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Chlorination Kinetics of Zirconia in an RF 
Chlorine Plasma Tail Flame 
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Montreal, Quebec, Canada 

The chlorination kinetics of zirconia were studied in a single stationary particle 
reactor system. A plasma of pure chlorine generated by an induction torch 
provided both the high enthalpy field and the reacting gas. The influence on the 
rate of conversion of such parameters as temperature, chlorine concentration (in 
the presence of argon) and particle diameter and porosity were investigated. 
Based on experimental and theoretical studies, rate equations were developed 
under different rate controlling mechanisms. 

The chlorination of zirconia in the particle temperature range of 1 540” to 
2 480°K obeyed a shrinking core reaction model. The reaction was chemically 
controlled below 1 950”K, and above this temperature both chemical and mass 
transfer resistances were important. The experimental results confirmed the 
theoretical analysis. 

SCOPE 
The chlorination of zirconium oxide may be considered as an 

integral part of the overall process for the production of nu- 
clear grade zirconium. The latter’s commercial production is 
currently based on the Kroll process (Miller, 1954; Shelton et 
al., 1956; Starrat, 1959; Elger, 1962; Babu et al., 1969; Chin- 
tamani et al., 1972; Spink, 1977) which uses hafnium free, pure 
zirconium tetrachloride as the feed material. Newer processes 
which have been proposed to replace the conventional com- 
mercial method of production also use zirconium tetrachloride 
as the starting material. These include plasma decomposition 
of zirconium tetrachloride (Chizhikov, Deineka and 
Makarova, 1969; Chizhikov e t  al., 1971; Semenenko et al., 
1975; Gragg, 1973; Little and Wentzell, 1965; CIBA, 1966) and 
electrowinning of the metal from fused salts containing zir- 
conium tetrachloride (Martinez and Couch, 1972; Martinez et 
al., 1976). 

For the production of nuclear grade zirconium, the near 
complete separation of hafnium, which is always associated 
with zirconium in the ore, is necessary owing to hafnium’s high 
neutron 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 then calcined 
to yield dehafniated zirconia. The subsequent chlorination of 
the dioxide to produce the tetrachloride feed for the Kroll 
process is thus an essential processing step in the overall com- 
plex production scheme. 

Zircon, the main source of the metal, may be either chlori- 
nated directly (Manieh and Spink, 1973; Manieh, Scott and 
Spink, 1974) or through a two-step process, namely, the car- 
burization of zircon followed by the chlorination of zirconium 
carbide or carbonitride (Kroll, Carmody and Schlechton, 1952; 
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Canada. W.H. Gauvin is with Noranda Research Centre, Pointe Claire, Quebec, 
Candda. 

ooO1-1541-80-3899-0734-$01.15. I’ The American Institute of Chemical Engineers, 
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Stephens and Gilbert, 1952; Shelton e t  al., 1956). The former 
requires a larger reactor volume, extra chlorine and carbon for 
the silica constituent of the ore, for the same throughput of 
zirconium tetrachloride. Furthermore, it necessitates the sep- 
aration, handling and disposal of silicon tetrachloride. On the 
other hand, the two-step process has been shown to be less 
efficient than zircon chlorination (Stephens and Gilbert, 1952). 
The recent development of a plasma process for the dissocia- 
tion of zircon into its two constituent oxides zirconia and silica 
(Wilks et al., 1972, 1974; Bayliss, Bryant and Sayce, 1977) 
followed by leaching of the silica may lead in future to the direct 
chlorination of the impure zirconia thus produced rather than 
that of zircon. 

The kinetics of the chlorination of zirconium oxide have not 
received much attention. The available publications in the field 
are limited to those of O’Reilly et al. (1972), Landsberg et al. 
(1972) for the kinetic study; to those of Stephen and Gilbert 
(1952) and Sehra (1974) for vertical shaft furnace and fluidized 
bed chlorination operation, respectively, and to that of Vas- 
ilenko and Volskii (1958) for thermodynamic analysis. All of 
these studies are concerned with temperatures below 1 400”K, 
under which conditions the reaction rates are too low for a 
viable industrial process. 

In the present work, it was intended to study the kinetics of 
zirconium oxide chlorination a t  high temperatures (1 400” to 
2 480°K). A chlorine induction plasma reactor system was used 
to provide both the high temperature field and the reactant 
gas. To the authors’ knowledge, the generation of a plasma of 
pure chlorine has never been attempted before, nor has the use 
of a plasma system for chlorination kinetic studies. 

To achieve the objectives of the study, a special reactor 
system had to be designed and developed to handle hot chlorine 
and control and measure all parameters affecting the rate of 
the heterogeneous zirconia chlorination. A theoretical analysis 
was carried out along with the experimental work. 
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The results indicate that the direct high temperature chlori- 
nation of zirconia to produce the tetrachloride may offer dis- 
tinct advantages in the e€aboration of future, more efficient 

production processes. This possibility is further enhanced if the 
use of a plasma flame is considered to generate the high tem- 
perature field necessary. 

CONCLUSIONS AND SIGNIFICANCE 

The kinetics of the reaction between zirconium dioxide and 
chlorine in the temperature range of 1 540" to 2 480°K in a radio 
frequency chlorine plasma tail flame were studied. The 
influences of such parameters as time, temperature, porosity, 
diameters and chlorine concentration on the rate were deter- 
mined experimentally, using a single stationary spherical pel- 
let. The range of particle Reynolds number extended from 150 
to 850. 

The microscopic examinations of partially reacted pellets 
revealed that the reaction was confined to a very thin layer 
near the external surfaee. This was confirmed by the experi- 
mental conversion-time data which fitted the shrinking core 
model. 

The Arrhenius plots of the experimental data indicated the 
existence of a gas film diffusion resistance above about 1 950"K, 
below which the rate was controlled by chemical reaction. The 
activation energy of 101.2 kJ/g mole (24.2 kcaymole) obtained 
for the latter region did not change with the pellet porosity, 
thus supporting the conclusion with respect to the surface 
reaction. 

The overall rate constant, however, showed a higher poros- 
ity dependence [proportional to (1 - €)-'I than could be 
accounted for by the change of solid density [proportional to (1 
- +'I. This was attributed to the existence of a thin fluffy layer 
near the external surfaces, resulting in a higher actual reacting 
area than Ihe geometrical surface area on which the shrinking 
core model is based. 

The rate was found to be inversely proportional to the pellet 
diameter, in agreement with the theoretical formulation, Equ- 
ation (9), again confirming the conclusion of chemical reaction 
resistance. 

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 atomic chlorine in the form of ycl/(2 - 
Ycd. 

At temperatures below 1 950"K, where the rate was con- 
trolled by chemical reaction, the following expression, derived 
from the theoretical formulation and the regression analysis of 
the experimental data, represented the latter reasonably well: 

l-(1-X)'l3 = 3.313 exp(-12 162/T)yc,2(1-~)-20-' t ,  (33) 

This expression includes the effects of all parameters affect- 
ing the raie of the reaction (temperature, diameter of particle, 
porosity and chlorine concentration) and should therefore be 
useful for industrial design purposes. 

For the region of T>1950"K, where both the chemical and 
mass transfer resistances were important, the theoretical 
analysis showed that the total reaction time could be approxi- 
mated by the summation of two terms: the time required to 
reach the same conversion in the absence of diffusional resist- 
ance and that for pure mass transfer control. Theoretically 
calculated mass transfer resistance confirmed the experimen- 
tal findings with respect to the controlling mechanisms. Fur- 
thermore, the predicted reaction time compared reasonably 
well with the experimental values. 

INTRODUCTION 

The chlorination of zirconium dioxides, in the absence of a 
reducing agent, has been studied experimentally in a prelimi- 
nary way by Landsberg e t  al. (1972) and by Pogonina and 
Ivashentseb (1974) at temperatures not exceeding 1 420°K. In 
both cases, the rate of conversion was quite slow. 

In plasma systems, the temperature difference between the 
reacting particle and the ambient gas is usually quite large. In 
the present study, it was of the order of 2 000" to 3 000"K, with 
the ambient gas temperature in the range 3 SOO" to 6 000°K. The 
equilibrium concentrations of molecular and atomic chlorine, as 
calculated from the data in the JANAF tables at different tem- 
peratures, indicate that, at the experimental gas temperature 
levels (3 500" to 6 000°K) used in this work, the chlorine gas will 
be  in the atomic form (dissociation is 98.94% complete at 
3 000°K). Thus, the following reactions may take place on the 
zirconium dioxide surface: 

4 c1 = 2 Cl' 

Zr02  + 2 C1, = ZrC1, + 0 2  

ZrO, + 4 C1 = ZrC1, + 0, 

(1) 

(2) 

(3) 

The free energy data shown in Figure 1 for these three reactions 
were extracted from the JANAF thermochemical tables (1967). * 

Reaction (2) is possible, depending upon whether atomic 
chlorine associates to form molecular chlorine at the oxide sur- 
face. Although the reaction temperature of zirconia pellets is 
lower than thie bulk gas temperature and permits the formation 
of molecular chlorine, the extent of reaction (1) may not be large 

'The chlorination of zirconia in the presence of carbon is included in Figure I for 
comparison purpnses. A study of the kinetics of this system will be published in a 
subsequent paper. 

owing to very short residence times. In any event, reaction (3) 
represents both the summation of reactions (1) and (2) and also 
the direct action of atomic chlorine on zirconium dioxide. 
Hence, regardless of what happens on the pellet surface, reac- 
tion (3) may be considered as representing the chlorination of 

I .  4CI S 2C12 

2. ZrO2 + 2C12+ZrCl4 + 02 
3. ZrOp+ 4CI eZrCl4 + 02 
4.  2r02+ 2C + 2C12+ ZrClq+ 2C0 

w 
W 

I I I I 
1000 1500 2000 2500 3000 3500 4000 4500 

TEMPERATURE, K 
Figure 1. Free energies of zirconia chlorination reactions. 
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zirconia in the absence of a reducing agent in the chlorine 
plasma. This reaction is also a reversible one, and it is ther- 
modynamically more favorable than that with molecular 
chlorine below about 2 050°K (dissociation less than SO%), as 
indicated in Figure 1. 

The purpose of this study was to investigate fully the possibil- 
ity of direct chlorination of zirconia with chlorine alone and to 
study its kinetics. A theoretical analysis was carried out along 
with the experimental work in order to obtain a time-conversion 
relationship and to compare the experimental data with those of 
theoretical predictions of this work when gas film diffusion 
becomes important. 

THEORETICAL ANALYSIS 

A review of the mathematical treatments of gas-solid reactions 
shows that every conceptual picture or model for the progress of 
a heterogeneous reaction is accompanied by its specific mathe- 
matical representation. The published treatments either as- 
sume a surface reaction which is expressed by a shrinking core 
model (Yagi and Kunii, 1953, 1955a, 1955b); Shen and Smith, 
1965; Levenspiel, 1972; Szekely et  al., 1976), or a diffuse zone 
reaction model. The latter either views the reacting pellet as a 
homogenous matrix-volumetric reaction model (Ishida and 
Wen, 1968; Wen, 1968; Calvelo and Cunningham, 1970; Wil- 
liams et  al., 1972), considers a pore structure (Peterson, 1957; 
Ramachandran and Smith, 1977) or envisages a grain structure 
(Szekely and Evans, 1970, 1971; Sohn and Szekely, 1972; Sam- 
path e t  al., 1975). The uniform reacting pellet model is treated as 
a special case ofdiffuse zone reaction models. The shrinking core 
model was found useful in analyzing many solid-gas, reactions 
including porous solids, owing to its mathematical simplicity 
(Costa and Smith, 1971; Wang and Wen, 1972; Munz and 
Gauvin, 1975; Morris and Jensen, 1976; Fahim and Ford, 1976). 

In the light of the experimental observations, the theoretical 
analysis of the reaction between zirconia and atomic chlorine 
will be based on surface reaction of the shrinking pellet, and it 
will be carried out for chemical reaction and for gas film diffusion 
controlling mechanisms, separately. Then an approximate solu- 
tion will be obtained for the intermediate case, where both the 
chemical reaction and the gas film diffusion resistances contrib- 
ute. 

Chemical Reaction Control 

For the reaction 

Z r 0 2  + 4 C1 = ZrC1, + O2 (3) 
in the absence of mass transfer effects, and neglecting porosity, 
sintering and structural changes, we can write the following rate 
equations: 

(4) 

- (drldt) = (ks/4ps)f(y) (5) 

- N  = kJy) = - (4/4arZ)(4af2ps)(df/dt)  

or  

Integrating between R and r ,  and between t = 0 and t = t ,  we 
get 

(6) 1 - (r/R) = (ks/4psR)f(y)t 

In terms of the fractional conversion X of solid reactant, and 
noting that r /R  = (l-X)'j3, we can write this as 

(7) 

The reaction rate dependence on the concentration f(y) is 
usually expressed as an exponent of the gaseous reactant concen- 
tration. In accordance with the experimental data, f(y) can be 
written as 

where ycl is the atomic chlorine concentration at the surface 
(which, in absence of diffusional mass transfer resistance, is aIso 
equal to the bulk gas concentration), and yrlc is the concentra- 
tion of atomic chlorine in equilibrium with the concentration of 
the product gases a t  the reaction surface. The final form of 
Equation (7) for the conversion time relationship thus becomes 

Mass Transfer Control 

Equat ion (3) involves multicomponent nonequimolar 
counter-diffusion. Bird, Stewart and Lightfoot (1960) have 
shown that mass transfer rates through a gas film in multicom- 
ponent systems can be predicted by using analogous binary 
formulas if an effective binary difhsivity Dim for the diffusion of 
the ith component in a mixture can be defined so that species i 
behaves as if it were in a binary mixture of diffusivity DAB equal 
to the prevailing Dim. The requirements for such a treatment are 
that the mass transfer rates should be low and the physical 
properties, including the effective diffusivities, should be con- 
stant. It is obvious that the physical properties generally vary 
from point to point, and this variation is more significant in the 
case of plasma systems, owing to the large temperature gra- 
dients. For an approximate calculation, average fluid properties 
and film composition will be evaluated at the mean of the 
reaction surface and plasma gas temperatures. 

The molar flux of component i (Ni)  by analogy with the binary 
formulas, is the sum of the diffusional contribution and of the 
bulk flow contribution; that is 

n 

Ni = kmi ( Y i s - y i o )  + yis Nj (10) 
j=1 

Starting with this basic equation, a detailed generalized deri- 
vation is given in Biceroglu's work (1978). The following is a 
summary ofthe major steps. For chlorine, this equation reduces 
to 

N = 2km(ycis-y~1)/(2-Ycis) (11) 

(12) 
For a spherical pellet, the mass transfer coefficient for chlorine, 
k,, may be calculated from the Ranz and Marshall (1952) corre- 
lation as , 

Also, for the disappearance of zirconia 

N = -(d ridt) = km(y,is-yci)/2(2-ycis)ps 

N S h  = 2 + 0.6 Nsc1I3 NR,'" 

or 

2k,r/cDm = 2 + 0.6 ( 1 . ~ / p D , ) " ~ ( 2 U p r / ~ ) ' / ~  (13) 
Inserting the value of k, from Equation (13) into Equation (12) 
and integrating the latter between t=O and t=tm, we get 

tm = - [(Ycls-Yci)cDm/2R2ps(2-Y~is) 1 i - I  

{ ( ~ / 3 ~ ) [ 1  - ( r / ~ ) 3 q -  ai-2(1 + 
2a- [ 1 - (r /R)  ''7 - 2a-' [ 1 - (r/R) '"I - 2a- 

In[( 1 + a)/l + a(r/R) '"I} (14) 
where 

a = 0.3 Ns,113 NRe'12 (15) 
As noted before 

(16) r/R = (1-X)1'3 

The concentration driving force in the treatment up to now 
was taken to be the difference between that at the reaction 
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surface and that in the bulk gas. For a purely gas-film difhsion 
controlled reaction, a good approximation to the reaction surface 
gas concentration may be obtained by assuming that chemical 
equilibrium exists at the reaction surface. Then, the chemical 
equilibrium relationship may be written as 

K E  = (YO~,) (YZ~C~~,) /YC~~ (17) 

Y C I ~  + Y Z ~ C I ~ ~  + yoZs = 1 (18) 

NQZ = N Z ~ C I ~  (19) 

Also 

and 

Expressicins similar to (12) can now be  written for Noz and 
NZrCI4. Since the fluid density, viscosity and effective diffusion 
coefficient are all functions of the gas film composition, the mass 
transfer coefficient k, is also composition dependent. Hence, to 
calculate ycIs, an iteration technique must be used to simultane- 
ously solve Equations (lo), (17), (18) and (19). 

Combined Moss Transfer and Chemical Reaction Control 

When chemical reaction and mass transport present compar- 
able resistances to the progress of a reaction, the contribution of 
these processes must be considered simultaneoulsy. A pseudo 
steady stafe ,assumption, stating that the rate of movement of the 
reaction surface -dr/dt is small with respect to the velocity of 
the gaseous components through the gas film, has been shown to 
be a good approximation for most of the gas-solid reaction sys- 
tems, except for those under extremely high pressures and very 
low solid reactant concentration (Bischoff, 1965; Bowen, 1965; 
Luss, 1968). Then, the overall rate is identical to the rate of 
interfacial chemical reaction and also to that of mass transport. 

For the chemical reaction, Equation (5) can be rewritten as 

-df-/dt = (kJ4P.J (Ycls-Ycl,)~(~-Ycls) (20) 

where surface, instead of bulk, concentration is used, since 
these are not longer the same. Similarly, for mass transfer con- 
trol, Equati(on (12) still applies: 

-drldt = krn(Ycb-YclY ~ P ~ ( ~ - Y C I , )  (21) 

Here the surface concentration is no longer a t  equilibrium. 
Combining Equations (20) and (21), we get 

(~cl-~c1,)l(2-~clJ = - ( 4 p d W r / d t  - (2dkrn)drdt (22) 

Replacing k,, by its value from Equation (13) and integrating, we 
obtain 

t = ~ ~ , R ~ ~ - - ~ ~ ~ ~ ~ I ~ ~ ~ , ~ Y ~ ~ - Y ~ , , ~ ~  

In this final equation, if the surface concentration ycls is 
approximated by ycl in the chemical reaction term and by ycle in 
the mass transfer term, it can be seen that the first term is the 
time required to reach a given conversion under chemical con- 
trol alone, and the second is that required to reach the same 
conversion under mass transfer control alone. The total time is 
thus the sum of the two; hence, t = t ,  + t,. 

Prediction off Transport Properties 

To allow the calculation of t ,  for mass transfer control in 
Equations (l4) and (23), there remains the problem ofestimating 
the effective diffusivisity coefficients and viscosities of the gas 
mixture. Based oh the theoretical treatment of Hsu and Bird 

@AS U N W  L 

W W 

Figure 2. Schematic drawing of equipment. 

(1960) and Bird, Stewart and Lightfoot (1960) which, in turn, 
used the concept of using binary formulas for multicomponent 
diffusion, the effective binary diffusivity D,, for the diffusion of i 
in a mixture is given by 

(24) Dim = (Ni-yi E N j ) / i  (1/Dij)(yjNi-yiNj) 
i= 1 j= 1 

For Dij, Reid and Shenvood (1966) recommend the expres- 
sion 

Dij = 0.001858 T"'[(Mj + M~)/M,M~]"'//PU$~~ (25) 

To estimate the collision integral OD, it is convenient, for 
computerized work, to use the correlation of Hattikudur and 
Thodos (1970): 

51, = 1.069/T*' I5*O + 0.3445/exp(0.65377'*) 

+ 1.556/exp(2.099T*) + 1.976/exp(6.488T*) (26) 

For the calculation of the effective viscosities of the mixture, 
the semiempirical formula of Wilke (1950b) was used: 

in which 

+jj = ( 1 / ~ % ) ( 1  + M J M ~ ) - ~ / ~ [ ~  + ( p j / l . L j ) 1 ~ Z ( ~ j / ~ i ) 1 ~ 4 ] 2  

(28) 
Pi = 2.669 X ~ / ( U * ~ Q . )  (poise) 

and from Hattikudur and Thodos (1970) 

0,. = 1 . 1 5 5 / ~ * ~ . ~ ~ ~ +  O.3945/exp(O. 6 6 7 2 ~ * )  

+ 2.05/exp(2.168T*) 

To use the above expressions, a knowledge of the Lennard- 
Jones potential parameters u and (e /k)  is required. For chlorine 
and oxygen, these values were readily available (Svehla, 1962), 
but not for zirconium tetrachloride vapors. Using experimental 
viscosity data for the latter at two temperatures given by 
Tsirel'nikov e t  al. (1961), Biceroglu showed that use of the 
critical properties to estimate the Lennard-Jones parameters 
gave excellent agreement, while the method based on the sec- 
ond virial coefficients gave erroneous results. Thus, for zir- 
conium tetrachloride vapor, the calculated parameters were 

d k  = 528.4"K 

and 
u = 5.616 A 
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FLANOE 

Figure 3. Schematic drawing of reactor. 

EXPERIMENTAL 

Apparatus 

A schematic diagram of the apparatus is shown in Figure 2. The 
plasma was generated in a radio frequency (4.3 M Hz) induction torch. 
The torch was started with pure argon, and chlorine was then added 
until the plasma consisted of pure chlorine alone. The power ranged 
between 7 and 25 kW. The plasma left the torch through a monel nozzle, 
25.4 mm in diameter, and entered the reactor system shown in Figure 3, 
machined out of monel. The upper section, or reaction chamber, was 
5.08 em in diameter and 11.4 cm long. The lower section (2.54 cm in 
diameter and 11.4 cm long) housed the particle support system and 
provided a nonreactive area for the particle while steady plasma condi- 
tions were established. It also accommodated the reactor outlet (1.9 cm 
ID), without disturbing the symmetry of the flow in the reaction 
chamber. 

The particle was mounted on an alumina sting, 0.08 cm in diameter 
and 1.0 cm in length, connected to a larger alumina rod 0.48 cm in 
diameter and 30.5 cm in length. Provisions 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 inlet. 

Particle Preparation 

The zirconium dioxide was optical grade with a minimum purity of 
99.8%. Impurities were A1 <0.01%, Fe  <0.01%, Hf <0.03%, 
Mg<O.Ol%, Mn <0.01% and Si <0.1%. Presence of other impurities 
could not be detected. About 96 mass % of the fine powder had an 
equivalent diameter less than 44 pm, with a mass median diameter of 
6.6 pm. Spherical pellets in the range of0.494 to 1 cm in diameter and 
0.485 to 0.59% in porosity were formed by a die compacting method, 
followed by sintering in air at 1 400°K for 4 hr. The pellets thus formed 
were not strictly spherical, as they exhibited a small disk portion around 
the equator. 

I I I I I I I 1 I 
1450 1500 1550 1600 1650 1700 1750 1800 1850 

BRIGHTNESS TEMPERATURE, Tb, K 

Figure 4. Spectral emissivity of reacting zirconium dioxide pellet. 
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Figure 5. Decay of chlorine velocity and temperature along the center line 
(condition 1). 

Meosurement Techniques 

Particle Temperature: The temperature of the particles was measured 
with a high resolution pyrometer capable of measuring the temperature 
of objects as small as 0.1 mm in the range 1 000" to 3 500°K. As chlorina- 
tion proceeded, the microscale surface roughness changed and so did 
the emissivity of the pellet, A large number of blackbody experiments 
had to be made, using a blackbody hole on the pellet, and the observed 
dependence of the spectral emissivity on temperature is summarized in 
Figure 4. 

Plasma Velocity and Temperature: Predictions of the axial velocity 
and temperature of the chlorine plasma were based on previous careful 
experimental measurements on argon reported by Sayegh (1977) on the 
same equipment. Details of the analysis can be found in Biceroglu's 
work (1978). Typical results are shown in Figure 5 for a given condition 
of SR (the ratio of swirl to radial gas flow rates to the torch) and PR (the 
ratio of power at the nozzle exit to the inlet plate power). Use of these 
relationships require a knowledge of UN, the nozzle exit gas velocity, and 
T N ,  the corresponding nozzle exit temperature. The temperature at the 
nozzle exit was obtained from calorimetric measurements on the reactor 
cooling water, working back from a similar determination of the exhaust 
gas temperature from a calorimetric measurement on the exit heat 
exchange. UN varied between 17 and 51 m/s and TN between 3 000" and 
6 500°K. The range of particle Reynolds number covered in this work 
was from 150 to 850. For the purpose of computer calculations on the 
exit heat exchanger, the following expression was developed for the 
enthalpy of molecular chlorine in the temperature range of 298" to 
1 000°K by curve fitting the tabular data of JANAF tables: 

Hclz = -2 323.9 + 7.332 T + 17.436 

X T2 - 636.27 X lo-' T3 (29) 
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Figure liicrographs (x6.4) od partially reacted pellets of the same initial 
diameter (0.671 cm). 

Having determined the mean enthalpy at the nozzle exit, and using 
the atomic +lorine density at the corresponding temperature, we could 
calculate the mean plasma gas velocity at the nozzle exit from the mass 
flow rate of the gas fed to the torch through calibrated rotameters. 

Extent qf Reaction: This was simply measured through weight loss 
with an accuracy of -~0.0001 g. At the completion of an experiment, the 
reacted pellet was micrographed. Typical micrographs are shown in 
Figure 6. The reduction in pellet diameter during an experiment ranged 
from 5 to 16%. 

RESULTS AND DISCUSSION 

Conversion-Time Relationship: Based on the microscopic 
examinations of partially reacted pellets (which showed that the 
reaction was confined to the external surfaces), the conversion- 

POROSITY - 48.5 X 

0 2 4 6 8 10 12 14 16 I8 P 
TIME, min 

Figure 7. Conversion vs., reaction time. Void froction = 0.485, pellet 
diameter = 0.671 cm. 

time relationship can be expressed by the shrinking core model 
of changing particle size. Thus, when the chlorination of zir- 
conium dioxide is purely chemical reaction controlled, the over- 
all consumption of zirconia with time [ as developed previously, 
Equation (7)] can be written as 

(30) 
The validity of this expression was confirmed by the experi- 

mental results (showing linear relationship between the conver- 

1 - (1 - X ) ” 3  = K t 
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Figure 8. Anhenius plot of reaction between zirconium dioxide and 
chlorine. 
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sion expression and time), typical of which is Figure 7, for a 
0.671 cm pellet with a void fraction of 0.481. Similar straight 
lines were obtained for porosity of 54.9 and 59.0%. 

InfEuence of Temperature: The effect ofpellet temperature on 
the reaction rate was studied in the range 1 540" to 2 480°K. The 
results were plotted in the form of an Arrhenius type of relation- 
ship, that is, plots of K ,  the overall rate constant, vs. lIT, typical 
of which is Figure 8. One hundred twenty-three experiments 
were performed for different pellet diameters and three void 
fractions, 0.485, 0.549 and 0.590, respectively. In all cases, 
these plots indicated that above 1 950"K, independently of the 
porosity, chemical reaction was no longer the sole controlling 
mechanism, but that an additional resistance (gas film diffusion) 
began to slow down the rate a t t h e  high_er temperature. 

PELLET POROSITY 48.5 % 

PELET DIAMETER = 0.671 cm 
- 

15 - - 
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Figure 1 1. Effect of chlorine concentration. 

From a multiple regression analysis of these data, the follow- 
ing expression was obtained: 
In K = 1.603 - (12 162 t 176)IT 

- (1.993 2 0.081) In(1 - 6) (31) 
with a multiple correlation coefficient of0.998 and with aproba- 
bility associated with F of unity. From this equation, an activa- 
tion energy of 101.18 t 1.46 kJ/g mole (24.166 t 0.350 kcall 
mole) was calculated. The partial correlation coefficient of ac- 
tivation energy was 0.997. 

Influence of Pellet Porosity: The experimental data are plotted 
in Figure 9, where each point represents the cumulative data of 
a large number of experiments. The straight line is the result of 
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Figure 12. Comparison of experimental reaction time with values pre- 
dicted by Equotion (33). (Chemical controlled region, T<1 950K). 
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the regression analysis as given by Equation (31), which yields 
an exponent of nearly -2 on the solid volume fraction (1 - E). On 
the other hand, Equation (7) predicts that the overall rate con- 
stant sholuld be inversely proportional to the porous solid den- 
sity ps, that is, inversely proportional to (1 - €), since ps = 
(density of dense solid) (1 - E). 

This contradictory conclusion 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 the microscopic examination of a partially reacted pellet, 
Therefore, depending upon the void fraction of a pellet (prob- 
ably also on the pore size and structure) the thickness of this 
layer and, consequently, the actual reacting area, changed in 
such a way as to result in a higher overall rate constant than could 
be accounted for by the simple dependence on the solid density, 
as given in Equation (7). It should be mentioned that Fruehan 
and Martoaik (1973) in the chlorination of iron and nickel oxides, 
and also Costa and Smith (1971) in the hydrofluorination of 
uranium dioxide, reported similar behavior but with a higher 
porosity dependence than in the present case. It should also be 
pointed out that the value of the activation energy did not 
change wiih the void fraction in the range studied here, indicat- 
ing, therefore, that it should be representing an intrinsic activa- 
tion energy. In this respect, Fahim and Ford (1976), in the 
reduction of cobalt sulfide in nonporous powder and porous 
pellet forms, also found the same activation energy for both 
cases, although in the latter a d i h s e  reaction front was observed 
and consequently a higher rate constant was obtained. 

Influence of Pellet Diameter: All of the previous results were 
based on a pellet diameter of 0.671 cm. To evaluate the 
influence of the diameter on the overall rate constant; three 
other diameters were studied, giving a range diameter from 
0.494 to 1 cm. The porosity varied somewhat but could be  
corrected fix- by plotting the results as shown in Figure 10, in 
which K in the ordinate is multiplied by (1 - E)*, as derived from 
Equation (31). The particle temperature was in every case lower 
than 195VK. As indicated by the slope of nearly unity, the 
overall rate constant was inversely proportional to the diameter, 
as predicted by the theoretical analysis, Equation (7), for chemi- 
cal reaction control. 

lnfluence of Chlorine Concentration: The effect of chlorine 
partial pres:sure on the overall rate constant was studied otl 
pellets of two different porosities (48.5 and 54.9%) and the same 
diameter (0.671 cm) by diluting the chlorine plasma with argon 
over a temperature range of 1 680" to 1 950°K. Typical results 
are shown in Figure 11. The slope is nearly unity. As previously 
noted, it can be shown that yCl2 and ycl are related by 

YClZ = YCI42 - Y C J  (32) 

Rate Expression for Chemical Reaction Control (T<1 SSOOK): 
From the theoretical formation and the regression analysis of the 
experimental data, the following empirical expression for chem- 
ical control of the chlorination reaction is obtained: 

l-(l-X)1'3 = 3.313 exp(-12 162/T)yc1,(l-~)-2D-' t ,  
(33) 

Figure 12 compares the predictions of Equation (33) with the 
experimental values oft,, including the effects of all the  indi- 
vidual parameters discussed previously. The agreement is rea- 
sonable in view of the experimental complexities of the study. 

Combined Chemical Reaction and Mass Transfer Control 
(T>1 9.50"K): As illustrated in Figure 8, Arrhenius plots of the 
experimental data indicate that above 1 95OoK, gas film diffusion 
began to contribute some resistance. The theoretically derived 
Equation (23) predicts that 

t = t ,  i- t ,  

where t, is the time required to reach a conversion X in the 
absence of mass transfer resistances as calculated from Equation 
(33), and t ,  is the time required to reach the same conversion 

(34) 
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Figure 13. Comparison of experimental reaction time with values pre- 
dicted by Equations (33) and (23). (Combined chemical reaction and mass 

transfer controlled region T> 1 950K). 

when the reaction is controlled purely by mass transfer as given 
by Equation (14). 

Biceroglu (1978) has carried out numerical calculations with 
the aid ofacomputer program described in detail in his thesis to 
predict the contribution of mass transfer according to Equation 
(14). Figure 13, in which the values of the experimental reaction 
time are plotted against the ones predicted for the same conver- 
sions in the region of the combined resistances, shows that the 
theoretical formulation agrees reasonably well with the experi- 
mental results. 
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NOTATION 

C 

D 
D A B  

Dij 
Dim 

D m  
E 
f 
Hc12 

K 
k 
K E  
k m  
knl* 

k8 

M 
N 

n 
Ni 

= total gas concentration (moles per unit volume) 
= diameter of spherical reacting particle 
= binary diffusion coefficient of mixture of two compo- 

= binary diffusion coefficient for the components i and j 
= effective binary diffusion coefficient of component i 

= effective diffusion coefficient of chlorine 
= activation energy 
= concentration function 
= molar enthalpy of gaseous chlorine (calories per 

= overall rate constant 
= Boltzmann's constant 
= equilibrium constant 
= mass transfer coefficient for chlorine 
= mass transfer coefficient of component i [Equation 

= surface reaction rate constant 
= molecular weight 
= rate of reaction (moles of chlorine per unit time, per 

unit surface area) 
= total number of gaseous components 
= molar flux of component i 

nents A and B 

in mixture 

mole) 

( W l  
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Nile 
NSC 

P R  

R 
r 
SR 
T 
t 
T* 
tnl 
T N  

tr 
U 
V N  
X 
Y 
Ycrz 
YCl 

Ycle 

YCIS 

Y io  

NSh 
P 

Yio 

= Reynolds number 
= Schmidt number 
= Sherwood number 
= pressure 
= ratio of power at the nozzle exit to the inlet (plate) 

power 
= initial radius of spherical particle 
= radius of shrinking spherical particle 
= ratio of swirl to radial gas in RF torch 
= temperature 
= reaction time 
= dimensionless temperature, T/(E/~) ,  Equation (26) 
= reaction time under mass transfer control 
= nozzle exit gas temperature 
= reaction time under chemical reaction control 
= gas velocity 
= nozzle exit gas velocity 
= fraction of solid reactant reacted at time t 
= mole fraction of gaseous component 
= mole fraction of molecular chlorine 
= atomic chlorine concentration in bulk gas 
= atomic chlorine concentration in equilibrium at  sur- 

= atomic chlorine concentration at surface 
= mole fraction for component i at surface [Equation 

= mole fraction for component i in bulk gas [Equation 

face 

(1011 

(Wl 

Greek letters 

a 
E 

J, 
(28) 

C t D  

Q 
P = density of fluid 
P S  

0- = Lennard-Jones parameter 
CL = viscosity 

= constant defined by Equation (15) 
= void fraction; also Lennard-Jones parameter 
= mixture viscosity parameter as defined by Equation 

= collision integral for diffusion 
= collision integral for viscosity 

= molar density of reacting solid 

Subscripts 

e = equilibrium 
i, j 
mix = mixture 
0 = bulk ff uid 
S = surface 

= components i ,  j 

LITERATURE CITED 
Babu, R. S . ,  Chintamani, Vijay. P. L. and R. B. Subramanyam, “Pro- 

duction of Nuclear-Grade Zirconium Sponge from Pure Zirconium 
Oxide,”Zndia At .  Energy Comm., Bhabha At .  Res. Cent . ,  BARC-427 
( 1969). 

Bayliss, R.  K. ,  J. W. Bryant, and I. G. Sayce, “Plasma Dissociation of 
Zircon Sand.” 3rd. International Symposium on Plasma Chemistry, 
Paper No. S.5.2. Limnges, France (1977). 

Biceroglu, Omer. “Chlorination Kinetics of ZrO, in an RF Plasma 
Tailflame,” Ph.D. thesis, McGill Univ., Montreal. Canada (1978). 

Bird, R. B.,  W. E. Stewart and E. N. Lightfoot, Trsnsport Phenomena, 
Wiley, New York (1960). 

Bischoff, K. B., “Further comments on the Pseudo-Steady State Ap- 
proximattion for Moving Boundary Problems,” Chem. Eng. Sci., 20, 
783 (1965). 

Bowen, J.  R., “Comments on the Pseudo-Steady State Approximation 
for Moving Boundary Problems.” ibid., 712 (1965). 

Calvelo, A , .  and R. E. Cunningham, “Kinetics of Gas-Solid Reactions- 
Influence of Surface Area and Effective Diffusivity Profile,” ], 
Catalysis, 17, 1 (1970). 

Chintamani, Vijay. P. L., R. B. Subramanyam and C. V. Sundaram, 
“Further Studies on the Pilot Plant Production of Reactor-Grade 

Zirconium Sponge,” India, At .  Energy Comm., Bhabha At .  Res. 
Cent . ,  BARC-607 (1972). 

Chizhikov, D. M., S. S. Deineka and V .  N. Makarova, “Use ofplasmas 
in Chloride Metallurgy,” in Manual-lnuestigations of Processes in 
Metallurgy of Nonferrous and Rare Metals, Nauka, Moscow, 136 
(1969), Chem. Abst., 73:90192. 

Chizhikov, D. M.,  Yu. V. Tsvetkov, S. A. Panfilov, S .  S. Deinekaand 
I. K. Taginov, “Use of a Low-Temperature Plasma in the Metallurgy 
of Nonferrous and Rare Metals,” Nizkotemp. PlasmaTekhnol. Neorg. 
Veshchesto, Tr. Vses. Semin., 2nd. 1970, 86 (1971), Chem. Abst., 
80:147764. 

Ciba Ltd., “Finely Divided, Nonpyrophoric Metals,” Neth. Patent 
Appl. 6 608 844 (1966). 

Costa, E .  C., and J. M. Smith, “Kinetics of Noncatalytic, Nonisother- 
mal, Gas-Solid Reactions: Hydrofluorination of Uranium Dioxide,” 
AZChE]., 17, No. 4, 947 (1971). 

Elger, G. W., “Quality of Zirconium Prepared by Different Re- 
ductants,”U.S. Bureau ofMines RZ-5933, U.S. Government Printing 
Office, Washington, D.C. (1962). 

Fahim, M. A,,  and J. D. Ford, “Kinetics of Hydrogen Reduction of 
Cobalt Sulfide,” Can. ]. Chem. Eng., 54, 578 (1976). 

Fruehan, R. J. ,  and L. J. Martonik, “The Rate of Chlorination of Metal 
Oxides: Part 111. The Rate ofchlorination of Fen03 and NiO in CI, and 
HCI,” Metallurgical Trans., 4, 2793 (1973). 

Gragg, F. M . ,  “Production of Pure Zirconium by Use of a Radio- 
Frequency Plasma,” Ph.D. dissertation, Univ. Ariz. (1973). 

Hattikudur, U.  R . ,  and G. Thodos, “Equations for the Collision Inte- 
grals n(’,*)* and Cl(’.’)*,”J. Chem. Phys., 52, 4313 (1970). 

Hsu, H .  W., and R. B .  Bird, “Multicomponent Diffusion Problems,” 
AZChEJ. ,  6, No. 3, 516 (1960). 

Ishida, M.,  and C. Y. Wen, “Comparison of Kinetic and Diffusional 
Models for Gas-Solid Reactions,” AlChE J., 14, No. 2, 311 (1968). 

Kroll, W. J . ,  W. R. Carmody, and A. W. Schlechten, “High Tempera- 
ture Experiments with Zirconium and Zirconium Compounds,” U. S. 
Bureau of Mines RZ-4915, U. S. Government Printing Office, 
Washington, D. C. (1952). 

Landsberg, A, ,  C. L. Hoatson, and F. E. Block, “The Chlorination 
Kinetics of Zirconium Dioxide in the Presence of Carbon and Carbon 
Monoxide,” Metall. Trans., 3, 517 (1972). 

Levenspiel, O., Chemical Reaction Engineering, 2 ed., J. Wiley, New 
York (1972). 

Little, J. E., and J. M. Wentzell (Rio Algom Mines Ltd.), “Reduction to 
a Refractory Metal by a Plasma Jet,” Belgium Patent: 668 600, (1965). 

Luss, D.,  “The Pseudo-Steady State Approximation for Gas-Solid Re- 
actions,” Can. J .  Chem. Eng., 46, No. 3, 154 (1968). 

Manieh, A. A., D. S. Scott and D. R. Spink, “Electrothermal Fluidized 
Bed Chlorination of Zircon,” ibid., 52, 507 (1974). 

Martinez, G. M., and D. E. Couch, “ElectrowinningofZirconium &om 
Zirconium Tetrachloride.” Metall. Trans., 3, 571 (1972). 

Martinez, 6. M., D. E. Shanks, J. R. Woodyard and M. M.  Wong, 
“Investigation of a Cell Design for Electrowinning Zirconium Metal 
from Zirconium Tetrachloride,” U . S .  Bureau of Mines R1812.5, U. S. 
Government Printing Office, Washington, D. C. (1976). 

Miller, G. L., Metallurgy of the Barer Metals-2, Zircuniurn, Butter- 
worths, London, England (1954). 

Morris, A. J.,  and R. F. Jensen, “Fluidized Bed Chlorination Rates of 
Australian Rutile,” Metall. Trans. B . ,  7B, 89 (1976). 

Munz, R. J., and W. H. Gauvin, “The Decomposition Kinetics of 
Molybdenite in an Argon Plasma,”AZChEJ., 21, No. 6, 1132 (1975). 

O’Reilly, A. J . ,  1. D. Doig and J. S. Ratcliffe. “The Kinetics of the 
Chlorination of Zirconium Dioxide in a Static Bed with Carbon and 
Chlorine,” Inorg. Nucl. Chem.. 34, 2487 (1972). 

Peterson, E. E., “Reaction of Porous Solids,”AZChE]., 3, No. 4, 443 
(1957). 

Pogonina, L. N.. and Ya. I. Ivashentsev, “Investigation of the Chlorina- 
tion of Titanium Dioxide, Zirconium Dioxide and Hafnium Dioxide 
by Chlorine,” Voprosy Khimii, No. 2, 47 (1974). 

Ramachandran, P. A , ,  and J.  M. Smith, “A Single-Pore Model for 
Gas-Solid Noncatalytic Reactions,” AZChE J . ,  23, No. 3, 353 (1977). 

Reid, R. C., and T. K. Sherwood, The Properties of Gases and Liquids, 2 
ed., McGraw-Hill, New York (1966). 

Sampath, B. S., P. A. Ramachandran and R. Hughes, “Modelling of 
Noncatalytic Gas-Solid Reactions-I. Transient Analysis of the 
Particle-Prllet Model,” Chem. Eng. Sci., 30, 125 (1975). 

Sayegh, N. N., “Variable-Property Flow and Heat Transfer to Single 
Spheres in High Temperature Surroundings,” Ph. D. thesis, McGill 
Univ., Montreal, Canada (1977). 

Sehra, J .  C . ,  “Fluidized Bed Chlorination of Nuclear Grade ZrOz with 
C O  and CI,,” Trans. Indian Inst. Metals, 27, No. 2 ,  93 (1974). 

Semenenko, K. N., M. G. Felin and A. L. Kostenko, “Reaction of 

Page 742 September, 1980 AlChE Journal (VoL 26, No. 5) 



Atomic Hydrogen with Zirconium Halides in a Glow Discharge 
Plasma,”Ve.stn. Mosk. Uniu. Khim., 16, No. 1, 39 (1975). 

Shelton, S. M., A. J .  Kauffman, A. H. Roberson, E. D. Dilling, R. A. 
Beall, E. T. Hayes, H. Kato, J. H. McLain and F. Halbrook, 
“Zirconium--Its Production and Properties,” U .  S. Bureau of Mines, 
Bulletin ,561, U. S. Government Printing Office, Washington, D. C. 
(1956). 

Shen, J.. and J.  M. Smith, “Diffusional Effects in Gas-Solid Reactions,” 
Znd. Eng. Chem. Fundamentals, 4, No. 3, 293 (1965). 

Sohn, H. Y . ,  and J. Szekely, “A Structural Model for Gas-Solid Re- 
actions with a Moving Boundary-111. A General Dimensionless 
Representation of the Irreversible Reaction Between a Porous Solid 
and a Reactant Gas,” Chem. Eng. Sci., 27, 763 (1972). 

Spink, D. R., “Extractive Metallurgy ofzirconium and Hafnium,”CIM 
Bulletin, 70, No. 787, 145 (1977). 

Starrat. F. W., “Zirconium by Sodium Reduction,”]. Metals, 11, 441 
(1 959). 

Stephens, W. W., and H. L. Gilbert, “Chlorination of Zirconium 
Oxide,” Trans. AZME, J. Metals, 194, 733 (1952). 

Svehla, R. A.. , “Estimated Viscosities and Thermal Conductivities of 
Gases at High Temperatures,” NASA TR R-132 (1962). 

Szekely, J., and J. W. Evans, “A Structural Model for Gas-Solid Re- 
actions wit.h a Moving Boundary,” Chem. Eng. Sci., 25, 1091 (1970). 

-., “A Structural Model for Gas-Solid Reactions with a 
Moving Blmndary-11. The Effect of Grain Size, Porosity and Tem- 
perature on the Reaction of Porous Pellets,” ibid., 26, 1901 (1971). 

-. , and H. Y. Sohn, Gas-Solid Reactions, Academic Press, 
New York (1976). 

Tsirei’nikov, V. I., L. N. Kommissarova and V. I. Spitsyn, “Thermal 
Conductivity and Viscosity of Zirconium and Hafnium Tetrachloride 
Vapors at 300-700”,” Dokl. Akad. Nauk SSSR. 139, 1389 (1961). 

Vasilenko, D. B., and A. N. Vol’skii, “The Thermodynamics ofReaction 
of Chlorination of Zirconium Dioxide by Gaseous Chlorine.” Russian 
j .  Znorg. Chem., 3, No. 7, 32 (1958). 

Wang, S. C., and C. Y. Wen, “Experimental Evaluation of Nonisother- 
ma1 Solid-Gas Reaction Model,” AZChE J., 18, No. 6, 1231 (1972). 

Wen, C.  Y . ,  “Noncatalytic Heterogenous Solid-Fluid Reaction 
Models,”Znd. Eng. Chem., 60, No. 9, 34 (1968). 

Wilke, C. R . ,  “A Viscosity Equation for Gas Mixtures,”]. Chem. Phys., 
18, 157 (1950b). 

Wilks, P. H.. P. Ravinder, C .  L. Grant, P. A. Pelton, R. R. J. Downe 
and M. C. Talbot, “Plasma Process for Zirconium Dioxide.” Chem. 
Eng. Progr., 68, 82 (1972). 

Wilks, P. H., P. Ravinder, C. L. Grant, P. A. Pelton, R. R. J. Downe 
and M. C .  Talbot, “Commercial Production of Suhmicron Zirconium 
Dioxide via Plasma,”Ckem. Eng. World, 9, (3), Section 1, 59 (1974). 

Williams, R. J. J., A. Calvelo and R. E.  Cunningham, “A General 
Asymptotic Analytical Solution for Non-Catalytic Gas-Solid Re- 
actions,” Can. J. Chem. Eng., SO, 486 (1972). 

Yagi, S. ,  and D. Kunii, “Proposed Theory of Fluidized Roasting of 
Sulfide Ore with Uniform Size. I-Single Particle of Ore in the 
Fluidized Bed,” J .  Chem. Soc. lapan, Znd. Chem. Sect., 56, 131 
(1953). 

Yagi, S., and D. Kunii, “Fluidized-Solid Reactors for Particles with 
Decreasing Diameters.,” Chem. Eng. Japan., 19, 500 (195%). 

., “Combustion of Carbon Particles in Flames and 
Fluidized Beds,” Symposium on Combustion, 5th, Pittsburgh, 1954, 
Reinhold, New York, 231 (1955b). 

Manuscript received August 3, 1979; revision receioed Februay 21, and accepted 
Februay 29,1980. 

Simultaneous Melting and Freezing in the 
Impingement Region of a Liquid Jet 

MICHAEL EPSTEIN 
M. 1. SWEDISH 
J. H. LINEHAN 

An experimental investigation of an impinging water jet freezing on a melting 
solid surface has been carried out. Attention was focused on the stagnation region 
of an axisymmetric jet. In the experiment, a water jet was directed upward against 
the lower end of a meltable rod, having a diameter about twice that of the jet 
orifice. Solid octane (m.p.46.5”C) and solid mercury (m.p.-38.9”C) served as 
the meltable materials. A laminar-axisymmetric flow model was developed to 
describe melting heat transfer in the presence of jet solidification within the 
impingement region. Measurements of the melting rate and conditions for the 
onset of jet solidification were found to agree quite well with the values predicted 
with this model. 

SCOPE 
There is extensive literature on fluid convection problems 

involving phase changes that pertain to either a warm liquid 
flowing over a melting surface or the solidification of a molten 
stream aln a cooled wall. However, this mutually exclusive 
situation is not always the case. If the molten stream and the 
wall are different materials of immiscible liquids, with the 
fusion temperature of the hot flowing material exceeding that 
of the wall material, melting of the wall and freezing of the flow 
can take place simultaneously. An example, which is important 
to fast reactor safety research, is the melting of solid steel (m.p. 
1410°C) immersed in a flow of molten ceramic UO, (m.p. .-- 
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2 8SOOC). An important conclusion arising out of past theoreti- 
cal and experimental work on this problem is that the steel 
melting rate is controlled by a frozen layer (or crust) of UOz 
which floats on the steel melt. 

An investigation of frozen crust behavior which yielded re- 
sults of qualitative interest for our present purposes is that of 
Epstein (1977). In this work, a linear stability analysis was 
employed to study the mechanical behavior of a growing crust 
on an underlying lighter melt layer in a gravity field. The 
analysis compared well with experimental observations for low 
melting material pairs. A notable result was that a ceramic UOz 
crust growing on melting steel was predicted to be stable 
against buoyancy forces. Further evidence for the existence of 
a protective crust has been found by injecting hot Freon 112A 
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