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NOMENCLATURE ‘



area, cm?®
activity, dimensionless
constant, variable dimensions,
depending on use
correction factor
molar concentration,
moles/cm?
molar concentration of com-
ponent A in the bulk,
moles/cm?
molar concentration of com-
ponent A in equilibrium
with component B,
mole:z/cm:'l
interfacial molar concentra-
tion of component A,
moles/cm?
equilibrium molar concentra-
tion of component A,
mc)les/cm3
Cji molar concentration of com-
ponent i, moles/cm’
cij constant, variable dimensions
(see Sections IV.A.3.a and
V.A.4.b)
Cp specific heat at constant
pressure, cal/deg-g
Cp molar heat capacity at con-
stant pressure,
cal/(mole-deg)
Cy specific heat at constant
volume, cal/deg-g

W

oo

Cap

Cae

Cai

Cao

D diameter, cm
1/ diffusion coefficient,
cm?/sec
Da.B binary diffusion coefficient,
cm?/sec
Ty effective diffusion coefficient,
em?/sec
d depth or thickness. cm
P 4 electromotive force, V
E cell voltage, V
E;/z half-wave potential, V
Eyc IR free-cell voltage, V
a-r anode vs reference potent
Eoe open-circuit potential, V

Eff Carnot-cycle efficiency (se
charge-discharge efficienc

Effc.p
(see Eq. 25)
Effp voltage efficiency (see Eq.
Effc Gibbs free-energy efficienc
(see Eq. 22)
Effy, heat-exchange efficiency
Eff1 current efficiency (see Eq. 20)
Effg system efficiency (see Eq. 23)

F Faraday constant;

43

1i,0c

acceleration due to gravity,
980 cm/sec?
gravitational conversion
factor, dimensionless
enthalpy, cal
enthalpy of activation,
cal/(g-atom)
molar enthalpy of anode
metal, cal/mole
molar enthalpy of cathode
metal, cal/mole
enthalpy of formation, cal
molar enthalpy of formation,
cal/mole
molar enthalpy of componenti,
cal/mole
constant of integration,
cal/mole (see Eq. 121)
molar enthalpy of vaporiza-
tion, cal/mole
enthalpy of vaporization, cal
film heat-transfer coefficient,
cal/(cm'z-sec)
current, Amp
limiting current, Amp
anodic limiting current, Amp
cathodic limiting current, Amp
exchange current, Amp
current density, Amp/cm’
charging current density,
Amp/cm?
discharging current density,
Amp/cmZ
partial electrical current
density of electrons,
Amp/cm?
equivalent current density for
component i, Amp/cm?
equivalent current density for
component i at open circuit,
Amp/ecm?®
limiting current density,
Amp/cm?
molar flux with respect to
fixed coordinates,
molca/(cn}z'sec)
molar flux of component i with
respect to fixed coordinates,
moles/(cm?*-sec)
mass flux with respect to fixed
coordinates, g/(em®-snec)
mass flux of component | with
respect to fixed coordinates,

g/(em®-nec)
equilibrium constant,

ZAl:

Nu

Se

< <l
<8

NOMENCLATURE

mass-transfer coefficient,
cm/sec

length, em

lost work, erg

molecular weight. g/mole:
atomic weight, g/(g—atom)

Mach number, dimensionless

atomic weight of monatomic
species, g/mole

mass, g

number of equivalents per
mole, equjv/mnle

Nusselt numper for heat
transfer, hL/k,
dimensionless

number of moles

number of ejectrons trans-
ferred in the rate-
determining step

total pressure, atm, dynes/cm

Prandtl numper, CpeV/k.
dimensionless

partial pressure of com-
ponent i, atm, dynes/cmz

partial pressure of monatomic

or

species, atm »
heat, cal
heat flow rate, cal/sec
universal gas constant;
8.3143 joules/(deg-mole),
1.9872 cal/(deg-rnole)
electrical resistance, ohms
Rayleigh number,
L%8 g AT Cp/vk.
dimensionless
Reynolds number, vD/v.
dimensionless
radial distapce, cm
entropy, cal/deg
entropy of formation,
cal/(mole-deg)
conductance per unit depth of
immersion of electrodes in
electrolyte, mhos/cm
Schmidt number, v/ 0.
dimensionless
absolute temperature, K
equilibrium temperature, ‘K
temperature at the melting
point, K
temperature at the wall, 'K
temperature of the vapor, .9
volume, ecm’

molar volume, em'/mole

molar volume of component i,
A}
e’ /mole

We molar flow rate of cathode
metal, moles/sec

weight, g (see SectionIV.B.l.a)

work, erg (see Section IIL.A.1)

mass flow rate, g/sec

mole fraction of component i,

Mg g

i :
dimensionless
mole fraction of anode metal,

XA
dimensionless

Xc mole fraction of cathode
metal, dimensionless

X,¥.2 coordinate distance, cm

Greek Symbols

o fraction of the overvoltage
aiding the forward reaction,
dimensionless
thermal coefficient of
volumetric expansion, deg™!
activity coefficient,
dimensionless
activity coefficient of com-
ponent 1, dimensionless
boundary-layer thickness, cm
concentration boundary-layer
thickness, cm
momentum boundary-layer
thickness, cm
8 thermal boundary-layer
thickness, cm

dimensionless
overvoltage, V
time, sec

mhos/cm
partial ionic conductance,

mhos/cm

chemical potential of the
electrons, cal/mole

chemical potential of com-
ponent i, cal/mole

component i, cal/mole

density, g/em’
standard deviation
transition time (length of

- v <

plateau). sec

chemical potential, cal/mole

anodic transition time, sec

Subscripts

refers to the anode metal

A

a refers to the anode

an refers to the anolyte

c refers to the cathode meta
& refers to the cathode

ca refers to the catholyte

(g) refers to gas

i refers to species i

(%) refers to liquid

ratio of specific heats, CP/C"'

partial electronic conductance,

5 excess chemical potential of

chemical potential on mixing
for component i, cal/mole
kinematic viscosity, em®/sec

T cathodic transition time, sec

v local electrical potential,

v



GALVANIC CELLS WITH
FUSED-SALT ELECTROLYTES

by

E. J. Cairns, C. E. Crouthamel, A. K. Fischer,
M. S. Foster, J. C. Hesson, C. E. Johnson,
H. Shimotake, and A. D. Tevebaugh

I. SUMMARY AND CONCLUSIONS

The rapidly developing technology of today needs a spectrum of
electrical power sources, energy converters, and energy storage devices.
Much of the energy demand involves the conversion of thermal energy to
electrical energy; hence much of the energy-conversion research effort is
in this area. The thermally regenerative galvanic cell occupies an impor -
tant position in energy conversion for specialty applications where silence,
simplicity, and unattended operation are important. Such a system is com-
patible with high-temperature nuclear reactors and radioisotope heat
sources. In the area of energy storage, bimetallic cells with fused-salt
electrolytes can be operated as secondary cells, which can be charged and
discharged at high rates. This makes them attractive in many applications.

The thermally regenerative bimetallic galvanic cells discussed in
this report use a relatively volatile liquid -alkali metal having a low elec-
tronegativity for the anode, and a relatively nonvolatile liquid metal of high
electronegativity for the cathode. In the cell portion of the system, the
anode metal is oxidized to form a cation which migrates through the fused-
salt electrolyte to the cathode, where it is electrochemically reduced,
forming an alloy with the cathode metal. The electrons released at the
anode travel through the electrical circuit to the cathode, doing work as
they go, finally arriving at the cathode to complete the circuit. The
cathode alloy circulates from the cell to a high-temperature regenerator
(1050-1600°K), where the anode metal is vaporized away from the cathode
metal. The anode metal vapor passes to a relatively cool condensation
zone, and the condensate is returned to the anode compartment of the cell,
completing the cycle.

The process described above is Carnot-cycle limited, and the maxi-
mum theoretical efficiency of the overall conversion process is determined
by the temperature of the regenerator and the condenser. Any inefficien-
cies in the system reduce the overall efficiency to a value below that for
the ideal Carnot cycle.
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metal -cathode metal pairs, the proper

be chosen so that the alloy can be sepa-
ditions while still maintaining an
urthermore, the electrode materials
to provide a low heat-
The solubilities

In selecting suitable anode
electronegativity differences must
rated at reasonable regenerator con
appropriate cell voltage (0.5-0.7 V). F
and the electrolyte should melt at low temperature.s :
rejection temperature (and a high Carnot-cycle efflcfwr.lcy)‘
of the metal phases in the electrolyte should be minimized tol prevent ex-
cessive transfer of material by diffusion. Of course, corrosion must b‘e
avoided. These considerations indicate the important research areas 1n

the development of a practical galvanic cell system.

nces exist in the properties of the cells and sys-

1 used as the anode. Of the alkali metals,
lithium and sodium exhibit the highest cell emf values and have the best
physicochemical properties for use in galvanic cell systems. Therefore
only lithium and sodium have been investigated in detail. The work is thus
-classified under the headings: cells with sodium anodes and cells with

Significant differe
tems, depending on the alkali meta

lithium anodes.

A. Cells with Sodium Anodes

A knowledge of the thermodynamics of the binary alloys comprising
the systems of interest for bimetallic cells is important in predicting the
ideal behavior of practical cells. The thermodynamic functions of the alloy
are used in the calculations of the cell emf, the regenerator temperature
and pressure, the purity of the anode metal condensate returned to the cell,
and the conditions under which solid formation can be avoided.

Thermodynamic properties of binary sodium-containing alloys have
been determined by means of emf and vapor-liquid equilibrium techniques.
The free-energy behavior of the sodium-bismuth and sodium-lead systems
can be accurately accounted for by means of the quasi-ideal solution theory.
This theory allows for the formation of intermetallic compounds in the
liquid phase and reflects the thermodynamic behavior of the system in terms
of the equilibrium constants of formation for the intermetallic compounds.
The sodium-bismuth and sodium-lead systems have been successfully treated
by the quasi-ideal solution method.

The results of the thermodynamic studies of binary alloys are im-
p?rtant in determining the efficiency of system operation. The sodium-
bismuth and sodium-lead systems would not be high-efficiency sys-
tems because the regeneration process requires more than one equilibrium
stage f(?r an acceptable separation of sodium from the bismuth or lead. For
the sodium-bismuth system, the conditions of regenerator operation must be
sel.ected s.o as to avoid the deposition of solid Na;Bi from the vapor phase.
This requires a minimum pressure of 240 Torr (corresponding to a mini-

mum temperature of 1040°K). The sodium-
from this problem. weclead et



The emf of the sodium-lead cell is not high enough (0.3-0.5 V) to make
it attractive as a practical device. However, the emf of the sodium-bismuth
cell (0.55-0.75 V) does not by itself eliminate this system from further
consideration.

To design cells and systems, such physicochemical property data as
densities, viscosities, surface tensions, electrolytic conductivities, and
solubilities must be available. The following properties were determined
for some of the systems: the density of sodium-lead alloys, as a function
of temperature and composition; the density and surface tension of sodium-
bismuth alloys, as a function of temperature and composition; the density,
surface tension, and viscosity of the ternary NaF-NaCl-Nal eutectic, as a
function of temperature.

The transfer of electrode material from one electrode to the other
in a manner that does not produce electricity in the external circuit is called
self-discharge. Under certain conditions, the rate of self-discharge in
cells with sodium anodes (transfer of sodium from anode to cathode) is high
enough to be of concern as a loss of efficiency. The self-discharge process
in sodium-anode cells has been studied as a function of several operating
parameters. The rate of self-discharge increases with increasing solubility
of the electrode materials in the electrolyte, increases with decreasing
electrolyte thickness, and increases with increasing cell voltage.

In connection with the self-discharge process, the solubilities of
metals and sodium-containing intermetallic compounds (formed at the
cathode) have been determined for several combinations of cathode alloys
and electrolytes at several temperatures. As expected, lower temperatures
favor lower solubilities. Some intermetallic compounds have surprisingly
high solubilities in alkali halide melts and yielded intensely colored solu-
tions, usually some shade of red.

The search for low-melting sodium-cation electrolytes for use with
cells having sodium anodes was restricted to halide systems because all
the other anions considered are either unstable with respect to liquid
sodium or form very high-melting compounds with sodium. The lowest-
melting ternary sodium halide electrolyte was 15.2 m/o NaF-31.6 m/o
NaCl-53.2 m/o Nal, melting at 802.6°K. This was the electrolyte in most
of the cell studies using sodium anodes. The phase diagrams for several
other binary and ternary sodium halide systems have also been determined.

Engineering studies of cells, regenerators, and systems with sodium
anodes have included the sodium-bismuth cell and the sodium-lead sys-
tem (cell plus regenerator). The sodium-bismuth cell was operated as an
electrically rechargeable (secondary) cell for about 18 months with no
performance decline and only minimal corrosion. Subsequent experiments
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i the sodium-
(with some 1mprovements) shc?wed that e1 q / o
erated at current densities in excess of mp/c
. modes. This was the first proof of the
discharge capabilities of bimetallic cells.

using the same cell p

bismuth cell can be o
in both the charge and dischaljge
fast-charge, high-power density

m-lead regenerative system operated reasonably well
r. The erratic circulation of the
ts with the complete system was
These experiments

The first sodiu
for a cumulative time of more than 190 h
cathode alloy first noted in the experimen

i i i a separate regenerator.
subsequently inve stigated using . ' :
resulted in the design and construction of an improved regenerator which

operated smoothly for more than 1000 hr before being shut down. 'I:he im-
proved regenerator design has been incorporated into a system, which has
been constructed and is currently being prepared for operation.

B. Cells with Lithium Anodes

The thermodynamic properties of those lithium-containing binary
systems expected to be suitable for use in thermally regenerative galvanic
cells and secondary cells have been studied by means of emf and vapor -
liquid equilibrium methods. The results of these thermodynamic studies
have been used in choosing the best systems for specified applications and
in determining the appropriate conditions for the operation of the cell and

the regenerator.

The lithium-hydrogen system (forming lithium hydride) has been
studied by means of the emf method. The cell emf as a function of tem-
perature and lithium hydride content (of the electrolyte) has been deter -
mined. These data yielded values for the free energy of formation of
lithium hydride as a function of temperature.

The emf as a function of cathode alloy composition and temperature
has been measured for the lithium-bismuth, lithium-tin, and lithium -
tellurium systems. These data have been used to calculate the excess
chemical potentials of lithium in the cathode alloys, thereby providing a
thermodynamic description of the alloys. The emf data pointed out that
the lithium-tin system might be appropriate as a thermally regenerative
system, and that the lithium-tellurium system with its relatively high
voltages (1.6-1.8 V) should be of interest in secondary cells. In connection
with the lithium-tin system, the appropriate vapor -liquid equilibrium
measurements are now in progress.

The specific conductances and densities of some of the fused
lithium halide electrolyte systems are being determined as an adjunct to
the thermodynamic studies. The conductances and densities are expected
to aid in the choice among the various thermodynamic models for inter-
preting the phase-diagram results.
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The Raman spectra of fused salts and solutions of intermetallic com-
pounds in fused salts are being determined to obtain information on the
structure of the dissolved species. The results are expected to aid in mini-
mizing the rate of self-discharge of bimetallic cells. In addition, the Raman
spectra will be of theoretical importance for the determination of the struc-
ture of fused salts and solutions of intermetallic compounds in fused salts.
A highly sensitive laser-excited Raman spectrophotometer has been con-
structed, and preliminary experiments with fused nitrates have proved the
instrument's capability.

Some visible absorption spectra of intermetallic compounds dissolved
in fused-alkali halides have been recorded and have been interpreted in
terms of possible structures of the dissolved intermetallics. The compound
Li,Te may exist in solution as LiTe~. This point will be investigated further
using Raman spectrometry.

A program of phase-diagram determinations for lithium halide -
containing systems has been carried out for the purpose of selecting the
most useful electrolytes for the various lithium-anode cells. Several
binary and ternary lithium halide systems have been determined for use
with lithium-anode bimetallic cells. Various ternary lithium halide systems
currently under investigation include LiF -LiCl-Lil, with a minimum melting
point of 614.2°K. Comparison of the minimum melting points obtainable with
lithium halide systems and the corresponding sodium halide systems show
that the lithium halide systems have lower melting points by about 200°K.
This is important in two ways: (a) The lower cell-operating temperatures
provide for higher Carnot-cycle efficiencies, and (b) lower cell temperatures
provide for lower solubilities of the electrode materials in the electrolyte.

Several binary and ternary lithium hydride -containing systems have
been investigated for use with the lithium-hydrogen cell. The most suitable
electrolyte for this cell was found to be the lithium hydride-lithium chloride -
lithium iodide eutectic (14.5 m/o LiH-27.5 m/o LiCl-58.0 m/o Lil) which
melts at 606.1°K, providing for a low cell operating temperature and maxi-
mizing the Carnot-cycle efficiency.

A thermodynamic analysis of the binary lithium hydride -lithium
halide systems has indicated the possibility of the presence of polyatomic
ions such as LiX; in the fused-salt mixture. The existence of such
species cannot be proved except by some relatively direct method of obser-
vation such as spectroscopy. The existence of polyatomic species will be
investigated further by spectroscopic techniques.

The hydrogen cathode of the lithium-hydrogen cell is the seat of the
rate-determining processes for this cell. Consequently, we have studied
both the kinetics of hydrogen permeation through thin metal foils (which
serve as hydrogen diffusion cathodes) and the kinetics of hydrogen reduction.
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rapid diffusion of hydrogen in the cell
d iron-molybdenum alloys showed lower

gnitude.

The most suitable material for the
environment was vanadium; iron an
permeation rates by about an order of ma

The rate of the cathodic reduction of hydrogen on pure iron in a fused

alkali halide electrolyte was studied using chronopotent‘iom.etric and volta-
metric techniques. The mechanism of hydrogen reduction involves a one-
electron rate-determining step, and the rate corresponds to ar‘l ez.(cha.nge

2 This exchange current density indicates that

current density of 1 mA/cm ] . 0
it is desirable to have an electrode of high surface roughness to provide for

an increased geometric current density at low overvoltages.

Complete lithium-hydrogen cells have been studied using 0.005-cm-
thick vanadium diaphragm cathodes. Current densities in the range of
100 mA/c:mZ have been obtained at cell voltages as high as 0.35 V, with
low concentrations (<2 m/o LiH) of LiH in the electrolyte. Higher perfor-
mances would probably be obtained with thinner vanadium diaphragms.

A number of bimetallic cells with lithium anodes have been investi-
gated. These have included the Li-Sn, Li-Te, Li-Bi, Li-Cd, Li-Pb, and
Li-Zn cells. All these systems showed current densities in excess of
300 mA /cm?. :

Further work on the lithium-tellurium cell has shown that current
densities in excess of 5 Amp/cmz can be obtained on both charge and dis-
charge. The corresponding power densities (~2.5 W/cmz) and charge
rates (less than 15 min for full charge) are higher than those for commer -
cially available secondary cells. This opens up the possibility for many
applications of lithium-tellurium secondary cells.

The lithium-tin system is currently under investigation as a ther-
mally regenerative galvanic cell. Because of the very low vapor pressure
of tin relative to that of lithium, an excellent separation of lithium from
tin can probably be accomplished in a simple, single-stage regenerator
with no reflux. Furthermore, the regenerator should operate above 1300°K,
while the cell should operate near 600°K, providing for an overall system
efficiency near 30%. This is not possible with any presently known sodium

system. Engineering studies of the lithium-tin thermally regenerative cell
have begun.

, ] The transformation of laboratory cells to more practical configura-
thnS. is greatly simplified when one or more of the liquid phases are im-
mobilized. Currently, advances are being made in the area of electrolyte

1mmobi.1iza?ic?n by addition of a high specific-area ceramic filler material
to form a rigid paste electrolyte.
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C. Materials Stability

To perform experiments and build cells in which liquid alloys and
fused salts are used at elevated temperatures, corrosion-resistant metals,
alloys, and ceramics must be available. Both static and dynamic materials-
stability studies have been performed by exposing various metals of con-
struction to liquid metals and alloys of the group tin, bismuth, lead, sodium,
lithium, and tellurium. These experiments led to the conclusion that for
cells operating below 600°C and using bismuth, lead, and alloys of these
with sodium, ferritic and austenitic stainless steels, low carbon steel, and
pure iron are all suitable. For higher temperatures, liquid bismuth, lead,
and alloys of these with sodium, and also liquid tin require the use of re-
fractory metals such as tungsten, molybdenum-tungsten alloys, etc. For
tellurium and lithium-tellurium alloys below 600°C, pure iron seems suit-
able based on preliminary tests.

The ceramic material which has been found to be most appropriate
for use with cells having sodium anodes is Al,0;. Cells with lithium anodes
cannot contain Al,0; because of a reaction between alumina and lithium.
Double -oxides containing lithium are being investigated as suitable ceramics
for use in lithium-anode cells. Other materials of interest include nitrides
and phosphides.

D. Conclusions

In addition to the specific conclusions at the end of each section of
this report, the following general conclusions can be reached:

1. Both the emf and the vapor-liquid e(iuilibrium techniques are
useful in determining thermodynamic properties of liquid alloys containing
alkali metals and metals of higher electronegativity. The emf technique is
more useful at the lower temperatures, where vapor pressures are below
a few Torr; the vapor-liquid equilibrium methods are more useful at higher
temperatures, where the solubility of the alloy (or its constituents) in the
electrolyte interferes with the emf method. In the intermediate-temperature
region, the two methods are in close agreement.

2. The use of the quasi-ideal solution theory in the treatment of
the thermodynamic data for the sodium-bismuth and sodium-lead systems
is consistent with the idea of compound formation in the liquid phase.
Further investigation is warranted.

3. Phase-diagram determinations by the thermal -analysis
method have pointed out several ternary alkali halide electrolyte systems
that are useful for thermally regenerative and secondary galvanic cells.
Lithium halide -containing systems have particularly low melting points.
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4. Spectroscopic studies and liquid -solid equilibrium stu.die's of
solutions of intermetallic compounds in fused alkali halides have indicated

that at least some intermetallic compounds dissolve as polyatomic species,

yielding highly colored solutions.

5. Studies of lithium-hydrogen cells indicate that their performance
is limited by the hydrogen cathode to values below 100 rnW/CmZ.. The rf-:la—
tively modest cell voltages and current densities (compared to bimetallic
cells) cause this cell to be of limited interest.

6. Studies have indicated that some bimetallic cells are capable
of very high power densities (3.5 W/cmz for lithium-tellurium and lithium-
selenium cells) and very high recharge rates (less than 15 min for full
charge). These characteristics open up the possibility of many applications
for bimetallic cells as energy storage devices.

7. Studies of thermally regenerative systems have shown that
sodium-anode systems can be regenerated continuously for extended periods
of time (in excess of 1000 hr) to prove the feasibility of continuous thermal
regeneration. Further work on systems of potentially higher efficiency,
such as lithium-tin, is warranted.

8. Materials-compatibility investigations have indicated that stain-
less steels and some other ferrous alloys are suitable for use with bimetallic
systems below 600°C. For higher temperatures (as in regenerators), refrac-
tory metals and their alloys are necessary. Ceramic materials, such as
alumina, and double metal oxides, such as LiAlO,, are presently the best
choices as insulators and fillers.




II. INTRODUCTION

One of the chief requirements of our rapidly developing technology
is a versatile array of electrical power sources, energy converters, and
energy storage devices. The most ubiquitous form of energy is probably
heat, while the most useful form is electricity. The efficient, economical
conversion of heat to electricity is the objective of much of the present
technological effort in energy conversion.

Some of the devices for the conversion of thermal energy to electri-
cal energy are indicated schematically in Fig. 1. The piston engine includes
various types of internal-combustion engines. These devices have the
advantages of being relatively inexpensive (less than $100/kW) and having
high power -to-weight ratios, in the range of 10 W/lb for the size range
1-10 kW."? Internal-combustion engines have the disadvantages of being
noisy, not being very reliable (1000-1500 hr of operation between major
overhauls),! and having only moderate thermal efficiency (10 to 13%).%2
Gas turbines are more reliable than piston engines and have a higher
power-to-weight ratio but are more expensive (up to $1000/kW) and less
efficient (8-10%).! Both of these devices contribute significantly to air

pollution.
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Fig. 1. Some Schemes for Converting Thermal Energy into Electricity

Of the direct energy-conversion devices, which in general are not
yet well developed, the thermionic converter has demonstrated the highest
efficiency (12-16%),>"* power densities of 4 to 5 W/cmz having been achieved
in small engineered converters (100-200 W total pcower).4 To obtain these
high efficiences, high cathode temperatures (1750°K) are necessary." A
typical value for power per unit volume for a thermionic converter system
with heat source would be about 1 kW/ft’. Thermoelectric converters

25
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operate at lower temperatures (1200°K and beIOV{), lowe.r effu::enceswhich
56 and 1 r power densities, and result in bulkier systems

L e | 6 Thermionic and thermo-

have a power per unit volume of about 100 W/cu e ' ; 4

electric devices have an advantage over internal-combustmnhengmesbe

gas turbines in that they have no moving parts. Therefore, t e()ir can e

made relatively silent and maintenance -free, and are long -lived, an advan-

tage for military and remote applications.

A disadvantage of thermionic and thermoelectric de'vices is Fheir very
high capital cost. In thermionic converters, the high cost 1s necessitated
partly by the close spacing of emitter and collector., and partly by the ex-
pensive materials and technology required by the high temperatur.es and heat
flux densities necessary for efficient operation. Because of the high mate-
rials costs for the thermoelectric couples, the thermoelectric devices are
expensive, and, because of their inefficiency, they require a large amount

of material for a given power output.

A system is needed that can (1) convert heat to electricity, at effi-
ciencies at least as high as those presently available with the above systems
(10-15%), (2) have a long life, (3) have no moving parts, and (4) have a
reasonable cost. These needs may eventually be fulfilled by thermally re-
generative galvanic cells. These cells have the potentiality of accepting
heat at any temperature over a wide range (1050-1600°K, depending on
materials stability), and rejecting heat over a similarly wide range (600 to
about 925°K). These cells thus constitute a family of devices having flexi-
bility with respect to operating conditions. The cells can operate at current
densities of 1 Amp/cmZ of electrode area,’ indicating that very compact
devices are feasible, probably in the range of 1-2 kW/ft3. The thermal
efficiency of a complete, engineered system should fall in the range of
9-30%, depending on operating conditions and heat conservation (see below).
Many of the thermally regenerative galvanic cells of interest use binary
metal systems. Two metals are reacted electrochemically to form an alloy
or an intermetallic compound, which can be decomposed thermally in a
regenerator; this results in a complete, closed system, which consumes
h.eat and produces electricity. The cell portion of the thermally regenera-
tive galvanic cell system can also be used as a high-current-density sec-
ondary cell. Such a cell can be used to advantage in applications that
demand both rapid charge and rapid discharge.

Both thermally regenerative galvanic cells and secondary bimetallic
cells have been studied at Argonne National Laboratory for several years.® %
Argonne's research and development work on these systems will be dis-
cussed in detail in this report.



III. GALVANIC CELLS--GENERAL CONSIDERATIONS

A. Thermally Regenerative Cells

A typical thermally regenerative galvanic-cell system is shown
schematically in Fig. 2. The system consists primarily of a galvanic cell
to produce electricity, a regenerator to thermally decompose the product
of the cell reaction into the original reactants, and a heat exchanger to
conserve heat. Energy from the heat source is used in the regenerator to
vaporize the relatively volatile anode metal A away from the liquid cathode
alloy at temperature T,. The vapor (pure A) passes over to the condensa-
tion zone, where it rejects its heat of vaporization at temperature T; and
returns to the galvanic cell (also at T,;). Concurrently, the cathode alloy,
depleted of metal A, returns to the cell after passing through a heat ex-
changer, where it is cooled to temperature T, by the cathode alloy leaving
the cell. In the cell, the following electrode reactions take place:

Anode: A—-AT +e- (1)

Cathode: AT +e- + C > AC (in C). 2)
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T

ANODE METAL [ —
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ELECTRICAL
POWER

CATHODE ——= e == carnooe
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e { i = T
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C(nc)u) A tEe) ()t S(g) — ActinC) 4)
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Fig.2. Schematic Diagram of a Thermally Regenerative Galvanic-cell System

The anode metal A is electrochemically oxidized to form the
ion A%, which migrates through the electrolyte to the cathode. At the
cathode, metal A is reduced to the zero-valent state and dissolved in
the cathode metal C, where it may form an intermetallic compound such
as AC. The electrons flow through an external electrical circuit, doing
work as they go. The driving force for the electrons is the tendency of
metal A to form an alloy and/or an intermetallic compound with metal C.
This tendency is measured by the Gibbs free-energy change for the reaction,
which is directly related to the electromotive force for the cell reaction:

AG = -NFE. (3)
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easonable concentration of AT ions so

The electrolyte should contain a r g : o
ke place rapidly with no diffusion limita -

that the electrode reactions can ta
tion due to a shortage of A' jons at the cathode surface.

1. Carnot-cycle Efficiency (Effg)

The maximum efficiency at which this closed-cycle system
and the other systems discussed above can operate is the Carnot-cycle

efficiency, given by

o T =Ty (4)
Eff =

This can be verified by considering the reversible cycle on a temperature-
entropy diagram, as shown in Fig. 3. The amount of heat supplied to the

system is the amount required for heating
from T; to T, the quantity of cathode alloy

VAPORIZATION OF A containing one gram-atom of A, plus the

HEATING amount of heat required to vaporize one
. Cator FS gram-atom of the volatile metal A away
2 ANPIEGHILID from the nonvolatile cathode metal C,
g
% “\conoznsmou OF A o L ol e - (5)

CELL REACTION in e AC™~pac Y
1

The amount of heat rejected by the prod-
ucts of decomposition on being cooled,
condensed, and reacted in the cell is

ENTROPY

308-514 T,
Fig. 3. Temperature-Entropy Diagram for a Qout = fl‘ (CPA+nCCPc)dT
Thermally Regenerative Galvanic- s (6)
cell System + AH -
SV T8

From the first law of thermodynamics, for any cyclic process, w = Q

That is, the amount of work availabl i
i o g e equals the net amount of heat supplied.

V.S Qin - Qout (7)

or

T,
w :f (nACc =G n~C
: dT + ’
T, Pag™ By 705 Pc) My Sy + TubSeey

2
Soex . (8)
ynamics, there is no entropy change for
y through a complete cycle. That is,

From the second law of thermod
the system on passing reversibl



29

A A o = E
YT }"{"TI T,/nacC -Cp -nCCp
as = - go €)ar
F T, T, T T
1
i Ascell =0; (9)

Solving Eq. 9 for AI:IVT and substituting this into Eq. 8 produces
1

T, T-T
= =it .L\ ( = 1)( ~ ~ )
= =R ) T AL = =
w M:IVTZ( T / T nACCP AG ép ncCp dT

iy
(10)

For the special case of (nACCPAC - CpA —ncCpC) = 0, Eq. 10 reduces to

e w LBy w
Eff = T e (11)
-~ TZ

which is the Carnot-cycle efficiency. Hesson and Shimotake?* have discussed
this case in more detail.

We have not yet shown that work w can indeed be obtained
from the galvanic cell. We have only shown that work w can be obtained
in some form from a system operating on the cycle of Fig. 3. For a simple
system in which metal A can be separated completely from metal C by
single -stage vaporization, and in which no specific interactions modifying
the specific heats take place, we can show that the electrical energy from
the galvanic cell, divided by the heat input to the regenerator, is equal to
the Carnot-cycle efficiency. This is done as follows: The electrical energy
from the cell, when operating reversibly, is

=t .
Energy out = NFE = -RT,; In —AinC (12)
2pure A

The activity of pure A is unity, and the activity of A in C at the cell
temperature is given by

E _ fa _ PaA
A in C fjss p?&

Since the regenerator and the cell are at equal pressures,

P’ = [ ,
Ag, A,
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and Eq. 12 becomes

PT,
NFE = -RT; In—, (13)
= 1 P,
where p is the partial pressure of metal A over the cathode alloy. The
heat input to the regenerator is given by AI:IVTZ, provided that
nACCpAC = CPA = nCCpc = 0.
We now have
electrical energy out _ ~ e PT) (14)
heat energy in AI:IVT ;
2

The Clapeyron equation gives the following useful relationship between the
pressure and AHy:

AH. = TAVd_p (15)

where AV = V(g) - V(y)- For systems at high temperature and low pres-
sure, as in regenerators, V(g) >> V(y), and V(g) = BT/p; therefore,

RT? dp

Bl == (16)

and, where AH, is constant,

PT T,R TR y (17)
1

Substituting Eq. 17 into Eq. 14 yields

AH, AH
electrical energy out = Tl( W T:)

heat energy in AHy, : (18)

Equation 18 reduces to

electrical energy out T, -

T,
heat energy in
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Where compounds such as AC form, then

T,
fr (nACCpAC-CpA-nCCpC)dT
1

is not zero, AI:IVT
2

does not reduce directly to the Carnot-cycle efficiency; however, it can
never exceed the Carnot-cycle efficiency.

, is not equal to AI:IVT , and the expression for efficiency
1

2. Current Efficiency (EffI)

In addition to the Carnot-cycle efficiency, which represents the
upper limit when all portions of the system operate reversibly, other effi-
ciencies must be taken into account. The current efficiency (EffI) represents
the fraction of the reactants consumed by the galvanic process, which results
in current I being delivered to the external circuit; that is,

I
Eff] =——— (20)

where dn/dG) is the rate of consumption of anode metal in moles/sec. Effy
will be less than unity if any side reactions or unintentional consumption
of reactants takes place. The unintentional consumption of reactants can
be classified as a self-discharge process. The transfer of either reactant
to the opposite electrode by means of dissolution in, and diffusion through,
the electrolyte is such a process. Another source of decreased current
efficiency is the electrochemical consumption of reactants caused by the
internal electrical short-circuiting effect of electronic conduction in the
electrolyte. This electronic conduction can be caused by anode or cathode
metal dissolved in the electrolyte. The larger the concentration of dissolved
metal, the higher the electronic conductivity. It is, therefore, desirable to
minimize the solubility of anode and cathode metals in the fused-salt
electrolytes. This is generally done by proper choice of systems and by
minimizing the operating temperature.

3. Voltage Efficiency (EffE)

The voltage efficiency (EffE) represents the fraction of the cell
voltage available to the external circuit for useful work.?*’%¢ The difference
between the emf E for the cell operating reversibly and the operating-cell
voltage E represents the sum of all voltage losses due to various irreversi-
bilities such as concentration overvoltage (slow mass transport), activation
overvoltage (slow electrode reactions), resistance overvoltage (ohmic
losses), and the overvoltage caused by the self-discharge processes men-
tioned above. The voltage efficiency is, therefore,
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E-n (21)

B
Effg =5 °

o]

where n is the total overvoltage.

4. Gibbs Free-energy Efficiency (EffG)

of course, EI, and

i 11 is,
The rate of energy conversion by the ce .

the Gibbs free-energy efficiency (EffG) is correspondingly

Effy. (22)
Effg = Effg - Efff.

The Gibbs free-energy efficiency is a measure of the cell efficiency, in '
terms of the fraction of the chemical energy converted into useful electrical

energy-

5. Overall Efficiency (Effg)

The overall efficiency (Effs) of the system (cell plus regenera-
tor) is given by

JEIdo (23)
Effs = ———
e Qin
and is always less than the Carnot-cycle efficiency. In the absence of unin-
tentional heat losses to the surroundings, the system thermal efficiency is

Effg = Efic - Effg * Effy, (24)

where Effy, is the heat-exchange efficiency, which is a measure of how well
the heat-exchange process is carried out between the cell and the regenera-
tor. Hesson and Shimotake?* have estimated Effg for several thermally
regenerative systems, some of which are summarized in Table I. For re-
generator temperatures of 1073-1323°K and cell temperatures of 698-859°K,

system efficiencies of 11 to 14% were estimated, based on Effs values of 0.5
to 0.6.

TABLE I. Efficiencies for Thermally Regenerative Bimetallic Cells?

System Li-Sn Na-Sn Na-Pb Na-Bi
Regeneration temperature, Tp, °K 1323 1073 1100 1310
Condenser temperature, Ty, °K 1005 785 79 859
Regeneration pressure, P, Torr 0.75 9:3 6.38 49
Carnot-cycle efficiency, Eff¢, % 22 2 2a 38
Gibbs free-energy efficiency, Effg, % 60 60 60 60
Heat-exchange efficiency, Effy, % » 75 5 75
Overall efficiency, Effg, % 1 12 12 12

aComputed for 20 m/o anode metal in cathode metal.



33

From an efficiency standpoint, it is desirable to have a high
regeneration temperature, e.g., 1500°K (which may be feasible with the
lithium-tin system), and a low cell temperature (623°K can be achieved
with ternary lithium halide electrolytes; see Section V.C). This situation
corresponds to a Carnot-cycle efficiency of 0.585. A value of 0.75 is rea-
sonable for the heat-exchange efficiency Eff}, including the small losses
in the regenerator. By minimizing the cell temperature, we can reduce
the self-discharge process to a low rate, so that a value of Effg of 0.7 can
be obtained at reasonable current densities. The overall system efficiency
for this case (Li/LiX/Li in Sn; T, = 1500°K, T, = 623°K) is 0.31. This
figure represents a goal that might be achieved, not the current status.

6. Cell and Regenerator Requirements

The selection of appropriate bimetallic systems for thermally
regenerative galvanic cells is difficult because of the many requirements
to be fulfilled. Some of these requirements for the cell are:

a. The anode metal should have a low electronegativity; i.e.,
it should give up electrons readily and, therefore, occupy a high position
in the electromotive series that obtains in fused-salt media.

b. The cathode metal should have a high electronegativity,
occupying a relatively low position in the electromotive series.

c. The anode and cathode metals should form intermetallic
compounds with reasonably large negative free energies of formation, so
that the cell voltage is high enough to tolerate a reasonable overvoltage
without serious efficiency losses. -

d. The anode and cathode metals must melt at temperatures
below the desired cell-operating temperature (500-850°K).

e. The anode and cathode metals and their intermetallic
compounds should have low solubilities in the electrolyte at the cell operat-
ing temperature.

f. The electrolyte should have a low melting point, a low vapor
pressure, and a high ionic conductance at the cell -operating temperature.

g. The electrolyte should contain a large concentration of the
anode metal cation, preferably only the anode metal cation.

h. Anode metal, cathode metal, and electrolyte should not
attack cell construction materials.
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Requirements for the regenerator are:

The anode metal should be much more volatile than the

a.
y separated.

cathode metal so that they be easil

b. The intermetallic compounds should be of only moderate
stability so that they can be decomposed at regeneration temperatures
(up to about 1500°K).

ure -composition phase diagram, the vapor-

c. On the temperat
librium line at the pres-

liquid loop should not intersect the solid-liquid equi
sure of regenerator operation.

d. The regenerator should operate at the maximum reasonable
vapor pressure of the anode metal in order to maximize the regeneration

rate.

e. The regenerator should not be corroded by the cathode
alloy at the regeneration temperature.

Bimetallic cells meriting further consideration are limited by
the cell requirements. The anode metals fulfilling cell requirements a and
d include the alkali metals Li, Na, K, Rb, and Cs. The cathode metals satis-
fying cell requirements b and d include such metals as Zn, Cd, Hg, Ga, In,
T1, Sn, Pb, P, Sb, Bi, Se, and Te.* The alkali metals show higher cell po-
tentials as the atomic weight decreases, lithium being most attractive from
both a voltage and a weight viewpoint. In addition, a nonmetal of particular
interest as a cathode reactant is hydrogen. With respect to cell require-
ment c, the free energies of formation of many of the intermetallic com-
pounds formed by the anode and cathode metals are not known. A method
of selecting systems of interest that does not require this knowledge is
therefore desirable. As pointed out by Foster’! and by Fischer,? indica-
tions of compound formation and stability can be obtained from the phase
diagrams."‘8 The higher the melting point of the intermetallic compound,
the more stable it is. The intermetallic compounds formed between the
alkali metals and the cathode metals mercury, gallium, and indium do not
have a large enough (negative) free energy of formation?’ to be of further
interest for most applications.

. Cell requirement e isbest satisfied by the lower-atomic-weight
alkali metals, the solubility of the alkali metals in their halide salts increas-
ing withatomic weight.?* 3% This requirement eliminates cesium, rubidium,

* The locations of these elements on the periodic chart are indicated by the white areas in Fig. 4. Generally
speaking, the electronegativity of the elements increases toward the upper right-hand portion of the chart,

but the el'ecr.rical conductivity decreases. Therefore a compromise region of interest results, as indicated
by the white area on the right-hand side of Fig. 4.
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are particularly attractive.
Cell requirement h can be
108-9004 Rev. 2 satisfied by stainless steels

Fig. 4. Periodic Chart Showing Locationof Anode and Cathode and other ferrous alloys )

Materials Suitable for Use in Galvanic Cells where metals are to be used.“
Alumina is adequate as an

insulator in sodium-anode cells, but some other material, probably a double
oxide, will be necessary for lithium-anode cells.

Considerations of regenerator requirements limit the number
of bimetallic systems worthy of further study. Both lithium and sodium
are volatile enough to be useful in thermally regenerative cells, although
lithium is limited to regenerator temperatures above 1250°K, while sodium
should be useful at temperatures as low as 1000°K. In the lithium-hydrogen
cell, with hydrogen as a cathode reactant, the compound LiH is easily de-
composed thermally, and the hydrogen and lithium are separated.’” The
requirement of very low volatility for the cathode metals eliminates Zn,
Cd, Hg, Se, and Te from further consideration.*® In the lithium-anode
systems, lead and bismuth were not included as*suitable cathode materials
because they have vapor pressures too close to that of lithium,?® making
the separation process more difficult. Since sodium has a much higher
vapor pressure than lithium, the regeneration process can be carried out
with the sodium-lead and sodium-bismuth systems. This leaves the
following bimetallic systems for more detailed study:

Sodium Anode Lithium Anode
Na-Bi Li-Sn
Na -Pb Li-H,
Na -Sn

The systems suitable for thermal regeneration that have been
investigated at Argonne are Na-Bi, Na-Pb, Li-Sn, and Li-H,. These sys-
tems will be discussed in detail in Sections IV and V of this report.

B. Secondary Cells--The Storage of Electricity

In addition to the conversion of thermal energy to electricity,
means for the storage of electrical energy are also important. Several
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devices are available for this purpose, but the one ca.pable of storing thfe
largest amount of energy-per -unit volume or weig.ht is the electrochemlf:al
cell. The so-called secondary cell* stores electrical energy by Convertl.ng
it to chemical energy, and then reconverts the chemical erTergy to .electrxcal
energy on demand. Several secondary cells are commercxal%y available for
this application, some of the most common being :che lea.d—a.c1d batto:ery
(Pb/HZSO4/PbOZ) used in automobiles and industrial vehicles, the nickel -
cadmium cell (Cd/KOH/Ni,O;) used in applicances and some pox:table
military devices, and the silver-zinc cell (Zn/KOH/AgZO) used in space-
craft and aircraft applications. Each of these systems has its advantages
and disadvantages. Some of the goals yet to be achieved for many secondary-

cell applications are:

a. Fast charge acceptance without deterioration of capacity or
current-voltage characteristics. Present cells require several hours for

charging.

b. High current-density discharge without damage to cells. Pres-
ent cells lose capacity when discharged rapidly on a repeated basis.

c. Higher energy-to-weight ratios. Lead-acid and nickel -cadmium
batteries average 10-20 W-hr/lb. Ratios above 50 W-hr/lb (or 397 W-sec/g)
are desired for many applications.

d. Longer cycle-life. More than 1000-2000 cycles, including fast
charge-fast discharge operation, are desired.

e. Longer shelf-life. Storage periods in excess of one year are
sometimes required.

To achieve high charge and discharge rates with good charge -
discharge efficiencies,

(fEId0) charge

Eff = - .
(fEId0) discharge

C-D

(25)

the electrode reactions must be reversible with low overvoltages at high
current densities and the internal resistance of the cell must be minimized.
Many fused-salt electrolytes have higher conductivities (lower resistances)
than either aqueous or nonaqueous (organic) electrolytes, including those
normally used in secondary cells. The loss of efficiency due to resistive
losses and overvoltage losses can be minimized by using the highest voltage
couple available. For example, a loss of 0.2 V is 40% of the cell voltage

for a cell having 0.5 V open-circuit voltage, but is only a 10% loss for a

*A : . :
secondary cell. is defined as an electrochemical cell that can be recharged electrochemically, reversing
the electrochemical reaction that takes place on discharge.



cell having 2 V open-circuit voltage. In addition, high-voltage cells have
the advantage that fewer cells are required for series connection in higher-
voltage applications.

Significantly higher energy-to-weight ratios are impossible for many
secondary cells (e.g., lead-acid and nickel-cadmium) since the mass of the
anode and cathode materials is the major contribution to the total cell
weight. By using high-voltage couples and elements of low equivalent
weight, we can obtain a significant increase in the energy-to-weight ratio,
as will be illustrated by the lithium-tellurium cell described in Section V.

Longer cell cycle-life is difficult to achieve in ordinary secondary
cells because of the difficulty in redepositing the anode material in the
desired physical form (no dendrites or uneven deposition) during the charg-
ing process. Liquid-metal electrodes do not suffer from this problem.
Very long shelf-life is possible with fused-salt bimetallic cells because
they are stored with all components in the solid form. The cell is inert
until heated to operating temperature.

The selection of bimetallic systems for use in secondary cells im-
poses somewhat different requirements from those for thermally regenera-
tive systems. Of course, none of the thermal regeneration requirements
need be met. This means that much stronger interactions between anode
and cathode metals can be allowed, with the formation of more stable inter-
metallic compounds and the yielding of higher cell voltages. In addition, no
relative volatility restrictions are necessary. For secondary cells with
high energy-to-weight ratios, the systems worthy of detailed investigation
are primarily those with lithium and sodium anodes, because lithium and
sodium are higher in the electromotive series than the other alkali metals
and have the lowest equivalent weights. Some of the systems suitable for
use as secondary cells that have been investigated at Argonne are: Na-Bi,
Li-Bi, Lii-Sn, Li-Te, Li-Se, Li-Cd, Li-Zn, and Li-Pb. The lithium systems
have been favored for secondary cells because of the higher cell voltages,
lower operating temperatures (615-725°K for lithium cells versus 810-900°K
for sodium cells), and generally lower solubilities of lithium and lithium
intermetallic compounds in the electrolyte.

The following sections will discuss in more detail the research and
engineering work on galvanic cells with fused-salt electrolytes performed
at Argonne.
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IV. CELLS WITH SODIUM ANODES

The research and engineering work on galvanic cells with fu.sed-
salt electrolytes can be divided into two parts. The first part (Section IV)
describes the work applicable to cells having sodium anodes; the second
part (Section V) does the same for cells having 1ithium.anodes. 'The work
described in this section emphasizes the thermodynamic properties of
binary alloys containing sodium at cell and regenerator ten:.lperatures.
Also reported are phase relationships for some sodium halide electrolytes,
some of the physicochemical properties of sodium-containing alloys and
electrolytes, and studies of cells, regenerators, and systems.

A. Thermodynamics of Sodium-containing Systems

To predict the ideal behavior of a galvanic cell, the values of the
thermodynamic functions for the cell reaction must be known. For a bi-
metallic cell with an alkali-metal anode, the chemical potential of the
alkali metal in the binary cathode ailoy may be used to calculate the open-
circuit potential of the cell if the cell is a concentration cell without
transference.’’ In addition, the chemical potential of the alkali metal in
the cathode alloy is useful in calculating the partial pressure of the alkali
metal over the alloy for various proposed regeneration conditions.

Two general techniques have been used to elucidate the thermo-
dynamic properties of binary alloys containing alkali metals. The first is
the emf technique, in which the open-circuit potential of a reversible cell
is measured as a function of temperature and (cathode) alloy composition.
The second is the vapor-pressure technique, in which one measures the
pressure and composition of the vapor in equilibrium with a liquid alloy
as a function of temperature and alloy composition. In most cases, the emf
technique appears to be the better at low temperatures, where the vapor
pressure of the alloy is low. At high temperatures, however, operation of
a cell can prove difficult for several reasons, and the vapor-pressure
method is better.

1. Thermodynamic Measurements by the Emf Method

The reversible open-circuit potential of a cell is directly related
to the thermodynamic properties of interest. Therefore, in using the emf
technique, one usually chooses to operate cells that by design are not capable
of producing significant currents. For example, several workers in the past
have operated cells with sodium anodes in which the electrolyte consisted of
a glass containing sodium ions.%%’4! Similarly, electrolytes of solid NaCl
have been used in this laboratory.* Electrolytic conduction in solid, single-

crys.tal NaCl is known to take place exclusively by the migration of the sodi-
um ion at 673°K, the migration of th

: e chloride ion becoming more important
at higher temperatures.® ; ;
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Since the alkali metals and their alloys react rapidly with water
vapor and oxygen, all the cells were operated in a helium atmosphere, using
furnace wells attached to an inert atmosphere working enclosure containing
high-purity helium.* The helium was continuously recirculated through a
purification system as shown in Fig. 5. Details of this system are given in
Appendix A. The most important unit in the system is the activated carbon
bed held at the boiling point of liquid nitrogen. As a result of the efficacy of
the purification system, the atmosphere of the working enclosure routinely
contained as impurities less than 1.5 ppm water vapor and less than 5 ppm

each of oxygen and nitrogen.“’“’
Blower
Catalyst
h Bed
lelium At (] .
Working Nitrogen
= Enclosures Vent and Heater
Vacuum
Molecular
Sieve Bed
Dewar /
Containing Heat Exchanger
Liquid Nitrogen / Coils
Activated
Carbon Bed

308-229
Fig. 5. Schematic Diagram of the Helium-purification System

The apparatus used in these experiments is shown in Fig. 6. The
solid NaCl electrolyte was obtained in the form of cups, machined from
single-crystal NaCl, with 3.2-mm-thick walls and bottoms. The sodium
anode was inside the cup electrolyte, which was in turn suspended in liquid
sodium-bismuth alloy to a depth approximately equal to the height of the
sodium anode (2-3 cm). Tantalum rods were used as the electrode contacts.
The cell potentials were measured with a potentiometric electrometer having
an input impedance of 10'® ohms and capable of 0.01% accuracy. Forward
and reverse current-voltage curves were measured by passing small cur-
rents through the cell. The current-voltage relationships so obtained were

% Unless otherwise specified, all experimental work discussed in this report was performed under a pure helium
atmosphere.
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ehavior of reversible electrodes. 4 Typical
current-voltage curves for cell temperatures of 810 and 10531]:? are Z:Zﬁ?e
in Fig. 7. The linearity of these curves sug‘gest‘s that the ce 1552;51\(/ - ]
but does not prove the existence of equilibrium in tl;e cell, ’At. i he
internal cell resistance was approximately 2.2 x 10 o.hms, 1nd1cat1ng that
an electrometer or similar high-input-impedance device for.measurmg the
cell potential was required. At 1051°K, the internal cell resistance dropped

to about 31 ohms, as indicated in Fig. 7.
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Fig.6. Schematic Diagram of aSodium-BismuthCell ~ Fig. 7. Current-Voltage Characteristics for the Cell
with a Solid Sodium Chloride Electrolyte Na(2)/NaCl(s)/40 a/o Na in Bi(£)

To compensate for an apparent "mixed" ionic and electronic
conductivity in the electrolyte, we added a small correction to the observed
cell potential-temperature-composition data. The electronic conductivity
was probably caused by sodium dissolved in the solid NaCl electrolyte
which was in contact with the liquid-metal anode. The dissolved sodium
atoms may have dissociated into ions (which may be located in cation va-
cancies in the crystal lattice) and electrons, at least some of which are
located in F-centers (or anion vacancies). The electronic. conductivity
could arise from the thermal excitation of electrons from F-centers into
conduction bands.

The error caused by mixed conduction in the electrolyte was
not known for the sodium-bismuth cell, but an estimate of the value of the

correction term was made by comparing the measured voltage of the ex-
perimental cell,

Na(2)/NaCl(s)/40 a/o Na in Pb(2), (26)

as a function of temperature, both with emf data from the literature and
with emf data calculated from vapor-pressure measurements at 973°K.
Values of the emf for this cell were reported by Hauffe and Vierk® and by
Lantratov,*! who used solid-glass electrolytes containing sodium oxide.



Their results agree with those reported
by Porter and Feinleib,46 who used an
electrolyte of alumina impregnated with
sodium carbonate. The vapor pressure
of sodium over a 40 a/o sodium in lead
alloy at 973°K was measured by Fischer;??
from this result, the cell emf was calcu-
lated to be about 8 mV higher than that
reported by Porter and Feinleib. The
correction term for cell potentials using
solid NaCl as the electrolyte ranged from
4 mV at 673°K to 36 mV at 973°K.** The
corrected cell potential-temperature-
composition data for the sodium-bismuth
cells are shown in Fig. 8. These data are
for the cell represented by
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308-270 Rev. 1 for which the reaction is

Fig. 8. Corrected Potentials for the Cell
Na(2)/NaCl(s)/Na in Bismuth, as a Na(%) -Na (in Na-Bialloy). (28)
Function of Temperature and

Composition Figure 8 shows that when cells

with cathode alloys containing 30 and
40 a/o sodium in bismuth are cooled below 610 and 690°K, respectively,
solid NaBi precipitates from the liquid alloys; this is evident by the change
in slope of the emf-versus-temperature curves and is predicted from the
phase diagram given by Hansen and Anderko (p.'322).2° Less clearly seen
in Fig. 8 is the precipitation of solid Na3Bi from a 60 a/o sodium in bismuth
alloy at about 945°K, which again is the temperature predicted from the
phase diagram of Hansen and Anderko. The curves through the data points
are those calculated from a single equation relating the cell potential to
temperature and cathode alloy composition. Although a better fit might be
obtained by considering the data for each curve separately, the accuracy of
the data did not seem to warrant such a treatment.

Experiments are currently being conducted in which a different
approach is used to directly measure the thermodynamic open-circuit emf
of bimetallic cells containing sodium by rendering electronic conduction in
the electrolyte negligible. These cells use a molten electrolyte, a cathode
alloy containing sodium, and a small anode of sodium. The sodium is
electrochemically deposited on a bare metal wire to form the anode by
passing a current pulse of short duration (typical values: 1 Amp for 10 msec)
between the bare wire and a counterelectrode. The potential of the anode is
then measured immediately on interruption of the current pulse--before any
appreciable amount of sodium dissolves in the electrolyte. This technique
is feasible because of the extremely rapid establishment of equilibrium at
tha eadinm anode.
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2. Thermodynamic Measurements by the Liquid-Vapor Equilibrium

Method

Thermodynamic property measurements in the regen.era}tion-
temperature region (1000-1400°K ) have been primarily tl.’xose of llquu?--va;?or
equilibria. This situation results from the fact that 1iqu1d-w{apor equ.111br1a
are involved perforce in thermal regeneration of a bimetallic galvanic cell,
and emf measurements (the alternative experimental approach) encounter
practical difficulties at the higher temperatures, such as increased solu-
bility of the alkali metals in the electrolyte. Two complementary kinds of
measurements have been made: (1) total vapor-pressure measurements,
as a function of alloy composition and temperature; and (2) vapor-composition
and vapor-density measurements, as a function of liquid-phase compo-
sition at a selected temperature (a temperature anticipated as a possible
one for regeneration). For the total vapor-pressure measurements on the
sodium-bismuth and sodium-lead systems, main reliance was placed on the
quasi-static method, although part of the work on the sodium-bismuth
system was also done by the boiling-point method. The transpiration tech-
nique was used to obtain the vapor-composition and vapor-density data.

The transpiration technique is in common use; however, the quasi-static
method is relatively unknown. The various techniques are discussed in
detail in Appendix C and summarily in the following paragraphs.

a. Total Vapor-pressure Measurements. Vapor-pressure
measuring techniques generally fall into one of two categories, dynamic
and static. The dynamic method is the measurement of the boiling point
of the material of interest under a known, constant pressure. The static
method involves measuring the pressure exerted by the vapor in a region
that has come to equilibrium with the sample and is saturated with vapor.
Usually the static method involves a closed system.

A quasi-static method of measuring vapor pressures was
introduced by Rodebush and his students about 40 years ago. They used
this method to measure alkali-metal vapor pressures and obtained data
that are still considered to be of good accuracy. The quasi-static method
%nvolves establishing a succession of closed systems and examining them
in respect to the dynamic behavior of the contained gas and vapor. Essen-
tially, this dynamic behavior provides a means for judging the end point of
a series of reductions of the external pressure aimed at matching the vapor
pressure. The boiling-point method can be difficult to apply to liquid-metal
systems because of superheating problems. On the other hand, a true
static method is subject to error from the degassing of the samples, and
metals are notorious degassers. Also, a true static method requires the
use of a pressure transducer, and none is available that functions at high
Femperature and is resistant to attack by the binary liquid-metal systems
involved in the program. The quasi-static method avoids these problems.



In the early part of the program, the boiling-point method
was used in conjunction with the quasi-static method. This was done partly to
have a usable technique while the quasi-static method was being developed,
and partly to have an independent measurement with which to compare re-
sults from the quasi-static method.

A special form of the boiling-point method using an ebulliom-
eter based on the Cottrell pump was tried. The method worked well for pure
sodium, but was erratic when used for sodium-bismuth mixtures. It was
abandoned.

b. Vapor Density and Composition by the Transpiration Method.
The transpiration experiment basically consists of allowing inert carrier gas,
of known volume, to become saturated with vapor while streaming over the
sample. A determination of the amount of vapor picked up by the carrier gas,
together with the measurement of the volume of carrier gas, provides the
basic data of the experiment. From this information and the assumption of
ideal gas behavior, the vapor density and the vapor pressure canbe calculated.
If the vapor contains several components, analysis of the transported vapor
for the individual components provides data for calculating the partial pres-
sures of the components. In the calculation of pressures, some knowledge of
the molecular constitution of the vapor is necessary; i.e., one needs to know
if there are compound species or polyatomic component species in the vapor.

c. Results for the Sodium-Bismuth System from Liquid-Vapor
Measurements. Part of the thermodynamic analysis of the liquid-vapor
equilibrium data for the sodium-bismuth system hinges on a knowledge of
the vapor pressure and the Bi-Bi, equilibrium over pure bismuth. The
literature on this subject revealed some discordances, which made it
desirable to check the total vapor pressure of bismuth and the partial pres-
sures of the Bi and Bi, species.*® This information was needed for the
thermodynamic study and was limited to 1173°K, the projected regeneration
temperature. The results from the total vapor-pressure studies for pure
bismuth are included in Table II, along with the results for the sodium-
bismuth system. The A and B entries on this table are the coefficients

TABLE II. Total Vapor Pressure for the Sodium-Bismuth System

Vapor pressures expressed as log P (Torr) = -%* B

iquid Composition, Root-mean-square
- alo Sod?tm A B Error in Log P Technique Used®
100 53423 £ 18.3 7.5087 + 0.019%4 0.0070 Qs
90 5118.6 + 24.3 7.2478 + 0.0247 0.0067 Qs
80 upperd 4793.0 + 35.8 6.8599 + 0.0316 0.0036 BP
8 lower? 38329 + 64.8 5.9612 + 0.0622 0.0024 BP
71.5 upper? 46124 + 333 6.5931 + 0.0293 0.0027 BP
71.5 lowerd 3888.1 + 58.6 6.0172 + 0.0564 0.0016 BP
75 upper? 7634.1 £ 110.4 8.591 + 0.0938 0.0108 BP
75 lowerd 9582.9 + 287.3 10.3285 + 0.2626 0.0087 BP
60 7978.6 + 132.4 8.1382 £ 0.1114 0.0105 Qs
50 8197.2 £ 70.9 8,0041 + 0.0586 0.0043 Qs
40 8852.9 + 182.2 8.2046 + 0.1491 0.0080 Qs
32 83915 + 268.9 7.5935 + 0.2213 0.0252 Qs
0.00% 9150.3 + 440.2 7.6326 + 0.3592 0.0219 Qs and BP

a"Upper* and *lower" refer to the parts of the curve above and below the breaks, (especlive_ly, in Fig. 9. For the 7?.5 alo
sodium case, the points on the linear part of the curve below the break were used to obtain the log P equation given
here. The “lower” listings are for three-phase equilibria.

BNS means auasi-static method; BP means boiling-point method,
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i i that define the lines in the plot
S ]  of log P (Torr) = -A/T + B,

. ] shown in Fig. 9. The coeffi-

cients were obtained by the

least-squares method.

The changes in slope
(breaks) occurring in some of
the lines in Fig. 9 are signifi-
cant. The temperature at which
a break occurs is the tempera-
- ture at which contact is made
between the points correspond-
ing to (1) the initial system
1 composition on the liquidus of
the liquid-vapor loop and (2) the

same composition on the liquid-
78 slz sls 910 9[4 9Is no[z IOIG ||I.o 4 solid solubility curve. The
RECIPROCAL ABSOLUTE TEMPERATURE, 1091 lOCuS of the breaks traces the
308-28 Rev. 1 latter curve. The measurements
reported here show that the
phase diagram of Hansen and

- 0.75 BP

TOTAL VAPOR PRESSURE, Torr

0.60 Qs
050 Q@S

0332 Qs

Fig. 9. Total Vapor Pressures in the Sodium-Bismuth
System. Curves are labelled with atom fraction ot
sodium and with technique used: QS for quasi- Anderko®’ contains an error.

static method, and BP for boiling -point method. This diagram, based on work
done in the early decades of

this century, shows the melting point of Na;Bi to be 1048°K. The break in
the 0.75 atom fraction sodium curve in Fig. 9 indicates that the melting
point is 1115°K. A thermal analysis on this system showed a break at
1113°K, which is in excellent agreement with the conclusion based on the
total vapor-pressure results. Oxide contamination is a likely cause for a
false low melting point in the early work. Similar difficulties may have
prevented Egan and Bracker from observing the required breaks in the
vapor-pressure curves they reported.*’

Before transpiration data are reported, some discussion
is needed of the calculation of partial pressures from the raw data.
Essentially, the transpiration technique is a gas density measurement. To
calculate pressures from density data, the molecular constitution of the
vapor must be known. For the sodium-containing systems under considera-
tion here, it is known that sodium vapor contains the two species, Na and
Naz, in equilibrium with each other. Bismuth vapor also contains two
species, Bi and Bi,. The value of the equilibrium constant, K, is known
from the literature for the reaction

dimer (g) < 2 monomer (g). . (29)



If no compounds of the two components exist in the vapor phase, the four
partial pressures, PNa’ pNaZ’ Pgj and Bpg,» Gan be calculated. (For the

sodium-lead system, discussed below, only Ppp is involved, in addition to
PNa and PNa .) The necessary equation is
2

Kp KpRT
2 m 2
+— - ——— =0, 30

where p . is the partial pressure of the monatomic species in atmospheres,
p is the gas density in units of grams of the component in question per liter,
and M is the atomic weight of the monatomic species. By somewhat more
complicated mathematics, which interrelates the transpiration experiment
and a total pressure measurement, we can also calculate the partial pres-
sure of a fifth species, a compound of the two components. For this added
species, though, evidence is required that it is the only significant extra
species present in the vapor. Then, too, the compound species must be
present in an appreciable concentration if its partial pressure is to be
calculated with reasonable accuracy. An example of the fifth-species prob-
lem occurs in Beusman's study5° of the KCl-FeCl, system by transpiration
and total-pressure methods; KFeCl; was the fifth vapor species. In the
sodium-bismuth and sodium-lead work reported here, compound species
were assumed to be absent. Limited justification for this assumption was
obtained from mass-spectrometric studies on the sodium-bismuth system;
up to 920°K, no compound vapor species could be detected.”® For the
sodium-lead system, the assumption was based on analogy.

By the above method, partial pressures of Na, Na,, Bi,
and Bi, were calculated from the transpiration data for the temperature
1173°K. The results are presented in Table III. The table, shows that
for all liquid phases containing 60 a/o or more sodium, the vapor is pure
sodium for all practical purposes. This fact permits the total vapor-
pressure measurements on sodium-rich liquids to be regarded as measur-
ing only sodium vapor pressure. Figure 10, a plot of log pressure versus
log composition, and Fig. 11, a pressure-composition diagram, were
constructed by taking advantage of this situation. The lack of bismuth in
the vapor over sodium-rich liquids also was exploited in the thermodynamic
analysis which is discussed below.

TABLE III. Transpiration Results for the
Sodium- Bismuth System at 1173°K

4 Total

a/o Sodium Partial Pressures, Torr Preicire,
Liquid Vapor PNa PNa, PBi PBi, Torr
60 99.7 19.4 0.11 0.042 0.0084 19.5
40 94.9 4.72 0.0065 0.12 0.06 4.90
33.2 86.7 2.40 0.0017 0.15 0.11 2.66
20 58.3 0.81 0.00019 0.20 0.19 1.20

10 ~16 ~0.16 nil 0.25 0.30 0.71
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Figure 12 compares the data from the emf measurements
with those from vapor-pressure measurements in the composition range
where the measurements overlap (10 to 50 a/o sodium). The activities
from the vapor-pressure measurements have been converted to emfs in
order to plot the two series of data on a common basis. The solid line
represents the vapor pressure data across the whole composition range
for 1173°K; the various broken lines represent the emf data at 700, 950,
and 1050°K. The figure shows that the cell emf is not sensitive to tempera-
ture. Emf data were not collected for cells with cathodes richer in sodium
than the compositions corresponding to the right-side ends of the broken
lines. For sodium-richer cathodes, the cathode system would have been
inside a region of the phase diagram in which solid Na;Bi is present. The
broken lines, then, reflect the maximum sodium content of the cathode in
cells operating at the respective temperatures of the lines.

d. Results for the Sodium- Lead System from Liquid-Vapor
Measurements. Eight liquids covering the composition range from 15.2 to
90 a/o sodium in lead were studied by the quasi-static method. The
coefficients in the total vapor-pressure equation,
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-2+ 3

log P (Torr), = =

(31)

for these eight compositions are presented in Table IV. These coefficients
were obtained from a least-squares fit of the log P equation to the data.
Root-mean-square errors are given for log P. The equations were solved
for T = 1126°K, a projected regeneration temperature; the pressures
calculated for this temperature are listed as P1126°K’ The measurements
were not carried to temperatures and pressures low enough to result in
overlap of the liquid-vapor loop in the phase diagram with compound-
containing regions. For this reason, no changes in slope are expected in
the total-pressure curves in the log P versus l/T plots.
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Fig. 12. Calculated Emfs for the Cell Na(2)/Na+* Electrolyte/Na in Bi(g), as
a Function of Cathode Alloy Composition for Four Temperatures

TABLE IV. Total Vapor Pressures for the Sodium-Lead System as Measured by Quasi-static Method

lqu-—%*B

Total Vapor Pressure,

Liquid Composition,

Root-mean-square

Temperature Range of

Torr,

alo Sodium A B Error in Log P Measurements, °K Py126°K
15.17 6541.24 6.38436 0.01133 1181-1271 3.76 £ 0.09
30.09 6621.37 7.10098 0.00875 1066-1104 16.6 0.4
39.94 6656.69 7.46188 0.01078 948-1122 355 +0.9
49.92 6348.62 7.60320 0.00378 962-1140 922 +08
60.28 5981.29 7.50208 0.00424 1015-1146 1549 £15
69.97 5744.21 7.50703 0.00582 838-1147 2544 £33
9.9 5423.23 7.38649 0.00174 1063-1144 3716 +14
89.98 5310.81 7.42567 0.00693 753-1103 511.8 +80
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Table V presents the results from the transpirétion experi-
ments. The total pressure calculated from transpiration expe.nn'.)ents can
be compared with the directly measured total preEREe for a liquid phase
containing 30 a/o sodium. The transpiration result is 16.6 £ 0.6 Torr, an‘d
the pressure calculated from Table IV is 16.6 £ 0.4 'lj‘orr; the agre'ement is
excellent. Table V indicates that the vapor is essentially pure ‘sod1um over
liquid phases that contain more than 30 a/o sodium.h Th1s. fact is ref%ected
in the diagram of log pressure versus log composition -(Flg. 13.) and in the
diagram of pressure versus composition (Fig. 14) and is used in subsequent
calculations of sodium activity from total-pressure measurements.

TABLE V. Transpiration Results for the Sodium-Lead System at 1126°K

: Total
a/o Sodium Partial Pressures, Torr Pregsmit)
Liquid Vapor PNa pNaz Ppp Tore
30.0 99.6 16.4 011 0.0788 16.6 £ 0.6
20.0 98.5 6.76 0.018 0.104 6.88 £ 0.21
10.0 95.0 2.24 0.002 0.119 2.35 = 10,15
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3. Thermodynamic Analysis of the Results for the Sodium-Bismuth
System

a. Thermodynamic Properties from the Emf Data. From the
corrected cell potential-temperature-composition data shown in Fig. 8, the
corresponding excess-chemical potentials of sodium were calculated for

liquid sodium-bismuth alloys, using the expression

AuE =

o = ~FE-RTInX

Na’ (32)

with the standard state of sodium defined as the liquid metal in the cell

environment. These data may be considered as describing a surface in

Apl%a-T-XNa space. With this in mind, the data were treated by a least-

squares technique to find an analytical expression for this surface. The
best fit was obtained by assuming a quadratic dependence of excess chemi-
cal potential on both temperature

TABLE VI. Cj and composition, namely,

j Coefficients Derived for Eq. 33

i= 1 i=2 i=3
E 2 2 Sold-1
i =1 -7.4541 x 10° -1.4928 x 10*  6.2273 x 10> %y, = > 2 CyT) ™ XN, - 33
j L
j =2 -Ly74z x 10t 2.5513 x 10! 3.7930 x 10! L

[
W

3 1.1341 x 1072 -9.4021 x 10-* -4.3586 x 10-?

The coefficients found are shown
in Table VI. Other thermody-
namic quantities for sodium-bismuth alloys may be calculated from the
equation for the excess chemical potential of sodium, using standard thermo-
dynamic relationships. The calculated activity
coefficient, y, of sodium inliquid sodium-bismuthy
alloys at 700 and 950°K are shown in Fig. 15 as
a function of composition.

! T T T T T

T=950°K

Using Eq. 33 and the relationship

LOGip YNa
o
T
1

RT E

1
X l K -?AuNa, (34)

o]

T=700°K

we can calculate the emf-T-Xy, surface for
cells in which the cathode is a liquid alloy. If
E applies to a cell in which the cathode alloy is
saturated with a solid intermetallic compound at

| 1 | |
o ol ©02 03 04
ATOM FRACTION Na IN Bi

05 06

a particular temperature, then Eq. 34 enables us
to calculate the composition of the liquid phase
in the cathode. For example, from Fig. 8, a cell
operating at 650°K, with a cathode alloy saturated
with solid NaBi, will have an open-circuit emf of

308-525

Fig. 15
Activity Coefficients of Sodiumin
Sodium-BismuthAlloys Calculated
from Cell-potential Measurements
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osition of the liquid present is 0.36 atom
fraction sodium. Figure 16 compares points calculi’ted in t:1sdr:ar;1el;e
with the phase diagram of Kurnakow and Kusnetzow Pubhs el.d);\I ;' x;
and Anderko.?? The standard free energi.es of formation of.so.:i 3. i an
Na;Bi were calculated under the assumption th.at the pure liqui soT;.lum
and bismuth in the cell environment are in their standard .stat(?s. e

6 and the saturated cell emfs in Fig. 8, along
s chemical potentials of sodium and bismuth;,

0.5837 V. From Eq. 34, the comp

compositions given in Fig. 1
i ions for the exces
zletreej::;?: these calculations. The results are shown in Fig.. 17. Be-
cause the results from the emf studies include only bismuth-rich alloys
and do not extend over the entire composition range for any temperature,
no attempt was made to use the quasi-ideal approach (s?e ;?p. 52-'."?7 I?eIOW)
to interpret the results in light of species that might exist in the liquid
alloys. Instead, the thermodynamic approach given above was used.
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Fig. 16. Comparison of Saturation Concen- Fig. 17. Standard Free Energy of Formation of
trations Obtained from Emf Data NaBi(s) and NagBi(s) as a Function
with the Published Phase Diagram29 of Temperature from Cell-potential
for the Sodium-Bismuth System Measurements

b. Thermodynamic Properties of Pure Bismuth. We have
already discussed the need to re-examine the vapor pressure and vapor
composition over pure bismuth and the methods used for the examination.
From the total pressure and transpiration results for pure bismuth, it was
possible to evaluate the reliability of literature values for the total pres-
sure and partial pressures of monatomic and diatomic species, and to
make an additional contribution to an understanding of the matter.*® The
average molecular weight of bismuth vapor was found to be 328 £ 19 at
1173°K, where the total pressure was 0.68 *+ 0.04 Torr. Literature values
ranged from 0.74 to 1.03 Torr. The vapor was calculated to be 57 m/o Bi
and 43 m/o Bi,. By comparing the present results with the data in
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Hultgren et a_l.,SZ a widely used tabulation of thermodynamic properties, we
concluded that the total vapor pressure of bismuth derived from Hultgren
et al. is higher thanthetrue value by a factor of about 1.5, but that the pro-
portions of Bi and Bi, in the vapor are accurate in the temperature range
of interest.

Using the values for the free energy function, (GO‘HE%)/T
in Stull and Sinke®® and taking our calculated values of pr. = 0.29 and
Pp;. ~ 0.39 Torr, we obtained the standard enthalpy of dissociation for

2

the reaction,
Bi,(g) = 2Bi(g) AH3gg = 47.8 * 1.3 kcal. (35)
Similarly, we obtained the standard enthalpies of vaporization,

Bi(s) = Bi(g) AHS = 50.3 £ 0.4 kcal; (36)
298

2Bi(s) = Bis(g) AHY, = 52.8 £ 0.4 keal. (37)

c. Bismuth Activities from Sodium-Bismuth Vapor-pressure
Data. A graphical Gibbs-Duhem integration was performed, based on so-
dium activity coefficients, in order to obtain activity coefficients for bismuth
across the entire composition range at 1173°K. The prerequisite activities
and activity coefficients for sodium were calculated from the total pressure
data for the 50 and 75-90 a/o sodium systems and from the transpiration
data for the bismuth-richer liquid compositions. For the calculations from
total pressure, the vapor was considered to be essentially sodium. The
standard state was taken to be pure liquid sodium at 1173°K and 1 atm.
The effect of pressure on the chemical potential of the condensed phase 1is
small and was neglected. Calculation of the partial pressure of the mon-
atomic species, ppy,s involves the equilibrium constant for the dissociation
of the diatomic species already defined above. Sittig®* lists, for pure so-
dium, = 0.9631 atm (732 Torr) and p‘l’\la2 = 0.2016 atm (153, Torr) as

o
PNa
the monatomic and diatomic species partial pressures at 1173°K. The
equilibrium constant, K, is 4.601 atm. Then the activity of sodium is
an, = pNa/P(I)\Ia' and the activity coefficient y, = aNa/XNa’ where. XNa is
the atom fraction of sodium in the melt. Table VII presents the activities
and activity coefficients for the sodium-bismuth system.

d. Activity Coefficients from Emf and Vapor-pressure Data.
Figure 18 is a plot of activity coefficients as a function of liquid-phase
composition for a series of temperatures. These curves are based on both
emf and vapor-pressure data. Only the curves from the vapor-pressure
data extend across the entire composition range. Only these curves
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i-1 lution treatment dis-
for 1173°K) are calculated from the quasi 1de.a1 so
E:ussed belo)w; actual experimental points are indicated. The emf da.ta were
collected at a temperature that was low enough to be below the melting
point of Na;Bi, so that some compositions would fall within the solid Na;Bi-

liquid region of the phase diagram.

TABLE VII. Activities and Activity Coefficients for the
Liquid Sodium-Bismuth System at 1173°K

Bismuth
Sodium Bismuth Activity Calculated Bismuth
Type of Activity, Sodium Activity Activity, Coefficient, Activity Coefficient,
Experiment2 a/o Sodium aNa Coefficient, YNa apj YBi YBi (G-D)
T 10.0 0.000223 0.00223 0.862 0.956 0.988
T 20.0 0.00111 0.00547 0.683 0.854 0.929
i 33.2 0.00328 0.00976 0.511 0.768 0.737
4 40.0 0.00644 0.0159 0.409 0.683 0.622
P 50.0 0.0141 0.0282 0.366
1 60.0 0.0265 0.0437 0.146 0.366 0.196
P 75.0 0.158 0.211 0.00403
2 g i) 0.548 0.708 9.97 x 107°
1 80.0 0.697 0.873 4.23 x 10°°
P 90.0 0.863 0.959 2.33 51052

AT refers to a transpiration experiment; P refers to a total-pressure measurement.
bThe values in this column were obtained from a Gibbs-Duhem treatment of the sodium data.

T=1173°K

Fig. 18

Log of Activity Coefficients as a Function of Compo-
sition for the Sodium-Bismuth System. The solid lines
were calculated from the quasi-ideal solution treatment
of the liquid-vapor equilibrium data and are based on
the equilibrium constants K1(NaBi) = 3 x 102 and

Kg(NagBi) = 2 x 105, The data points represent ex-
perimentally determined points for sodium and bismuth
(the latter derived from the former by a graphical

Gibbs-Duhem integration) at 1173°K. The brokenlines
were obtained from emf measurements at 700 and 950°K.
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e. Quasi-ideal Solution Treatment of Vapor-pressure Data.
The activity coefficient curve in Fig. 18 obtained from the vapor pressure
d.ata was calculated on the basis of a quasi-ideal solution model for the
liquid. It is appropriate to discuss the motivation for using this treatment
and the assumptions made to derive the expressions involved.




We determined that the partial molar excess entropy of
sodium in the 75 a/o sodium liquid has a large negative value, -6.4 eu. This
result was obtained from the temperature dependence of the chemical
potentials of mixing for sodium Aulﬁda = RT In ay ), which in turn were
derived from the total pressure data. A large negative excess entropy has
been taken as indicative of the persistence of short-range order above the
melting point of an alloy.”® The existence of molecules of intermetallic
compounds in the molten state is not yet widely established, if, indeed,
even established for a few cases. It appears reasonable, nevertheless, to
presume that at least some short-range order exists in a molten alloy.

We may presume further that the degree of order approximates that of a
compound. For supporting evidence, Seymour and Styless" found nuclear
magnetic resonance data to be interpretable on the basis of the existence
of intermetallic compounds in the liquid indium-bismuth system. Further-
more, Vetter and Kubaschewski®’ discussed the consequences of the forma-
tion of bonds in the magnesium-antimony and magnesium-bismuth systems,
as manifested in the solid compounds Mg;Sb, and Mg;Bi,. There appears
to be no reason to assume that these bonds should be completely and
abruptly disrupted at the melting point. It would be reasonable, on the
other hand, to expect more thorough, and probably complete, dissociation
at a temperature far above the melting point, with various gradations of
dissociation at intermediate temperatures. In the sodium-bismuth system
at 1173°K, the temperature is only about 60° above the melting point of
Na;Bi (5% of the absolute temperature of the melting point), so that disso-
ciation should not be too extensive if the compound Na;Bi is assumed to
exist in the melt.

Schmahl and Sieben®® used a dissociated molecular liquid
model to interpret activity data for the magnesiu‘m-lead and magnesium-
antimony systems. They considered only one compound. Several compounds
may be involved in a given case, and Hogfeldt®” extensively examined the
thermodynamic consequences of single and multiple compound formation in
binary mixtures in terms of a quasi-ideal solution model. Later, he used
the method to interpret data on the Tl-Hg, T1-Pb, and Bi-Cd systems.60
The present quasi-ideal solution interpretation of the vapor-pressure data
for the sodium-bismuth system is based on the assumption of the existence
of two compounds in the melt.

The quasi-ideal solution treatment assumes that the species
in the solution (including the compound species) behave ideally. For the
sodium-bismuth system, the species included in the treatment are Na, Bi,
Na;Bi, and NaBi. The choice of sodium and bismuth as species is obvious.
The selection of Na;Bi as a species is based on the experimental observa-
tions in the region of 75 a/o sodium that (1) the excess chemical potentials
of the two components change drastically, and (2) the partial molar excess
entropy of sodium has a large negative value. Also, at this composition,
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the phase diagram shows compound formation in the solid Phases. The
inclusion of NaBi as a species is justified (1) by the experlmenta'l fact that
compound formation is shown in the phase diagram at 50 a/o.s?dmm, and.
(2) by the need to introduce a 1:1 compound to make the qu-as'1—1dea1 .so'lutmn
treatment consistent with the observed behavior of the activity coefficients,
as a function of composition in the limiting cases of pure components.

In the following development, primed quantities refer to
species and unprimed ones to components. An expression for the excess
chemical potential is derived by the following argument. Since the chemical
potential of a substance is the same, whether it is taken as a species or as
a component,

Hp = uA (38)

or, by expanding this,

E o 1 1 E 10
= + . 3

RT In X, + 8w, +1% RT In X\ + Auy ™ +u ) (39)
Since 1° = pu'° and since for a quasi-ideal solution Au‘;\E = 0 (ideal species
behavior is assumed),

E XA
A = e ;
Wy = RT In Xa RT Iny, (40)

For the sodium-bismuth system,
Xna t Xp; = 1 (41)
and
1 1 1 i
Ko+ X+ Xl iy + Klme = L (42)
For the compound-forming reactions,
Na + Bi 2 NaBi (43)

and

3Na + Bi < Na;Bi, (44)

there are the equilibrium constants

1
_ _XNaBi
Re¥h (45



and
Xl
Na,Bi

13 1
XNaXBi

Kzz

The mass-balance requirement leads to

L 1 1
Ena T, m Y X ey
AT + X ' L
Na,Bi = “NaBi

Combining Eqs. 45-47 and rearranging yields

! ' 2 13 14
X 1+ 2 = + 4 =

Na ) & K‘( X XNa) Kz( XNa 3XNa) (48)
ol e (3xi\21a . zxi\?a)

Note that this expression contains, beside the K's, only X Similarly, we

can derive S
E XA
iy — (49)
Xp; Bi (1 - xNa) (1 +K X, szi\la)

The calculation procedure begins with plotting the experi-
mental values for yy, and yg; as a function of Xl{Ia' The intersections of
the curves with the ordinates in the limits of Xy, = 0 and Xg; = 0 are
noted and applied as follows. Equation 48 indicates that in the limit of
XNa~ 0 YN = (14 K,;)"!. Equation 49 shows that in the limit of Xpg;~> 0,
Yg; = (1 + K+ K,)"!. Taken with these two facts, the experimental
curves provide a means for obtaining preliminary estimates of K, and K,.
The succession of points required to trace out the quasi-ideal y curves
is obtained by using various values of X, in the expression for vy, to
calculate corresponding values of Yy,, and then Xy,, Xgj, and yp; in that
order. The closeness of fit between the first computed curves and the
experimental points serves as a basis for adjusting the K values in order
to compute a new pair of curves. The result shown in Fig. 18 was obtained
using K; = 300 and K; = 2 x 1oE:

The success of the quasi-ideal solution treatment in fitting
the data is not offered as proof that the assumed compounds exist in the
liquid state. The success is suggestive, though, and the question is open
to study by independent experimental procedures. Neither is it claimed
that the model can account for all deviations. When the tendency toward
compound formation is strong, this effect will dominate and the quasi-ideal
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solution model may be expected to provide a reasonable representa-

tion of the behavior of the system.

4. Thermodynamic Analysis of the Results for the Sodium- Lead

System

a. Lead Activities from Sodium-Lead Vapor-pressure Data.
To obtain activity coefficients for lead across the entire composition range
at 1126°K, we performed a graphical Gibbs-Duhem integration, based on
sodium activity coefficients. Sodium activities were calculated from total
pressure and transpiration data in the manner already outlined in the
discussion of the sodium-bismuth system (Section IV.A.3 above). For the
gas-phase equilibrium, Na, = Na, at 1126°K, an equilibrium constant,
K = 3.26 (in atm), was derived from data by Sittig.** Table VIII shows
the results from experiment and from the Gibbs-Duhem integration. These
results also appear as points in Fig. 19, where the activity coefficients are
plotted as a function of composition. The curvesin Fig. 19 are the
result of the quasi-ideal solution treatment described directly below.

TABLE VIII. Activities and Activity Coefficients for the
Sodium-Lead System at 1126°K

Sodium Excess Lead Excess
e Chemical Potential Chemical Potential
Sodium activity ADE Lead Lead-activity AVE

a/o Activity, Coefficient, <L = log ¥ > Activity,®  Coefficient,? <i = logy >
Sodium ana YNa 4.57T Na apy, YPh 4.57T Pb
10.0 0.004652 0.04652 -1.332 0.884 0.982 -0.0079
15,17 0.007789 0.05134 -1.289 - - -

20.0 0.01404 0.07020 -1.154 0.732 0.915 -0.0385

30.0 0.03406 0.1135 -0.945 0.537 0.767 -0.1150
39.94 0.07269 0.1820 -0.740 0.355 0.592 -0.2275
49.92  0.1848 0.3702 -0.432 0.168 0.337 -0.4730
60.28 0.3037 0.5038 -0.298 0.0900 0.225 -0.6480
69.97  0.4829 0.6902 -0.161 0.0381 0.127 -0.8980
79.97 0.6815 0.8522 -0.069 0.0130 0.0651 -1.1865
89.98 0.9039 1.004 +0.002 0.00270 0.0270 -1.5680

a, X
The values in these columns were obtained from a Gibbs-Duhem treatment of the sodium data. The

experimental data are: For X, = 0.1, 0.2, 0.3; a = 0.826, 0.723, 0.548; = 0.917, 0.904
N : . 0. . 0. LY . . 0. ,
0.784, respectively. 5 £b A

b. Quasi-ideal Solution Treatment of Vapor-pressure Data.
The quasi-ideal solution treatment, described above for the sodium-bismuth
system, was also applied to the sodium-lead system. Compared to the
sodium-bismuth system, a more complex situation exists for the sodium-
lead system with respect to compound formation. This is evident from the
liquid-solid phase diagram, which shows five compounds in the solid phase:
NaPb;, NaPb, NagPb,, Na;Pb,, and Na;sPbs. The last three compounds are




similar in melting point (within a range of 14°) and are grouped closely
around the stoichiometry 75 a/o Na-25 a/o Pb; their average composition
is, in fact, Na, ¢Pb. The contribution of these compounds to the thermo-
dynamic behavior of the melt within the context of the quasi-ideal model
was averaged and approximated by the hypothetical, representative
compound, Na;Pb. Simplifying the treatment of the contribution of three
compounds by introducing a single representative compound may not be a
rigorous procedure, but the device is adequate to handle the data within
their limits of accuracy and within the limits of the legitimacy of the
assumption of species ideality in the quasi-ideal model. Thus, three
compound species (Na;Pb, NaPb, and NaPb;), together with the component
species (sodium and lead), served as a basis for the quasi-ideal solution
treatment of the sodium-lead system.
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The reactions forming the three compounds and the
respective equilibriam constants are
1
- XNaPb
Na+ Pb < NaPb, 'Ky ='————: (50)
XNaXpb
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XI
Na;Pb (51)

13 ! '
XNaXPb

3Na + Pb < Na;Pb, K; =

XT
NaPb
Na + 3Pb Z NaPhbs, R (52)

1 13
XNaXPb

The necessary information for a preliminary evaluation of these K's is
contained in a plot of experimental and Gibbs-Duhem values of activity
coefficients as a function of Xy,- The point of intersection of the curves
and the limiting values at both extremes of infinite dilution are the three
necessary datum points for the estimation of the K's. The calculation of
Xpy, values from the K's and a succession of values of Xy, involves a cubic
equation in X}, . The curves in Fig. 19 are based on K;(NaPb) = 20.3,
K;(Na;Pb) = g‘P.O, and K;(NaPb;) = 4.8. The curves fit the data well, and
the relative magnitudes of the K's are consistent with the stabilities of the
compounds as suggested by the melting points of the compounds. The
significance of the success of the quasi-ideal solution treatment has been
discussed above in connection with its use on the sodium-bismuth system.

5. Implications of Thermodynamics Results for Sodium-Bismuth
and Sodium-Lead Regenerative Cells. The data in Fig. 8 represent the
maximum open-circuit potentials of sodium-bismuth bimetallic cells for the
conditions indicated. In a thermally regenerative system, it is desirable to
choose cathode compositions that will not result in the precipitation of solid
intermetallic compounds in the cell. These cathode compositions can be
selected using Fig. 8. For example, at a cell operating temperature of
700°K, the open-circuit potential would drop from 0.745 V at a cathode
composition of 0.10 a/o sodium in bismuth to 0.550 V when the cathode alloy
becomes saturated with solid NaBi. Further passage of current would
probably not change this voltage during the accumulation of solid NaBi as
long as any liquid phase (rich in bismuth) were present. This attribute
might be particularly useful in a secondary cell as a constant voltage
output would result.

j At a particular cathode composition, the open-circuit po-
tential does not depend very strongly on temperature as long as no solid
phase is present. This condition allows cell operation over a wide range
of temperature without seriously affecting the cell voltage.

. In the discussion of Fig. 9 in Section IV.A.2.c, the changes
in slope in certain curves of log P versus l/T for the sodium-bismuth
s.yst.em were correlated with the merging of a point on the liquidus of the
liquid-vapor loop with a point correspoﬁding to the same composition on
the curve that defines solid-liquid coexistence for the congruently melting
comp?und Na3Bi. The idea may be explained in terms of Fig. 20, and
certain implications for a regenerative cell may be deduced.
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Sequence of Schematic Temperature-
Composition Phase Diagrams for Sodium-
Bismuth System at Decreasing Pressures
(pressures decreasing from a to d)

In considering Fig. 20, recall that
relationships between condensed phases are
relatively insensitive to pressure changes.
However, phase relationships involving the
vapor phase are very sensitive to pressure.
These principles are reflected in Fig. 20,
which is a sequence of schematic temperature-
composition phase diagrams for a series of
decreasing pressures. The curves defining
the region of coexistence between solid
Na3Bi and liquid (L + Na3;Bi and Na;Bi+ L)
are not shifted by pressure changes. How-
ever, the liquid-vapor loop (V + L) moves
downward as pressure decreases. For
brevity, the L + Na;Bi region will be termed
"the hump" and the liquid-vapor loop, "the
loop." For part a of the figure, the pressure
is just high enough to separate the loop and
the hump; the regions are almost tangent at
point t. Imagine a progression of boiling-
point measurements on a liquid of 75 a/o so-
dium. The initial measurement gives point ¢
in part a of the figure. If the pressure is
lowered somewhat tothat corresponding to
part b, the boiling point is at point £ in
part b. Under these conditions, the pressure
is low enough so that the loop and hump have
overlapped to form the region V + Na;Bi
(a solid-vapor coexistence region), but the
system being measured is still outside this
region. Eventually, the pressure can be
lowered enough so that the boiling point of
the liquid equals the melting point of Na;Bi.
This would correspond to point £ in part c.

A further reduction in pressure would lower
the loop even more, and the additional over-
lap with the hump would result in a phase
diagram like that of part d. Under these

conditions, a liquid of 75 a/o sodium can no longer exist. Instead, there

is a three-phase system represented by isotherm g, consisting of vapor,
liquid %', and solid Na;Bi. Boiling-point measurements on a system of
overall composition 75 a/o sodium at pressures lower than that correspond-
ing to part c are actually measuring the vapor pressure over solid Na,;Bi.
The break in the plot of log P versus l/T for the 75 a/o sodium system in
Fig. 9 corresponds to point £ in part c of Fig. 20. For other compositions,
the break comes at the temperature and pressure at which the given compo-
sition point is a single point common to both the hump and the liquidus of

the loop.
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An important consequence for a regenerative cell .arises
from the solid-vapor region, Na;Bi + V, in parts b, ¢, and d of Fl.g. 20, [
the cell is operated at a pressure such that a solid-vapor r.eglon is present
in the phase diagram, then solid Na;Bi can deposit in certain terr'xperature'
regions of the cell. Such deposition could plug the cell and stop its f)peratmn.
Under some circumstances, it may be possible to design a cell to circum-
vent this problem. In general, however, the problem may be avoided
completely by operating the cell at high enough pressure so that the loop and
hump in the phase diagram are separated, as in Fig. 20a. This can be
accomplished by choosing a sufficiently high condensation or regeneration

temperature.

The breaks in Fig. 9 indicate that a pressure of about
240 Torr is the minimum pressure necessary to separate the loop and
hump for the sodium-bismuth system. If, at this operating pressure, pure
sodium is collected at the condensation end of the regenerator, a condensa-
tion temperature of about 1040°K would be required; such a condensation
temperature is considerably higher than the projected cell operating tem-
perature (about 773°K). This condition might require that an extra heat
exchanger be incorporated in the design to heat the cathode cell product
part way up to the regeneration temperature with the heat that is rejected
in cooling sodium from the condensation temperature to the celltemperature.

An additional consequence of the minimum operating pres-
sure of 240 Torr is that the pure-bismuth end of the liquid-vapor loop would
be fixed at a minimum of about 1623°K. For likely cathode compositions,
the regeneration temperature would be about 1473-1573°K. It is not certain
whether practical materials of construction are available that would resist
the dynamic corrosion effect of sodium-bismuth mixtures at such high
temperatures for long periods of time.

Finally, the pressure-composition diagram for the sodium-
bismuth system (Fig. 10) indicates that the vapor from likely cathode com-
positions contains several atom percent bismuth. This condition will
require that refluxing (fractionation) be provided for in the regenerator
design. The refluxing requirement will reduce cell efficiency.

In contrast to the sodium-bismuth system, the sodium-lead
regenerative-cell system promises to be free of loop-and-hump overlap
Problems in any reasonable range of operating pressure. The highest melt-
ing point of any compound in the sodium-lead system is 673°K. At this
temperature, pure sodium has a vapor pressure of 0.35 Torr, and at this
pressure, lead has a boiling point close to 1173°K. To increase Carnot
efficiency, a regeneration temperature. considerably higher than 1173°K
?vould be selected. In the process, a higher operating pressure would be
in force, and the loop-and-hump overlap problem would be avoided. The
reflux requirement for the regenerator would still be present, however.



B. Physicochemical Properties of Sodium-containing Systems

1. Determination of Density, Viscosity, and Surface Tension of
Alloys and Electrolytes

The densities, viscosities, and surface tensions of the fused-salt
electrolytes and binary-metal alloys must be known in order to compute or
estimate volumes, liquid levels, flow rates, and surface effects for use in
the engineering design of bimetallic cells and regenerators. Although
information on many physical properties is available in the literature for
pure fused salts and liquid metals, little information is available for fused-
salt mixtures and for liquid-metal alloys in the temperature range where
regenerative cells are expected to operate. We therefore undertook an
experimental program with the objective of providing the necessary physico-
chemical data.

a. Experimental Methods. The method of density determination
used was to measure the volume of a liquid sample of known weight using a
calibrated crucible.?®’?! A calibrated cylindrical tantalum crucible was used
for sodium-bismuth alloys and sodium-lead alloys, while a Type 304 stain-
less steel crucible was used for fused salts. A micrometer depth-measuring
device with a Type 308 stainless steel probe was used to measure the height
difference between the bottom of the crucible and the surface of the liquid
metal or fused salt. Contact of the measuring probe with the surface of the
melt was determined electrically. The thermal expansion of the crucibles
was accounted for by using available linear coefficients of thermal expan-
1 The accuracy of the data is believed to be within 1%.

sion.

The viscosity was determined b}; measuring the time
required for a fixed volume of the liquid to flow out through a capillary
tube at the bottom of the cup.?®’?! The fixed liquid volume was sensed by
immersed electrodes. An analytical expression was developed relating
the viscosity to the capillary-cup parameters and time. The cup was cali-
brated using water and mercury to establish the values of the constants in
the analytical expression. The error in the results should be the same as
that obtained during calibration, namely, less than 2%.

The surface tension was determined by measuring the force
required to detach a calibrated ring from the surface of the liquid.?®?! The
experimental apparatus is shown in Fig. 21. The ring was rounded to
resemble the lower half of a torus. The average radius of the ring (r;) was
1.475 cm, and the ratio of this radius to the small radius (r;) of the torus
surface was about 65. The weight (w) required to detach the ring from the
surface was measured by a precision balance. The apparent surface tension
is wg/4ﬂr,; the actual surface tension is ng/41rrl dyne/cm, where b is a
correction factor determined by Harkins and Jordan® as a function of
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ibration factor (b) for the present investigation
kins and Jordan's data and from experiments
uding menthol, isopropyl alcohol,
An error of 2% is believed

r} Tr/w and rl/rz. The cal
was determined from Har 3 :
with liquids of known surface tension incl

benzene, chloroform, water, and sodium iodide.

to be reasonable.
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Fig. 21. Experimental Apparatus for Surface-tension Measurements

b. Results for Sodium-Bismuth Alloys. The densities of
sodium -bismuth alloys containing 0, 10.4, 20, 30, 40, and 50 a/o sodium
(purity of bismuth was 99.999%) were measured at temperatures from
near the melting point of the alloys to 1070°K. The densities varied from
about 10.2 to 5.3 g/cm3, as shown in Fig. 22. The measured densities are
considerably greater than densities computed by assuming volume additivity
of the pure metals, a result consistent with compound formation in the
liquid state. The surface-tension values of sodium-bismuth alloys con-
taining 30, 40, 45, and 50 a/o sodium were measured at about 670-970°K.
Over this range of composition and temperature, the surface tension
showed little variation (242 to 260 dyne/cm). Figure 23 compares these
results with values given in the literature for the pure components.
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c. Results for Sodium-Lead Alloys. The densities of sodium-

lead alloys containing 0, 10, 20, 30, 41, and 50 a/o sodium (the lead was
reagent grade) were measured at temperatures ranging from near the
alloy melting point to 970 or 1070°K. The densities were considerably
greater than those computed by assuming volume additivity of the pure
metals and varied from about 10.7 to 5.6 g/cm3, as shown in Fig. 24.

d. Results for NaF-NaCl-Nal Electrolyte.

The density,

viscosity, and surface tension of an electrolyte consisting of the eutectic
15.2 m/o NaF-31.6 m/o NaCl-53.2 m/o Nal (each salt was reagent grade)
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Fig. 24. Densities of Several Sodium-Lead Alloys
as a Function of Temperature

current efficiency for cell charge.

were measured at various temper-
atures above the melting point of

the electrolyte (808°K). The values
of these physical properties varied

with temperature as follows:
density (g/cm3) = 3.29 - 0.0009 T (810-10709K); (53)
viscosity (centipoise) = 4.22 - 0.003 T (830-1070°K); (54)

surface tension (dynelcm) = 152 - 0.06 T (820-1020°K). ( 55)
The original data are presented in
Fig. 25, together with the lines
calculated from Eqs. 53-55.

2. Current-efficiency Studies

in Sodium Halide Electrolytes

Current efficiency is
defined for cell discharge as the
ratio of the current flowing in the
external circuit to the rate of mass
transport from the anode to the
cathode (expressed as an equivalent
current); the inverse ratio is the

The difference between the discharge

current and the rate of mass transport is referred to as the rate of self-

discharge and is the result of two
effects: (1) the diffusion of dissolved
electrode materials, and (2) the elec-
tronic conductivity of the electrolyte.
In a cell witha sodium anode, sodium
atoms are transferred through the
electrolyte by molecular diffusion,
which is normally small, and by
convection currents; the convection
current may be large if inadequate
precautions are taken regarding tem-
perature uniformity in the cell. Elec-~
tronic conductivity in a cell with a
sodium anode has its origin in the
dissociation of sodium atoms to form
electrons and ions. The mobility of
the electrons in the molten solution,
rather than the mobility of the sodium
atoms, may contribute most of the
self-discharge. In this case, a min-
imum current efficiency should be
observed in a cell containing anelec -
trolyte saturated with sodium. Since

€
g o T 1) E
s
s s
URF4
el ce
s TE’VStoN
7}
z
w
= g0
=3
<
P
«
i BO= —286
O, "
Ns, &
: LS 25 €
>
[
—24 2
i
&
20 ~H23
b
g 18-
€ 16 v
3 . SCOSITY
Sl 103 = o
=
g 12
o
9. 1.0
s

1 L
800 900 1000
TEMPERATURE, °K

308-513 Rev. 1

Fig. 25. Density, Viscosity, and Surface Tension
for the 15.2 m/o NaF-31.6 m/o NaCl-
53.2 m/o Nal System

S N



saturation with respect to pure sodium would be difficult, if not impossible,
to obtain with an alloy electrode present, the minimum current efficiency
must be observed in a cell in which sodium is electrochemically transferred
from one location to another.

The current efficiency under the unfavorable conditions of
sodium saturation was measured in two cells in which the electrolyte was
presaturated with sodium metal. A sodium anode was allowed to equilibrate
with the electrolyte of molten NaF-NaCl-Nal for several hours, after which
a cathode consisting of a tantalum flag was placed in the cell. Eighteen
hundred coulombs were discharged through the cell, and then the cathode,
the deposited sodium, and the surrounding electrolyte were removed for
analysis. After correcting the amount of sodium found in the cathode by
the amount dissolved in the electrolyte, we calculated an integrated current
efficiency. At 841°K, the integrated current efficiency was 90%, and at
886°K, 82%. The current efficiency is probably lower at higher tempera-
tures because of the increased solubility of sodium (and the increased
electronic conductivity). These then are the minimum current efficiencies
to be expected in sodium bimetallic cells in the absence of convection
currents.

3. Sodium-transfer Studies

a. Sodium-transfer Studies at Open-circuit and Constant-
current Density. During the study of the sodium-bismuth cell (see
Section IV.A.l), it became apparent that self-discharge caused by the
spontaneous transfer of sodium from the anode to the cathode was taking
place. The total sodium transfer consists of two parts: the transfer leading
to the flow of electrons in the external circuit, and that corresponding to
the self-discharge process. The latter consists of ordinary mass transfer
by diffusion and convection, due to the solubility of sodium in the electrolyte,
plus electrochemical transfer caused by the short-circuiting effect of elec-
tronic conduction in the electrolyte. The rate of sodium transfer due to self-
discharge is given by

e AL (56)

where iNa 18 the mass flux of sodium (g/(cmz-sec)), w is the rate of sodium
transfer (g/sec), m is the total sodium transferred from the anode to the
cathode during the experiment, and A is the area of the electrodes.

(1) Experimental Procedure. Sodium-bismuth cells were
operated under both open-circuit and constant current conditions at differing
temperatures and various interelectrode distances. Table IX summarizes
the characteristics of these cells and the operating conditions for each.
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TABLE IX. Characteristics of Sodium-Bismuth Cells Used
in Study of Self-discharge Sodium Transfer

Current Electrode Electrolyte Cell Catho.d?
Type Density Area, Depth, Temperature, Electrolyte Composition,
of}gell mA cm; cm? cm °K Composition a/o Na in Bi
1 0 3.9 5.0 833-956 377 m/o NaCl-Nal 0-40
5m/o NaF-35.2 m/o
NaCl1-59.8 m/o Nal
0 39.6 1.5 820-923 NaF -NaCl-Nal 0-40
eutectic?
2 0 3.58 4.31 817 NaF -NaCl-Nal 30-38
eutectic?
3 50 to 300 3.9 5.0 863 NaF -NaCl-Nal 0-40
eutectic?
-100 to +770 3.9 0.7 863 NaF -NaCl-Nal 0-40
eutectic?
4 250 3.58 0.5 842 NaF-NaCl-Nal 5-27
eutectic?
250 3.58 1.6 842 NaF-NaCl-Nal 5-27
eutectic?

2Eutectic composition: 15.2 m/o NaF-31.6 m/o NaCl-53.2 m/o Nal.

Data for cells of Types 1 and 3 were obtained using the

experimental apparatus shown in Fig. 26.1%63 A stainless steel cathode cup
containing bismuth was immersed in the electrolyte, which itself was con-

tained in a stainless steel crucible. The

/ﬂ{g';;g“>_ sodium anode was held in a stainless steel-

+/u; fiber disc (the disc spreads the sodium
uniformly over the electrolyte surface),

THERMOCOUPLE, which was mounted in a stainless steel cup

CRUCIBLE —=|

with a hole in the bottom; the hole defined
the active area of the anode.
SODIUM
5 The experimental apparatus for Type 2
( cells, shown in Fig. 27, differed somewhat
from that for Type 1 cells. It was composed
aopecoe Of @ crucible in which the NaF -NaCl-Nal
electrolyte separated the sodium-bismuth
alloy cathode layer from the sodium anode.
The sodium was held by a stainless steel-

STAINLESS
STEEL

[

/ i —camooecwe  fiber disc, which had a diameter slightly less
ELECTROLYTE SODIUM-BISMUTH ALLOY than that of the crucible. Neither the cathode
308-618 nor the anode was mounted as in Type 1 cells.

Fig. 26. Schematic Diagram of Types1 ~ Lhe entire assembly was encased by a copper
and 3 Sodium-Bismuth Cells block (not shown) to minimize temperature
Used in the Study of Self- gradients; a gradient of 0.6°K from top to
discharge Sodium Transfer bottom was obtained with this assembly.
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In a typical experiment, a weighed amount of sodium
was placed in the anode cup. This mass of sodium was the total amount of
sodium transferred in the experiment. When
the cell was operated at open circuit (Types 1
,N;},‘;_l{,:‘T',’,jé and 2), the procedure was to monitor the cell

HSE voltage until a sharp drop indicated that the

TANTALUM WIRE
STAINLESS STEEL -
FIBER DISC

anoot anode was depleted. This marked the ter-
___~‘=;_ el mination point of the experiment and the
=]  ELECTROLYTE time of the run, §, was noted. When constant-
E%f,é{‘ﬁg = s current conditions were required, as in
CATHODE ——m—————0— CRUCIBLE Type 3 cells, a dc constant-current source
60 was used to operate the cell. Again, a sharp

drop of the cell voltage signaled the end of

Fig. 27. Schematic Diagram of Type 2 the experiment

Sodium-Bismuth Cell Used in
the Study of Self-discharge

Sodinat Transtor A modification of the Type 2 cell

assembly was used in experiments with
Type 4 cells. Figure 28 shows that in this apparatus the effective areas of
the electrodes and electrolyte were defined by an alumina tube containing
both the cathode alloy and electrolyte
ofmolten NaF-NaCl-Nal. The anode, N ooy I

WITH STAINLESS STEEL
FIBER DISK Ta CATHODE CONTACT

consisting of sodium held in a stain- ~——— INSIDE ALUMINA
. . . INSULATOR

less steel-fiber disc, was contained L

by the alumina tube. The tempera-

ture gradient was about 7°K over the  ALUMINA TUBE——

total height of the cell. In experi- Ta CRUCIBLE——1—=| = =|| =] g MOLTEN ELECTROLYTE
; N 0-8i

ments with the Type 4 cell, the anode I\ e

containing a known amount of sodium

was placed in position for a given  308-519 »

length of time (the prerun equilibra- Fig. 28. Schematic Diagram of Type 4 Sodium-

tion time ) before the constant current Bismuth Cell Used in the Study of Self-

was applied. The cell voltage was discharge Sodium Transfer

monitored using leads separate from

those carrying the current. The initial overvoltage was subsequently used
to calculate the conductivity of the electrolyte. As for previous cells, the
complete consumption of the anode was indicated by an abrupt drop in
voltage, which signified the completion of the experiment. The integrated
current efficiency was calculated using the duration and value of the con-
stant current. This efficiency is somewhat low because of the discounting
of any self-discharge sodium transfer that took place during the prerun
equilibration time when the cell was at open circuit. Similarly, the rate
of sodium transfer was somewhat high.

(2) Results. The open-circuit self-discharge sodium-
transfer rate as a function of temperature for Type 1 cells is given in
Figs. 29 and 30. Values of the cell electrical conductance are also seen
in these two figures. For cells of Type 2, a self-discharge sodium-transfer
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rate of less than 0.0131 g/(cmz-hr) was obtained at open circuit. This
corresponds to an equivalent current density of 15.3 mA/cmZ. Figure 31

shows the change in the self-discharge sodium-transfer rate as the cell

current density increases for Type 3 cells. Table X shows the results of
the experiments on Type 4 cells.

© Na/NoF-NaCi-NoI/Bi

ELECTRODE AREA=39 cm2
INTERELECTRODE

DISTANCE = 0.7cm
CELL TEMPERATURE = 863°K

0 No/NoCI-No1/Bi
ELECTRODE AREA =3.9 cm?
INTERELECTRODE .
DISTANCE =5 cm Fig. 31
CELL TEMPERATURE = 858°K
Self-discharge Sodium-transfer Rate
of Type 3 Sodium-Bismuth Cells as

a Function of Current Density

SELF-DISCHARGE SODIUM-TRANSFER RATE, mA/cm?

e e e
100 |%,,100 200 N300 400 500 €00 700 %800

CELL CURRENT DENSITY, mA/cm? 308-631 Rev. 1

TABLE X. Self-discharge Sodium-transfer Rate in Type 4 Sodium-Bismuth
Cells Operating at 250 rn.A/cx'nZ and 842°K

. - Electrolyte
Electrolyte Coulombic Sodlun;{ ttransfer Specific
Experiment Depth, Efficiency, 2 Conductivity,
Series cm % g/(cm?-hr) mA/cm? mhos/cm
1 0.5 778 + 1.7 0.061 + 0.006 71 +7 1.66 +0.07
2 1.6 83.2 2.7 0.043 + 0.008‘ 50 + 9 2.0 +0.4

The following general conclusions on the behavior of
the self-discharge sodium-transfer rate can be drawn from these
experiments:

(a) As the cell temperature is increased, the sodium-
transfer rate increases, which is consistent with increased sodium solu-
bility, conductivity, and diffusion coefficient at higher temperatures.

(b) When the current drawn from the cell is increased,
the sodium-transfer rate decreases, which is in accord with the theory of
sodium transfer discussed in Section b below.

(c) The change from a NaCl-Nal electrolyte to a
NaF-NaCl-Nal electrolyte does not appreciably affect the sodium-transfer
rate.

(d) Interelectrode distance appears to have little effect
on the sodium-transfer rate at open circuit.
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(e) Current efficiency is not dependent on cathode

compositions between 5 and 27 a/o sodium in bismuth.

(f) Shorter equilibration times yielded higher
coulombic efficiencies, which may be explained on the basis that convectional
mass transfer occurred during the prerun equilibration period.

(g) Finally, when the cell is operated at a current
density of 250 mA/cmZ, the self-discharge sodium-transfer rate drops
as the interelectrode distance increases, as seen in Fig. 32,

The last point indicates an increase in the current efficiency of the cell

and a decrease in the voltage efficiency as the electrolyte thickness in-
creases, because of the greater electrical resistance of the deeper electro-
lyte. The product of these two efficiencies should be maximized since it is
desirable to maximize the overall efficiency by optimizing the individual
efficiencies in any practical cell design.

°
o

Fig. 32

Self-discharge Sodium-transfer Rate
in Types 3 and 4 Sodium-Bismuth
Cells as aFunction of Interelectrode
Distance

| | | |
10 2.0 30 4.0 5.0
INTERELECTRODE DISTANCE, cm 308-630 Rev. 1

SELF-DISCHARGE SODIUM-TRANSFER RATE, mA/cm?2
(=}

b. Quasi-thermodynamic Analysis of Self-discharge Sodium
Transfer. The results of the self-discharge sodium-transfer experiments
presented above prompted a theoretical study in which an equation was
developed for the sodium transfer in a bimetallic cell containing an electro-
lyte with dissolved anode metal (sodium).?! The detailed development of
this equation is given in Appendix B. Briefly, the differential equation to
be solved is

T i DNa-mP XNa Keki R T dln Xna Kel
Na = = M

where the symbols are defined for this particular case as

JNa = equivalent flux of sodium atoms being transferred by the

self-discharge transfer mechanism in Amps/cmz;

DNa-m = effective diffusion coefficient of the sodium atoms dis-
solved in the electrolyte, cmz/seC'
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p = density of the electrolyte, g/cm3;
M = molecular weight of the electrolyte, g/mole;
XNa = mole fraction of sodium metal in the electrolyte;

ke = electronic conductivity of the electrolyte, mhos/cm;

G sodium ion conductivity of the electrolyte, mhos/cm;
and

x = distance from the anode, cm.
The first term inside the brackets in Eq. 57 represents the portion of the
sodium transfer due to the diffusion of neutral sodium atoms. The other

terms in the equation represent the portion of the transfer due to the elec-
tronic conductivity of the electrolyte.

To solve Eq. 57, we assumed that the electronic conductivity

of the electrolyte is directly proportional to the concentration of dissolved
sodium; that is,

ke = KeXpa- (58)

The boundary conditions used are XNa = Xan atx = 0, i.e., in the electrolyte
immediately contiguous with the anode (anolyte); and XNa = Xcpatx = L,
i.e., in the electrolyte immediately contiguous with the cathode (catholyte),
the electrolyte thickness being L cm. The integrated equation is

Taah £l (KiBT FONa-mP* il ) INaki + (INa + 1) KeXap
Na i

+ : :
FL LMK (i+Jn,) Inaki t (Una T1) KeX

e""ca

+ FDNa-mp(Xan-Xca) (59)
LM i

Two special cases of Eq. 59 are of interest. First, when
the cell is at open circuit (i = 0), the self-discharge transfer rate is

KiRT = kj+KeXan = FINa-mP
: = 1 + X -X "
Na,os = Tp R K ¥ LM (%an-Xca)

(60)

Second, when the sodium-transfer rate is reduced to zero (Jy, = 0), the
current density is

A [ 5BT | FONa-mPKi i Xan . FONa-mP
i J'Na:o i n

(=%

FL LMK, Ko
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The cell voltage, E, is always less than the theoretical
open-circuit emf, E, and these are related by the expression (see Appen-

dix B, Eq. B.33)

FONa-mP Ke,ca ~ Ke,an 3 (jNaJri) L
R S < < :

(62)

where

S electronic conductivity of the catholyte, mhos/cm;

e = electronic conductivity of the anolyte, mhos/cm.

At open circuit, i = 0; substituting Eq. 60 in Eq. 62 yields the open=-circuit
voltage,

k: + k
B B e s SAETL (63)
&% i F kg i Ke ca

which shows that the open-circuit voltage of the cell is less than the theo-
retical open-circuit emif.

If, at some current density, ilJNazo’ the sodium-transfer

rate is zero, then the cell voltage will be E | T e where
a

FONa-m©P Xan
E g = = ———1ln—. 4
IJNa_O MK & Xca e

Equation 64 indicates that a negative cell voltage is necessary to reduce the
self-discharge sodium transfer to zero.

Equation 59 was solved, assuming the following values for
the variables:
L= 1 cm,
DNa-m = 1l x 107* cm?/sec,
kg = 1 mho/cmr,

K., = 100 mhos/cm,

e
M = 105 g/mole,
X,, = 0.004,
Xan/Xca = 10% 102, and 10,
T = 858°K,

and

p = 2.5 g/cm3.
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The two terms in Eq. 59 involving FONG = p/LM are small. The fact that
the expression (FDNa_mp/LM) (Xan - X,) is relatively small indicates that
the self-discharge sodium transfer
is largely caused by electronic con-
duction in the electrolyte rather than
by direct diffusion of sodium atoms.

The solution of Eq. 59 can be
expressed as a plot of INg 28 2 func -
tion of i for the various values of
AL Xan/xca' The results are shown in

Rig. 33,

The solutions shown for the
theoretical equation for self-discharge
sodium transfer qualitatively explain
Xan/Xca = 10% E=0.681 one unexpected phenomenon noted in

ER 4 e CE |

]
T T T T 3 . M
pists PNENS e e [ the experimental work: The sodium

r transfer rate decreases with increas-
-0.01 — CELL CURRENT DENSITY, Amp/cm?2

- Xan/Xca = 10, E=0.70

SELF-DISCHARGE SODIUM-TRANSFER RATE, Amp/cm2

0.01 — Xan/Xca = 102 E=0.340

ing current density. We might have
expected that the self-discharge so-
dium transfer would be independent
of cell current.

-0.02 —

108-9471 Rev. 4 The results of this analysis
Fig. 33. Solution of Eq. 59 for KeXA/Kj = have yet to be verified quantitatively
Ke/ki =100, KeXA = 0.4,Kj= 1 by experiment.
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4. Solubility of Intermetallic Compounds in Fused Salts

Metals and intermetallic compounds show solubilities in fused
salts ranging from traces to total miscibility. Metals and intermetallic
compounds dissolved in the electrolyte can cause difficulties in the operation
of bimetallic cells, since the anode may change composition due to the
extraction of cathode metal or intermetallic compounds (or related species)
from the electrolyte solution. Not only may the activity of the anode metal
be lowered, thus reducing the cell potential, but it may also be difficult to
remove the cathode metal that may so appear in the anode. As protection
against this potential problem, an electrolyte with reduced ability to dissolve
the cathode metal and intermetallic species from the cathode should be used.
A fortunate condition concerning the solubility of intermetallic species in
the anode is that ideal solutions apparently are formed when the concentra-
tion of the cathode metal in the anode is small. This results in a minimal
reduction of the cell voltage. A more formidable problem may be the effect
of the buildup of cathode metal in the anode. If this occurs, it should be
met with special regeneration techniques, such as continuously removing
a fraction of the anode material and combining it with the cathode alloy
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sent to the regenerator. Knowledge of the solubilities in fused salts of
intermetallic species from possible cathode alloys will help anticipate such

situations.

Heymann and co-workers® % conducted what appear to be the
first investigations of intermetallic compound solubility in fused salts.
These were distribution studies of sodium between a molten-salt phase of
NaBr or Nal and a molten-metal phase of €d, Pb, Tl, Sn, Bi, Sb, ortAu:
They found that at 1043°K, sodium compounds with cadmium, lead, and
thallium were not soluble in the salt phase, although some sodium was
apparently extracted from the metal phase. However, intermetallic com-
pounds of sodium with tin, bismuth, antimony, or gold were extracted into
the salt phase. Heymann attributed the insolubility of lead from sodium-
lead mixtures to the dissociation of the compound(s) in the alloy at the
experimental temperature, which was some 400 degrees above the melting
point of the highest melting compound in the sodium-lead system.

Solubilities of intermetallic species in molten salts were
measured in the present work by equilibrating the appropriate alloy or
intermetallic compound with the molten salt. After saturation was achieved
(usually about 2 hr was sufficient), the solution was sampled. In some
cases, this was accomplished by using sample buckets, but more often by
filtering part of the solution through a tantalum frit. Figure 34 shows the
results of some solubility measure-
ments. The point for Na, ¢Biy 4(4)

100

o £ in equilibrium with NaBr is Heymann's.
i NoggSlo ) R E L This point is expected to be below the
faBipiose Rctec upper curve, which represents the
o T NogggBig gs)in solubility of Na;Bi(s) in molten NaF -
ey NaCl-Nal, because the liquid alloy of

Heymann's work was not saturated
with Na;Bi. The heat of fusion of
Na;Bi calculated from the upper line

o1}

MOLE PERCENT HEAVY METAL OR METALLOID

NaBils)inNaoH & is 10.7 kcal/mole. The solubility of
the unsaturated alloy (Nag 55Big 45(0))

[ eoosmomo 700 w0 5?0:":,5:5::?,;""':‘;?:“2 a0 in the NaF -NaCl-Nal eutectic was

e e T appreciably lower than that of the

10% T, solid compound Na;Bi. In addition,

308-605 Rev. 1 the Na:Bi ratios in the molten salt
Fig. 34 Solubility of Sodium-containing Inter- were appreciably higher than in the

metallic Species in Molten Salts liquid alloy. The possibility of

: multiple species is indicated by these
l'ngher, variable values of the Na:Bi ratio in the salt phase. The lack of
intersection of the two sodium-bismuth curves at a temperature near 800°K
may indicate a phase-diagram error since the phase diagram listed by
Hansen and Anderko?? shows that Na3Bi(s) should precipitate on cooling the
unsaturated alloy to approximately 798°K.



The solubilities of solid Na;Bi, NaCd,, and NaPb in molten NaOH
were measured at 613°K by Delimarskii et al.” and are shown in Fig. 34 for
comparison. The solubilities of Na;Bi and NaPb in molten NaOH reported by
Delimarskii et al. are lower than those calculated from the present results
using a heat of fusion of 16.6 kcal/mole for Na,Bi and 3.9 kcal/mole for
NaPb.

The freezing-point depression of Na;Bi in LiCl and Nal has also
been studied. The results indicated that, in dilute molten-salt solutions of
Na,Bi all three sodium atoms are ionized (or at least replaceable) and that
the bismuth exists in a species that is monatomic in bismuth. Electrochem-
ical studies of Na;Bi dissolved in molten salts made by Delimarskii and
Pavlenko and co-workers’'”" are in agreement with the freezing-point
depression results and apparently indicate the presence of Bi~® ions in
solution. Further discussion of intermetallic compounds in molten-salt
solutions is presented in Section V.B.3.

C. Phase Relationships for Sodium Halide Electrolytes

A successful design of a regenerative cell will require a fused-salt
electrolyte that has the following properties: 1) thermodynamic stability
with respect to reaction with the anode metal; 2) high electrolytic conductivity
to minimize ohmic losses in the cell; 3) low solubility for the anode metal
and cell products so that self-discharge transfer of the anode metal and/or
cell products is minimized; and 4) low melting point to minimize corrosion
of the cell components and to maximize the Carnot-cycle efficiency by
allowing the cell to operate at a low temperature.

To avoid possibility of exchange between electrolyte cations and the
anode metal at the relatively high temperatures normally used for sodium
cells, only sodium salts were considered.

Weaver et a_l.76 report that anions found compatible with a sodium
system include the halides (F~, C1~, Br~, I"), CN_, CO;, and OH™. The
hydroxide ion is attractive because its salts have very low melting points.
However, hydroxides would require some finite hydrogen-gas pressure to
stabilize the salt system, and the presence of hydrogen would cause hydride
formation from the anode metal, an undesirable result. Further degeneration
to the oxide may occur (see Eq. 65), and thereby result in desirable changes
in the electrolyte characteristics. By an analogous reaction (see Eq. 66),
sodium carbonate can readily undergo degradation to free carbon and sodium
oxide.

NaOH + 2Na — Na,0 + NaH  AG3s, = -15 keal/mole; (65)

Na,CO, + 4Na - C + 3Na,0 AG3js = -10 kcal/mole. (66)

15
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Though the cyanide salt is low melting, the paucity of data on this particular
compound, combined with its potential hazard, precluded its use. The
electrolyte search was thus restricted to binary and ternary mixtures of

sodium halides.

Because phase diagrams of some of the sodium halide systems were
not available in the literature, an experimental program was undertaken to
provide data necessary for the selection of a suitable electrolyte.

1. Experimental Method

The phase-diagram investigations were carried out using the
thermal-analysis method. The thermal-analysis apparatus was patterned
after that described by Smith,”” and the essential parts of this apparatus
are shown in Fig. 35. The furnace tube was
connected directly to the floor of a high-purity
inert-atmosphere box** so that reactive salts
=N OCaHRLE and metals could be weighed and introduced
into the sample holder without risk of con-
tamination with moisture, oxygen, or nitrogen.
|S e, The sample was placed in a Type 347 stainless
siEaTiEo /32 steel crucible (2.54-cm OD x 3.81 cm high with
a 0.0381-cm-thick wall and bottom), which in
turn was placed in a firebrick container of
low thermal conductivity. The firebrick was
enclosed in Type 347 stainless steel. The
tip of the central thermowell had three
0.0254-cm-thick circular heat-conducting
fins, which extended to the wall of the sample
crucible.

SAMPLE OF
MOLTEN SALTS

r—STAINLESS STEEL
FURNACE TUBE

[S\CIRCULAR HEAT
CONDUCTOR FINS .
In all experiments, the temperature

of the furnace was maintained at a constant
108-6805 differential above or below the sample temper-
Fig. 35. Thermal-analysis Sample ature to control the heating or cooling rate.
Assembly

This was achieved by using a separate differ-
ential thermocouple with its junctions inside and outside the sample con-
tainer to measure and control the temperature difference. The output of
this differential thermocouple was sensed by a differential dc amplifier
which controlled the heating and cooling rate of the sample by activating

a proportioning controller, which in turn operated a magnetic amplifier.

The power to the furnace surrounding the sample was supplied through a
saturable core reactor controlled by the magnetic amplifier. The versatility
in adjustment of the differential amplifier allowed heating and cooling rates
to be set at any value in the range from 0.2 to 10°K/min.

. A recording potentiometer with adjustable span and adjustable
suppression was used to record the temperature of the melt. Temperatures
weremeasured with calibrated platinum-platinum 10% rhodium thermocouples,
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which were calibrated against the melting points of N.B.S. pure zinc
(m.p. 692.7°K) and N.B.S. pure aluminum (m.p. 933.2°K). The accuracy of
the temperature measurements was estimated to be +0.3°K

Reagent-grade sodium fluoride, sodium chloride, and sodium
iodide were used throughout this investigation. The salts were relatively dry
crystals, which were further dried by evacuating and heating to 423°K. Be-
cause the inert-solids (e.g., carbon) content of sodium iodide was somewhat
higher than desired, this salt was filtered through an extra-fine quartz frit
before use. The melting points of the pure salts were 1263, 1074, and
932.5°K, respectively.

In all experiments, pure crystalline materials were weighed into
a Type 347 stainless steel crucible, and the entire assembly (Fig. 35) was
introduced into the furnace well, which was connected to the floor of the
high-purity inert-atmosphere box. The sample was melted and held in the
liquid state for 1 hr. The temperature was then decreased, and the first
break in the cooling curve was observed. This melting and cooling operation
was repeated until the location of the first break was constant, after which
complete cooling and heating curves were determined. This procedure was
followed to ensure complete mixing of the components in the system. The
heating and cooling rates generally were maintained between 1 and Z°K/min,
which were low enough to clearly characterize the thermal breaks and yet
were not so high as to cause problems with supercooling.

The sample composition was calculated from the weights of the
pure materials; however, periodic checks were made by chemical analysis

for the constituents of the salt system.

2. Thermal-analysis Results

Crystallization temperature data were obtained for the NaF -
NaCl, NaCl-Nal and Nal-NaF binary mixtures as a function of composition.
These data are listed in Table XI, and the phase diagrams appear in Fig. 36.
Each of these systems is a simple eutectic system with no evidence for
solid solution at the eutectic temperature.

TABLE X1. Crystallization Temperatures for Sodium Systems

System NaF-NaCl System NaCl-Nal System Nal-NaF
Liquidus Eutectic Liquidus Eutectic Liquidus Eutectic
mlo NaCl Temp, °K Temp, %K mlo Nal Temp, %K Temp, %K mlo NaF Temp, %K Temp, %K
0.0 1263 = 0.0 1074 5 0.0 932.5 g
35.0 1131 952.2 150 1028 845.6 5.0 916.6 869.8
45.0 1077 954.1 30.0 979.8 8454 15.0 862.7 870.5
60.0 993.2 953.7 40.0 944.3 845.4 18.0 870.3 869.9
65.0 956.4 953.8 50.0 907.2 846.6 25.0 9343 870.2
65,8 966.6 953.9 525 888.3 846.1 35.0 1016 870.6
67.0 953.6 954.6 55.0 875.4 846.3 45.0 1081 870.6
68.2 958.9 954.3 51.5 865.3 846.2 55.0 1129 870.6
75.0 985.5 953.4 60.0 8494 841.2 100.0 1263 5
85.0 1024 952.3 63.1 849.8 846.6
100.0 1074 F 65.0 854.3 846.1
69.9 867.9 845.3
80.0 89%2.2 845.8

%0 9115 855
1000 9325 -
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In the NaF-NaCl binary
system, a eutectic composition
of 33.0 m/o NaF was observed
with a eutectic temperature of
953.6°K. Results of other studies
of this system varied over an
eight-degree range for the eutec-
tic temperature and a 1.6 m/o
range in eutectic composition.
Plato’® reported a eutectic tem-
perature of 953.0°K at 34.6 m/o
NaF; Rassonskaya and Bergman
obtained 947.2°K as the eutectic
temperature at 33.0 m/o NaF;
Kuvakin and Kusakin®® reported
a eutectic temperature of 955.2°K
at a eutectic composition of

1280
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1120
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1080

1040
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1000 79

920

880

1 1 1 1 1 |"846.1° | 1
O 10 20 30 40 50 60 70 8O0 90 100 33.2 m/o NaF.

MOLE PERCENT

108-9691 Rev. 1 For the NaCl-Nal binary
Fig. 36. Crystallization Temperatures for the Binary system, a eutectic composition
Systems NaF-NaCl, NaCl-Nal, Nal-NaF of 38.5 m/o NaCl melting at

846.1°K was observed. Amadori®!
reported the eutectic temperature as 851.2°K at 37.0 m/o NaCl, whereas
Ilyasov and Bostandzhiyan® observed a eutectic melting point of 858.2°K with
a composition of 37.5 m/o NaCl.

The NaF-Nal binary system was observed to have a eutectic
composition of 18.0 m/o NaF melting at 870.3°K. Ruff and Plato®® reported
a eutectic temperature of 893.2°K at a composition of 20 m/o NaF, whereas
Dombrovskaya® reported the eutectic to melt at 876.2°K with a composition
of 18 m/o NaF,

The present investigation was concerned mainly with the liquidus
surface and not with the complete characterization of the ternary NaF-NaCl-
Nal system. Liquidus temperature data for various NaCl:Nal mole ratios
radiating from the NaF corner of the ternary diagram are given as Series [
to V in Table XII. An additional cross section, the 8.5:1.5 mole ratio of
Nal:NaF radiating from the NaCl corner, was studied to describe completely
the area of the minimum temperature in the system. The data for this
cross section appear in Table XII as Series VI. A contour diagram of the
liquidus isotherms for the ternary system, given in Fig. 37 was constructed
from the pseudobinary systems. The solid-line isotherms in Fig. 37 are
interpolations of experimental data; the broken-line isotherms are extrap-
olations from the experimental data. Figure 37 indicates that the system is
of a simple eutectic type with three fields of crystallization: one of pure
NaF, one of pure NaCl, and one of pure Nal. The ternary eutectic composi-

;ig; gos 15.2 m/o NaF, 31.6 m/o NacCl, 53.2 m/o Nal with a melting point of
S67 K,
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TABLE XII. Crystallization Temperatures for NaF-NaCl-Nal Ternary

Series | Series Il Series Il
Mole Ratio Mole Ratio Mole Ratio
NaCl:Nal 1:4 NaCl:Nal 2:3 NaCl:Nal 3:2
Liquidus Eutectic Liquidus Eutectic Liquidus Eutectic
Temp, Temp, Temp, Temp, Temp, Temp,
mlo NaF oK oK mlo NaF oK oK mlo NaF oK oK
0.0 880.5 = 0.0 852.1 o 0.0 941.9 3
5.0 876.2 802.8 5.0 842.5 802.4 5.0 925.8 802.6
10.0 859.1 802.6 10.2 829.4 802.6 10.0 910.3 801.8
15.0 8443 802.9 15.0 812.7 802.6 15.0 897.0 802.7
20.0 871.0 802.6 20.0 840.7 802.7 2.0 881.6 802.5
25.0 928.7 803.4 25.0 9%07.4 802.8 25.0 906.2 802.9
30.0 981.1 803.0 25.0 915.4 802.6 30.1 942.8 803.0
35.0 1009 802.6 30.0 91.2 802.8 349 983.5 802.8
40.0 1041 800.4 35.0 998.9 802.6 40.0 1025 802.7
45.0 10717 802.9 40.0 1035 802.4 45.0 1052 802.4
50.0 1109 802.6 45.0 1067 801.9 50.0 1079 803.0
55.0 1122 802.9 50.0 1095 802.0 55.0 1109 802.7
100.0 1263 = 55.0 nn 802.9 60.0 1128 803.0
100.0 1263 = 100.0 1263 =
Series 1V Series V Series VI
Mole Ratio Mole Ratio Mole Ratio
NaCl:Nal 7:3 NaCl:Nal 4:1 Nal:NaF 8.5:1.5
Liquidus Eutectic Liquidus Eutectic Liquidus Eutectic
Temp, Temp, Temp, Temp, Temp, Temp,
mlo NaF oK oK mlo NaF oK oK milo NaCl oK oK
0.0 1039 & 0.0 1012 = 0.0 882.7 3
5.0 966.5 802.4 5.0 994.7 802.7 151 859.9 801.8
10.0 9%1.7 802.6 10.0 980.0 802.5 25.0 840.8 802.8
149 934.8 801.8 15.0 963.4 803.0 35.0 836.0 802.6
20.0 918.4 803.0 19.9 946.6 802.8 45.0 877.2 802.4
249 899.9 802.6 25.0 929.9 802.7 55.0 920.1 802.8
30.0 936.9 802.6 30.0 938.6 803.4 65.0 956.4 802.6
35.0 984.2 802.5 35.0 970.2 802.2 75.0 993.3 801.9
40.0 1012 802.1 40.0 997.7 802.6 100.0 1074 E
45.0 1045 802.5 45.0 1036 8024
50.0 1077 802.4 50.0 1076 802.6
55.0 1101 802.6 55.0 1093 802.6
60.0 1126 802.2 60.0 117 802.8
100.0 1263 - 100.0 1263 = .

e It is of interest to speculate
on the conductivity of this sodium
halide mixture when used as the
electrolyte in a galvanic cell. For
calculational purposes, 823°K was
chosen as a typical cell operating
temperature. With no experi-
mental data available for the
ternary mixture, the conductivity
equations for each pure salt were
extrapolated to the cell tempera-
ture. These data were then

NaCI weighted according to the mole
1o78.2%% 846.1°K

308-636 Rev. 1

<—m/o NaCl

Fig. 37. Crystallization Temperatures for the

Ternary System NaF-NaCl-Nal

fraction of each component in the
ternary mixture and then summed
to give a calculated specific
conductivity of 2.2 mhos/cm
(0.44 ohm-cm) at 823°K.



80

D. Studies of Cells, Regenerators, and Systems

1. Sodium-Bismuth Experimental Cells

As a part of the engineering effort directed toward developing
practical bimetallic cell systems, experimental cells of two types were
operated. These are designated as "open cells" and "closed cells." An
open cell refers to a cell assembly consisting of an anode cup and a cathode
cup immersed in an electrolyte bath. This type cell must be operated in
a high-purity inert-atmosphere box since there is no housing to protect it
from air and water vapor in the atmosphere. An open-cell method provides
a quick means to screen various cell systems and allows visual observa-
tions to be made during cell operation. A closed cell refers to a cell as-
sembly with an air-tight housing, which permits it to be operated in an

ordinary air environment.

Table XIII summarizes some of the pertinent data concerning
bimetallic cells with sodium anodes. A more detailed description of the
experiments with sodium-bismuth cells is presented directly below. Sodium-
lead cells were run in conjunction with regenerators, as complete systems.
The studies of complete systems are discussed in Section IV.D.3.

TABLE XIII. Calculated Characteristics of Bimetallic Cells with Sodium Anodes

Anode Metal fethode Specific Energy
- Cathode Alloy MR
. Melting R b i i SR 0| Cell Requirement, W-hr perg W-hr per Ib
Atomic  Point, Cathode alo Temp, Potential, gperg Active Active
Metal ~ Weight 0K Amp-hrlg  Amp-hricm®  Metal  Sodium 9K ' Anode Metal Material Material
Na 2.9 370.9 116 0.9482 Bi 20 820 0.650 36.4 0.0202 9.15
(at 820°K) 30 0.585 21.2 0.0305 138
Sn 20 820 0.382 2.4 0.0207 9.36
30 0.319 12.0 0.0284 12.9
Pb 20 6% 0400° 3.0 0.0125 5.66
30 0.330 21.8 0.0168 7.61

aDe!'zsity data taken from Liquid Metal Handbook, 86
This temperature was chosen for purposes of calculation only. It would not be the actual cell-operating temperature.
CCalculated from data compiled by Hultgren et al.

a. Cells and Batteries with Liquid Electrolytes. As part of
the preliminary work on the sodium-bismuth cell, open-circuit voltages
were measured using anode and cathode cups consisting of alumina tubes
with closed ends provided with a small bridge hole to minimize the sodium
transfer.'®® Sodium was placed in the anode cup, and a sodium-bismuth
mixture was placed in the cathode cup. Tantalum rods were used as elec-
trical contacts. The electrolyte was 38 m/o NaCl-Nal. Figure 38 shows
the open-circuit voltages obtained at 859°K as a function of mole fraction
sodium in the bismuth cathode. This figure shows that, at 859°K, sodium
is soluble up to about 55 a/o in the bismuth cathode, which indicates that
the cell could be operated at cathode compositions up to 55 a./o sodium
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13 without solid sodium-bismuth

1.2f compound formation. It is also
apparent that the cell voltage
does not change greatly if the
composition of sodium in the bis-
muth cathode is between about

20 and 40 a/o sodium.

A series of open-cell
experiments was performed using

OPEN-CIRCUIT CELL VOLTAGE, volts

ol B ) the sodium-bismuth cell shown in
03 sm-unnon__\ Fig. 26. The anode consisted of
Sl Sl L a stainless steel cup (2.22-cm
Ayl diameter) with a hole in the bot-
o | \ i L i ; tom over which a stainless steel-
o 1o 20 30 40 50 60 70 fiber disc was placed for distrib-

MOLE PERCENT Na IN Bi CATHODE 3 -
uting the sodium. The cathode

cup (2.22-cm diameter), also

Fig. 38. Open-circuit Potential of a Sodium-Bismuth made of stainless steel, was sup-
Cell at 859°K as a Function of Cathode
Composition; 38 m/o NaCl-Nal Electrolyte

108-7994

ported by a hollow rod which
served as the thermocouple well.
The electrolyte, 37.5 m/o NaCl-
62.5 m/o Nal, was contained in either stainless steel or tantalum crucibles.
During cell operation, the bismuth was placed in the cathode cup and the
cup immersed in the electrolyte. (In some experiments, the bismuth was
placed directly in with the electrolyte.) The anode cup was immersed until
the two electrodes were separated by 5 cm of electrolyte (the interelectrode
distance). Cell operating temperature ranged from 833 to 956°K. Cell re-
sistances varying from about 3 to 0.15 ohms and eurrent densities up to

145 mA/(:m2 at 0.28 V were measured with these cells.

Experiments were performed with similar cells using
86 m/o NaOH- 14 m/o Nal electrolyte. However, the hydroxide corroded the
stainless steel crucible and, as discussed in Section IV.C, using hydroxide
as an electrolyte brings about undesirable side reactions. Thus, we aban-
doned this line of experimentation.

Two experimental sodium-bismuth closed cells have been
constructed and operated. The first cell?®® shown in Fig. 39 was made of
stainless steel, had 7.5-cm-diam electrodes and used a combination of
silicone rubber and frozen electrolyte as both an electrical insulator and
pressure seal. The cell was loaded with 15.2 m/o NaF-31.6 m/o NaCl-
53.2 m/o Nal electrolyte (the eutectic composition), which constituted a
molten layer of approximately 2.5-cm thickness, and 400 g of bismuth.
Using stainless steel-sheathed heating elements, the cell was heated to an
operating temperature of about 825°K, and 15.5 g of sodium was added to
the anode chamber. With this amount of sodium, the bulk sodium concen-
tration of the cathode alloy at the completely discharged state should have been
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26 a/o. The cell was periodically charged and discharged electrically; i.e.,
it operated as a secondary cell. The temperature was varied up to 920°K,
but for most of the time, the temperature was at about 820°K. A typical

current-voltage curve for this cell (shown in
except at the higher current densities.
from the slope of the current density-voltage

Fig. 40) is essentially linear

The internal resistance, calculated

curve, was 0.050 ohm, and

cell-discharge current densities of 90 and 110 rnA/cmz at 0.5 and 0.45 V,
respectively, were obtained. This cell operated continuously for 17 months
without failure. Upon disassembly, inspection of the interior of the cell
revealed very little corrosion, with only 0.05-mm dissolution of stainless
steel in the electrode chambers. An X-ray analysis of the molten salt in-

dicated no decomposition.

INSULATORS

= INSULATION= |
P SODIUM g

ELE\crnouTE J g

SILICONE RUBBER
VACUUM SEALS

*RESERVOIR FOR
CHARGING SODIUM
AND BISMUTH

ELECTROLYTE
INSULATOR SEAL

CERAMIC " ELECTRIC
SPACER HEATERS

*RESERVOIR SIMULATES A THERMAL REGENERATOR
108-8378 Rev. 2

Fig. 39. Experimental Sodium-Bismuth Cell
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Fig. 40. Voltage-Current Density Curve for a
Sodium-Bismuth Cell at 823K as a
Function of Current Density; 20 a/o
Sodium in Bismuth Cathode; Inter-
electrode Distance = 2.5 cm; Elec-
trolyte Composition = 15.2 m/o
NaF-31.6 m/o NaC1-53.2 m/o Nal

The second closed cell,” which had been designed to give
improved performance over that of the first cell, is shown in Pig, 41. This
cell contained an improved sodium retainer-current collector, in the form

Z/ 2 SODIUM
THERMAL INSULATION

ELECTRIC RING HEATER

SILICONE RUBBER
GASKET

Fig. 41

Improved Sodium -Bismuth
Cell with Liquid Electrolyte

308-246-A
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of a stainless steel (1.5-mm-thick) spiral, mounted in the anode compart-
ment to hold the sodium in place and to maintain a uniform current distri-
bution throughout the anode area. The eight-turn spiral had a diameter of
7.5 cm and was 1 ¢cm high. The dimensions of this cell were the same as
those of the first cell, two cylindrical 7.5-cm-diam electrode compartments
providing a geometrical electrode area of 45 cm?. The lower (cathode)
compartment was loaded with 30 a/o Na-Bi alloy, above which a sufficient
amount of electrolyte (NaF-NaCl-Nal eutectic) was added to make an elec-
trolyte layer 0.4 cm thick. (The loading process was performed in the
high-purity helium-atmosphere enclosure.) Two 300-W electric ring
heaters heated the cell. Typical cell current density-voltage curves are
presented in Fig. 42. These curves are essentially linear, as were those
for the first cell. The linearity indicates that no significant activation or
concentration overvoltages existed at the electrodes.

T = T T T T T T T

The terminal voltage of
the cell may be expressed as

Na/NaI-NaCl-NaF/Nain Bi
ELECTRODE AREA: 45cm?2

12+
ol E = By IR (67)
S0t
E v ~ 888°K ¥ ]
w2 4 8seK 1 Calculation of the total internal
2 s} O B48°K 4 i 2 5
£ +~sigk | resistance from this equation and
% sl the data of Fig. 42 gave a value of
3
ER approximately 0.0136 ohm. This
: compares with the 0.004-ohm
A electrolyte resistance calculated
at from an estimated specific resis-
O T a oS OATR O ER 0 0.2 D ABED S O D tance of 0.44 ohm-cm.
CHARGING DISCHARGING

»
CURRENT DENSITY, Amp/cm?2

In further experiments,
the cell was charged and discharged
Fig. 42. Voltase of the Sodium-B?smuth Cell as a at currents up to 50 Amp 1 Amp/
S::th_:s: (f?j‘"::: REREEy ot RaRads cm?) at temperatures ranging from
i A the melting point of the electrolyte
(808°K) to 885°K. The charge cycle was initiated from the completely dis-
charged state and conducted at a constant current. During the charging
process, the emf of the cell rises in accordance with the following
relations:

308-246-B Rev. 2

At the sodium-bismuth electrode

Na°® - Na® + e7; (68)
RT
E = -N—Fln aNa(Bi)' (69)
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However, self-discharge takes place at the same time, resulting in the
transfer of some sodium from anode to cathode. Since the direction of the
ionic transfer of sodium on charging and the direction of the self-discharge
transfer of sodium are opposite, there is a charging current for every final
charged voltage (at steady—state) below which the rate of the self-discharge
transfer equals that of charge. As a result, no additional charge can be
accumulated. At the cell temperature of 853°K, the minimum charge rate
was 5 Amp for 0.85 V. As the cell approaches the fully charged state, the
terminal voltage rises rapidly. Since the decomposition voltage of the
electrolyte is approximately 2.2 V at the normal cell temperature, the
charging process must be terminated before the resistance-free cell voltage
exceeds this value. At the termination point, the cell open-circuit voltage
usually exceeds 1.2 V, which indicates that the interfacial sodium concen-
tration in the cathode alloy is small. However, after a high current charge
(50 Amp). the bulk concentration of sodium in the catnode was still con-
siderably higher than the concentration at the cathode/electrolyte interface.
Allowing the cell to stand at open circuit for a short time or reducing the
charge rate made it possible to continue the charge to completion. The
interfacial concentration of sodium in the cathode alloy during the charge
and discharge cycles at different currents is presented as a function of
time in Fig: 43.

The discharge cycle was usually
initiated from the fully charged state,
indicated by an open-circuit voltage of
1 V or higher. The emf decreased as

8
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“ 30 o Comparison of Figs. 43 and 44 shows

s i the correspondence of concentration and
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£ s voltage changes in accordance with Eq. 71.
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E o ; ! h ) - ) Because of the self-discharge process,
= (] 5 10 15 20 25 30 35

TIME, MINUTES some charge was always lost. Conse-
quently the combined charge-discharge
current efficiency, defined as
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Fig. 43. Interfacial Sodium Concentration
during Charge and Discharge of a : /i dt
Sodium-Bismuth Cell. Electrode Eff = —D
area = 45 cm2; interelectrode C-D fi dt,
C

distance = 0.4 cm.

(72)



is less than unity. In the present cell, the combined charge-discharge effi-
ciency was approximately 80% for a current density of 665 mA/cmZ at 838°K.
4 ; MlloNUTES (c':mp only) ¥ 3 Figure 44 shows the termi-
T T T T T nal voltage as a function of cell
capacity during discharge at various
2 | constant currents at 853°K. The

cell contained sodium equivalent to
= < Ame approximately 15 Amp-hr. In the
heavy-discharge region, i.e., above
7 G e e - 40 Amp, the interfacial concentration

INTERELECTRODE DISTANCE 0.4 cm . .
e e e the solid alloy formation concentra-

tion while the bulk sodium concen-
- tration is still considerably lower
(see Fig. 43). Apparently, then, a
method of renewing the cathode
interface, such as convectional
stirring of the bulk cathode alloy,
should improve the charge-discharge
performance at high current densi-
ties. The ability of the cell to retain
charge is indicated by the curve
labeled as "0 Amp" in Fig. 44. The
loss of charge occurs by the self-
g = 7 = = 0 12 s discharge transfer of sodium (see
GABACHLY - dmeerechatre discussion in Section IV.B.3).

DISCHARGE

TERMINAL VOLTAGE, volts

308-957

Fig. 44. Terminal Voltage during Constant-current Theé charge-discharge oper-
Discharge of a Sodium-Bismuth Cell. Elec- ations were repeated over 50 times
trode area = 45 cm?; interelectrode dis- at various temperatures, and the
tance = 0.4 cm, cell showed no sign of deterioration.

The combination of sodium-bismuth cells to form batteries
has been considered, and several conceptual designs of batteries have been
devised. To achieve a compact battery for use with liquid electrolytes and
a regenerator, the design shown in Fig. 45 has been proposed.®” In this
system, the anode metal (sodium) from the regenerator enters the verti-
cally stacked three-cell battery at the top and distributes itself among the
cells by flowing through the downcomers. The sodium reacts electrochemi-
cally with the cathode metal (bismuth) in each cell, and, as the cathode
liquid levels rise, the cell product in the cathode alloy flows down to lower
stages successively through the bismuth downcomers. The cathode alloy
leaving the bottom cell is fed to the regenerator. Since the densities of
liquid sodium, NaF-NaCl-Nal eutectic electrolyte, and 30 a/o sodium-
bismuth alloy are (approximately) 1.0, 2.5, and 7.3 g/cm3, respectively, at

ELECTRODE AREA 45cm2 of sodium in the cathode alloy reaches
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the cell temperature of 820°K, each liquid layer is clearly separated from
the other. However, hydrodynamic stability of the liquid stream must be
carefully established.

b. Cells and Batteries with

Immobilized Electrolytes. In many

applications of bimetallic cells, par-
e ateeiEraly when a series of cells is
VACULMISEALS used as a rechargeable battery, an
immobilized electrolyte rather than
a liquid is desirable. In the past,
immobility of the electrolyte in
high-temperature cells has been
achieved by utilizing (1) sintered
refractory porous electrolyte car-
riers, including pressed-sintered
and flame-sprayed matrices,

FROZEN
ELECTROLYTE
INSULATOR SEAL

CERAMIC
SPACER

[~—— INSULATION and (2) paste mixtures of inert re-
Tty g, fractory fillers and molten electro-
108-8379 Rev. 1 lytes.®? The sintered matrix type
Fig. 45. Three-cell Bimetallic Battery Designed to Car‘rler depends on the ca.plllary
Utilize Liquid Electrodes and a Liquid action of the porous matrix to absorb
Electrolyte electrolyte. In the paste mixtures,

the refractory powder disperses
in the molten electrolyte forming a "semisolid," which retains its shape
by means of surface-tension forces and high pseudoviscosity.

In making a paste electrolyte, submicron size refractory
powder is essential;® for MgO-LiNaCO; paste, MgO powder having a mean
particle size as small as 0.05 p has been used.’®’! Yoshizawa et 2.92
found that the mobility of KC1-LiCl electrolyte ceased with the addition
of 40 w/o a-Al,03 at 773°K while the electrolytic conductivity was reduced
to 75% of the value for pure electrolyte. Our preliminary findings with
alumina powder (nominal mean particle size = 3.0 y) mixed with various
amounts of NaF-NaCl-Nal eutectic at 873°K indicate that plastic deforma-

tion of the electrolyte becomes acceptably small with about 40 w/o Al,O5
in the mixture.

Paste electrolytes containing lithium halides and an inert
filler have also been studied. The results are described in Section V.E.2.b.

When an immobilized electrolyte is used in a battery, the
design can be simplified considerably over that described above for liquid
electrolytes. A bipolar-type battery design currently under study is
shown in Fig. 46. This design uses a "hot-seal," instead of the previously

used frozen-electrolyte seal. A battery of two cells based on this design
has been built and is being tested.
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The experience gained to date concerning the bimetallic
cells has shown that, to achieve maximum current density at a given cell
voltage, the following factors must be carefully considered for the cell
design:

(1) Effective use of anode area to distribute and retain
the alkali metal and to provide low resistance in collecting current.

(2) Effective means of surface renewal for cathode alloy
to promote rapid alkali-metal dispersion in the cathode alloy.

(3) Thin electrolyte and low specific resistance of the
electrolyte.

(4) Minimum self-discharge by reducing thermal con-
vection in the electrolyte as in the use of pastes.

(5) Minimum reactions other than the desired electro-
chemical reactions.

Further engineering studies of the bimetallic cells are
planned along these lines.

2. Regenerator and Condenser Studies

a. Design Considerations. The successful application of
regeneration techniques depends upon an understanding of the equilibria
that exist between vapor and liquid. This point has been discussed previ-
ously (see Section IV.A.5). This discussion assumes that a suitable com-

bination of pressure and temperature has been selected for the regenerative

bimetallic cell system. Only the points that are pertinent to regenerator
and condenser design--namely, heat and mass balance, cathode-metal cir-
culation, heat transfer, and mass transfer--will be discussed. The con-
siderations of this section apply to bimetallic cells with sodium anodes.

(1) Heat and Mass Balance. The following heat and mass
balances apply to the system of regenerator and condenser:

87
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Overall mass balance,

By +Ue = W (73)
Component mass balance,

WAXp + WCZXC2 = wClXCI; (74)
Regenerator heat balance,

input * We,He, = WalHA+8H,) + U He i (75)
Condenser heat balance,

deon * WaHa = Wa(Hp+aH). ’ (76)

Figure 47 is a schematic representation of the mass and heat balances. We
may write H; = HS + (Cp,)(T-1 - T°), where Hf is the standard enthalpy of
i &

formation of the ith species from its constituent elements at a reference
temperature, T°. Then Eq. 75 becomes

W T & ) ~ _T°
+ WaA(BH) + W, S + CPA(TA 2| (77)
e
CONDENSATE
Bty | CONDENSER | —= dcoy
Xa:Ta ~~
VAPOR
Bu U, X, Ta
Fig. 47
Heat and Mass Balance around a
Regenerator and a Condenser
OUTGOING —
CATHODE METAL
e, e, ~——{REGENERATOR| =— q,\pyr
Xy Te,
INCOMING
CATHODE METAL

B, %eps ey 308-522 Rev. 1



Combination and rearrangement of Eqs. 74 and 75 yield

w Wylt b w v (78)
= + = ’ 78
& = Xey - Re, = 26, = A,
XA -X
A C
w = W *l_
C A m : (79)
2 Xcl XCZ

Equations 78 and 79 allow us to calculate the cathode-alloy molar flow rate
corresponding to a unit molar flow rate of the anode metal condensate.

Since, in general, the condensate is pure metal, Xp = 1. Thus Eqs. 78 and
79 become

W 1-X
Cl " Cz s (80)
Wy = %¢, ~Xc,
W 1-X
C: _ Cy
T = (81)

A " Xc, - %c,

The heat input per unit anode metal flow rate is obtained by introducing
Eqgs. 78 and 79 into Eq. 77 to give

Xy = X
dinput A Cy (~ = = =
= H? -H°)+(C T (6 Tc)
WA X, - xCz <G 7 -Gy Pc, C2” Pc, G

2
e c _T° AB ~ _To°

I:Hcl + CPcl(Tcl bt )] S+ CPA(TA at ) (82)
If XA = CPCI = CPCZ, and I:-'I"c1 is negligibly small compared to AIEIV.
Then Eq. 82 reduces to

1-X
Yinput Cy ( ) £ = =
= C Lo =00 AP C R S T . (83)
wA XC1 g XCz pcz C. g il Pp™4a pcl S

(2) Cathode-metal Circulation. In the present design, the
cathode alloy is circulated by natural convection, which depends on (1) ther-
mal convection, (2) the density change due to acquisition of the anode metal
at the cell cathode, and (3) the density change due to depletion of the anode
metal in the regenerator. Figure 48 is a schematic diagram of the heat flow
and cathode alloy flow; Fig. 49 shows the effects of these density changes.
Thermal convection takes place due to the density difference of the liquid
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metal caused by the temperature difference between the cell and regener-

ator (shown as T . and Tregenerator in Fig. 49). The density change

corresponding to acquisition of the anode metal at the cell cathode is indi-
cated as the density change accompanying the concentration change from
C; to C, at approximately T .j;. The density change resulting from de-
pletion of the anode metal at the regenerator is presented as the density
change due to the concentration change from C, to C; at approximately

T

regenerator’
>
E
1%
CATHODE METAL FLOW %
o
CELL REGENERATOR 2
i o el SRR M s asds ¥ al I |
' | = | ¢
| T2 o [
= 1 P g i
| l £ i ! Cz
=T = i et T g
Qour | — ah | 9 Teell Tregenem'or
= o T TEMPERATURE
| | s
1= T, ) 308-608 Rev. 1
o Fig. 49. Schematic Representation of
| HEAT | g P
Ik Sy =] Density -Temperature-
Composition Relationships
308-520 for Natural Convection Cir-
Fig. 48. Cathode-metal Flow Diagram for a Thermally culation of Cathode Alloys.
Regenerative Galvanic Cell Cq < Cg; C is the anode~

metal concentration in the
cathode alloy.

By taking an energy balance around the cathode alloy
circulation loop, as shown in Fig. 49, we obtain

B dide 22 f wav s Vdp = -W - Iw. (84)
gC gC

Since no work was done by the liquid metal (W = 0), and no pressure or
velocity changes occurred (dp = 0 and dv = 0), we have

£5% dz = -1w, (85)

or

& o
S
o
N
|

VZ
= ffﬁ dx. (86)
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For laminar-flow regime, using the relation f = 64/Re = 64 \)/vD, Eq. 86
becomes

g 128 w v
= dz = —— dx. (87)
Ec T8¢ f D'p

Equation 87 may be solved graphically. For noncircular cross sections,
four times the hydraulic diameter may be used in place of D. Introducing
the Reynolds number in Eq. 86 yields the general expression

.7[ ff 2p’ gc B

By using average values of f; Re, and v over the entire pass of the liquid
metal, we obtain

log [ = log-—- 2 log Re. (89)
V2

2D%_ Lo

Since the relation between Re and f has been experimentally determined
and is available in graphical form, Eq. 89 may be solved graphically. The
procedure is shown in Fig. 50. The solution ylelds the flow rate expected
from a given set of experimental conditions.

o.10
f=64/Re calan (3) Heat Transfer. The
YIRS s em? important heat-transfer pro-
o D-Icm i cesses involved in an analysis
% S of the regenerator are: (1) heat
g transfer by natural convection,
3 ROUGH PIPES— (2) heat transfer to boiling
5 .
S i liquid metal, and (3) heat
e m2 transfer in condensing metal
< cm
v = 005355 /
Dl vapors. The fundamental
L SMOOTH nature of these processes is
0.0l Ax=80cm PIPES
| | | | so complex that we must use
103 104 105 106 107 108 heat-transfer coefficients
R REXNOERSIEMEER that are experimentally deter-
308-607 Rev. 1 mined. As will be discussed

Fig. 50. Schematic Representation of Procedure in Section IV.E., liquid metal

for Graphical Solution of Eq. 89 systems presentunique problems

o
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because of their low Prandtl numbers, which are a measure of the relative
magnitude of heat transfer by convective transport and by molecular con-
duction. The rate of heat transfer is

q = hAAT. (90)

For the heat transfer in natural convection with
Pr << 1, the experimental data have been correlated by

Nu = ¢(Ra - Pr). (91)

In the range of Ra - Pr from 10 to 10%, Hyman et _a_l."3 proposed, for liquid
metals flowing transversely around a cylinder, that

Nu = 0.53(Ra - Pr)Y%.

Dropkin and Somerscales’® investigated the flow of liquids between two
parallel plates inclined at various angles with respect to the horizontal.
The study was restricted to liquids having Prandtl numbers between
2x107%and 1.2 x 10* and Rayleigh numbers between 5 x 10* and 7.2 x 108.
The equation

N = BRa'/Pe" (92)

applies to this case, where the coefficient B varies from 0.069 for the
horizontal case when the lower plate is heated to 0.049 for the vertical.
This may be compared over the corresponding experimental Rayleigh
number range (4 x 10* = Ra =10%) with the proposed correlation for the
vertical plates by Emery and Chu,”®

~-1/4
Nu = O.ZB(Ra)IM(-éi-) } (93)
v

where z is the height of the plate and §,, is the momentum-boundary-layer
thickness. This equation is limited to Prandtl numbers between 3 and
3510

For heat transfer to boiling liquid metals, intensive
work has been done during the past 5 years.?®?” Most of the work is re-
lated to space power-plant applications and has been conducted on alkali
metals. The findings include the observation that temperature excesses
above the boiling point required to initiate boiling of liquid metals are much
larger than for other fluids. Another complication derives from the fact
that in most applications of liquid metal boiling, pressures are low com-
pared to the thermodynamic critical pressure. Since the specific volume
of the vapor phase is large at these low pressures, the first formation of



vapor during the initiation of boiling creates large volume changes, and
stable operation becomes difficult. Our experience with a sodium-lead re-
generator indicates that mechanically entrained and/or dissolved gas in the
liquid metal may also contribute to boiling instabilities.

At present, no standard correlations are available for
either the boiling of liquid metals or the condensation of metallic vapors.

(4) Mass Transfer. Ina regenerator, the lower-boiling
component from a dissociated intermetallic compound diffuses through the
liquid metal to the evaporating surface, where it is distilled off while the
higher-boiling component returns to the cell. Therefore, two mass-transfer
processes are involved in the regenerator: (1) diffusion of alkali metal in
the liquid, accompanied by dissociation, and (2) evaporation of the alkali
metal at the evaporating surface.

In the first case, a question arises as to whether the
dissociation starts at the vapor-liquid interface or in the bulk liquid. Still
another question follows concerning the dissociation rate: Is it high, in-
termediate, or low? At present, there are no definite answers. Thus a
model for analysis must be constructed using reasonable assumptions. We
assume that dissociation starts in the bulk liquid and dissociation is very
rapid.

Then assuming that there is a fictitious film in the
liquid phase at the interface such as shown in Fig. 51, we consider the
steady-state process of diffusion accompanied by dissociation. Hatta’®
first suggested this type of analysis.

o

Cep DISSOCIATION
y ClanBl p 5 na+B
CianB)i Fig. 51
VAPOR Ca Ca LIQUID Concentration Distribution
in the Liquid-film Model
Cay for a Regenerator
dx
P‘l_‘)
i
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The rate of dissociation may be expressed by

dCp

-—de—- = k(CA-cAe)' (94)

where Cpe is the concentration of the alkali metal A in equilibrium with the
heavy metal B. A component mass balance yields
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2
e _(.i_cé (95)
& T PAmTed

The loss of mass of the component A, in a unit volume, a unit cross section,

and a unit time, equals

AT dC
dA 2 _dei‘ (98]
X
Therefore,
dc d*@ 5
—2 - Dam— (97)
e ASTH gy
From Egs. 94 and 97,
dZCA k
Tz DA - (Ca - Chae)- (98)
-m
For the boundary conditions
% = 0, CA = CAi’ (99)
and for
so =il e =G (100)

integration of Eq. 98 yields

(CAb-CAe)sinh< S ) (G e e (s
Pa-m Pa-m (101)

Ca-Cae = -
sinh ( L)

DA-m

This equation establishes the concentration profile. By differentiating
Eq. 101, we obtain

k k k / _k
dacy (CAb - CAe) DA-m cosh < DA_m x> - (CAi - CAe) DA_m cosh |: DA.m (5= x)-l (102)

Tax =
sinh < /m L)

Since Jp = -Dp _p, dCp/dx, we have
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[ & k
(Capb-Cae) cosh( b} x) - (Cp;-Cpe) cosh [ (L -x)]
-Ia = /K0aem o L - (103)

(=)

At the interface,

(Caj-Cpe) cosh <
X=0 & A/ kv}&-rn

diss. sinh : 15
DA-m

Equation 104 gives the rate of transfer of A to the surface of the cathode
alloy during regeneration. It may be used to calculate the limiting regenera-
tion rate for a known set of operating conditions if dissociation is the con-

trolling process. The value of D p_,, is usually not known, but may be
estimated.

Ja

For the evaporation of an alkali metal, an analysis may
be made assuming (1) a semi-infinite liquid layer in the evaporating surface
and (2) a rate of evaporation directly proportional to the difference between
the alkali-metal concentration, Cpj, in the surface and the concentration,
CAg, which corresponds to the vapor pressure of the alkali metal in the
vapor space. Then we have

dc d*c
A A
T DA-m e (105)

with the boundary condition

dCa
—DA_mT: kC(CAO—CAi) atix =205 (106)

where k. is a constant.

The solution for Eq. 106 is”

2
ke ke x ke
= _— D 8 fol ——oxs+ /DA-mf |
exp[DA-mx +<DA_m> A_m] v c<2 Oame  Ta-m ¥ A (107)

Since the rate of vaporization of A is
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aCa
= - e ; (108)
X=0 (DA-m Ix >x:o

differentiation of Eq. 107 and evaluation at x = 0 yields

2

(&

k
= ke(Cab - CAo) exp <m>

/DA_m6> .
(109)

kC
DA_me erfc ',D——

A-m

Equation 109 gives the mass transfer rate of the alkali metal crossing the
interface and vaporizing at the surface of the cathode alloy during regenera-
tion. It also provides the limiting rate if vaporization is the controlling
process.

A study has been planned to collect fundamental data on
the mass and heat transfer in the regenerator.

b. Experimental Studies of Sodium-Lead Regenerators. To
show the feasibility of operating a thermally regenerative sodium-lead cell,
we constructed and tested a
laboratory-scale regenerator.
The apparatus, shown in Fig. 52,
was fabricated of stainless steel
and consisted of a vertical cylin-
drical reservoir for containing
the cathode metal, 30 a/o Na-

70 a/o Pb, and a vertical cylin-
drical still and column with a

..... wawn  Sodium condenser at its upper
RETURN LINE

gooa
0 0 0O\

T 0000 O

]

end. The reservoir was con-
nected to the still by two hori-
zontal tubes through which the
bimetallic alloy was thermally
circulated. The sodium vapor
was distilled from the sodium-
lead alloy, condensed at the upper
AL s end of the still, and returned to
the reservoir, where it mixed
with the sodium-lead alloy for
continuous circulatory operation.
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During operation, a sampling cup
108-8605 Rev. 2 could be positioned under the
Fig. 52. Thermal Regenerator No. 1 for * sudium-return tube to catch the
the Sodium-Lead System distilled sodium for a prede-
termined period of time (usually
15 to 20 min). This allowed measurement of the distillation rate and pro-
vided a sample (up to 5 g) of the distilled sodium for analysis. An amount
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of sodium equal to the sample removed was added to the reservoir to
maintain the alloy composition.

A series of 33 test runs was performed under various
operating conditions for a total regenerator operating time of 112 hr.
Still temperatures ranging from 1020 to 1100°K and distillation pressures
from 3 to 8 Torr were used. A total maximum distillation rate of about
14 g - Na/hr corresponding to a specific distillation rate of about 1.3 x
12 g - Na/sec-cx’nZ was obtained. This rate corresponds to a current
density of 4.7 Amp/cm® at the liquid surface in the still.

During operation of the sodium-lead thermal regenerator,
circulation of the sodium-lead alloy was erratic. To determine the cause
of this, we conducted some exploratory experiments using the regenerator
apparatus (the same as shown in Fig. 52) which had been cleaned and loaded
with 649.8 g of 30 a/o sodium-lead alloy. Under 1020 mm Hg argon cover
gas that suppressed the distillation of sodium in the still, the liquid metal
circulated continuously for over 20 hr. When the system was evacuated to
5 mm Hg pressure, the circulation stopped after 175 min. The apparatus
was then filled with argon and after approximately 2 hr, circulation re-
sumed. When the unit was again evacuated to 5 mm Hg pressure, the
circulation stopped after 190 min. To determine if the liquid level affected
circulation, 58.2 g of alloy were removed from the reservoir. Under argon
cover gas, circulation continued for over 15 hr without stoppage. However,
when the system was evacuated, circulation stopped after 205 min. During
these tests the temperatures of the liquid metal at the inlet and outlet of
the regenerator were about 963 and 1073°K, respectively; the maximum
flow rate of the liquid metal was 37.7 kg/hr. .

Since the above experiments had indicated that system
pressure was important in the liquid-metal circulation, radiographic
photographs were taken, using a portable 192Ir source as the pressure
was varied during experiments. The photographs showed that, upon evac-
uation, the liquid level in the regenerator section dropped by 3.5-13 mm.
If sodium condensate was accumulating in the return line, this could cause
the depression of the liquid-metal level in the still. To substantiate this
contention, the sodium-lead alloy was replaced with pure lead (which does
not distill, hence no condensate flow). With this change, the liquid metal
continued to circulate for 8 hr under vacuum.

The radiographic photographs taken under the vacuum con-
ditions showed several small areas of lower optical density, approximately
1 to 2 mm in size, in the feed line to the still. These areas were believed
to be gas bubbles in the liquid metal. Similar gas bubbles were also found
in the case of pure lead where the circulation stoppage was not observed.
Later experiments showed, however, that for the sodium-containing alloy,
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evacuation of the liquid metal to remove the mechanically entrained gas is
essential to achieve stable circulation.

Based on the above findings, an experimental unit as
shown in Fig. 53 was built. The following changes were incorporated into
the apparatus: (1) the sodium-return line was enlarged from 0.63 to
1.6 cm ID; (2) the circulation lines were
enlarged from 0.63 to 1 cm ID and inclined
upward toward the still; and (3) a higher
hydrostatic head, from 5.6 to 20.6 cm, was
provided. This unit was charged with 30 a/o
Na-Pb alloy and placed in operation with the
still at 1073°K and the reservoir at 823°K
under a condenser pressure of approximately
owuawe 5 mm Hg. During the first few days, there
FUMUYE was some erratic circulation, but continued
degassing improved the stability of circula-
tion. After three days of operation, cir-
culation rates and condenser pressure
patterns were stable. The unit operated
continuously for 935 hr, except for occa-
sional periods of shutdown to examine the
system behavior on startup. No difficulties
were encountered during the repeated start-
up operations. After the experiment, the
inside of the unit was examined by means of
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308-958 either the still or the reservoir sections.
Fig. 53. Thermal Regenerator This redesigned regenerator is considered
No.2 for the Sodium- adequate for thermally regenerative cells
Lead System with sodium anodes.

3. Systems Based on Cells with Sodium Anodes

a. Schematic Representations. A thermally regenerative
bimetallic cell system consists of four components: cell, regenerator,
heat exchanger, and vapor condenser. A schematic arrangement of these
components is shown in Fig. 54. In this system, the cathode product, which
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is a liquid alloy of the anode and cathode metals, is transferred to the re-
generator, where the anode metal is separated by distillation. The alloy,
depleted in anode metal, is returned to the cell cathode, after passing
through a heat exchanger in which the heat is transferred to the alloy
stream coming from the cell cathode to the regenerator. The anode metal
vapor is condensed and returned to the cell anode. The circulation of the
liquid metal depends on thermal convection. To distill the anode metal
rapidly, we must operate the regenerator at 1070°K or higher and the cell
at about 820°K. The exact operating temperatures would, of course, depend on
the properties of the fused-salt electrolytes and electrode metals involved.
The thermodynamics of thermally regenerative galvanic cells were dis-
cussed in Sections IV.A.3 and 4.

Several auxiliary components in addition to the four com-
ponents of Fig. 54 are needed for operation of a laboratory-model
regenerative-cell system. These include: vacuum pump, inert gas supply,
liquid-metal filtering unit, and emergency cooling unit. Since an alkali
metal is regenerated from the heavy metal cathode alloy under vacuum,
the vacuum pump is needed for startup. The inert gas supply is necessary
to fill the vapor space of the system while the unit is shut down. The
liquid-metal filtering unit may be a cold trap, which isolates any mass-
transfer corrosion products which may eventually accumulate in the
liquid-metal loop. Minute amounts of radioactive impurities may ac-
cumulate if the system operates using a nuclear reactor or a radioisotope
as a heat source; isolation of some of these might be desirable. The
emergency cooling unit is an air-cooling fan used to bring the system
to the cathode alloy solidification temperature as quickly as possible in
case of an emergency, such as a leak. .

Process design calculations for this system involve com-
plex and interrelated heat, mass, and momentum-transfer problems, all
closely asgociated with chemical and electrochemical kinetics.

b. Requirements for Ideal Systems. The requirements for
an ideal thermally regenerative galvanic cell system are as follows:

1. Losses due to irreversibility must be minimized.
These losses include I’R losses, self-discharge of the cell, heat losses
from the system to surroundings, and pressure drops associated with
vapor and liquid flows in the system.

2. The rate processes in the cell and regenerator should
be at their optimum rates and must be balanced. The distillation rate of
the anode metal in the regenerator must correspond to the anode-metal
consumption rate in the cell including both power-producing and self-
discharge processes. In this regard, both electrode areas and the re-
generator area must be fully and effectively utilized.



3. A high reliability for the system must be sustained
a reasonable length of time. Reliability depends upon corrosion resistance
of construction materials, chemical stability of the electrolyte, and adequate
design of the system. In many applications, the system must withstand
mechanical vibration and rotation.

In the present state of the art, reasonable goals for the
thermally regenerative bimetallic cells with sodium anodes are as follows:

Cell current density 500 rr1A/<:rr1Z
Single-cell voltage 0.4V
Current efficiency 90%

Voltage efficiency 50%

Overall thermal efficiency 15%
Dependable operating life 2 Y
Operating atmosphere air

Specific power 10 W/1b

c. Heat-, Mass-, and Momentum-transfer Problems Associated
with the System. Thermally regenerative bimetallic cells present heat-,

mass-, and momentum-transfer problems with unique characteristics be-

cause these cells contain circulating liquid metals. The most distinctive
feature of liquid metals is their high thermal conductivity; therefore, the
mechanism of heat transfer is primarily that of conduction. As a result of
the high thermal conductivity of liquid metals, typical values of the Prandtl
number (which was defined earlier as a measure of the relative magnitude
of heat transfer by convective transport and by molecular conduction) for
liquid metals range between 5 x 1072 and 1072, In contrast, the hydrodynamic
properties of liquid metals do not differ appreciably from those of common
liquids, provided that the walls are wetted sufficiently by the flowing liquid
metal.

Since the flow rates of concern here lie mainly in the
laminar regime, the uniqueness of the heat-, mass-, and momentum-transfer
problems arising in the system may be best illustrated by discussing
laminar boundary layers that form along the system walls. For fluids
with Pr = 1 (e.g., gases), the thermal and momentum boundary-layer
thicknesses are essentially the same. Since the Schmidt number, Sc, of
many gases is nearly unity, the diffusion boundary-layer thickness is also
of the same order. For fluids with Pr > 1 (e.g., common 1iquids), the
thermal boundary layer becomes thinner than that of the momentum bound-
ary layer, indicating that heat transfer by convection predominates over
conduction. The Schmidt number for common liquids such as water is
nearly 10°, and the diffusion boundary layer is therefore approximately
one-tenth of the thickness of the momentum boundary layer thickness.

This indicates that the mode of mass transfer is largely convection. For
liquid metals, because of the extremely low values of Pr (<<1) and high



values of Sc (10 to 10?), the thermal boundary layer becomes very thick
while the diffusion boundary layer remains thin. This means that the trans-
port of matter in a liquid-metal system

is primarily by convection while the
B i B 5, 3
/81 transport of thermal energy is largely
8 / /—Sc by conduction. Boundary layers for
g gases, common liquids, and liquid metals
o s BT ETAL are schematically compared in Fig. 55.
308-516

The shapes and thicknesses of
g thermal, diffusional, and momentum
Boundary-layer Thicknesses B,
TG Lxamos band boundary layers for liquid-metal systems
Liquid Metals (Schematic under natural convection conditions are
Comparison) not well known. This is perhaps due to
a lack of interest in the theory of natural-
convection phenomena in liquid metals. The available experimental data on
natural convection have been compiled in the form Nu = f(Ra - Pr), where
Ra is the Rayleigh number. Some of the appropriate equations have been
given above in Section IV.D.3. These correlations are usually based on the
assumption that the fluid density is the only temperature-dependent property
and then only in the term accounting for body forces. However, particularly
at low flow rates, other temperature-dependent properties may influence the
boundary layers.

Fig. 55. Heat, Mass, and Momentum

Boiling instability of liquid metals has been widely observed.
attribute the instability to unstable nucleation. In our ex-
perience with a sodium-lead regenerator, where sodium vapor was con-
tinuously distilled from a 30 a/o Na-Pb alloy being circulated by thermal
convection, unstable boiling was observed when a noncondensable gas was
present in the liquid metal. There has been great interest in the field of
liquid-metal-boiling heat transfer recently and several reviews on this
topic have appeared.'®”!°* (For additional discussion of boiling heat trans-
fer in liquid metal systems, see Section IV.D.2.)

Some authors!'?!

d. System Designs. There
aretwo generaldesignconcepts of ther-
mally regenerative cell systems: linear
combination and composite. Figure 56
is a typical arrangement of a linear-
combination system. A unitbuilt on this
design is discussed in Section e below.
The advantage of this design is that o
every component in the system is sep-
arately accessible and, therefore, con- e
venient for laboratory use. EXEHANGER
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Inthe composite design,  Fig 56. Thermally Regenerative System Based
all components are contained in one on a Linear-combination Design
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vessel as a unit, thus achieving a high degree of compactness. A typical
design is shown in Fig. 57. A vertical cylindrical shell with a conical
bottom is divided into two an-
nular chambers by a vertical
cylindrical ceramic tube. The

REGENERATING SECTION

center chamber is the regen-
eon CERAMIC TUBE erating section; the outer
COpDENSE [ k LIRETAINER  chamber is the cell. Two
EE%?;%LSE LTI : I ANODE  metal partitions on each side
VAPOR ELECTROTE  of the ceramic tube provide
for liquid-metal circulation to

cause a countercurrent heat
exchange between the incoming
and outgoing liquid metals of
the cell section. A helical fin
f-CATHODE METALFLOW  and a corrugated surface are

ELECTRIC o 41 "l

HEATERS o o CATHODE

WJ U

SPIRAL FIN S 1

1) provided in this heat exchange

= N section for better heat transfer.
st Al The upflowing section of the

I VeLioaL Fin regenerator also has a helical

308-612 ribbon to effect good heat trans-

Fig. 57. Thermally Regenerative System fer. .Slnce this design has a
Based on a Composite Design relatively large vapor space
cross section and a short dis-
tance between the regenerator evaporating surface and the cell section, it
requires a very small pressure drop of vapor flow. (This is an important
consideration for low pressure systems such as lithium-tin and will be
discussed further in Section III.E.2.) Another distinctive advantage of this
design is that when radioisotopes are used as the heat source, the sur-
rounding heavy liquid metal layers provide excellent gamma-shielding
from the radioactive isotopes.

At present, preliminary studies relating to mass-, heat-, and
momentum-transfer data essential for the design of this system are being
undertaken using a small mock-up unit.

The aforementioned system designs use free liquid electro-
lyte and thus require horizontal liquid-liquid interfaces. If an immobilized
electrolyte is used instead of a liquid electrolyte, the electrode/electrolyte
interface no longer has to be horizontal and systems can be built using
vertical cells. A design of a regenerative bimetallic cell system using
an immobilized electrolyte is shown in Fig. 58. This figure shows a set
of two regenerative cell systems standing side by side. Each cell consists
of anode, cathode, and regenerator sections, separated by immobilized
electrolyte and metallic partitions. The cathode metal circulates between
the cathode and the regenerator section by thermal convection. The re-
generated alkali-metal vapor condenses at the condensing surface and flows
down to the anode. The advantages of this design over the designs that use
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Fig. 58. Composite Thermally Regenera-
tive System Designed for Use
with Immobilized Electrolyte

liquid electrolytes are compactness, a
smaller degree of sensitivity to liquid
level, and the absence of ceramic or fro-
zen electrolyte insulators. This design is
particularly attractive when many units are
assembled side by side to form a battery.

Another design using an immobi-
lized electrolyte is shown in Fig. 59. The
relative positions of the anode, cathode
and regenerator in this design are similar
to those in Fig. 58. However, this design
eliminates some of the metal partitions
between the cathode and regenerator,
which achieves an upward flow of liquid
metal in the cathode section, thus sim-
plifying cell construction. The design
concepts discussed in this section are
being studied. A thermally regenerative
system based on the optimum design will
be constructed.

e. An Experimental Thermally Regenerative Bimetallic Cell

System. An experimental sodium-lead bimetallic cell system has been

built and operated. The cell
proper was similar to that of
the sodium-bismuth cell dis-
cussedinSection IV.D.1.a, and
the regenerator was similar
to the one discussed in Sec-
tion IV.D.2. Figure 60 shows
the complete apparatus. The
cell had 7.5-cm-diam anode
and cathode sections, and the
regenerator hada 2.5-cm-diam
evaporation surface. This cell
system was loaded with 240.1 g
of NaF-NaCl-Nal eutectic elec-
trolyte and 532.7 g of 30 a/o
Na-70 a/o Pb alloy before be-
ing placed in operation. The
cathode metal (Na-Pb alloy)
was circulated through the re-
generator thermally.

Eleven runs
were made in which the re-
generator distilled the sodium

ALKALI METAL VAPOR

CONDENSATION

SURFACE ——=
HEAT SOURCE
HEAT TRANSFER FINS

COOLING FINS
CATHODE METAL

IMMOBILIZED
ELECTROLYTE

ANODE METAL
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Fig. 59. Composite Thermally Regenerative System De-
signed for Use with Immobilized Electrolyte
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consumed in the cell. The runs varied in
length from 2 to 7 hr for a total operating
time of 45 hr during which time the cell was
operated at 816-873°K and at 5.7-9 Torr. At
1148°K and 8 Torr, the regenerator furnished
sufficient sodium to operate the cell contin-
uously at 7.5 Amp; at 1123°K and 7 Torr, the
cell operated continuously at 5 Amp; and at
1098°K and 6 Torr, the cell operated contin-
uously at 2.5 Amp. Cell open-circuit voltages
as high as 0.41 V at 848°K were recorded, in-
dicating that the regenerator had reduced the
amount of sodium in the cell cathode from the
original value of 30 a/o sodium to about 18 a/o
sodium. Typical cell performance at 848°K
(regenerator at 1148°K and 8 Torr) is shown
in Fig. 61.

The limiting factors in this
systemappear tobe (1) the sodium-evaporating
capacity of the regenerator, which is depen-
dent upon the temperature, evaporating-
surfacearea, and sodium concentrationin the
cathode alloy; and (2) the effective anode area,

Fig. 60

Sodium-Lead Thermally Regenerative System
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Fig. 61. Voltage of a Sodium-Lead
Thermally Regenerative
Cell at 848K as a Function
of Current Density

which is dependent upon the design of the anode to retain and distribute
the sodium uniformly and to collect the current.



V. CELLS WITH LITHIUM ANODES*

A. Thermodynamics of Lithium-containing Systems

1. Emf Studies of Lithium Hydride-containing Systems

The only thermodynamic data for lithium hydride available in
the literature are those for the enthalpy of formation derived from calori-
metric measurements.!?’1% In view of this lack of systematic thermody-
namic data, studies were undertaken to establish, by means of emf mea-
surements, values for the standard thermodynamic functions (AQ%, AI:I%,
ASg) for the formation of lithium hydride.

) Figure 62 shows essential parts of the emf cell. Measurements
were made with the cell contained in a furnace well attached to the floor of
a high-purity inert-atmosphere box.

L o]
() He 1 When in use, the furnace well was
Al — STAINLESS STEEL A
AL f 1] SUPPORT TUBES isolated from the box atmosphere
- by a cover on which were mounted
CHROMEL-ALUMEL .
THERMOCOUPLE ~| insulated holders for the electrodes.
BeO INSULATORS 3 , h
LT The lithium anode, prepared just
STAINLESS STEEL 3 :
e e before each experiment, consisted
STAINLESS STEEL 1 1 1 1 -
N of.about 0.25.g of 11qu1dihth1um Te
N L 7 tained on a sintered stainless steel
BUBBLER CAP = 1 1
(= =) swtereovera. | fiber sponge and held in a small
i E FIBER ShONCE  stainless steel crucible. The inter-
ECECIROLGIESS s B - O e | LTI METALS = 3 ciall tension of the lithium on the
sponge was high enough to retain the

108-8353 liquid metal when the sponge was
immersed below the surface of the
electrolyte. The cathode construction
provided for the passage of purified
hydrogen over the active Armco iron surface of a bubbler cap held below

the surface of the electrolyte. The hydrogen pressure was maintained at

1 atm during each experiment.

Fig. 62. Lithium Hydride Cell Assembly

Lithium chloride, lithium bromide, and lithium iodide, each
saturated with lithium hydride, were used as electrolytes. Reagent-grade
lithium chloride, lithium bromide, and lithium iodide were purified by
standard techniques.m-”ws Lithium hydride was prepared using a technique
described by Messer.!” The compositions of the electrolytes''”!! were
calculated from the weights of the pure components and were chosen so that
for each cell, at the temperature of interest, solid lithium hydride was always
present. Before each run, the electrolyte was melted and mixed with the
lithium hydride to obtain the saturated molten salt. Hydrogen gas at 1 atm
was present over the electrolyte to keep lithium hydride from dissociating.

#Unless otherwise indicated, all experiments were performed under helium atmosphere.
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In all cell experiments, pure solid was chosen as the standard
state for lithium hydride. For hydrogen, the usual standard state of the
pure, ideal gas at 1 atm was chosen. The deviations of the gas frorx.m
ideality under the experimental conditions are negligible in comparison
with the accuracy of the emf measurements.

Pure liquid lithiumat 1 atm was chosen as the standard state
of lithium. The reference state was lithium in equilibrium with the satu-
rated molten salt and solid lithium hydride. The solubility of lithium
halides in lithium up to 1300°K is quite small; however, the solubility of
lithium hydride in lithium may be significant. Tests indicated that (within
the limits of experimental accuracy) even if lithium hydride does dissolve
in the lithium anode, its solubility does not noticeably alter the activity of
the lithium anode. Under these conditions, there is no significant difference
between the reference state and the standard state of pure liquid lithium

at 1 atm.

The lithium hydride formation cell may be represented as
Li(%)/LiX(2) saturated with LiH(s)/H,(g) 1 atm, (Fe) (110)
where LiX represents a lithium halide. The half-cell reactions
Li(t) »LiT + e” and H,(g) + e~ ~ H~ (111)
at the anode and cathode, respectively, sum to give the cell reaction
Li(%) + 3H,(g) — LiH(s). (112)
For a cell with all three substances in their standard states (namely, pure

liquid lithium, pure solid lithium hydride, and pure hydrogen gas at 1 atm),
the Nernst equation,

= o BT 1:/02
E=E-——In (aLiH/aLiaHZ) (113)
reduces to
E = E° (113a)

Table XIV summarizes the data for cells of differing lithium
halide-lithium hydride composition, and Fig. 63 is a composite curve of
emf versus temperature for these cells. Since a comparison of the in-
dividual cell data with the composite set showed no apparent inconsistencies,
the data were treated as a whole. The uncertainty in the data obtained with
the chloride cells is somewhat greater than that obtained with the bromide
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TABLE XIV. Emf-Temperature Data for Lithium Hydride Cells
Using Indicated Electrolytes

59.8 m/o Lil- 59.8 m/o LiBr-  55.1 m/o LiCl-  40.0 m/o LiCl-
40.2 m/o LiH 40.2 m/o LiH 44.9 m/o LiH 60.0 m/o LiH
Emf, Temp, Emf, Temp, Emf, Temp, Emf, Temp,

v ST v °K v L v °K
0.3934 673.2  0.3440 7337  0.3076 777.2  0.2845 803.2
gL GENNG 74 2880 34128 7287 003033 782.2,  0.2822  B810.2
0.3864  683.2  0.3368 744.2  0.2993 788.2  0.2764  813.2
0.3822  687.2  0.3324  749.7  0.2951  1792.2  0.2747  819.7
0.3797  693.2  0.3275  754.2  0.2908  798.2  0.2690  823.2
0.3739  698.2  0.3253  758.2  0.2870  803.2  0.2690  828.2
0.3698  704.2  0.3247 762.2  0.2828 808.7  0.2605  838.2
0.3628  708.2  0.3197 764.2  0.2828  813.2  0.2629  843.2
0.3598  716.2  0.3183  767.7 0.2520  844.2
0.3522  722.2  0.3183  769.7 0.2517  847.7
05520 N N23g 03178 773,2 0.2510  852.2
0.3440  734.2  0.3120  778.2
0.3387  742.7

0.3325  747.2

0.3318  756.2
0.3228  766.2

0.400(— v OPEN Li ANODE

40.2 m/o LiH-59.8 m/o Lil

O OPEN Li ANODE
40.2 m/o LiH-59.8 m/o LiBr
A CLOSED Li ANODE (corrected )
44.9 m/o LiH-55.1 m/o LiCl

O CLOSED Li ANODE (corrected )
60.0 m/o LiH-40.0 m/o LiCl

0.350—

HYDROGEN PRESSURE = 760 mm

EMF, volts

0.300—

()|
025250 700 750 80O 850 900
TEMPERATURE, °K
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Fig. 63. Emf of Lithium Hydride Saturated Cell as a Function of Temperature
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and iodide cells. This is primarily due to the higher cel_l—opera.ting tem-
peratures for the chloride cells, for which the data required small correc-
tions. The corrections varied from 3 mV at 795°K to 20 mV at 852°K. The
emf data obtained for the cells with bromide and iodide electrolytes were
combined and fitted to an equation that was linear with respect to tempera-
ture. The data for the chloride cells were fitted to a second linear equation.
For the temperature range considered, a linear function seemgd to fit all
the data best. The intercept and slope of the final linear equation were
obtained by using an average of the values in Eqs. 113 and 113a, weighted
according to the number of experimental points in each set of data. The

resultant equation
E° = 0.9081 - 7.699 x 107* T (114)

was obtained for the temperature range 673 to 853°K with a standard de-
viation of £2 mV.

2. Emf Studies of Lithium-containing Bimetallic Systems

Because of the negligible rate of self-discharge, the measure-
ment of the emf of bimetallic cells with lithium anodes is much simpler
than for the corresponding cells

ol @ with sodium anodes.
TA TUBE TA ROD
(ELECTRICAL LEAD & | (ELECTRICAL LEAD)
THERMOCOUPLE WELL)
BASKET SUSPENSION In studying the lithium-anode

cells, we could use liquid electrolytes
| woup aLLov eLecTRODE and porous barriers in a cell appa-
—POROUS BeO CRUCIBLE ratus such as that shown in Fig. 64.

MOLTEN ELECTROLYTE |
(EUTECTIC MIXTURE OF

LiCl-LiF) : .
Dy aveenee | (The h1gh rate of self-discharge for
e cells with sodium anodes had pre-
cluded their use in studies on sodium-
108-9007

anode cells.) Porous BeO crucibles
were used as diffusion barriers and
as a container for one of the alloy
electrodes. These cells were op-
erated only above 775°K since lower temperatures caused freezing of the
electrolyte in the pores of the BeO crucible, resulting in fracture.

Fig.64. Schematic Diagram of a Lithium-containing
Bimetallic Cell with a Reference Electrode
of LigBi(s) in Bi

The thermodynamics of lithium-bismuth and lithium-tin
alloys''*!'® have been studied by the emf method using the apparatus just
described. An electrode consisting of a bismuth-rich liquid alloy saturated
with Li;Bi(s) served as the reference electrode. The potential of this
electrode with respect to pure lithium is plotted in Fig. 65 and can be ex-
pressed as

E = 0.5303 + 1,3272 x 10°* T = 6431 Nl0alre (115)
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Fig. 65. Emf for the Cells Li(%)/LiCl1-LiF or

LiC1-KC1/Bi(%) Saturated with LigBi,
as a Function of Temperature

where T is in the range 760-1100°K.

The use of this reference electrode
resulted in two benefits. First, the
reference electrode alloy is invari-
ant in composition, with respect to
the addition of lithium. (This addi-
tion may occur through the solu-
bility of lithium in the electrolyte.)
Second, the activity of lithium in
the reference electrode is greatly
reduced below that of the pure
metal, which means a lower con-
centration of lithium is in the

electrolyte. As a result, we were

able to observe stable cell potentials using the reference electrode versus
dilute alloys of lithium. The observed cell voltages could be converted to

those for the cell containing a pure lithium anode by using Eq.

ikl

Figures 66 and 67 show the voltage-temperature-composition characteris-

tics of lithium-bismuth and lithium-tin cells.

These data represent the

reversible open-circuit potentials for lithium-bismuth and lithium-tin

cells, as a function of composition and temperatures.

Figures 68 and 69

show the open-circuit potentials of lithium-bismuth and lithium-tin cells,
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Fig. 66.

Emf-Temperature-Composition Characteristics
of the Cell Li(2)/LiC1-LiF()/Li in Bi(%)
(Xpj = atom fraction lithium)
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Fig. 67. Emf-Temperature-Composition
Characteristics of the Cell
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(Xp; = atom fraction lithium)
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Fig. 68. Emf of a Lithium-Bismuth Cell as a Fig. 69. Emf of a Lithium-Tin Cell as a
Function of Cathode Composition Function of Cathode Composition
at T = 750 and 900°K at T = 750 and 900°K

respectively, as a function of cathode alloy composition at 750 and 900°K.
The data for these curves were calculated from analytical expressions
representing the emf-temperature data for each composition.

In addition to the above studies, the open-circuit potential of
the lithium-tellurium cell operating at 798°K was calculated'!® using data
obtained from the cell:

Li (in Bi(%) saturated with Li;Bi(s))/LiCl-LiF(2)/Li in Te(g). (116)

The potential of the reference electrode at 798°K (0.7055 V) was added to
the experimental data to yield the open-circuit voltages of the cell,

Li(2)/LiC1-LiF(2)/Li in Te(2) (117)

at 798°K. These voltages are shown in Fig. 70. Note that the saturation

of the lithium-tellurium alloy with Li,Te(s) occurs at 0.39 atom fraction
lithium in tellurium.

The voltages of the lithium-bismuth, lithium-tin, and lithium-
tellurium cells make them attractive candidates for cell development.
However, the fact that the vapor pressures of bismuth and tellurium over
their lithium alloys are high makes thermal regeneration of these cells



unattractive. The lithium-tin alloy probably can be thermally regenerated
by distillation. The lithium-bismuth and lithium-tellurium systems will
be considered further only for use in secondary cells.

Fig. 70

Emf of the Cell Li(%)/LiC1-LiF(2)/
Li in Te(®), as a Function of Cathode
71 Composition at T = 798°K
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3. Liquid-Vapor Equilibrium Measurements on the Lithium-Tin
System

Liquid-vapor equilibrium measurements on the lithium-tin
system are just beginning. There are three separate experimental phases
to this program: low-temperature transpiration studies, high-temperature
transpiration studies, and total-vapor-pressure studies.

The low-temperature transpiration apparatus is a carryover
from work on sodium-containing systems and is described in Appendix C
(see Fig. C.3). It is serviceable up to about 1250°K, a limitation that
arises from its Nichrome-wound furnace and from oxidation by air of the
stainless steel furnace well at higher temperatures. Interior fittings in
this apparatus are being reconstructed of tantalum to withstand the cor-
rosive action of tin. Also, the carrier-gas purity has been improved by
introducing a purification train consisting of a molecular sieve trap to
remove residual moisture and a hot calcium bed to remove oxygen and
nitrogen.

High-temperature (>1250°K) transpiration studies are needed
to obtain information on the system for temperatures up to 1473°K. This
is a likely regeneration temperature if the regenerator is to provide
vapor at an adequate pressure for a reasonable rate of cell operation. The
apparatus for the high-temperature experiments is of a new design and
is not yet complete. It is basically a refinement of the low-temperature
apparatus. The sample container, heat baffling, and quenching arrangement
have been improved, and provision has been made to protect the main
well from air oxidation at the higher temperatures. Figure 71 is a schematic
diagram of the assembly.



Fig. 71
Schematic Diagram of High-temperature
Transpiration Apparatus
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As will be seen in Section 4.b below, overlap of the liquid-
vapor loop with the liquid-solid region in the lithium-tin phase diagram
is likely to occur. The information to determine the minimum system
pressure necessary to avoid this problem is best obtained by means of
total-vapor-pressure measurements as was done for the sodium-bismuth
system. In contrast to the sodium-bismuth system, however, the expected
pressures for the lithium-tin system will be much lower in the temperature
and composition region where overlap is likely to occur (about 107° to
1072 Torr). The pressures will be below the operating range of the quasi-
static method. To handle this problem, a new technique will have to be
developed.

4. Thermodynamic Analysis of Results for Lithium-containing
Systems

a. Thermodynamic Analysis of LiH-containing Systems. In
the search for suitable thermally regenerative cell systems, it is desirable
to find one in which the free energy of change for the cell reaction at the
cell temperature is large and negative but rapidly approaches zero with
increasing temperature. If AS" is large and negative, the latter condition
is met. As a guide in this search, we can examine the AG°/AI:I° values
for the cell reaction at 300°K;'?° for a cell system to be a~cce15table, the
ratio should be less than 0.9. The lithium-hydrogen cell satisfies both
these requirements; at 300°K, AC}" = —ilfe 2 kcal/mole, AIEI" = LG kcal/
mole, and 4G°/aH° = 0.74. Further, this system could be easily regen-
erated since pure lithium hydride readily dissociates at 1173°K giving
1 atm of hydrogen pressure. At normal cell operating temperatures
(620°K), the lithium hydride cell voltage may vary between 0.6 and 0.43 V,
depending on the concentration of lithium hydride in the electrolyte.

With the data from Fig. 63, AC:)f, AIEI?, and Asg were cal-
culated for lithium hydride at 800°K using the following equations:



8Ggoo = -NFEgp, (118)

e E°

AHgoo = NF ( = ) T -SE2], (119)

aT P 5
and

~ IE°

ASgoo = NF(—| , (120)
3T P

where Egp = 0.2922 V and

o A
( 3T)P = -7.699 x 10" T.

Further, by integration of the best available heat-capacity data'!”'!!® over

the range 298-800°K, A(:}?, AIEI‘;-, and A$° were calculated at 298°K using the
relationships

AH = AI:ID+IACP dT, (121)
and
3AG $
(l) S (122)
AT 1

Table XV gives these results and includes values from the literature for®
comparison. The literature value of the standard entropy of formation

of lithium hydride is based on the absolute entropy calculated from the
heat-capacity data from 74 to 93°K and a single point at 293°K.'%?

TABLE XV. Calculated Values® and Literature Values for the
Enthalpy, Free Energy, and Entropy of Lithium Hydride

This Work, This Work, Literature, References for
800°K 298°K 298°K Literature Values
4H} (cal mole~!) -20,940 -21,700 + 290 -21,340 106
-21,670 105
4G (cal mole™) -6,740 -16,160 + 50 -16,450 106, 119
-16,800 105, 119
452 (cal deg™! mole™!) 177 -18.9 + 0.4 -16.3 119
- o - 7 o
283 = NF|T LE) -E°|, 8G§ = -NFE°, 883 = NF(-2E ) ,
= aT/p - = = aT /p

o
where Epox = 0.2922 V, (%) = -7.699 x 107* T V/deg.
P



bismuth system (Section IV.A. 3),

b Thermodynamic Analysis of Lithium-containing Bimetallic

Systems. As mentioned in the discussion of the studies of the sodium-

E
data may be thought of as representing the Ay~ surface in Ap*-T-X space.
the lithium-bismuth system, the equation for this surface was found to be
3 2 o
1-14J)" 128
i=1 j=1
where the values of the coefficients, Cij' are given in Table XVI. For the
lithium-tin system, the equation was
3 &
Tl IXJ-l (124
AuLl Z Z )
with the coefficients, Cjj, as in Table XVII.
TABLE XVI. Coefficents, Cij- TABLE XVII. Coefficients, C ij’
Used in Calculating AuEi in Used in Calculating Au
Lithium-Bismuth Alloys from Lithium-Tin Alloys from
S92 e . :
L.l-1 iy S
B = 2 2 CuTixgy wf = Y ) oy
i=1 _]:1 i=1 J:l
=N G= 3 i=3 i= j=2 =\ 3
j =1 -9397 -18.16  +0.0109 3= 1 2019 -38187 33403
j =2 -7103  +19.44  -0.0068 =23 50 84.92  -53.65
i=3 0.0214 -0.0448  0.0304
These equations are valid only for the composition-
temperature regions studied, namely, for lithium-bismuth: that portion
of the phase diagram in which bismuth-rich, unsaturated alloys exist and
for temperatures of 775-1100°K; for lithium-tin: that portion of the phase
diagram in which tin-rich, unsaturated alloys exist and for temperatures
of 800-1050°K.
For the lithium-tellurium system at 798°K, the Au]]i
obeyed the equation
Eaes & 2
bu; = -36568-5736X . + 11676X3 ; (cal/mole) (125)

with a standard deviation of 29 cal/mole.

the cell potential-composition-temperature

In

The AuE. equations were used, along with the Gibbs-Duhem
relationship, to calculate the standard free energies of formation of the solid

compounds Li3Bi, LisSn,, and Li,Te. These are presented in Table XVIII
for various temperatures.



TABLE XVIII. Comparison of Standard Free The general problem of liquid-
Energies of Formation for Solid Intermetallic 3 3 : :
vapor lo = =
SEEIE e e .p op overlap v'vn:h solid-liquid re
gions of the phase diagram has been

Standard Free Energy of discussed above (Section IV.A.5). For
Formation, kcal/mole

Temp, the sodium-bismuth regenerative cell,
°K Li;Bi(s) LasSmp Li;Te  oyerlap posed a recognizable threat, but
798 R 2, _77.9 the problem was avoided by maintaining
800 -50.5 -61.4 a minimum system pressure of 240 Torr.
ggg ‘:Z; '232 For the lithium-bismuth system, no
950 478 553 liquid-vapor equilibria were studied, but
1000 -46.6 -52.4 the overlap problem would be a threat
i?(ﬁ)g ::Z'g here also. The compound Li;Bi has a

high melting point (1418°K). Therefore
for a reasonable regeneration temperature
(about 1475-1500°K), and considering that the vapor pressure of pure bismuth
at this temperature is about 22 Torr, the condensation temperature (tempera-
ture at which the pure lithium vapor pressure is also about 22 Torr) would be
about 1225°K. It is difficult to conceive of a liquid-vapor loop of the simple
ascendent type, with its ends fixed at 1225 and 1500°K, which will pass a
liquid-solid hump that thrusts up to 1418°K, close to the low-temperature end
of the loop. A particular kind of loop that could bypass the hump is that de-
scribing a maximum-boiling-point azeotrope. Such an azeotrope can be ex-
pected in a system having strong negative deviations from ideality, which the
lithium-bismuth system has. If an azeotrope occurs in the system, then re-
generation of a lithium-bismuth cell would produce liquid of the azeotropic
composition and either the anode or the cathode would eventually reach this
composition. The outcome is not likely to be acceptable. Thus the lithium-
bismuth cell seems likely to be caught between the conflicting requirements
imposed by the overlap problem and azeotropy. Details of the analysis of
overlap and of the effect of pressure in handling azeotropy problems have
been published.?’

The phase diagram for the lithium-tin system shows a re-
gion of liquid-solid coexistence which includes the compound Li;Sn, with a
melting point of 1056°K. If a reasonable regeneration temperature is chosen
(about 1475-1500°K), and the vapor pressure of the cathode composition at
this temperature is assumed to be about 1072 Torr, then the pure-lithium end
of the vapor-liquid loop would be at about 800-825°K. Under these conditions,
overlap might occur. To avoid overlap, a condensation temperature of
1000°K may be necessary, at which temperature pure lithium has a vapor
pressure of 0.78 Torr. It is not known yet if there is a practical combination
of cathode composition and regeneration temperature to give such a pressure.
If the liquid-vapor loop shows that the vapor is extremely dilute in respect to
tin over the cathode composition at the regeneration temperature, we should
be able to condense the vapors directly and avoid the overlap problem. These
questions will be answered by the liquid-vapor equilibrium studies, the plans
for which were outlined in Section A.3 above.
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B. Physicochemical Properties of Lithium-containing Systems

The search for suitable electrolytes for use with regenerative gal-
vanic cells has been augmented by fundamental studies on the t‘ransport
properties of molten salts. Such data as conductiv1?y and.dexlmsn:y and ;
solubilities of intermetallic compounds are needed in designing a practical
cell, since in many cases deviations of these properties from computed
values based on ideal behavior are considerable.

1. Conductivity of Lithium Hydride- Lithium Halide Mixtures

The search for an electrolyte suitable for use in a lithium
hydride emf cell led to investigation of the temperature-composition char-
acteristics of the lithium hydride-lithium halide (C1~, Br~, 1) binary fused-
salt systems (see Section V.C). A thermodynamic analysis of the solid-
liquid equilibrium temperature data indicated that all systems showed
positive deviations from ideality. These positive deviations were inter-
preted to indicate the possible existence of an ionic aggregate such as
LiCl; in the system. If such associated species do exist in solution, nor-
mal ionic character of the solution would change significantly. Studies of
the electrolytic conductivity of these systems should aid considerably in

explaining the nature of these fused-

MICROMETER salt systems.
== ADJUSTABLE ELECTRODE SUPPORT
™ We have assembled an all-
metal conductivity cell (shown in
~——FLOOR, HELIUM ENCLOSURE

= e Fig. 72), which employs two rigidly-
mounted parallel molybdenum elec-

PARALLEL ELECTRODES ~trodes immersed in the melt held
/ in a molybdenum crucible. The lack

I
THERMOCOUPLE
- MOLYBDENUM CRUCIBLE . ; )
w -
ELL R RRTE O oo tn <'3f sultabl.e msula.tors stable to 1.1th
copper BLock 1um hydride required the exclusive

use of metals. The depth of immer-

308-616 sion of the parallel electrodes is
Fig. 72. All-metal Parallel-electrode Assembly accurately set by means of a mi-
for Measuring the Electrolytic Conduc- crometer screw directly attached
tivity of Molten Salts to the electrodes. The resistance

of a homogeneous solution measured
with a low-impedance ac bridge is a linear function of the depth of immer-
sion of the electrodes. The change in ac conductance, l/R, per unit depth

of immersion of the electrodes, S, is a constant over a range of frequencies
and electrode depths:

Ll
B> Ry
&= a

= S mho/cm, i (126)
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where R; and R, are resistances at depths d; and d,. R, and R, are obtained
after subtracting, from the total measured resistance, the resistance of the

electrodes above the melt plus one-half the resistance of the electrodes
immersed in the melt.

Since fused salts have low resistivities, a sensitive bridge is
needed for accurate electrolyte resistance measurements. Such a trans-
former bridge has been built by J. P. Bobis of the Electronics Division,
ANL. Figure 73 is a schematic diagram of this bridge, designed to mea-
sure resistances of 0.0l to 10 ohms with an accuracy of 3%.
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Re 10,0009/STEP POT. IS ADJUSTED FOR NULL, THE SWITCH IS CLOSED
Ti. T2, TOROIDAL TRANSFORMERS AGAIN, AND THE BRIDGE IS REBALANCED
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Fig. 73. Circuit Diagram for the Low-impedance AC Bridge

Conductivity has been measured on four compositions of the
lithium hydride-lithium chloride binary mixture. These data are given in
Fig. 74, where the conductivity of the mixture is plotted as a function of
composition. When contrasted with the calculated ideal conductivity
(additive), the data indicate that large positive deviations are present in
this mixture. Further experiments are planned for the LiH-LiCl system
and the other lithium hydride-lithium halide systems.

2. Densities of Lithium Hydride-Lithium Halide Mixtures

Liquid densities have been determined on lithium hydride-
lithium chloride binary mixtures by measuring the volume of a known
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weight of the mixture in a calibrated crucible. After each S}lcc‘essive
addition of lithium hydride to the crucible, the depth of the liquid was mea-
Liquid density as a function of temperature

sured at various temperatures. .
These data are presented in Table XIX.

was measured for four compositions.
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o
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TABLE XIX. Density of LiH-LiCl Mixtures

Composition, Density,2 p,

3
XLin g/em
0.0P o = 1.884 - 0.4328 x 1073 T
0.201 p = 1.80 -0457 x10°3T
0.400 ) 1.7 -:0.499 x 107> F
0.600 p = 1.46 ~0.417 x10°3T
0.800 pl = 1020 028010

2These equations apply over the range 893-993°K.
bTaken from Ref. 121.

The ideal molar volume, V, has been calculated at each com-
position for this binary mixture using the relation

Videal = X1V + X,V (127)

where \7i is calculated from Mi/pi' The change in volume AV is obtained
from

A= V= Videal = ¥ = IX ¥, (128)

These data (given in Table XX) indicate positive deviations from ideality
in this mixture. '
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TABLE XX. Molar Volumes of LiH-LiCl Mixtures at 973°K

Molar Volume, Molar Volume, A\~/', AV
X14H cm’/mole (calc) cm?/mole (expt'l) em?/mole Z_Vl
0.0 28.98 - = =
0.201 25.83 26.05 0.22 0.0085
0.400 22.68 23.4¢ 0.78 0.0343
0.600 19.54 20.5; 0.97 0.0496
0.800 16.39 17.54 B 0.0727
1.00 13.24 L = -

3. Solubilities of Lithium-containing Intermetallic Compounds
in Fused Salts

Figure 75 shows the results of solubility determinations of
lithium-bismuth alloys and Li,Te in fused alkali halides, along with those
for several other intermetallic

100g % compounds. These data were
\ s LsTa @ nLiGULIE taken in the same manner as dis-
N%Wmn \\\ cussed for sodium-intermetallics
it e eLiTe(s)inLici-Ki in Section IV.B.3.

“ b In the lithium-bismuth
A Na:Bi=271-2.89! studies, the Li:Bi ratio in molten
LiosBios (1)in N\ M9,BizinMaCl, LiF-LiCl eutectic was shown to
"ic""'_';m. i be 3.0 when solid Li;Bi was pres-
ol LAt Li.BilLsil:iB-:l;;‘j‘l"LiF ent in the liquid-metal phase.!??

The heat of fusion for LizBi cal-
culated from the solubility data
is 18.8 kca.l/mole. The solubility

Na,Bi(s)in NoOOH &

MOLE PERCENT HEAVY METAL OR METALLOID

NaCd,(s)in NaOH &

1090 900 800 700 600 sooMabtain Aot & | =0 of bismuth from a 50 a/o lithium-
oo G AN R C AR bismuth alloy was equal to that
10*/ T,k from Li;Bi(s) at low temperatures,
108-9005 Rev. 3 where the 50 a/o alloy becomes

saturated with solid Li;Bi (883°K).
At higher temperatures, the Li:Bi
ratio for the 50 a/o alloydecreases
sharply, as shown in Fig. 75; experimental difficulties in the determination of
the lithium content of the solution precluded fixing a more precise value for

the ratio.

Fig. 75. Solubilities of Some Intermetallic Compounds
in Fused Salts, as a Function of Temperature

The solubility of Mg;Bi, in MgCl, is shown for a limited tem-
perature ra.nge.123 The Mg:Bi solubility ratio in the salt phase is 3:2.

Figure 75 indicates other isolated points for Mg,5n (Ref. 123)
and Li,Te and shows (for comparison) the solubilities of various inter-
metallic compounds in molten NaOH reported by Delimarskii et a_1.7°
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Bi and NaPb in molten NaOH are low compared with

These solubilities of Naj
for the heat of fusion of 16.6 kcal/mole for

values calculated using a value
Na;Bi.

The solubility trend observed suggests that, as the transition
metal series on the periodic chart is approached, the trend is to lower
solubilities of intermetallic compounds in fused salts. Indeed, this might
be predicted on the basis that, as the transition metal series is approached,
the bond formed is less ionic in character. The latter is indicated by the
lower melting points of the most stable intermetallic compounds (compared

with the melting points of the elements).

To test this hypothesis, we determined the solubility of LiHg
(m.p. 868°K) in molten LiCl-LiF at 791°K. The compound LiHg was pre-
pared from the elements and activated by neutron bombardment for use
in this study. By gamma-counting the radioactive 2%Hg in a sample of
69.5 m/o LiF- LiCl (eutectic), which had been equilibrated at temperature
with the activated LiHg, we estimated the solubility of LiHg in LiCl-LiF
eutectic at 791°K to be 8.6 x 1052 m/o. At the same temperature, the solu-
bility of Li;Bi(s) is approximately 2 x 1052 m/o, and for Li,Te, the solu-
bility is nearly 3 m/o.

In additional investigations, tellurium metal was equilibrated
with molten CsCl, molten KC1, and molten LiCl. The saturation solubili-
ties in these alkali halides were found from tellurium analyses to be 1.28 x
Ho=E w/o in CsCl at 944°K; 3.5 x 10" % w/o in KCl1 at 1075°K; and less than
5x 10°* w/o (the lower limit of detection of tellurium by the analytical
method used) in LiCl at 900°K.

4. Raman Spectral Studies of Fused Salts (by E. L. Gasner)

The behavior of molten salts may be better understood from
the identification of species and molecular associations (for example,
complex ions, neutral molecules, pseudolattice structures) in fused-salt
systems. The occurrence of molecular association usually results in
apparently nonideal behavior of properties such as solubilities, freezing
points, and vapor pressures. Nonideal behavior of these properties pre-
cludes the use of ideal-solution rules for predicting the behavior of sys-
tems of varying compositions. Much expensive and time-consuming
experimental work is then required in order to have confidence that the
physical behavior of a system is understood. Spectral studies of fused
salts aid in the understanding of the nonideal behavior of fused-salt systems.

The discovery of vibrational Raman spectra in ionized alkali
ha%ide and alkali hydride systems can provide unambiguous proof of the
existence of complex species. A study of the intensity of the Raman spectra
can give exact quantitative information as to the nature, concentration, and



121

temperature dependence of such species. This type of information can be
of great value in predicting and explaining the behavior of systems of in-
terest. Apparently nonideal behavior may be nearly ideal when interpreted
in terms of the complex species present as, for instance, in the quasi-ideal
treatment discussed in Section IV.A.2.

The results of cryoscopic and electrical conductivity investiga-
tions of molten LiH-LiCl solutions indicate large deviations from ideal-
solution behavior (see Sections V.B.1 and V.C). The behavior of this system
is consistent with the behavior expected if most of the chlorine were present
in complex ions such as LiCl;. However, alternative explanations of the
observed nonideal behavior are also possible. The discovery of the appro-
priate Raman spectrum could resolve this uncertainty.

Investigation of solutions of intermetallic compounds in molten
salt solvents is also important since knowledge of the solubilities of elec-
trode materials in the electrolyte is necessary for the proper design and
construction of bimetallic cells. Solubility studies (see Section V.B.3) have
shown that the total bismuth concentration in LiF-LiCl eutectic at equilib-
rium with Liz;Bi is more than an order of magnitude higher than the concen-
tration of pure bismuth in LiF-LiCl eutectic. This is almost conclusive
evidence for the existence of a complex ion or molecule involving lithium
and bismuth. Raman spectral investigations might establish the formula
of this species and provide enough information concerning its chemical re-
activity to allow the prediction of its importance in hitherto unstudied
systems.

Raman spectra and infrared spectra are complementary to each
other, and in an ideal laboratory provision would be made for obtaining both
types of spectra. Economic considerations often require that a choice be
made between the two types of instrumentation. Although each has advan-
tages and disadvantages, the Raman equipment appears to be the better
choice for many molten-salt investigations. Species of interest, such as
LiCl; or Li;Bi, would have fundamental vibrations in the range of 100-

700 cm~!. This is a normal working area for Raman investigations.

Unfortunately, commercially obtainable Raman spectrophotom-
eters are not readily adaptable for use with corrosive molten-salt samples
at high temperatures. For this reason, we have designed and constructed a
versatile Raman spectrophotometer, making use of commercially available
components for most parts of the apparatus. Figure 76 is a schematic dia-
gram of the more important parts of the apparatus. Appendix D describes
its operation in detail.

Before its use in the study of fused-salt solutions, the spectro-
photometer as a whole was tested by obtaining the spectrum of liquid carbon
tetrachloride. Figure 77 shows the high signal-to-noise ratio and the reso-
lution of the isotopic fine structure obtained for the anti-Stokes 459-cm™!
band of liauid carbon tetrachloride. A Model 211-0537 Perkin-Elmer
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multireflection sample cell was used in this experiment. The intensity ob-
tainable with this cell is 25 times as great as that obtained with a single
pass of the laser beam through the sample. In work performed in collabo-
ration with Dr. Howard Claassen and Dr. Boris F. Frlec of the ANL Chem-
istry Division, spectra of liquid and gaseous XeFg and NpF, were obtained
using only a single pass of the laser beam. Details of the results obtained
with the hexafluorides are reported elsewhere.'?
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Fig. 76. Schematic Diagram of Laser-excited Raman Spectrophotometer
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Fig. 77. The Agti—S(okes 459-cm™~1 Raman Band of Carbon Tetrachloride
at 295°K. Slit width = 1.25 cm™1; time constant =RC = 5 sec.

, ‘ The system chosen for the first fused-salt investigation was
LiH-LiCl. The physical and chemical nature of the LiH-LiCl system pre-
sented s.everal experimental difficulties: (1) Molten LiH-LiCl mixtur:s
re:act with all known window materials; (2) a hydrogen atmosphere is re-
qu'lred to reduce the dissociation of the LiH; (3) the sample must be main-
tained at 750-1050°K; and (4) ionic bonding of any polyatomic species
present would probably result in low specific Raman intensities. The
apparatus as a whole, while capable of handling molten LiH-LiCl, should



123

have a sensitivity comparable to, or higher than, the sensitivity attainable
with conventional samples. Most of the experimental difficulties described
above appear to have been overcome.

A sample cell (the 45° mirror cell), capable of handling molten
LiH-LiCl, has been designed, constructed, and tested. Figure 78 illustrates
the design and operation of this cell. A metal sample cell is used to contain
the melt. A slot, 2.5 cm long by 3 mm wide, in the lid of the sample cell
permits the entrance of the laser light and the exit of the Raman light. A
stainless steel 45° mirror (4 in Fig. 78), immersed in the melt, causes the
laser beam to pass horizontally down the length of the melt. A large 45°
mirror outside the furnace allows the Raman light originating from the
horizontal "rod" of illuminated sample to be focused on the vertical en-
trance slit of the spectrometer.

The sample cell (1) is surrounded by a nickel block (6). A
small wedge-shaped hole in the nickel block provides for the necessary
passage of light (8). The nickel block is enclosed in a quartz tube (7) to
provide a controlled atmosphere around the sample. Passage of a stream
of purified hydrogen, in the direction indicated by the arrows, prevents
corrosive vapors of the sample from reaching the quartz jacket. A metal
shutter (9) may be placed over the sample by means of a control rod (10)
to prevent spattering of sample onto the quartz envelope during the melting
of the sample. An extension on the shutter provides space for an optional
secondary window. The entire sample region is surrounded by a tube
furnace, which can be operated at temperatures up to 1300°K.

The effectiveness of the 45° mirror cell has been tested at
523°K with a molten NaNO;-KNOj; eutectic mixture. Figure 79 is an ex-
ample of the spectrum attainable with the molten nitrate sample. This
spectrum was obtained using a high scanning speed (125 cm_l/min) and a
short time constant (t.c. = RC = 1 sec). In spite of the use of such a short
time constant, the line at v1650 cm™! is clearly visible above the background
noise. Molten nitrates were investigated previously by Janz and James!?°
using the conventional mercury-arc excitation with the mercury arcs sur-
rounding a transparent quartz sample cell. This favorable sample geometry
would be expected to give an intense Raman signal. Janz and James, how-
ever, although able to detect the 1650-cm™! line photographically, were un-
able to observe this line when using photoelectric detection. We may
therefore conclude that the special Raman apparatus developed in this labo-
ratory will allow molten LiH-LiCl to be investigated with at least the same
sensitivity as can be achieved elsewhere with conventional samples.

Raman spectral investigations of molten LiH-LiCl mixtures are
under way. Samples have been maintained at 773°K for many hours with no
appreciable discoloration of the quartz sample envelope or of the 45° mirror
immersed in the melt. At higher temperatures, however, maintaining a clear
melt and clear windows is considerably more difficult. This problem is cur-

rently being studied.
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Fig. 79. Raman Spectrum of the NaNO3-KNO3 Eutectic Mixture at 523°K
5

5. Visible Absorption Spectra

The solubilities of intermetallic species in the electrolyte of a
bimetallic cell may have several implications for cell operation. First,
the intermetallic species may cause (additional) electronic conduction,
which would reduce the current efficiency of the cell. Secondly, the inter-
metallic species may be extracted from solution by the anode, causing a
buildup of cathode metal in the anode. To better understand the nature of
the dissolved species, we have studied optical absorption spectra of these
species.

The absorption spectrum of the deep-red solution of Li;Bi in
molten LiCl-LiF eutectic was determined as follows:'?? The mixture was
contained in the rectangular well of a 1.27 x 3.81-cm sapphire absorption
cell. The sapphire cell was placed in a quartz outer envelope having a
rectangular bottom and a round upper portion provided with a vacuum stop-
cock. The cell was loaded in a high-purity helium atmosphere. The quartz
and sapphire assembly was evacuated and placed in the heated sample cham-
ber of a Cary 14H spectrophotometer.

125
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The spectrum of Li;Bi in LiCl-LiF was measured at 798°K in
the range 5000-30,000 cm~!. The spectrum is characterized by an intense_
absorption band whose long wavelength edge is locatedat 2.0eV (16,300 cm™!).
Preliminary studies of the temperature shift of the band have shown that the
band edge shifts ~0.1 eV to lower energies for each 100°K rise intemperature.

The absorption spectra of alkali-metal tellurides and of elemen-
tal tellurium in molten alkali halides have also been determined.'?® The
alkali metal tellurides were prepared by direct combination of stoichio-
metric amounts of each element in an inert atmosphere. The absorption
spectra were measured in fused silica absorption cells. Before spectral
measurements were made, the solutions were filtered through fine-porosity
fritted discs of silica, a procedure that gave clear solutions in the absorption

cells.

The absorption spectrum of the burgundy-red solution of Li,Te
in LiCl-LiF at 798°K is characterized by an absorption band at 21,250 cm™!
with a half-width of 7000 cmm™!. Figure 80 shows the spectrum of Li,Te in
LiCl- LiF at 798°K and in LiCl at 923°K. The molar absorptivities at
21,250 cn~! observed for three different concentrations were 25.1, 24.0,
and 33.4. The major uncertainty in these measurements is in the analysis
for the Li,Te content of the melts. The differences in the values of the
molar absorptivities are within the limits of error of the measurements
and are probably not an indication of a breakdown of Beer's Law. The
average oscillator strength for the transition was calculated to be 0.86 x
1072, The low oscillator strength of the band implies that it is due to a
forbidden transition.
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Solutions of Cs,Te in molten CsCl are also red. The absorp-
tion spectrum of such a solution at 948°K is characterized by an absorption
band with a maximum at 18,200 cm™!, a half-width of 7400 cm™?, and a
molar absorptivity of 58.1 at the maximum; the spectrum is shown in Fig. 81.
The oscillator strength of the transition was 2.0 x 10"2. The low oscillator
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T il ok s i S R strength of the Cs,Te absorption
band indicates that it too origi-

1 3 1 mnates from a forbidden transition,
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\ as intense as the analogous tran-
sition in the Li,Te solutions. The
absorption bands of those alkali
metal tellurides have been inter-
/ preted as arising from 5p-6p
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Fig. 81. Absorption Spectrum of CsgTe it
# in csgl at 9}1)801( o The possibility that the

alkali metal tellurides do not ex-
change with solvent cations cannot be ruled out a priori. To test this admit-
tedly remote possibility, we measured spectra of solutions of Li;Te in CsCl
and Cs,Te in LiCl- LiF eutectic. The spectra were identical with those ob-
tained for solutions of Cs,Te in CsCl and for Li,Te in LiCl-LiF, respec-
tively. It was thus demonstrated that the overwhelming concentration of
solvent cations causes replacement of the initial alkali metal constituent
and ensures that the alkali metal nearest-neighbors surrounding the tellu-
rium are derived from the cations of the solvents.

The spectrum of tellurium dissolved in molten CsCl at 948°K
was also observed during this work. The spectrum is characterized by a
broad complex absorption band stretching from 27,000 to about 10,000 cm™
and having an oscillator strength
of 3.9 x 10"%2, A resolution of 1000—————— —
this complex band into two over-
lapping bands with maxima at
15,500 and 20,800 cm~™! is a
possi.bility.126 This spectrum
is shown in Fig. 82.

1

These data suggest
several experiments. The na-
ture of dissolved anode metal
and intermetallic species might
be better defined by studying
electrical conductivity, densi-
ty, optical absorption spectra,
Raman spectra, and/or elec-
tromigration of colored species.
Some of these experiments are Fig. 82. Absorption Spectrum of Tellurium
raw heino nlanned. in CsC1 at 948°K
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C. Phase Relationships for Lithium Halide-containing Electrolytes

1. Lithium Halide Systems

The selection criteria for electrolytes given in Section IV.C
included the desirability of using as electrolytes molten-salt mixtures th?.t
are thermodynamically stable with respect to the anode metal.an.d have %ugh
electrolytic conductivities and low melting points. Since t}'}e lithium hah(?e
group is the lowest melting of the alkali halides, it is possible to synthesize
an electrolyte of lithium halides melting near 600°K which would be thermo-
dynamically stable in the presence of a lithium anode. Additional advantages
in terms of high cell voltages and lower densities result if lithium is used as
the anode metal in galvanic cells. With optimum design and proper thermal
insulation, it may be possible to maintain the required cell temperature of
about 600°K by the resistive heat generated within the cell during its operation.

In addition to the halides, lithium carbonate and lithium hydrox-
ide were considered as possible components for these fused lithium-salt
mixtures. The following reactions indicate problem areas that could bring
about gross changes in the electrolyte characteristics, thereby casting doubt
on the usefulness of the hydroxide or carbonate salts:

LiOH + 2Li = Li,O + LiH 85G350 = -40 kcal/mole; (129)
LiOH + Li — Li,O + H, AGSso = -25 kcal/mole; (130)
Li,CO; + 2Li ~ 2Li,0 + CO 4GS = -35 kcal/mole. (131)

Consideration of electrolytes was, therefore, limited to only
the lithium halide systems; the possible binary and ternary mixtures and
their characteristics are listed in Table XXI. Research on all combina-
tions has not been completed. The solid-liquid equilibrium data for the

TABLE XXI. Solid-Liquid Equilibrium Characteristics
of Lithium Halide Mixtures

Minimum

Components?@ Typeb Temp, °K Composition Reference
LiF-LiC1 E 774 30.5 m/o LiF 128
LiF-LiBr E 726 31.0 m/o LiF 127
LiF-Lil E 684.1 16.5 m/o LiF
LiCl-LiBr ss 795.2 ~40 m/o LiCl 127
LiCl- Lil E 641.4 34.2 m/o LiCl
LiBr-Lil ss ~691 ~60 m/o Lil
LiF-LiCl- LiBr sS 703 22 m/o0-31 m/0-47 m/o 129
LiF-LiCl-Lil E 614.2 11.7 m/0-29.1 m/0-59.2 m/o
LiF-LiBr-Lil Ss ~640 - -
LiCl- LiBr- Lil SS ~630 -

@Melting points of the pure lithium halides are as follows: LiF, 1121°K; LiCl, 880.0°K;
LiBr, 824.3°K; and Lil, 742.2°K.

E stands for eutectic, and SS stands for solid solution.



129

LiF-LiBr and LiCl-LiBr systems are the work of Botschwar.!?’” The data
of Haendler, Sennet, and Wheeler!?® for the LiF-LiCl system were checked
in this laboratory, and good agreement was obtained. Figure 83 is a plot of
crystallization temperatures for these three binary systems. Ternary sys-
tems are of greatest interest as potential electrolytes primarily because of
their low melting points. Of the four ternary mixtures listed, only the LiF-
LiCl-LiBr system has been investigated to any extent. Bergman and
Arabadzhan'® found that the equilibrium diagram of the LiF-LiCl-LiBr
liquidus surface has two crystalline fields: the larger field is composed of
pure lithium fluoride, and the smaller is made up of a continuous series of
solid solutions of lithium bromide and lithium chloride. Crystallization
temperatures for this system are shown in Fig. 84.
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Fig. 83. Crystallization Temperatures for the Fig. 84. Crystallization Temperatures
Binary Systems LiF-LiBr, 127 ic1- for the Ternary System LiF-
LiBr,127 and LiF-Lic'®8 LiC1-LiBr129

Data describing the solid-liquid equilibrium for the LiF - Lil,
LiCl- Lil, and LiF-LiCl-Lil systems were obtained in this laboratory using
the same procedures and apparatus as those described previously“o (see
Section IV.C). The LiCl, LiBr, and Lil salts were purified by a modifica-
tion of the technique described by Laitinen et al.,'°” in which the anhydrous
hydrogen halide (gas) was used to remove the last traces of moisture from
the molten salt. Preceding the treatment with the gaseous anhydrous halo-
gen acid, the bulk of the water of hydration was removed from finely ground
crystals by slow programmed heating of the sample under vacuum. Visual
observation of the evolution and condensation of the water served as a guide
in the drying process. After drying, the molten, purified salts were filtered
through an extra-fine quartz frit. The lithium chloride melting point was
880.0°K, the lithium bromide melting point was 824.3°K, and the lithium
iodide melting point 742.2°K. Lithium fluoride was dried in a vacuum for
24 hx a2t 2R0N°K hefore use. Its melting point was 1121°K.
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The experimental compositions investig?fed 'for the LiF-Lil and
the LiCl- Lil binary mixtures and the solid- liquid equilibrium tempe ra.ture data
are given in Table XXII and Fig. 85. Both systems arc? of the' eutectic tyz:.e,
The LiF-Lil eutectic composition contains 83.5 m/o Lil Tneltlng‘ at 684.1 Kc,
and the LiCl- Lil eutectic composition contains 65.8 m/o Lil melting at 641.4°K.

TABLE XXII. Crystallization Temperatures for the Systems LiF-Lil and LiCl-Lil

LiF-Lil LiCl-Lil
iquidus Eutectic m/o Liquidus Eutectic
r:iéc 1{4;:1:1‘;‘}( Temp, °K Lil Temp, °K Temp, °K
1121 - 0.0 880.0 -
Igg 1096.0 684.5 5.0 865.6 640.8
20.0 1071.9 683.4 15.0 833.9 641.1
275 1053.1 684.7 25.0 805.2 641.9
35.0 1028.5 684.9 35.0 2 642.5
45.0 983.0 684.5 45.0 734.8 642.6
55.0 92.5.2 684.4 55.0 695.1 642.3
65.0 857.1 684.0 60.0 668.9 642.2
70.0 820.7 684.2 63.5 652.3 641.7
80.0 721.3 684.3 65.0 647.0 642 .4
83.5 684.1 - 66.4 642.2 B
84.9 689.4 684.7 70.0 661.5 640.9
90.0 709.8 683.6 749, 672.5 641.0
95.0 728.4 682.6 80.0 687.9 641.2
100.0 742.2 - 90.0 715.5 638.9
94.9 129.3 639.9
95 730.4 640.4
100 742.2 -

Data defining the LiF-LiCl-
Lil system were gathered from heat-
ing and cooling curves for five LiCl-
Lil mole ratios radiating from the
LiF corner of the ternary field.
Table XXIII gives the experimen-
tal compositions investigated and
the equilibrium temperatures at
which inflections and halts were
observed. Figure86 isa composition-
temperature contour diagram for
the ternary system constructed from
these data and the knowledge of the
three binary systems. Inspection of
the liquidus surface of the ternary
diagram indicates three fields of
crystallization, one for each of the

TEMPERATURE, °K
s e SR
o o o o

o
n
o

641.4°K .
pure components in the system. At
L i T O T - : .
T e 80 s0 oo the intersection of these three fields

MOLE PERCENT lies the minimum in the system, a

308-666 Rev. 1 ternary eutectic with a composition
Fig. 85. Crystallization Temperatures for the of 11.7 m/o LiF-29.1 m/o LiCl-
Binary Systems LiF-Lil and LiC1-Lil 59.2 m/o Lil melting at 614,2°K.



TABLE XXIII, Crystallization Temperatures for the System LiF-LiCl-Lil

Series I Series II Series III Series IV Series V
Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio
LiCl: Lil 9:1 LiCl: Lil 7:3 LiCl: LiI 1:1 LiCl: LiI 3:7 LiCl: LiI 1:9

m/o Temp, m/o Temp, m/o Temp, m/o Temp, m/o Temp,
LiF °K LiF °K LiF “K LiF K LiF °K
10.0 816.4 10.0 155.7 5.0 701.3 5.0 644.1 10.0 684.2
20.0 781.5 15.0 739.9 10.0 691.0 10.0 653.4 20.0 7173
25.0 762.3 20.0 727.0 15.0 672.0 15.0 656.4 30.0 815.3
30.0 774.3 25.0 744.8 22.5 732.8 20.0 2.2 48.2 941.1
35.0 817.5 30.0 787.0 30.0 804.4 30.0 806.3 50.0 951.6
40.0 852.8 40.0 862.5 40.0 871.2 40.0 879.6 60.0 1010
50.0 912.1 50.0 924.0 50.0 939.5 50.0 941.9 70.0 1039
60.0 965.0 60.0 973.5 60.0 993.0 60.0 993.7 80.0 1069
70.0 1010 70.0 1018 70.0 1026 70.0 1034 90.0 1095
80.0 1048 80.0 1055 80.0 1059 80.0 1064 100.0 1121
90.0 1085 90.0 1087 90.0 1089 90.0 1091
100.0 1421 100.0 1121 100.0 1121 100.0 1121

Lici
880°K

<—m/o LiCl

308-641 Rev. 1

Fig. 86. Crystallization Temperatures for the Ternary System LiF-LiCl-Lil



Preliminary experiments for the LiBr-Lil, LiF-LiBr-Lil, and
LiCl-LiBr- Lil systems gave the following results: The LiBr-Lil system
is a solid-solution mixture with the minimum in the system at about 691°K;
the composition at the minimum is about 60 rn/o LiI. The minimum tem-
peratures in the LiF-LiBr-Lil and LiCl-LiBr-Lil systems are nearly the
same, 640 and 630°K, respectively. Two eutectic binary mixtures and one
solid-solution mixture make up the LiF-LiBr-Lil system, whereas the
LiCl-LiBr- Lil ternary mixture is composed of one eutectic binary and
two solid-solution binary mixtures. Further work on these systems is

planned.

Thermodynamic stability data indicate that if the operating
temperature of the cell or battery is restricted to below 773°K, it should
be possible to use mixed-cation- containing (e.g., lithium, potassium,
rubidium, cesium) electrolyte for those cells or batteries using lithium
as the anode metal. High-purity lithium is obtained by electrolysis from
a LiC1-KCl bath held at 648°K. The very low (0.003 w/o) potassium im-
purity in lithium metal further establishes the stability of potassium salts
in the presence of lithium metal below 773°K.

Preliminary experiments have been performed on five mixed-
cation electrolytes. These systems and their minimum temperatures are:
(1) LiF-LiCl-KI, 554°K; (2) LiCl-LiI-KI, 537°K; (3) LiBr-LiI-KI, 538°K;

(4) LiCl-KCl-RbCl, 538°K; (5) LiBr-KBr-RbBr, 533°K. Work on these sys-
tems is planned as part of our continuing investigation of electrolytes.

2. Lithium Hydride-containing Systems

An electrolyte, to be suitable for use in a lithium hydride cell,
should have the following properties: (1) reasonable solubility for lithium
hydride, (2) stability at regeneration temperatures, preferably with a low
vapor pressure at this temperature, (3) thermodynamic stability with re-
spect to lithium, and (4) low anode-metal solubility. Halides of lithium
are the only substances meeting these requirements.

Data describing the solid-liquid equilibrium for the lithium
hydride-lithium halide systems were obtained by thermal analysis. The
procedures and apparatus used are the same as those described previously,
using lithium hydride prepared according to standard procedures.'®® All
experiments were run in the presence of a hydrogen-gas blanket of 1 atm
pressure to prevent dissociation of lithium hydride.

Table XXIV summarizes the pertinent data for the various
binary and ternary lithium hydride-lithium halide mixtures of interest.
Data for the LiH-LiF system were obtained from the work of Messer and
Mellor'*® and are included here for completeness. Table XXV lists the
crystallization temperatures for all four binary systems. They are also
displayed graphically in Figs. 87-89.



TABLE XXIV. Solid-Liquid Equilibrium Characteristics of Lithium Hydride-Lithium Halide Mixtures

Minimum

Components3 Typed Temp, °K Composition Reference
LiH-LiCl E 768.8 34.0 m/o LiH 110
LiH-LiBr E 726.5 29.7 mfo LiH 11
LiH-Lil E 664.0 23.5 mfo LiH 11
LiH-LiF SS 957.3 ~13 mfo LiH 130
LiH-LiF-LiCl SS 732 20 m/o-61 m/o-19 m/o 131
LiH-LiCI-Lil E 606.1 14.5 m/o-27.5 m/o-58.0 m/o <

3Melting points of the pure components are as follows: LiH, 959.5°K; LiF, 1121°K; LiCl, 880.0°K; LiBr, 824.3°K;
and Lil, 742.2°K.
E stands for eutectic, and SS stands for solid solution.

TABLE XXV. Crystallization Temperatures for the Binary Systems LiH-LiF, LiH-LiCl, LiH-LiBr, and LiH-Li

LiH-LiF LiK-LiCl LiH-LiBr LiH-Lil
mlo Liquidus, Solidus, mlo Liquidus, Eutectic m/o Liquidus, Eutectic, mlo Liquidus, Eutectic,
LiF Temp, °K Temp, °K LiH Temp, °K Temp, °K LiH Temp, °K Temp, °K LiH Temp, °K Temp, °K
0.00 959.6 8 0.0 880.0 = 0.0 8243 = 0.0 741.1 =
5.06 958.2 957.0 5.0 866.7 769.0 5.0 809.9 726.3 5.0 728.2 663.2
9.44 957.4 956.3 15.0 835.6 769.4 10.1 9.7 726.7 10.0 714.7 664.3
154 957.3 955.8 25.0 805.3 769.9 15.2 m.2 123.6 150 698.7 661.5
20.0 958.8 956.3 30.0 783.8 768.4 20.0 763.1 1238 200 678.7 665.0
2.0 961.8 956.7 34.0 768.8 768.8 25.2 746.0 1236 2.5 664.0 664.0
315 966.6 958.2 40.0 791.0 768.5 29.7 726.5 726.5 30.0 7123 665.0
39.9 971.2 959.9 45.0 809.6 769.7 35.1 758.1 725.1 40.0 m.2 664.6
50.0 971.6 964.9 50.0 8347 769.0 40.6 787.4 725.6 45.0 801.0 664.1
60.0 995.6 971.6 55.0 L7 769.0 48.6 821.2 7254 50.0 825.1 664.2
70.1 1051.7 988.8 60.0 856.6 769.2 55.0 843.5 726.5 60.0 864.2 664.5
8.0 1085.2 1014.2 65.0 870.9 768.4 60.1 861.3 7254 70.0 894.2 664.0
9.1 1105.6 1059.8 70.0 884.0 768.5 70.0 888.7 726.1 8.0 918.1 661.4
100.0 1121 1121 80.0 906.6 766.9 74.9 9%02.2 7254 85.0 929.1 664.0
%4.0 943.5 768.2 79.9 915.8 7249 9.0 939.3 663.3
9.0 956.9 766.2 85.0 926.5 726.6 9.0 949.2 663.3
100.0 959.3 = 89.7 936.9 7254 100.0 959.5 =
9.0 948.4 7254
100.0 959.5
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A thermodynamic analysis
has been made of the solid-liquid
equilibrium data for the first
three systems of Table XXIV
(namely, LiH-LiCl, LiH-LiBr,
and LiH-LiI). With no experi-
mental evidence for solid solutions,
we assumed that only the pure
solid component was precipitating
from the mixture. For such a

850

system, the change in the chemical
potential on mixing, auM | for the

@
o
(s}

component in solution which is in
equilibrium with the pure solid is
calculated by use of

TEMPERATURE , °K

Te - Tm Te T s o

i 2 %

AuM(xp, Te) - Al i +Te fr a1/ f [cplm cpl(s)] ar.
my my

(132)

e [EN T R ) e In this equation, AHy is the molar
o 10 20 30 40 50 60 70 80 90 100 ~
MOLE PERCENT change of enthalpy of the pure

308-665 component on melting at its melt-
Fig. 89. Crystallization Temperatures for ing point, Tp,. Te is the equilib-

the Binary System LiH-Lil rium temperature of the two-phase

system. The standard state of the
component in solution is chosen to be the pure supercooled liquid at the

equilibrium temperature and at 1 atm.

The heat capacity and heat of fusion data needed for the lithium
halides were obtained from JANAF tables.'!” Similar data for lithium hy-
dride have been tabulated by Vogt.'!®

It is convenient to express the thermodynamic behavior of the
system in terms of the excess chemical potential defined by the equations

E

B 05) = il - Rl - %) - BT (133)

8 (X;) = 88 - RT, In X, = RT, In v,. (134)
Using these equations and the solid-liquid equilibrium data, we have calcu-
lated the excess chemical potentials for each component over the composi-

tion ranges in which these components precipitated from solution. These
data are given in Tables XXVI-XXVIII.



TABLE XXVI.

Thermodynamic Properties of the System LiH-LiCl

el Te, aer e BT icr bu i
LiH °K cal/mole cal/mole cal/mole cal/mole
0.0 880.0 - -
5.0 868.2 -64.3 24.2
6.1 865.6 -76.8 31.5
10.1 854.7 -135 45.4
15,1 840.7 -205 68.7
21.0 824.8 -295 91.2
24.9 811.7 -348 114
28.9 794.9 -454 84.9
34.0 768.8 -590 -1089 44.3 558
38.2 796.4 -927 597
40.1 802.3 -893 565
44.7 822.7 -773 551
45.1 825.6 -755 543
495 834.8 -701 464
52.2 845.5 -648 443
57.6 859.0 -562 380
65.4 889.0 -447 295
69.8 892.9 -368 269
78.6 91.2.7 -257 179
85.2 929.1 -164 132
90,1 938.3 -114 79.8
100.0 959:3 - =

TABLE XXVII.

Thermodynamic Properties of the System LiH-LiBr

M M . E E
m/o Te, Mgy AW Lim A iBr T
LiH °K cal/mole cal/mole cal/mole cal/mole
0.0 824.3 0 0
5.0 809.9 -74.4 8.2
10.1 7947 -152 15.8
15.2 779.2 -230 23.9
20.0 763.1 -312 26.0
25.2 746.0 -398 326
29.7 726.5 -494 -1340 14.7 408
35.1 758.1 -1160 421
40.6 787.4 -983 428
48.6 821.2 -785 393
55.0 843.5 -655 347
60.1 861.3 -552 319
70.0 888.7 -393 237
749 902.2 -319 200
79.9 915.8 -242 166
85.0 926.5 -183 117
89.7 936.9 -125 77.4
95.0 948.4 -61.5 35.2
100.0 -959.5 0 0
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TABLE XXVIII. Thermodynamic Properties of the System LiH-Lil

E A E
ni/o Te, oy Ty S ST
LiH °K cal/mole cal/mole cal/molc cal/mole

0.0 741.1 0 0

5.0 728.2 -61.0 13.2

10.0 7147 -125 245

15.0 698.7 -201 25.1

20.0 678.7 -295 5.

23 .5 664.0 -365 -1715 -11.8 196
30.0 712.3 -1425 278
35.0 747.1 -1220 340
40.0 777.2 -1040 375
45.0 801.0 -900 A1
50.0 825.1 -760 378
55.0 845.3 -640 363
60.0 864.2 -532 345
65.0 880.0 -442 312
70.0 894.2 -360 273
75.0 906.3 -293 225
80.0 918.1 -226 181
85.0 9299 -165 135
90.0 939.3 -108 88.3
95.0 Gl -53.7 43.1
100.0 959.5 0 0

The deviations from ideality for all systems are large and

Such positive deviations are usually caused by dispersion forces

or association of one of the components.
The thermodynamic behavior of all these
binary systems is similar in the dilute
regions of the halide in lithium hydride.
The differences become more pronounced
as the concentration of the halide in-

creases.

Figure 90 illustrates these
similarities and differences.

In Fig. 90,

ApT 1T is given as a function of the mole
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Fig. 90. Comparison of Experimental Data

for A“EiH with Values Calculated

Assuming LiX3, Lit, and H™.

E = il
AULiH = -RTe In (Xpjg ++ XLiX)'

2

percent of the halide along the saturation
The line gives the value of A“EiH
calculated under the assumptions that the
halide exists as an ionic aggregate in so-

curve.

lution, that lithium hydride is ionized in
solution, and that the solutions are
idea] 111,132

The values of Auf ;1 for the LiCl-
LiH system are surprisingly consistent
with the concept that lithium chloride be-
haves ionically, but probably as an ionic
aggregate such as LiCl;, over most of
the measurable composition range. In
the more dilute regions, both the bromide



and the iodide solutes follow the same behavior, but deviate in the more
concentrated solutions. The deviations would indicate a change in the
(concentrated) solution characteristics progressing from chloride to bro-
mide to iodide. The behavior of the three binary systems is indicative of
ordering in the system; it follows closely the behavior calculated for a
system in which the existence of ionic aggregates (e.g., LiX; + Li+) is
assumed.

Two ternary systems are particularly attractive for use as
electrolytes in a lithium hydride galvanic cell. Table XXIX lists the crys-
tallization temperatures for the LiH-LiCl- LiF ternary, and Fig. 91 is the
equilibrium diagram. The lateral sides of this system are composed of
two binary eutectics (LiH-LiCl and LiCl- LiF) and one binary mixture,
which consists of a series of solid solutions. Inspection of the liquidus
surface of Fig. 91 indicates two fields of crystallization: that of pure
LiCl and that of the solid solutions of LiH-LiF. The intersection of these
two fields has a minimum of 732°K.

TABLE XXIX. Crystallization Temperatures for the System LiH-LiCl-LiF

Series | Series Il Series Ill Series IV Series V Series VI Series VII Series VIII Series IX Series X

Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio
LIH:LIF 1:9 LiH:LiF 3:7 LiH:LiF 1:1 LiH:LiF 7:3 LiH:LiF 9:1 LiCL:LiF 7:3 LiCI:LiF 3:1 LiCL:LiF 7.75:2.25  LiCL:LIF 4:1 LiCL:LiF 8.5:1.5

mlo Temp, mfo Temp, mlo Temp, mfo Temp, m/o Temp, mfo Temp, mlo Temp, mlo  Temp, mlo  Temp, mlo Temp,
Lict °K Licl °K Licl °K Lict °K Licl °K LiH °K LiH °K LiH °K LiH °K LiH °K

00 1105.6 00 10517 00 977.6 0.0 965.2 0.0 974 0.0 7742 00 7927 00 8017 0.0 B81L7 00 8292
150 10522 100 1027.6 100 %20 100 9352 100 9298 101 7679 100 7632 100 7735 100 7844 10.0 8017
301 9%8 200 9.6 2200 9352 200 884 200 %28 196 7654 151 7435 150 7517 175 760.2 186 7763
40 966 400 %0L5 300 8935 300 8686 300 873 25 7675 180 7345 175 7493 20 7516 21 7645
%00 812 450 8713 400 804 400 8361 400 8493 296 7893 190 7325 200 7420 26 7419 5.0 7488
550 8M4 500 842 500 7921 500 794 500 8177 408 888 200 7336 210 7358 50 7318 215 1485
600 8173 550 8147 550 7609 600 7564 550 8042 496 8520 249 7567 26 7335 2.5 15%6.0 300 7627
650 7848 600 7721 600 7358 700 780.2 60.0 7883 1000 992 299 7806 271 137 300 767.0 400 807.0

750 7943 700 7731 650 7562 80.0 8164 700 782 35 7%8 2.0 749.1 400 8094 50.0 843.2
8.0 8054 750 7939 700 7761 900 8497 800 8193 400 8183 350 79%.0 500 8432 1000 959.2
8.6 819 8.0 B8ll6 750 79%3 1000 8.0 9%0.0 8545 50.0 31 450 8314 1000  959.2
9.0 852 %0 8472 8.0 8126 1000 880.0 100.0 2! 1000  959.2
1000 8%0.0 1000 8300 900 8477

100.0  880.0

Fig. 91

Crystallization Temperatures for the
Ternary System LiH-LiF-LiCl

LiH
959°K

~—m/o LiF 308-634

LiF
1121°K



Table XXX lists the crystallization temperatures for the LiH-
LiCl-Lil system. The lateral sides of this ternary mixture are composed
of three binary eutectics: LiH-LiCl, LiH-LiI, and LiCl-Lil. Figure 92
gives the liquidus surface of this mixture, showing three fields of crystal-
lization: those of pure LiH, pure LiCl, and pure Lil. At the intersection
of these three fields lies the minimum in the system, the ternary eutectic
composed of 14.5 m/o LiH-27.5 m/o LiC1-58.0 m/o Lil melting at 606.1°K.
This low-melting eutectic allows the operation of a relatively low-
temperature lithium-hydrogen cell, which should result in increased ther-
mal efficiency and higher cell voltage.

TABLE XXX. Crystallization Temperatures for the System LiH-LiCI-Lil

Series | Series Il Series Il Series IV Series V Series VI
Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio Mole Ratio
LiCI:Lil 1.9 LiCL:Lil 3:7 LiCLLil 1:1 LiCl:Lil 7:3 LiCl:Lil 9:1 LiH:LiCI 34:66
Liquidus  Eutectic Liquidus  Eutectic Liquidus  Eutectic Liquidus  Eutectic Liquidus  Eutectic Liquidus  Eutectic
mlo Temp, Temp, mlo  Temp, Temp, mlo Temp, Temp, mfo Temp, Temp, m/o Temp, Temp, mlo Temp, Temp,
LiH °K °K LiH L °K LiH °K °K LiH °K °K LiH °K °K Lil °K °K
00 7152 00 6583 - 00 7152 o 0.0 = 0.0 = 00 7688 =

100 6843 606.6 50  640.6 606.6 50 7034 599.6 100 7619 607.6 100 8180 608.7 20 7184 606.2
200 6528 605.3 100 6259 607.8 10.0 6936 609.1 200 7378 607.9 200 7975 609.9 300 7012 606.8
250 6891 604.1 200  640.2 607.8 150 6861 608.1 300 7311 605.4 300 7584 608.1 40.0 6764 607.0
300 7159 6063 250 6923 607.4 21 677.2 607.2 350 7684 607.2 400 796 608.4 50.0  636.2 608.1
3.0 7491 6054 300 7251 607.6 51 7067 607.2  40.0 7889 607.2 500 87126 606.0 547 6164 607.6
450 8053 6043 400 7829 607.0 350 7622 607.3 500 8260 606.5 60.0  861.0 605.9 560 6134 606.7
550 837.6 604.1 500 8300 607.3 450 8077 6069  60.0 86L7 608.1 700  885.7 607.5 65.0  633.0 606.5
650 8825 606.2  60.0 863.7 603.1 5.0 817 606.9 700 8874 605.8 750 898 608.0 7.1 6734 605.8
750 %063 6037 700 8933 603.1 650 8826 606.6 800 9104 603.2 8.0 9205 6060 100.0 7422 =
80 9273 6016  80.0 912.8 605.7 750 9027 606.9 894 9336 603.2 89.6  930.5 606.0
1000  959.0 < %00 9364 603.9 8.0 9236 606.1 1000  959.0 = 1000  959.0 =
1000  959.0 = 1000 959.0 =

Lil
742 0°K

641°K

~—m/o LiCl
308-635

Fig. 92. Crystallization Temperatures for the Ternary System LiH-LiC1-Lil



D. The Hydrogen Electrode in Lithium Hydride-containing Systems

1. Hydrogen-permeation Studies

Hydrogen has the unique property of diffusing through certain
metals at a high rate; attempts have been made to exploit this property in
the design of hydrogen cathodes for a thermally regenerative lithium hy-
dride cell system. The use of a suitable permeable-metal diaphragm as
an electrode alleviates some of the problems associated with porous metal
gas electrodes, namely, concentration overvoltage in the pores and flooding
of the electrode with either electrolyte or gas. Thus, with the gas electrode
made of a solid thin sheet of metal, hydrogen would diffuse through the dia-
phragm and be supplied in the atomic state at the metal-fused salt interface,
where it can react electrochemically.

Materials that are compatible with a lithium hydride cell envi-
ronment consisting of liquid lithium, lithium hydride, and a molten alkali
halide are somewhat limited. Palladium and silver-palladium alloys, which
have a high hydrogen permeability, are not suitable because of their incom-
patibility with lithium metal; for example, formation of Li,Pd is possible,
which would destroy the diaphragm. Of those materials examined,3* 3% only
iron and vanadium are of interest--iron because of its self-cleaning proper-
ties, and vanadium because of its high rate of permeation.

The permeation of a diatomic gas through a metal barrier was
considered’®® to be a four-step composite rate process: (1) the activated
adsorption of the gas on the metal surface, (2) the formation of a gas-metal
solution, (3) the diffusion of dissolved gas atoms through the metal crystal
lattice, and (4) the recombination of atoms, and the desorption of the gas
molecules at the opposite surface.

Of great importance to gas permeation is the solubility constant
of the gas-metal system. A metal that possesses a high gas solubility, pro-
vided optimum surface conditions exist, will in general exhibit a high rate
of permeation.

a. Experimental Procedure. A gas-measuring apparatus was
assembled to measure directly the volume of hydrogen permeating through
metal foils. This approach was taken because of anticipated high perme-
ation rates and the simplicity of the volume measuring technique under these
experimental conditions. Figure 93 is a schematic diagram of this appara-
tus. The portion of the apparatus comprising the gas-measuring burets,
reference pressure tube, mercury U-tube, and reservoirs was constructed
of Pyrex. The remainder of the apparatus containing the hydrogen purifier
and diaphragm assembly was constructed of Type 304 stainless steel and
was connected to the Pyrex system by copper-to-glass seals.
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Hydrogen Permeation Studies the gas-permeation studies.

Prior to any measurements, the gas-measuring system was
evacuated to about 10™% Torr and then filled with purified hydrogen gas. This
process was repeated several times before the pressure was set at 1 atm
and a measurement taken. The diaphragm assembly was also evacuated and
degassed at ~1100°K for 16 hr prior to any measurements. Leak rates, when
the gas-measuring system was filled with helium, were negligible over an
8-hr period. All diaphragm assemblies were leak-checked with a helium
mass spectrometer prior to connection with the gas-measuring portion of
the system. In addition, a helium-leak check was made at temperature to
ensure that neither the diaphragm nor the diaphragm weld opened on heat-
ing. After this testing, pure hydrogen was introduced to the assembly and
flushed past the diaphragm for several hours to ensure saturation of all the
metal system with hydrogen. Reproducibility of successive measurements
at temperature was used as an indication that equilibrium had been reached.
A constant rate was taken as an indication that little or no surface contami-
nation of the diaphragm by a reactive impurity occurred during an experi-
ment. Overall experimental accuracy was estimated to be *2%, the maximum
uncertainty occurring in the definition of the working area of the diaphragm.

b. Results and Discussion. The general equation for the per-
meation of a diatomic gas through a metal barrier can be expressed as

Ks DA-BA +
¥ o= (% ) A /RT, (135)

where

V = volume of gas permeati;lg the diaphragm, cm?® (STP);

Kg = solubility constant of the gas-metal system, atm™ Y2
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P = gas pressure on the upstream side of diaphragm, atm;

and
pz = gas pressure on the downstream side of diaphragm, atm.

In the hydrogen-permeation experiments, the downstream
side of the diaphragm was continuously evacuated and the upstream hydro-
gen pressure held constant at 1 atm; this reduces the above equation to

KSDA BA +
= -A
Vv = g I:I/BT (136)
The results of the experiments are summarized and plot-
ted in Fig. 94 as the logarithm of the rate of permeation versus the recip-
rocal of the absolute temperature. The

7. . . 8

60 j‘é’f,‘ solid lines represent smoothing of the

:‘g* 718 experimental data by a least-squares
i —574

analysis. Current densities given are
the equivalent current densities achiev-
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Even though the permeation rate
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this reason would be capable of support-
ing about one-tenth the current densities
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e L

E4°10.3 keal/gram atom

RATE OF PERMEATION
o
kY
T

cc(STP)/min/cm®; 0010 inches thick; | atm
o
=

o
w
T
{0 N
]
EQUIVALENT CURRENT DENSITY, mA/cm

o VANADIUM

S Ao ot 2t tive because it is self-cleaning in a
TEMPERATURE, °C =
B e, Tha pasemaiey ota
(<R R - T T TR 5

%0 special cathode design to increase cur-
rent density may still be practical in a

108-85117 cell using an iron diaphragm. On the
Fig. 94. Permeation Isobars for Hydrogen other hand, vanadium appears to be an
through Vanadium and Armco Iron excellent diaphragm material. It has a

high hydrogen permeability at moderate
temperatures and is compatible with the cell environment. At a higher
cell-operating temperature, a 0.025-cm-thick diaphragm can sustain a
theoretical current density in excess of 1000 mA/cmz at 870°K. A similar
effect can be achieved at lower temperatures by reducing the thickness of

the diaphragm.

Because vanadium is not self-cleaning at normal cell tem-
peratures, some preparation of the metal is needed before its maximum
hydrogen permeation rate is achieved. This preparation consists of baking
the metal in vacuum at 1120°K to remove as much of the volatile surface

oxide contamination as possible.
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Vanadium is one of a group of metals (V, Nb, Ta) having
negative hydrogen absorption coefficients with temperature; that is, the
metal absorbs greater quantities of hydrogen at lower temperatures than
at higher temperatures. If vanadium metal is cooled in hydrogen, the
metal lattice expands, further increasing the permeation rate at low

temperatures

The vanadium diaphragm must be tested more extensively
under severe load conditions before it can be used in a practical cell. How-
ever, these hydrogen-permeation measurements indicate that the vanadium
is an attractive cathode material.

2. Kinetics of the Hydrogen Electrode

A knowledge of the kinetics and mechanism of the electrochemi-
cal reaction of hydrogen at the cathode of a lithium-hydrogen cell using a
fused lithium halide electrolyte is important in the analysis and design of
these cells and systems. Some work concerning the electrolysis of lithium
hydride has been reported by Peters!'®® and by Potter and Bockris'*” who
found that hydrogen was evolved at the anode, the reverse of the reaction
in which we are most interested. Johnson e_1:_l.”0 studied the thermody-
namics of this cell (see Section V.A.2), and some laboratory cells have
been operated, 138714

Only one previous investigation, that of Indig and Snyder, re-
ported on the kinetics or mechanism of cathodic consumption of hydrogen
in a lithium-hydrogen cell.’¥ They found indications of a one-electron
reaction (according to the Nernst equation) in concentration cells of lithium
hydride. Because of the lack of kinetic information, steady-state voltamet-
ric measurements and nonsteady-state chronopotentiometric measurements
were carried out on the cathodic consumption of hydrogen and the anodic
production of hydrogen at pure iron and tungsten electrodes in LiCl-KCI1
electrolytes containing dissolved LiH. These investigations were performed
at Argonne by Plambeck and Elder. The paper by Plambeck, Elder, and

Laitenen'* contains complete experimental details and discussion of this
work.

a. Experimental Procedure.* The electrochemical cell is
shown in Fig. 95. All materials were Type 316 stainless steel, unless
otherwise specified. The reactivity of molten lithium and lithium hydride-
containing electrolytes is such that no available insulator could withstand
prolonged exposure without attack. Because of this, all electrodes were
supported by insulators kept above the level of the electrolyte. The liquid
lithium was held in a porous stainless steel-fiber disc, which was fitted
into the cup electrode holder. Because lithium wetted the fiber disc so

*All experiments were performed in an inert atmosphere of high-purity argon or hydrogen, as specified.
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Fig. 95

Schematic Diagram of the
Electrochemical Cell
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tenaciously, the metal was not displaced when the electrode was immersed
below the surface of the electrolyte. The rate of dissolution of lithium in
the LiCl-KCI eutectic electrolyte was minimized by placing a cap with a
small central orifice over the electrode cup. The depth of immersion of
the electrodes was set by micrometer depth gauges attached to the elec-
trode support rods. Because the lithium electrode is highly reversible
and was of much larger area than the test electrode, it served simulta-
neously as a counterelectrode and a reference electrode.

The voltametric experiments were performed using a
Polarograph; a solid-state galvanostat was usedfor the chronopotentiometric
measurements. The current-time traces were photographed from an
oscilloscope.

The lithium hydride was prepared and analyzed as described
by Johnson, Wood, and Crouthamel.''® The lithium had an impurity level of
0.003% with respect to sodium, potassium, chlorine, and nitrogen. The LiCl-
KCl eutectic was purified with HC1,'% followed by a treatment with magne-
sium to displace heavy-metal impurities. The magnesium was found later to
have a deleterious effect on the lithium reference electrode (see below). The
hydrogen was purified by passage through a silver-palladium diffuser.

The small test electrode used in the voltametric studies was
a 0.023-cm-diam pure iron wire. The chronopotentiometry test electrodes
were flags cut from 0.025-cm Armeco iron and 0.1-cm tungsten sheets.

Special care was taken to clean all parts of the cell and to
reduce all oxide layers on the cell parts before the experiments. The LiCl-
KC1 eutectic was held at 648°K and saturated with lithium prior to use. At
this temperature, displacement of potassium from the electrolyte by the
lithium was not noticeable.

Reproducible voltametric data were obtained by holding
each potential until a steady-state current was obtained (£0.1 pA), which
usually required 3 to 30 min. The area of the working electrode exposed
to the electrolyte was estimated to be 5 x 10~ cm?.

The chronopotentiometric experiments were performed
with the flag electrodes at currents corresponding to transition times of
10 msec to 1 sec. Since mechanical stirring could not be easily provided,
natural convection was relied upon, which necessitated a waiting time be-
tween experiments of at least 5 min.

. All concentrations of LiH in the electrolyte were deter-
mined by acidimetric titration of hydrolyzed samples.



b. Results and Discussion. The steady-state voltametric ex-
periments were designed to yield information concerning the rate-limiting
steps in the cathodic consumption and anode evolution of hydrogen. Fig-
ure 96 shows the results of some of these steady-state voltametric experi-
ments. Curve A is for the electrolyte under a helium atmosphere. The
iron-dissolution potential in this electrolyte appeared to be +1.48 V versus
Li/Li+, instead of the expected +2.13 V. This discrepancy is ascribed to
the magnesium introduced from the electrolyte onto the surface of the
lithium reference electrode during the purification procedure, yielding a
Mg/Mg++ quasi-reference electrode. The results for the electrolyte under
a helium atmosphere were corrected by +0.65 V to bring the iron dissolu-
tion potential up to 2.13 V versus Li/Li*". The small cathodic current
shown by Curve A at potentials below 1.2 V is probably caused by the
cathodic reduction of hydrogen that had been dissolved in the metal parts
of the apparatus during prior heat-treatment in hydrogen.
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Curve B is the current-voltage trace for the lithium-
saturated electrolyte. The region between 0 and +0.6 V is characteristic
of the electrochemical oxidation of dissolved lithium. The region above
about +0.6 V was analyzed using the Heyrovsky-Ilkovic equation”’4

RT _ ip-i
_ = 3T
= Ey/2 + o F In : , ( )

Ea-r

From this equation, the region above about 0.6 V for Curve B corresponded
to Eyj; = +0.74 V andn = 1.1. This region appears to be characteristic of
lithium hydride oxidation:

LiH —~ Lit + 3H, + e”. (138)

No lithium hydride had been added to the cell at this point, but it could have
formed from the dissolved lithium metal in the electrolyte and the hydrogen
dissolved in the metal parts of the cell. More than enough hydrogen was
estimated to have dissolved in the metal parts to produce the concentration
of LiH corresponding to the results of Curve B.
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Curve C of Fig. 96 was obtained after hydrogen gas was
admitted to the system at 1 atm for two days. The additional LiH formed
during this period contributed to the larger anodic currents found above
0.6 V as well as the larger cathodic (H, reduction) currents below 0.6 V.

Figure 97 shows some current-voltage traces for cells
containing added LiH under 1 atm hydrogen pressure. Curve B corres-
ponds to a LiH concentration of 8 x 1052 m/o LiH in the electrolyte;

Curve A corresponds to a saturated LiH solution (about 5 m/o LiH), which
did not show an anodic limiting current within the capabilities of the Polaro-
graph. Apparently, activation overvoltages are significant in the cathodic
reduction of hydrogen, because no well-defined cathodic limiting currents
were obtained at potentials above 0.7 V. The limiting currents for LiH
oxidation were measured at several LiH concentrations. Figure 98 shows
that a good linear relationship was obtained between the limiting currents
and LiH concentration, indicating that the limiting-current (Iy,) values did
indeed represent mass-transport limited currents. The scatter of the
points about the line in Fig. 98 is somewhat larger than might be expected,
but the hydrogen-bubble evolution caused random variations of the current,
making it difficult to assign accurate time-averaged values.
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Since good Iy, values were obtained from the anodic por-
tions of ?he current-voltage curves, it seemed that activation overvoltages
were not large, and the curves might be suitable for analysis by the
Heyrovsky-Ilkovic equation.!#® This accounts for contributions to the cur-
rent by both the anodic oxidation of LiH and the cathodic reduction of hydro-

gen. Figure 99 shows Curve B of
Fig. 97 and the corresponding curve
50— —50 (AB) from the Heyrovsky-Ilkovic
equation. The value of Iy, 5 used

<
T G =7 was 73.0 uA; the value of I1, ¢ was
z
L uo taken to be the value of I at 0.32 V
3 \ : since there was no well-defined
5} —
8 20 —20 y_: Ine
3 | Sh,

101 : qo & Eleven plots were made

' -

similar to Curve AB in Fig. 99
using the results of all the ex-

periments performed under sev-
= —-10
eral hydrogen pressures and at
A
1 1 ! 1 1

o
o

M
o

various LiH concentrations. The
mean value of n for the more

-20

CATHODIC CURRENT, uA

30 anodic portion of line AB was
02 04 06 08 (0 2

1.079 + 0.040 e-/LiH. There was
no hydrogen-pressure dependence
or LiH concentration dependence
of the slope of the anodic branch
of line AB. An examination of all
the data indicated that the anodic
evolutiont of hydrogen proceeded
reversibly, with a value of n =1 e‘/LiH, while the cathodic consumption
of hydrogen proceeded with an appreciable activation overvoltage.
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Fig. 99. Heyrovsky-Ilkovic Analysis of Voltametric
Curve, LiC1-KCl1 Eutectic, 648°K, Iron
Microelectrode, 8 x 1072 m/o LiH; Hy -
drogen Atmosphere, 1 atm

The cathodic portions of the current-voltage data were
analyzed using the low-overvoltage portions of the data, avoiding mixed
activation-diffusion control regions. The data for cathodic overvoltages
of less than 100 mV were used together with the equation

il nF =
n :m{lnl—m[l-exp<-ﬁn)j|} S In I, (139)

to determine the values of n and o.

Figure 100 shows the results of a typical experiment, plot-

nF
ted as n versus Iln I in Curve A, and as n versus<InI- In(l - exp (— ﬁn)]}

in Curves B and C, where n = 2 for Curve B and n = 1 for Curve C. Curve C
yields the best straight line, indicating that n = 1. This same result was ob-
tained at several hydrogen pressures. From the slope of Curve C, a value of
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0.43 is obtained for a (the fraction of the overvoltage aiding the cathodic

reaction).

The intercept of Curve C yields an exchange-current density of

about 1 mA/cmz. This is similar to the value obtained on platinum in aque-
ous acid electrolyte at temperatures below 370°K, but is much lower than
the exchange-current densities for Na/NaLJr and I_,i/Li+ couples in fused

alkali halides.
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Fig. 100. Overpotential Analysis of Cathodic Voltametric
Curve, LiC1-KCl Eutectic, 648°K, Iron Micro-
electrode, 8 x 1072 m/o LiH; Hydrogen Atmo-

sphere, 1 atm
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Fig. 101. Chronopotentiogram with Tungsten
Electrode, LiC1-KCl1 Eutectic, 6489K;

Electrode Area, 0.345 cm2; Current,
129.7 mA; 25.68 m/o LiH

The diffusion-controlled anodic
oxidation of LiH was also studied at
constant current using the chronopoten-
tiometric method. Figure 101 is a typi-
cal potential-time trace for a tungsten
flag electrode of 0.345-cm? area; the
measurements were obtained at 129.7 mA
in 25.68 m/o LiH in LiC1-KCl, at 648°K.
Three plateaus were observed. Plateau D
corresponds to Cl, evolution. Plateau C
corresponds to the oxidation of hydrogen
to H', but the length of the plateau was
not treated quantitatively. Plateau A
corresponds to LiH oxidation, which
starts near 0.5 V (compare to Figs. 97
and 99). The length of plateau A in-
creases with added LiH, as expected,
and is independent of the hydrogen
pressure.
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The time-current relationship at constant current for an
electrode process under linear semi-infinite diffusion control is

ItV2 = INFADYZ 4ViC, (140)
where

T is the transition time (length of the plateau), sec,
and

C is the concentration of the diffusing species (LiH), moles/cm?.

Equation 140 shows that the product IT¥? is constant for a given concen-
tration if the electrode reaction is diffusion-limited in a semi-infinite
linear-diffusion configuration (planar electrode, no convection, no edge
effects, etc.). As can be seen from Table XXXI, the product It Y2z for
plateau A, the oxidation of LiH, was constant over the current density
range 0.1-4 Amp/cm? at 648°K and for a LiH concentration of 25.68 m/o.
Assuming that the overall reaction is

2LiH —~ H, + 2Lit + 2e”, (141)
the mean value of vsLiH_m from 39 determinations in the range 10-30 m/o
LiH was 1.67 x 10~ cmz/sec and was independent of hydrogen pressure

(over the range 0.5-1.0 atm).

TABLE XXXI. Chronopotentiometric Data, Tungsten Electrode?

Transition Transition
Current, Time a, Time c, IT;/Z» ITé/Z,
Amp sec sec Amp-secl/z/cm2 Amp-secl/?‘/cm2
0.0817 0.4110 0.0600 0.1525 0.0583
0.1297 0.1690 0.0260 0.1548 0.0580
0.1889 0.0795 0.0150 0.1545 0.0672
0.1889 0.0808 0.0138 0.1557 0.0643
0.2455 0.0480 0 0088 0.1565 0.0670
0.3049 0.0305 0.0046 0.1545 0.0600
0.3636 0.02025 0.00365 0.1501 0.0638
0.4241 0.0155 0.00265 0.1530 0.0632
0.4858 0.01195 0.0025 0.1539 0.0704
0.6093 0.00758 0.0017 0.1536 0.0728
0.7345 0.00526 0.0012 0.1545 0.0736
0.9877 0.00283 0.0008 0.1525 0.0812
1.2425 0.00180 0.00055 0.1528 0.0846

2Cell hydrogen pressure, 1 atm; temperature, 648 * 0.5°K; electrode
area, 0.345 cm? LiH concentration, 25.68 m/o.
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More complex results were obtained using Armco iron flag
electrodes. They indicated that interactions of the iron electrode with the
melt and with hydrogen caused surface roughening of the electrode, which
complicated the interpretation of the results.

We can conclude from the steady-state current-voltage
results that the rate of the cathodic reduction of hydrogen on Armco iron
in LiC1-KCl at 648°K is determined by the activation overvoltage (or some
coupled chemical step) involving a one-electron process, and has a value
of o of 0.44, and an exchange current density near 1 mA/cmZ.

The anodic oxidation of LiH to H, was diffusion-controlled
under all conditions studied and involved one electron per LiH, as might be
expected. The diffusion coefficient of LiH in LiCl1-KCl eutectic at 648°K
from chronopotentiometric measurements with a tungsten flag electrode
was 1.67 x 107° cm?/sec.

The results discussed above indicate that a high roughness
factor would be desirable on the electrolyte side of the iron foil in LiH cells
using an iron diffusion cathode, particularly if current densities in excess of
100 mA/cm? are desired.

E. Studies of Cells, Regenerators, and Systems

1. Lithium Hydride Galvanic Cells

a. Cell Studies. Examination of candidate systems for use as
energy-conversion devices has shown that the lithium hydride regenerative
cell is an attractive choice because it fulfills most of the requirements
stipulated for such devices: (1) Lithium hydride readily decomposes below
1300°K, an arbitrary temperature limit that was imposed primarily because,
at higher temperatures, strength, physical properties, and corrosion resis-
tance of most materials are seriously affected. (2) Lithium hydride decom-
poses to give only two products--liquid lithium and gaseous hydrogen-- a
feature that makes for ease of separation in the regenerator. (3) The cell-
reaction product, LiH, is readily soluble in lithium halide salts and is highly
conducting; the latter characteristic provides for a low-resistance
overvoltage.

Inherent in the early work on lithium hydride cells were
the problems encountered in using porous metal as the hydrogen cathode.
Porous-metal electrodes suffer from a variable catalytic activity at the
surface of the porous metal and from alternate flooding of the pores by
hydrogen gas and fused salt. The use of a hydrogen-permeable membrane
as the cathode eliminates these problems. The quantity of hydrogen dif-
fusing through a metal diaphragm is proportional to the difference in the
square roots of the hydrogen pressure on each side of the diaphragm.
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The quantity of hydrogen diffusing through a 0.025-cm-thick vanadium dia-
phragm at 773°K is 0.50(p{/2- pé/z) Amp/cmz, where p;, and p; are the hydro-
gen pressures (in atmospheres) on each side of the diaphragm. The voltage
loss for a reversible electrode is

RT p, RT B

= o — —_— = __1 e — 1
AE N In o3 NF npl/2 T (142)
L

where i1, is related to the theoretical current density for a permeable dia-
phragm and is equal to 0.50 Amp/cm2 for a 0.025-cm-thick vanadium dia-
phragm held at 773°K. (At this temperature 3.5 cm3/min-cm2 permeates
the vanadium diaphragm at a pressure difference of 1 atm to vacuum.)
With this relationship, the voltage loss may be as great as 0.1 V for a cell
operating at a differential hydrogen pressure of 0.5 atm (to vacuum) and a
IOO—mA/cm2 current density. Thus, to maintain a high output voltage from
the cell, the cathode should be operated with as high a pressure difference
(to vacuum) as practical. Hence, if low regeneration pressures are used,
pumps will be needed to bring the hydrogen pressure up to 1 atm or more.
Such P-V work could be a severe drain on the cell efficiency, a large frac-
tion of the cell energy conceivably being used for pumping.

To date, practical cell studies have been of a limited nature.
A lithium hydride cell with a vanadium diaphragm (see Fig. 102) was oper-
ated for 540 hr at 800°K giving current densities that exceeded 200 mA/cmz
at one-half open-circuit voltage (0.3 V). These data are displayed in Fig. 103
as cell voltage versus current density. Even though this current density is
only about one-half the theoretical current density, it was achieved without
any high-temperature pretreatment of the metal 8iaphragm. Most recently,
emphasis has been placed on 0.005-cm vanadium diaphragms using the ter-
nary electrolyte LiH-LiCl-Lil, which melts at 614°K.

) ® Data for two cells using thin
R L= e vanadium diaphragms are shown in
Fig. 104, where cell voltage is plotted
as a function of current density. The
wnsoww  two runs differ significantly in their
pitrEvel total internal cell resistance: for

ARMCO IRON
TUBE

STAINLESS STEEL
SUPPORT TUBE

experiment 1, the internal resistance

was 5.5 ohm-cm?; for experiment 2,

the resistance was 1.42 ohm-cm?.

STAINLESS STEEL
CRUCIBLES

H—SINTERED METAL
FIBER SPONGE
CONTAINING
LITHIUM METAL

ELECTROLYTE

The total overvoltage of the
308-613 cell is made up of (a) the activation

Fig. 102. Lithium Hydride Cell with a overvoltage, (b) the electrolyte
Vanadium-diaphragm Cathode ohmic loss, and (c) the concentration
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CURRENT DENSITY, mA/cm? the diaphragm. The activation pro-

cedure is designed to remove any

308-528 Rev. 1 oxide layer present on the gas
Fig. 104. Current Density-Voltage Curve for a side of ?he diaphragm, thereby
Lithium Hydride Cell with a 0,005-cm presenting a clean surface for the
Vanadium-diaphragm Cathode at 698°K dissociation of molecular hydrogen

into atomic hydrogen. The dia-
phragm is heated to a high temperature in a vacuum to facilitate removal
of the oxide layer. A diffusion pump was attached to the apparatus after
the first experiment. The results observed with the diaphragm of the sec-
ond experiment indicate that pressures lower than 10~* Torr are required
for removal of the oxide layer from the diaphragm surface.

Current densities of the order of 300 mA/crnZ at 620°K are
theoretically obtainable for vanadium diaphragms of 0.005-cm thickness.
The experimental results are only preliminary, and much remains to be
accomplished. However, the results do indicate the possibilities for a
lithium-hydrogen cell using a thin vanadium diaphragm.

b. Regeneration Considerations. An attractive feature of the
lithium hydride cell system is the apparent ease of regeneration. Litera-
ture data'® indicate that, at 1173°K, pure lithium hydride readily dissociates




to yield an equilibrium hydrogen gas pressure of 1 atm. The relatively
low temperature and ease of separation of the gas-liquid metal cell reac-

tants make for convenient operation in a thermally regenerative cell system.

The regenerator dissociates the cell product (lithium hy-
dride) into the reactants (lithium and hydrogen), which may then be returned
to their electrode compartments for completion of the cycle. Studies on re-
generation conditions should determine the characteristics of the reactions
and processes involved in this phase of the lithium hydride cell.

The work on the emf studies of the hydrogen-hydride sys-
tems in solutions saturated with lithium hydride was extended to unsatu-
rated solutions. Once the standard emf of the reaction Li(2) + 3H,(g) =
LiH(s) had been determined as a function of temperature, the activity of
lithium hydride could be obtained in unsaturated electrolytes of similar
cells. After we determined the activity of lithium hydride, we used the
Nernst equation,

RT ar.
s LR (143)
NF 1/2

2TiPH;

to calculate the hydrogen equilibrium pressure at each temperature and
composition. Substituting ay; = 1 for pure lithium metal and E = 0, so
that the calculations will give

200_ the hydrogen equilibrium pres-
100 sures, Eq. 143 reduces to

80F

60 NFE®

40+ 2<1n aL!H"F) = In PH,- (144)
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The equation relating the stan-
dard cell emf to temperature,

0 @
o oo

e A

E° = 0.9081 -~ 7.699 x 10-* T, (145)

0.302:X

20 was extrapolated to 1173°K to

estimate the hydrogen equilibrium

HYDROGEN PRESSURE, Torr
= N
o

oﬁej: 0.102=X,,, pressure at temperatures near ex-
osp pected regeneration conditions.
°‘4f The data are shown graphically in
0.2+ TEMPERATURE, °C Fig. 105 where the 1oga:rithm of
900 850 800 750 700 the hydrogen pressure is plotted
ol : e — L T as a function of the reciprocal of
e IOOOI'O 4 the absolute temperature. For a
TK solution containing 30.2 m/o lithium
108-8520 Rev. 2 hydride, a dissociation pressure of
Fig. 105. Calculated Equilibrium Hydrogen 129 Torr H; was calculated for

Pressure for LiH-LiCl Mixtures 1173°K.
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Although no specific design work to define a particular
regeneration system has been carried out, some possibilities in equip-
ment design are worth considering. Separation of the hydrogen gas from
the liquid metal-electrolyte mixture and separation of the lithium from the
electrolyte are required. Both separations can be made!*® using a compact
gas-liquid-liquid separator, a cylinder in which the liquid-gas mixture is
introduced tangentially at a high velocity. Beneath the cylindrical section
is a conical chamber. The gas is removed at the base of the cone, the
heavier liquid is removed from the side, and the lighter liquid is removed

from the apex.

Using the high permeability of hydrogen gas through cer-
tain metals at regeneration temperatures helps to simplify the regenerator
problems. A metal diaphragm can be used to separate the hydrogen-gas
component from the electrolyte vapor that is present at a finite pressure
in the regenerator. Thus, pure hydrogen can be returned to the cathode.

In choosing the LiH-LiCl-Lil electrolyte system (ternary
eutectic melting at 614°K), we gained a number of advantages because of
the lower cell-operating temperature. Cell voltages will be significantly
higher (see Fig. 63). At saturation of the electrolyte with respect to lithium
hydride, 625°K, the cell voltage is 0.43 V. Regeneration pressures can be
increased significantly by sending to the regenerator a mixture very rich
in lithium hydride (90-95 m/o LiH). Such a mixture can be obtained by
precipitating lithium hydride as a pure component from this electrolyte.

The use of thin vanadium diaphragms with the low-melting
electrolyte makes the lithium hydride cell a potentially attractive means

for the continuous conversion of thermal energy into electrical energy.

25 Bimetallic Cells with Lithium Anodes

a. Cell Studies. In searching for couples suitable for use in
a bimetallic cell with a lithium anode, we examined the open-circuit voltage
characteristics of some binary systems of lithium and heavy-metal systems.
The results are presented in Table XXXII. The lithium-selenium and

TABLE XXXII. Calculated Characteristics of Bimetallic Cells with Lithium Anodes

Specific Energy

Anode Metal
= Cathode-metal ~ Watt-hr ~ Watt-hr
~ Melting Cathode Alloy Cell Cell Requirement, per g per Ib
Atuvmu: Point, Cathode  Concentration,  Temp,  Potential, g per g Active Active
Metal  Weight °K Amp-hr/g  Amp-hr/cm3 Metal afo Li °K v Anode Metal Material ~ Material
Li 6.94 38L6 3.89 1.902 Bi 20 800 0.813° 120 0.0316 143
(at 673°K) 30 0.765 709 0.0421 19.1
Sn 20 800 0.634¢ 634 0.0359 16.2
30 0.580 39.4 0.0558 252
Te 20 79 1.724 73.6 0.0905 410
30 1.68 425 0.150 68.0
Se 10 853 1918 102.4 0.0718 325
30 1.9 2.6 0.268 122.0
ADensity data from Liquid Metals Handbook.86 ORef. 64.
DRef. 16.

CRef. 23.
CRef. 17. fEstimated.



lithium-tellurium couples are attractive because of the high voltages devel-
oped and their high specific energies. The lithium-tin system shows the
greatest promise for thermal regeneration since tin has a much lower vapor
pressure38 than any of the other cathode metals. Exploratory studies of the
voltage-current density characteristics were made of these and other sys-
tems to select the ones most suitable for further study.

The cells used for preliminary voltage-current density
measurements contained the molten eutectic mixture of 41 m/o KCI1-
59 m/o LiCl (melting point 625°K) as the electrolyte. As discussed pre-
viously (Section V.A), the voltages obtained from cells with lithium anodes
and this electrolyte may be somewhat low, especially above 773°K. Since
the cells reported here were operated at 741-766°K, probably the lowering
of the cell voltages is negligible. The cathode metals used and the highest-
melting intermetallic compounds formed between lithium and the various
cathode metals are shown in Table XXXIII. The melting points were taken
from Hansen and Anderko.?”’ These systems show a large interaction energy
as indicated by the large difference between the melting points of the ele-
ments and the highest-melting intermetallic compounds. Table XXXIII also
indicates the open-circuit cell voltages at essentially the full-charge con-
dition (very little lithium in the cathode alloy).

TABLE XXXIII. Discharge Voltage-Current Characteristics of
Lithium-anode Bimetallic Cells

Highest Melting Melting
Intermetallic Point of Open-circuit Cell
Cathode Compound Formed Compound, C.ell Voltage, Temp,
Material with Lithium °K v K
Te Li,Te Unknown 1595 Tistelas 5
Bi LisBi 1418 0293 762 £
Sn Li,Sn, 1056 0.73 723 x 1D
Pb Li;oPbs, 999 0.69 756 + 9
Zn Li,Zn; 793 0.67 741 * 6
Cd LiCd 822 0.66 766 + 20

Inthe cell experiments, a 4.60-cm-diam tantalum crucible was
used to contain the cathode metal and the electrolyte when the cathode metal
was Bi, Cd, Pb, Sn, or Zn. The interelectrode distance was varied from
1.5 to 3.3 cm. The molten-lithium anode was contained in an Armco iron
ring as a floating disk on the top of the electrolyte. Figure 106 shows the
experimental arrangement. These cells were operated under a blanket of
argon. The area of the anode, 4.46 cm?, was used to calculate the current
densities shown in Fig. 106. For the tellurium cathode, the tantalum con-
tainer was not satisfactory and was replaced with one of Vycor. Electrical
contact with the tellurium was made using a platinum wire. The Vycor
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~—Ar In container was satisfactory for only about
1l :ll:(g two days, after which it cracked during oper-

ation, probably because of lithium attack.

Cu ELECTICAL LEADS

Figure 107 shows the discharge

l«—— VYCOR CONTAINER voltage-current density characteristics of
Li-Sn, Li-Bi, Li-Cd, Li-Pb, Li-Te, and Li-Zn
= ARMCO IRONGRING cells. These curves indicate the high current
densities available from bimetallic cells.
Li ANODE
Ta CRUCIBLE On the basis of these preliminary ex-

JUL Lici-Kkcl ELEcTRoLYTE  Periments, the lithium-tellurium cell was
selected for further study because it exhib-
caTHoDE METAL ALLOY  ited high voltage and excellent current-density

capabilities.116 Before constructing cells for
more detailed studies, however, we had to re-

solve some problems. The corrosive qualities
308-508 of tellurium and its alloys pose containment

Fig. 106. Schematic Diagram of the difficulties; because of the low conductance

Lithium -containing Bimetallic of tellurium, the cathode area must be maxi-
Cell Used in Voltage-Current mized; there is a possible hazard due to the
Density Measurements toxicity of tellurium.

From the rather sparse data on solubilities of metals in
tellurium, it was discovered that pure iron has a low solubility in tellurium,
while nickel is soluble to a considerable extent.?? Also, preliminary results
of corrosion tests at 728°K showed that iron was only slightly attacked in
tellurium, while Type 304 stainless steel, which contained nickel, was
readily attacked.'*’

Using this information, we constructed'*® the lithium-
tellurium secondary cell shown in Fig. 108. The cathode cup, 3.7-cm ID
by 2.2 ecm high, was fabricated from Armco iron. To compensate for the
low electrical conductance of tellurium, the cathode was designed with an
annular fin, which served as a current collector. Two anode-metal
retainer-current collectors, having geometric areas of 3.9 and 10 cm?,
were made from Type 316 stainless steel. The quantities of lithium and
tellurium used in the cell were varied, but the maximum Li:Te ratio cor-
responded to 30 a/o lithium in tellurium in the cathode alloy at complete
discharge. The maximum theoretical capacity of the cell was 9.55 Amp-hr.
Although the electrolyte, LiF- LiCl- Lil eutectic, has a melting point of
614°K, the melting point of tellurium (723°K) determined the minimum oper-
ating temperature of the cell. Usually the cell was operated in the range

740-773°K. All experiments were performed in a high-purity helium
atmosphere. >
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Cgr mg@ The current-voltage measure-
ments were carried out with the aid of a
dc power supply, precision ammeters and
voltmeters (0.25%), and a set of heavy-
duty variable resistors. All results are
reported on a resistance-included basis,
Separate voltage- and current-measuring

ALUMINA
CRUCIBLE terminals were used.
g Two kinds of current-voltage
curves were determined:
LITHIUM
ELECTROLYTE™ (|t aiedond RETAINER (1) Steady-state curves, start-
LiTetACEOp ing in the fully charged condition for
ARMCO RO the discharge curve, and starting in the

CATHODE CuP

fully discharged condition for the charge

308-584 Rev. 1
ceuzve.

Fig. 108. Experimental Lithium-Tellurium
Cell (Schematic Representation)

(2) Short-time discharge curves.
These data were taken a few seconds

after the start of current flow from the fully charged condition, and repre-

sent nearly maximum performance, corresponding to a low concentration

of anode metal in the cathode alloy (about 5 a/o lithium in tellurium).

Figure 109 shows typical current-voltage curves for lithium-
tellurium cells operated at 743°K. These data correspond to steady-state

curves at a cathode alloy composition

of 20 a/o lithium in tellurium. Cur-
rent densities in excess of 7 Arnp/cmz
were obtained onboth charge and dis-
charge. This indicated that practical
cells based on this system could be
charged in 15 min or less. Similar
results were obtained with both anodes
(3.9 and 10 cm?), which indicated that
there was no significant difference in
behavior at the cathode between these
two runs. Since both the charge and
discharge curves are straight lines,
only small concentration and activa-

Li(£)/LiF-LiCI-LiI/Li in Te(£)
0 ANODE AREA=39 cm?
CATHODE AREA=10 cm?
INTERELECTRODE
DISTANCE = 0.5 cm
CAPACITY =9.55 amp~-hr
TEMPERATURE = 743°K
4 ANODE AREA=10cm?
CATHODE AREA:= [0 cm?
INTERELECTRODE
DISTANCE = 05 cm
CAPACITY = 1,55 amp-hr
TEMPERATURE = 743°K

tion overvoltages are expected to be
present; the largest losses are re-,
sistive in nature.

The slopes of the dis-
charge curves of Fig. 109 correspond
to 0.021 ohm for the cell with the

10-cm? anode, and 0.061 ohm for the cell with the
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Fig. 109.
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Steady-state Voltage-Current
Density Curves for a Lithium-=
Tellurium Cell at 743°K

3.9-cm? anode, both with

interelectrode distances of approximately 0.5 cm. The calculated resistances
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of the electrolyte were 0.013 and 0.033 ohm for the 10- and 3.9-cm? anode
cells, respectively, based on an estimated resistivity of 0.26 ohm-cm for
the lithium halide electrolyte. The discrepancy between the calculated
electrolyte resistance and the observed cell resistance is attributed to the
resistance of the cathode alloy and the current collectors.

The cell design was modified to improve performance in a
lithium-tellurium cell with a 10-cm?-area anode. The cathode cup now had
a three-turn spiral-fin current collector made from a strip of 6-mm-high,
l-mm-thick Armco iron. Also,
the anode current collector was

B Li(£)/LiF-LiCI-LiI/Li in Te(£)

ANODE AREA = 10 cm2 provided with lower-resistance
2.0 CATHODE AREA =10 cm2 i i

INTERELECTRODE DISTANCE = 0.5 cm leads. This cell had a theoreti-

CAPACITY =1.55 amp~hr cal capacity of 1.55 Amp-hr.

ESTIMATED CATHODE
COMPOSITION =5 0/0 Li

TEMPERATURE = 748°K Figure 110 is a typical
discharge curve for this im-
proved cell. The cell was
charged between data points,
and the data were taken within
several seconds after discharge

CELL POTENTIAL, volts

=]
w

started. Because of this pro-
cedure, the lithium content of
the cathode was kept low--about

S e [ ) R, ) | :

3 4 5 6 7 8 9 10 Il 12 13 14 Sa/o lithium in tellurium. A
CURRENT DENSITY, Amp/cm2 current density of 7 Amp/cmz

308-622 Rev. 1 was obtained at 0.7 V, corres-

ponding to a power density of

o
l|llllllllllllllll

o
n

Fig. 110. Short-time Voltage-Current Density Curve
for a Lithium-Tellurium Cell at 748°K 429 W/cmz, including resistance
losses. The maximum current
density observed was 12.7 Amp/cmz. The maximum temperature rise ob-
served during the high current-density discharges was 30 Kelvin degrees.

Figure 111 shows the constant-current charge and dis-
charge voltage-capacity curves for this cell at 753°K. The curve marked
"0 Amp" shows the open-circuit voltage as a function of time (upper
abscissa); the other curves show the terminal voltage of the cell as a
function of charge accepted or delivered at various constant charge and
discharge rates. The plateau voltages of Fig. 111 correspond to some of
the points on the curve shown in Fig. 109; the initial voltages at the ordi-
nate of Fig. 111 correspond approximately to the voltages shown in Fig. 110.

The constancy of the voltages in Fig 111 is a unique char-
acteristic of the lithium-tellurium cell. This behavior is in contrast to
that of the sodium-bismuth cell, where a more distinct decrease of cell
voltage with discharge was observed, particularly at high current densities.”
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After test periods of up to 300 hr at 723-
773°K, the electrolyte showed no degradation.

In addition to the open-cell experiments,
a closed lithium-tellurium cell has been oper-
ated. The cell proper, a diagram of which ap-
pears in Fig. 112, was made of stainless steel in
which Armco iron cups were inserted for the tel-
lurium and the lithium. The iron lithium retainer
was prewetted with lithium at 820°K before instal-

TERMINAL VOLTAGE, volts

LIZLIF = LICI - Lil /L1 in Te
T=753°

eLECTRObE AEARID R lation. The lithium halide electrolyte, LiF-LiCl-
s} "TBSANGE - 05 on Lil, was loaded to a thickness of about 0.7 cm.
Preliminary results indicated that a considerable
overvoltage existed at the electrodes. This was
% 0s 0 is perhaps due to the result of interaction between

CAPACITY, Ampere ~hours

the lithium and residual water in the salt electro-
lyte. Again, an improvement is expected by the
use of a high-purity electrolyte.

308-623 Rev. 1
Fig. 111

Constant-current Voltage-Capacity
Curves for a Lithium-Tellurium
Cell at 753°K

The lithium-selenium cell, like the
lithium-tellurium cell, has the requisite voltage
and current density for high-specific-energy,
high-specific-power secondary cells.'® Selenium has a higher electro-
negativity and a lower equivalent weight than tellurium. In addition, the
melting point of selenium, 490°K, makes
it possible to operate cells with sele-
nium cathodes at temperatures below
570°K. A problem is posed, however, by
the low electrical conductance of sele-
nium, but provision of a metallic net- -
work for current collection from the / 7 ~n.scmm.s/\ y
lithium-selenium alloy cathode seems Latumina SPACER
to have overcome this difficulty.

_—COOLING COIL

_~—LITHIUM RETAINER

F ZTHERMAL INSULAT|ON
LELECTRIC RING HEATER
£ARMCO IRON CATHODE CUP

/SIUCONE RUBBER
GASKET

308-603

Fig. 112. Cross Section of Lithium-
Tellurium Cell

An experimental lithium-
selenium cell, similar in design to the
lithium-tellurium cell shown in Fig. 108
was constructed. The cathode cup, 3.5-cm ID x 0.48 cm high (geometrical
area = 10 cm?), was built using Armco iron, a material found adequately
resistant to corrosion by selenium under the conditions of these experi-
ments. The anode-metal retainer-current collector was made of 1-mm
Type 316 stainless steel sheet wound in a spiral (geometrical area =
3.9 cm?). The amounts of lithium and selenium in the cell were varied
with a maximum of 60 a/o lithium in selenium in the cathode alloy at com-
plete discharge. The LiF-LiCl-Lil eutectic, which melts at 614°K, was
used as the electrolyte for most of the experiments. Other electrolytes
tested include the eutectic of LiCl- LiI-KI (m.p. = ~538°K) and that of
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LiCl-KCl1-CsCl1 (m.p. = ~538°K). The minimum cell-operating temperature
was set by the melting point of the electrolyte. The current-voltage mea-
surements were carried out in the same manner as those described for the
lithium-tellurium cell above, and again all results are reported on a
resistance-included basis. The experiments were performed in a high-
purity helium atmosphere.

Because of the low electrical conductance of selenium, an
Armco iron network was provided in the cathode to aid in current collec-
tion. Three types of networks have been tested; these networks are formed
by the addition of iron filings, iron turnings, or iron wires to the cathode
alloy. The ratio of the filings to the selenium was varied from 24.4 to
60 w/o iron. Only one weight ratio, 30 W/o iron, was tried with the turn-
ings. The 0.0338-cm-diam x ~2-in.-long iron wires were inserted in the
cathode as bundles; the ratio of iron to selenium was about 30 w/o when
the wires were used. Figure 113 shows typical voltage-current density
curves for cells with and without an iron network in the cathode. Consider-
able improvement was observed when iron was added to the cathode, the
cell containing turnings giving better performance than the cell with filings.
The best cell performance, however, was obtained when iron wires formed
the current-collecting network. For the cell containing iron wires, an open-
circuit voltage of 2.08 V and a short-circuit current density of 8.7 Amp/cmZ
were obtained; the maximum power density was 3.4 W/cmZ at 0.8 V. Fur-
thermore, less iron was required to achieve the same performance improve-
ment when wires rather than filings or turnings were used.

T T T T T T T T =
Lite)/ Lit/Li in Se(2)

Anode area - 3.9cm?
o Cathoderea - 10 cm? =
Interelectrode distance = 0.5 cm

+ With no iron additive.
Cell capacity = 4.86 Amp-hr
Cell temperature = 614K

© With 30 wlo iron turnings in cathode.
Cell capacity = 8.86 Amp-hr =
Cell temperature = 626°K

= & With 60 wlo iron filings in cathode.
] Cell capacity = 545 Amp-hr
t Y Cell temperature = 635K
E \ 0O With 30 wio iron wires in cathode.
s Cell capacity = 7.1 Amp-hr
¥ o104 £% Cell temperature = 638%K —
2
3
o
© 051 —
CHARGE
1 1 | | | 1 1 s =1
i 6 5 4 3 2 I o 1 2 3 4 5 6 7 8 9

ANODE CURRENT DENSITY, Amp/cm?

308-959

Fig. 113. Current Density-Voltage Characteristics of Lithium-Selenium Cells
with and without Iron Additives in the Cathode
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The performance of the lithium-selenium cell is similar
to that of the lithium-tellurium cell. Also, since selenium has a lower
atomic weight than tellurium (78.96 versus 127.6), a lithium-selenium sec-
ondary cell may weigh significantly less than a lithium-tellurium secondary
cell of the same power and energy rating.

An outstanding potential advantage of this cell, low operating
temperature, has not been fully realized because the electrolyte showing the
best performance in the lithium-selenium cell thus far is the eutectic mix-
ture of LiF-LiCl-Lil. Further work will be done using lower melting
electrolytes.

b. Cells and Batteries with Immobilized Electrolytes. Because
of the advantages of immobilized electrolytes over the liquid electrolyte
pointed out in Section IV.D.1.b, paste electrolytes containing LiF-LiCl-Lail
eutectic and an inert filler have been studied

To prepare the paste electrolyte, a 50 w/o-SO W/o mixture
of LiF-LiCl-Lil eutectic (m.p. = 614°K) and inert ceramic filler was held at
773°K for 17 hr in a dry helium atmosphere. The product was then crushed
at room temperature in a hermetically sealed ball mill and sieved to obtain
a fine powder with an average particle diameter of less than 88 u. This
powder was pressed into paste electrolyte pellets; two sizes of cylindrical
pellets, 2.5 and 1.9 cm in diameter, were made.

The 1.9-cm-diam pellets were made by pressing the powder
mixture in a die under a purified helium atmosphere. A pressure of 700 atm
was applied on the pellets for 3 hr at room temperature. The pellets were
then transferred to a separate press equipped with a heater, where they.were
pressed in air at 550 atm and 673°K for 15 min. Except for the hot-pressing
operation, the pellets were kept in a dry helium atmosphere to minimize con-
tamination by air.

The quality of these 1.9-cm-diam pellets was tested by using
one as the electrolyte in a lithium-bismuth cell similar in design to one cell
of the battery shown schematically in Fig. 58 (p. 103). The pellet was filed
to a 3.43-mm thickness, removing part of the oxide-containing surface zones,
and placed in a cell containing 0.064 g of lithium and 2.67 g of bismuth. (We
later found that this amount of bismuth covered only half the available elec-
trode area of 1.98 cm?) The cell was repeatedly charged and discharged at
temperatures ranging from 653 to 758°K during which short-circuit currents
of 1.7, 1.85, and 2.15 Amp were observed at 653, 726, and 758°K, respec-
tively. An electrolyte resistance of approximately 0.88 ohm, corresponding
to a specific resistance of 5.8 ohm-cm at 726°K, was estimated from the re-
sults. Although these results are preliminary, the resistivity is much higher
than anticipated.
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The 2.5-cm-diam pellets were pressed in a manner similar
to that for the 1.9-cm-diam pellets, except that the final hot-pressing opera-
tion was not performed. Instead, the pellets were sintered at 673°K for 1 hr
in an inert atmosphere. A lithium-tellurium cell was assembled to test a
2.5-cm-diam pellet which had been filed to a 3-mm thickness. The cell was
loaded with 0.20 g of lithium and 5.44 g of tellurium. To facilitate current
collection, we placed 3.65 g of iron wires in the cathode compartment. The
effective electrode area was 3.25 cm?, which was completely wetted by both
lithium and tellurium. The cell was repeatedly charged and discharged at
temperatures ranging from 460 to 475°C, during which short-circuit currents
up to 7 Amp (current densities of up to 2.1 Amp/crnz) were observed. A
paste resistance of approximately 0.244 ohm or a specific resistance of
2.6 ohm-cm was estimated from the results over the temperature range
733-748°K. The cell developed a short circuit after approximately 50 hr of
operation. Examination of the cell on disassembly disclosed that the seal
area of the pellet had developed hairline cracks through which the liquid
metal had penetrated, causing the short circuit. It was concluded, therefore,
that the hot pressure method, which yields stronger pellets, would be more
suitable for paste electrolyte preparation. Further efforts on the minimiza-
tion of air contamination are expected to yield electrolytes of much lower
specific resistance.

c. Regeneration Systems.

2100,
p bl General design considerations for bi-

Baoks metallic cell systems were discussed
/ 7 in Section IV.D. The equations derived

|7oo: for mass and heat balances, cathode-

metal circulation, and mass and heat
transfer also apply to bimetallic cell
systems with lithium anodes. Because
of the low vapor pressure of lithium,
the regenerator must be designed to per-
form at low pressures. The lithium-tin
system illustrates this problem. The
SIGUI liquid-vapor phase relationships, calcu-
/ Y lated from thermodynamic data of Foster!®
\ were used to estimate system pressures;
/ N Fig. 114 shows the results. As was
_/ i3 pointed out in Section IV.A, eliminating
‘,’_ e i S overlap of the llqund—vapOI" loop and
= liquid-solid hump is essential. Therefore,
the lowest practical regeneration tem-
S0 zlo 4|° Glo Jo Bo perature for a composition of about 30 a/o
ATOM PERCENT TIN Li in Sn is approximately 1400°K with an
308-629 Rev. 1 estimated system pressure of 0.5 Torr
Fig, 114, Estimated Vapor-Liquid Equilib-  ©OF 1€ss. This may be compared with
rium Relationships for the 5 Torr at 1043°K for a 30 a/o Na-70 a/o
Lithium-Tin System Pb system (see Section IV.A).
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In a flow system such as the regenerator-condenser sec-
tion of a thermally regenerative bimetallic cell system, energy must be
dissipated to overcome the viscous frictional loss. The energy so dissi-
pated is, in general, manifested as a pressure drop in the direction of the
vapor flow. Equations describing the pressure and temperature changes
of the vapor flow in a straight regenerator tube have been derived for a
variety of cases. These include:

(1) Isothermal, with frictional loss and heat transfer
without phase change.

(2) Adiabatic, with frictional loss without phase change.

(3) Nonisothermal with friction, heat transfer, and
phase change.

Table XXXIV summarizes these equations. They were derived under the
assumptions that: (1) the vapor obeys the ideal-gas law, (2) the flow is in
the continuum regime, and (3) the flow is laminar. In addition, the absence
of entrainment (i.e., carryover of liquid droplets by the vapor) and the ab-
sence of inert gas in the vapor are assumed. Since the vapor temperature
will be high (>1100°K) while the pressure is low (<1 atm), the application
of the ideal-gas law is justified. As far as flow regimes are concerned,

TABLE XXXIV. Pressure and Temperature Changes of the
Vapor Flow in a Straight Regenerator Tube

Pressure Drop

1. Isothermal, with friction and 5 5 GR [h(z-1) 8vp
heat transfer; no phase change Bas Fate o8 Dgc R (Twi= Tvliil D 2L (246}
2. Adiabatic, with friction; e vGRT,,
no phase change AR D%g o S,
c
3. Temperature change, with 8GRT oh
friction and heat transfer; P;-pP}- . —~ ( )(TW = Ty + B2 AL (148)
with phase change Dec Ay D
Temperature Change
1. Isothermal, with friction and No change
heat transfer; no phase change
2. Adiabatic, with friction; i 1 gl G’R*vpsL (149)
no phase change T T e L2
& TEe Mf 4 P D2

3. Temperature change, with
friction and heat transfer;
with phase change

(150)

2 dT 4(z-1) GRhaL
fl (B = e AH,cP?Dg,




165

the criteria are not clearly established. However, the fact that the smallest
dimension of the equipment is larger than the mean free path of molecules
justifies the assumption of continuum flow. For example, in the lithium-tin
system with a system pressure of 0.5 Torr, the mean free path of a lithium
vapor molecule is 7.2 x 1073 cm at 1320°K, which is considerably less than
the smallest dimension of the regenerator. To verify the assumption of
laminar flow, the Reynolds number was calculated as follows: If the regen-
eration rate is equivalent to a current density of 10 Amp/cmz, a lithium
vapor flow rate of 2.57 g/(cm?®-hr) is required. Taking 7.5x10™°g/(cm-sec)*
as the viscosity of lithium vapor at 1320°K and 5 cm as a regenerator diam-
eter, we obtain a Reynolds number of 47.6. This value indicates that the
flow is well under the critical Reynolds number of 2000 and in the laminar
regime.

In an ideal regenerator-condenser system, heat from the
vapor is removed only in the condenser and not at the regenerator wall.
Therefore, the regenerator vapor section, which should be well insulated,
can be considered to be an adiabatic system. Thus, Eqs. 147 and 149 apply.
For a typical lithium bimetallic cell regenerator with 5-cm ID and 30-cm
length, the pressure at the condenser becomes 0.466 Torr with an average
vapor temperature of 1320°K and with a vapor pressure at the evaporation
surface of 0.5 Torr. For isothermal flow, the pressure drops can be more
or less dependent upon the heat transfer, as can be seen from Eq. 146. In
practice, the temperature of a vapor drops as it flows, and partial conden-
sation may take place in the regenerator vapor section; this is undesirable
from the viewpoint of corrosion and energy losses. Additional heat sources
may have to be placed around the regenerator vapor section to prevent con-
densation. In such a case, Eqs. 148 and 150 must' be solved simultaneously.

Several regenerator designs have been suggested and three
of these, illustrated in Figs. 57-59, were discussed in Section IV.D. In con-
trast to the linear arrangement of the condenser section of the regenerator
shown in Fig. 56, the regenerator in Fig. 57 has a very short distance be-
tween the evaporating surface and the condenser area and provides a large
vapor passage area. Currently, a study to determine mass, heat, and
momentum-transport characteristics in a system such as that shown in
Fig. 57 is underway.

d. Cell-regenerator Systems. The lithium-metal bimetallic
cell system represented schematically in Fig. 54 consists of four compo-
nents: cell, regenerator, heat exchanger, and vapor condenser. The func-
tion of each component and the flow of liquid and vapor in this system are
identical to those in the sodium cell system. However, the regenerator
temperature will probably be higher, about 1500°K, while the cell tempera-
ture may be as low as 614°K, the melting point of the LiF-LiCl-Lil eutectic
electrolyte. The system pressure will also be low, in the range of 0.5 Torr.

%Calculated from the Hirshfelder's equation using the Lennard-Jones (6-12) potential and cormrected for
variable molecular weight of lithium vapor.
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The exact operating temperatures and pressures would depend upon the
properties of the cathode alloy and the fused-salt electrolytes, and upon
the corrosion resistance of the container materials. Several auxiliary
components, such as those discussed in Section IV.D, are also needed for

the laboratory-model system.

Requirements for ideal cell systems include low irrevers-
ible losses, optimum rate processes, and high reliability. Because of the
low solubility of lithium in lithium halide electrolytes, a much lower self-
discharge rate is expected for lithium cells than for other cells with alkali-
metal anodes. Reasonable goals for thermally regenerative bimetallic cells
with lithium anodes are as follows:

Cell current density 500 rnA/crn2
Single-cell open-circuit voltage 0.8V
Current efficiency 90%

Voltage efficiency 50-70%
Overall thermal efficiency 15-21%
Dependable operating life 13 yr
Specific power 10 W/1b

The lithium anode bimetallic system may present unique problems in terms
of heat, mass, and momentum transfer because of low system pressure, in
addition to the problems already discussed in Section IV.D. These transport
processes are strongly influenced by the flow regime in which the system is
operating. The most commonly adopted way of defining the flow regime uses
the ratio of the Mach number and the square root of the Reynolds number,

i.e., Ma/,/Re.

Ordinary gas dynamics prevails for Ma/«/ﬂ <<1 and Re >> 1.
For flows in which the value of Ma/m is small but not negligible, the layer
of gas immediately adjacent to a solid wall is no longer at rest but has a
finite velocity. This flow regime is called slip flow. The regime is defined
by the following limits:!5!

Ma

0.01 < S0, B i 151
vRe ok

Ma
001 <= Uy - RienSalh (152)

; It has been recognized since the time of Smoluchowski!5?
and Knudsen'®® that there is a temperature discontinuity as well as a slip
velocity at the interface between a solid and a gas at low pressures.
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These result in reduced skin friction and reduced heat transfer. However,
because of the complexity of phenomena in the slip-flow regime, there are
few, if any, analytical guidelines available for designing equipment.

The two concepts of cell system designs (linear combina-
tion and composite), which have been discussed in Section IV.D, also apply
to the bimetallic cell systems with lithium anodes. Again, an immobilized
electrolyte is an attractive possibility in system design. Among the designs
discussed, the composite designs with and without immobilized electrolyte,
as shown in Figs. 57-59 are particularly attractive for lithium anode sys-
tems because of their low-pressure-drop characteristics. Systems of
composite design will be tested in connection with the lithium-tin system.
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VI. MATERIALS STABILITY

A. Introduction

In thermally regenerative galvanic cell systems with fused-salt
electrolytes and liquid-metal electrodes, cell operating temperatures of up
to 870°K and regenerator temperatures considerably above 1070°K may be
encountered. The fused-salt electrolytes are usually binary and ternary
mixtures of alkali fluoride, chloride, bromide, and iodide salts. The liquid-
metal electrodes may consist of bismuth, lead, tin, tellurium, or selenium
cathodes and lithium, sodium, or potassium anodes.

The corrosion problems in such systems arise from various sources.
Fused salts, liquid metals, and liquid-metal alloys are extremely corrosive
under static conditions, as well as under dynamic conditions where large
temperature differences are present. Particularly severe corrosion prob-
lems can occur at the liquid metal-vapor metal and liquid metal-fused salt
interfaces. Superimposed on all these is the corrosion caused in the cell
portion of the system by the electrochemical reactions occurring there.

B. Heavy-metals Compatibility

1. Literature Survey

Liquid-metal corrosion generally depends on the rate of solu-
tion and the solubility of the solid test material in the liquid metal, although
it may be complicated by the formation of surface intermetallic compounds
and oxide films, and by the effects of impurities in the liquid metals. In
spite of these complicating factors, much information can be obtained by
studying the phase diagram of the solid material and the liquid metal. Good
compilations of phase diagrams for binary metal systems are available.?? 1%
However, published data on heavy liquid metals at elevated temperatures are
still very limited, especially at temperatures above 1073°K. Table XXXV
summarizes available data on corrosion by heavy liquid metals published
from 1950 to 1965. Corrosion data before 1950 have been collected in the
Liquid Metals Handbook.®® Detailed discussions of some of the data are
available elsewhere.?*

2. Static-corrosion Tests Using Heavy Metals

Because of the lack of information on the corrosion of construc-
tion materials by heavy metals above 1073°K, a series of static-corrosion
tests was conducted.??



IADLE AAAV. SUMIMary ur expermmenar Data in Literature (1950-1965) on Corrosion of Container Materials by Heavy Metals

Static Tests Dynamic Tests
Bi, Pb, Sn Bi, Pb, Sn
Bi Pb Sn Alloys Bi Pb Sn Alloys
Container Temp, Ref. Temp, Ref. Temp, Ref. Temp, Ref. Temp, Ref. Temp, Ref.  Temp, Ref. Temp, Ref.
Materials °ka No. °ka No. o Mo oK@ Mo, oK No. °K No. % No: K No.
Steels m 773 155 673 189 473 159 773 158, 175, 211 923 205 23 172,173
(low-carbon 823 157, 169 823 177 1273 2 823 169 823 174 973 164, 165
alloy steel, 073 177 173 189 1033 167 813 160 1073 19 1073 1%
etc.) nz3 160 1253 200 1073 215 898 187 1078 163
1223 203 1213 22,216 923 25 n23 o
1253 189-192 913 176,178,179 1173 193
1273 1123 o4
1473 22, 166, 209 1143 170
173 193
123 210
Ag 823 177
Al 823 16l 823 177 m 1M
893 24
Be 1073 214 1073 215 761 207
12713 18
Co 173 24 83 111 801 214
1373 134
cr 83 Im 923 177 823 17171 1313 134
nzs 203 1273 216
Cu 733 a223 733 212,213 73 18
Fe 998 195 823 177 673 189 1073 215 1073 19
uzs 03 12713 216 1373 134
1213 209
Ni 903 19 823 1717 1373 162 1373 184 1073 199 1073 156
1213 216
1373 162
Ti %03 24 1253 200 1373 13
12713 216
\ 1073 214 1313 134
173 198
Y 1003 206 1313 162 1373 162
zr 973 206 1253 200 133 134
1273 216
Refractory 1071 206 1253 200 823 1 1073 25 761 207 1073 19
Metals 1073 214 1273 177,180,216 1073 19 1373 184, 813 202
1253 170, 208 1373 162, 185 1253 170 185 823 181
1273 188, 197, 201, 12713 209 8713 201
204, 209 1313 162 1098 197
1473 166 B3 o
1373 182
Nonmetals
Graphite 93 14 1253 170 973 194 93 a7
1253 170 1373 184 1673 186
1273 ™
Oxides 1253 170 1273 216 1253 170 1373 184 813 202
1213 204, 209 1213 29
Glasses 1253 170 1273 216 1253 170 1373 184
12713 2204
Borides 1089 168
Nitrides 1089 168
Carbides 1253 170 1089 168 1253 170 1373 14
Silicides 1089 168 1253 170

Maximum temperature of the experiment.

were contained in a crucible fabricated of Mo-30 w/o W, an alloy considered

The materials under study were usually cut from sheet stock
in the form of coupons, 1.5 x 2.5 x 0.3 cm. The liquid metal and a coupon

to be nearly inert to attack by bismuth, tin, or lead. The loaded crucible
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was placed under an argon atmosphere in a stainless steel bomb located in
a resistance-heated furnace and was held at the test temperature for a pre-
determined period of time. The results are summarized in Tables XXXVI

and XXXVII.

Some of the refractory-metal coupons were studied by use of
an electron-probe X-ray microanalyzer after the corrosion tests. These
results are included in Table XXXVII. No intermetallic compound forma-
tion was perceptible between any of the refractory metals tested and
bismuth, tin, or lead, except for the niobium that formed Nb;Sn in the pres-
ence of tin. A very thin layer (<4 1) of NbFe; formed at the niobium-lead
interface. This layer was due to iron present as an impurity in the lead
(<10 ppm Fe). The corrosion of molybdenum and tantalum by liquid tin at
1273°K occurs intergranularly, i.e., through dissolution along the grain

TABLE XXXVI. Static Corrosion of Nonrefractory Metals and Alumina by Bismuth, Tin, and Lead

Bismuth Tin Lead
Temp, Time, Temp, Time, Temp, Time, Results
Test Material °K hr Results °K hr Results °K hr
Nonrefractory
Metals
Armco lron 123 22 Slight attack. a = = = = =
1273 50 Complete dissolution.
1040 Steel 1273 22 Intermetallic layer, a - - = = =
<80 M thick. Cr preferen-
tially segregated.
304 Stainless 123 97 Intergranular, <100 p a = = = = =
Steel depth. No attacks found
in vapor phase.
316 Stainless 973 97 Slight dissolution. De- a = = 123 112 Slight dissolution.
Steel carburization, <5 u depth Wetted.
in both liquid and vapor
phases.
2-1/4 wfo Cr- 1123 100 Slight dissolution, <14p.  a - = 1273 100 Wetted. Dissolu-
1 w/o Mo Steel Very little wetting. tion, 300 u thickness.
1273 163 Intergranular, <200 p.
Completely wetted.
Co-20 wfo Cr- - - - - < = 1123 142 Slightly wetted.
15 w/o W-10 w/o No corrosion.
Ni-3 w/o Fe :
1273 119 Very slight attack.
50% surface wetted.
405 Stainless 123 94.5  Slightly wetted. Inter- a = = 1123 99 No attack. 40% sur-
Steel granular, <40 u thickness. face wetted.
440 Stainless 1123 100.5  Wetted. Intergranular, a = = 1123 100.5 No corrosion.
Steel <150 u thickness. Completely wetted.
Insulation
Materials
High-purity
Alumina 873 9 No attack. No wetting. 873 77.5  No attack. No wetting. - = =
123 52 Partly wetted and grayed. 1123 29 Slightly wetted. = = S
1273 72 Partly wetted and 1273 74 Completely wetted. = = =
grayed, not electrically Slightly conducting.
conducting. ¢

In view of the high solubility of this material in tin, no test was made.



TABLE XXXVI1. Static Corrosion of Refractory Metals by Bismuth, Tin, and Lead at 1273°K

Bismuth Tin Lead
Test Time, Time, Time,
Material hr Results hr Results hr Results
Refractory
Metals
Molybdenum 95 No intermetallic formation. 97 No intermetallic formation. = =
Very small solubility. No Intergranular corrosion
wetting. No corrosion.d layer 90-100 p.2
Niobium 137 No intermetallic formation. 160 A 70 p layer of Nb3Sn 95 A 3y layer of NbFe3 found
Some solubility of Nb in Bi. found at Nb-Sn interface.d at Nb-Pb interface. No
Traces of Nb found in corrosion by lead.d
grain boundaries of Bi.
137 Severe intergranular 9% Severely attacked. Became
attack. Specimen became brittle.
brittle.
Tantalum 100 No intermetallic formation. 100 No intermetallic formation. 100 No intermetallic formation.
No corrosion.d Intergranular penetration Localized intergranular
of Sn.d@ attack to a depth of less
than 10 p.@
Tungsten 115 No intermetallic formation. 9  No intermetallic formation. 9% No corrosion. Partly
Very minute solubility. No Very minute solubility. No wetted.
corrosion. Good wetting.d corrosion.d
Mo-30 wlo W 143 No intermetallic formation. 9%  No intermetallic formation. 135 No corrosion.
Very minute solubility. No Very minute solubility. No
corrosion. Good wetting. corrosion. No wetting.d
>2300 No visible attack. Inter- >1200  No visible deterioration.
metallic, 100 p thickness. Intermetallic, ~100 u
thickness.
Mo-50 w/o Re 91 No apparent attack. Inter- 63.5 No apparent attack. Wetted. = =
metallic, <12 u. Wetted.
Nb-1 w/o Zr 167 Severe intergranular 160 Intergranular attack, <1004 - ¥
attack, <250 p depth. depth. Completely wetted.
Specimen became brittle.
Nb-10 w/o W- 715 Slight dissolution and 87.5 Slight dissolution and = =
2.5 wlo Zr pittings. pittings. Completely wetted.
Nb-28 wfo Ta- 137 Completely wetted. 97.5  Wetted. Intermetallic, 9 No corrosion. Wetted.

10 wlo W-1 wfo Zr

Became brittle.

~100 4 thickness.

3Analysis by electron-probe X-ray analyzer.

boundaries in the refractory metals.
bismuth, tungsten in bismuth, and tungsten in tin at 1273°K were also

detected by the electron-probe microanalyzer, although for practical pur-
poses, the rate of corrosion was negligible.

Minute solubilities of niobium in

The static-corrosion test results indicated that although steels
or stainless steels may be suitable for the cell portion of sodium-lead,
sodium-bismuth, and lithium-tin systems, the only promising container
materials for regenerators for these three systems are some refractory

metals and their alloys.

Niobium and its alloys, which became brittle

after exposure to either bismuth or tin at 1273°K, do not appear to be
promising. Neither does alumina, which was wetted after exposure to
either bismuth or tin at 1273°K. At present, tantalum, Mo-30 w/o W, and
Ta-10 w/o W alloys are attractive possibilities for use in the construction
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of regenerators because of their ease of fabrication. Tungsten and rhenium
should become good possibilities as fabrication methods are developed.

There are fewer limitations on construction materials for
secondary cells than for thermally regenerative systems. Generally, in-
expensive and readily obtainable materials can be utilized. The 300-
series stainless steels have been used to construct sodium-bismuth and
sodium-lead cells operating near 825°K. Type 304 stainless steel was
resistant to sodium and bismuth after 17 months of cell operation at 825°K.%
The Type 304 stainless steel cell portion of a sodium-lead regenerative
system was operated for 1000 hr at about 825°K with less than 5 y corrosion.

Armco iron has been used for the cathode-current collectors
in lithium-tellurium and lithium-selenium cells. During cell operation of
over 400 hr for each type of cell, the integrity of the current collectors was
maintained. Experiments have been performed to determine the corrosion
of Armco iron by tellurium and selenium. An Armco-iron crucible was
contacted with tellurium for 74.1 hr at 743-758°K; in another test, an
Armco-iron coupon was immersed in a tellurium bath for 100 hr at 728°K.
The corrosion rates in these tests were 21 mm/yr for the crucible and
il mm/yr for the coupon. Another Armco-iron crucible was contacted with
selenium for 172 hr at 773°K; the corrosion rate was 1 mm/yr. Corrosion
of iron by tellurium and by selenium is of the dissolutive rather than the
intergranular type. Further corrosion experiments must be performed on
Armco iron before its suitability for use in tellurium and selenium can be
adequately evaluated.

Other metals have been exposed to tellurium and selenium with
mixed results. Molybdenum and tantalum were both attacked by molten
tellurium, but tungsten showed no attack after exposure to tellurium for
7 days at 823°K. On the other hand, tungsten completely disintegrated after
being exposed to selenium for 6 days, but molybdenum was unattacked after
contacting selenium for 18 hr at 770°K. The corrosion resistance of tanta-
lum to selenium has not been tested.

Type 304 stainless steel was readily attacked by tellurium at
730°K and a high-melting alloy formed. Nickel and chromium form high-
melting intermetallic compounds, such as NiTe,, withtellurium.?’ No
tests have been performed to determine the corrosion of Type 304 stain-
less steel by selenium.



3. Dynamic-corrosion Tests

In a thermally regenerative cell system, the circulation of the
cathode-metal alloy between the cell and regenerator sections depends
upon the thermal convection induced by the temperature difference between
the cell and the regenerator. Since, in general, the materials of construc-
tion have higher solubilities in the cathode alloys at high temperatures, the
circulating liquid metal tends to dissolve the container material at the
regenerator section, where the temperature is highest, and deposit it in
the cell section, where the temperature is lowest. This type of corrosion
is called dynamic corrosion. Dynamic-corrosion tests were conducted

using thermal-convection loops,
TOHELIUM OB VACUUM fabricated of the test material,
as shown in Fig. 115. The
loops were constructed in the
form of parallelograms about
CERONIC HBER 25-cm high and 15-cm wide,
tElzerizon) using test-metal pipe
(1.37-cm OD and 0.92-cm ID).
Electric heaters were used to
maintain the sections of the

TO MANIFOLD
(Helium or vacuum )

MELTING POT

TO MANIFOLD
(Helium or
vacuum)

ELECTRIC HEATERS

(Hevi-duty semicylindrical loop at different selected tem-
units) «
peratures, causing thermal
HoT g coLo convection of the liquid metal

around the loop. At the end of
each experiment, the loop was
dissected radially and the
internal cross-sectional areas
X THERMOCOUPLE LOCATIONS of lodp sections that had been
exposed to the liquid metal
were determined by means of
enlarged photographs and a
planimeter. Minimum thick-
nesses of the pipe walls were also measured. The flow rates of liquid
metal in the loop were calculated from heat balances around the hot leg of
the loop. Flow rates were also determined by application of a heat pulse
as follows: A gas torch was applied to a small area at a point in the loop
for a short period of time, after which the induced high-temperature liquid
slug was sensed at a downstream position by a thermocouple. The two
methods showed fair agreement.

108-8721 Rev. 1

Fig. 115. Thermal-convection Loop (Schematic Represen-
tation) for Dynamic-corrosion Studies

The cross-sectional area changes after the corrosion tests of
1020 steel and Type 316 stainless steel (loops 4 through 9) are plotted in
Figs. 116 and 117. The most severe dissolution of steel, resulting in as
much as a 60% increase in the inside cross-sectional area of the pipe, is
at the entrance of the hot leg, which is the 35 to 45% axial coordinate in
Figs. 116 and 117. There is much less corrosion in the 35 to 25%
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Fig. 116. Dynamic Corrosion of 1020 Steel and Type 316 Stainless Steel by Liquid Bismuth and
Sodium-Bismuth Alloy (1123°K Hot-leg Temperature, 723°K Cold-leg Temperature)
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Fig. 117. Dynamic Corrosion of 1020 Steel and Type 316 Stainless Steel by Sodium-Bismuth
Alloys (923°K Hot-leg Temperature, 823°K Cold-leg Temperature)
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coordinate. A second severe dissolution takes place at the region of the

10 to 25% axial coordinate. The graphical integration of these curves has
shown that as much as 70% of the total corrosion takes place in the entrance
section of the hot leg. No significant changes in cross section have been
observed in the cold-leg section. Most of the transferred material was in
the form of loose aggregates of metallic crystals in the cold leg. No trans-
ferred materials adhered to the tube wall. The spectrochemical analyses
of the low-carbon steel loops showed that the mass-transferred material
was essentially iron, containing slight amounts of chromium and nickel.

Some refractory-metal loops containing bismuth, tin, or lead
have been studied at temperatures above 1273°K. A Mo-30% alloy loop was
constructed by welding five pieces of drilled tube 1.59-cm ODby 0.635-cm ID.
Because of the relative difficulty of machining and welding this alloy, spe-
cial techniques were required. In the preparation of the loop sections for
welding, cold-machining techniques were used. After machining and before
welding, all parts were vapor-degreased and ultrasonically cleaned. The
loop was assembled in a semiclean area by assemblers wearing clean
cotton gloves to minimize contamination. All welding was done in an argon-
atmosphere pressure chamber. The loop was charged with 30 a/o Na-Bi
alloy and operated with a hot-leg temperature of 1323°K and a cold-leg
temperature of 973°K for 2488 hr, at which time linear fractures developed
along the axis of the tubing. No corrosion of the loop by the bismuth was
found; therefore the fractures were probably due to lack of annealing of the
loop after the welding.

Table XXXVIII summarizes the results of all dynamic corrosion
tests conducted to date using steel, stainless steel, tantalum, and Mo-30 w/oW
loops. The results of these tests indicate that neither stainless steel nor
low-carbon steel is suitable for use in a sodium-bismuth or sodium-lead
cell system at temperatures above 1073°K; however, the results support
the view that low-carbon steel can be of use in the low-temperature section
of such a cell.

The task of finding materials to contain bismuth or tin under
dynamic conditions at temperatures above 1273°K is not easy. It involves
not only the selection of materials, but also the development of fabrication
techniques. However, recent advances of the technology in this field are
encouraging and include such techniques as vapor deposition and electrolytic
deposition of refractory metals. Combination of adequate refractory mate-
rials, fabrication techniques, and designs should solve the materials prob-
lem in the near future.




TABLE XXXVIII. Dynamic Corrosion of Various Materials by
Bismuth, Lead, and Sodium-Bismuth and Sodium-Lead Alloys

Max Min
Hot-leg Cold-leg
Loop Test Liquid feop Eep Time,
Number Material Metal °K °C e e hr Results

2 1020 Steel Bi 823 550 723 450 1000 Dissolution, up to 250 u
depth.

3 1020 Steel Bi 1073 800 973 700 24 Slight dissolution. Plugs
formed, stopping
circulation.

4 1020 Steel Bi 1123 850 723 450 430 Leak developed.? Dissolu-

tion of up to 60% of the
loop metal at the hot leg.

5 1020 steel Bi 1123 850 723 450 279  Leak developed.? Dissolu-
tion of up to 50% of the
loop metal at the hot leg.
Slight intergranular
penetration.

6 1020 Steel Bi-20 a/o Na 1123 850 723 450 125 Leak developed.? Dissolu-

tion of up to 50% of the
loop metal at the hot leg.

9 1020 Steel Bi-30 a/oNa 923 650 823 550 1506P Slight mass transfer.
12 1020 Steel Pb 1123 850 923 650 690 Plugs formed, stopping
circulation.
17 1020 Steel Pb-30 a/o Na 1073 800 873 600 345 Plugs formed, stopping
circulation.
7 316 Stainless Bi 1123 850 7231 450 300 Leak developed.? Exten-
Steel sive mass transfer.
Intergranular penetration.
8 316 Stainless Bi-25a/o Na 923 650 823 550 4426 Dissolution of up to 65% of
Steel the loop metal at the hot
» leg.
11 316 Stainless Pb 1123 850 923 650 706 Plugs formed, stopping
Steel circulation.
13 316 Stainless Pb-30 a/o Na 1123 850 923 650 1224 Plugs formed, stopping
Steel circulation.
15 316 Stainless Pb-30 a/c Na 1073 800 873 600 348 Plugs formed, stopping
Steel circulation.
10 Mo- 30 w/o W Bi 1323 1050 973 700 2488 Fractures developed in

loop. No corrosion.

16 Ta Pb-30 a/o Na 1323 1050 1023 750 932 Leak developed in stain-
less steel sheath.

2The leak developed at the entrance section of the hot leg.
bNo leaks were found at the end of experiment.

C. Electrolyte Compatibility Studies

1. Literature Survey

The corrosion of materials by fused salts has long been an im-

portant problem in electrochemistry and metallurgy. Even so, only limited

data were available in the open literature until fused salts began to receive
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attention as nuclear-fuel carriers and reprocessing media. Corrosion
: ; ; 218-234
results have been published on the alkali-metal fluorides,
chlorides,?**"2** and hydroxides."‘”’255'275 These references are discussed

24
elsewhere.

Extensive corrosion studies were conducted at Oak Ridge
National Laboratory?!8:22%, 230 55 nickel and on chromium-iron alloys in flu-
oride salts used as nuclear-fuel carriers. The chromium was selectively
leached from the surface of the alloys by the fluoride salts. In addition,
diffusion of chromium from the subsurface regions was also observed,
causing the formation of voids in the metal.??! Grimes et al.??* have dis-
cussed the mechanism of the chromium removal from the surface in terms
of the following factors:

a. Impurities in the melt
Example: FeF, + Cr~> CrF, + Fe (153)
Other impurities: NiF,, CrF;, CrFy, FeF;, HF and UF;

b. Oxide films on metal surfaces:
Example: 2Fe;0; + 3CrFy - 3CrO; + 4FekF; (154)

FeF,; now reacts with chromium as indicated by Eq. 153.

(el Constituents in the nuclear fuel

Example: Cr + 2UF,;—~ 2UF; + CrF; (155)

Dynamic-corrosion studies using loops demonstrated that a rapid attack
takes place initially by the reaction of chromium with impurities, oxide
films, and the UF, as indicated in Eqgs. 153-155. As quasi-equilibrium
amounts of CrF, are accumulated in the salt, the attack proceeds linearly
with time. Since at low temperatures the equilibrium is shifted to the left
in Eq. 155, chromium precipitates in the cooler regions of the loop. In
liquid metals, the driving force for dynamic corrosion is the difference in
solubility of solid-metal constituents in the liquid metal at the different
temperature levels, whereas in fused fluoride systems, the driving force
for mass transfer results from a temperature dependence of the equilibri-
um constants for the chemical reactions.?® As a result of extensive
studies at Oak Ridge National Laboratory, a Ni-Cr-Mo-Fe alloy (approxi-
mately 74 w/o Ni-6 w/o Cr-15 w/o Mo-5 w/o Fe) designated as INOR-8%%
was developed, which is highly resistant to 11.2 m/o NaF-46.0 m/o LiF-
41.3 m/o KF-2.5 w/o UF, and its variations.

Although the corrosion-mechanism studies of the fused-salt
systems are still in their early stages, several important contributions in
this field have appeared recently, particularly for the chloride systems.
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Electrochemical considerations were given for a system containing nickel
and NaCl-KCl by Littlewood et al.?*"?*® The corrosion effects of even
slight contamination of the melt by materials such as water and oxygen were
pointed out;?3¢ 248 thys, purity of the salt is important.

Friend?®® summarized corrosion reactions of metals in NaOH
at 1073-1273°K. The high-temperature decomposition,

2NaOH = Na,O + H,0, (156)

is followed by

Na,O + M = MO + 2Na (157)
and

Na,O + MO = Na,MO,. (158)
Also,

H,0 +M = MO + H,. (159)

Thus, the overall reaction would be

2NaOH + M = Na,MO, + H,. (160)
Because of this reaction, several authors?9s 263,267, 268, 274, 275 suggested that
any additives causing an increase in the hydrogen.overvoltage or an in-
crease in the difficulty with which hydrogen is evolved should retard the
corrosion process. Some investigators”"’ 263,275 have demonstrated the
inhibition of nickel corrosion in fused NaOH by the use of a hydrogen atmo-
sphere. Although the low melting points of hydroxides are attractive for
cell applications, chemical instability of the salt and high self-discharge
rates must be overcome for use in a practical cell.

2. Experimental Results of Fused-salt Corrosion Tests

Austenitic stainless steels, including Types 304, 316, and 347,
have been used to contain reagent-grade sodium halide mixtures at tem-
peratures up to 973°K. No visual deterioration of the container materials
has been observed. A ferritic stainless steel, Type 440, was tested in a
mixture of 15.2 m/o NaF-31.6 m/o NaCl-53.2 m/o Nal at 973°K for 100 hr.
Metallographic examination indicated that the specimen had been attacked
along the grain boundaries; however, this test was conducted using com-
mercially available reagent-grade sodium iodide, which contained some
residual moisture. Therefore, the result requires confirmation by further
studies.
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D. Alkali-metal Compatibility Studies

1. Literature Survey

Considerable interest is currently centered on the use of alkali
metals as heat-transfer media in power-generation systems, particularly
in space and nuclear applications. These liquid metals are used for cool-
ants in nuclear reactors and for working fluids in turbines. The literature
contains extensive corrosion studies, and several reviews are available; 76288
only a partial list of recent references is presented here. The literature
survey indicates that, in general, more materials are resistant to attack by
alkali metals than to attack by heavy metals. Some alloys such as TZM
(Mo-0.5 w/o Ti-0.08 w/o Zr) and Mo- 50 w/o Re were resistant under static
conditions to liquid lithium at a temperature as high as 1873°K.2"® Pure
iron, ferritic and austenitic stainless steels, and refractory metals are
resistant to liquid sodium under static and dynamic conditions up to 103321, 204
These same container materials, except for the refractory metals, are stable
in liquid lithium under static and dynamic conditions up to 873°K; refractory
metals are expected to be resistant up to above 1073°K.?"" In the alkali met-~
als, effects of impurities on corrosion rates become significant. One effect
of oxygen in sodium is that it increases the amount of mass transfer ob-
served in the cold sections of systems made of metal-base alloys and aus-
tenitic stainless steels.?”® Lithium nitride has been found to be the most
harmful contaminant.?”’

2. Results of Alkali-metal Corrosion Tests

Because alkali metals are less corrosive than heavy metals,
experimental studies on the alkali metals have been limited to qualitative
evaluations.

The sodium-lead regenerator made of Type 316 stainless steel
(see Section IV.D.2) which had run for a total operating time of over 150 hr
(including preliminary runs) at 1023-1103°K was dissected for internal
corrosion examination. Intergranular attack of 20 u depth due to liquid
sodium was found in the condensing section, but no corrosion was observed
in the vapor section. A slight pitting was found in the vapor-liquid interface
region of the regenerator.

The corrosion by sodium in the anode compartment of the sodium-
bismuth cell (see Section IV.D) was minor.

E. Insulators for Bimetallic Cells

To build compact bimetallic cells, insulators are required to achieve
effective space utilization. This is true not only for single cells, but is
especially important when multiple-cell (battery) design is considered.
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For cells or batteries containing sodium and sodium-alloys, the
answer to the insulator problem is relatively simple. Both Al,0; and BeO
have the required corrosion resistance. In addition, Al,0; has the added
advantage that it can be plasma-sprayed to fabricate a wide variety of con-
figurations having relatively nonporous walls.

Insulators that may be used in cells containing lithium and lithium-
alloys are much more difficult to find. At present, only the frozen salt can
be recommended, without qualification, from a chemical standpoint. For
efficient space utilization, this insulator is not very desirable; it is quite
bulky and requires cooling to remain solid.

In the study of the open-circuit emf characteristics of lithium-
containing cells, porous BeO crucibles were used successfully. Immersed
in the electrolyte of molten LiCl-LiF and containing liquid lithium metal,
these crucibles showed no signs of attack after temperature cycling in the
region between 773 and 1073°K for 2 weeks. However, in tests with lithium
alone, BeO was attacked and fell apart after only 25 hr at 623°K. The
mechanism of the protective action of the cell environment is not under-
stood at present. Possibly the wetting ability of the molten salt provides
the protection against lithium attack. Until this is understood, BeO cannot
be recommended without qualification as an insulator in lithium-containing
cells

Both fused silica and Vycor are embrittled and fall apart in melts
containing lithium in solution. Similarly, polycrystalline and single-crystal
AlL,O; break up, the latter with complete disintegration in lithium at 723°K
after 24-36 hr. However, single-crystal Al,O; appears unattacked when
contacted with lithium for 24 hr at 573°K. Hot-pressed BN was tested in
lithium and showed no attack after 24 hr at 573°K. However, when con-
tacted with lithium for 24-36 hr at 723°K, BN showed signs of fracture.

The solid BN used contained 2.4% boric oxide, B,0;, which may have con-
tributed to the reaction observed. Boron carbide was tested at 723°K and
after 24 hr showed some attack by lithium.

After due consideration of the above information, we decided to defer,
for the present, further consideration of the nitrides and carbides. In some
cases, these refractory materials are semiconductors and not useful as
insulators. In the other cases, lithium will probably react with the mate-
rial, at least to some extent, and again a poor insulator will result.

The materials of primary interest as insulators are those that con-
tain a cation identical with the anode metal in the cell. The use of such a
material will reduce possible detrimental redox reactions between the anode
and the insulator. Thus those insulators to be given first consideration are
the oxides and double oxides containing lithium. The stable oxide, Li,0,
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which might serve as an insulator, is difficult to handle because of its .
hygroscopic nature. The lithium oxide must be stabilized in a double oxide

to remove this undesirable feature.

Table XXXIX lists various oxides that may have the requisite
chemical stability as double oxides. Their stability is indicated by their
free energies of formation from the elements at 1000°K (per gram atom
of oxygen) as taken from Glassner.?®” Note that those appearing below
Li,O are themselves stable with respect to the reaction

2yLi + MxOy ~ yLi,0 + xM. (161)

TABLE XXXIX. Relative Stabilities of Some Metal Oxides at 1000°K

8G¢, 5G4,
Free Energy of Formation, Free Energy of Formation,
Compound kcal/pet g atom oxygen Compound kcal/per g atom oxygen
SiO, - 83 Sc,0; -115
TiO, - 92 SrO -117
Al,O4 -108 MgO -118
CeO, -108 BeO -118
710, -108 Y,0; L0
U0, -109 La,05 -122
Li,0 —190 (R.E.),0,2 =172
HfO, -110 ThO, -123
BaO -111 CaO -127
2R.E. = rare-earth element.

Beryllium oxide was eliminated previously and will not be discussed
further. Probably the alkaline-earth oxides, MgO, CaO, BaO and SrO, will
not form a stable double oxide with Li,O because of the extreme basicity
of both the alkaline-earth oxides and lithium oxide. Further, the general
hygroscopic nature of the alkaline-earth oxides probably precludes their
direct use as insulators. Radioactivity and sensitivity to thermal shock
have tentatively eliminated UO, and ThO, from consideration.

A literature survey was made of the double oxides between Li,O
and SiO,, TiO,, Al,0;, Ce;0,, Ce0O,, Zr0,, Y,0;, La,0;, and CaO. The oxide
HfO, is not included as it was considered similar to ZrO,. The oxides of
yttrium, lanthanum, and cerium were chosen to be representative of the
rare-earth oxides.

The survey showed that either the stable double oxides of Ce,O;,
CeO;, Y,0;3, La,0;, or CaO with Li,O are not formed, or, if formed, appar-
ently do not have increased stability over the single oxides. The compounds
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showing increased stability in double-oxide formation with Li,O are listed
in Table XL and are discussed below.

TABLE XL. Properties of Some Double Oxides with Li,O

AGS

AG3es (Reaction
with Lithium)

o

~f,298’ Double gf ,298° Oxide, Double Oxide,
Oxide  kcal/mole Oxide kcal/mole  kcal/mole kcal/mole
Si0, -198 Li,SiO; -361 -70 -41
TiO, ~212 L 10, =37 -56 -25
Al,0, -375 LiAlO, -269 27 +1.5
Z10, -248 Li,Zr0s -3962 -20 -6
Li,O -134 2 g - 5

&l : o
Estimated, Agf,zgs

AH®

-417.2 kcal/mole from the elements;

= = 1552 kcal/mole from the oxides.

~f,298

Silica, SiO,, is not stable at 298°K (by -70 kcal) with respect to re-
action with lithium:

SiO, + 4 Li — 2 Li,O + Si. (162)

Double oxides of Li,O and SiO, form a series of ‘compounds, which tend to
occur as glasses. For the 1:1 compound, Li,5i0O;, the stability with respect
to lithium is enhanced to -41 kcal for the reaction

Li,Si0; + 4 Li —~ 3 Li,O + Si. (163)

This increased stability is not sufficient; SiO, and lithium still react with
ease. Compounds such as Li,O * xSiO, are not suitable as insulators.

Similarly, TiO, is unstable with respect to reaction with lithium, the
free-energy change for the reaction

TiO, + 4 Li - 2 Li,O + Ti (164)

being -56 kcal at 298°K. The double oxide, Li,TiO; is more stable; the
reaction

Li,TiO; + 4 Li -~ 3 Li,0 + Ti (165)
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has a free-energy change of -25 kcal at 298°K. Again, there is potential
instability in the reaction of the double oxide with lithium; therefore
Li,0 * xTiO, compounds were not considered further.

The compound LiAlO, exists in two crystal forms with a transition
temperature somewhere between 873-1173°K. The low-temperature form
reportedly will not hydrolyze in boiling water. As indicated previously,
alumina reacts with lithium, having a free-energy change of -27 kcal at
298°K for the reaction

Al,O; + 5 Li = 3 Li,O + 2 Al. (166)
The double oxide, LiAlO,, is more stable. The reaction with lithium,
LiAlO, + 3 Li —~ 2 Li,O + Al, (167)

is not spontaneous by about +1.5 kcal at 298°K. Though the free-energy
change is only slightly positive, there is indication of compound stability
in the cell environment. Therefore, lithium meta-aluminate, Li,AlO,, will
be examined further as an insulator.

The compound Li,ZrO; is resistant to hydrolysis. The free-energy
change for the reaction

Li,0 + ZrO, - Li,ZrO, (168)

can be estimated as - 14 kcal at 298°K from the reported AH,qg of -15.2 kcal.
Zirconia, ZrO,, apparently reacts with lithium; at 298°K, the free-energy
change 1s -20 kcal for the reaction

Zr0, t4 i > 2 Li,O + 7z, (169)
The free-energy change for the reaction of the double oxide with lithium,
i, Zx 0, A Ll 838 i, O 7w, (170)

has been estimated to be -6 kcal at 298°K. Even with the uncertainties in
the calculations, these values are of the proper magnitude to indicate that
Li,ZrO; is a possible insulator for the lithium anode bimetallic cells.
Because of the great similarity in the chemistry of zirconium and hafnium,

the double oxide, Li,HfO;, is also being considered further for use as an
insulator.

Any oxide or refractory material that might be used as an insulator
could also be used in powder form to make a paste electrolyte, thus immo-
bilizing the fused halide. We will continue to examine the compounds
LiAlO,, Li,Z2r0;, and Li,HfO, to test their effectiveness as insulators.
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F. Guidelines for the Selection of Cell and Regenerator Materials

Liquid-metal corrosion depends for the most part simply on the
dissolution rate and the extent of solubility of the solid metal in the liquid
metal. Many complicating factors can influence the dissolution rate or the
solution limit. The formation of surface intermetallic compounds, oxides,
or nitrides are good examples of such factors. In addition, temperature
gradients and impurities in the liquid metals have an important role.
Therefore, it is nearly impossible to set up universal guidelines for lig-
uid metal corrosion. Figure 118 summarizes literature data and the
results of present investigations on static-corrosion resistances of mate-
rials to liquid bismuth, lead, and tin.

Some materials that are suitable construction materials for one
type of liquid, such as heavy liquid metal, are not necessarily adequate for
containing other liquids, such as fused salts. For example, ferritic stain-
less steel is adequately resistant to liquid lead at 1123°K under dynamic
conditions, but stainless steel of this type may be inadequate for containing
halide electrolytes. Therefore, when two different liquids are contained in
one place, the selection of container materials requires care.

Austenitic stainless steels have been adequate for the cell and con-
denser sections of thermally regenerative sodium-lead and sodium-bismuth
cell systems. Austenitic stainless steels, particularly Types 347 and 316,
have also been used with lithium cells up to 973°K without visible corrosion
of the container materials. Armco iron has been found resistant to tellurium
up to 773°K. In the sections containing circulating cathode alloy and in the
regenerator, which operate above 1073°K, refracl:ory metals must be used.
Among the refractory metals, tantalum, Mo- 30 w/o W, and Ta-10 w/o W
alloys are attractive because of their ease of fabrication. Other refractory
metals, especially tungsten and rhenium, may become more attractive as
advanced fabrication techniques such as vapor deposition, electrolytic
deposition, and plasma spray methods become refined. Therefore, it is
just as important to find a suitable design and fabrication technique as to
find a suitable container material.
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APPENDIX A

Purification of Gases for Inert-atmosphere Enclosures

Inert-gas atmospheres are required when working with reactive
molten metals and molten salts, when welding refractory metals, or when
doing other experimental work using materials that are extremely sensi-
tive to the chemically reactive gases. The principal contaminants are
oxygen, nitrogen, water vapor, and, less frequently, hydrogen, organic
vapors, and acid vapors.

There are two methods of maintaining high purity in an inert atmo-
sphere in a working enclosure, i.e., an enclosure fitted with gloves for
manual manipulations inside the enclosure. One can continually flush at a
high flow rate with a pure gas. A less wasteful and more practical approach
is to cycle the inert gas through a purification unit.

The problem, then, concerns not only the absolute purity of the orig-
inal charge of gas, but the maintenance of the purity of the box atmosphere
in the face of continuing contamination. For example, water vapor continu-
ally diffuses into the box through the gloves; it also enters with in-leaking
air and on new equipment brought into the box. Keeping the pressure inside
the enclosure slightly higher than ambient reduces in-leakage, but when
radioactive materials are handled, in-leakage is preferable to the release
of hazardous materials to the surroundings.

Both argon and helium are commonly used in these enclosures.
Argon is more available, economical, and easier to pump. The lower boil -
ing point of helium makes cryogenic purificationtmore convenient.

The most useful purification processes fall into two general
categories:
1. Chemical

a. Gas-solid chemical reactions, such as those using
"getters" for removing oxygen or nitrogen.

b. Combination of hydrogen and oxygen over a palladium
catalyst to form water, which is then removed physically.
2. Physical

a. Adsorption of moisture on activated alumina or Molecular
Sieves and of impurities on activated charcoal.

b. Refrigeration for removing water vapor.
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The choice of any process for a purification system will be influenced
by factors such as the scale of operations, regeneration or disposal of spent
reactants, availability of suitable forms of reactants for use on a plant scale,

etce

The inherent difficulties involved in the use of argon in inert-gas
systems, e.g., kinetics of the gettering reaction, suitable pumps, etc., often
prompts the use of helium as the inert gas. Cryogenic adsorption techniques
can maintain helium at a very high purity and permit easy repetitive regener-

ation of the absorber.

Published information on helium purification systems is scarce.
Foster, Johnson, and Crouthamel®* describe an operating system in some
detail. White and Smith®®® and Walton®®’ discuss the general approaches that
may be followed. However, one should not overlook the information given by
Dushman®?® on the adsorption coefficients for various gases on charcoal at
cryogenic temperatures. A general review on glovebox techniques is given
by Barton.?"!

Figure A.1 is a schematic diagram of a helium-purification system.
The contaminated gas from the working enclosure first passes through a

Blower
[e]
Catalyst
h Bed
lelium e i
%/ Werkiria Nitrogen
—(><l—| Enclosures Vent and Heater
Vacuum
Molecular
Sieve Bed
Dewar /
! Co.ntaining Heat Exchanger
Liquid Nitrogen Coils

Activated
Carbon Bed

308-229

Fig. A.1. Schematic Diagram of Helium-purification System
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palladium catalyst. This unit* reduces the hydrogen content to <1 ppm by
the catalytic combination with oxygen to form water. (An excess of oxygen
in the incoming gas stream is assumed.)

Depending on the amount of the hydrogen-gas contaminant in the inert
gas, one may reject the use of the palladium catalyst in the system. We
have operated systems both ways with equally good performance. Although
adsorption capacity for hydrogen on the carbon bed is not as great as for
oxygen or nitrogen, it is sufficient for the low hydrogen content of the gas
normally encountered.

After leaving the catalyst bed, the helium gas passes through a dryer
unit consisting of a bed of Molecular Sieves. This bed collects moisture,
minimizing ice or snow formation in the subzero sections of the purifica-
tion system. The dryer bed is 20 cm in diameter and 30 cm deep. Linde
Type 5A Molecular Sieve pellets (3 mm) are used in this bed. Next, the gas
is precooled by passing through one side of the heat exchanger located in
a large Dewar. This Dewar is sufficiently deep so that the heat exchanger
is suspended in the nitrogen vapor above the liquid nitrogen.

The first heat-exchanger design consisted of a coil of copper tubing,
sections of which were separated from one another by short stainless steel
nipples. Copper fins connected the coil for the incoming gas stream to the
coil for the exiting gas stream. This system operated satisfactorily; how-
ever, improvements could be made. More recently, the heat-exchanger
design has used two concentric coils in parallel. The concentric coils con-
sist of 2.2-cm-OD tubing inside 3.5-cm-OD tubing, formed into a compact
coil. The incoming gas flows in the annular sect1on, where it is cooled by
the nitrogen vapor surrounding the coil and by the cold helium gas exiting
from the inner tube.

From the heat exchanger, the helium passes through a coil immersed
in liquid nitrogen and then through an activated-charcoal adsorber bed. This
bed is 20 cm in diameter and 30.5 cm high. Activated coconut charcoal
(8-14 mesh) for the bed was obtained from Barneby-Cheney** and was con-
tained in an all-copper vessel to promote heat transfer. This adsorber
removes oxygen, nitrogen, and any traces of water vapor remaining in the
gas. To be most effective, the activated charcoal and the incoming gas
stream should be at liquid -nitrogen temperatures. The gas then passes to
the other side of the heat exchanger and, by means of a "canned" blower,
is pumped back to the working enclosure.

One problem faced in setting up a purification system for helium
gas was finding a blower capable of giving the required flow rate against

* Dexo Model D-300-200, Englehard Industries, Inc., Newark, New Jersey.
%% Barneby-Cheney Co., Columbus, Ohio.
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the pressure drops in the system. The density of helium (about one-seventh
that of air) places a restriction on the types of blowers that can be used.

An eight-stage centrifugal blower,* completely enclosed in a steel container,
has been used successfully in these helium systems. Operating times in
excess of 12,000 hr have been noted, even though the blowers are required
to operate in extremely dry atmospheres.

During regeneration of the dryer bed and adsorber bed, the boxes
and the blower chamber are isolated from the system. The carbon bed is
regenerated by heating to approximately 423°K and evacuating. Because
the boxes are normally shut down during the weekend, regeneration takes
place at that time. The dryer is regenerated by passing a hot stream of
1-2 cfm of dry nitrogen in reverse direction to the normal flow while the
dryer is heated to 573°K. The dryer is evacuated to about 10 u pressure
before being put back into service.

For operation of the purification unit at a recirculation rate of about
10 cfm, oxygen and nitrogen levels of less than 5 ppm and a moisture level
of less than 1 ppm were obtained routinely in two 850-liter -volume working
enclosures connected in parallel with the system.

Helium -purification systems have been designed for two different
enclosure volumes: a small system for enclosure volumes up to approxi-
mately 2830 liters, and a larger system for enclosures greater than
2830 liters. Both systems use the same dryer and adsorber, but differ in
the size of the heat exchanger and blower. The blower in the larger system
is the Rotron Spiral Blower.** This blower will pump approximately
900 1iters/min of air at a static pressure of 35 cm water, as opposed to
only 280 liters/min for the same static pressure with the centrifugal blower
mentioned earlier.




APPENDIX B

Quasi-thermodynamic Analysis of Self-discharge Sodium
Transfer in Cells with Electrolytes Having Electronic
and Ionic Conductivity

1. Assumptions

a. All calculations are for cells in which the electrode-electrolyte
interfaces are parallel planes.

b. The quantity of cathode alloy is sufficiently large and the alloy

sufficiently agitated so that concentration gradients do not exist at any time.

The composition of the cathode alloy is constant.
c. Steady-state conditions apply at any fixed current; i.e.,

(1) The current through any plane through the electrolyte and
parallel to the electrode-electrolyte interface is constant.

(2) The total number of sodium nuclei in the electrolyte is
constant.

d. The electrodes are in thermodynamic equilibrium with the
electrolyte immediately adjacent to them (the anolyte and catholyte), and

the sodium atoms dissolved in the electrolyte are in equilibrium with sodium

ions and dissolved electrons.

e. The partial sodium-ion conductivitysis constant throughout the
electrolyte.

f. The partial electronic conductivity of the electrolyte is directly
proportional to the concentration of dissolved sodium metal; i.e.,

ke = KeXNa- (B.1)
g. The atoms and ions in the electrolyte migrate independently.
h. No convection currents occur in the cell.

i. The activity coefficient of sodium metal dissolved in the
electrolyte, YNa’ is constant and is defined by the equation

UNa = ¥Na + RT In YNaXNa- (B.2)

j. The effective diffusion coefficient of sodium atoms in the
electrolyte, D Na-m’ is constant.
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k. The chemical potential of sodium ions, defined as
pi = uj + RT Iny;X;, (B.3)
is constant through the electrolyte.

1. The standard state of sodium is the liquid metal in the cell
environment.

2. Derivation

Consider the concentration cell

(
Na

(anode)

Na ~-alloy

1
|
. (cathode)

) (@
i
|

/Na,Na+,e',X' Na,Na+,e',x'/ (B.4)

where all composition changes occur between the imaginary boundaries,
(1) and (2). The equivalent current density for sodium atoms through the
electrolyte toward the cathode, ipy, (Amp/cm?), will be

FONa-mP¥Na dUNa

'Na © T MRT ax (B.5)
The partial current density of the sodium ions, iy 4, 18

; K g dy

1N8.+ = -T-d: - Ki&’ (B.6)

where ¥ is the local electrical potential in the electrolyte. The partial
electrical current density due to electrons in the electrolyte, ie’ is

ke due d
= - ko<t (B.7)

i o S

< E dx C e
where 1 is the chemical potential of the electrons. Note that the current
carried by electrons is considered to be positive when the electrons them-
selves flow toward the anode. The total electrical current density, i, is
the sum of the partial current densities (Eqs. B.6 and B.7):

1 die dyj dy
(=}

S e o T e dy
INat t 1le F a5 K _dx) (ki + k) A (B.8)

The apparent self-discharge transfer rate of sodium is

INa = iNa - ig = (ina tiNa#) - i- (B.9)



Using assumption c above, Eq. B.9 shows that Jy; must be independent of
the position, x, in the electrolyte and thus is constant for a given i. From

assumption d, we can write
BNa = Hi tHe.

Using this result, we may write

I e FONa-mPXNa 1 Kike | dUNa Kel
M MRT F Tkt ke

From assumption g

duNa . dIn XNa
dx - dx ’

substituting this in Eq. B.11, we have

5 " FONa-mo Ke RT k; | dXpp, Kel
Na ~ ~

+ - .
M F(Ki+|<e) dx S (9
Integrating this equation for the boundary conditions,
(1) At the anode, x = 0, XNa = Xand
(2) At the cathode, x = L, Xpp, = X,

we obtain .

dx -Ki+|<e'

(B.10)

(BELY)

(B.12)

(B.13)

(B.14)

(B.15)

FL ' LMK.(i+Jy,

FONa-m™ (Xan - Xca)
B LM '

The cell reaction producing current in the external circuit is

+ = + -
Naj +Naca Fea > Naan +NaC tep,

where the subscripts A and C refer to the anode and cathode themselves, and
an and ca to the anolyte and catholyte, respectively. The Gibbs free-energy

change, AG, for this reaction is
Ag‘ = (uNa,C = ”Na,A) + (ui,an i3 ui,ca) it F(wan ""Jca)

+ (Me,A - He,c) - Flya -vC)-

ki RT  FDNa-mPKil i INaki T (INa +1) KeXap
) Tnaki T (UNa t1) KeXey

(B.16)

(B.17)

(B.18)
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If this were an ordinary cell without transference,® we would have

ve,A = He,C» (B.19)

Wi,an = Hi,ca’ (B.20)
and

Yan = Vca: (B.21)
so that

8G = ¥Na,A - MNa,c t Flbg = va)- (B.22)
By definition,?%? the open-circuit cell potential is

Eoc = Vg - V¥a: (B.23)

and if only equilibrium processes take place, AG = 0; then Eq. B.22 becomes
SEEg = HNa,C ~ HNa,A:’ (B.24)
where E is the theoretical thermodynamic open-circuit potential.

For the cell with ionic and electronic conductivity, the conditions
given by Eqgs. B.19, B.20, and B.21 reduce to

Ve,A = He,C (B-25)
and

Hi,an = Hi,ca’ (B.26)
and Eq. B.18 reduces to

AG = -FE - FAE +FE

0 (B.27)

if only equilibrium processes take place, where

AE = VYey - Vop- (B.28)
To calculate this quantity, we combine Eqs. B.8 and B.10 to obtain
3
e Fi
dp; =———du — Fdys === B.2
& K + Ke Na K Ten ( =



Substituting Eq. B.11 in Eq. B.29 yields

F

Kz

1

FO Na -mP

By assumption k, dui = 0 and Eq. 30 becomes

dy

Iy

1

FDNa-mp

l:(JNaJri) e 2t

which is integrated to yield

d’ca

1 ’
= wan E= "q |:(.INa+l) L +

Substituting this in Eq. B.27, we obtain

or, if i

E

E|

E

D Na -mP

MKeKi

(Ke;Ca -Ke,an) g

dXNa}

D Na -mP

MK,

0 and using Eq. B.16 in Eq. B.33,%!

i=o

= E-~_1n

RT
B

ki T Ke,an

ki + ke,ca

3

1

dXNa Srl dx:l - Fdy.

(Ke,ca r Ke,an)}'

(Ina +1) L

Ks:

’

(B.30)

(B.31)

(B.32)

(B.33)

(B.34)
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APPENDIX C
Methods for the Study of Liquid-Vapor Equilibria

1. Total Vapor-pressure Measurements

a. The Quasi-static Method

The quasi-static method of measuring vapor pressure was in-
troduced by Rodebush and Dixon?? in 1925 and analyzed more recently by
Beusman.® The principle of the method is explained in terms of Fig. C.1.

The sample is held in a closed vessel, which
— has tubes F and G extending up from it. Tube G
is closed at the upper end and a differential
manometer (E) connects F and G. Manom-
eter D measures the absolute pressure in F.
The stopcock system represented by A and B
connects F to a vacuum source (I) and per-
mits pressure decrements to be made in the
sample system by allowing gas to expand into
volume C. The sample chamber is uniform

A B

in temperature, but the temperature drops
along F and G outside the chamber. At the
H:j start of an experiment, both tubes and the
chamber contain inert gas at a pressure higher
than the vapor pressure of the sample. As a
quantity of inert gas is drawn into C, a brief

i pressure fluctuation is noted on the differential
FURNACE manometer as the front of the reduced-pressure
region moves down F and up G. This rapid
308-626 equalization of pressure proceeds at a rate
Fig. C.1. Schematic Diagram of the controlled by the frictional resistance to the
Classical Form of the flow of the inert gas through the tubes and the

Quasi-static Method for

Measuring Vapor Pressures chamber. In this analysis, the tube diameter

is assumed to be large enough and the pressure
high enough so that only viscous flow is to be considered. The contribution
from molecular flow is negligible. This condition, it will be found, places
a lower pressure limit (about 5 Torr) on the method. As long as the system
pressure is higher than the vapor pressure, no condensation occurs in the
tubes. This means that there is effectively no continuous net movement of
vapor up the tubes. Under these conditions, each pressure reduction re-
sults in a brief deflection of the differential manometer.

The first pressure decrement that makes the inert gas pressure
equal to or slightly less than the vapor pressure also results in the estab-
lishment of a condensation zone (H). Vapor streams up the tubes to the
condensation sites, and condensate returns by running down the tube walls.
The pressure decrement causing this condition also results in a deflection
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of the differential manometer. Now, however, the pressure difference is
not brief, but persists markedly longer, and is sometimes termed a "semi-
permanent deflection." The condensation zone in tube F does not hinder
pressure reduction into the chamber since the ascending vapor in tube F

is moving in the same direction as inert gas flows under the influence of
the pressure reduction. But, in tube G, the vapor ascending to the condensa-
tion zone constitutes a counterstream or barrier to the inert gas trapped

in the upper part of tube G. This situation makes pressure equalization in
the differential manometer a slow process. Given enough time, of course,
the inert gas trapped in G will diffuse through the rising vapor and equalize
the pressure. (Pressure equalization during the preliminary decremental
steps takes about 2 to 8 sec, depending on the pressure. When the vapor
pressure was reached, the differential manometer deflections lasted 30 to
60 sec, and sometimes longer.) Once it is established that the system has
been evacuated to the vapor pressure of the sample, the pressure is read

on the absolute manometer (D).

A lower limit to the vapor pressures may be measured by the
quasi-static method. This limit occurs when diffusive flow makes a
significant contribution to the overall flow rate. At pressures lower than
this limit, the flow is inherently slow and a long-lived pressure fluctuation
may be observed in the differential manometer. Such an indication would
not be distinguished easily from the kind that genuinely signals the end point
of the pressure reductions. For the apparatus used in these investigations,
this lower limit of operation is conservatively about 5 Torr, but may be
extended to about 1 to 2 Torr. Errors arising from the pressure gradient

across the condensation zone
%) would be expected to arise only

g if the pressure went down to about
PRESSURE REFERENCE 0.1 Torr. Therefore, this second
limitation is not encountered in
7 practice.

A With this background on
5 the principle of operation of the
quasi-static method, the design
and operation of the apparatus

-—

O3

L,
be
il

actually used may be under -
stood, using the schematic dia-
gram in Fig. C.2. Since air and
moisture -sensitive alkali-metal
systems are being studied, the
apparatus was assembled as part
of an inert atmosphere (helium)
glovebox (1). A double flange in
the floor of the box permits a
furnace well (2) to be sealed to
the outside of the box. A furnace

108-9319

Fig. C.2. Schematic Diagram of the Apparatus
Used in an Adaptation of the Rodebush-
Dixon (Quasi=static) Technique for
Measuring Vapor Pressures
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fits around this well. The sample cell assembly (3) is loaded with sample
and placed inside the well from inside the box. Through one of the tubeson 3,
a thermocouple well (4) is inserted and dips below the surface of the sample.
Through the other tube on 3, an open-ended 5-6-mm tube (5) is inserted with
the lower end positioned in the vapor space of the cell. After the cell is
loaded and in position, the interior of the well is isolated from the glovebox
by means of a cover plate, which is sealed to the upper side of the flange.
Both the thermocouple well (4) and the tube (5) are held in position by

means of O-ring-sealed vacuum couplings, which also complete the seal

that isolates the well from the glovebox. Tube 5 connects with the pressure
measuring and control system outside the box. The well is constructed

with a side arm to which the pressure measuring and control system is also
connected. This system consists of a vacuum pump (6), piping, valves (7-13),
and a pressure gauge (14).

The gauge used is a Texas Instruments fused-quartz, precision
pressure gauge; it covers the range 0-1000 Torr with a sensitivity of
0.01 Torr, a reproducibility of 0.02 Torr, and a calibration accuracy of
0.015%. In the measurements, the gauge is used both as a differential -
pressure detector and as an absolute-pressure gauge, depending on the set-
ting of the valves. The reference and pressure sides of the gauge are
shown in the figure. "Zero" pressure (1073 Torr) is the reference pres-
sure. The expansion volume ratios fixed by the valves are such that the
finest reduction is four parts per thousand.

Effectively, our apparatus is a single-tube adaptation of the
double -tube method described by Rodebush and Dixon.?”* Step-by-step op-

erating procedure for our equipment has been detailed in the literature.?%

b. The Boiling-point Method

The boiling -point method was used for part of the total vapor -
pressure determinations, and measurements were made in the same furnace
well and sample container assembly that were used for the quasi-static
method. A boiling-point measurement was made by reducing the pressure
in decrements until there was a drop in temperature (at least 0.5°K) in both
the liquid and vapor phases immediately after a reduction. Temperature
changes of 0.2°K could be perceived with the recorder used. A form of
ebulliometry using an apparatus with a Cottrell pump was also tried. This
technique was discarded, however, when it became apparent that superheat-
ing problems made the Cottrell pump operate erratically.

2. Vapor Density and Composition by the Transpiration Method

The transpiration method was used to obtain data on the overall com-
position and density of the vapor above a series of molten alloys at a given
temperature. This method consists of saturating a known volume of inert



gas with metal vapor as the carrier gas streams over the sample, and then
by condensing the vapor at a convenient downstream location. Knowledge
of the volume of carrier gas used to transport the vapor and analysis of
the condensate allow one to calculate the vapor composition and the partial
pressv.)lres of the components (subject to certain limitations discussed
below ).

The transpiration apparatus is shown in Fig. C.3. The largest
component is the sample container, a cylinder about 6 cm in diameter and
40 cm long, which is surrounded at its lower half by
a tube furnace. A cover plate is bolted to a flange in
the sample tube; an O ring in the flange provides a
tight seal. In the cover plate are four vacuum couplings
which allow four small (6-mm) tubes to be introduced
] into the sample tube and to be moved up or down with-
out leakage of gas into or out of the sample tube. One
E E of the small tubes (not shown in Fig. C.3) is closed at

the lower end and is a thermocouple well for measur -
ing the temperature of the gas phase. In the prelimi-
\j—L nary part of the experiment, while the apparatus and
._I:l.,IZlcElE sample are attaining temperature equilibrium, a slow
stream of carrier gas is passed into tube 3 and out of
tube 2. Both tubes are closed at the bottom except

O]

r
l

T e for 0.4-mm orifices for gas flow. This direction of
‘1 ®  flow is opposite to that in effect during the run proper.
W= i At time zero, when the run starts, the flow direction

is reversed. The main function of tube 2 is as a
©® carrier-gas (argon) inlet. Tube 3 is the vapor-sample
condensing and collecting ¢ube. In its passage through

L) ﬂ"/® the vapor region, the carrier gas becomes saturated
with vapor and carries it up into the cool region of
N J: —®  tube 3 where the vapor condenses. The carrier gas
gﬁ ‘é passes on; after leaving tube 3, its gas volume is
measured with a wet test meter (0.5% accuracy).
108-9112 Tube 1 is a thermocouple well and stirrer. During
Fig. C.3 a run, it is rotated occasionally to stir the melt with
Transpiration Apparatus the attached paddle, 4. The drip deflector, 7, prevents
(Schematic Diagram) condensed material outside tube 3 from entering tube 3.

At the end of a run, all tubes are raised several inches.
Tube 1 also has the sampling cup, 6, attached to the splash shield, 5. When
tube 1 is raised after the run, a sample of the melt is held in the cup. The
entire assembly is then quenched by withdrawing it from the furnace. The
condensate in tube 3 is analyzed to determine the masses of the components
of the melt that were vaporized, transported, and condensed. These results

yield the vapor composition.

The question of vapor saturation of the carrier gas requires

special attention. If the carrier gas flows too rapidly, it will be unsaturated.
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If it flows extremely slowly, diffusion of vapor into the collector tube will
give spuriously high values for the vapor density. Several experiments
must be done at different carrier-gas flow rates to determine whether satu-
ration has been achieved. If over a range of flow rates the calculated
partial pressure (or vapor density) of a species remains constant, then it

is assumed that equilibrium vapor has been sampled. This is the so-called
"plateau test," which has been discussed by Alcock and Hooper??” as well

as others.



APPENDIX D

Description of Laser-excited Raman Spectrophotometer
(by E. L. Gasner)

A laser-excited Raman spectrophotometer for use with molten-salt
samples has been designed and constructed utilizing many commercially
available components. The 4358 A line from a low-pressure mercury-arc
lamp has been the traditional light source for Raman experimentation. For
the present apparatus, however, a Spectra Physics Model 125 continuous
helium-neon gas laser with a nominal power output of 50 mW at 6328 A was
chosen to provide the excitation light. The path of the laser beam can be
easily controlled without serious loss of intensity for use with the unusual
sample-cell configurations reguired for handling corrosive molten-salt
samples. Also, the red 6328 A radiation can be used to study blue-absorbing
colored samples (such as solutions of Li;Bi in molten LiCl).

Figure D.1 is a schematic illustration of the apparatus. Monochro-
matic light from the laser source (1) passes through a plane of polarization
rotator (2). At this point, the light can be mechanically chopped to provide
an ac signal, or it can pass unimpeded to generate a dc signal. However,
in the dc mode of operation, black-body radiation from the molten-salt
samples will show up as large, somewhat noisy background curves super-
imposed on the Raman spectrum. For this reason, provision has been made
in the present apparatus to mechanically chop the laser beam at 400 cps with
a rotating disc (3), and to amplify the signal from the photomultiplier with a
phase-sensitive ac amplifier (4). The average value of the back-body radia-
tion curve is thereby reduced to zero (although the noise contribution is still
present). Such ac operation is virtually essential for Raman investigations
of molten salts, particularly when red 6328 A radiation is used as the
excitation frequency.

s

4 16
AMPLIFIER—— RECORDER

15
POWER
T SUPPLY

308-637

Fig. D.1. Laser-excited Raman Spectrophotometer (Schematic Diagram)

The 400-cps beam is reflected by a prism (5) and then passes verti-
cally through a focusing lens (6) to the sample (7). About 4% of the beam is
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reflected from the front surface of the uncoated prism to a photo-resistive
detector (8), which provides a reference signal for the ac amplifier. A
portion of the Raman light scattered upward by the sample is reflected by
a mirror to a lens (9) and focused through optical filters (10) (optional)
onto the entrance slit (S;) of a 0.75-meter £/6.8 Spex Model 1400 scanning
double monochromator (ll) equipped with a pair of 103-mm-square,
1200~ grooves/mm gratings blazed for 7500 A. Light that has entered the
double monochromator through the entrance slit is reflected from a col-
limating mirror (M,), a plane-dispersing grating (G;), a condensing mirror
(M,), and a plane-transfer mirror (M;) before passing out through the exit
slit (S,). The exit slit also serves as the entrance slit for the second half
of the double monochromator. The optical path of the second half is similar
to the path in the first half. The light is reflected from a second plane-
transfer mirror (M,), a collimating mirror (M;), a plane dispersing grating
(G,), and a condensing mirror (M) before passing out through the final

exit slit (S;).

The double monochromator is, in effect, two monochromators oper-
ated in series. This series operation greatly reduces stray light and
grating-ghost intensity, and permits the study of weak Raman lines in the
presence of large amounts of directly reflected exciting light. When two
monochromators are operated in series, they can be arranged so that their
dispersion is additive or subtractive. Consider, for example, operation with
all three slits open the same amount. If white light enters the entrance slit
of the first monochromator, the light leaving the second slit will not be
monochromatic but will consist of a small, but nevertheless real and finite,
range of frequencies, regularly increasing from one edge of the slit to the
other. This variation in frequency can be increased or simply inverted in
direction as a result of passing through the second monochromator. Inspec-
tion of the various reflections in the optical path of the Spex 1400 double
monochromator reveals that the dispersion is increased and the band pass
and the intensity of transmitted light are reduced.

The Spex double 0.75-meter monochromator, equipped with
1200 grooves/mm gratings, has a band pass of 0.5 A when the three slits
are opened to a width of 100 p; the Spex single0.75-meter monochromator,
equipped with a lZOO-grooves/mm grating, has a band pass of 1.0 A when
the two slits are opened to a width of 100 u. The intensity of the double
monochromator is less than that of the single monochromator by a factor
of two, and, in addition, there are losses due to the extra reflections (~50%)
for an overall intensity loss of about a factor of four.

The two instruments should be compared at the same band pass.
Opening the three sl1ts of the double instrument to a width of 200  increases
the band pass to 1.0 A and (assuming that the wider entrance slit can still
be filled with light) increases the intensity by a factor of four. Contrary
to many widely held opinions, a double monochromator can produce the
same intensity as that produced by a single instrument.
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Referring once again to Fig. D.1, light from the final exit slit is
focused by a condensing lens (12) onto the photosensitive cathode of a
specially selected photomultiplier tube (13). The photomultiplier tube is
surrounded by a cryostat (14) to permit cooling of the tube. The photo-
multiplier cryostat incorporates an evacuated cylinder with quartz windows
at each end to provide an optically transparent thermal barrier in front
of the photo-cathode. A high-voltage power supply (15) activates the photo-
multiplier. The signal from the photomultiplier is amplified by a phase-

sensitive ac amplifier, and the amplified signal is recorded by a conventional
strip-chart recorder (16).
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