.6595 9.5239 SCHMIT NUMBFP T 049057 1.2731 0.%092
viscosity (CENTI-POISE) : 0,0893 0.0750 0.0950 FILM=-DENSX1000.VISCOSITY: 0,2122 0,0898
EFFECTIVE DIFF, COEFF, : 4.6718 3.3234 8.3093 X CONVERGENCE ERROR : 0.1417
;888: RN R X IR E N I E R E N R s P E S CE T R N E R S R N E A P T B R T E I T T E I ST T E AR S R S A E R E EE S SN T R R I RN R A TI X EERNEA I RESETRN RS S
10 DIST SW/RAD PN/PPL  YCL2 REN v=NOZ v-D1SY = T=-NOZ TY-DIST T-PART CONY TIME (SEC)
({« }] CM/S CcM/S K K x EXPER CACULATED \ o
- CHE M—-R MAS-TR ?
1-32 3.4 0.,4379 0.2534 1,000 a33. 3797: T 3638.  s027. a76s. 1990, 0.4033 240, 230, 32. ::
. [
- cL IRCLA 02 . cL ZRCL 4 o2 -
SINARY DIFFUSION COEF, : 10+3756 4.2898 11,2762 SURFACE CONCENTRATION T 0.8018 0.1358 0,062%
(SQ~-CM/SEC) 4,2898 1,3105 4,707S AVe FILM CONCENTRATION : 0.9009 00,0679 0,0312
. 1142762 44,7075 12,2491 SCHMIT NUMBER T 0.9341 1.,3177 0.5239
VISCOSITY (CENTI-POISE) : 0.0986 0,0833 0,1047 FILM-DENSX1000,VISCASITY: 0.1759 0.0932
CFFECTIVE DIFF. COEFF. : 6,0345 4,277S 10,7585 : X CONVERGENCE ERROR T 0.9409
XERTERAXAETINER 8188'88388’3"8888328288883222=8t8==li-l EXEREENEIEETZTTIE=T == 8======$I—’88S88===82-188882888888:8"8!‘3.
10 DIST SW/RAD PN/PPL  YCL2 REN v-NOZ v-DISY T=NQZ T~ oxsr T—PART CONV TIME (SEC)
cMss cHss K EXPER CACULATED
- CHEM=R MAS=-TR
133 149 0.3981 042207 1,000 390. 3061, 3055, 4431, 4377, 20164 0.4022: 2400 212 36,
‘ , cL z7acLe o2 cL ZRCL 4 02 :
BINARY DIFFUSION COEF. : 9.4697 3,9149 10,2916 SURFACE CONCENTRATION T 0.B166 041255 0.0579
(SO~CM/SEC) o 349149 1,1936 4,2963 AVe FILM CONCENTRATION ¢ 0.9083 0.0627 0.0290
10.2916 4,2963 11.1797. SCHMIT NUMRED ¢ T 04952¢ 1.,3458 0,5333
g
VISCOSITY (CENTI-PDOISE) ¢ 0.0951 0.0802 0.1011 FILM-DFNSX1000,vISCOSITY: 0.1821 06,0957
SFFECTIVE DIFF. COEFF, : S5,5188 3.9045 9.8527 X CONVERGENCS ERROR- t 0.8528 o




s
- 1

N

-

v
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+ 10 DIST Sw/RAD PN/PPL YCL2/ REN Vv=NOZ Vv-DIST T=NOZ T«DIST T-PART CONV TIME (SEC)
! ™) . cM/S CM/S> X .ok . K EXPER CACULATED: -
5 R * s € M=R MAS=TR
- l‘3i | 3.4 0.4479 0,2168-1,000 412, 39139, 3881, 5351, 5132 2016, 0.4159 240, 220 34,
I -
- e ZRCLA o2 LT cL ZRCL 4 02 .
BINARY DIFFUSION COEF. : 31.3955 4.T117 12,3847 SURF E] CTCONCENTFRATION H 0.8167 0s12584 0.0579
(SQ-CM/SEC) . Me7117 1.4419 5.1704 AV, FILM CONCENTRATION : 0.9083 0.0627 0.0290
1243847 5.,1704 13,4534 SCHNMIT NUMBER H 0.951S 13449 00,5330
v 2 B - ~
VISCOSITY (CENTI-POISE) ¢ O0.1022 0.0865 0.1086: FILM-DENSX1000,VISCOSITY!: 0.1628 041029
EFFECYIVE DIFF., pDEFF. H 6.6322 4,6992 11.8572 x tqy GENCE EPRROR H 0.8420 ) -
. . ;o
RS REZERERASEEITRECTTTFITRTEERS ====gg‘lgg :gg:g:’:8‘2:832'.!..’}3::’!8: I S R I I T IR R L F R E I T E RN AUEIETEIEEIRNITIRNEXTRRELAZRESEER R
10 DIST SW/RAD PN/PPL  YCL2 REN ¢+ V=NOZ %> V=-DIST ~ T=NOZ T~DIST T~PART CONV TIME (SEC)
(CM) cm/s [of V4.1 K K . K EXPER .. CACULATED -
N ' CHEM~R MAS-TR
- o s e e 0 o . 2 e B R o o i v e 0 e e e emmmemememeemescsreecscemsceer e . ——————————
1-35 168 004379 0.2351 1.000 374, . 3AAS, 3437. Ag22, 4760, 2081 . 0.,5430 300, 255, 59,
'\l‘ ’
(o By ZRCL S a2 [« ZRCL & o2 .
B8INARY DIFFUSION CQEF, ! 105940 44,3801 11.5136 SURFACE CONCENTRATION, 1 0.8495 0,1027 0.0478
. (SO0=-CM/SEC) 4,3801 1.3386 L 44,8066 AVe FILN CONCENTRATION ¢ 049247 00,0513 0.0239
11,5136 44,8066 12,5071 SCH NUMBER St 049934 1.,4101 0.55a8
VISCOSITY (CENTI-POISE) : - 0.0994 0,0840 0,1056 FILM-DE)SX1000.VISCASITY: 0.1622 04.1000 o
—~ FPEFECTIVE DIFF. COEFF. ! 6,2040 44,3705 11.1080 X CONVERGENCE ERROR P 0.6434
TR R E R E N E A I IR T I S E T E S C T T E TS EEETSEERAT AR RN ===:====s::zz:zs:zx:==i£:!=t:8;l8ttlll'.tl'lll.
~1D DIST SW/RAD PN/PPL  YCL2 REN Vv~NOZ vV-D1IST Y=NNZ T=-RIST  T=PARTY CONV TIME (SEC)
(CM) cm/S CM/S X K R EXPER R CACULATED
. - M EM=R MAS=TR
R N D A - P A D S S WS T D G W T e BB B TS R G5 e W S . S R G W TS W e D W T e G N e - o S e G A S e S e Y A G5 S G o e G S G A e A ol
1-36 1.8 0,4246 0.2211 1.000 37S. 3853, . 3845, 5287, S226 2081, 0.3633 180. 155, 35.
a ZRCLA n2 ° B cL ecLa 02
BINARY DIFFUSION COEF. T 11,8196 4A4.8B71 12,8455 "SURFACE CONCENTRATION H 08895 0410286 0.0A79
(S0-CM/SEC) 4.8871 1,4965 55,3628 AVe FILM CONCENTRAY!ON H 0.9248 00,0513 0.0240
s 12,8455 7 5.3628 139540 SCHMI T NUMRER 2 09930 1.4097 0.,5546
VISCOSIYY (CENTI-POISE) @ 0.1037 0.0878 Ne1102 FILM-DENSX1000,VISCOSITY: 0.1518 0.1043
FFFECTIVE CIFF, COEFF, It 649226 A ,8764 12,3945 X CONVERGENCT FRROQ ! .0.6218 ’
2 : 4
. } 4
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Al
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10 D!ST SW/RAD PN/PPL YeL2 REN V=NOZ v=DIST T=NOZ T=0I1ST T=PARY CONV TIME (SEC)

[§ 7] “CM/S cM/S K . [ 4 K EXPER CACULATED

- CHEM=R . MAS=TR
D T T T Ty — - ---—------—--.-———--’b—-----------------.-------—--—-------——-—--——-—-—--
I-37 18 0.4379 0.,2233 1.ooo 3¢9, 3491, 3484, 4928, 4870. 21!41‘0.4742 240, 196, 54,
cL ZRCL A 02 cL ZRCLA 02

BINARY DIFFUSION COEF. : 10.9631 4,5328 11,9147 SURFACE CONCENTRATION 2 0eB637 0.0928 0.0435

(SQ=CM/SEC) : 4.5328 1.3862 4,971 AVe FILM CONCENTRATION I 0.9319 0.0864 00,0217 |

. 11.9147 4.,9741 12.9428 . SCHMIT NUMBER 2 10128 14399 00,5647

VISCOSITY (CENTI-PDISE) 0.1007 0.0852 0.1070 FILM-DENSX1000.,VISCOSITY; 0,1%55 0.1013
EFFECTIVE DIFF, COEFF. ! 6.4339 44,5238 11.%5343 X CONVERGENCE ERROR 2 0.5466

~

. - A

:-:saa:-x:l:xxns:--:zt-:sas:::::aa:stas::::::xs:tuul:t-t::: XEXEIXETT :!z=s:x::z!'tttISItlzllliltlt=ltﬂﬂitltllliﬂii

io o:sr SW/RAD BN/PPL  YCL2 REN  Vv=NDZ V=DIST T=NOZ T-DIST T~PART CONV YIME (SEC)

(C CM7sS CMsS X X X EXPER CACUL ATED

. CHE M=R MAS-TR
1-38 149 044645 0,2164 1,000 341, 3359, 3350. ABGS, As01]. 2147. 0.6383 360. 268, a7,
, - cL ZRCLA 02 . * . L ZRCL 4 02

BINARY DIFFUSION COEF, ! 10.8698 4 .,4942 11,8133 SURFACE CONCENTRATION &t 0.876%5 0.0841 040394

(SO~CM/SEC) 4.4942 1.3T742 44,9318 AVe FILM CONCENTRATION 3 0.9382 0.0420_ 0.0197

11.81233 4,9318 12,8327 SCHMIT NUMARER H 1.0302 148678 045740

VISCOSITY (CENTI-POISE) I 0.1004 0.0849 0.1067 . FxLu-osyjélooo.vxscosrrv: 0.1533 0,1009
EFFECTIVE DIFF, COEFF. : 6.3908 4.4860 11.4698 X CONVERGENCE ERROR : 0.4934

38."..':'.-3’2..3".:':.‘!. I X I R I I R I N P R I N E NI I E T Y S IR I T EXIASFIETINCRRRR AR S I EE RN EEr R AEEEEEREEEE RN

ID  DIST SW/RAD PN/PPL YCL2 REN  V=NOZ  v=DIST .T~NOZ T-0IST T-PART CONV TINE (SEC)
(Cu) cM/s cuss L X x EXPER CACULATED
CHE =R MAS~TR
1-39 2,6 0,4479 0.,2076 1.000 372« 4266,  A241, 5590, 5467, 2147, 0.7323 aS0, 331, 95,
‘
I, . cL ZRCLA 02 . cL ZIRCL 4 02 ’
BINARY DIFFUSION COEF. ! 12.6509 5.2310 13.7490 SURFACE CONCENTRATION I 00,8765 0.0841 0.0394
(SQ-CM/SEC) 5.2310 1.6035 5.7401 Ave FILM CONCENTRATION I 0.9382 040420 0.0197
13,7490 %.7401 14,9354 SCHMIT NUMBER 140293 1.4663 0,5735
VISCOSITY (CENTI-POISE) ¢ 0.1065 0.0903 0.1}32 FILM-DENSX1000.VISCASITY: 0.1399 O0.107%
SFFECTIVE DIFF. COEFF, : 7.4382 5.2215 13,3490 . X CONVERGENCE ERROR T 0.4957,

-
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1D DIST Sw/RAD PN/PPL
{(CM)

[-40 18 0.4368_ 0,2212 1

BINARY DIFFUSION COEF. @
(SQ-CM/SEC)

VISCQOSITY (CENTI-POISE) :
EFFECTIVE DIFF, COEPFF,

et L2 2 2 L2 2 2 2 EL TR 2T E T TS TL R T FIT POT B R g prpupnpupes
V=NOZ
CM/s

ID DIST Sw/RAD PN/PPL
(CM)

YcL2 REN - v=NO2 vV=01ST T=NOZ T=DIST T-PART CONV
CM/S Ccm/S X L3 K
.003-- 36S5. 3858. 3850. S17t. S110. 2147, 0.46560
#
cu ZRCLS - 02

116835 4.8309 12.6377 SURFACE CONCENTRATION :
4,8309 1.4790 «3011 AVe FILM CONCENTRATION
1246977 Se3011 13.7934 SCHMIT NUMBFR H
0.1032 0.0874 . 0.1097 FILM=-DENSX1000,VISCOSITY:
6.8701 44,8221 12,3306 %X CONVERGENCE ERROR H

YcL2

REN

1

v-D1

T-NOZ
x

T=DIST TY=PART
K K

CONV

240.

cL

0.8766
0.9383
1.0300

01467
04604

—_—

—

EEUITXRIWERTTXRZS IR IR IR E R E I I E I E AN A Sr IR EE NNENSEEE .

TIME (SEC)
XPER

e m e s s ca e e r et P e Carc R e e RS ... —————————————-—

CACULATED
CHEM=R  MAS=TR
176, 56,
ZRCL 4 o2
0.0839 0,039S
0.0419 . 0.0198
1.4675 “0.5739
\'0.!038

o

SEIESEETRASIEEESIXEIBEITINTEXNRNNRS :::t:--:x::-_—x::l:us:azx.:":aaas-t-

TIME (SEC)
XPER

cm/ CACULATED
CHEM=R MAS=TR,
I1-41 149 0.8568 0,2161 1,000 347, 3378« 3365. 4821, 4759, 2147, 0.%25%2 300. 208, 68
L ZRCLA n2 cL ZRCL A 02 -
BINARY DIFFUSION CDEF, : 10,7597 4,4487 11.6937 SURFACE CONCENTRATION ¢ 048763 040840 000395
(SQ=-CM/SEC) A.4A87 I.JGOOI 4,8818 AVe FILM CDNCENTPATION H 0.9383 0.,0420 0.0197
11,6937 44,8318 12,7028 SCHMIT NUMBER ! 1.0304 1.4679 0,5741
VEISCOSITY (CENTI-PDISE) ¢ 0.1000 0,0845 0.1062 FILM=-DENSX1000,vISCOSITY: 0.1542 0.100S
EFFECTIVE DIFF, COEFF, : 6.3264 4.4406 113547 X CONVERGENCE ERROR T 0.4755

PR A RN R I N R R S A AR EEEE X EETE I SX EXIEIITETARRTEERNUATT N =

it b el 2 L bR L2 22 22 22 2 R 2 22T 2 T E 2 TP F I 15 PUp T prpupnpeppigi

1D DIST SW/RAD PN/PPL YCL2 REN V=NOQZ v=-D1ST T=-M0OZ, T-DIST T=PART CONV TIME (SEC)

(CM) cH/s . cM/s x X L3 EXPER CACULATED

: . ) . ) CHEM=R  MAS=TR
.---—-----—----s----—-—------—---——----———-—-----——------—---------------------------------------—p—-—---—--—q-—--
1-42 2.6 0.,4479 0.1785 1,000 “378. 3907, 3893, 5092. . S007. 2147, 0.9187 690, - B27,. 148,
" 9
cL RQL 4 02 ;" CL ZRCL 4 02

BINARY OIFFUSION COEF. : 11,4105 4,7179 12,8010, , SURFACE CONCENTRATION S 0.8765 0.0843 0,0392

{50-CM/SEC) 4.7179 1.4438 5,1772 AVe FILM CONCENTRATION : 0.9383 0.0422 0.0196

12.4010 Se1772 13,4711 SCHMIT NUMBER - 2 1.029S 14663 0.5737

VISCOSITY (CENTI-POISE) 0;3023"0.0866 0.1047 FILM=-DENSX1000,VISCOSITY? 04,1490 0.1029
SFFECTIVE DIFF, COEFF, : 6.7074 4.7092 12,0362 T 0.5636

X CONVERGENCE ERROR

a
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ID  DIST SW/RAD PNyYPPL YCL2 :REN  V<SNOZ V-DIST TY=NOZ T=DIST T-PART CONV TIME (SEC)

{CMm) *cnli . CM/sS 3 K x EXPER CACULATED
, . : CHEN=R  MAS-TR
1-843 1.9 0,4495 0.2153 1.000 342., 3369. 3361, 4763.- A703. 2179. 0.3749  180. 124, 50%
cL ZRCL S ‘02 * cL ZRCL 4 02
BINARY DIFFUSION COEF. I 10.6993 4,4237 {1,6280 SURFACE CONCFNTRATION : 0.8882 0.0759 0.03%9
(3Q-CM/SECQ) 4,4237 1,3522 46,8544 AVe FILM CONCENTRATION : 0.9841 0.0379 0.0180
11.6280 4.8544 12,6315 SCHMIT - NUMBER H 1.0473 124945 00,5829 [
VISCOSITY (CENTI-POISE) T 0.0997 0.0843 0.1060 FILM-DENSXF000,VISCOSITY: 01519 0.1003 .
EFFECTIVE DIFF, COEFF. : 6.3021 4.4164 11.3233 X CONVERGENCE EPROR T 0.3918 i

v
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0 OIST SW/RAD PN/PPL  YCL2 RCN V=~NOZ y=0IST T=NOZ T=DIST T=PART CONV TIME (SEC)
A (cMy, . cM/S cM/s X X X XPER CACULATED
A - CHE M=R MAS=-TR
-u.--—---——o-—.—-—.-—----q-—h---—---——----——-————-—-—--——---—-------—--—----c----------- - - - e -
1-844 2.6 0.4479 0,1970 1,000 356, 4099, 4078. $366. 5259, 2212, 0.5968 315, 20€. 88,
A~ - o
cL . IRCLe Q2 N cL ZRCL-4 02
SINARY DIFFUSION COEF, : 12,2607 S.,0696213.3249 ! "SURFACE CONCENTRATION : 0.8987 0,0687 (0.0326
(SO-CM/SEC) . 5,0696 1.553) 5.5630 AV, FILM CONCENTRATION @ 0.9493 0.0344 00,0163
) . 13.3249 $5.5630 14.4748 SCHMIT NUMAER T 1.0619 1.5174 0,590S
VISCOSITY (CENTI-POISE) T 0.10%52 0.0892 oO.t118 FILM=DENSX1000,VISCOSITY: 041376 00,1057 .
EFFECTIVE DIFF, COEFF, @ 7,2332 5.,0620 13,0078 X CONVERGECNCF ERROR . ¢ 0e3460
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10 OIST SW/RAD PN/PPL YCL2% REN . VY=NOZ v=D18T T=NQZ T=0I1ST T-PART CONV TIMNE (SEC} -
(Cn} (o 74 CM/S X K K . . EXPER CACULATED
. : o , v « CHE N=R MAS-TR
I-45 1.9 0.3853 0.2375 1.000 336. 3706, 3698, 5185, 5084, 2212, 0.328e 156, 98, 46,
- A 2 ,
- N CcL ZRCL. s a2 o - s cL ZRCL A - a2
BINARY DIFFUSION COEFe : 11.7877 . 4,8740 12.8109 SURFACE CONCENTRATION 2 0.B987 0.0686 0.0326 .
(SQA-CW/SEC) 48740 1.,4924 55,3483 AVe FILM CONCENTRATION ¢ 09894 00,0343 D.0163
. 12,8109 S.34%33 13.9164 BSCHMIT NUMBER T 1,0623 1.5180 00,5907
. TVISCOSITY (CENTI. POISE) @ 9.(036 0.087] Ds1101 . FILM-DENSX1000.VISCOSITY: C0.1409 0.1041)

CFFECTIVE DIFF. COEFF., ! £.9544 4,8667 12.5067 X CONVERGENCE EPROR™ : 0.3303
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ID  DIST SW/RAD PN/PPL  YCL?2 REN  V-NOZ v=DIST T=-NO2 T-DIST T=-PART CONV TIME (SEC)
(Cw™) cMss 7 cMss X K K EXPER CACULATED
. . CHEM=R  MAS=-TR
- - = e e m e e mmam e e e - ———————— ... —— .- ——————— ——— -
. 1-46 149 0.4512 02310 1,000 319, 38955 3883, 5625, 5544, 2212, 0,4900 240. 158, 71.
--E.~ 0 " . <
- cL' °  zmcus o2 o © - cL - ZRCL 4 o2
BINARY DIFFUSION COEF. : 13,0458 $.3943 14,1782 SURFACE CONCENTRATION ! 0.8987 0.0687 0.0326
(S0~ CM/SEC) 5,3943 1.6543 55,9192 AV, FILM CONCENTRATION : 0,9493 0.0344 0.0163 :
14,1782 S.9193 15.4016 SCHMIT NUMBER ! 1.0615 1,5168 0.5903°
" N v N T
VISCOSITY (CENTI-POISE) ¢ 0.1078 0.0914 0.1145 FILM-OENSX1000,VISCOSITY: 0.1326 0,1083
EFFECTIVE DIFF. COEFF. : 77,6963 55,3863 13,8400 X CONVERGENCE ERROR ! 0.3506
o ~ & Y
IZNWEXBTIXTEY 8:23‘:3‘2'::8"2 12323 2 2 3 2+ s &+ P 2 3 2 A1 E L T R Y P L RS AT S S SRS ¥ O ====’====:==’:”.:=====’:3"=383’:":"8‘333.’
ID  DIST SW/RAD PN/PPL YCL2 RFN  V=NOZ Vv=DISY. T=NOZ T=DIST T-PART CONV -~ YIME (SEC)
(CM) . s cMsS cMssTE K K K EXPER CACULATED
CHEM=R  MAS=TR
e e e e e e e e e A e A - ———————— = 4 = e e e 0 e o e e e e D D R
1-47 2.6 0.4479 0.1856 1.000 . 365, 3873, 3857, A998. 4908, 2212. 0.4099 19S5, 127. _ s8,
cL ZRCLA oz cL zZRCL S 02 - &
AINARY DIFFUSION COEF. : 11.3208 4,6808 12,3074 . SUPFACE CONCENTRATION % 0.8987 0.,0686 0.0327
(S0-CM/SEC) A.6808 1.4323 65,1364 AV, FILM CONCENTRATION . 0.9494 020343 040163 =+
12.3034 5.1364 13,3651 SCHNIT NUMBER T 1.0626 1.5185 0.%909
) VISCOSITY (CENTI-POISE) I 0.1020 0.0863 0.l084% FILM-DENSX1000+VISCOSITY: 0.144%4 0.1025
EFFECTIVE DIFF, COEFFe I 6.6790 4.6738 12,0116 X CONVERGENCE ERROR T 0.325%
4 -]
/ .-
® N N 2:’.’::‘£88:=82‘88:.2::’!:‘::32:::2:===::===8=====:=8"==:======:=====S====8x(====.8========:=:====x:’:.:’:s:’:..‘
. ID  DIST SW/RAD PN/PPL YCL 2 REN  Vv-NOZ v=DIST T=-NDZ T~DIST T-PART CONV TIME (SECY
(CM) cM/S cM/s K K K EXPER © CACULATED
CHEM=R  MAS=TR
.-‘---------:"--—--——------’-—---\~-—-‘-—«b-—-—-—--—--‘---—-—-—----- s G e DGR e W YD D Y NS D TR W AP W S e M S WD ey D D A T AR A0 P R D D DD S S O S A e
I-48 1.8 0.4230 042221 1,000 353, 3707,  3700. A730. 4676, 2278. 0,3813  180. 99, 65,
. - cL ZRCLA n2 , cL ZRCL 4 02
AINARY DIFFUSION COEFe $ 10.8866 4.5012 11,8316 SURFACF CONCENTRATION &' 0.9167 0.0563 0.0270
(SO-CM/SEC) 82,5012 1.3763 4.9394 - AVy FILM CONKENTRATION : 0.9586 0.0281 0.0135
11.8316 4,9394 12.8526 SCHMIT NUMBER ! 1.0006 15623 0.6054
VISCOSITY (CENTI-POISE) T 0,1004 0.0849 0,1067 FILM=-DENSX1000,VISCOSITY: 041436 001009
FFFECTIVE DIFF, COEFF. i 6.4401 4,4956 11.6007 . X CONMVERGENCE ERROR T 0.2333
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1D DIST SW/RAD PN/PPL ycL 2 REN v=NQZ v-DIST T=-R02 T=DIST T=PART CONV TIME (SEC) -~
(CM) . . CM/s . CM/S - K x K _EXPER CACULATED
x 9 CHEM=R MAS=TR
e D - 0 D W . W U e P e e W = G e W W - - - —- - - P e W AP S Y T - -
[~49 1.8 0.,4512 0.2225 1.000 340. 3657. * . 3649, 4835, 4776, 2278. 0.3886 180," 10 1le 66,
i - . : s
CL ZRCLA o2 cL ZIRCL A 02
BU'NARY DIFFUSION COEF, P 11.1483 4.6094 12,1160 SUFFACE CONCENTRATION : 09167 0.0563 0.Q270 ’
(SQ~CM/SEC) 44,6098 14100 S. 0582 AVe FILM CONCENTRATION T -0.9584 0.0282 0.013S
12,1160 5,0582 13,1618 SCHMIT NUMBEPR N H 10904 15619 0.6053
VISEOSYTY (CENTI-POISE) 0.1014 0.0858 0.1077 FILM-DENSXIOOO‘V!SCOBITY: Oe«1416 0.1018 . © =
N -4
FFFECTIVE DIFF, COEFF. : 6.5948 4.6038 11,8792 X CONVLCRGCNCE ERROR ¢ 0.2380 )
. il .
:t:tuaz:sszx:::z::sz;::st:;x====x::=====:===::==a:sst:t::x::z::::==========:z=:::-rzx:::s=::s:=:z:siaa-::xsxa::nn
/7 1D DIST SW/RAD PN/PPL YCL2 REN V=NOZ v-DIST T=NNZ T-D1ST T=-PART CONV TIME (SFC) >
(CM) — cuss cuss K K X EXPER CACULATED . T
’ ° & N . CHE M=R MAS=TR i
. - 1-%0 1aB 0.4366 0.2004 1,000 -;::.--—;994. 3987. 5260. 5209, 2411 . 045785 300 12S. 147, ~
- cL ZRCLA ~ ©02 ) - CL ZRCL & 02
BINARY DIFFUSION COEF. : 12,6668 5,2376 13,7663 SURFACE CONCENTRATION H 0.9429 0.0385 0.6186
. (SQ-CM/SEC) S2376 146058 S.7473 AVe FILM CONCENTRATION : 0.9715 Q0a.0192 0.0093
— _ 13,7663 S47473 14,9542 SCHMIT NUMBER -t 1.1323 16277 0.6272 K
VISCOSITY (CENTTI-POISE) ¢ 0.1065 0.0903 0.1132 FILM-DENSX1000,VISCOSITY: 0.1255 0,1069
EFFECTIVE DIFF, COEFF, ¢ 7.5228 5,233t 13.5810 X .CONVERGENCE ERROR ¢ 0.1400
e 5 , )
- . . ~ 2 °
--> t:tf:t::tt::::ssatss:s:::x::::::::============:==nz=::::z:=s:==================!=3=883======Iil====ﬂl:iilﬂll-'lll [
10 DIST SwW/RAD PN/PPL  VYCL2 REN V=NQOZ vV-DIST T=NOZ T=~DIST T-PART CONV TIME (SEC)
- (CM) cM/s cw/s X K x EXPER CACULATED"
B CHE M=R MAS=TR
:“ 1-51 1.8 0.0076 0e2011 1,000 315. S139. 5129, 6525, 6460, 2411« 09060 600 27 3. _258. .
CL-  ZRCLA n2 e ZrRCLA 02
R?QAPY DIFFUSION COEF.,  ® 16.2986 647396 17,7133 SURFACE CONCTMTRATION H 0.9428 0.033» 0.0185
(SQ-CM/SEC) €.7396 24,0720 7. 3953 C AVe FILM CONCENTRATION : 0.9714 0s0104 0.0092
¢ - 177133 703953 19,2419 SCHMIT NUMSER : .1292 1e6241 06260
VISCOSITY (CENTI-POLISFE) 3 0+1175 0.0999 0.1249 . FgLM-OENSXIOOO-V!SCOS!TY: ‘0.1079 0.!!86
H Q.6785 6.7338 17.4707 X COMNVERGENCF FRROR H 0.1880

TFFFCTIVE DIFF, COEFF,
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1o OIST SW/RAD PN/PPL  YCL2 - REN v=-NO2 v-DISY T=-NOZ T=DIST T=PART CONV e ET]HE {SEC)
K K XP

’

(e cM/s cMss Tk CACULATED
- CHEM=R NAS;TN
1-S2 1.8 0.4366 0.2173 1.000 318, 4173 4164  S&13.  5352.  2411. 0.6451 330, 146, 16#.
{
c 7RCLA n2 .cL ZRCL oz |
SINARY OIFFUSION COEF. : 13,0641 5.3019 14,1981 SURFACE CONCENTRATION 3 0.9429 0.0385 0.0186
(S0-CM/SFC) . 5.84019 1.6566 5.9276 AV, FILM CONCENTRATION : 0e9715 00193 0.0093
. T 14,1981 5.9276 15.4233 SCHMIT NUMBER P 141320 1.6273 0.6271
VISCOSITY (CENTI-POISE) : 0.1078 0.,0915 0.1146 FILM-DENSX1000,V1ISCOSLTY: 0.1232 0.1082
| EFFECTEVE DIFF, COEFF. : 7.7587 5.3973 14.0067 * X GONVERGEMCE ERROR : o.1sa0

L]
SR EN TR SN SRR R RN I EEEAEREE ST RERIRT I I I I NI A I R R R R R T I I N S N I T S XTI S S TAT R NENINERERE D EXEER RN IEEE ENERE EEERRERY N/

10 DIST SW/RAD PN/PPL YCL2 REN  V-NOZ V-DIST T=NOZ T-DIST T-PART CONV TIME (SEC)

{(CM) cCM/8 CM/S L4 o K .4 EXPER - CACULATED

. D , CHEN=R  MAS=TR
1 53 1.8 044366 0.1985 1,000  312. 4182  4178e 5517+  Sa6as . 2811, 0.7229 390, 174, 194,
cL zrcLe 02 ) cL ZRCLA 02

BINARY DIFFUSION COEF. : 13.3787 5.5320 14,5399 SURFACE CONCENTRATION : 0.9429 040386 0,018S

(SQ-CM/SEC) 5.5320 1.6971 640703 AVe FILM CONCENTRATION : 0.9715 0.0193 0.0093

\‘ 14,5399 56,0703 15,7946 SCHMIT NUMRER T 11318 1,6269 0.6269

VISCOSITY (CENTI-POISE) X 0.1088 0.0924 0.1157 FILM-DENSX1060,VISCOSITY: 0.1214 O.1092
SFFECTIVE DIFF. COEFF., .: 7.9453 s¥273 14,3433 X CONVERGENCE ERROR T 0.1538 .
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to DIST SW/RAD PN/PPL  YCL2 REN v~NO2Z v-DIST T=NCZ T=-DIST T-PAQT CONV TIME (SEC)
{CM) CcM/S cM/S 4 K X EXPER CACULATED
CHEM=R MAS=TR
- D e G D S — - —.————--——-——-——-----'cn-----—------------—-c.-—----d-——-----------.------------.
I-54 148 044366 02291 1,000 308, 4548, 4537, 5856, 5781, 2478, 0.5838 285, ° 111, 168,
cL ZRCcL A («¥-] . cL ZRCL 4 02
BINARY DIFFUSION COEF, T 18,4838 5.989] 15,7410 SURFACE CONCENTRATION H 09524 00320 040155
- (SQ~CM/SEC) 5.9891 1.8391 6,5718 AVe FILM CONCENTRATION $: 0,9762 0,0180 0.,0078
. 15.7810 6.5718 17.0993 SCHMIT NUMBER 2 1414760 14,6519 00,6352
VISCOSITY (CENTI-POISE) ¢ 0,1122 0.0953 0.1193 FILM=DENSX1000,.VISCOSITY: 0.1139 00,1126
FFFECTIVE DIFF, COEFF, : B.6185 5,9848 15,5644 . X CONVERGENCE ERRDR ! 0.,1054
- ’
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TABLE V-A
Average Carbon Content = 23.1 * 0.1 % wt -
Pellet_ Diameter = 0.826 cm
Chlogine Coricentration = 100 7
No. ‘ Gas Swirl/ Zr0, Pellet Reaction
(g/s) Radial Content ' Temperature Time Conversion
(wt % ) (K) (s) (wt % )
1 1.44 0.434 75.4 %415, 163 41.7
2 1.45 0.405 76.7 %437 60 - 19.2
3 1.41 0.421 76.4 " 21437 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 61.5
7 1.38 0.478 754 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°
11 1.43 0.434 76.4 1483 90 35.3
12 1.44 0.434 76.5 - 1483 135 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 76.1 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 1551 60 - 38.8
22 1.38 0.391 716.7 1551 420/ 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 ,0.434 76.6 1608 252 89.8
. 31 1.47 0.434 76.4 1608 330 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

ot



V-2
N = <X
@ s TABLE _V-A
. {Continued)
¢
No. Gas - Swirl/ ZrO, Pellet Reaction
(g/s) Radial Content Temperature Time Conversion
ﬁ - . (wt %) (X) (8) (wt %)
36 1.40 0.510 77.2 1659 120 71.1
37 1.48 0.463 78.6 1659 69 49.2
38 1.47 0.434 77.4 1659 48 41.0
39 1.48 0.434 76.3 1659 270 94.2 ‘
40 1.48. 0.434 76.5 1659 351 95.3
41 1.47 0.434 76.3 1659 290 95.4
42 1.46 0.434 76.4 1659 330 95.6 ,
43 1.49 0.463 77.2 1693 90 67.6
/ 44 1.45 0.434 77.2 1693 60 51.6
45 1.45 0.434 77.6 . 1710 90 68.2
46 1.47 0.427 76.9 - 1733 180 87.0
47 1.46 0.427 77.1 1750 135 80.1
' 48 1.41 0.434 77.1 1750 180 87.5 R
" 49 1.54 0.425 77.5 1780 75 63.8
50 1.44 - 0.434 77.7 1790 60 56.2
51 1.44 0.427 76.7 " 1796 90 71.2
52 1.58 0.579 77.7 1796 83 69.1
53 1.44 0.427 77 .4 1796 60 55.1
54 1.44 - 0.627° ° 76.6 1796 120 79.2
55 1.52 0.507 77.0 1807 78 . 66.8 -
) 56 1.50 0.478 77.9 1807 57 54.4
, 57 © 1.48 0.463 76.7 1807 102 - 76.7
58 1.52 0.507 77.6 1807 78 67.8
59 . 1.44 0.434 77.2 1836 90 72.3
60 1.46 0.434 76.9 1836 116 80.6 v
N 61 1.46  0.434 77.0 1836 45 48.5
62 1.42 0.405 77.3 1836 120 80.3
63 1.55 0.565 77.3 * 1900 120 84.7
64 1.58 0.579 +77.0 1925 105 81.8
65 1.62 0.579 77.9 1925 30 ° 40.6
66 1.56 0.590 77.6 1950 45 55.3
/ ‘ 67 1.56 0.590 77.6 1950 “72 69.7




TABLE V-B

Average Carbon Content = 31.4 * 0.5 % wt )
Pellet Diameter = 0.826 cm
Chlorine qoncentration = 100 %
.No. Gas Swirl/  ZrO, " pellet Reaction
(g/s) Radial Content Temperature Time .Conversion
(wt %) (X) (s) (wt %)
68  1.45  0.420 67.2 - 1449 180 47.8
69  1.46  0.434 68.3 1466 135 39.9
70 1.46  0.434 68.6 1585 135 63.9
71 1.37  0.462 68.5 1585 180 72.6
72 1.40  0.362 68.8 1585 165 68.7
73 1.41  0.510 69.2 1642 135 69.3
7h  1.47  0.436 T 68.0 1653 102 . 60.5
75 1.47  0.434 69.4 1653 105 61.4
76 1.47  0.434 69. 3 1721 90 62.9
77 1.47  0.434 67.9 1750 75 56.4
78  1.47  0.434 69.8 1767 105 69.4
79  1.47  0.434 67.7 1830 ° 75 58.5
+
* ~




~  TABLE V-C
Average Carbon Content = 42.5 * 0.4 7 wt
Pellet Diameter = - 0.826 cm
Chlorine Concentration = 100 A
) No. Gas  _Swirl/  2r0, Pellet Reaction
(g/s) Radial Content  Temperature Time Conversion
(wt %) (X) (s) (wt %)
80 1.46 0.434 56.2 195 35.8
81 1.47 0.434 57.9 120 29.8
. 82 1.46 0.420 ' 55.2 198 46.5
83 1.46 0.420 56.1 270 58.1
84 .47 0.420 55.4 330 - 63.7
85 1.46 0.420 55.7 420 72.7
86 1.46 0.434 56.6 180 47.9
87 1.46 0.434 56.6 , 120 44.6
88 1.43 0.420 57.2 190 34.5
89 1.47 0.434 57.6 180 58.5
. 90 1.47 0.434 56.6 60 28.7
N 91 1.44 0.405 . 59.4 426 87.1
92 1.47 0.434 56.8 330 78.5
95 1.47 0.434 56.7 270
96 1.20 0.531 59.8 150
97 1.47 0.434 56.6 135 52.5
98 1.44 0.405 57.7 141 65.3
99 1.45 0.405 60.7 90 47.9
B 100 1.39 0.362 56.0 120 62.9
101 1.46 0.405 58.2 - 120 63.0
102 1.45 0.405 57.9 45 36.9
103 1.44 0.405 57.0 150 72.4
104  1.44  0.405 _  57.9 240 o 87.1
—/ 105  1.45 - 0.405 . 57.2 180 78.8
106 1.46 0.434 58.6 315 , 93.5
107 1.45 0.405 . 57.6 . - 255 89.2
108 1.44 0.405 57.4 75 49.9
109 "~ 1.40 0.376 57.5 105 61.9
110 1.45 0.405 -~ 59,6 105 6$3.3
111 1.45 0.405 58.9 84 54.1
112 1.45 0.405 58.3° . 60 45.3
113 1.44 0.405 57.1 - ) 240 87.7
114 1.44 0.405 59.2 150 _75.8
115 1.44 0.405 57.5 30 . 31.6
116 . 1.45 0.405 57.2. 57 44.9
117 1.45 0.405 58.8, 210 84.9




. G
N TABLE _V-D
: &
Average Caxbon Content = 18.0 + 0.4 % wt o
Pellet Diameter = 0.826 cm
Chlorine Concentration = 100 /AN
é‘ag., Swirl/  ZrOa Pellet Reaction
No. (g/8) Radial Content Temperature Time Conversion
) (wt %) (K) (8) (wt %)
118 1.39 0.421 8l.6 1437 180 43.1
119 1.z§S 0.429 81.7 T 1446 135 36.8
120 1. 0.383 82.0 1457 75 24.13
121 1.42 0.420 81.9 1545 120 49.9
122 1.44 0.413 82.6 1548 ° 60 31.0
/
i Average Carbon Content = 20.2 % 0.7 Z wt <
Pellet Diameter = 0.826 cm
Chlorine Concentration = 100 A
\

- 123 1.47 0.434 78.6, : 1437 180 43.0
124 1.45 / 0.434 80.9 1449 17 24.0
125 $l.42 0.376 79.7 ‘ 1449 120 35.4
126 1.46 0.434 79.8 1539 150 58.3
127 1.45  0.405 80.2 153 60 30.2
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S




" \\ ) Vi,

Average Carbon Content = 18.0 * 0.4 7 wt
Pellet Diameter = 0.826 com
\\_\ Chlorine Concentration = 100 yA
| .
| —
| Gas Swirl/  ZrO, Pellet Reaction ™ N
| No. (g/s) Radial Content » Temperature smfime Conversion -
| - wt 2) x) (s (wt Z)
|
. —
118 1.39  0.421 81.6 1437 180 ©43.1
119 1.36 0.429 81.7 1446 135 36.8
120 1.%0  0.383 82.0 T 1457 75, 24.3
121 1.42 0.420 81.9 o, 1545 120 49.9 '
122 1.44 0.413 82.6 1548 60 31.0
i . Average Carbon Content = 20.2 % 0.7 7 wt
’ Pellet Diameter = 0.826 cm
Chlorine Concentration = 100 VA
[ . & ///)
123, 1.47  0.434 78.6 1437 . 180 43.0 \
126 1.45  0.434 80.9 1449 77 24.0
125 1.42 0.376 79.7 1449 120 . 35.4 -
126 1.46 O.4jﬁ\ 79.8 . 1539 150 58.3
/ v

-0 127 1.45 0.405 80.2 1539 60 30.2




V=7

TABLE _{-E —
. Average Carbon Content = 23.1 % wt
Pellet Diameter = *0,671 cm
Chlorine Concentration = 100 FA
. .
Gas Swirl/ ZrO, Pellet Reaction
No. (g/s) Radial Content °~ Tempetrature Time Conversion
- ‘ (wt %) () (s) (wt %)
) .
128 1.36 -.0.429 76.7 1420 165 40.9
129 +1.44  0.434 75.4 1466 120 40.9
130 1.34  0.406 76.5 © 1480 165 53.4
131 L4 0436 . 760 1480 105 40.9
"132 1.45 0.405 76.5 149% 135 50.3
133 1.47 0.434 75.1 1500 180 , 62.7
138 1.47 0.436 . 77.7 1500 120 47.1
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 150 62.9
139 1.44  0.405 ~ -76.9 1687 108" 73.3
140 1.45  0.405 77.3 1687 78 61.2
141 1.47  0.434 77.1 1778 - 78 72.6
142 1.45  0.405 7.1 " 1807 75 L 71.7
143 1.45  0.436  76.3 1807 105 85.7
146 1.44  0.405 76.6 . 1836 75 77.1"
145 1.47 0.434 77.1 1836 135 94.6




S
TABLE V-F

| Average Carbon Content = 23.1 % wt

Pellet Diameter = 1.00 .cm

. - - Chlorine Concentration = 100 %

Swirl/® Zr0, Pellet Reaction
No. Gas Radial Content Temperature Time Conversion
(g/s) (wt %) (K) (8) - (wt

146 1.47  0.434  76.1 1456 150 414
' 147 1.41 0.405  76.0 1483 | 150 46.4
148 140 0.405  76.2 1557 135 ' 59.1
. 149 1.44 1  0.434 76.0 1636 165 76.5
150  1.44  0.434 76.5 1636 165 744
‘ 151 1.44  0.405 77.0 1653 105 . 617
) 152 " 0.434 77.3 1653 -+ 135 72.4
153 0.434 .7 1653 126 69.6
154 6.8 1710 100 63.0
. 155 .1 1750 104 67.0




L4

No. Gas Radial Content Temp. Concent. Time Conversion
' (g/s) (wt 2) QK) (mole¥%) (s) - (wﬁ %)
156 - 1.13  0.420 77.2 1562 59.0 150 48.2
157 130 0.450 77.6 1636 69.4 135 - 7 65.1
158 1.00 *0.391 . 77.6 1642 " 54,6 300 83.9
159 1.39 0,458 77.5 1647 82.0 107 62.3
160 0.77 04515 78.3 1653 31.1 . 165 48.8
”}él 1.1 04419 77.9 1653 60.0 60 34.8
162 1.11 419 77.7 )1653 60.0 , 195 72.5
163 1.12 £0.410 77.6 1653 58.7 150 63.3
164  1.51 A‘o.447 78.3 1676 91.4 . 105 *  67.8
"165  0.84  0.400 77.7 1687 40.7 150 56.9

TABLE V-G

Average Carbon Content =

Pellet Diameter

o

= 0.826

23.1 7% wt

cm

Swirl/ Zx0O.

Pellet Chlorine Reaction

e



