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THE KINETICS COF THE CHLORINATION OF UClu BY 012

José Luls Camahort

Inorganic Materials Research Division
Lawrence Radiation Laboratory
_ University of California
Berkeley, California

20 May 1965

ABSTRACT

The kinetics of the chlorination vy ci2 gas of UC1, dissolved in
the LiCl-KCl eutectic melt was studied. The objective of the study was’
the determination of the mechanism of the overall process, i.e. thé
location of the reaction zone, the type of reaction (reversible or irre—
versible) and its order with respect to each reactant, the effect of 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 C12 gas in the uranium-free salt was méasured with
the same technique used at Ogk Ridge fof the solubilities of gases in
mélten fluorides. The results sh§Wed that C12 is essentially insoluble
in the LiCl-XCl melt. Henry's Law constants at 400 and 500°C are less
then Ux10™7 moles/(cm3) (atm). | |

The equilibrium of the reé.ction UClh(E) + 012(g) = UCl6(£) in the
fused salt was studied by sparging a 2 wt.% UClu solution with pure C12

gas at 400-600°C. The reaction was found. to be reversible end endothermic,

with & heat of reaction of 5.4 kcal/mole.
The kinetics of the reaction was investigated using a wetted-rod

apparatus at 400-TO0°C. The performance of the set-up was tested with
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experimental results show that the chlorination reaction is essentially

preliminary runs using the well-known CO_ -water system. Theéretical and
a liquid phase process, with diffusion-chemicai equilibrium control.

The experimental rates at 400 and L50°C afe greater than_the prédicted
values for an infinitely fast feaction; bﬁt at the higher temperatures
(> 500°C) the experimental values become less than the theoreticai.
predictions. This uncommon behavior tends to rule out any reaction rate
confrol of the overall.process. It may be caused by an unkiown inter-
facial resistance, avmuch lower diffusivity of UC16 than UCL
of a sudden shift in the equilibrium during the sample collection. The

latter two seem to be more plausible.




I. ZINTRODUCTICON

High temperature non-aqueous reprocessing of nuclear fuels has

19,58,61

received considerable attention in recent years. Developrnent

work at Argonne, Brookhaven, Oak Ridge, Batelle, Atomics International,
and Iowa State College points to the possibility that such processes
will eventually compete with, if not supplant the now standard agueous
methods.
One of the main'inéentives 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 considera le decrease in thé volume of material handled and the
elimination of criticallity problems during processing due to the\
absence of low molecular weight mocerating materials. Lower deccntam-
inating factqrs, severe corrosion problems in handling uranium and salts
as liquids, and little technological background are disadvantages of
high temperature reprocessing.
Volatility processinglu’25’55’29 is a promising non-aqueous method
which yields high decontamination chtors for the recovery of uranium
from irradiated reactor fuel . These separation processes depend upon
differences in vblatility'éf the appropriate halides. DProcesses utilizing
the fluoride, chloride, and iodide systems have been seriously cohsideréd.
Of these three, the fluoride system is in the most advanced state of
development.

- The various processes 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 product:
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(a) Gaseous reaction product. The best known example of this type

is the fluorination of UFM in Zth—LiF fused salt mixtures, using fluorine
gas to produce gaseous UF6. In this exgmple, not all of the gaseous
product need appear in the gas phase since UF6 is appreciably soluble in
the fluoride melt; Another example, of no commercial value, but which
is of interest because it involves a liquid metal instead of a molten
salt, is thg chlor;nation of Gadolinium by gaseous 012 to produce the
volatile trichloride. This reaction product is cuantitatively released
to the gas phase.

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

Tyﬁical example§ in this class are.the hydrogenation of molten Th-U
alloys to produce thg insoluble solid hydride of thorium, and the
preciplitation of UO2 from a fused fluoride salt by reaction with steam.
.The non-volatile, insoluble reaétion products form a third phase at the

interphase, or are dispersed in the liquid.

(c) Non-voiatile regction product soluble in the licuid phase.
An example iﬁ this category is the fluorination of ZrF2 in an inert
solvent (e.g; NaF-LiF eutectic) to produce ZrFu. There appears to be
no commercially useful example of this type of gas-molten salt reaction.

In each of these cases, the overall process involves the combinaticn
of diffusional transport of the réactants to the phase boundary, chemical
reaction, and the removal of the reactim product. The overall kinetics
will depend upon the relative rates of the diffusion and reaction steps,
which may involve inﬁermediate compounds. A kinetic infestigation

|

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-lugiid reactions which is
generally absent from the analogoﬁs low temperature agqueous processes
(e.g. the absorption of €O, by NaOH solutions)vis the large heat release
due to the chemical reaction. This may result in a large témperature
rise in the neighborhood of the interphase, thus imposing a heat transfer
restriction on the system. The chemical reaction may resemble é combus~
tion reactiqn, in that an ignition temperature may separate regions of

moderately slow and extremely répid rates.

Object 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 UClu by gaseous 012 tp produce UCl6. Although
the corresponding fluoride volatility reaction is more interesting Trom
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 kinetics
of this system should resemble those of the analégous fluorine system.

The kinetics of thé absorption of chlorine into UClu-LiCl-KCl
melts was studied. The overall reaction was'assumed tobbe:, |

ucLy, (£) + €1, (g) —= ~UCl (g or £) '

The product is actually a mixture of UCl. and UCl6 but in this work it

p)
is called UClé. The absorption rate is a function of the"equilibria,
chemical kinetics,.diffusion rates ana the hydrodynémibs of the system.
- There are ﬁo data in_thé literature on the solubility or>chlérine
and uranium hexachloride or F2Aand UF6 in uranium-free moltén salt
systems. No methods for predicting diffusion coefficients of dissolved

gas in these fused salt systems are availaﬁle. The chemical kinetics of -

the process are completely unknowm.
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The first part of this investigatibnrwas tﬁerefore devoted to the

measurement of the solubilities and the eétimation Qf'the'diffusivities
of chlorine and uranium tetféchloride iﬁvthe uraniﬁm-free solvent éqlt.
The‘apparatus éhdsen_for chloriﬁe solubility was similar to that used -
at Oak Ridge for salts. The ﬁechnique consisted in the saturétioﬁ of
the fused salt with the gas, transfer of the solution to an,iéolated
section of the apparatus, recovery of the dissolved gas by_sparging
with an inert gas, and subsequent deterﬁination.

An experimental correlation wés derived for the diffusivities of.
different solufes in ionic.liquids; "The log-log plots of the group
<?£%é£) versus (Qémi/&ﬂ)were found to be straight lines - the slopes
and intercepts varying with the degree of ionization and association of
the solveng. The diffusivity of UClu in the fused LiCl-KCl eutectic
could fherefore.be estjmated.* | |

‘The absorption apparatus chosen for the determination of absorptioh
rates‘was designed for simplicity and reproducibility of the hydrodynamic
patterns of the two phases: A filﬁ of the molten salt flows through an

orifice in the bottom of a holding tank down a rod in an absorption

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

(L00-700°C). After passing through a predetérmined length of absorption
chamber,, the molten salt is collected in a sempling cup.
By chbosing a wetted-rod apparatus, in'which the liquid flow

tonditions are quite simple; the fluid mechanical-part of the unsteady-

state diffusion-reaction théory_could be formulatéd very‘com?letely,

% - : ' ' :
Towards the end of this work, measured diffusivities of U+u_in the

LiCl«KCl eutectic were reported by Tﬁaimayer et al.5'8
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and reliable values of unknown qpanﬁities such as chamical reaction rates
could be derived from the measured overall rates. The area of the inter=
phase and the contact time between the gas and liquid are known accurately.
Molecular diffusion is the only transport process operating within the

ligquid which is in laminar flow.
The 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-wall column, namely:

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

smaller than that of a typical wetted-wall column. The wetted
rod i1s essentially 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 Jjet because of viscous
drag of the rod.

(¢) % 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 gfeater.
| A preliminary study using the well-known Coe—water system was
undertaken to determine the accuracy of. the falling film'technique.
Preliminary runs were previously made using n-propyl alcohol (the
kinematic viscosity of which is about thé same as that of the UClu -

LiC1l-KC1l melts) to obtain a reasonable design of the all~quaftz apparatus

for the actual absorbtion studies.
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The rates of absorption of chlorine in UClu—LiCl?KCi'melté vere

-studied at several temperature levels} where the reaction with UClu

might increase the absorption rate. As a result of such work, it was.

hoped that the basic phyéical and chemical phenomena upon which the

overall process depends could be clarified.

3

TN w“\'\
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II. FUSED SALTS

’ L
A. Structure of Fused Salts8’2 ,38

"
. . . 32,60
Two liquid models are under consideration for fused salis: ?

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

" liquid is described by a solid-like framework in which- the atoms are
situated at certain positions or near these points. The ¢ssential
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 Jjumps
of cations and anions intQ 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 teﬁperature. It has been applied with good
results to the estimation of thermodynamic properties.9’;o Calculation
| of transport properties with this model has not been as successful.
This model will be assumed throughout this section.

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

described for fused salts, but it has been implied in a recent considera=-
tion of transpor?'phenomena.35 Perturbations in interatomic distance,
which result from the introduction of holes into the system upon melfing,
allow micro (lﬁ) movements, by which transport occurs.,

° It is now generally accepted that pure molten galts consist mainly
of ions. They are the only group of pure liquids in thch positi?ely

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 reasonable

to assume that positive ions are surrounded almost exclusively by negative

ions aé nearest neighbors, and vice versa. TIons of like signs arraﬁge
themselves as far as possible from each other. .Thus, caltions and anions
would not exchange positions, and in the lattice model the fused sélt is

. o o ' S . Sy
considered to have two interlocking frameworks, one for cations and one
vfor anions. This results in molten salts having rather mdre open struc-
tures than other liquids. The melting of solid salts therefore usually
leads to a.considerably greater increase in volume. Table I shows that
alkali halides expand in volume by about 20% on melting, whereas, metals
expand little and sometimes contract.

Table II shbws that the average distances between ions of like sign
are usually greater thaa in the solid, while the average distances of
ions of unlike sign are less. The volume expansion of salts on fusion
plus tﬁe changes on interion;c distances, lead to the creation of empty’
space or "free volume", in the melt.

1. Structure of Molten Alkali Halides

Among the simplest and most typical ibnic liquids are the molten
alkali halides. Seventeen of the twenty a;kali_halides, crystallize in
the NaCl structure (Table III),vtwb (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 invthe liquid sta£e the local arrangement of atoms will be similar

to the NaCl structure, i.e. ih a molten alkali helide A+ X~ each.anion

’
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Table I. Change of moler volume on melting of salts and metals

Substance

NaF
KCl
KBr
Bi
ca

P

% Increase in Volume

2k

21

22
L.75
b7
L.8

Reference
36
36
36
L1
L1

L1




Teble II. Inter-ionic distance for some holten:égltsg.

SOLID LIQUTID

salt cation~anion catioh4cati6n catioﬁ—anign cation~-cation

~distance, A or anion-anion distance, A or anion-apion

‘distance, ' ' distance, A

LiCl 2.47 3.85 2.66 . 3.76
CsCl - 3.53 4,87 . 3.57 v - 5.05
LiI 2.85 145 3.12 i L.kl
NaT 3.15 4.80 3.35 L.




Table III. Atom arrangements in NaCl type structure

coordination shell 1 2 " 3 _ e
ion pair C-A C-C or A-A C-A C-C or A-A
1 1 :
distance (ri/rl) 1 (2)2 = 1.5 (3)2 = 1.73 2.00

coordination number 6 - 12 8 6

et
R S PN
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has as its nearesf neighborsvsix cationsvsituated ap?rdximately at the
ends of each of three mutually perpendicﬁlar‘diameters of a sphere of
radius r where Ty is the A+ X inﬁerionic disﬁahce;

AX}
_2. Interaction in Molten Alkali-Halide Mixtures

+ -

In a molten mixture of two alkali-halides with common anions, A X
+ - . . L .
and B X , each cation has as its nearest neighbors six anions, or three

mutually perpendicular axes, at distances Thy and rBX’ resneculvely._

The immediate arrangement in the solution is the same as in he pure melts.

There is no change of energy.onvmixing due to simple interaction o
between nearest neighbors. Interaction between farther neighboré are of
two kinds ~ the London forces between cations and the polarizing forces

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

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

energy term:

Ep = - C/r6 | , (I1-1)
Since this function-decreaseskso rdpidly with_interioﬁic distance and
singé there is a common anion in the mixture,-the only important nbn—
polar interactions are between nearest cations. Any cation is surrounded
by 12 catiohs, so that in x moles of A+’X- (containing Nx cations, where
N is Avogardro's nuﬁber).there are 6Nx pairs of A+ cations interacting
l;hl T,y aPart, and in y moles of B" X~ there are 6Ny pairs l.hl’fBX
apart. Mixiﬁg both gives 6Nx2/(x +y) A-A palrs, 6Ny /(x +y) B-B
palrs, ‘and 12 Nxy/(x + y) A-B pairs. The A-B pairs are (foe. BXE)O.B

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

E =C xy/(x + y) , | | (11-2)

""'/\/[C:M/(2 Ax) * 33/( Tex )“ZC::///AX%I,;) (I:r 3)

where
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The London constants for like cations are given by Mayer are:

, 9k.3;

+ +

it - 13, 0.11; Na” - W', 2.68; xT - x¥, 38.6; Ro' - RO

6

.+ -+ [
- 1 -
C, C, » 24T ev - A

The London interaction constant between two unlike cations 1s assumed

to be:

C.., = NC,,.C | o (IT-k)

AB AA" BB

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

cations at diametrically opposite positions is subjected to an electric
field
2 2y
Fo = e(1/1AX - 1/rBX ) | ‘ (17-5)
It will also have X- anions at distances ErAX and QrBX, these producing
an electric field,

Fl = _e(l/rAX2 - 1/rBX2)/u (1I-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

he 2 2
F= — (1/rAX - l/rBX ) (II-7)

If o is the polarizability of the anion, the resultant polarization

o

energy is
2 2 2 2

aF” = -0.64 ae (l/rAX - 1/rBX ) (11-8)
In the mixture of A” X~ and B* X, it becomes

E_=C : ' : -
‘ p = Cp 2/ (x +¥) (11-9)
where

_— 2" 2 2 '

C, = ;.92 Nae (1/rAX - 1/rBX ) (11-10)

Molar polarizabilities No (a = polarizability per ion) given by..
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34

Kordes~" for halide anions are:

F‘,'o.h62; ci‘; 1;63§ Br, 2,29} I“;3.56'ém3;

The London and ﬁolérizing‘fofces ére usﬁally appiied ﬁb derivevthermo-
dynaﬁicz thermochemical, and fransport'prbpertieS'bf fuséd saité éﬁd  '
their mixtures. N | | |

- B. Diffusion in Fused Salts

" Incomplete: pictﬁres of the liquid state have led td a lessrthan
satisfactory theory‘of diffusion in-liquids;  Frenkelg3
kinetic theories of liquids, but stresses their limiﬁations. ‘More
'recently Bern&}3’h’5 has proposed a rather_eiaborate éonceptbbf the
kinetic theory of liquids. So faf his rigorous theory has not found

practical applicdations in the treatment of diffusion phenomena.

The classicai treatment of diffusion in liqﬁids is based on the

Stokes~Einstein equation:

| %ﬁ = %/6er (I1-11)
where: h | '
D is the_diffusion coefficient defined,in the equation:
N = -D %% - |  ' (I1-12)
and -

radius of diffusing particles

R- .
]

% = Boltzmann constant’

viscosity

u

T

]

temperature
A mdrevsatisfactory approach to diffusion in solutions is by means

21,22

of Byring's theory of absolute reaction rates.’ The Eyring theory

treats'the_diffusion procesé as a viscous flow of the solute moiécule

gives a survey of

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

* form: ,
| L A AT - AT
« Do _ 1 k exp e D (11-13)
< T Np by RT |

The parameter £ 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 Qlanderuu gives aﬁ approximate method for
estimating the difference between the free energies of activation of
the Qiscous and diffusional processes in dilute binary system.
Empifical correlations of diffusion coefficients in liquids abound
1,45,51,63,64 '

in the literature. None of these, however, are applicable to

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

to apply to fused salts:

m o/3 3
(Du2> a2 (II-14)
T Vl
where:
. - 2
D = diffusivity, cm /sec
vl = 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. 1.

It was found that m decreases as the degree of ionization increases,



~16-

Constants for Different Solvents

LiC1-KC1

Table IV.

Solvenﬁ A X 107 | m

VKNO3 u;6§ 1

NaXNO, 7.38 1
7280 0.53




A

Table V. Diffusion in Molten SaltsS~?” 1727
Solute T, °K Dobs. x 107 Dealc. x 10
e o (Eq'n.(14))

. Solvent - KNo3

Ag’ 663 .80 535

ag” | 633 b.56 . b 35

71" . 618 3.17 T 5

mt | 653 3.50 L.oT

Na | 633 5.22 L.51

2" -6k 2.06 2.30

5’2 633 2.8 2.39
Solvent - NaNO3

ag’ 603 %.57 | -

5" ' 633 3.71 3.16

syt 618 b7 3.29

Solvent - LiCl-KCl Eutectic

Ag" ' 753 4.60 6.16
723 2.60 L.83

cu” 773 6.70 6.10
723 3.50 k.12

catt 773 2.70 2.47
723 1.70 1.65

. 723 2.08 1.65
cott | 673 1.2 £ 0.2 1.08
723 2.4 2.25

it 73 4.00 3.69
_ 723 . bk o 2.50

ot 723 : 2.18 1.51
723 1.70 : 1.51

, 673 0.89 % 0.2 4 0.97

pi*3 | 723 0.60 0.8k
673 0.63 £ 0.1 . 0.52

U*“ V,723 - 0.49 : ~0.39



D/,a.a/"{' x 1O
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and that for a given m, A increases with increasing degree of association.

The diffusivity of U+u in the LiCl-KC1l eutectic was recently reported
59

as

Dy = 1.06 x 1073 (e TTOO/RT (TI-15)

¢



. =20~

III. THEORY OF THE HYDRODYNAMICS AND DIFFUSION IN THE FIIM FLOW DOWN A ROD

A. Simultanedus Diffusion and Chemical Reaction__

'No clear dividing line exists between_pure physiéal absorption and
absorption controlled Ly the rate.of é chemical reaction. Most cases |
belong to an intermediate group, the rate of absorption being>cpntrolied
by both the diffusional resistance aﬁd the finiﬂeireaction‘veiocity.
Scme advances have been made in recent years in the theory that can be

~ 15,16,30,31,5k4

:'appliéd in these cases. Unless the chemical kinetics and
the hydrodynamics are known, it is not feasible to dete;mine béforehand.
whether a given case is controlled by diffusional or chemical resistance;
Usually each case has to be studied experimentally.

The mechénism of ﬁrocesses in which gas absorption is.accompaﬁied
by chemical reaction with a constituent of the ligquid is one of physical
solution followed by a reaction. The chemical reaction mayvtake plaéé
in any of the following Vays:6’65

(a) At the gas-liguid interface: this case applies when the gas 1is

relatively insoluble in the liquid. It can be controlled by either the
reaction rate or the diffusion of the reactants to the gasQliquid

interface.

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

the reactlon can take place repidly compared to the diffusiocnal 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 liquid: this occurs with slow reactions.

With moderately slow reactions, the concenﬁration of free dissolved gas
then takes up a value such that its rate of removal by reaction is
balanced by e rate of diffusion through the film.. Ir reactién is very
slow, the liquid always may be practically saturated relative to the

gas phase, and absorption is entirely controlled by the velocity of the
reaction.

Four characteristics of diffusion-controlled reactions are:

(a) The chemical reaction occurs with a relativel& great velocity;

(b) The degree of agitation of the reactants influences the speed of
the ébserVed reaction;

(¢) The overall rate obeys the equation 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/molé.

The characteristics of reaction-controlled absorption are to a-
certain extent the converse of those that are controlled by diffusionﬁ
(a) The order of such a reaction will be 1, 2 or an intermediate value;
(b) The activation energy should be similar.to that df the ordinary
homogeneous chemicai reaction, i.e. in'the order of 15-40 kcal/mole;

(¢). 'The Qbserved rate of reaction of thisvclass is not influenced by
the degree of agitation or turbulence of the system; and

1a) The velocity of the chemical reaction is much smaller in magnitude
thaﬁ the diffusion rate.

When the absorption rate is a function of both diffusion and
chemical Qeéction, the diffusion and reaction rates are comparable.

Subsequent theory concerns diffusion coupied with a reaction of the interface.



-20-

BQ Gas Phase’

1. Hydrodynamics.

Steady, two-dimensional, incbmﬁressible flow around a continuous
cylindrical surface moving in.a stationary fluid medium produces a
boundary layer which grows in the direction of métion of the surface
as shown in Figure 2. At the surface the fluid velocity in the z di:ec-
~tion (u component) is equal to the surface velocity (us); At increasing
distance from the surface fhe‘fluid velobity in the z direction_approaches
zero asymptotically. The velocity of the fluid in the r diréction (v
component) variesvfrom zero at the surface to some finite value at the
édge of the bounaary layer.

The boundary layer equations for steady, laminar incompressible

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

gradient are:

u %g + v g% = v % g; (r g%) (III-1)
and o |

g% 4 %'g; (rv) = O | | C (III-2)
The boundar& conditions are:

u=u, v=0atr=>o S | (IIr-3a)
where b is the radius of the cylindér

4 0 asr — 0 S (TII-3b)
and ¢ |

=0 at z=0 | | '  |  .(III—3c)
the auxiliéry conditibn:_ | | -

%)r;w =0 (113-30)
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is needed for the solutibn-of‘the eqpatiohs‘df mbtioﬁ byfthe‘vqn Karman
Integral Method.52 B |

The momentum - integral is obtained by ﬁulfiplyiﬁg_equafion (IiI-l)'
by rdr and integrating fromr =b tor = b + 8, where 8 is the *thick-

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

and (III-3d), uw and g% are assumed to vanish at r = b + 6&), The second .

term on the left of equation (III-1) is intggrated by parts and use is

made of equation (III-2). The result is:
b + 5

5— u2 rdr = - Vb (§E> ‘ P | (III-4)

Equation (III- h can be cast in dlmen51on1ess form by the Lransxormatlons:

1/2

% vz
z h-(u b2>
S .

y '=-E- -1 i ) v (III‘S)
C*
u = u/us_
This yields:
, | 6_* | : 3 | |
2 : * '
8 9 MR C{ou |} .
- """'_)'(j . u (l +Y)/dy= - -5-— (III—6)
z Oz ‘ - \NCYS o
ol . : o
) * L :
- where Bv is . the dimensionless flow boundary layer thickness:
« ' .
5, = v . o (TII-T)
= o o :

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

t“ 2 ) 3 . a2 .
W (y) = A+ A j’_*wz (‘g&%) - ;y.;) (111-8)
v v )

v



-25-

The four constants are evaluated from the conditions:

*
u (0) =1
o ‘ %
e v/, (IIJ,:_-9)
'\ O )
* *
u (GV.) =0
W
el =0 .
* -
<dy 5 .
v

The first, third and fourth of these conditions are obtained from,the
original boundery conditions (III-3). The second condition is. obtained

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

i - 5 * : 2
* 3 1 Y 3 v Y
u(y) =1-3 - -]+ - :
2l1-5 " /u (6*) 1:1-6’\./& ay)
A\ v — Vo - Vo
. X% b 3
1 -5 Ay
1 ' v
+5 o (III-10)

*
1-8 /b | |8,

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

: *
* - o)
lOSZ ‘ : )4- : v %
= 10804n (————p] + 2108 [ | - T90 &
16 (u -8 *) b5 v
v X v .
2 L
* 118 * 3 *
- 1578, - =5 8, - & B8, - (IIr-n)

* *

Figure 3 shows a plot of 5v. as a function of z according to equation
(III-11). Also shown is the result obtained by Sekisdis.' 9?0 Sakiadis
assumed a logarithmic velocity profile which satisfies the boundary

conditions at y = O exactly, but not the boundary conditions at y = 6V.
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The velocity profile derived above (Figure 4) satisfies all boundary

*
conditions. Note that for Bv << 1, equation (ITI-10) reduces to:

: 7 .
Lim o (y) =.1-.23.(_.g) 22 ._3:.;) (111-12)
55"‘0 \8, B

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 8, equation (IIT-11) becomes:

6 A _ \/'B—Ev.z Z* . (111'13)
v pny ’ |

' *
Typical values for z- for the 002 and fused salt experiments were S 1.k
end < 2.1, respectively.

2. Diffusion in the Gas Phase.

The concentration profile in the gas phase outside of the moving

cylinder is:

ac” el 19 ol '
wSs vV =Do (x —3;) (III-14)
c-c, ) o
whege C = ci - Cé

Ci is the interfacial concentration (independent of z) and Co is the bulk
concentration in the gas phase. The boundary conditions are:
atz=0,C =0

atr=b,C =1 , (III-15)

u
(@]

: *
at r =w, C
Applying the momentum integral method to equation (III-14), there results:
*

5 | :
8 3 1'% % % | 1 {3 :
/R Cu (L+y)dy=-5— ( ITI-16
zf Bi*L§ ) | 5, 5;_ o ( .)
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vhere the dimensionless variables of equation'(III-S) have been introduced

and the dimensionless concentration boundary layer thickness is

.X. c . .
5, =+ (III-17)

Sc is the Schmidt number, v/D.

*
A cublc approximation to C 1is obtained in the same manner as for

* ‘ .
u , using restraints analogous to equation (III-9). The result is an

exﬁregsion for C*(y) identical in form to egquation (III-10), with w
replaced by C* aﬁd 8V* replaced by Bc*. In order to develop an expres;ion
for Sc* as a function of z*, we ﬁould need to substitute C* and u* (as
functions of y) intb'equaﬁion (III-16), and perform the indicated
differentiation and integration. This cannot be accomplished anal&tically
because of the complex behavior of BV* as a fuﬁction of z* [(equation
III-11)]. Before examining limiting cases which are amenabie to
analytical treatment, the expression for the average mass transfer rate
will be developed.

The average mass transfer coefficient‘in the region O Sz < £,

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

Ny =k (c:.L - co) ’ (111-18)
The local mass transfer coefficient is
” )" N, (z) (ac*) D(ac*) 3D 1 ( )
2) = g = WD [ e | = e = = = - IIIL-19
£~ d .x. s,
G =T, 5rb_b§§_o.2bs(l_6%/u) _
c [od
=1 . '
shere § = 3 J"e x(z) dz- | | (III-20)
o . '
Combining:
- 3 L * %
kb == f} z 4
= = %2‘-{ - Zs (ITI-21)
A Jo & (L8 /) '
C C
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P S o o
where 4 = 4[4 : - ' . (111-22) g
usb - _

* ¥* . .
If b, is known as a function of z , equation (ITI-21) can be integrated.

For Sci= 1, Sc* is equal to Bv*, an@ is given by'gquation (ITI-11). Even
in this casé,vhowever, the intesgration of equation (III-21) could only
be accomplished numerically.

An approximate analytical solution, however, can be obtained for ~
the limiting case of SV* and &C* <1 (dbrrespoﬁding to the case'of a

*
moving plane). "In this instance, u is given by equation (III-12) and

' 3
( y*) v 5 -1§> | (111-23)

*
C Dy:

5 — 0
‘ * #* .
The dependence of u upon y and z is obtained by combining equations

(ITI-12) and (III-13). I7 this and equation (III-23) are inserted into
equation (III-16) (wherein 1 + y = 1), there results:

* . * X
- féc* 1 - %\’% ac) L uu>3/9. % e
% * ) . { | S 35135 ¥ 5 tmic

Z dz
L

subject to

8, =0 at.. z =0 : (I1I-25)

The solution to equation (IIT-24) which satisfies equation (III-25) is:

o S R ' :
- B, =mz (I11-26)

A solution of this type satisfies both the differential.equation and the

initial condition, end must therefore be unique. The constant m is
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given by .a solution of:

e 2
e -% % m —i-—3l—5 (%)3/ m3‘] = é—ls—c— (I1I-27) »
m is plotted as a function of Sc on Figure 5. DNote 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 $8c S 2, m can
be represented By a simple power law, and BC* is:
ac* = 0.89 sc5/8 (r11-28)

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

and using equation (III-22), gives

% - 0.843 505 //EEE (1T1-29)

J4

C. The Liquid Phase

1. Hydrodynamiés

The failing £ilm model (Figure 6) simplifies the theoretical work
considerably beéause 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:

. - 2
u g% =g - % g% + v [‘2—% + % g% + g-g | (I11-30)
- * Z

0; therefore, equation (III-30)

]

For steady flow, %E = 0 and %g

-

becomes:

(III-31)

gl
M
&
i
'
SR o]
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with boundary conditions =~

. at r.= a, u=0 o
: - (I1I-32)

il

at’r = a + A, dufdr = 0
A is the film thicknéss and a the radius of the rod. The cylinder radius

used in the previous section is (a + A) = b.

Integrating equation (III-31) gives

. 2 - o
- ((1 s s (L-yDlAQ-y) -5
AF \ i . » .
5 % 2 _ .
(L -y) ‘ (1I1-33)
where - )
x u -
w o= o (III-34)
S .
24 , ' :
= [ 88 2 ' o -
Yg = (ZV ) o ' : (Tr1-35)
and ‘ . v
¥ = Ala , o (ITI-36)

The dimensionless distance measured from the interface in terms

of the film thickness A is:

¥ _Yy_&a+rd-T o TTT
y =%="—% (I1I-37)

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

.)(.
valid for small A :
2 : '
* * * % *
U =1lay +Ay (Lo-y)+.eunn. _ (11I-38)

The case of film flow down a plane wall is recoveres-if.a,—;——e»ao,
.* . - L . .

A ——> O: . L _
W =1l-y (1II-39)
Equations (IIT-33) and (III-39) are plotted on Figure T. It is common

_practice in treating diffusion into a falling film to assume penetrations



~35-




-36-

: _ _ . o % _ :
sufficiently small to permit the approximation u =1 in the convective
term of the diffusion equation. As shown in Figure 7, this simplification
is better for bylihdrical film'(where the velocity profile remains closer

tou = 1 for greater penetration depﬁhs) than in.the plane f%lm'case._
In our experiments the dimensioniess £ilm thickness A#'was on the
order of 0.1 or less. The maximum deviation of the velocity_profiie
from that for the plane case occurs when y* = O;S, at ﬁhich'portien
equation (III-38) shows that the‘cprrective factor is ~ 0.025. The
fractional deviation from the plane profile is on the order of 3%. We
have therefore émployed the equation for flow down a plane wall in all

-caleculations. In particular, the film thickness can be calculated by

|A | . 4
Q = 2naj u (y') dy ~ (III-L0)
: Q

% .
with y = y & and u{y') given by equation (III-39), this gives:

, . 1/3 .

¥ A 3vQ :

FANE g:(—-—E-\, (I1I-41)
2na g

The surface velocity is equal-to ué.of equation:(III-35) and the average

velocity is 2/3 of the surface velocity,

2. Hydrodynamic Stability at Low Reynolds Numbér.26

A stagnant coating of liquid on a rod is unstable because'the
surface area is not a minimum. Infinitesimal disturbances will grow

. o
exponentially in amplitude, e %"

, Where q is a function of the wave
number, o = 2x (& + A)h, of the disturbance, a geometrical factor,
e/(a + A), and the physical properties of the liquid. When film is

very thin, i.e., (1 - a/(a +A)] << 1, inertial forces are unimportant

and g is glven by:
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= i ‘ I
e=-5" é;' Pyisc. (e, A+ a) .
pe 3 (I1I-42)
: S 1 2 2 a o]
o -3 (1-0a7)a [&'_ (A + a)] pla + A

A reasonable epproximation for g at very low Reynolds number might

be given by equation (JII-42) with = i < now determined by the flow

rate and physical properties instead of being;arbitrary. At low
Reynolds numbers the film will be thin compared to the rod diameter and

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

o] v2/3Rel/3

2 - N
q = (1 - a®) « ‘ (IIT-43)
_ 32;3 péL/3(a + A)3
where
Re = =2 | (ITI-bY)

2nav
For the most rapidly growing disturbance (o =~ l/Jé), the amplitude increase

in a length ust = £ is given by:

| 2/3 . .1/3 Z ‘
1 Lov Re
exp , \ (III-45)
(@33 0573 + )" )

For the water - CO2 experiment we have the following typical values:

Q= 0.2 cm2/sec. .~ o =~ TO0 dynes/cm
(a.+ A) = 0.15 em p~ 1 gm/cm3
v = 0.0l poise g = 980 cm?/sec

The Reynolds number is therefore

- R Re ~ 0.2 .
- | 2% (0.15) (0.01)

~ 20
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In the molte:* salt runs, the fypical values are:‘

Q z-O,chmg/sééA o=

(o +4) =~ 0.15 em p =

v ; 0.02 pbise_ ‘, g =
0.2

Therefore, Re = 57 (G.15) (0.08) ~ 10

120 dyne/cm
1.6 gm/cm3

280 cmz/sec

The amplification ih the time for a pérticle on the surface to

travel a distance of £ = 10 cm 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 Liquid Film.

(a) Simple Diffusion Case: The equation for simple diffusion in

recdtangular coordinates is:

with boundary conditions
C (Y) O) = C

¢ (o, 2z) = C,

» i
and %9) = 0
N

Deflne the dimensionless terms

C* C - Ci

* T C_-C,

o . i
i X Dz
A? U

Equatidn‘(III-h6) becomés.' _
ay*%- ) dz*

(III-46)

(III-AT)
(III-L8)

(ITI-49)

(TIT-50)

(III-51)

(fII-Se)
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with boundary conditions

<y, o) =1 (III-53)
¢ (o, z) =0 (TIT-54)
ac*\ ¢

and _ (iv—-)‘ .. =0 : - (II1-55)
oy* Py

The average concentration at z can be shown-to be:

. zZ * ?
1.2 §9¥) az" (1TI-56)
‘ = Jo dy

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

- % 1 -C - (III-57)

' *
where £ is given by equation (III-51) with z = £. The solution given -
by Pigfordgo is:

% : * : *

C = 0.7857 exp (-5.121z ) + 0.1001 exp (-39.31z )

: : . % (111-58)
+ 0.0360 exp (-105.6z ) + 0.0181 exp (-204.7z )

For small depths of penetration (short contact time), the diffusion
process occurs near the surface, and two éimplifications are possible:
(1) The velocity field can be approximated by its constant value at
the surface (u =~ us), especially for the cylindrical case.

(2) The presence of the wall is not felt, thus the gradient boundary
conditions at y = A can be replaced by C = CO at y ——~00 ,

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

' * 2 %

- oc o°¢C ~
= o (II1-59)

az* ay*e '
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with boundary conditions,

iy, e =1 . (1TI-60)
C*'(éo, z*)‘= l S : ,ff - (I1r-61)
(o, 2) =0 , . (11I-62)

Substitution of the solution for thiévcaSe56 into equation (II1-56)

. ylelds:
&1 3 o (IIT-63)

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

. * .
solution is quite satisfactory up to (1 - C ) = 0.65. In terms of directly

‘measurable quentities, equation (III-63) is:

13 7/6 1/6 1/6, Joi &2/3 - |
1 -C =[37 2" .« g7’ 7] : (1TI-64)
H | - ;i76 273
or |
% 12.35 JDi a3 o - . (ITI-65)

1 -8 = £
v vl/6 Q5/3

-

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

transfer coefficient in the liquid film is obtained from equation (III-ST).

N VT -7

(b) Surface Reaction. Consider a reversible reaction between

g= 2 \/D% |  (ITI-66)

UClu in the liquid and C12 in ‘the gas phase which ocecurs ohly et the

gas~liquid interface. UCl6 is assumed completely soluble in the liguid:
-~ : k P

-uey, (1) * 1, (g) —Z—> uclg (1)

with an equilibrium constant

Kepm - - (TII-67)
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Diffusional resistance in the gas phase is'neglected, and the partial
pressure of 012 at the interface assuméd equal to its value in the gas
bulk phase. The overallvrate of conversion dépends upon the diffusional

resistance in the liquid film and the surface reaction rate. The trans-

'fer of UClh in the liquid is given by:-

3¢, 3%, -
u _k : (I11-68)

with boundary conditions

at z = 0, Cp = C.o

aty =, 0, =20y | | (TII-69)
acu ‘ Cg
at Y = O, Dl{- -—-5; . = krp (C)-I- - 'K—p' : l B

The reaction is assumed to be first order in UClu concentration and

chlorine partial pressure.

For UCl6 we have -

oCg 5206
us _g-Z-‘: D6 -g-b-r—é- (III-?O)
_ with boundarybconditions
at z = 0, C6 = C6o -
t T o= ' = : : » -
Y= G670 (III-T1)
focgy G

at y =0, D6k_—(§§ = krP (C)-l- - K‘ﬁ)

. o} : :

Assuming equal diffusivities,-Du = D6 = D, and the U016 to bé hon—vOlatile,-

and letting C = C, + Cg, We have by adding equations (IT1-68) and (III-T0)

oC 3% : - a
Y % T D— : (I1I-72) |



with boundary conditions

C (y) O) = Co
Coa 3250 ) = C, | (III-73)
. /3C '
D .c,\_y.) = O
y = O . _

The only solution is C = CO = constant = CLL + C6' Consequently, the

UClu boundary condition at y = o becomes:
r Co
”3' kau(l % - %

o]
= kp C, [1 = 51-1)]

If equilibrium 1s assumed at the interface, Ch is a constant = Ch

(IIT-T4)

equil.,

vhere at y = o:

C C
X = 6 = ‘ : _E -t : (III-75)

~Defining the dimensionless variable

¢, -¢°%% ¢ ,c -c%%/c ' |
e S VA B (III-76)

. eq. eq.
Cho—cho‘ ' Cho/co’ch /Co -

* *
and using the variables 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

-

oc 1+ K * % ¥ ® % *
8—"? = ('—KE—E) k., C (0, 2 ) = k, C (o, 2 ) (IITI-77)
y‘ . .
o]
kDA

*
where k! -= . \
. r R D .
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* * L '
Ifk, —>,C (o, z) = O and the solution reduces to the straight

v

desorption case.
The solution to equation (III-59), subject to equations (III—60),
(I1I-61) and'(III-77)vcan be obtained from the analogous heat conduction

problem:13

, Az : ! : * . 0
*, %% ¥ P *! % *' %
¢ (y ,z') =erf| y + exp (kr y +k, oz ] erfe (’y Xk Jz (111-78)

St Ceriretaret .X<
. 2\/'2 * E\/Z /
Substititiﬁg.eqpation (III-78) into (III-56), the averdge concentration is:
s 3 x ! rx o . '
=1~ Nz Pk V) - (1II-79)

vhere . /

® % [
Fk, Wz') =1 - —Fr

T

}_J

]

)

H Al
¥
n
*

2.
*0 - %
z cerfe(x_ Nz ) [ (III-80)
* % ) r
2k Wz =
r

Equation (IIT-80) is plotted in Figures 9 and 10.

For diffusion limited reaction (kr —_—00 )

lim F =1 - J} + = Foeens (III-81)
* o w2
K Vo0 r VE ek, Z

For complete diffusional control, F = 1 and equation (III-79) reduces
to equation (III-63).
At the other asymptote, for very slow reaction:
' ' J} ‘.*JAJ;* , :
lim F | =5 kr:_ z . (I11-82)
. .

kr* N P
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Inserting equation (III-82) into (III-T9):.

~ k
. % _ 3 w! % _ .(i + Kp) r (exaﬂ) 1.8
m & =1-5k 2z =1-(=% T - (TII-83)

/
* %
kr Jé —> 0

1l

In equation (III-83), we have set z = £, the length of the rod. In the

%
reaction-limited case, C varies as l/Q, while in the diffusion-limited

as l/Q2/3.

. ¥ ‘
case [equation (III-65)1, C wvaries

D. Comparison of Gas and Liquid Phase Resistances

In‘the previous sectioh, the gas phase resistance ﬁas assumed
negligible compared to either the surface chemical rate or the liguid
phase resistance. While the assumption cénnot 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 muét be zero at the interface. That component
wnich 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 Pg to zero interfacial partial pressure.
The rate will be determined by the smaller of these two rates.

From equation (III-66) the liquid phase rate is:

- _ o D,u .
N - K Cp - 1.13 CLS/ gﬁs (;11-84)

1

where D, is the diffusivity of A in the liquid.
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From eqpation'(III-29),~the gas phase transfer rate is:

P 0.843P /uns . '
N, =k ﬁ.: - g | 5 | - (11I-85)

where Dg is the diffusivity of B in the gas phase,'and Sc¢ has been takenv

as unity. The ratio is:

g P, \[P, - | o
= = 0.75 mz -5; (:_1:11-86).

L

For comparison, consider the following values typical of our experiments

with UClu dissolved in the fused LiC1-KCl eutectic and a 50%{C12-Argon

gas phase:
Pg = 0.5 atm
T = 873°K
Cp = 0.2 mole/liter (5 wt.%)
Dﬂ = 0.5 x 10—5 cmg/seé
Dy - 0.7 cmz/sec

The caiculated‘rétio ié ~‘8{ which indicatés'that liquid.phase diffusion
resistance is controlling. The fractional change in gas reactant partial
' pfessure through the gas boundary layer is = 0;12. If the reaction rate
elso contributes to the overall resistdnce, the effect of gas phase

resistance will be even less.
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IV. EXPERIMENTAL WORX

.A. Handling of Fused LiCl-KCl Eutectic

Two fused chlorine eutectics,.ﬁinary LiCl-XKC1 (59 mole % LiCl, m.p.
351°C) and ternary.NaCl-KCl-MgCl2 (30, 20, and 50 mole %, respectively;
m.p.’396°b) were used extensively at Brookhaven National Laboratory in
connection with ﬁhe Liquid Metal Fﬁel Reactor program. The binary
eutectic was selected for this work because of its lower melting point.

Corrosion tests on potential materials 6f construction for the
binary eutectic showed that only 347 $.S. was not attacked.uB 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 pipes or fittings can be used for fused

salt service because they cannot be.made leak~tight. Ailr and moisture from

the atmosphere reacts with fhe 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—penetrétion welds. Satisfactory welds can be made on 34T S.S!
by the Heliarc process.

Cofrosion by the salt is greaﬁly e;hénced 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 -

%ﬁccessfully to clean vessels and piping. Sandblasting was found to be

the most satisfactory, being applicable to all typeé of container systems.
The p?esence of Cl2 gas at high temperatures compounds the corrosion

problems in metal cont#iners.(Nickel and 347 S.8.). Qﬁartz and -high-
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temperature glass systems, however, were found to be quite satisfactory{

and were employed_in‘all but.the chlorine solubility studies.

'B. Solubility Studies

1. Previous Work.

Solubility of gases in molten salts have been the subject of recent
iﬁvestigations, Newtonue performed some preliminary measurements of the

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

3vof

12

| the KNO,-NaNO, eutectic varied from 8 x 1070 t0 10”7 moles Xe/(cm
solvent) (atmosphere)'between'é60 and 450°C. - Burkhard and.Cdrbett

-determined the solubility of water in molten LiCl-KCl mixtures and
presented an approximate value of the solﬁbility of HC1 at 480°C in a

© mixture containing 60% LiCl.

Solubilities of noblé gases in molten fluorides have beeﬁ system=-

1,27

atically studied at Osk Ridge. The technique consisted in saturating

the salt with the test gés, trensfer of the solution to anvisolatea
“section of the apparatus, recovery of the dissolved gas by sparging
with another inert gas, and determination of the fecbVefed gas by mass
‘ spectrometry. Hen?y's Law constants at,600°C in a ZfFu-NaF mixtﬁre

8 8

(47-53 mole%) were 21.6 + 1x 10 7, 11.3 £ 0.3 x 10~ 8

, 5.06 £ 0.15 x 10~
and 1.94% * 0.2 x 10-8 moles of solute/(cm3 of solution)‘(atmosphere) for
He, Ne, Ar and Xe, respectively. |

i Grimes et al.,28 usipg thé same techniqﬁe,-fécenfly measured the
soluﬁility of hydrogen flﬁorﬁde in fludfide mixturés. Thevdissblved

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

aqueous KOH, and determined by back titration with'standard acid
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solution. Henr&'s Law constants in molés HF per cc. of solution per
atmosphere at 600, 7oo and 800°C are 1.23 + 0.0k x 10'5, 0.93 + 0.02 x 10'5,
and 0.73'i 0.0l X'lO-S, respectively in NaF-ZrF) (53 mole % NaF). No
information regarding solubilities of chlorine and uranium.hexachloride

in the molten LiCl-KCl eﬁtectic or of UFg and ¥y in fluoride melts

appears to have been published.

2. Solubility of Cl. in Fused LiCl-KCl Eutectic

(a) Apparatus. The solubility apparatus is shown schematically in
Figure 11. It consiste 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 1lid and the top with a }ing type vacuum flange. Pipe risers for
gas connections, a 1" charge port, a movable liquid-lével probe, and a
thermocpﬁplé well are provided at the top of.the tank. .The stripping
section consists of a similar vessel except that the ﬁop flange is
only provided with gas connections.

The melt tank is connected to‘the stripping section by a length
of 3/8" 0.D. 347 S.S. tubing which is welded through the bottoms of
‘both vessels. »Thié transfer tube serves as a simple freezé valvé vhich
can be heated by a heating tape wrapped afound it or cooled as desired.

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

chromel-alumel thermocouple in. the melt tank activates a Brown electronic -0

recorder to provide temperature measurements of the melt. Temperature
controlvis achievedvby meens of Brown pyrované qontrqllers activated by
chromel-alumel thermocouples in the furnaces. The temperatures were
probably known fo + 5°C.

| Thebliquid—level probe is simpiy a 30-inch piece of 1/8" polished
nickel rod sharpened to a pgint. The rod protrudes through a swagelok
fitting, with a nylon cap and teflon ferrules which act as insulators,
and completeé an electrical circuit on contéct with the liquid surface.
This permits measgrement of the ligquid level in the melt.tank before

and after transfer. The indicator is a piece of brass cut to a knife
edge and drilled to slide over the nickel rod. It is held in pléce by

a set strew and positioned for convenient measuremént on a suitable scéle.

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

Products Co. The chlorine gas was obtained from the Mathieson Gas Co.
The.binary eutectic was prepared from reagent gfade LiCl and KC1 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 pump was used to evacuate the vessel.

&4

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

" the salts. The melt tank was then isolated from the empty sﬁripping v” .
section by establishing the frozen seal. At L400°C the molten charge was

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

chlorine gas at the desired temperature and préssure. Chlorine sparge

L
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times varied from one to four hogrs. After sparging wasAdiscontinued,
the chlorine gas wés mainfained at pressure as a covering atmosphere.
The liguid level was 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 a$out half the salt would transfer from the melt tank
when the frozen seal was removed. The frozeﬁ seal was melted and the
melt was allowed to trensfer until hydrostatic equilibrium was acﬁieved.
The frozen seél was immediately re-established and the final liguid 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 splution containing KI.
This sample was then acidified with HC1l and the liberated iodine titrated
with sodium thiosulfate to give the amount of dissolved Clg. 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 012 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 defermination of chlorine was 2 X% l0~6

gmole, therefore, the solubility of 012 in the molten salt at a saturation -
iressﬁre of about 1 atmosphere is less than hnx110-9 g mole/cc. of melt..

The results are shown in Table VI.



Table VI.

Solubility of c1,

- =56-

in molten LiC1l-KCl

" Run Sparge Temp. Sat'n Vol. of Amt. C1 Solubility
time, °C Press Salt,cc. dissolvéd. gmole/cc
hrs. atm. o gmole

o -6 -9
1 1 Loo 1.17 525 <2 x 10 <L x 1077
2 3 . Loo 1.18 530 <2 x 10 -6 <k x 1077
3 2 500 1.12 515 <2 x 10 ® cux 07
L L 500 1.10 522 <2 x 1o -6 <l x 1077
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C. Absorption of 002 in Water

1. Apparztus.

The absorption cet-up is shown in Figure 13. Itlconsists of an
absorption célumn, a water supply, a gas system and titration apparatus.

The absorption column is shown in Figure l&. It consists of a 1"
diameter glass tubing cdivided into two séctions. The constant head
section is 6" long and has a ground glass fitting at the bottom. The
4" reaction chamber tapers down to a L45° funnel-like bottom with a 1/2"
long tip (3.5 mm I.D.), and is provided with 6 mm 0.D. gas inlet and
outlet tubes. A 3 mm ¢lass rod, with a ground seat valve, extends through
the reaction chémber about 1/8” into its funnel tip. A simple arrangément
consisting of a Swagelok fitting and a piece of rubber tubing is gsed to
move the rod up and down the ground fitting to control the film flow down
the rod. The apparatus is essentially the same as the one used in the
chlorination experiment.

The water supply is simply a 100 ml. burette filled with distilled
water. The gas system consists of CO2 and argon cylinders, and a
saturator. The saturation serves a dual purpose. It saturates the
002 with HEO vapor befo;e it is fed into the reaction chamber, and
provides samples of waler saturated with COQ,

The titration apparatus consists of Ba(OH)2 solution stored in a
burette with an ascarite tube on top to prevent contact with CO2 in the
air, and a microburétte with standard HCl solution.

2. Materials. |

Standard solutions of Ba(OH)2 and HCl were prepared. HCl was

diluted to a concentration of 0.1N from a 1N standard solution.. The
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concentration Ba(OH)2.3 H,0 was initially 0.02M. However, before the

experiment it was titrated with HCl and found to be 0.0198M.

Thé CO, gas was bbtained from the'Mathieson Gas Company. Distilled

2

water was used throughout. Phenolphthalein was the indicator used in

-

the titration.

3. Experimental Procedure.

A constant head of HEO was maintained in the up?er secﬁion of the»
absorption column. The reaction chamber was filled with an atmosphefe
of fHQO-saturated” 002 ges. The g:ound glass fitting was.opened
- slightly to allow film flow down the rod.

Flow rates of the water film were obtained by collecting the sample
in a 1 cc. cup and messuring the time. TFor éach_flow rate, two measure-
mentszefe taken before‘sampling and cne after. The three values were

averaged to give the flow rate for each run.

8 cc. samples were 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 COZ' The Ba(OH)2 solution was then
transferred into an Erlenmeyer flask from the burette. The amount of
Ba(OH)2 solution used depended on the £ilm flow rate. L cc. of the
sample was then injectéd under the surface pf'the Ba(OH)2 solution.

Two drops of phenolphthalein were added and the Erlenmeye? flask
immediately put under asn argon atmosphere_to preyent‘co2 absqrption from
the air. The excess Ba(QH)2 was then titrated with standard HCL. The
remaining bce. sample was similarly analyzed.

L. Experimental Results.

The absorption of COé in water was measured at different film flow -

%
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rates. The conditions used in the measurements were:

002 pressure = 1 atn.

temperature' = 2é.5°C
. length of rod(l) = 8.25 cm

rod radius (a) = 0.15 cm

film 1low rate(Q) =-1.85 - 31.58 cm3/min
The results are summarized in Table VII, and plotted in Figure 15.

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

D. The Chlorination of UClu

1. Apparatus.

The chlorination equipment is shown in Figures 16, 17 and 18. It
consists of a quartz reactioﬂ column (Figure 19) enclosed by a resistance
furnace, and ; gas system.

The reaction column is similar to that used in the CO2 absorption
experiment (Figure 1L), except that a short length of 14 mm tubing is

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

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

the surrounding air. The gas system includes drierite columns and flowmeters.

The chemical analysis apparatus (Figure 20) includes Pb columns and

a microburette.

2. Materials.

The Cie, HC1 and mixed gases were obtained from Mathieson Gas Company.

Reagent grade LiCl and KCl were used throughout. The UClu salt was
supplied by Argenne Ngtional Iaboratofy. Hydrochloric acid, Pb powder,
FeCl3 solution, concentrated-H3

sulfonate indicator were used in the chemical analysis of uranium.

Pou, standard K2Cr207, and diphenylamine
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Theoretical Slope
% error

% precision

1.51
8.5
6.2

it

1t

]

Teble VII. Absorpfion of.COQ'in Water Film, t = 22.5°C, Pag = 2 atm.
Run Flow Rate Concentration C - c, 1
(cc/min) (moles 002) t,-C, Q 73 g Q2/3
1 0.001
2 Blanks 0.000k
3 0.00075
Ave. = o.ooT(cb)
b H,0 0.13985
5 . Saturated 0.13965
6 w/coe' - 0.13800
' Ave. = 0.1393(C,)
7 1.85 0.108k4 0.777  0.663 1.17
8 2.64 o.092i 0.659 0.524 1.26
9 L.36 0.0680 0.486 . 0.375 1.30
10 7.50 (8) . 0.0L50 0.320 -~ 0.261  1.23
11 8.18 0.04k0 0.312  0.246 1.27
12 10.80 0.0377 0.270 . 0.205 1.31
13 13.6L = - 0.282 0.198 0.175 1.13
1% 31.58 0.0212 0.148 © 0.100 1.48
. Ave. = 1.29 % 0.08"
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ZN-4985

Fig, 19



-68-

ZN-4986

Fig. 20



3. ZIExperimental Procedure.

A batch of 100-150 grams of LiCl-KCl eutectic mixture (45 wt. %
_LiCl) was melted 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 was then quickly 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

HC1 gas for approximately 10 minutes to remove H, O vapor and oxidizing

2
impurities. About 2-3 grams of UClu salt was added and dissolved by
buobling with HC1l gas for another 10-15 minutes. The reaction chamber
and the funnel'ouﬁlet tube were then flushed with HC1l gas and the UClh
solution allowed to flow down the rod. Samples were collected and:
anelyzed to determine the initial UClL,r concentration. The HCl gas in
the reaction chamber was replaced with an atmosphere of Cl2 gas. Samples
at different film flow rates were collected in 1 cc. glass cups. The
flow rate was determined by measuring the time required.to collect 1 cc.

' The equilibrium of the reaction was investigated by sparging the
UClbr solution in é test tube with 012 ges until a constant U+u/U total
ratio was observed. The mixture was sampled byldipping a glass.cup into
the melt. |

Kinevtic meésurements'with pure 012 gas were made at SO° intervals

from 400 to TO0°C. At 600°C, the ucl), concentration.was varied to deter-
mine the order of the reacﬁion in UClu. Measurements were also taken at
600°C using Cle—Ar and Clg-He_gas mixtures to investigate the gas phase
effect on the kinetics, and a 20% OE—HCl gas mixture to‘compare the

~

chlorination and oxidation rates. ' .
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The temperature in the reaction chamber was measured with a Conax

Chromel-alumel thermocouple and was known to = 5°. Typical temperature

profiles in the chamber are shown in Figure 21.
A semple is prepared for analysis by dissolving it in 50 cc. of
HC1 solution (1:15). %wo 10 cc. aliquots (A and B) are then transferred

to flasks. L cc. of FeCl ‘solution (5%) and a few drops of concentrated

3

H POu and diphenylamine sulfonate indicator are added to aliquot A.

3

Titration with 0.02N K,)Crgo7 solution with a miéroburétte to a purple

.endpoint gives-the U+lL content. Aliquot B is passed through a Pb column

6

(to reduce all U to U+4), collected in a flask containing FeCl3, HsPou,.

and the indicator, and titrated with K2cr207 to give the total wranium

content.

L, Experimental Results.

The equilibrium constant Kp is obtained from equation (III-T5).
A plot of ZnKp vs. l/T (Figure 22) gives a heat of reaction, AH = 5.4

kcal/mole. The conditions used in the kinetic measurements were:

UClulconcentration = 1-3_wt, % or 0.0kk-0.132 mole/liter
CLE pressure ;,O'QBAl atm. ' |

temperature = Loo-700°C -

length of rod (ﬁ)l = 9.20 cm

rod radius (a) = 0.15 om

2.4-12.0 ce./min

The initial ratio of U™ /ytoed

"

 film flow rate (Q)
waé fouhd to be cénsisteﬁﬁly:about
0.941 throughout.this work. - The resulﬁsvare summafizedvin Tables VIiI .
to X aﬁd plotfed in Figﬁres 23 to 31. 'The'theoretical slbpes are -

computed by equation (III-65) (equiiibrium of the surface reaction is

i

assumed) .
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Table VITI. Equilibrium determination in pure c1,

(Initial U concentration = 2 w/o)
c eq. c eq.
Temperature Sparge U Total Ly Kp= "k
(°C) Time (c) c_ S
(min) © © ©
400 15 2.75 0.800 0.250
30 2.55 0.804
60 2.52 0.79k
Ave. 0.800 + 0.004
450 15 2.50 0.752 0.328
25 2.30 0.761
35 2.08 0.745
Ave. 0.753 * 0.006
500 60 1.80 0.695 0.465
75 1.50 0.667
90 1.00 0.700
Ave. 0.687 £ 0.013
600 25 2.45 0.612 0.635
40 1.70 0.617
60 1.40 0.607

Ave. 0.612 = 0.003




TABLE IX.~ Kinetics of the chlorination of UClh by pure 012, PC/

o=l

(except as noted, CO =2 w/o U) ©
eq. o ) - o o Ceqg.
Temp. €l T Q U Total - Eﬂ . ¢ = Ch/co ~_Ch /Co Exptal slope
(°c) C, (cc./sec) ‘CO) c, Cuo/cg' Cueq/CQ
0.133 3.75 - 0.907 0.755
, g 0.100 3.80 0.908 0.760 o
koo - 0.800 .0.080. 3.75 ‘£ 0.893 0.655 5.6 x 107
T 0.040 3.80 0.882 . 0.578
- -~ 0.125 1.80 0.900 0.778
0.112 2.15 0.884 0.693
g G.097 1.76 0.60L - 0.667 ' ' N
450 T 0.753 0.090 2.07 0.879 0.667 6.32 x 10
- _ 0.067 1.90 0.874 0.640. , '
0.048 2.00 0.855 0.540
0.182 2.32 0.905 0.855
0.167 2.50 0.90h 0.851
0.130 2.h7 0.898 0.828
oL : 0.112 2.15 0.879 0.753 - o
500 . 0.687 0.803 2.50 0.868 - 0.710 5.35 x 10 °
, 0.083 3 2.h2 0.876 - 0.741
0.068 2.60 0.846 0.62h
0.067 2.48 0.867 - 0.706
0.052 2.55 0.839 0.596
0.095 1.75 0.886 0.806
S . 0.080 1.67 - 0.868 . 0. Thk , 5
550 ©0.653 0.072 1.64 0.860 - 0.716 5.00 x 10~
o 0.063 1.65 0.848 0.675 S
0.062 1.70 0.8k1 ©0.650




Table IX," Cont s - v T e Cee

_g)_‘...

Tem 0, Q U Total €l * ¢ /¢ -, %Y
(ocg). 6—' . (cc./sec) (C ) ) -é‘—‘ . ¢ = W7o b 0 Exptal slope
© © © ¢, /c - ¢, %Yc
X ho! Voo Yk o
0.113 2.20 0.882 0.825
: 0.129 2.25 0.867 0.773 -
- 600 0.612 0.095 2.24 ' 0.857 0.7h2 5.90 x 10
- (2 w/o V) 0.072 2.30 0.826 0.648
_ - 0.06k o 2.2k 0.80k4 0.582
Y X
0.200 .27 0.898 0.867
0.133 1.21 0.876 0.800 -2
(foo/ 0) 10.612 0.100 1.00 0.852 0.727 5.67 x 10
Yo 0.070 1.21 0.826 0.648
0.143 3.02 0.88k4 0.836
) 0.111 3.20 0.853 0.730
e 0.100 3.07 0.863 0.761 -2
(gog/ . 0.612 0.080 3.25 . 0.846 0.709 6.00 x 10
© 0.070 3.33 0.810 0.600
‘ 0.060 3.62 0.801 0.573
0.200 2.55 0.894 0.872
0.143 2. 47 0.87h 0.818
: 0.111 2.60 0.865 0.794 : -
650 0.568 0.095 2.55 0.8h7 0.7hL6 5.46 x 10~
_ 0.083 2.70 0.833 0.708
0.069 2.64 0.803 - 0.628
0.062 2.45 0.812 0.652
0.167 2.25 0.889 0.870
. . 0.118 2.30 0.861 0.801 ‘ 12
00 0.535 0.100 2.32 -~ 0.85 0.78k - %9020
0.078 C2.2h 0.817 0.701




Table X. Effect of gas composition on the -kinetics, -t - 600°¢, CES

(= 0;942
eq
'G?s C, C),
Mixture o Q T
o (cc./sec) o cx Exptal slope
- 0.100 0.900 0.693 -
©0.077 0.894 0.663
0.067 0.881 0.600
"0.200 0.920 0.79 =
50% Cl,-Ar 0.76 0.1k2 0.910 0.7k 6.78 x 10
. - 0.111 0.903 . 0.700 :
- .0.091 0.898 0.680
0.080 . 0.890 0.643
0.07h 0.873 0.560
0.167 0.930 0.852
0.133 0.923 0.765
0.118 0.92k 0.718
0.100 0.921 C0.7hT
. : 0.083 0.918 - 0.70h4 o
" 25% Cl,-Ar - 0.861 0.200 0.936 0.926 5.14 x 10
o ' 0.167 0.931 0.864
0.155 0.925 0.790
0.133 0.929 0.840
0.118 0.926 0.803
0.100 0.920 0.728
0.167 0.919 0.787
- 0.155 0,917 0.777
0.133 0.913 0.757
0.111 0.902 0.703
» 0.100° 0.902 0.703 : ~
50% Cl,-He . 0.76 0.087 0.893 0.658 6.70 x 10~
. 0.200 0.916 0.772
0.155 0.911 0.7h7
0.111 0.907 0.727
0.100 0.900 0.693
0.083 0.8 0.653
0.167 0.873
0.154 0.867
20% 0, -HC1 0.125 0,848
2 0.100 0.834
0.091 0.833

_9L-.
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The experimental slopes (s) defined by:

: eq. :
C,}(— _ C)_;/Co - CL‘. /Co = 5 (1/Q2/3)
- ~ _~ €Q. T
' Cuo/bo-ch /Co

are compared in Figure 31l.
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V. DISCUSSION OF RESULTS
The performance of the reaction colwm was found to be satisfactory

after preliminary runs with the well-known COE—water systen. The.CO2

absorption data obtained were cornsistently about 10 percent lower than
the predicted values. This may be due to a stagnant length of film at

- . L3 | . N .
the end of the wetted-rod. Nijsing et al. observed a similar stagnant
surface effect in their falling-film experiments. The use of a syringe
for sampling purposes effectively reduces the desorption ci cissolved

¢

CO, to a minimum.

2

The low solubility of Cl. gas in the uranium-free LiC1l-KC1l eutectic

2
melt indicates that the reaction zone lies at the gas-liquid interface.
This was expected from similar measurements at Ozk Ridge of the solubil-
ities of HF #nd inert gases in ZrFu-NaF melts. Some of the stripped 012
gas p:obably reacted with its nickel and stainless steel surroundings
before it was absorbed by tﬁe NaCH-XT solution for chemical analysis.

The solubility of Cl, was still sufficiently low to insure that the

2
ovgrall process consisted_of UClu diffusion in the sa -t and surface
reaction.

‘The equilibrium studies show that a constant U+¢/U total rea 1o was
reached after prolonged. sparging of the UClu solution with pure C12 gasi
This indicates a reversible reaction. The equilidbrium ratio CS?EO
decreased yith inereasing temperatures. This means that the feaction is
endothermic (eqnilibriuﬁ shifts to the right upon applicatidn of heat).
The plot of InKp vs. l/T.gives a heat of reaction of 5.4 kéal/mole.

Kinetic measuremerts at 600°C showed no appreciable change in the

experimental slope &% Gifferent solution concentrations (1-3‘w£%% UClu);-



Tnis indicates that the reaction is first-order in UCl,. Using 50% Cl,-Ar
and 2)% Cl —Ar gas m;xuures_gave ho markcd change in experimental slopes.
The reagulon is therefore also first-order in 012 concentration. This

is expected for a-diffusion—¢hemical equilibrium limited process.

The assumption of a negligible gas phase resistance was confirmed
when no marked difference was Tound atv600;C between_thé expefimental
slopes ob tained with 50% Clé -Ar and 50%‘Cl2—He atmospheres.

No systematic loss of total urgnium was observed during the short
contact'ulmes of the kinetic studies. This validatgs‘the assumption
made in the theoretical énalysis, i.e. UCl6 is non-volatile. Vblatiliza-
tion of UC76 at the longer contact times of the euullﬂo“lum studies was,
however, observed. This suggests ;n induction period where no Volatlllza-
tion of UCl6 occurs,vsimilar to that found in the fluorination of UFM'

The results of the kinetic studies with pure Cl2 at L00-T00°C agreé
reasonably well with the predicted vealues for an infinitely fast reaction.
The experimental rates at 400 and 450°C are greater than the theéretical
line but at incfeasing temperatures (2 500°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 unknown interfacial resistance exists and increases with
temperature. This is not likely to occur ét such high
temperatures

- (b) The aiffusivity of UClg is much lower then that of UCl). This

essentially will cause the rapid floocding of the liquid surface
with UC16,'thuS’preventing more UClu from reaching the reaction

zone. This will produce a lower than expected rise in.absolute



(c)

(d)

-89

conversion with increasing temperature and invalidate the

assumption used in the theoretical analysis, i.e. Dh = D6'

cf UCi, = UCL) + Cl,§ occurs before the
T

3

The reactic

—

ample 1s collected. The equilibriwn may shift to t

Sa)

(i.e. the UClé may cecompose back to UClu) in an HCl atmesphere.
The sample drcpping through an HCLl atmesphere will lose increas-
ing emounts of UCl6 at higher temperatures due to this thermal

decomposition.

Stagnant surface effect at the end of the rod. An eand effect

similar to that observed in 002 absorption may occur in the

molten salt experiments. This would not explain however, the

high experimental values at 400 and L50°C.
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VI. CONCLUSIONS
It can be concluded thaf tﬁe_chlorination of UClu was a diffusion-
chemical equilibriunm limited process, endothermic to the extent of 5.4
kcal/mole. The reacti@h zone lies at the gas-liquid interface. The

is essentially

- effect of the gas phasc resistance is negligible, the UCl6

non-volatile, and there is no reaction rate control.
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APPENDICES
A. PHYSICAL PROPERTIES OF FUSED LiC1-XCl EUTECTIC
‘Several of the more important physical properties of the LiCL-KCl
eutectic have been determined at the‘Brookhaven National Laboratory and
elsewhere. Thése include the density}viscosit&, surface tension, specific
heat, thermal conductivity, and enthalpy. Accurate‘measureménts.on these
corrosive substances are diffiéult to'ébtain.
(1) Density. Th2 density of the binary salt was measured at Oak
, RidgeuT and Brookha';/en.2 - The ORNL data ranged from 1.67 gm/cc. at
400°C to i.ST»gm/cc. at 600°C. The results are sumarized by the equation.
o = 1.8885 - 0.527 x 1073 ¢ | (A-1)
for the range 380° to G00°, where p is the density in gm/cc. and t is the
temperaturé in °C. The BNL data differed slightly (a maximum of 1%) from
these results.‘ |
(2) Viscosity. Viscosity measurements by Wéisman62 and by Bonilla,
using caﬁiilary viscometers, appear to be in fairly good agreemeﬁt; The‘
viscosity measured at 3NL ranged frém 2.4 Cp. at 510°C to 5.3 Cp. at
385°C. Over this temperature range the data can best be described by
log, - (1500/7) - 1.56 |  (a-2)
where u is the viscosity.ih cenﬁipoises and T is the temperature in °K.
Bonilla?s data were 5% lower'and ranged from 2.25 Cp. at 510°C‘to 5.22 Cp.
at 384°C. The kinematic viscosity is shown in Figure 32 as a function of

‘temperature.

(3) Surface tension. Bonilla and co-worker53 measured the surface

‘

‘tension of the binary cutectic against air in a capillary apparatus at

432.2° £ 5.5°C. They obtained a value of 118.2 dynes/cm.
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(4) Thermal conductivity. Deem™

1

i measured the thermal conductivity

of the binary salt by using the steady-heat-flow method. Only two values,

o
9%

0.0060 and 0.0053 cal/sec-cm-°C were obtaines

3

at a mean temperature of

=
ja¥]
£

[

S / det a2
510°C. An absolute error of as much as 25% was estimated.

" (5) Enthalpy. The enthalpy of the binary eutectic was determined

Dby the ice-calorimeter method aﬁ ORNLM7 and the Burezu of Standards 6
the Oak Ridge data can be represented by the ecuations: _
Ht(liq) - HO°C (solid) = 30 + 0.32(5) t+ (A-3)
between 351° and 840°C, and |
Ht(solid) —'HO°C (soiid) =L 4 6.23(6) t (A-L)

between 97° and 351°C; vhere H is the enthalpy in cal/gm and t is the

3

temperature in °C. The heat of fusion was approximately &4 cal/cm;

The Bureau of Standards' work was more precise and a smoothed
L]

enthalpy equation was derived for the ligquid binary:
H (11q) - H_°C (solid) = 1.4653% - 1.89 x 107%2 4+ 0.56 x 107743

- between 351° and 800°C, where H is the enthalpy in sbsolute joules/gm

(A-5)

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

temperature can be represented by:
-l ’ -7.2
Cp = 1.4653 - 3.77 x 10 '+ + 1.69x 10 't (A-6)
between 351° and 800°C, where Cp is the heat capacity in absolute

joules/gm - °C and t is the temperature in °C.

<



P — ——— _95,____ _————— - . —_—

2
B. CHEMISTRY OF URANIUM CELORIDES®-

There are four vrenium chlorides known: UCL,, UClu, UCl5 and UC16.
The first three were prepared and st
the chemiswr, of uranium. Uranium hexachloride was discovered only'
recently at UCRL.

A summary of the physical properties of the wranium chlorices is
given in Tablé XI. The free energy of formation of uranium chlorides
is shown in Figure 33.

i. Preparation.

(a) raniwn tetrachlcride. Uranium tetrachloride is prepared in

many -different ways from both UO2 and UCl3. It can be purified either
by direct sublimevion in Vacuﬁm or by sublimation as a higher chloride
in a chlorine atmosphere (275 to 700°C) and subsequent reconversion

to UClM. It can alsc be sublimed in a stream of inért gas, such as
nitrogen or helium. In a nitrogen stream, sublimation is rapid at

600 to 650°C. At a pressure of 3 to 5 mm Hg, the UCL) sublimes without
melting. At atmospheric‘pressure, addition of carbon tetrachloride to
the nitrogen.stream can greatly reduce the non-volatile residue. The
purity of UClu can be evaluated by se%éral criteria, the most important
being sclubility in selected solvents and its volatility.

by the

(p) Uranium pentachloride. UC1, can be converted to UCl5
action of Cl2 at 520 to 555°C:
2 UClM +»Cl2 — 2‘UCl5
The C1/U ratio in the ?roduct obtained depends on the rate of
cooling and may be as high as 5.5.  This indicates the possibility

that compounds of the type-xUCl6. yUClu are formed, where the. ratio

x/y may be greater than one.



Table XI. Physicel properties ¢

=

the uranium chlorides

hysical Property UClL, UClLL UCl5 'UC16
Formula weight
(gm/mole) 34b . bk 379.90 415.36 L50.81
Color of solid olive-green green red-brown black, dark green
Melting point
(°c) 8Lo + 5 500 + 1 300 t 177.5
Density (gm/cc.)* 5.51 .87 3,81 t+ 3.59
Vapor pressure '
solid, log Pmm  10.0-(12,000/T) 13.3995- - 6.6337-
: (wow7/T) ... (2k22/T)
liquid, log Pmm  10.0-(12,000/T) §.85- -
- {(7205/T) ceeee R
Boiling point(°C) 1410 + 792 el 372t
H .. . o :
sublimation 55.0 hr.7 e : 11.12
(xcal/mole) :
H°298(kcal/mole) -212 -251 -262 . -273
F°298(kcal/mole) -196.2 -229.0 -235.7 -ok1.b
S°298(e.u.) . Lo.o Lhr.1h 57.0 1 68.26
“From X~-ray data ' these quantities estimated Tldirect

measurement by immersion in benzene
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- o
=5 ot . 00056
x 10707 - 0.30502 + s
) cal/gm-°C (4-10)
The

H-H = 0.07606% + 1l.bh x 1077t - 0.03 + 1.3/(% + k1) cal/gm (A-11

o°C

The heat capacity is then:

3 | (a-12)

C = 0.07608 + 2.88 x 10™7% -
jo )2

. (t + 4

1
where © is the temperature in °C (0 to L427°C) and T is the temperature
in °K; At temperatures above 100°C, the last terms of the enthalpy and
heat capacity equations, and the last two terms of the entropy equation
are negligivle.

The heat of formation of UCL, is:

L

U(so1id) + 2'c12(gas) - UCl (solid)

AH® 273°K = -250.9 ¢ 0.5 kcal/mcle

the free energy &and envropy are:

AF = -2029.65 kcal/mole and.

298°K
AS 298°K = Tl-j [SIPRVAN
The variation of AH® and AF° with temperatures are given ty:
Lo ‘
AH® = -252,600 + 5.70T - 7.79 x 10 T2 (A-13)
o o s b2
AF° = 252,600 - 13.13T log T + 7.79 x 10 T

where T ‘is the temperature in °X.

(b) Uranium penteachloride. As prepared by reaction of UClu with

chlorine, UCl5 is a red-brown micro crystalline powder. The difficulties

in handling UCLi_ accourt for the few studies of its physical properties.

p

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

gave a value of 3.81 gr/ce.

-

Joed

Y

[



3

2) Melting vpoint and volsiilitv. To accurate measurement of the melting

voint or volatility of UCl5 are aveilable because of its thermal insta-

()]
-]
O

bility. The vapor prassure nhes been estimated a

Doubts have been exprzssed concerning the existence of UC1l_. vapor above

)

separating U015 and Ull, by sublimation indicates a rather nigh volatility
o
of the pentachloride. UCl5 can be distilled in an atmosphere of chlorine

containing some carboan tetrachloride; but the sublimate centains UC16.

3) Molecular weight. The molecular weight of UCl5 was determined by

i

ebullioscopy in cardbon tetrachlcride scluvion. It was found to corres-

)

570 ossible to formulate

pond quite closely to & dimer, (UCL It is then
UClS, as UQCllO in solution.

4} ‘Thermochemistiry. The heat of formetion of UCl5 was determined by

¥

measuring the difference in the hesgts of solution of UClu and UCl5 in

-

vater contalning excess Fec;3:

° = -262.1 = 0.6 keal/m
DR gy 262.1 = 0.6 kcal/mole

the free energy of formation is

° = =235.7 = 2. a
AND 208°K 235.7 = 2.0 keal/mole

(¢) Uranium hexuachloride. UCl6 forms fine black or dark green
crystals depending on, the method of purification or rate at which

crystals are grown.

1) Melting point. The melting point of UCl6 has been determined

despite its thermal instebility. Thin-walled tubes containing U016

were immersed in an oil bath at various temperatures. At atmospheric

pressure, a ligquid phasevis‘formed temporarily at 177.5 = 2.5°C.



. . . - - oA s ’i.,
Girect determination »y immex 05 ion in benzene has given a value O 1.56
gn/cc., but measuréments in teirehydronavhthnalene yielded 3.30 £ 0.17 b“/cc. _
: ko
3) Vavpor pressure. '[wo different methods were used to measure the vapor i
pressure of U 6 An a2ll-glass clicker gauge gave: f
. 2 22 . : /A '
log Pmm Hg = - S5+ + 6.634 (0 to 200°C) (A-15) .3
) o
! s 11,220 cal/mole :
sublimaticn /
AF° = 17.500 + 35.857 log T - 129.0T - (A-16) o
A transpiration method {using purified helium) gave the following results: |
§
2700 :
\ - 300 — - :
log P = - = + 9.52 (A-17) {
T — .72 v
H e = -1 00 cal/mole :
Mg ol imation 53 21/ ;
L) Thermochemical data. The heat of formation of UCl6 has been deter- ;
mined to be: 5
© o, = =272.3 + 0.7 kcal/mole
OH 273°% 12.3 f / |
The free energy of formation is ' S :
) v
° e, = -241.1 x 1.0 kecal/mole i
A 296°K ' / !
1
3. Chemical Propectics. : . :
i
(a) Uranium tetrachloride. -
1) Reacticn with water. UClh is very hygroscopic and will react when }
i
the partial pressure of water vapor exceeds 2mm IHg. t Tirst forms .
‘hydrates but reacts further to form UOClg-and hydrogen chloride until i
‘ . T : . v
completely decomposed. Brown University observers found, however, that L

very little hydrogen chloride is producea be¢ore enough vater is abcorbca ' ;

<o form UClu.EHEO.



2) Non-ggueoss solvenis. UClb is generally soluble in sirongly volar

solvents and insoluble in non-polar solvents. It is soluble in some

oxygen~-bearing orgenic solvents.

Y

3) Complex compounds of UClh. UClu forms double salts of the form

Fy

MnUCl6, where M mey be Li, Na, K or R N. UClbr vepors react with KC1

< g

at red heat to form KqUCl6. This compound is a dark green crysialline
<

material, somewhat hygroscopic in air which melts at 350°C.

(b) Uranium pentachloride.

1) Effect of solvents. UCl. is highly hygroscopic and is sensitive to

moisture with a partiel pressure of 0.007 mm Hg or more. Liguid water
cecomposes 1t instanteneously:
2 UCl. + 2H, 0 ——> UCl, + UO.Cl. + U4 HC1
5 7 L 2772

2) Oxidation reactions. UCl5 reacts with oxygen to give a mixture of

-t

uranium oxychlorides. At elevated temperatures, it is partily converted

<o UCl6 by chlorine. The reaction 2 UCl5 + 012 w&——z _ 2 UCl6 is

reversible, but the addition of CClu vapors can produce practically

N

complete conversion tc¢ the hexachloride.

3) Disproportionaticrn and thermel decomposition. When UCl5 is heated
it decomposes as follcws:

2 UCl5 —_— 2 UClh + 012

Some decomposition occurs below 100°C, but at 250°C it becomes rapid.
The rate is abcout the same in atmospheres of chlorine and pure nitrogen.

This indicates that the reaction is not very revérsible.‘

The kinetics of the thermal deccmposition of UCl_ heve been inves-

, 5
tigated. The reaction appears to be first order with respect to UCl.
. . . : >
. . : o - =1 -
and the reaction rate constant in the order of 10 3 min for the



152°C. The activation energy was computed to be

s

avout 28 kcal/mole. .
UCl_ also undergoess the disprovnorticnation:
. #
2U015 —_— Ucy,, + UCl6 at 100 to 175°C in a high vacuum.
(¢) Uranium hexachloridé. UCl6 is extremely unstable in the
presence of moist alr and reacts violently with water To form UOQCle.
1) Sclubility. U016 digsolves in carbor tetrachloride to give a stable
brown solution. It anpears to react with tetrachlorcsthylene and
naphthenic hydrocarbons, and is slipghtly soluble in the fluorccarbon
C_F., and in isobusyl bromide.
LWe J
T 16
2) Thermal decomposisicon. U016 is provbably stable up to Temperatures
of 120 to 150°C. The rate of decomposition in the vapor phase is
negligible compared to that in the solid phase. In the range l30—l80°C,
the reaction rate constant of 2UCl6(g) - 2 UClS(s) + Cl2(g) is
L -3 -1 -1 ' . N
between 10 ~ and 10 ~ min ~. An energy of activation equivalent to
LO kcal/mol:. is needed.

J
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}
\
|
i
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C. CHEMICAL FRBEACTIONS AND EQUILIBRIA CF ANALYTICA v(”HODSMé
1. 912 analysis.

The Clg'gas ebscrbed in the Ne(H-KI solution disploces the I” ion
and releases iodine (L2> into the solutioﬁ. The soluticn is then
slightly acidified with HCL and titrated with sodium thicsulfate. The

reaction of thiosulfaie ion with iodine in slightly acid or neutral

This reaction is essentially ccmplete at the stoichiometric point. In

basic solutions the cxidation may proceed 1urthe“ acco¢ ng to the
O

reaction,

8,05« + MI, + SH,0 —— 250, + O8I + 10H

This reaction is not quantitative, since the one above may also cccur.

The titration of iodine by thiosulfate must therefore be made in slightly

acid or neutrsl solutions.

2. 002 determination.
)

The analysis of CO2 simply involves the precipitation of BaCO,
. ) b

the neutralization of excess Ba(OH)2 with standard HC1l, according to

the equations,

)T = ._....._‘4)._
a(0d)2 - CO, BaCO3 + Heo

xs Ba(OH)e + 2HCL ——~ Ba03.2 + H 0

3. ‘Uranium analysis.

-+ ' : ‘
The U  ion is oxidized by FeCl3 according to the equation,

U s ore™S o Uy L ope™



The Fe ion is then cxidized by the CrEO7 - ion during the titration in

an acidic medium, y b

6pe™ + Cry00 + LT ——  bre™ 4 20r S :
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