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ABSTRAcrr 

The kinetics of the chlorination by Cl
2 

gas of uc14 dissolved in 

the LiCl-KCl eutectic melt was studied. The objective of the study ·Has 

the determination of the mechanism of the overall process, i.e. the 

location of the reaction zone, the type of reaction (reversible or irre-

versi ble) and its order with respect to each reactant, the effect ,)f the 

gas and liquid phase resistances, the relative importance of the diffusion 

and chemical reaction steps, and the disposition of the reaction products. 

The solubility of Cl2 gas in the uranium-free salt \vas measured ~Vi th 

the same technique used at Oak Ridge for the solubilities of g'ases in 

molten fluorides. The results sho~Ved that c1
2 

is essentially insoluble 

in the LiCl-KCl melt. Henry's La"' constants at 400 and 500°C are less 

than 4xl0-9 moles/(cm3) (atm). 

The equilibrium of the reaction UC14 (.e) + Cl
2

(g) = UC16 (.e) .in the 

fused salt was studied by sparging a 2 1vt.ojo uc14 solution ~Vith pure Cl
2 

gas at 400-600°C. The reaction ~Vas found to be reversible and endothermic, 

with a heat of reaction of 5.4 kcal/mole• 

The kinetics of the reaction was investigated using a wetted-rod 

apparatus at 400-700°C. The·performance of the set-up was tested ~Vith 
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preliminary runs using the well-known co2-water system. Theo:::-etical and 

experimental results show that the chlorination reaction is essentially 

a liquid phase process, with diffusion-chemical eq_uilibri Uln contro;L. 

The experimental rates at 400 and 450°C are greater than the p1·eciictec. 

values for an infinitely fast reaction, but at the higher temperatures 

(~ 500°C) the experimental values become less than the theoretical 

predictions. This uncowmon behavior .tends to rule out any reaction rate 

control of the overall -process. It may be caused by an unknm·rn ir:.ter-

facial resistance, a mueh lower diffusivity of uc16 than UC1 2 ~ in tbe salt 

or a sudden shift in the: eq_uilibriur.:. during the sample collection. 'l'he 

le.tter tvro seem to be more plausible • 
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I. INTRODUCTION 

High temperature non-aqueous reprocessing of nuclear fuels has 

19,58,61 
received considerable attention in recent years. Develop:Eent 

1vork at Argonne, Brookhaven, Oak Ridge, Batelle, Atomics International, 

&.'1d Iowa State College points to the possibility that such processes 

will eventually compete with, if not supplant the now standard aqueous 

methods. 

One of the main incentives for the use of high temperature repro-

cessing in decontaminating spent nuclear fuels is the significant 

reduction in the number of steps involved. Other major advantages are 

the consid~ra le decrease in the volmne of material handled and the 

elimination of criticallity problems during processing due to the 

absence of low molecular weight mocierating materials. Lower decon-tam-

inating facto,rs, severe corrosion problems in handling uranimn and salts 

as liquids, and little technological background are disadvantages of 

high temperature reprocessing. 

Volatility procesf;ing14, 25, 55, 29 is a promising non-aqueous method 

which yields high decontamination factors for the recovery of uraniu."'TI 

from irradiated reactor fuel· . These separation processes depend upon 

differences in volatilj_ty of the appropriate halides. Processes utilizing 

the fluoride, chloride .. and iodide systems have been seriously considered. 

Of these three, the fluoride system is in the most advanced state of 

-development. 

The various pr<?ce~;ses in which a gas phase and a constituent of a 

molten salt or liquid metal phase react at the interphase can be classified 

into three types, depending upon the nature of the reaction prod,uct: 
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(a) Gaseous reaction product. The best known example of this type 

is the fluorination of UF1 in ZrF 1 -LiF fused salt mixtures, using fluorine 
~- . 4 

gas to produce gaseous UF6 . In this example, not all of the c;aseous 

product need appear in the gas phase since UF6 is appreciably soluble in 

the fluoride melt. Another example, of no cormnercial value, but which 

is of interest because involves a liQuid metal instead of a molten 

salt, is the chlorination of Gadolinium by gaseous Cl
2 

to produce the 

., .._. l 
vo..._a..,J.~e trichloride . 

to the gas phase. 

This reaction product is Quantitatively released. 

(b) Non-volatile reaction product insoluble in the Hq_uid phase. 

'l'ypical examples in thts class are .the hydrogenation of molten 'I'h-U 

alloys to produce the tnsoluble solid hydride of thorium, and the 

precipitation of uo
2 

from a fused fluoride salt by reaction with steam. 

The non-volatile, insoluble reaction products form a third phase at the 

interphase, or are d.ispersed in the liQuid. 

(c) Non-volatile reaction prod.uct soluble in the liquid phase. 

An example in this catE:gory is the fluorination of ZrF 2 in an inert 

solvent (e.g. NaF-LiF E:utectic) to produce ZrF4 . There appears to be 

no commercially useful example of this type of gas-molten salt reaction. 

In each of these·c:ases, the overall process involves the combination 

of diffusional transport of the reactants to the phase boundary, chemical 

reaction, and the removal of the reactian product. ~~e overall kinetics 

Will depend upon the relative rates of the diffusion and reaction steps, 

which may involve inte!mediat~ compounds. A kinetic investigation 

reQuires some knowledge of the disposition of the reaction product, i.e. 

whether it diffuses towards the liquid or gas or whether it forms a 
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third phase. One characteristic of these gas-luqiid reactions which is 

generally absent from the analogous low temperature aqueous processes 

(e.g. the absorption of co
2 

by NaOH solutions) is the large. heat ~elease 

due to the chemical reaction. This may result in a large temperature 

rise in the neighborhood of the interphase, thus imposing a heat transfer 

restriction on the system. The chemical reaction may resemble a combus

tion reaction, in that an ignition temperature may separate regions of 

moderately slow and extremely rapid rates. 

Ob,ject and Outline of Approach. The object of this investigation is to 

study both experimentally and theoretically the gas-liquid reactions that 

occur in the chlorination of UC14 by gaseous c1
2 

to produce uc16. Although 

the corresponding fluoride volatility reaction is more interesting :~'rom 

an application standpoint, the cor~osion and toxicity problems were felt 

to be too severe to handle. As a substitute, the chlorine-based system 

was chosen, since chlorine is more manageable than fluorine. The l<:inetics 

of this system should resemble those of the analogous fluorine system. 

The kinetics of th.~ absorption of chlorine into uc14-LiCl-KCl 

melts was studied. 'l'he overall reaction was assumed to be: 

The product is actually a mixture of uc1
5 

and uc16 but in this work it 

is called uc16. The absorption rate is a function of the equilibria, 

~hemical kinetics, diffusion rates and the hydrodynamics of the system. 

There are no data in .the literature on the solubility or chlorine 

and uranium hexachloride or F2 and UF6 in uranium-free molten salt 

systems. No methods for predicting diffusion coefficients of dissolved 

gas in these fused salt systems are available. The chemical kin~tics of· 

the ~recess are eom~letely unknown. 
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The first part of this investigation 1,;as therefore devoted to the 

measurement of the solubilities and the estimation of the diff'usivities 

of chlorine and uranium tetrachloride in the uranium-free solvent salt. 

The apparatus chosen for chlorine solubility was similar to that used 

at Oal< Ridge for salts. The technique consisted in the saturation of 

the fused salt with the gas, transfer of the solution to an isolated 

section of the apparatus, recovery of the dissolved gas by sparging 

with an inert gas, and subsequent determi-nation. 

An experimental correlation was derived for the diffusivities of 

different solutes in ionic liquids. The log-log plots of the group 

(~~)versus ( 
''!g) ) Vz~' / V; were found to be straight lines - the slopes 

and intercepts varying with the degree of ionization and associatio:1 of 

the salven~. The diffusivity of uc14 in the fused LiCl-ICCl eutectic 

* could therefore be estjmated. 

The absorption ap·paratus chosen for the determination of absorption 

rates was designed for simplicity and reproducibility of the hydrodynamic 

patterns of the two phases: A film of the molten salt flows through an· 

orifice in the bottom of a holding tank down a rod in an absorpt:Lon 

chamber containing the gas at one atmosphere and at the melt temperature 

(400-700°C). After passing through a predetermined length of absorption 

chamber;.the molten snJ.t is collected in a sampling cup. 

By choosing a wetted-rod apparatus, in which the liquid flow 

~onditions are quite simple) the fluid mechanical part of the unsteady-

state diffusion-reaction theory could be formulated very completely, 

* 4 Towards the end of this work, meastrred diffusivities of u+ in the 

LiCl .. l<:Cl eutectic were reported 'by ThaJJne.ye:r et e.l.58 
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and reliable values of unknown quantities such as chamical reaction rates 

could be derived from the measured overall rates. n1e area of the inter

phase and the contact time between the gas and liq_uid are knoT.m accurately. 

Molecular diffusion is the only transport process operating within the 

liq_uicl which is in laminar flow. 

1'he wetted-rod apparatus was chosen after attempts to perform 

laminar jet experimentE with the molten salts were unsuccessful. The 

high surface tension of the eutectic melt prevented the formation of 

rod-like jet flow through a small orifice. The wetted-rod·was found to 

have other advantages over a laminar jet or a wetted-,vall columnJ namely: 

(a) Less material is needed. The surface area of the rod is 

smaller than that of a typical wetted-wall column. The wet,ted 

rod is essentjally a laminar jet with its center replaced with 

a solid bar. 

(b) Contact times are greater. The surface velocity for film flow 

is slower than that of a free-falling jet because of viscous 

drag of' the rod. 

(c) % Conversion is increased. Higher % conversion is obtained 

with the wetted-rod because there is less material to saturate 

or react with and the contact times are greater. 

A preliminary stuQy using the well-known co
2

-water system was 

undertaken to determine the accuracy of the falling film techniq_ue. 

Preliminary runs 'were previously made using n-propyl alcohol (the 

kinematic viscosity of which is about the same as that of the uc14 -

LiCl-KCl melts) to obtain a reasonable design of the all-quartz apparatus 

for the actual absorption studies. 
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The rates of absorption of chlorin~ in UCl4-LiCl-KCl melts were 

studied at several temperature levels, where the reaction with UCllj. 

might increase the absorption rate. As a result of such vork, it lvD..s 

hoped that the basic physical and chemical phenomena upon which the 

overall process depends could be clarified. 

'\ 
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II . :FuSED SALTS 

A. Structure of Fused Salts
8' 24

, 38 

32 60 
Two liquid models are under consideration for fused salts: ' 

(a) The quasi-lattice model. In this model the structure of a 

liquid is descrj.bed by a solid-like framework in which· the atoms are 

situated at certain positions or near these points. The essential 

difference between the solid and liquid salt is the presence in the 

liquid of large numbers of holes accompanied by the disappearance of 

long range order. Transport properties are analyzed in terms of jumps 

of cations and anions into the cavities; these being controlled by the 

energy to form a hole and.that needed to jump into it. This model 

over-emphasizes the similarity between the solid and the liquid and, 

therefore, is expected to be less applicable far from the melting point 

and close to the critical temperature. It has been applied with good 

results to the estimation of thermodynamic properties.9,lO Calculation 

of transport properties with this model has not been as successful. 

This model will be assw~ed throughout this section. 

(b), The quasi-ranclom model. This model has not been explicitly 

described for fused salts, but it has been implied in a recent considera

tion of transport phenomena. 35 Perturbations in interatomic distance, 

i-l'hich result from the introduction of holes into the system upon melting, 

allow micro ( u) movements} by which transport occurs .• 

It is now generally accepted .that pure molten salts consist mainly 

of ions. They are the only group of pure liquids in which positively 

and negatively charged particles coexist. They could therefore logically 

be called "liquid electrolytes" or "ionic melts". 
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Due to the strong interaction between the charged particles (attrac-

tive forces between ions of like sign and repulsive forces between ions .. ~ 
of opposite sign), and the fluid nature of molten salts, it is reasonQble 

'\..." 

to assume that positive ions are sl..irrounded almost exclusively by negative !.-' 

ions as nearest neighbors, and vice versa. Ions of like signs arrange 

themselves as far as possible from each other. Thus, cations and anions 

would not exchange positions, and in the lattice model the fused salt is 

considered to have two interlocking frameworks, one for cations and one 

for anions. This results j_n molten salts having rather more open struc-

tures than other liq_uids. The melting of solid salts therefore usually 

leads to a considerably greater increase in voluJne. Table I shovrs that 

alkali halides expand in volume by about 20% on melting, whereas, metals 

expand little ... 9.nd sometimes contract. 

Table II shovrs that the average distances between ions of lil<:e sign 

are usually greater tba~1 in the solid, while the average distances of 

ions of unlike sign are less. The volume expansion of salts on fusion 

pJ.us the changes on int,~rionic distances, lead to the creation of empty· 

space or "free volume", in the meJ.t. 

1. Structure of Molten Alkali Halides 

Among the simplest and most typical ionic liq_uids are the molten 

alkali halides. Sevent~;en of the twenty alkali halides, crystallize in 

the NaCl structure (Table III), two (CsBr and Csi) in. the CsCl structure, 

and one (CsCl) has the CsCl structure at ordinary temperatures, but 
..... 

changes to NaCl structure at higher temperatures. It may be concluded 

that :i,n the liq_uid state the local arrangement of atoms will be similar 

+ -to the NaCl structure, i.e. in a molten alkali halide A X each.anion 
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Table I. Change of molar volume on melting of salts and metals 

Substance 1? Increase in Volume Reference -
NaF 24 36 

KCl 21 36 

KBr 22 36 

Bi 4.75 L~l 

Cd L~. 7 41 

Pb 4.8 41 

.. 
... 
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'l'ab1e II.· Inter-ionic distance for some molten s~1t s . 

s 0 L I D L I 

salt cation-anion cation-cation cation-anion 
0 0 

distance, A or anion-anion distance, A 
'A distance, 

LiCl 2.47 3.85 2.66 

CsCl 3.53 4.87 3.57 

Lii 2.85 4.45 3.12 

Nai 3.15 4.80 3.35 

QUID 

cation-cation 
or anion-anion 

0 
. ' distance 2 A 

3.76 

5.05 

4.41 

4.r{4 

" ,. 

~1 . 

.. 
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Table III. Atom arrangements in NaCl type structure 

coordination shell 1 2 3 4 

ion pair C-A C-C or A-A C-A c-c or A-A 
l l 

distance (rJr1 ) 1 (2)2 = 1.41 (3)2 = 1.73 2.00 

coordination number 6 12 8 6 

.. 

.. 
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has as its nearest neighbors six cations situated approximately at the 

ends of each of three mutually perpendicular diameters of a sphere of 

radius rAX.' where r AX is the A+ X- interionic dis~ance. 

2. Interaction in Molten Alkali-Halide Mixtures 

In a molten mixture of two alkali-halides with common anions, A+ X 

and B+ X-, each cation has as its nearest neighbors six anions, or three 

mutually perpendicular axes, at distances rAX and rBX' respectively. 

The :i.mmediate arrangement in the solution is the same as in the pure melts. 

There is no change of energy on mixing due to simple interaction 

between nearest neighbors.· Interaction between farther neighbors are of 

two kinds - the London forces between cations and the polarizing forces 

due to dtfferent cations being in contact with the same anions. 

a. London Forces. The non-polar London forces contribute the 

energy term: 

E = - Cjr
6 

L (II-1) 

.Since this function decreases so rapidly with interionic distance and 

since there is a cormnon anion in the mixture, the only important non-

polar interactions are between nearest cations. Any cation is surrounded 

by 12 cations, so that :Ln x moles of A+ 'x- (containing Nx cations, where 

N is Avogardro's number) there are 6Nx pairs of A+ cations interacting 

1.1~1 r AX apart, and in y moles of B+ X- there are 6Ny pairs 1. 41 · r BX 

apart. Mixing both gives 6Nx
2
/(x + y) A-A pairs, 6Ny2j(x + y) B-B 

pairs, and 12 Nxy/(x + y) A-B pairs. 2 2 0.5 
The A-B pairs are (rAX + rBX ) 

apart. The change of potential energy on mixing due to London forces is: 

where 

C'L·= 

~L = CLxyj(~ + y) (II-2) 

6 N[CAA/v. ~/ + cea/r2 r:x / £c:.,:.f~-~-~XJ<II~3) 

.J;' 
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40 
The London constants for like cations are given by Mayer are: 

c + -
s 

The London interaction constant between two unlike cations is assumed 

to be: 

(II-4) 

b. Polarization energy. An X- anion in contact with A+ and B+ 

cations at diametrically opposite positions is subjected to an electric 

field 

2 2 . 
Fo = e(l/rAX - 1/rBX ) (II-5) 

It •rill also have X anions at distances 2r AX and 2rBX' these producins 

an electric field, 

(II-6) 

It is assumed that other contributions would be terms in a geometric 

series with Fo and Fl as the first two terms. The field is then 

F = 4e 
5 

2 2 
(1/rAX . - 1/rBX ) (II-7) 

If a.. is the polarizability of the anion, the resultant polarization 

energy is 

2 2 2 2 
.a..F = -0.64 a..e (1/rAX - 1/rBX ) 

+ - + -In the mixture of A X and B X , it becomes 

.. 
where 

E = C xy/(x + y) p p 

(II-8) 

(II-9) 

(II-10) 

Molar polarizabilities Na.. (a.= polarizability per ion) given by 
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Kordes34 for halide anions are: 

The London and polarizing forces are usually applied to derive thermo-

dynamic, thermochemical, and transport properties of fused salts and 

their mixtures. 

B. Diffusion in Fused Salts 

Incomplete pictures of the li~uid state have led to a less than 

satisfactory theory of diffusion in li~uids. 23 Frenkel gives a survey of 

kinetic theories of li~uids, but stresses their limitations. More 

recently Bernc:~l3 ' 4 ' 5 ha:3 proposed a rather elaborate concept of the 

kinetic theory of li~uids. So far his rigorous theory has not found 

practical applications in the treatment of diffusion phenomena. 

The classical treatment of diffusion in li~uids is based on the 

Stokes-·Einstein e~uation: 

= k/6rcr (II-11) 

where: 

Dis the diffusion coefficient defined.in the e~uation: 

N = -D ~ (II-12) 

and 

r = radius of diffusing particles 

k = Boli;t.mann constant 

1-l = viscosity 

T = temperature 

A more satisfactory approach to diffusion in solutions is by means 

of Eyring's theory of absolute reaction rates.21, 22 The Eyring theory 

treats the diffusion process as a viscous flow of the solute mole'cule 

... 
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into holes in the medium. The diffusion coefficient may be given in the 

form: 

D}l = 
T 

k 
t exp 

RT 
(II-13) 

The parameter s was taken as unity in the original Eyring equation. 

However, a value of 5.6 has been obtained from am empirical evaluation 

of mutual diffusion data.37 Olander
44 

gives an approximate method for 

estimating the difference between the free ·energies of activation of 

the viscous and diffusional processes in dilute binary system. 

Empirical correlations of diffusion coefficients in liquids abo~~d 

l·n the ll·terature1.' 45 , 51, 63, 64 N f t' h 1· 'l t one o nese, owever, are app 1cao e o 

ionic liquids, such as molten salts. The following correlation was found 

to apply to fused salts: 

v 2/3 
== A 2 (II-14) 

vl 
where: 

D = diffusivity, cm2/sec 

~ == viscosity, cp. 

T = temperature, °K .. 

V = molar volume, cc/mole 

A,m = constants depending on solvent studied. 

Subscripts: 1 - solute; 2 - solvent 

-Values of A and m for the solvents examined are shown in Table IV. The 

data found for fused salts are summarized in Table V and plotted in 

Fig. l. 

It was found that m decreases as the degree of ionization increase~, 
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Table IV. Constants for Different Solvents '"~ 
., 

~· 
,t' 

Solvent A X 107 m 

KN03 
4.65 1 

NaNo3 . 7.38 1 

LiCl-KCl 7280 0.53 

·' 
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Table V . Diffusion in Molten Salts39,57,59 

. 
Dabs. x 105 Deale. x 105 Solute T, OK 

(Eq 1 n.(ll+)) 
·~ 

14 . Sol vent - KN0
3 

.L 

Ag' 663 4.80 5.35 
+ Ag - 633 4.56 4.35 

........ _. 

Tl+ 618 3.17 3.18 

Tl+ 653 3.40 4.07 

Na+ 633 5.22 4.51 

Ba+2 643 2.06 2.30 

Sr+2 633 2.81 2.39 
Solvent - NaN03 

Ag+ 603 4.57 5.41 

Ba +2 
63~\ 3.71 3.16 

Sr +2 618 4.17 3.29 
Solvent - LiCl-KC1 Eutectic 

Ag + 
753 4.60 6.16 
723 2.60 4.83 

Cu+ 773 6.70 6.10 
723 3.50 4.12 

Cd++ 773 2.70 2.47 
723 1.70 1.65 
723 2.08 1.65 

Co++ 673 1.2 ± 0.2 1.08 
'- 723 2.42 2.25 

" 
Ri++ 773 4.00 3.69 

723 4.14 2.50 
Pb++ 723 2.18 1.51 

723 1.70 1.51 
673 0.89 ± 0.2 0.97 

Bi+3 723 0.60 o.8J: 

ut-4 
6'{3 0.63 ± 0.1 0.52 
723 0.49 0.39 

.. , 
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The diffusivity of 
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A increases with increasing degree of association. 

u+4 in the LiCl-KCl eutectic was recently reported 

(II-15) 
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III. THEORY OF THE HYDRODYN.fu\fiCS AND DIFFUSION IN THE FIIJv1 FLOI-l DO'i-lN A ROD 

A. Simultaneous Diffusion and Chemical Reaction 

No clear dividing line exists between pure physical absorption ~~d 

absorption controlled by the rate of a chemical reaction. Most cases 

1)elong· to an intermediate group, the rate of absorption being controlled 

by both the diffusional resistance and the finite reaction velocity. 

Some advances have been made in recent years in the theory that can be 

·applied in these c~ses. l5' 16' 30' 31' 54 Unless the chemical 1dnetics and 

the hydrodynamics are ·1movrn, it is not feasible to determine bfforehand 

·whether a given case is controlled by diffusional or chemical resistance. 

Usually each case has to be studied experimentally. 

The mechanism of processes in which gas absorption is accompanied 

by chemical reaction wlth a constituent o:f the liquid is one of physical 

solution followed by a reaction. The chemical reaction may take place 

in any of the followine_; ways: 6' 65 

(a) At the gas-liquid interface: this case applies when the gas is 

relatively insoluble in the liquid. It can be controlled by either the 

reaction rate or the diffusion of the reactants to the gas-liquid 

interface. 

(b) In a narrow zone within the liquid: this mechanism applies when 

the reaction can tw{e ·place rapidly compared to the diffusional rates 

of reactants and products. The rate of absorption is then controlled 

by the diffusion in the liquid. 

(c) During the diffusion of the dissolved gas through the liquid film: 

the rate of absorption is then a function of both reaction velocity 

and rates of diffusion. 

.. 

_,. 
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(d) In the main body of the liq_uid: this occurs with slow reactions. 

With moderately slow reactions, the concentration of free dissolved gas 

then takes up a value nuch that its rate of removal by reaction is 

balanced by ~~e rate of diffusion through the film. If reaction is very 

slow, the liq_uid alway:> may be practically saturated relative to the 

gas phase, and absorpt:Lon is entirely controlled by the velocity of the 

reaction. 

Four characteristics of diffusion-controlled reactions are: 

(a) The chemical reaction occurs with a relatively great velocity; 

(b) The degree of agitation of the reactants influences the speed of 

the observed reaction; 

(c) The overall rate obeys the eq_uation for first-order kinetics, since 

diffusion is a first-order· process; 

(d) The activation energy should be about the same as that of diffusion, 

i.e. about 3 kcal/mole. 

The characteristics of reaction-controlled absorption are to a 

certain extent the converse of those that are controlled by diffusion: 

(a) The order of such a reaction will be 1, 2 or an intermediate value; 

(b) The activation energy should be similar to that of the ordinary 

homogeneous chemical reaction, i.e. in the order of 15-40 kcal/mole; 

(c). The observed rate of reaction of this class is not influenced by 

the degree of agitation or turbulence of the system; and 

"(d) The velocity of the chemical reaction is much smaller in magnitude 

than the diffusion rate. 

When the absorption rate is a function of both diffusion and 

chemical reaction, the diffusion and reaction rates are comparable. 

Subsequent theory concerns diffusion coupled with a reaction of the interface. 
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B. Gas Phase 

1. Hydrodynamics. 

Steady, t1w-dimensional, incompressible flow around a continuous 

cylindrical surface moving in a stationary fluid medium produces a 

boundary layer which grows in the direction of motion of the surface 

as shown in Figure 2. At the surface the fluid velocity in the z direc-

· tion ( u component) is equal to the surface velocity ( u.). At increasing 
s 

distance from the surface the fluid velocity in the z direction approaches 

zero asymptotically. The velocity of the fluid in the r direction (v 

component) varies .from zero at the surface to some finite value at the 

edge of the boundary layer. 

The boundary layer equations for steady, laminar incompressible 

flow on a continuous cylindrical surface or circular jet with no pressure 

gradient are: 

1 () (r ~r) 
v r dr or (III-1) 

and 

(III-2) 

The boundary conditions are: 

u = u , v = 0; at r = b s . (III-3a) 

where b is ·the radius of the cylinder 

u 0 as r ?CO (III-3b) 

and ~· 

u = 0 at z = 0 (III-3c) 

the auxiliary condition: 

(t)r ~<Q = b (III-3d) 

. 
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is needed for the solution of the equations of motion by the von Karman 

52 Integra.l Method. 

The momentum integral is obtained by multiplyi~g equation (III-1) 

by rdr and integrating from r = b to"r = b + ov' where ov is the thick

ness of the velocity boundary layer (according to equation (III-3b) 

and (III-3d), u a.nd du dr are assumed to vanish at r = b + ov)· The second 

term on the left of eq~ation (III-1) is integrated by parts and use is 
I 

made of equation (III-2). The result is: 
b + 0 }.1 v 

-vb(~)b 2 rdr (III-4) u = 

Equation (III-4) can bE: cast in dimensionless form by the transformations: 

This yields: 

-l<· 
where 0 is v 

* z 

y 

* u 

8 

* z 

the 

. 1/2 

( 
vz ) 

= 4 u.sb2 

-1 

= u/u s 

* 0 
*2 d 1v . -l(- u 

dZ 

dimensionless 

* 0 = v 

* 

(1 + y),.dy = 

flow boundary 

- (~). 
. y 0 

layer thickness: 

The functional dependence of u on y is assumed to be: 

y ; y y . )2 ( )3 
5v* + ~ (~v* + ~ 5v* 

(III-5) 

(III-6) 

(III-7) 

(III-8) 
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The four constants are evaluated from the conditions: 

* u (o) = 1 

( III-9) 

u:t.- (o *) = o 
v. 

The first, third and fourth of these conditions are obtained from ,the 

original boundary conditions (III-3). The second condition is. obtained 

from equation (III-1) at· r = b. The result is: 

u*(y) ~ l- ~ [ l- ~v*/J (~:·) + t ~ _5;~-~J (5:•J 
+ ~ k~ :v:;: J (~:* r (III-10) 

Substituting equation (III-10) into equation (III-6) and solving yields: 

-l(-

105z 
16 = l08o.en /. 

4 
*) + 2108 ·( 

0
v* :t.-) 

\4 - 0 4 - 0 v . v 

·X· 
- 790 0 v 

:t-2 
- 157 0 

·V 
(III-11) 

* * Figure 3 shows a plot of o 
v 

as a function of z according to equation 

\III-11). Also shown is the result obtained by Sakiadis. 49,50 Sakiadis 

assumed a logarithmic velocity profile which satisfies the boundary 

conditions at y = 0 exactly, but not the boundary conditions at y = 0 • v 
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The velocity prof'ile derived above (Figure 4) satisfies all boundary 

* conditions. Note that foro << 1, equation (III-10) reduces to: 
V· 

* 3 I y ) lim u (y) =.1- -2 ~~ x- . 0 
b~--?- 0 \ v . 

(III-12) 

This is the profile for the plane case, for which the radius of curvature 

' (b) is much larger than the boundary layer thickness. In the limit of 

* small o , equation (III-11) becomes: 
v 

( III-13) 

* Typical values for z for the co
2 

and fused salt experiments were -::;: 1.4 

and-::;: 2.1, respectively. 

2. Diffusion in the Gas Phase. 

The concentration profile in the gas phase outside of the moving 

cylinder is: 

oc* oc* 1 o 
udz +Vdr=Drdr 

* 
(r ogr) (III-14) 

* c - co 
where C = ~--~-C. - c. 

~ 0 

C. is the interfacial concentration (independent of z) and C is the bulk 
~ 0 

concentration in the gas phase. The boundary conditions are: 

* at z = o, c = 0 

at r = b, c * = l (III-15) 

* at r = <.O, c = 0 

bpplying the momentum integral method to equation (III-14), there results: 

8 

* z· 

* 0 

d* Jl c 

dZ I 0 

* * c u (l + y) dy 
l 

= - sc (III-16) 
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where the dimensionless variables of equation (III-5) have been introduced 

and the dimensionless concentration boundary layer thickness is 

(III-17) 

Sc is the Schmidt number, v/D. 

* A cubic approximation to C is obtained in the same manner as for 

* u , using restraints analogous to equa'tion (III-9). The result is an 

* * expression for C (y) identical in form to equation (III-10), with u 

* * replaced by C and 5 v 
* replaced by o . 

c 
In order to develop an expression 

* * * * for o as a function of z , we would need to substitute C and u (as c 

functions of y) into. eq_uation (III-16), and perform the indicated 

differentiation and integration. This cannot be accomplished analytically 

* -)\· because of the complex behavior of 5 as a function of z [(equation 
v 

III-11)]. Before examj.ning limiting cases which are amenable to 

analytical treatment, the expression for the average mass transfer rate 

will be developed. 

The average mass transfer coefficient in the region 0 ~ z ~ £, 

where £ is the length of the rod, is defined by: 

NA = k (C. - c ) ).. 0 

The local mass transfer coefficient is 

k(z) 

Combining! 

* * z dz 
* ~ 5~ (1 -oc /4) 

3 D 
~b 

(III-18) 

1 
·X· 

0 (1 
c 

-)\· 

oc /4) 
(III-19) 

(III-20) 

(III-21) 
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* -v .e where £ = 4 ~ 
. u b 

s 

( III-22) 

* * ~ a function of z , e~uation (III-21) can be integrated. If b is known as 
c 

* For Sc = l, 0 is c 
* e~ual to 5 , and is given by e~uation (III-11). Even 

v· 

in this case, however, the inte,sration of e~uation (III-21) could only 

be accomplished numerically. 

An approximate analytica2. solution, however, can be obtained for . 

·)(- * the l:Lmi ting case of 5 and 6 << l (corresponding to the case of a v c 

moving plane) . 

* 
* In this instance, u is given by e~uation (III-12) and 

c by: 

-)(· 

lim C (y) 

* b ---7'- 0 c 

1 _ ~ ( Y_*) 
b . 

c 

* * 

(III-23) 

The dependence of u upon y and. z is obtained by combining e~uations 

(III-12) and (III-13). L' this and e~uation (III-23) are inserted into 

e~uation (III-16) (wherein l + y ~ 1), there results: 

* b 
d c. 

---:; * z dz 

subject to 

* b = 0 c 
at * z = 0 (III-25) 

The solution to e~uation (III-24) which satisfies e~uation (III-25) is: 

•*• * 5 = mz c (III-26) 

A solution of this t:rpe satisfies both the differential e~uation and the 

initial condition, end must therefore be uni~ue. The constant m is 



1:..1 

given by a solution of: 

m
2 [1 -~ V" m 5 35 

1 
+ 35 
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1 
= 2 Sc (III-27) 

m is plotted as a function of Sc on Figure 5. Note that at Sc = 1, 

m = 0.89, which is equal to the constant in equation (III-13). At 

Sc = 1, the two boundary layers are equal. Between 1 ~ Sc ~ 2, m can 

* be represented by a simple power la1v, and o is: 
c 

Inserting equation (III-28) into equation (III-21), setting 1 

and using equation (III-22), gives 

k = 0.843 Sc1/ 8 I usD 
I -.e-

C. The Liquid Phase 

1. Hydrodynamics 

(III-28) 

-(;:) ~ l, 

(III-29) 

The falling film model (Figure 6) simplifies the theoretical worl~ 

considerably because of' its idealized fluid mechanics, known interfacial 

area and easily estimated contact time. 

The axial momentum equation in the liquid film flowing down the 

rod is:: 

. CU 1 Cp [c2u 1 dU c2u] 
u dz = g - p dz + v - cr2 + r dr + dZ2 (III-30) 

For steady ~low, ~ = 0 and ~ = 0; therefore, equation (III-30) 

becomes: 

1 d.. (r du) = _ ~ 
r dr dr z (III-31) 
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Figure 6 
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with boundary conditions 

at r = a, u = 0 
(III-32) 

at· r = a + 6., 'Ou/or = 0 

6. is the film thickness and a the radius of the rod~ The cylinder radius 

used in the prev{ous section is (a + 6.) = b. 

Integrating equation (III-31) gives 

lvhere 

and 

1(- 1 
u = --

6.*2 
[ (1 + ~:;*) 2 

tn [1 +·/:;* 

\., 1'' 
2 7(- 2 

6* (1 - y ) j 

* u u =-
u s 

u = (ga2) 6.*2 
s zv J 

6* = 6./a 

* * * 1 (1- y )] -6 (1- y) --. 2 

(III-33)· 

(III-34) 

(III-35) 

(III-36) 

The dimensionless distance measured from the interface in terms 

of the film thickness 6 is: 

* y a + 6 - r 
y = 6 = 6 (III-37) 

Expanding the logarithmic term in a Taylor series, we obtain a form 
+:-

valid for small 6 : 

*
2 

* * * * . u = 1- y + 6 y (1- y) + ••.••• (III-38) 

The case of film flow down a plane wall is recoveres . if a ---''>~ oo , 

* 'l::. > 0: 

* *2 
u = 1 - y (III-39) 

Equations (III-33) and (III-39) are plotted on Figure 7. It is common 

. practice in treating diffusion i'nto a falling film to assume penetrations 

.. 

·' 
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* sufficiently small to permit the appr~ximation u = 1 in the convective 

term of the diffusion e'1uation. As shown in Figure 7, this simplification 

is better for cylindrical film (where the velocity profile remaj_ns closer 

+:· 
to u = 1 for greater penetration depths) than in the plane film case. 

·X· 
In our experiments the dimensionless film thickness 6 was on the 

order of 0.1 or less. ~rhe maximum deviation of the velocity profile 

* from that for the plane case occurs when y = 0.5, at which portion 

e~uation (III-38) shows that the corrective factor is ~ 0.025. The 

fractional deviation from the plane profile is on the order of 3%. \ve 

have therefore employed the e~uation for flow dom1 a plane wall in all 

· .calculations. In particular, the film thickness can be calculated by 

J
J::. 

Q = 2na 
0 

u (y') dy' (III~40) 

-l(-

;vith y = y 6 and u(y') given by e~uation (III-39), this gives: 

* 6 ( 3vQ\
1

/
3 

6 =-:::~I 
a 2rca g J . 

(III-41) 

The surface velocity is e~ual·to u 
s of e~uation (III-35) and the average 

velocity is 2/3 of the surf'ace velocity. 

2. . 26 
Hydrodynamic Stability at Low Reynolds Number. 

A stagnant coating of li~uid on a rod is unstable because the 

surface area is not a minimum. Infinitesimal disturbances will grow 

qt 
exponentially in amplitude, e , where~ is.a function of the wave 

number, ~ = 2n (a + 6)~, of the disturbance, a geometrical factor, 

a/(a + 6), and the physical properties of the li~uid. When film is 

very thin, i.e., [l- a/(a +6)] << 11 inertial forces are unimportant 

and ~ is given by: 
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q = ~ • .S · ¢vise. (a., .6 : a) 
pa 

l :::::- (l 
3 

cl) ,,_2 [ l (;,, : aD 3 cr 
fl. (a + 6) 

A reasonable approximation for q at very low Reynolds number might 

be given by equation (III-42) with a: .6 now ~etermined by the flow 

rate and physical properties instead of being arbitrary. At low 

Reynolds numbers the fj.J..m will be thin compared to the rod diameter and 

the plane approximation can be used. The expression for q becomes 

where 

Q Re = --2:nav 

a v2/3Rel/3 

pg4}3(a + .6)3 
(III-43) 

(III-44) 

For the most rapidly growing disturbance (a. ~ 1j-f2), the amplitude increase 

in a length u t = t is given by: s 

exp J 1 . 

c (2)32/3 
(III-45) 

For the water - co2 experiment we have the following typical values: 

Q ::::: 0.2 cm2 /sec. 

(a.+ .6) ~ 0.15 em 

v ~ 0.01 poise 

The Reynolds number is therefore 

R . 0.2 0 
e ~ 2n (0.15) (0.01) ~ 2 

a ~ 70 dynes/em 

p ::::: l gm/cm3 

g ~ 980 cm2 /sec 
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In the moltc::,.:.; :;;alt run:;, the typical values are: 

2/ . Q ~ · 0 . 2 em sec . 

(a + 6) ~ 0.15 em 

v ~ 0.02 :poise 

a ~ 120 dyne/ em 

p ~ L6 gm/cm3 

g ~ 980 cm2/sec 

0.2 10 
Therefore, Re ~ 2rr (O.l5) (o.o2 ) ~ 

The amplification in the time for a particle on the surface to 

travel a distance of £ = 10 em will be~ exp (0.6) ~ 1.8 for the water 

experiments, and~ exp (0.8) ~ 2.2 for the molten salt experiments. 

Thus, an infinitesimal disturbance would only double in amplitude and 

would remain unnoticeable. 

3. Diffusion in the L:Lq_uid Film. 

(a) Simple Diffur;ion Case: The eq_uation for simple diffusion in 

rectangular coordinatef; is: 

with boundary conditions 

and(~) = 0 
~ y '6. 

c (y) 0) ·- c 
0 

C (o 1 z) - C. 
]. 

Define the dimensionless terms 

EQuation 

* c - ci 
c = -=----=-c - c. 

* z 

(III-46) 

c2c* 
~ o:y*· .. · 

0 ]. 

becomes 

= (1 -
*2 

y ) 
Cic* 
oz-l<· 

(III-46) 

(III-47) 

(III-48) 

(III-49) 

(III-50) 

(III-51) 

(III-52) 
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with '"boundary conditions 

* * c (y ) o) = l 

* ( 0) 
·X· 

c z ) = 0 

and (~) :: - 0 
oy-* ·~ 

!I; I 

The average concentratj.on at z can be shown to be: 

*' dz 

or the average mass transfer coefficient over a length £ is: 

-·X· 
l - c 

(III-53) 

(III-54) 

(III-55) 

(III-56) 

(III-57) 

* where £ is given by ec~ation (III-51) with z = £. The solution given 

by Pigford20 is: 

-* . ·'if -x-c = 0.7857 exp (-5.12lz ) + 0.1001 exp (-39.3lz ) 

. * * + 0.0360 exp (-l05.6z ) + 0.0181 exp (-204.7z ) 
(III-58) 

For small depths of penetration (short contact time), the diffusion 

process occurs near the surface, and two simplifications are possible: 

(l) The velocity field. can be approximated by its constant value at 

the surface (u:::::: u ), especially for the cylindrical case. 
s 

(2) The presence of the wall is not felt, thus the gradient boundary 

conditions at y = /:::,. can be replaced by C = C at y --:> oo • 
0 

For an infinite depth approximation, equation (III-52) becomes 

(III-59) 



with boundary conditions, 

* ( * o) c y ' ::: 

* 
(oo' z*) c = 

-1(- -1(-

c ( 0' z ) "" 

Subs ti tuti on of the solution for 

yields: 
3· 3 .f: -1(-c = l - - z 

.fn 
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l 

l 

0 

this 

(III-60) 

(III-61) 

( III-62) 

case56 into e~uation (III-56) 

(III-63) 

A comparison of these two solutions is shown in Figure 8. The approximate 

* solution is ~uite satisfactory up to (l - C ) :::::: 0.65. In terms of directly 

. measurable ~uanti ties, eq_uation ( III-63) is: 

_-x- [3l/3.27/6.1fl/6.gl/6l .JDi. a2/3 
l - c = vl/6 Q2/3 

(III-64) 

or 

-* 12.35 JIJ'i. a2/ 3 
l :- c = l/6 2/3 v Q 

(III-65) 

where all parameters are in units of em and sec. The average mass 

transfer coefficient in the liq_uid film is obtained from e~uation (III-57). 

k = g VDus 
. - .fn -,e-

(III-66) 

(b) Surface Reaction. Consider a reversible reaction between 

uc14 in the liq_uid and c1
2 

in the gas phase which occurs only at the 

gas-li~uid interface. uc16 is assumed completely soluble in the li~uid: 

k 
UC14 (l) + Cl2 (g) =< r >- uc16 (l) 

with an e~u:i.librium constant 

(III-67) 
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Diffusional resistance in the gas phase is neglected, and the partial 

pressure of c1
2 

at the interface assumed eq_ual to its value in the gas 

bulk phase. The overall rate of conversion depends upon the diffusional 

resistance in the liquj_d fil.rn and the surface reaction rate. The trans-

fer of uc14 in the liq_uid is given by:· 

u 
s 

1-ri th boundary condi tiorts 

at y = 

at y = 0, 

c4 c4o 

dC 4 
D4 ey :::: k p 

r 
0 

(rrr-68) 

(III-69) 

c6 
(c4 - -) Kp 

The reaction is assumed. to be first order in uc14 concen-tration and 

chlorine partial pressure. 

For uc16 we have 

(III-70) 

with boundary condi t.ions 

at z = o, c6 - c6o 

at y· = c6 = c6o (tii-71) 

at y = o, 
rac6 ) . · 

D6\Ty o = krp 
c6 

(C4 - -) Kp 

~ssuming eq_ual diffusivities, n4 = n6 = D, and the uc1
6 

to be non-vo~atile,. 

and letting G = c4 + c6 , we have by adding eq_uations (III-68) and (III-70) 

(III-72) .· 



"' 

-43-

vlith boundary conditions 

c (y) o) = c 
0 

c-.J.:,;:,.,. ¢0 ) = c 
0 

n(~) = 0 
oy 

0 y = 

The only solution is C = C
0 

= constant = c 4 + c6 . 

uc14 boundary condition at y = o becomes: 

D fd~4) = k P Lr c4 (1 + .1:..) - coj-l- y r Kp Kp 
' 0 ,, 

1 c -- (~
Kp c4 

l)J 

(III-73) 

Consequently) the 

( III-74) 

If equilibrium is assumed at the interface) c4 is a constant 
equil. J 

= c4 . 
vlhere at y = o: 

C eq. 
6 

K=--
C eq. 

p 4 
= 

c 
0 

p 

c4 
eq. 

c4 - c 
c4 

eq_. 
0 

Defining the dimensionless variable 

* c = 
C C 

eq. 
4 - 4 

C · C eq. 
4o- 4o 

* ·* 

eq. 
1 

= 1 + Kp 
(III-75) 

(III-76) 

and using the variable<. z and y ) we have the same dimensionless 

equation (III-59). The boundary conditions (III-60) and (III-61) still 

apply) but at y = o we have 

* where k· r. 

0 

D 

(III-77) 
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* * If k --::>- oo C ( o, z) = 0 and the solution reduces to the straight 
r . ' 

desorption case. 

The solution to equation (III-59), subject to equatio:1s ( III-60), 

(III-61) and (III-77) c:3.n be obtained from the analogous heat conduction 

13 problem: 

-)(· -)(· -)(-

c (y ) z ) (III-7$) 

Substititing equation (III-78) into (III-56), the average concentration is: 

where 

*' * F'(k · .fz ) -
r 

.frr 1-----
2k *'.Jz·X· 

r 

Equation (III~80) is plotted in Figures 9 and 10. 

For diffusion limited reaction (k --~ oo) · r . 

1 
+ + 

-x-' 2 * 2k z 
r 

(III-79) 

(III-80) 

(III-81) 

For complete diffusional control, F = 1 and equation (III-79) reduces 

to eq;ation (III-63). 

At the other asymptote, for very slow reaction: 

lim F 
.frr .. *f * 

=- k .fz 2 r. (III-82) 
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Inserting e~uation (III-82) into (III-79):. 

lim -* c 3 *' -)(= 1 - - k z 2 r 

*' r ·X· 1< '-1 z --;)- 0 
r 

= 1 - (III-83) 

In e~uaticn (III-83), we have set z = ~, the length of the rod. In the 

-·* reaction-limited case, C varies as 

case [eQuation (III-65)], c* varies 

1jQ, while in the diffusion-limited 

as l/Q2/3. 

D. Comparison of Gas and LiQuid Phase Resistances 

In the previous section, the gas phase resistance was assumed 

negligible compared to either the surface chemical rate or the li~uid 

phase resistance. While the assumption cannot be precisely assessed, we 

can estimate the effect for a rapid surface reaction. 

Consider a very fast, irreversible chemical reaction occurring at 

the interface which forms a product completely soluble in the liQuid 

phase. Since the reaction is rapid and irreversible, either the liquid 

or gas phase concentration must be zero at the interface. That component 

which exhibits the slowest transfer rate will be depleted at the surface. 

We will compute the transfer rates of liquid component A from a bulk 

concentration CL to a zero interfacial value and of gas·phase component 

B from a bulk partial pressure P to zero interfacial partial pressure. 
g 

The rate will be determined by the smaller of these two rates~ 

From e~uation (III-66) the liquid phase rate is: 

(III-84) 

where D.e .if:? the diffusivity of A in the li~uid. 
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From eq_uation (III-29), the gas phase transfer rate is: 

P o.843 P \{DI._n u - - g g g s 
N = k -- = · --g g R'.r RT .e . (III-85) 

where D is the diffus:Lvity of Bin the gas phase, and Sc has been taken 
g 

as unity. The ratio i:;: 

p 

0. 75 R~ C 
.L 

(III-86) 

For comparison, consider the following values typical of our experiments 

1vi th uc14 dissolved in the fused LiCl-KCl eutectic and a 50~(c12 -Argon 
gas phase: 

P -- 0.5 atm 
g 

T 873oK 

c
1 

= 0.2 mole/liter (5 wt.%) 

D.e -· 0.5 x 10-5 cm2/sec 

Dg 0.47 cm
2
/sec 

The calculated ratio is "' 8, which indicates that liq_uid phase diffusion 

resistance is controlling. The fractional change in gas reactant partial 

pressure through the gas boundary layer is ~ 0.12. If the reaction rate 

also contributes to the overall resistance, the effect of gas phase 

resistance will be even less. 

~-

... 
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IV. EXPERIMEJ\TTAL liOR..'< 

A. Handling of Fused LiCl-KCl Eutecti~ 

Two fused chlorine eutectics, binary LiCl-KCl (59 mole % LiCl, m.p. 

35l°C) and ternary NaCl-KCl-MgC12 (30, 20, and 50 mole%: respectively; 

m.p. 396°C) were used extensively at Brookhaven National Laboratory in 

connection with the Liquid Metal Fuel Reactor program. The binary 

eutectic was selected for this work because of its lower melting point. 

Corrosion tests on potential materials of construction for the 

binary eutectic showed that only 347 S.S. was not attacked.
48 

Little 

or no Ni was found in corrodent analysis in the tests of Ni - bearing 

alloys. This fact suggests that high Ni alloys may be superior to all 

other materials tested. No cast pi~es or fittings can be used for· fused 

salt service because they cannot be made leak-tight. Air and moisture from 

the atmosphere reacts with the salt to produce extensive corrosion. 

An all-welded system is preferred for handling the molten eutectic. 

Welds should be sound and those in contact with the molten salt should 

be full-penetration 'lvelds. Satisfactory welds cari be made on 347 S .s. 

by the Heliarc process. 

Corrosion by the salt is greatly enhanced by the presence of 

oxidizing impurities. Oxide-free interior surfaces are therefore 

required on all vessels and process piping. Three methods of cleaning, 

namely, electropolishing, hydrogen firing, and sandblasting have been used · 

~uccessfully to clean vessels and piping. Sandblasting was found to be 

the most satisfacto~y, being applicable to all types of container systems. 

The presence of Cl2 gas at high temperatures c·ompounds the corrosion 

problems in metal containers (Nickel and 347 S.S.). Quartz and-high-
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temperature glass systems, however, were found to be ~uite satisfactory, 

and 1vere employed in all but the chlorine solubility studies. 

B. Solubility Studies 

1. Previous Worl'.:. 

Solubility of gases in molten salts have been the subject of recent 

42 investigations. Newton performed some preliminary measurements of the 

solubility of xenon in molten salt mixtures. The solubility of xenon in 

the KN0
3

-NaN0
3 

eutectic varie~ from 8 x 10-8 to 10-7 moles Xe/(cm3 of 

solvent) (atmosphere) between 26o and 450°C. Burkhard and Corbett12 

determined the solubility of water in molten LiCl-KCl mixtures and 

presented an approximate value of the solubility of HCl at 480°C in. a 

mixture containing 60% LiCl. 

Solubilities of noble gases· in molten fluod.d.es have been system

atically studied at Oak Ridge. 7' 27 The techni~ue consisted in saturating 
l 

the salt with the test gas, transfer of the solution to an isolated 

section of the apparatus, recovery of the dissolved gas by sparging 

wj_th another inert gas' and determination of the recovered gas by mass 

spectrometry. Henry's Law constants at_,600°C in a ZrF
4

-NaF mixture 

(4 of.) 6 -8 lo-8 6 l0-8 
7-53 molep were 21. ± l x 10 , 11.3 ± 0.3 x , 5.0 ± 0.15 x 

and 1.94 ± 0.2 x 10-
8 

moles of solute/(cm3 of solution) (atmosphere) for. 

He, Ne, Ar and Xe, respr=cti vely. 

Grimes et a1.,
28 

u:3ing the same techni~ue, ·recently measured the 

solubility of hydrogen fluorude in fluoride mixtures. The dissolved 

HF was stripped from the salt, absorbed in a standard solution of 

a~ueous KOH, and determined by back titration with standard acid 

.. 



-51-

solution. Henry's Law constants in moles HF per cc. of solution per 

6 8 4 -5 10-5 atmosphere at 00) 700 and 00°C are 1.23 ± 0.0 x 10 ) 0.93 ± 0.02 x ) 

and 0.73 ± 0.01 x 10-5) respectively in. NaF-ZrF4 (53 mole% NaF). No 

information regarding solubilities of chlorine and uranium hexachloride 

in the·molten LiCl-KCl eutectic or of UF6 and F2 in fluoride melts 

appears to have been published. 

2. Solubil'i ty of c1
2 

j.n Fused LiCl-KCl Eutectic 

(a) Apparatus. ~'he solubility apparatus is shown schematically in 

Figure 11. It consists of a melt tank where the LiCl-KCl·eutectic is 

prepared and then saturated with chlorine gas) and a stripping section 

where the dissolved gas is stripped from the melt by argon. The apparatus 

is placed in a standard chemical fume hood and is ·operated with the front 

window almost completely closed. 

The melt tank (Figure 12) was fabricated from a 16 inch piece of 

3-1/2" Schedule 40 347 S.S. pipe. The bottom was sealed with a 1/2" 

weld lid and the top with a ring type vacuum flange. Pipe risers for 

gas connections) a 1" charge port) a movable liquid-level probe) and a 

thermoc9uple well are provided at the top of the tank. The stripping 

section consists of a similar vessel except that the top flange is 

only provided with gas connections. 

The m~lt tank is connected to the stripping section by a length 

of 3/811 O.D. 347 S.S. tubing which is welded through the bottoms of 

·both vessels. This transfer tube serves as a simple freeze valve vrhich 

can be heated by a heat:tng tape wrapped around it or cooled as desired. 

The entire transfer section is insulated by layers of asbestos tape. 
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Both vessels are E:urrounded by "Hevi-Duty" resistance furnaces. A 

chromel-alumel thermocouple in the melt tanl~ activates a Brown electronic 

recorder to provide temperature measurements of the melt. Temperature 

control is achieved by means of Brown pyrovane controllers activated by 

chromel-alumel thermocouples in the furnaces. The temperatures were 

probably known to± 5°C. 

The liq_uid-level -probe is simply a 30-inch piece of 1/8" polished 

nickel rod sharpened to a point. The rod protrudes through a s1.;agelok 

fitting·, with a nylon cap and teflon ferrules which act as insula tors J 

and completes an electrical circuit on contact 1-lith the liq_uid surface. 

This permits measuremeLt of the liquid level in the melt tank before 

and after transfer. The indicator is a piece of brass cut to a kni'fe 

edge and drilled to slide over the nickel rod. It is held in place by 

a set screw and positioned for convenient measurement on a suitable scale. 

(b) Materials. Argon was obtained in cylinders from the Linde Air 

Products Co. The chlorine gas was obtained from the Mathieson Gas Co. 

The binary eutectic was prepared from. reagent grade LiCl and KCl from 

the Baker Chemical Co. 

(c) Experimental Procedure. A batch of the eutectic was loaded. 

into the melt tank through the charge port and melted under vacuum. A 

1/2 hp. Kinney Model KC-5 vacuum p~~p was used to evacuate the vessel. 

The temperature was kept at 200°C overnight to ensure proper drying of 

the salts. The melt tank was then isolated from the empty stripping 

section by establishing the frozen seal. At 400°C the molten charge was 

mixed thoroughly by sparging with argon. It was then saturated with 

chlorine gas at the desired temperature and pressure. Chlorine sparge 



.. 
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times varied from one to four hours. After sparging was discontinued, 

the chlorine gas was me.intained at pressure as a covering atmosphere. 

The liquid level 1-1as then measured by use of the electrical probe • 

Meanwhile the stripping section, which had continuously been flushed 

with a stream of argon, was closed and filled with argon at a predetermined 

pressure such that abm.1.t half the salt vrould transfer from the melt tank 

when the frozen seal was removed. The frozen seal was melted and the 

melt was allowed to tr~.nsfer until hydrostatic equilibrium 1-1as achieved. 

The frozen seal was immediately re-established and the final liquid level 

in the melt tank was determined. 

The dissolved chlorine gas was stripped from the salt in the 

stripping section and absorbed in an aqueous NaOH solution containi'ng KI. 

This sample was then acidified with HCl and the liberated iodine titrated 

with sodium thiosulfate to give the amount of dissolved Cl
2

. The volume 

of salt transferred is obtained from the initial and final levels in the 

melt tank. The solubility of chlorine gas in the molten eutectic is 

obtained from this volume and the amount of dissolved Cl2 recovered. 

(d) Experimental Results. Severe corrosion of certain components 

in the melt tank limited the study to four runs, two each at 400 and 500°C. 

No measureable quantity of chlorine gas was observed in the binary eutectic. 

The limit of the quantitative determination of chlorine was 2 x 10-6 

gmole, theref.ore, the solubility of c12 in the molten salt at a saturation 

pressure of about 1 atmosphere is less than 4 x·lo-9 g mole/cc. of melt. 

The results are shown in'Table VI. 
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•· ~ . 
Table VI. Solubility of Cl2 in molten LiCl~KCl 

.... 
•·· 

Run Sparge Temp. Sat'n Vol. of Amt. Cl
2 

Solubility 
time) oc Press Salt)cc. dissolved. gmole/cc 
hrs. atm. gmole 

1 1 4oo 1.17 525 < 2 X lo-6 < 4 X 10-9 

2 3 4oo 1.18 530 < 2 X lo-6 < 4 X 10-9 

3 2 500 1.12 515 < 2 X lo-6 <4x 10-9 
I 

4 4 500 1.10 522 <2x lo-6 < 4 X l0-9 



.. 

C. Absorption of C02 in \-Tater 

l. Apparatus. 

The absorption ~et-up is sho~m in Figure 13. It consists of an 

absorption colilllli~) a water supply) a gas system and titration apparatus. 

The absorption colu..."lln is shown in Figure 14. It consists of a l" 

diameter glass tubing ~ivided into two sections. The constant head 

section is 6" long and has a ground glass ·fitting at the bottom. The 

L~" reaction chamber tapers down to a 45 ° funnel-like bottom with a l/2" 

long tip (3.5 mm I.D.)) and is provided with 6 mm O.D. gas inlet and 

outlet tubes. A 3 mm glass rod) with a ground seat valve) extends through 

the reaction chamber about l/8" into its funnel tip. A simple arrangement 

consisting of a Swagelok fitting and a piece of rubber tubin,s is used to 
I 

move the rod up and do1m the ground fitting to control the film flow do1m 

the rod. The apparatm·, is essentially the same as the one used in the 

chlorination experiment. 

The water supply is simply a 100 ml. burette filled with distilled 

~Tater. The gas system consists of co
2 

and argon cylinders) and a 

saturator. The saturation serves a dual purpose. It saturates the 

C02 with H20 vapor before it is fed into the reaction chamber) and 

provides sample~ of water saturated with co
2

, 

The titration apparatus consists of Ba(OH)
2 

solution stored in a 

burette with an ascarite tube on top to prevent contact with co
2 

in the 

·air, and a microburette with standard HCl s elution. 

2. Materials. 

Standard solutions of Ba( OH)
2 

and HCl "YTere prepared. HCl was 

diluted to a concentration of O.lN from a lN standard solution •. The 
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ZN 4982 

Fig. 13 



l 
I 
i 

,-.II 

0 

I 
I 

7.) 

) 

-59-

I • 
t"J) 
I'--..,. . 

1

-,r 
I 'I. II ·'· i ("! 

I'lL I I r' I 4 m m . rod 
! ) 

6 I b. mn1. o.o. tu. 1ng 

I w 

3.5rnm. ·-. · 

i.d. tubing I" 

2. 

Figure 14 



-60-

concentration Ba( OH)
2 

.13 H
2

0 was initially 0.02M. HovTeve::.·) before the 

experiment it was titrated with HCl and found to be 0.01981-1. 

The co
2 

gas was obtained from the Nathieson Gas Company. Distilled 

water was used throughout. Phenolphthalein was the indicator used in 

the titration. 

3. Experimental Procedure. 

A constant head of H20 v7as maintained in the upper section of the 

absorption column. The reaction chamber was filled with an atmosphere 

of "H
2

0-saturated" co
2 

gas. The ground glass fitting i.Jas opened 

slightly to allow film flow dmm the rod. 

Flow rates of the water film were obtained by collecting the sample 

in a 1 cc. cup and mear.uring the time. For each flow rate; tvo measure-

ments Vlere taken beforE: sampling and one after. The three values vere 

averaged to give the flow rate for each run. 

8 cc. samples.vere collected just inside the funnel tip with a 

syringe. Ext··eme care was needed to prevent the effluent from contacting 

air) which desorbs some of the co2 . The Ba(OH) 2 solution vas then 

transferred into an Erlenmeyer flask from the burette. The amount of 

Ba( OH) 2 solution used c.epended on the film flow rate. 4 cc. of the 

sample was then injected under the surface of the Ba(OH)
2 

solution. 

Two. drops of phenolphthalein were added and the Erlenmeyer flask 

immediately put under an argon atmosphere to prevent.co
2 

absorption from 

the air. The excess Ba(OH)
2 

was then titrated with sta~dard HCl. The 

remaining 4cc. sample was similarly analyzed. 

4. Experimental Results. 

The absorption of co2 in water was measured at different film flow · 

' . -~ 

i 
'-' I 

~ 
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rates. The conditions used in the measurements were: 

co, 
c. 

pressure = l atm. 

temperature = 22.5°C 

length of rod(l) = 8.25 em 

rod radius (a) = 0.15 em 

film flow rate( Q.) - 1.85 - 31.58 cm3 /min 

The results are st®marized in Tabie VII, and plotted in Figure 15. 

The theoretical plot is given by eg_uation (III-65). 

D. The Chlorination of uc14 

1. Apparatus. 

The chlorination eq_uipment is shmm in Figures 16, 17 and 18. It 

consists of a g_uartz reaction colu.>nn (Figure 19) enclosed by a resistance 

furnace, and.. a gas system. 

The reaction column is similar to that used in the C02 absorption 

experiment (Figure 14), except that a short length of 14 mm tubine; is 

fused to the bottom and provided with a 6 mm HCl gas inlet tube. This 

prevents contact of the uc14 solution dropping out of the funnel tip with 

the surrounding air. 1'he gas system includes drieri te columns and flowmeters. 

The chemical analysis apparatus (Figure 20) includes Pb colu.>nns and 

a microburette. 

2. Materials. 

The Cl2 , HCl and mixed gases were obtained from Mathieson Gas Company. 

Reagent grade LiCl and KCl were used throughout. The uc1
4 

salt was 

supplied by Argonne National Laboratory. Hydrochloric acid, Pb powder, 

FeCl
3 

solution, concentrated· H
3

Po4, standard JSCr
2

o
7

, and diphenylamine 

sulfonate indicator were used in the chemical analysis of uranium. 
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Table VII. Absorption of co2 in Water Film, t == 22.5°C; PCO 1 atm. 
2 

Run 

1 

Flow Rate 
(cc/min) 

2 Blanks 

.3 

5 Saturated 

7 1.85 

8 2.64 

9 4.36 

10 7.50 

11 8.18 

12 10.80 

13 13.64 -> 

14 31.58 

Concentration 
(moles C02 ) 

0.001 

0.0004 

___ o. oool2_ 

Ave. = 0.007(G ) 
. 0 

0.13985 

0.13965 

0.13800. 

Av•::. == 0.1393(C.) 
~ 

0.1084 

0.0921 

o.o68o 

(c) 0.0450 

o.o44o 

0.0377 

. 0.282 

0.0212 

c - c 
0 

¢ = -::::---~ 
C. - C 
~ 0 

0.777 

0.659 

0.486 

0.320 

0.312 

0.270 

0.198 

0.148 

1 
Q 2/3 

0.663 

0.524 

0.375 

0.261 

0.246 

0.205 

0.175 

0.100 

Ave. = 1.29 ± 0.08 

Theoretical Slope = 1.41 

% error = 8.5 

% precision = 6.2 

¢ Q 2/3 

1.17 

1.26 

1.30 

1.23 

1.27 

1.31 

1.13 

1.48 

i 
I 
i 

. 1 

- ) 

"· 
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Z N -4983 

Fig. 17 
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Z N -4 9~4 

Fig. 18 
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ZN -4 985 

Fig. 19 
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ZN -4986 

Fig. 20 
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3. Experimental Procedure. 

A batch of 100-150 grams of LiCl-KCl eutectic mixture ( 45 wt. ~~ 

LiCl) ·Has mel ted in a beaker with a Fisher burner. A small amount of the 

molten salt was poured into the upper section of the reaction column and 

allowed to flow down the rod. The rod vras then q,uickly pulled out and 

inspected for complete wetting (indicated by uniform freezing on the rod). 

The rest of the melt was then charged into the column and sparged with 

HCl gas for approximately 10 minutes to remove H
2

0 vapor and oxidizing 

impurities. About 2-3 grams of UC14 salt was added and dissolved by 

bubbling with HCl gas for another 10-15 minutes. The reaction chamber 

and the funnel·outlet tube 'lvere then flushed with HCl gas and the uc14 

solution allowed to flm.; down the rod. Samples were collected and· 

analyzed to determine the initial uc14 concentration. The HCl gas in 

the reaction chamber was replaced with an atmosphere of Cl
2 

gas. Samples 

at different film flovr rates were collected in 1 cc. glass cups. The 

flow rate was. determined by measuring the time req,uired to collect 1 cc. 

The eq_uilibr).um of the reaction was investigated by sparging the 

uc14 solution in a test tube with c1
2 

gas until a constant u+4;u total 

ratio vas observed. The mixture vas sampled by dipping a glass cup into 

the melt. 

Kinetic measurements with pure c12 gas·were made at 50° intervals 

from 400 to 700°C. At 6oooc, the uc1
4 

concentration vas varied to deter

mine the order of the reaction in uc14 • Measurements were also taken at 

600°C using Cl2-Ar and Cl2-He gas mixtures to investigate the gas phase 

effect on the kinetics, and a 20% o2~HC1 gas mixture to compare the 

chlorination and oxidation rates. 
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The temperature in the r~action chamber \vas measured with a Conax 

Chromel-alumel thermocouple and was knovm to ± 5°. Typical temperature 

profiles in the chamber are shmm in Figure 21. 

A sample is preJlared for analysis by dissolving it in 50 cc. of 

HCl solution (1:15). ~i.''tTO 10 cc. aliq_uots (A and B) are then transferred 

to flasks. 4 cc. of FeCl
3 

solution (5ojo) and a few drops of concentrated 

H
3
Po

4 
and diphenylamine sulfonate indicator are added to aliq_uot A. 

Titration with 0.02N K~;cr2 o7 solution with a microburette to a purple 

d . t . th u+4 ,_ t . Al' t B . d ""h h Pb l en poln glves e conuen . lq_uo lS passe ~ roug a co umn 

+6 +4 (to reduce all U to U ) ) collected in a flask containing FeCly H
3

Po4, 

and the indicator, and titrated with K
2
cr

2
o

7 
to give the total uranium 

content. 

4. Experimental Results. 

The eq_uilibrium constant Kp is obtained from eq_uation (III-75). 

A plot of £nKp vs. 
1
/T (Figure 22) gives a heat of reaction, 6H = 5.4 

kcal/mole. The condi tj.ons used in the kinetic measurements were: 

uc14 
concentratj.on = 1-3 wt. ojo or 0.044-0.132 mole/liter 

Cl
2 

pressure = 0.25'-1 atm. 

temperature = 400-700°C--

length of rod ( 1~) = 9.20 em 

rod. radius (a) - 0.15 em 

film flow rate ( Q) = 2.4-12.0 cc./min 

The . " . t. , t. f u+4;utotal f d. t be . t tl b t lnl la~ ra lO o was oun o consls en y a ou 

0. 941 throughout this irork. The results are summarized in Tables VIII 

to X and plotted in Figures 23 to 31. 'The.theoretical slopes are 

comp.uted by eq_uation (III-65) (eq_uilibrium of the surface reaction is 

assumed.). 

' 
. I 
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Table VIII. E~uilibrium determination in pure Cl2 
(Initial U concentration = 2 w/o) 

1 

Temperature Sparge U Total 
C eq_. 
4 Kp = 

C eq_. 
L~ -1 . 

(oc) Time (C ) c c 
(min) 

0 0 0 

400 15 2.75 0.800 0.250 

30 2.55 0.804 

60 2.52 0.794 
Ave. 0.800 + 0.004 

450 15 2.50 0.752 0.328 

25 2.30 0.761 

35 2.08 0. 7~·5 
Ave. 0.753 ± o.oo6 

500 60 1.80 0.695 0.465 

75 1.50 0.667 

90 1.00 0.700 
Ave. 0.687 ± 0.013 

6oo 25 2.45 0.612 0.635 

40 1.70 0.617 

60 1.40 0.607 
Ave. 0.612 ± 0.003 

I 
I 



CL 
Kinetics of the chlorlnation of UC11~ by pure 012, P c/2 = 1 atm,. <f-~ = 0. 9!1:2 

. 0 
(except as noted, C = 2 -r,r/ 6 U) 

TABLE IX. 

0 

------------~---------·-·--------------------

Temp. 
(oc) 

4oo 

C eq. 
4 ' 

c 
0 

0.800 
., 

450 0.753 

500 0.687 

550 0.653 . 

) j 

Q 
(cc./sec) 

0.133 
0.100 

.. 0.080 
0.040 

0.125 
0.112 
0.097 
0.090 
0.067 
0.048 

0.182 
0.167 
0.130 
0.112 
o.8o3' 
0.083 
0.068 
0.067 
0.052 

0.095 
0.080 
0.072 
0.063 
0.062 

U Total 
(C ) 

0 

3.75 
3.80 
3·75 
3.80 
1.80 
2.15 - _,. 
1.. (0 

2.07 
1.90 
2.00 

2.32• 
2.50 
2. ~~7 
2.15 
2.50 
2.112 
2.60 
2.48 
2-55 

1.75 
l,6r{ 

l.6!J. 
1.65 
l. 70 

c4 
c 

0 

0.907 
0.908 

( 0.893 
0.882 .. 

0.900 
o.881J. 
o.8ol 
0.879 
0.871~ 
0.855 

0.905 
0.901~ 
0.898 
0.879 
0.868 
0.876 
0.8!~6 
0.867 
0.839 

0.886 
0.868 
0.860 
0.848 
o.8!1-1 

* c jc - C eq/C c = 4 0 4 0 

c, jc - c
4
eq/c 

% 0 0 

o.~r55 

0.760 
o.655 
0.578 

0.778 
0.693 
0.667 
0.667 
0.6!10 
0.511.0 

0.855 
0.851 
0.828 
0.753 
0.710 
0.741 
0.624 
0.706 
0.596 

0.806 
0. 71~1~ 
0.716 
0.675 
0.650 

Exptal slope 

5.1~6 X 10-2 

6 -2 .32 X 10 

5.}5 X J.()-2 

-2 5.00 X 10 

I 
~ 
.j::-" 
I 



,. . 

Table IX, Cont.····.·.,·· ··. ·· , · ·. · ·.·•· · 

C eq. 
U Total c4 * c jc - c eq;c . Temp. 4 Q Exptal slope (oc) c (cc.jsec) (c ) c c = 4 0 4 0 I --0 0 0 c1 /C - c1 eq_/C 1·0 0 ~ 0 

--
0.113 2.20 0.882 0.825 
0.129 2.25 0.867 0.773 -2 · 6oo 0.612 0.095 2.24 0.857 0. 71~2 5.90 X 10 

(2 vT/o u) 0.072 2.30 0.826 0.648 
o.o64 2o24 oo8o4 Oo582 

G . 

0.200 "J.. 27 0.898 0.867 

6oo 0.612 0.133 1.21 Oo876 Oo800 6 -2 
0.100 1.22 0.852 Oo727 5. 7 X 10 

(l vr/o U) 0.070 1.21 Oo826 Oo61~8 
·---------

0 .11~ 3 3.02 0 .881~ Oo836 
Ooll1 3o20 0.853 0.730 

6oo 0.612 0.100 3o07 0.863 Oo761 6 -2 
0.080 3 o25 Oo846 Oo709 o00 X 10 

(3 vT/o U) Oo070 3o33 Oo810 Oo6oo 
0.060 3o62 Oo80l Oo 573 I 

......:j 
Vl 

I 

0.200 2. 55 Oo894 Oo872 
0.143 2. 47 0.874 Oo818 
0.111 2.60 Oo865 0 o r(9l~ 

-2 650 0.568 0.095 2o55 Oo847 Oo 711.6 5o46 X 10 
0.083 2o70 Oo833 Oo708 
0.069 2.61-t- Oo803 Oo628 
0.062 2o45 Oo8l2 0.652 

-----··-----------
0.167 2.25 0.889 0.870 

700 0.535 
0.118 2o30 0.861 o.80J. l oo J0-2 
Oo100 2o32 0 .851~ 0.781+ ~ • / X -

Oo078 ' 2.24 Oo817 0 o r(OJ. 



Table X. Effect of gas composition on the ·kinetics, .t ::: 600°C, C·4'~· ::: o: 9!~2 c-
0 --------

Gas C eq_ 
c4 

Mixture 
4 

Q c c 
0 (c_C:_j_sec) 0 C·X· Exptal s l~pe ____ 

0.100 0.900 ------6 o. 93 
. O.Or(7 0.894 0.663 

0.067 0.881 o.6oo 
. 0.200 0.920 0.792 6 -2 50% Cl2-Ar 0.76 0.142 0.910 0.742 .78 X 10 
0.111 0.903 0.700 

.0.091 0.898 c 0.680 
0.080 0.890 0. 6!~3 
0.074 0.873 0.560 
0,16r( 0.930 0.852 
0.133 0.923 0.765 
0.113 0. 9'2i+ O.T(8 
0.100 0.921 0.747 
0.083 0.918 0.704 

5.1!~ X 10-2 . 25% Cl -Ar 0.861 0.200 0.936 0.926 . 2 0.167 0.931 0.861~ 
0.155 0.925 0.790 

I 

0.133 0.929 o. 8t~o ~ 
CT\ 

0.118 0.926 0.803 I 

\ 0.100 0.920 0.728 
0.167 0.919 0.'(8'7 
0.155 0.917 0.777 
0.133 0.913 0.757 
O.lll 0.902 0, r{03 
0.100 0.902 0.703 

6 -2 50% Cl2-He ' 0.76 0.087 0.893 0.658 . 70 X 10 
0.200 0.916 0.772 
0.155 0.911 o. 71~7 
O.lll 0.907 0, r{2'7 
0.100 0.900 0.693 
0.083 0.892 0.653 
O.Ib'f- o.B'u 
0 .15!~ 0.867 

20cj; o2-HCl 0.125 o;8tJ.8 
0.100 0.834 
0.091 0.833 

. " 
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The experimental slopes (s) defined by: 

·X· 
C = 

CL jc - C eq./C 
1- 0 4 0 

c jc -c eq.jc 
4o o 4 o 

are compared in Figure 31. 



V. DISCUSSION OF RESULTS 

The performance o:~ the reaction column 1-1as found to be satisfactory 

after preliminary runs 1-ri th the well-lmovn co
2

-vrater system. The C02 

absorption data obtrLined '\vere co:;Ej_stently about 10 percent lm.;cr t!J.an 

the predicted values. This may be due to a stagnant length of film at 

the end of the wetted-:~od.. 
Li 3 . 

Nijsj_ng et al. observed a similo.r stagnant 

surface effect in theiJ~ falling-film experiments. The use of a syringe 

for sa.'llpling purposes effectively reduces the desorption c c':.~_:;solved 

co
2 

to a minimwn. 

The low solubility of Cl
2 

gas in the uranium-free LiCl-KCl eutectic 

melt indicates that the ::.·eaction zone lies at the gas-liq_uid interface. 

This was expected from sj_milar measurements at Oak Ridge of the solubil-

i ties of HF :::_~"d. inert gases in ZrF4 -NaF melts. Some of the stripped Cl2 

gas probably reactecl W:.th its nickel and stainless steel surroundings 

before it vas absorbed by the NaOH-KI solution for chemj_cal analysis. 

The solubility of c1
2 

Has still sufficiently low to insure that the 

overall process consisted of uc14 diffusion in the sa t and surface 

reaction. 

The eq_uilibrium studies shovr that a constant u+
4;u total ra .io was 

reached after prolongeo. sparging of the uc14 solution ivi th pure c1
2 

gas. 
. eq_. 

This indicates a rever~.ible reaction. The eq_uilibrium ratio CL/C
0 

decreased with increasjng .temperatures. This means that the reaction is 

endothermic (eq_uilibriDm shifts to the right upon application of heat). 

The plot of lru<p vs. 1/T gives a heat of reaction of 5.4 kcal/mole. 

Kinetic measurements at 600°C showed no appre~iable change in the 

experimental slope at O.ifferent solution concentrations (1-3 wt •. % UC14) ·. · 
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This indicates that ~h0 reaction is first-order in UC11 • !-
Using 50% Cl

2
-Ar 

and 25% c1
2

-Ar gas mixtures gave no marked change in experimental slopes. 

The reaction is the::.·efore also first-order in Cl
2 

concentration. This 

is expected for a d:Lffusion-chemical eq_uilibrium limited process. 

The assu1·nption of a negligible gas phase resistance '1-las confirmed 

when no marked difference -vras found. at 600°C bet1.;een the experimental 

slopes ob_tained with 50% c12-Ar and 50% Cl
2 

-He atmospheres. 

No systematic los:> of total uranium was observed d.~ring the short 

contact times of the kLnetic studies. This validates toe assun1ption 

made in the theoret:Lca:L analysis) i.e. uc1
6 

is non-volatile. Volatiliza-

tion of uc1
6 

at the longer contact times of the eq_uilib:::-ium studies vas) 

hm.;ever) observed.. Th:Ls SU[jgests an induction period '1-lhere no volatiliza-

tion of uc1
6 

occurs) s:~milar to that found in the fluorinat.ion of UF
4

. 

The results of the kinetic studies with pure Cl
2 

at 400-700°C agree 

reasonably -vrell with the predicted values for an infinitely fast reaction. 

The experimental rates at l.~oo and 450°C are greater than the theoretical 

line but at increasing temperatures (>- 500°C) they become less than the 

predicted rates. This behavior rules out the possibility of a chemical 

rate limitation. Among possible explanations for these findings are: 

(a) An unlmmm interfacial resistance exists and jncreases vi th 

temperature. This is not likely to occur at such hi£.ih 

temperatures. 

(b) The diffus:Lvity of uc16 is much lo-v1er than that of uc1
4

. This 

essentially w:;_ll cause the rapid flooding of the liq_uid surface 

with UQ16 ) thus preventing more uc1
4 

from reaching the reaction 

zone. This 1-r.i.ll produce a lower tha11 expected rise in .absolute· 

• i 
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conversion with increasing tempel~ature and. iiwalid.ate the 

assuJnption used. in the theoretical analysis) i.e. D4 = D6 · 

(c) The read:;icn cf UCl,... --.:-· UCl -'- Cl i· occurs before t11e o ------ L~ -·--~2 -----------

sample is colJected.. The eq:uj.libr:i.l:trll may shift to tl1e left 

(i.e. the uc16 may d.eccm:pose back to UC14) in an HCl atmosphere. 

The sarnple dropping through an HCl atmosphere will lose increas-

ing amounts of uc16 at higher temperatures due to this thermal 

decomposition. 

(d) Stagnant surface effect at the end of the rod. An end effect 

similar to that observed in co
2 

absorption may occur in the 

molten salt experiments. This would not explain however, the 

high experimental values at 400 and 450°C. 



-90-

VI. COIWLUSIONS 

It can be conclud•;cl that the chlorination of uc14 ·~>·-as a diffusion-

chemical eq_uilibrium Umi ted process, endothermic to the e:dent of 5. 4 

kcal/mole. The reaction zone lies at the ga.s-liq_uid interface. The 

effect of the gas phas'~ resistance is negligible, the UCl,..- is essentially 
0 

non-volatile) and there; is no reaction rate con-'vrol. 

' ·-

~·: 

,• 
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APPEl'JlJICES 

A. PHYSICAL PROPERTIES OF FUSED LiCl-KCl Eu~EC1IC 

Several of the more important physical properties of the LiCl-KCl 

eutectic have been det·=rmined at the Brool~haven National I...aboratory and 

elsewhere. These include the density,viscosity, surface tension, specific 

heat) thermal conductivity, and enthalpy. Accurate measurements.on these 

corrosive substances are difficult to obtain. 

(1). Density. Th~ density of the binary salt was measured at Oak 

The ORNL data ranged from 1.67 6~1/cc. at 

400°C to 1.57 gm/cc. at 600°C. The results are sw~marized by the eQuation . 
.., 

p = 1.8885 - 0.)27 X 10-J t (A-1) 

for the range 380° to 600°, ivhere p is the density in gm/ cc. and t ·is the 

temperature in °C. Th<= :SI\TL data differed slightly (a maximu.~ of 1'/o) from 

these results. 

(2) Viscosity. Viscosity measurements by Weisman62 and by Bonilla) 11 

using capillary viscom,~ters) appear to be in fairly good agreement. The 

viscosity measured at 3~'L ranged from 2.4 Cp. at 5l0°C to 5.3 Cp. at 

385°C. Over this temp·.~rature range the data can best be described by 

log10!-L = (1500/T) - 1. 5b (A-2) 

where 1-L is the viscosity in centipoises and T is the temperature in °IC 

Bonilla's data were 5% lower and ranged from 2.25 Cp. at 5l0°C to 5.22 Cp. 

at 384°C. The kinematLc viscosity is shown in Figure 32 as a function of 

temperature. 

( 3) Surface tens:Lon. Bonilla and co-worker53 measured the surface 

tension of the binary eutectic against air in a capillary apparatus at 

432.2° ± 5-5°C. They obtained a value of 118.2 dynes/em. 

.... ~ 
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'( 4) Thermal conductivity. -~ 17 d .uc::err. measure the therrnal conductivity 

of the binary salt by using the steady-heat-flm-.r method. ()J"ly t1w values, 

0.0060 and 0.0063 cal/sec-cm-°C I·Ter-e obtaine6. at a mean te;;:pel·ature of 

5l0°C. AJ.1 absolute error of as much as 25'/o was estimated. 

( 5) Enthalpy. The enthalpy of the binary eutectic .-vras detennined 

. by the ice-calorimeter B S . d . 18 ureau of -can a:::c.s 

the Oak Ridge data can be :cepresented by the eq_uations: 

H~(liq) - H °C (solid) = 30 + 0.32(5) t 
v 0 

(A-3) 

between 351° and. 84ooc, and 

H~(solid) - H °C (solid) = 4 + 0.23(6) t 
v 0 

(A-4) 

between 9r and 351 oC; ,.;};,:;re H is the enthalpy in cal/ gm and. t is the 

temperature in °C. The heat of f·u.sion was approximately 64 cal/ em·. 

The Bureau of Stanc:Lard.s 1 vrork 1-ras more p:'ecise and a smoothed. 
• 

enthalpy equation -vras derived for the liquid binary: 

bet1-reen 351° and 800°C, v.rhere His the enthalpy in absolute joules/gm 

and t is the temperature in °C. The heat capacity and its variation with 

temperature can be re:presented by: 

Cp = 1.4653 - 3-77 X l0~4t + 1.69 X l0-7t
2 (A-6) 

between 351° and 8oooc) where Cp is the heat capacity in absolute 

joules/gm - °C and t is the temperature in °C. 
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E. CHEtiHSl'.f\Y OF L;rt]\jiJ"IUJ\1 CHLORIDZS).J 

There are four uranium chlorides lmcY'im: UCl...,, UCl,, UC1
5 

and. UC16 . 
) Lj. 

The first three 1-1ere prepared and studied. by the earliest \Wi"J~ers in 

the chemis·~.:~" of u.raniu.11. Uranh:un hexachloriC..e vas discove:c·eci only 

recently at UCRL. 

A summary of the physical properties of the uranium chloriC..es is 

given in Table XI. 'The free energy of formation of uranium chlorides 

is shmm in Figure 33. 

1. Preparation. 

(a) Urani'Lun tetrachloride. Uraniu..1n tetrachloride is prepared in 

many .different 1-1ays f'rom both uo
2 

and uc1
3

. It can be purified either 

by direct sublimation in vacuurn or by sublimation as a higher chloricie 

in a chlorine atmosphere (275 to 700°C) and subseQuent reconversion 

to uc14. It can also be sublimed in a stream of inert gas, such as 

nitrogen or helium •. In a nitrogen stream, subliw~tion is rapid at 

600 to 650°C. At a pressure of 3 to 5 w~ Hg, the uc14 sublimes without 

melting. At atmospheric pressure, addition of carbon tetrachloride to 

the nitrogen stream can greatly reduce the non-volatile residue. The 

purity of uc14 can be evaluated by several criteria, the most important 

being solubility in selected solvents and its volatility. 

(b) Uranium pentachloride. uc14 can be converted to uc1
5 

by the 

action of Cl2 at 520 to 555°C: 

The Cl/U ratio in the product obtained depends on the rate of 

cooling and may be as high as 5.5. This indicates the possibility 

that compolli~ds of the tJ~e xUC16 . yUC14 are formed, where the. ratio 

xjy may be greater than one. 
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Table XI. Physica.l ·prope:cties of the uraniu111 chlorides 

Physical Property 

Formula. vleight 
(gm/mole) 

UCl? 
-' 

344. 4!.~ 379·90 

UCl 
5 

415.36 450.81 

Color of solid olive-green green red-brmm black; dark green 

1-ielting point 
( °C) 842 ± 5 590 ± 1 

Density (gm/ cc. )-x- 5. 51 

Vapor pressure 
solid; log Prr.m 10.0-(12;000/T) 13.3995-

( 1042~(/ T) 

liquid; log Pmm 10.0-(12;000/T) 9-65-
(7205/T) 

Boiling point(°C) 

F . 
•

1sublimation 
(kcal/mole) 

Ho298(kcal/mole) 

Fo
298

(kcal/mole) 

So 298 (e. u. ) 

~+ 

1410 t 792 

55.0 

-212 -251 

-196.2 

40.0 

300 t 

3.81 tt 

-235-7 

57.0 t 

From X-ray data 
-'-
1 

these quantities estiwsted 

measurement by inuner:3ion in ber.zene 

177.5 t 

3-59 

6.6337-
(2422/T) 

372 t 

11.12 

-273 

-241.4 

68.26 

... 

.,. : 
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-5 T-2~2 ' I 0 + 5.6 x lC log (-;j-) cal gm- C 

'I'he enthalpy :i.s g:!. ven by: 

r - 0 07r0n~ . l '•4 . lo- 5~ 2 0 o~ ~ 3/(~ . .d.-1"1 0 = . 0 Ov -r- ...... Ll· X V - • .) + 1... ~,.. ·r 
0 c 

The heat capacity is then: 

C = 0.07608 + 2.88 X l0-5t 
p 

1.3 

0.0056 
T-232 

(A-10) 

(A-ll) 

(A-12) 

1.;rhere t is the temperature in °C 

(t + 41)
2 

( 0 to 427°C) and T is the temperature 

in °K. At temperatures above l00°C, the last terms of the enthalpyand 

heat capacity eq_uation.3, and the last t~oro terms of the entropy eq_uation 

are negligible. 

The heat of forrr,at.ion of UCl. 
4 

the free energy and en-cropy are: 

l. ,- . .., . 

The variation of 6.E 0 and t:Jr with temperatures are given by: 

(A-13) 

(A-ll~) 

(b) Uranh'-'-'11 pents.cnloride. As prepared by reaction of uc14 with 

~hlorine, uc1
5 

is a reo.-brown micro crystalline powder. The difficulties 

in handling UC1
5

.accourct for the few studies of its physical properties. 

1) Density. A density· measurement by direct displacement in benzene 

gave a value of 3. 81 grr/ cc. 
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:point or volatility of UCl~ a:ce av2.ilable because of its tnerr:o.al insta
) 

_'7 

ability. The vapor pr.:;ssu . .re .n2-s been estirna.:ced. as lO 1 :·1~m ~1G at. )0°C. 

Doubts have been e}:pr:::ssed concer,1ing the exis·tence of UCl
5 

vapo:c· above 

60°C because it und.er;:;oes dis:p:c·o:portionation. The diff::.cul ty in 

--·---- ----
separating uc1

5 
and. U~l~ bv sublimation indicates a ra"cher hic;h volatility b v 

of the :pentachloride. uc1
5 

can be dist,illed in an at:ncsphere of chlorine 

containing some carbo;1 tetrachloride; but the sublimate contains uc1
6

. 

3) Molecular ·Height. 'Ihe molecular >·reight of uc1
5 

'l·h1.S determined by 

ebullioscopy in carbon tet:c·achlo:cid.e solution. It 1.,ras found to con·es-

pond q_uite closely to a cliwer, (Ucl
5

)
2

• It is tben possible to formulate 

4) ·Thermochemistry. The heat of formation of UCl~ was determined by 
) 

measuring the difference in the heats of solution of uc14 and UCL in 
I ) 

vrater containing exce:>s }cecl
3

: 

"H10 ')62 " ' 0 6 1 l/ l w;. 
273 

oK == -,_ • ..L ::>:: • .~ca mo e 

the free energy of fo;~mation is 

-;~35. 7 ± 2. 0 kcal/mole 

(c) Uranium hext~chloride. uc1
6 

forms fine black or dark green 

crystals depending on. the method of purification or .rate at v1hicl.1 

crystals are grown. 

l) Melting point. The melting point of uc16 has been determined 

despite its thermal instability. Thin-walled tubes containing uc1
6 

vrere i11111ersed in an oj.l bath at various temperatures. At atmospl}eric 

pressure, a liquid phase .is formed temporarily at 177.5 ± 2.5°C. 
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2) Density. 'l'he d.en,;ity ca:.~;ulated fro;:: X-rs.y d.ata i.s 3-59 C,T;Jjcc. A 

ciirect deterr:rin2.tion ·:Jy :Lrn;nersio!1 in benzene has gi 1lel1 a valt~c of l. 56 

3) Va;)or pressure. 'C~.m different methods ':<le::e used. to rr,e.s.sure tne vapor 

pressure of uc16. An all-glass clicl~er gaD.ge gave: 

log Pmm Hg = - ~~22 + 6.634 (0 to 200°C) (A-15) 

L..B bl" : . = 11) 120 c.s.l/mole su lmac;lon ' 

& 0 = 17.500 + }:).85T lot:; T - 129.0T (A-16) 

A transpir.s.tion method (using purified heliuJn) g.s.ve the follo~>~ing results: 

log 3788 
p = - --- + 9. 52 ll; (A-17) 

~Is·u·o' 1 J. ·.n·~+·L· ~n == -17; 300 cal/rnole 
-- ... !. ... 1,. LJ. v ..... 

4) 'E'1ermochemical c.ate .. ':Che heat of formation of UCL- has been d.eter
o 

n1ined to be: 

The free energy of fo:,·rnation is 

3. Chemical Prope:rtic;s . 

(a) Uraniui"ll tet:·~achlorid.e. 

l) Reacti m with wa t.::r. uc14 is very hygroscopic and will react ~orhen 

the partial pressure <)f 1-1ater vapor exceeds 2m.rn Hg. It first forms 

hydrates but reacts further to form UOC1
2 

and hydrogen chloride until 

completely decomposed. Bro~om University observers found) however 1 that. 

very little hydrogen chloride is produced. before· enough ·Hater is absorbed. 

·• 
r' 

\'' ...... ; 
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2) Non-aq_ueoc:s solvents. DC~-' is generc.lly soluble in strongly l)Olc.r 
~-

solvents and. insoluble: in non-polar solvents. It is soluble in sot:.e 

oxygen-beal·ing organic: solvents. 

3) Complex compounds of uc14. UC14 forms double salts of the form 

at red heat to form K,..\uc16 . This compound is a dark green crystalline 
c. 

material: somewhat hy~;roscopic in air 'trhich melts at 350°C. 

(b) Uranium peni.achloride. 

l) Effect of solvcntf. UCl~ is highly hygroscopic and is sensitive to 
_.) 

moisture with a partie:.l pressure of 0. 007 Inm Hg or mo:::e. Liquid ~-rater 

decomposes it insts.nte.neously: 

2) Oxidation reactior:s. UCl_ reacts vith oxygen to give a mixture of 
) 

uraniuxn oxychlorides. At elevated ter:rperatures: it is partly converted 

to uc16 by chlorine. The reaction 2 uc1
5 

+ Cl
2 

--:;;:.-
.... ~-- 2 uc16 is 

reversible: but the a6dition of cc14 vapors can produce practically 

complete conversion tc t:oe hexachloride. 

3) Disproportionatior:: and. thermal decomposition. ·hlhen uc1
5 

is heated 

it decompose"'. as folluvrs: 

2 UCl ---;"' 5 -

Some decomposition occuTs belm-r 100°C: but at 250°C it becomes rapid. 

The rate is about the saJne in atmospheres of chlorine and pure nitrosen. 

This indicat.es that the reaction is not very reversible. 

The kinetics of the thermal deccmposi tion· of uc1
5 

have been inves

tigated. T'ne reaction appears to be first order with respect to uc1
5 

and the reaction rate constant·in the order of 10-3 min-l for the 
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ter:1peratt1re range l00-l)2°C. 'l'he activation ener(:Sy • .. ras cor:1puted "co be 

about 28 kcal/mole. 

UCl_ ·also undergo2s ~:1e dislJro;)ortionation: 
) 

-->- uc, .L U"l _l_l~ . v 6 in vacuwn. 

(c) Uranium hex:~chloricie. uc1
6 

is ext::.·emely w1ste.ble in the 

pl'esence of moist air ar;cl :::·eacts violently with ·He.ter "c.o form uo
2

c1
2

. 

1) Solubility. UCl~ dissolves in carbor. tetrachloride to give a stable 
0 

brm-m solution. It a:r)pear[; to react. with tetrachloroe"chylene and 

naphthenic hydrocarbons: and is s lic;htly soluble in the fluorocarbon 

CT'rl', ~ and in isobutyl bromide . 
.LO 

2) Thermal decompcs j_·~icn. j_s probably stable up to tem:peratures 

of 120 to l)0°C. The rate of decomposition in the va:por :phase is 

negligible compared t<) that in the solid phase. In the ran(:Se l30-l80°C) 

the reaction rate con:;tant of 2UCl~(g) --;
o 

-3 -1 -l 
between 10 and 10 min-. An energy of activation equivalent to 

40 kcal/moJ-< .. , is needed .. 

J 

~) 
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l~~" 
C. CBEivliC.AL REACTIONS AND EQ1.JILIJ3RIA OF JlJ'JJI.Lr"TICAL Hi:•:I·HODS 

0 

l. _g_12 analysis. 

The c1
2 

gas s.bscrbcd. in the Ne.O:·I-KI soJ..utio::J. dispJ.c:2c::; the I ion 

ancl. ·releases iodine ( I
2

) into the so:Lutior:.. 'I'he solut.i.c:1 is t~1er: 

sl:i.glrt:ly acidified. v.ri th ECl· and tJ. tr,;~:ted 1·.ri th sodium tbj.ost2lfs.:t.e. T~1e 

reaction of thiosulfate ion with iodine in slightly acid or neutral 

solutions is given by the eo_uation, 

+ 2I 

This reaction is essentially complete at the stoichiometric point. In 

basic solutions the oxidation :rr;ay proceed further according to the 

reaction, 
_,_ 

+ lOH' 

'E.'1is reaction is not quantitative, since the one above m2:y also occur. 

The titration of iodine by thiosulfate must therefore be made in slightly 

acid or neutral solutions. 

2. _g_o2 determination. 

Tne analysis of co
2 

simply involves the precipitation of Baco
3 

and 

the neutralization of excess Ba(OH)
2 

with standard HCl, according to 

the equations, 

xs Ba(OH)2 + 2HCl ~-

3. ·uraniUi'll analysis. 

Th U+4 · · "d· d. b - Cl d" t th e J.on J.s OXl lZe y t'e ..., accor lng o e equation, 
.) 

U+4 2"'"' +3 + .t'e --·;;.-
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-
The Fe++ ion is then cxidizc::d by the Cr

2
o:j 

an acidic medium, 

6Fe ++ 

ion during the titration in 

+'"' . +3 6Fe .) + 2Cr + 7H
2

0 

• ... 

f 

I 
.i 
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Effect of chlorine partial pressure. 

Comparisor: of experimental and theoretical slopes. 

Kinematic viscosity of LiCl~KCl eutectic. 

Free energy of formation of uranium chloride.s. 
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This report was prepared as an account of Government 

sponsored work. Neither the United States, nor the Com
m1ss1on, nor any person acting on behalf of the Commission: 

A. Makes any warranty or representation, expressed or 
implied, with respect to the accuracy, completeness, 
or usefulness of the information contained in this 
report, or that the use of any information, appa
ratus, method, or process disclosed in this report 
may not infringe privately owned rights; or 

B. Assumes any liabilities with respect to the use of, 
or for damages resulting from the use of any infor
mation, apparatus, method, or process disclosed in 

this report. 

As used in the above, "person acting on behalf of the 
Commission" includes any employee or contractor of the Com
mission, or employee of such contractor, to the extent that 
such employee or contractor of the Commission, or employee 
of such contractor prepares, disseminates, or provides access 
to, any information pursuant to his employment or contract 
with the Commission, or his employment with such contractor . 
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