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ABSTRACT

A research program directed toward the goal of developing an
improved understanding of contamination effects on liquid rubidium and
liquid lithium systems is described. Experimental(measurements were
conducted on f4M vapor pressure of pure rubidium, WtICe melting point of
pure and oxygen-contaminated rubidium, and Vae-melting point of pure
and nitrogen-contaminated lithium.} The results of this phase of the experi-
mental program confirmed recently reported rubidium vapor pressure
data, established that oxygen contaminant exists in rubidium as soluble
rubidium monoxide, and revealed that lithium nitride precipitates from
supersaturated lithium at relatively slow rates. (A capillary viscometer was
designed and constructed, and extensive viscosity data were measured for
pure and oxygen-contaminated rubidium from less than 200°F to about 1200-F.)
The results revealed that oxygen contamination in rubidium can lead to signif-
icant viscosity increases, particularly in the region of the normal melting
point, but to a much less extent at higher temperatures. (Pumping experi-
ments in an isothermal loop revealed that oxygen contamination is quite
deleterious to the electromagnetic pumping characteristics of rubidium.
A new method was developed for the analysis of carbon in rubidium, and it
was shown that the butyl bromide method for oxygen analysis is not applicable
to rubidium.) An alternate oxygen-analysis procedure for rubidium, based
upon melting-point measurements, is proposed. On the basis of the results
and'observations of this program regarding handling problems and contam-
ination effects entering into reliability considerations, it is concluded that
rubidium appears more promising than lithium (and possibly than potassium
and sodium) for use as a working fluid in space power plants.

This technical documentary report has been reviewed and is approved.

Chief. Support Techniques Division
AF Aero Propulsion Laboratory
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I. INTRODUCTION

The anticipated uses of alkali metals as heat-transfer and energy-

conversion fluids in nuclear and space applications have resulted in signifi-

cant progress in alkali-metal technology. Several alkali-metal research

programs are in progress, with their objectives being to establish reliable

data on thermophysical properties, corrosion characteristics, lubrication

performance, and working fluid capabilities. As such applications are

developed, the need for specific fluid-systems support facilities and tech-

niques will materialize. In order for such support to be most effective,

improved knowledge of the role of contamination in alkali-metal fluids must

be developed.

The program of research described in this report has been directed

toward the goal of developing such an improved understanding of contamination

effects on liquid rubidium and liquid lithium systems. This program has

approached the problem along several parallel lines in order to bring the

potential problem areas into better focus. Particular attention has been given

to the influence of selected contaminants on properties such as melting point,

viscosity, and electromagnetic pumping characteristics. It is the purpose of

this report to review this experimental program, presenting the developed

experimental data, and to further.clarify the role of contamination in liquid

rubidium and liquid lithium systems in the light of the experimental observations.

Manuscript released by authors April 1963 for publication as an ASD Technical

Documentary Report. Best Available Cop,



II. BACKGROUND INFORMATION

A. Summary of Properties of Pure Rubidium and Pure Lithium

The following property information(9 0 ,9 1 ) is presentedto serve as a basis

for subsequent discussion and to emphasize the differences between rubidium
and lithium. Recommended best values of rubidium and lithium property data
are summarized in Tables 1 and 2.

Rubidium is a soft, silver-white alkali metal which is intermediate
between cesium and potassium in its chemical and physical properties. It
ignites spontaneously in dry air and also reacts violently with water, igniting
the ]iberated hydrogen. Because of its chemical reactivity, it is usually
immersed in a dry saturated hydrocarbon liquid or an inert gas atmosphere
during storage and handling.

Lithium also is a silver-white alkali metal. It is the hardest, least
volatile, and the least dense alkali metal. Among the alkali metals, it is the
least reactive with oxygen and water, but the most reactive with nitrogen and
hydrogen, and in some of its properties, lithium resembles the alkaline-earth
metals, calcium, barium, and strontium. It is not tarnished by dry air below
100*C, but it reacts with moist nitrogen at ordinary temperatures to form a
black deposit. As in the case of other alkali metals, lithium is immersed in
a dry hydrocarbon li.,id or inert gas atmosphere during storage and handling.

B. Survey of Handling and Uses of Rubidium and Lithium

As part of this program, visits were made to eight organizations to
survey present practices and experiences regarding the role of contamination
in liquid rubidium and liquid lithium systems. These organizations ranged from
industrial and Government laboratories, having experience with the handling and
uses of these fluids, through typical suppliers of rubidium and lithium. This
survey yielded many comments and suggestions, and. several of these are
summarized in the following paragraphs.

1. Rubidiuin

It has been observed qualitatively that the viscosity of rubidium
may be increased appreciably by the presence of contaminants. Moreover, it
is believed that the saturation solubility of oxygen in rubidium is sufficiently
great that saturation rarely will be encountered in practice. Plugging of system

3



TABLE 1. SUMMARY OF PROPERTIES OF RUBIDIUM

Property Value Temp(*F) Data Basis

Physical:
Atomic Weight 85.48 Experimental
Melting Point, *F 10Z. 9 Experimental
Boiling Point, OF 1266 Experimental
Critical Point, atm 188 3480 Estimated
Density of Solid, lb/ft3  95. 518 618 Handbook
Density of Liquid, lb/ft3  94.3 M.P. Experimental
Density of Vapor, lb/ft 3  0. 0708 B.P. Theoretical
Viscosity of Liquid, lb/ft hr 1.64 M.P. Experimental
Viscosity of Vapor, lb/ft hr 0. 061 B.P. Theoretical
Surface Tension, lb/ft 0, 0053 M.P. Experimental

Thermal:
Thermal Conductivity of Liquid,

BTU/hr ft OF 11.65 B.P. Unknown
Thermal Conductivity of Vapor,

BTU/hr ft "F 0. 00482 B.P. Estimated
Specific Heat of Liquid,

BTU/lb F 0.0877 B.P. Estimated
Specific Heat ,Qf Vapor,

BTUilb OF 0. 0578 B.P. Theoretical
Latent Heat of Fusion,

BTU/lb 11.79 M.P. Survey
Latent Heat of Vaporization,

BTU/lb 347.8 B.P. Theoretical

Electrical and Magnetic:
Resistivity, ji ohm-inch 9.1 M.P. liq Experimental
Ionization Potential, volts 4. 126 Experimental
Magnetic Susceptibility, fps

electromagnetic units/unit
mass 0. 0379 64.4 sol Handbook

4
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TABLE 2. SUMMARY OF PROPERTIES OF LITHIUM

Property Value Temp (F) Data Basis

Physical:
Atomic Weight 6.94 -- Experimental
Melting Point, OF 359.2 -- Experimental
Boiling Point, OF 2430 -- Theoretical

Critical Point, atm -- 6940 Estimated
Density of Solid, lb/ft3  33.338 68 Handbook
Density of Liquid, lb/ft 3  31.8 M.P. Experimental
Density of Vapor, lb/ft 3  0.00375 B.P. Theoretical
Viscosity of Liquid, lb/ft hr 1.45 M.P. Experimental
Viscosity of Vapor, lb/ft 0. 0473 B.P. Theoretical
Surface Tension, lb/ft 0.027 M.P. Experimental

Thermal:
Thermal Conductivity of Liquid,

BTU/hr ft °F 26.54 M.P. Extrapolated
Thermal Conductivity of Vapor,

BTU/hr ft °F 0. 0459 B.P. Estimated
Specific Heat of Liquid,

BTU/lb OF 0.979 B.P. Extrapolated
Specific Heat of Vapor,

BTU/lb OF 0.708 B.P. Theoretical
Latent Heat of Fusion,

BTU/lb 186 M.P. Calculated
Latent Heat of Vaporization,

BTU/lb 8338 B.P. Theoretical

Electrical and Magnetic:
Resistivity, j. ohm-inch 9.5 M. P. liq Experimental
Ionization Potential, volts 5.39 -- Experimental
Magnetic Susceptibility,

fps electromagnetic units/unit
mass 1.0198 367 liq Survey

Thermal Neutron Cross Section
(2200 m/s)
Absorption, barns 71. 0 k 1. 0 -- Handbook

Scattering, barns 1.4 h 0.3 -- Handbook

5
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components such as that commonly experienced with sodium and potassium has
not been encountered with rubidium under similar conditions. This observation
suggests that the oxides of rubidium are much more soluble in rubidium than

are the oxides of potassium in potassium.

An example of the changes in trace metals content in rubidium
following exposure to type 316 stainless steel indicated only slight changes in
most components. However, the exposed rubidium appeared to have picked up
some silicon, copper, and chromium while losing some aluminum, nickel, tin,
lead, and beryllium. The total concentration of transition metals in unfiltered
samples of as-received rubidium is usually less than 50 ppm.

A ii.itabe pui.fication technique recommended for rubidium
involves distil. -in over 50-50 titanium-zirconium chips at 1000-1100°F during
a period of about Z4 hours. Oxygen determination procedures include mercury
amalgamation method, n-butyl bromide method, and neutron activation analysis.
However, the absolute accuracy of these methods has not been established for
rubidium. it is suspected that the mercury amalgamation method may suffer
because of the possibly appreciable solubility of rubidium oxide in mercury.
In fact, difficulties have been experienced in the application of this method to
the analysis of cesium where impossibly low oxygen contents of 0. 0 ppm have
been obtained. It is believed that neutron activation analysis of rubidium
should be satisfactory for oxygen contents in excess of about 50 ppm. Nitrogen
content may be measured by more-or-less standard Kjeldahl procedures, and
analysis for carbon may be achieved by combustion followed by measurement
of carbon dioxide.

2. Lithium

It has been observed that low-carbon lithium may extract carbon
from high-carbor ,.lloys. In fact, evolution of acetylene gas when lithium is
reacted with wate± occurs only when the lithium contains carbide carbon which
has been thus extracted from container alloys. The garlic odor usually attri-
buted to acetylene formation has been observed when no carbon is present in
the lithium, and it is now believed that this odor results from minute traces of
phosphorous compounds.

Lithium has not been observed to experience nitriding at its melt-

ing point in air in the absence of water, although it does undergo some oxidation.
On the other hand, the presence of water appears to catalyze the nitriding and
oxidizing reactions. It has been observed also that the presence of as little as

0.1% sodium renders lithium about 100 times more reactive toward moisture
than is pure lithium. Reactor grade lithium, containing 50-60 ppm sodium, 4.s
not very reactive.

61
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It was recommended that contact of lithium with organic com-
pounds should be avoided. Purified inert gases such as argon or helium
should be used for blanketing purposes, and all manipulations should be con-
ducted in a dry box. Lithium may be handled briefly in air, and the resulting
surface contamination may be removed simply by rinsing with water. It was
observed in some cases that positive-flow cold traps appear to reduce the
nitrogen content of liquid lithium systems. Vacuum distillation also has been
observed to reduce the nitrogen content of lithium containing less than 300 ppm
of nitrogen.

The n-butyl bromide method of analysis for oxygen content is
not applicable to lithium. It was suggested that the mercury amalgamation
method could be adapted for use with lithium by applying an appropriate
correction for nitrogen content. However, lithium does not amalgamate as
well as do the other alkali metals, and such a procedure would be a nonroutine
method requiring a professional operator. It is believed that neutron activation
analysis represents the only method presently available for measurement of
oxygen in lithium. A modified Kjeldahl method is commonly employed for
nitrogen analysis in lithium and the combustion method is used for carbon
analysis. Polyethylene containers are employed in wet analysis of lithium in
order to avoid adsorption or reaction with glass during dissolution.

C. Production and Purification Methods for Rubidium and Lithium

Four types of processes are commonly employed for producing
alkali metals. These include: electrolytic, reduction, metal displacement,
and thermal decomposition. Electrolytic methods involving the chloride salt
are commonly employed for lithium. Thermal reduction with carbon or
carbides and metal displacement reactions, dependent upon equilibrium being
shifted by the selective vaporization of the more volatile alkali metal, are more
common for rubidium preparation.

Rubidium is commonly associated as a minor constituent with
potassium in micas, feldspars, and other pegmatitic minerals( 5 ). Although
rubidium does not occur as an essential constituent in any known mineral, it
is present as a minor component in many minerals, and it is more abundant
than lead. Rubidium is produced from the lithium mineral, lepidolite, and as
a by-product of other mineral refining processes.

Lithium chloride concentrate is prepared from various ores by high
temperature substitution reactions. Lithium occurs in typical ores as phos-
phates and aluminum silicates. Spodumene (lithium aluminum silicate)

represents the most abundant lithium-containing minera]. It and lepidolite
(lithium fluoro potassium aluminum silicate-i. e., lithium potassium mica) are the

7I



%3,71)
most commonly employed lithium ores, Typical reagents employed
in winning lithium from various ores are sulfuric acid, limestone (calcium
carbonate), potassium bisulfate, and calcium chloride. Lithium salts other
than the chloride thus produced are extracted with water and converted to the
carbonate with soda ash (sodium carbonate) or carbon dioxide. The purified
carbonate is converted to the chloride with hydrochloric acid. Before
electrolysis, dried lithium chloride is mixed with potassium to form a low-
melting chloride eutectic (~850"F), and this eutectic mixture is electrolyzed
to produce metallic lithium.

In alkali metal oxides, the ratio of oxygen to metal in the most
stable form increases with increasing molecular weight( 8 1). Accordingly,
lithium monoxide is the most stable of the lithium oxides whereas rubidium
superoxide is the most stable form of rubidium oxides. In the case of
rubidium, oxide contaminant may be removed by hot gettering with substances
such as titanium or zirconium. The efficacy of such getter'ing processes stems
from the favorable free energy relationships of the gettering material oxides
relative to the oxides of rubidium( 3 5 ). In the case of lithium, however, both
nitrogen and oxygen impurities are significant. Although titanium and zirconium
should be effective for removing nitrogen, free energy relationships favor their
losing oxygen to lithium rather than gettering oxygen from lithium oxide( 3 5 ).
Investigations are being conducted in other laboratories of the possible use of
yttrium for gettering both oxygen and nitrogen in lithium, and preliminary
results appear encouraging. However, before such a method can be accepted as
practical, further study of the solubility of yttrium in lithium should be
undertaken.

Conflicting results have been reported for the efficacy of vacuum
distillation for the purification of lithium. However, it appears that such
distillation at pressures less than 10. torr, in the presence of appropriate
gettering material, should bp effetve for reducing the oxygen, nitrogen, and
carbon content to low levels I

Previous experimental studies of lithium purification by cold
trapping have not clearly established the efficacy of such techniques for the
removal of oxygen and nitrogen(4 # 34# 35). In fact, solubility data which are
presented in Figures 1 and 2 indicate that lithium nitride may be appreciably
soluble in lithium at the melting point and that lithium monoxide is not.

D. Role of Contamination in Liquid Rubidium and Liquid Lithium Systems

The presence of contaminants in alkali metals may exert deleterious

effects on thermophysical properties, corrosivity, and handling characteristics.
It is conceivable that low concentrations of certain contaminants could be
beneficial at low temperatures whereas the same degree of contamination

8
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could prove deleterious at higher temperatures. As a case in point, it has been
observed that low concentrations of certain contaminants depress the melting
point of rubidium and thereby may reduce room-temperature handling problems.
Moreover, it is believed that low concentrations of oxygen in rubidium could
provide a benficial additive effect in low-temperature bearing lubrication
applications. On the other hand, even low concentrations of oxygen in rubidium
are known to magnify corrosion problems in high-temperature applications.

Extensive investigation is required in order to fully establish the
influence of contamination on thermophysical and handling properties. The
experimental investigation discussed in this reporthas been directed toward
determining some of these contamination effects.

1. Contamination Mechanisms and Kinetics

Contamination of alkali-metal fluids may stem from several sources.
The presence of extraneous constituents in the raw materials and the. introduction

of contaminants during manufacture represent. two distinct categories of
contamination sources. Substances which may be dissolved or dislodged from
alkali-metal storage, handling, or application systems represent a third
contamination-source category. Constituents of the atmosphere provide a
foirth source of contamination. Control of contamination from the first two cate~gories
is inherently dependent upon the state of manufacturing technology and the
specified purity requirements for a particular application. System-derived
contamination may result from inadequate or improper cleaning and prepara-
tion procedures, or from corrosion or erosion processes within the system.
In the latter case, liquid alkali metals are noted for their tendencies to dissolve
or attack container materials, particularly at high temperatures. However,
such corrosion problems can be minimized in many cases by appropriate selection
of container materials and fluid-purity requirements. Atmospheric-source
contamination, on the other hand, represents an ever-present vulnerability of
terrestrial alkali-metal storage, handling, and application systems. Acciden-
tal occurrences, equipment failures, or improper techniques can rapidly and
effectively poison an alkali metal for its intended use. In such cases, the
attendant delays and expense of reprocurement or repurification could
adversely affect the success of the intended application.

At the present state of the art, very little quantitative information

is available regarding the rate of absorption or reaction of various contaminants
vith liquid rubidium or lithium. In most cases, such contamination rates are
extremely rapid, as is illustrated by the following discussion of rubidium
oxidation.

Because of the extreme chemical reactivity of rubidium, the rate
at which contaminants such as oxygen may be absorbed is apparently limited

11



only by nonchemical processes. Physical processes such as fluid friction,
diffusion through a stagnant nonreactive gas, or diffusion through reaction
products may contribute significant inhibition to contamination rates.
However, diffusion of a gaseous contaminant such as oxygen through solid
or liquid reaction products appears to be extremely rapid. During one portion
of this study, a stream of pure oxygen was admitted to a glass ampoule con-
taining several grams of solid rubidium at room temperature. The oxygen was
absorbed as rapidly as it could be supplied, and a thermocouple, cemented to
the base of the ampoule, indicated temperatures in excess of 600*F within
several seconds. In other experiments, it was found impossible to achieve a
significant pressure of oxygen in a previously evacuated system containing
rubidium. In this case, the rate of oxygen addition appeared to be controlled
by the pressure drop in the lines leading into the apparatus. In fact, the
pressure returned to the original vacuum conditions as soon as oxygen
admission was terminated.

In view of the foregoing observations, it is apparent that special-
ized kinetic equipment would be necessary for conducting meaningful studies of
the chemical kinetics of oxygen-rubidium reactions. On the other hand,
reasonable theoretical estimates of absorption rates may be made in cases
where rate-controlling physical processes are evident. The following
hypothetical case illustrates the prediction of such absorption-rate information.

Consider the storage of liquid rubidium in a container such as
that ill .strated in the sketch of Figure 3. The fill-pipe (or vent) contains an
inert gas, such as argon, at atmospheric pressure, and the liquid level is
near the bottom of this pipe. ii the fill-pipe closure is removed, the rate at
which atmospheric oxygen will diffuse through the inert gas blanket to the
rubidium interface may be calculated with well established gaseous diffusion
theory. For this case, it is assumed that oxygen reacts instantaneously upon
contact with rubidium and that diffusional processes in the condensed phase
are not rate-limiting. The molecular concentrations of carbon dioxide and
water in the atmosphere are significantly lower than those of oxygen; therefore,
contamination by these atmospheric constituerts is neglected in this example.

The oxygen absorption rate, predicted on this basis, is presented
in Figure 3. For purposes of this presentation, the length of empty tube, L, its
cross-sectional area, A, and the total 'inventory of liqaid, Q, are grouped
together as one parameter. Consequently, this graph provides a generalized
correlation for estimating possible rates of contamination of stored liquid
rubidium by atmospheric oxygen when a fill-pipe or vent is accidentally opened
to the atmosphere. It cannot be over-emphasized at this point that the described
hypothetical case represents a potentially hazardous situation. In such a case,
it is quite probable that hydrogen gas would accumulate in the vent as a result of
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the reaction of atmospheric moisture with the rubidium, and an explosion
could be ignited by the high interfacial temperature generated by the contam-
ination reactions. If the resulting hydrogen-oxygen detonation wave should
rupture the vent or container, an extremely hazardous conflagration could
re sult.

When liquid lithium is exposed to ambient moist air, water vapor,
moist argon, moist oxygen, or moist nitrogen, the metal surface turns black,
It has been observed that the black coating contains anhydrous lithium hydrox-
ide. It is currently believed that the black color represents amorphous lithium
metal covered by a transparent film of lithium hydroxide (in the past it has
been assumed that the black color was due solely to lithium nitride); 51)

A recent experimental publication on the kinetics of nitridation
of lithium( 5 4 )has shown that the rate of absorption of nitrogen by liquid lithium
is independent of the nitrogen pressure. Moreover, these data reveal that the
rate of nitrogen absorption is inversely proportional to the cumulative quantity
of nitrogen absorbed (parabolic law). These resulte indicate that diffusion of
lithium metal through a film of lithium nitride is the rate controlling step in
the absorption of nitrogen gas. Additional calculations have been made with
the reported experimental data, *and the r sults indicate that the rate constant
for the absorption at 650"F is about 3x10" grams of nitrogen gas absorbed
(squared) per square centimeter of nitriding surface (squared) per second,
i.e.-- 3xlO 7 (gm/cm2 ) 2 /sec.

2. Sources and Extent of Contamination

Critical reviews of the literature and of current alkali-metal
production and handling practices have revealed several most probable sources
of contaminant. (see Refeirences). Typical sources are summarized in
Table 3, and typical concentration ranges for common contaminants present in
rubidium and lithium after manufacture are illustrated in Table 4.

*The published rate-constant data cannot be used because these rate
constants and the resulting activation energy are erroneous. Wrong-order
rate constants were correlated in determining the activation energy.
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TABLE 3. TYPICAL CONTAMINANT SOURCES

Fluid Contaminant Probable Sources

rubidium lithium mineral
sodium mineral or glassware
potassium mineral
cesium mineral
silicon mineral or glassware
heavy metals mineral or corrosion products
carbon protective hydrocarbon or

atmosphere
oxygen atmosphere

lithium sodium mineral
chlorine electrolyte*
iron cathode*
iron and other heavy

metals mineral or corrosion products
carbon anode*
G:.ygen and nitrogen atmosphere

*LiCl electrolytic reduction cell
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TABLE 4. TYPICAL CONTAMINANT CONCENTRATION RANGES

Fluid Contaminant Concentration Range, ppm

rubidium lithium 20 - %50
sodium 100 - 900
potassium <Z00 - 1400
cesium 216 - 7300
silicon 31 - 950
iron <5 - 24
nickel <4
chromium <3
oxygen 16 - >500

lithium sodium 50 -. 1500
potassium 70 - 1000
calcium 1 - 500
chlorine 20 -2000
aluminum 10 - 100
iron 5- 400
nickel 10- 165
chromium <6 - 115
silicon 10 - 150
nitrogen 10 - 310

16



III. EXPERIMENTAL PROGRAM

A. Experimental Facilities

1. Laboratory Facilities

This experimental program was performed in a laboratory
designed especially for this purpose. The laboratory and some of its faci-
lities are illustrated in Figures 4 and 5. It is provided with an argon inerting
system, capable of serving the various experimental devices.

Two evacu,;table, stainless steel glove boxes were developed
for use on this program, one for the liquid metals laboratory and one for the
analytical chemistry laboratory. This glove box, which is illustrated in
Figures 6 and 7, is provided with a hemispherical plastic dome [similar to
that used by ORNL(5)], three glove ports, and a gas-lock chamber. It is
also equipped with electrical and inert-gas utility connections.

An enclosed cell is provided for alkali-metal pumping operations.
This cell contains a separate ventilation system and a safety blow-out panel
in an exterior wall. A remote-control panel is located adjacent to this cell.
Pressurized alkali-metal fire extinguishers and separate hand dispensing
fire-extinguisher cartons are located centrally for use in coping with possible
alkali-metal fires. A forced-ventilation storage vault (converted refrigera-
tor) is provided outside of and adjacent to the liquid metals laboratory. A
disposal pit suitable for the burning of large quantities of alkali-metals is
located nearby. First aid supplies and complete instructions for their use
are located conveniently in the laboratory.

2. Handling

In view of the fact that this experimental program has been
directed toward studying the influences of contamination, extreme precautions
have been taken in order to minimize the possibility of unintentional contam-
ination during handling operations. Consequently, detailed operating proce-
dures have been enumerated for use as standard laboratory procedures, and
these procedural details are presented in the Appendix. A simple transfer
vessel which has been employed extensively i.1 this study is illustrated in
Figure 8. Techniques have been devised for transferring alkali metals which
are liquid or solid at room temperature in the glove box. Solid sodium and
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lithium have been thus transferred from sealed cans into stainless steel
transfer vessels, with no particular problems being encountered. Although
the volume of the glove box is relatively large, the argon-vacuum system
appears adequate for proviuing an inert atmosphere.

In many applications, it always has been general laboratory
practice to perform alkali-metal transfers under kerosene or mineral bil.
For ce'rtain applications, this hydrocarbon-blanket handling technique is
satisfactory; however, for the purposes of this research program, it was
not considered suitable for the following reasons: (1) contact of rubidium
or lithium with mineral oil could lead to possible contamination with carbon-
aceous material,and (Z) traces of moisture or constituents of air dissolved
in the mineral oil could lead to the formation of oxygen-containing contan-
inants. The latter case is illustrated for rubidium in the lower right photo-
graph of Figure 9. it was repeatably observed during this program that
rubidium pellets developed black coatings in several hours when stored under
mineral oil in screw-cap jars. This black coating, which was completely
water soluble, is clearly evident in the mentioned photograph.

With the exception of wet-analysis procedures for metals,
all alkali-metal handling and transfer operations have been conducted in an
atmosphere of pure argon. In most cases, the 99. 996 percent purity argon
was bubbled through NaK(78) in the apparatus illustrated in Figure 10 in
order to remove traces of oxygen and moisture. Systems to be purged were
vacuum-pressure cycled with argon in order to minimize residual atmos-
pheric contamination. For each vacuum-pressure purge cycle, the system
was evacuated to less than one torr and then pressurized to about 20 psig
with argon. The possible efficacy of such vacuum-pressure cycling for
purging atmospheric contaminants is illustrated by the theoretical correla-
tion presented in Figure 11.

Throughout the entire program considerable importance was
given to safety of personnel and equipment,especially since relatively large
quantities of alkali metal were handled. The protective clothing, consisted
of hard hats with full-face shields, leather aprons, leather jackets, and
leather gloves. This clothing was used whenever alkali metal was handled,
and it did not hamper the operations in any respect. The main reason for
this "blacksmith"-type clothing is to protect personnel against alkali metal
splatter and secondary fires. Certainly, safety was inherently designed
into the detailed handling techniques. (See Appendix).'

In the event of alkali metal fires, two types of fire extinguishers
were selected: the pressurized type and the dispensing carton type. One type
of extinguishing agent, essentially powdered graphite, was selected to serve
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NaK, Na, Rb, and Li fires. Little published information was found with
regard to rubidium fires.

As the asbembly of each apparatus was completed, the equip-
ment was leak tested by pressurizing with freon gas and inspecting welded
joints with an electronic halogen leak detector (capable of sensing a few
parts per million of halogen in air). The systems were then cleaned with
50 percent nitric acid followed by benzene-acetone solvent, and final cleaning
was accomplisl0 d with isopropyl alcohol followed by distilled water rinses.
The parts, or systems,were then thoroughly dried, either in an electric oven
or with built-in heating units. Once it was established that the system was
leak free, clean, and dry, the handling and operating procedures detailed
in the Appendix were followed.

3. Liquid Level Detection

Since contamination and temperature requirements dictated the
use of a method other than a sight glass to determine the alkali 'rrietil liquid level,
an alternate method was devised. It was decided after careful investiga-
tion to use type 316 stainless steel throughout the rubidium and lithium sys-
tems. Therefore, a resistance technique was devised to measure the empty-
tube resistance and to compare it to a full tube of alkali metal (Fig. 12).
Since the electrical resistivity varies with temperature, a family of curves
was plotted for the desired temperature range' (as can be seen in Figures
13 and 14) for rubidium and lithium, respectivrely. By introducing a DC
signal into the region of liquid-level measurement, it was possible to take
the output directly from the tube to a rniicrovoltmeter and in turn to a •
recorder. Figure 12 illustrates the electrical circuit used for detection of
the alkali-metal level for rubidium and lithium. It was gratifying to note that
the calculated and experimental measurements agreed, since some of the
electrical resistivity daca were extrapolated. Type 316 stainless steel wire,
1/16-in. diameter,was used for the input and output leads for both the visco-
meter and the loop to eliminate any thermocouple effect which would have
been produced if di similar metals had been used.

4. Addition of Contaminants

It was felt that a standard method of adding contaminants to the
systems was more effective than having individual methods for each system.
Care was taken ir, the addition of the contaminants to prevent any foreign sub-
stances from entering the systen.. Techniques previously developed for
handling alkali metals facilitated the development of contaminant addition.
Oxygen was selected as the gageous contaminant to b:? added to rubidlium
As for the viscome~er, it was decided to add oxygen in relatively small
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increments, that is at 1000 ppm concentration increments, until appreciable
changes in viscosity were noted, at which time, larger concentration incre-
ments (2000 ppm) were employed.

In order for a given quantity of oxygen to be transferred to an
apparatus, a gas sample line was prepared. The gas line, valved on both
ends, was attached to a tee, one side of which was attached to the apparatus,
the other to the vacuum-argon supply. Once the volume between the oxygen
line and the apparatus had been vacuum-argon cycled, the oxygen was ready
for :ransfer to the apparatus. The oxygen was introduced into the previously

evacuated apparatus. During the addition, the temperature of the rubidium
in the apparatus was monitored. This temperature rose and finally stabili;-ed
when all of the oxygen had reacted.

In order to dete-rmine what pressure and volume of oxygen was
necessar'y for a g.ven contaminant concentration, the number of gram moles
of contaminant was computed. The pressure volume relationship was then
obtained by using the gas law. lt can be seen herc that since the ntmber of
gram moles had to bo deter'mined, the number of grams of alkali metal in
the apparatus had to be accurately known, cons.,equently the alkali metd fill
lines and valves were precalibrated.

5. Sampling Techniques

Ex.reme care was exercised in order to avoid contaminating
alkali metals during sampling. In the case of rubidium samples, it was
desirable to collect several grams of alkali metal in a borosilicate-glas,
ampoule. rhe sample bulb -vas first cleaned and dried prior to its installa-
tion into a special glass-to-metal fitting. The transfer was made under
vacuum to ensure a pressure difference between the apparatus and the
sample bulb. The photograph of Figure 17 presented in a later section of
this report illustrates the technique used in sealing the sample bulb after the
desired amount of alkali metal was transferred. Once the samplc bulb h4.d

been heat sealed, it could be weighed along with the fragment portion of the
glass tube, from which the net weight ol the sample could be determined.
Multiple samples were not taken mainly because of the reiatively srall
quantities of alkali metal present witbin the apparatus being sampled, as iii the
viscometer and the melting point-boiling point apparatu3. In the case of the
liquid metal loop, however, multiple samples were taken for subsequent tran.--
fer to the melting point-boiling point apparatus, and for nitrogen and oxygcn
dete rminatioii.

This technique for sampling was effective in the samplina of
rubidium: however, for the sampling of lithium, this handling technique was
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impractical because of the incompatibility of glass and lithium. The samples
of lithium prepared for neutron activation analysis were to be collected in
polyethylene tubing. An adaptation of the glass-sampling technique to poly-
ethylene tubing was developed for this purpose, and a detailed procedure is
included in the Appendix. The photographs in Figure 9 further illustrate
thia technique used in lithium sampling. It should be mentioned here that
temperature plays a significant role in sampling, that is, the higher the
temperature required to avoid freeze-plugging, the more difficult it is to
sample.

6. Storage and Disposal

Since relatively large quantities of alkali metal were to be used,
a: storage vault was provided to contain samples, shipping containers, and
transfer containers. The storage vault (converted refrigerator) contains its
':wn forced ventilation system whereby clean air is circulated throughout
the vault to insure that no foreign gases such as hydrogen are accumulated.
The vault is located externally and adjacent to the liquid-metal laboratory.

A disposal pit was provided at a location remote from the

laboratory in order to allow for disposal of relatively large quantities of
alkali metal. The usual procedure for disposing of large quantities of mate-
rial was to place the material in the pit, covering it with earth, an- allowing
it to react with the traces of moisture in the ground. Care must be taker,
to vqsure that the ground is relatively dry before such disposal is attempted
in rder to avoid an explosion or intense fire.

As a practice-run for alkali-metal disposal techniques, a 100
gm sample of NaK(78) was collected under oil and carefully poured into the
disposal pit. Smoke evolution commenced immediately because of residual
moisture in the ground. Soon, a brillianx fire developed, and copious quan-
tities of white alkali smoke were evc,'.ed. The two lower photographs of
Figure 5 illustrate the incandescent bur-iing of 1thium and the near-explo,'ire
burning of rubidium. Appropriate precautions, including the use of protec-
tive gear, were taken during all transfer z-nd dispol;al operations. When
only small quantities ot alkali metal were to be disposed of, this was done in
the laboratory by the use of normal decontamination techriqueg which are
detailed in the Appendix.

B. Meltin Point-Boiling Point Studies

1. Apparatus and Procedures

The melting point-boiling point apparatus ",s illustrated in Fig-
ures ]Sthru 17. It consists of a I/2-ii-n. diameter tube, closed at the bot'.om
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and attached to a compression-fitting assembly at the top. The compression-
fitting assembly comprises two heat,-exchanger tees which provide for two
separate connections to the apparatus. A 1/8-in. diameter sheathed thermo-
couple is mounted axially through the upper tee and extends to within Z-1/2
in. of the tube bottom. It is supported by a central spider I-1/2 in. above
the thermocouple tip. The thermocouple is surrounded by a 1/4-in. diameter
tube which extends from the upper tee to within 1-in. of the centering spider
near the thermocouple tip. The inner annulus between the thermocouple and
the 1/4-in. tube provides a conduit from the side opening in the upper tee to
the region near the thermocouple tip, and the outer annulus between the 1/4-
in. tube and the 1/2-in. serves as a conduit from the side opening in the lower
tee to the vicinity of the thermocouple tip. The inner conduit is employed for
gas transfer operations, and the outer annulus is used for the introduction and
removal of liquid metal. A cold trap is provided in the vapor line to the pres-
sure gage in order to condense any vapors which might diffuse into the line. A
clam-shell-heated furnace, surrounded by high-temperature insulation is pro-
vided as the temperature environment for the melting point-boiling point apparatus.

The operating principles of this apparatus are quite simple. As
heat is added to the solid mass of alkali metal, the metal temperature rises
until melting commences, at which time the constant-temperature melting
plateau is observed. When melting is completed, the fluid temperature again
begins to rise. During cooling, identical phenomena are evident as heat is lost
and the metalfreezes. The duration of the melting or freezing plateaus is depen-
dent upon the rate at which heat is added or lost. The operating procedure was
adjusted so that plateaus lasting at least one minute were obtained in order
that several temperature readings could be taken. Boiling-point plateaus were
achieved in a similar manner, with the exception that the argon pressure
within the apparatus was controlled either at atmospheric or a constant higher
pressure as boiling progressed.

The sheathed thermocouple and the bourdon-type pressure gage
were both calibrated against precision standards in order to assure maximum
accuracy in the melting-point, boiling-point, and vapor-pressure determina-
tions. The thermocouple calibration facility employs four freezing-point
standards, tin (231. 8°C), zinc (419. 50 0 C), aluminum (660. 0°C), and copper
(1083.3C). These metal standards were prepared by NBS, and they are of
the highest purity available. The freezing temperatures have been determined
and documented by NBS. The pure metals are protected from oxidation and
contamination by ultrapure graphite crucibles hermetically sealed in metallic
sheaths. These freezing-point standards are instrumented with a L & N,
K-3 potentiometer, standardized against an Epley reference cell. The pres-
sure gage was calibrated against precision, dead weight standards.
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2. Vapor Pressure of Rubidium

After several exploratory runs using NaK(78), vapor-pressure
experiments were conducted using pure rubidium. After establishing the
atmospheric-pressure boiling point, the system pressure was increased with
argon gas in successive increments. The temperature plateaus achieved at
each pressure increment were measured, and the resulting vapor pressure
data are presented in Figure 18. A second series of vapor pressure measure-
ments was then made using a second batch of pure rubidium. The results
of these measurements also are presented in Figure 18 and Table 5, along with
those obtained with the first batch of rubidium. Experimental vapor pressure
curves reported by Bonilla, et al. (6) and Tepper, et al. (86) are also shown in
this figure. The first batch gave results nearly equal to those of Bonilla, et
al. , whereas the second batch agreed more closely with the data of Tepper,
et al.

Examination of the analyses of the two rubidium batches does
not reveal any composition differences which could explain the lower vapor
pressure of the second batch. However, it is known that the liquid level was
below the thermocouple in the first series, whereas, the thermocouple was
immersed during the second series. Therefore, the differing results are
interpreted as follows: In the first series, the saturation temperatures may
have been diminished somewhat by the diffusion of argon into the reflux zone
where the temperature was being measured. In the second series, the
immersed thermocouple could not be influenced by such vapor dilution by
argon, but the saturation temperatures may have been increased somewhat
by back-pressure effects resulting from the vigorous boiling in the small
annular space around the thermocouple stem. Consequently, we now believe
that our results tend to confirm those of Tepper, et al.

3. Melting Point of Rubidium and Rubidium with Oxygen Contaminant

a. Experiments

A melting-point study of pure rubidium and rubidium con-
taminated with oxygen was conducted with the melting point-boiling point
apparatus, using the low-cesitum (batch 2) batch of pure rubidium. The results
of this study are presented in Table 6. A repeatable melting point of 10Z. 66-
102. 75°F was obtained in several successive experiments. Four grams of

R freshly cleaned 50-50 titanium-zirconium chips were placed in the base of
the melting point tube, and a fresh charge of rubidium was added. This
sample was heated at 1Z00-1300'F for 40 hours in order to getter the oxygen
content. Its melting point was then determined insitu, yielding a repeatable
melting point value of 102. 88°F. This value, which is the highest melting

37

-



10

- N

z a. c
co

00

ww

w o N
0.Z

2 0

10

IDz 0000 00 L

N 44



TABLE 5. VAPOR PRESSURE DATA

Pressure, psia Temperature, *F Remarks

14.45 1265.3 Batch 1 Pure Rubidium
24.35 1367.9 (Thermocouple not immersed)
28.45 1399.6
34.25 1439.6

14.33 1267.7 Batch 2 Pure Rubidium
20.a8 1332.3 (Thermcouple immersed)
26.23 1385.5
30.33 1417.6
36.03 1456.8
41.23 1490.2
47.03 1522.2
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TABLE 6. SUMMARY OF RUBIDIUM MELTING POINT DATA

Melting-Point
02 Melting Depression, 02 Calc'd from

Added, ppm Point, *F ATm, OF ATm , ppm

0 10, 66 0.22 66

0 102.75 0.13 39

0 102.75 0.13 39

Iot Gettered 102.88 * *

1000 100.08 Z. 80 840

2000 95.01 7.87 2360

7000 75-854* 18-Z8 5400-8400

Rubidium assumed to contain 0.0 ppm O Z after hot gettering with

50-50 Ti-Zr chips at IZ00-1300°F for 40 hours. This melting point
is the highest ever reported for rubidium, and, hence, it repre-
sents the purest sample of rubidium for which a melting point has
been reported.

-* Approximate visual observation.
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point ever reported for rubdium, apparently represents that of the purest
samplc of rubidium for which a meltLng point has been reported.

fn another series of experiments, predetermined quantities
of oxygen gas were added to the rubidium in the apparatus, and the melting-
point-depression was measured. The results of these studies are also
included in Ta oe 6 (The melting-point range tabulated for rubidium containing
7000 ppm 02 is based upon vieual observations made on a sample contaminated
during viscosity studies v hich are described in a later section of this report).

b. Discassion

In most cases,only the weight (or ;Atom) fraction concentra-
tion of contaminant can be measured, and the form of the contaminant in solu-
tion is not known. Pence, the atom fraction may be multiplied by an unknown
multiplicity factor, i, with this proc c: . iepresenting the mole (or ion) fraction
concentration of contaminant molecules (or ions).

For low concentratic.ns of nonvolatile contaminant, and
assuming that the mole (or ion) fraction concentration of contaminant, (i) (xc),
is approxi:nately equal tc the natural logarithm of the mole (or ion, fraction
concentration of volatile solvent, in(xo), the decrease in melting point caused
by dissolved contaminant may be expressed as follows.

For iubidium contaminated with oxygen, the melting-point
depression is:

ATm, *F = (i)(ppm)o 2 /(300)

and the boiling-point elevation is:

ATb, °F = (i)(ppm)c 2 /(9 4 0)

For as much as 10, 000 ppm oxygen dissolved in rubidium as rubidium mon-
oxide or superoxide, the approximation of the logarithm introduces an error
of less than five percent in the calculattrd mnelting point depression, and the
error is even less if the oxygen is dissoihed as rubidium peroxide or trioxide.
If the melting point depression does not. exceed five percent of the absolute
melting temperature, the additional error in this calculation resulting from
other mathematical simplifications is five percent or less.

The experimental melting-point-depression data for oxygen
in zubidiumn are presented graphically in Figure 19 and curves representing
various possible values of i are superposed. It appears quite evident from this
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graph that the raultiplicity factor is approximately unity. Hence, for this
concentration range, the oxygen contaminant must be present as rubidium
monoxide, Rb-O.

4. !Melting Point of Lithium and Lithium with Nitrogen Contaminant

a. Expe riments

A series of melting-point experiments was conducted on
reactor grade lithiurn, and the results are summarized in Table 7. The
melting point of the as-received lithium was found to be repeatable at 359. 2°F.
The melting-point saanple was then contaminated by adding nitrogen gas, equi-
librating at a fixed preabsorption temperature. Following equilibration, the
apparatus was rernnved from it s furnace and allowed to cool rapidly while the
..ample temperatare. was monitored by the immersed thermocouple. The
temperature of the freezing-point plz0teau was Aneasured with a precision
potentiometer, and the sample wa.s reheated while the temperature of the
melting-point plateau was measured. Conxcecutive melting points were thereby
determined from the alternate heating and cooling curves while the sample
experienced an overall temperature oszillation of about hb50*F. After the
addition of nitrogen,a repeatable melting point depression of 0. 4F was
observed while the sample expe:-ienced ihe alternate heating and cooling. The
temperature of the sample was then increased to about 670* F for about two
hours, and the sample was then cooled to the freezing point in 3-5 minutes.
The initial freezing curve yielded a di*,tinct plateau for a melting-point depres-
sion of 4. 00 F. Successive alternate piateaus then demonstrated a steadily
decreasing melting-point depression. Following a subsequent preabsorption
period at about 610°F, the initial freezing curve revealed a melting-point
depression of 0. 3°F, with all sabsequent values being 0. I°F. Repetition of
the latter procedure demonstrated that the initial melting-point depression oi
0. 3 F was repeatable.

Additional nitrogen was added to the apparatus, and the
system was again heated for about two hours at about 610°F. The subsequent
melting-point data again displayed a depression of about 4'F which decreased
steadily with time. As in the previous experiments, a subsequent equilibra-
tion at a preabsorption temperature of 650°F yielded the repeatable melting-
point depression of 0. 3°F corresponding to the absence of residual nitrogen
gas above the lithium sample.

b. Discussion

The results of these lithium melting-point studies have
revealed several interesting features of the role of nitrogen contamination in
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lithlurn. In order to place these data in clearer focus, the following relationship
has, been dcrived in a manner sim;.ar to that previously discussed for rubidium:

Am, 0 F f'PPm)N2 + (0. 88)(pprn)o? 1/'(198)

Using this relationship, the dissolved lithium nitride content (as ppm. NZ) cor-
responding to each measured melting-point depression has been computed, and
these results are also presented in Table 7.

The moot obvious conclusion dictated by these melting-
point studies is that the equilibrium solubility of lithium nitride in lithium at
its melting point is quite low. The repeatable initial value of about 60 ppmn
NZ obtained in ths,. absence of recidual nitrogen gas appears to represent the
rzquilibrium solubility of lithium nitridc; in liquid lithium, whereas the ultimate
vaiue of %t0 ppru NZ appears to rziprk..uent the equilibrium solubility of lithium
nitridc, in solid lithium,

in the pregence of residual nitrogen gas, a different dyna-

mic equilibriun was apparently established at the preabsorptioni conditions.
Because of the etm'ultatieous rhff-asion of nitrogen gas into the lithium while
precipitation of lithium nitride occurs, higher apparent solubilities are
evident. In this case, the rate of change of dissolyed lithium nitride content
was sufficientl' slow to allow measurement of the precipitation rate when the
systerr was cooled to the vicinity of the melting point. The resulting rate
data which are presented in Figure 20, yield a first-order rate constant of
1. 2 X 10- 3 ppm/ppm/sec.

C. Capillay Vscometer Experiments

I. Apparatus and Procednres

Th,,e cFap-ilary viscometer, shown in Figuxes 21 through 24, con-

sists of a 0. O?,7-in. diameter capillary tube which is coiled in the form of a
heilix. A reservoir and a recei'rcr are located above and below the capillary,
rcspect.-vely. A pre,~sure equalizing line which is coninected to the top 3f the
receiver is attached to a coiled tube leading to a three-valve man~ifold. A

similar coil-xi tUbe ie connected to the top of the reservoir. The coiled tubes
were inco-.poratced to rnin-Imize thermal gradients within the viscometer
proper. Tvpt 316 4tair'leae steel! bellows valve,3 witch titellite saats were used
on tne manifol.d, Choriisl-alurr,_l thermocotiples were welded to the reservoir
arid receive r to monitor the alkali metal 1.empe,- ature during runs. Electrical
leads f.r the liquid level gauge were welded to the reservtoir ie ,s shox'n
schematically in Fi ;.re .)L Ceram~ic in~sulators were used to electrically
inaulate the liquid -le vel-g;'ge. lead wiree as well as the thermocouple lead
clxs -All 'ires were bl.-ciight out on the manifold side t1o a terminal board.
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The viscometer was heated by a pair of clam-shell heaters around which semi-
rigid insulation, capable of withstanding 1900°F, was used. This assembly
in turn was mounted on an "A" frame to permit 3600 rotation of the apparatus
for experimental runs and subsequent decontamination procedures.

The manifold was wrapped with glass-fiber heating tape, thereby
assuring that all portions of the assembly would be above the melting point of
the alkali metal. Additional thermocouples were attached to the valves to
allow monitoring of valve temperatures.

In order for the viscometer to operate properly, about 18 cm 3

of alkali metal was needed in the receiver. By rotating the viscometer counter
clockwise to a predetermined angle, the liquid metal could be pressurized up
through the capillary and into the reservoir. The location of the liquid level
could be monitored by the liquid level gage. Once the alkali metal was in the
reservoir, the viscometer was rotated clockwise to a vertical position and the
pressure equalizing valve was opened, allowing the liquid metal to flow through
the capillary under the influence of gravity. A recording potentiometer pro-
vides a visual record of the rate at which the alkali metal level traveled from
the full to the empty position in the reservoir. All viscosity runs were per-

formed at a slight positive pressure of argon (about 5 psig) to ensure that no
foreign gas could be admitted, in the event that minute leak existed.

2. Development of Viscometric Method

This capillary viscometer has certain features which affect the
method of calculating the viscosity results. The most important feature is
the use of a coiled capillary, which requires the use of a semi-empirical
correction factor developed by White( 9 3) and refined by Mencik( 5 7). This
correction factor, which is presented in Figure 25, has been largely ignored
in many viscometric studies. It can be neglected without appreciable error
at very low Reynolds numbers, but it becomes significant even at moderate
Reynolds numbers. For example, with a curvature ratio (coil radius: tube
radius) of 100. 1, which is approximately the ratio for the present viscometer,
the correction factor that must be applied is approximately 1.03 for Re = 170,
1. 19 for Re = 400, and 1. 50 for Re = 1000. Since the viscometer designed
for this program was required to cover a wide range of temperatures and
fluid viscosities, it was inherently necessary to operate with a wide range of
Reynolds numbers.

Prior to assembling the viscometer, tests were run on the stain-
less steel capillary tube to calibrate its bore and to determine its flow charac-
teristics. The inside diameter, as determined by the mercury weight method,
assuming a uniform round cross-section, was very close to the nominal 0. 027"
and was not affected appreciably by the coiling operation:
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Before coiling 0, 02674"
After coiling 0. 0267 "

A flow check on the capillary before coiling, using mercury under 8" of head
at a Reynolds number of 1050, gave a viscosity approximately 4. 7% higher
than the handbook value. This type of deviation is ordinarily accounted for
in viscometric practice by lumping it into a viscometer constant. However,
as will be evident from the subsequent discussion, the presence of considerably
larger corrections under some conditions ruled out this approach.

Tests were conducted after the tube was coiled, using various
heads of mercury or water to evaluate the viscometric behavior over a wide
range of Reynolds numbers. The following data were obtained:

Mercury _ Water
Head,h, cm 40.64 Z0.3Z 10. 16 5.08 304.8 121.9 60.96

Reynolds number 1477 847 477 Z42 326 167 86

Viscosity, cp
Apparent 2.66 2. Z8 2.06 2.03 0.925 0.774 0.746
Handbook value 1.46 1.48 1.46 1.46 0.773 0.722 0.722

The major discrepancies noted at high Reynolds numbers were
peculiar to the coiled tube; i. e. , they had not been observed when the tube was
straight. These data indicated that the "coil effect" would definitely have to
be taken into account in setting up the viscometer calibration. A further con-
sideration was the "belling" of the lower end of the capillary in its fin-tl
assembled form, which presumably creates a suspended level similar to that
in the Ubbelohde viscometer and thus eliminates surface tension corrections
of the capillary outlet as well as any question of the lower level placement.
In view of the magnitude of the coil effect and the necessary reservoir-leel
surface-tension correction, it was believed that a separate analysis of these
effects would give a much more reliable viscometer correlation than does the
usual method of lumping everything into viscometer constants.

The preceding data were then refined by intzoducing the Hagenbachl
kinetic e: correction and a surface tension correction'. The HagenLach

' The Couette correction (for length of ti)be required to develop truU Poiseuille
flow) is insignificant, owing to the extremely high L/D ratio of o~ir capillary- N
approximately 1820: 1.
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correction is rather minor over the range studied here, amounting to about
1. 516 at most. The surface tension correction is very significant at low heads,
but difficult to assign, since the dropwise flow problem has thus far not
received an exact mathematical solution. For the case of mercury issuing
from the lower, square-cut end of a capillary tube (as in our case durin-g this
calibration of the capillary tube before assembly) an analysis of the problem
showed that the back pressure due to mercury surface tension should vary
between approximately 0 to Z. 2 cm head, as each drop is formed and breaks
away. By means of some rather arbitrary averaging, we assigned a value of
1.0 cm Hg for the time-average effective back pressure due to surface ten-
sion. Applying this correction and the Hagenbach correction to the preceding
data, we obtain values agreeing almost exactly with the previously-mentioned
curvature-effect correlation of White and Mencik (Fig. 25).

In most viscometric work, the instrument is calibrated on a
standard fluid and the calibration is reduced to "viscometer cotstants, " usually
tvo in number, which express the dimensions of the apparatus and the kinetic
energy correction. This approach was not considered suitable for present
purposes, for two reasons. First, the "White function" cannot be adapted
readily to incorporation as a "viscometer constant. " Second, there is no well-
standardized fluid that can be used as a reference point for calibrating this
instrument. Data on the viscosity of alkali metals are rather scarce, parti-
cularly at high temperatures, and in some cases are contradictory. Unfor-
tunately, mercury cannot be used for calibration (the liquid level gage will
not function properly with mercury, which does not wet the reservoir walls),
and nonmetallic fluids are unusable because of their insufficient electrical
conductivity.

There was a further reason for preferring to avoid the use of a
calibration fluid. Many of the high-temperature data on liquid alkali metals
have been obtained with viscometric methods that involve principles other
than tube flow - e. g. , damped torsional oscillations. So far as -we know, no
high-temperature viscosity data on alkali metals have ever been obtained with
a capillary viscometer, except the data of Ewing, et al. (19), which included
temperatures up to 708°C (13060F) on Na..K alloys. Some of the noncapillary
viscometric methods may involve assumptions that are unjustified or inconi-
pletely substantiated. Further, the purity of the alkali metal was not estab-
lished in all cases. As an incidental point of interest, it may be noted that the
paper of Ewing, et al. did not state whether or not a coiled capillary was used.
However, the capillary was 520 cm (17 ft) long, so it is reasonable to assume
that it was coiled. Nc attempt was made in their article to correct for
capillaiy curvature, although Reynolds numbers were on the order of 500-Z500.

The development of reliable methods of calculating ,iscosities
from capillary flow data without the use of a "standard fluid" was concinge.nt
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on including all pertinent parameters "n the calculation. If this could be done,
it was felt that data obtained with )ur instrument would bf sufficiently reliable
to serve as a check on thz validity of literature d!aa, As will be chown
subsequently, all -iactors can be accounted for quite well.

In the sections that follow, equations aze developed for direct
calculation in viscosities from viscometric data, and a plan af numericatl
calculation is set forth.

e. Nomenclature

C = "White function, " empirical
E = linear thermal expansioex factor for stainless steel

(length at test temperature relative, to length at room
te.nperature)

g acceleration of gravitv, cm/sec z

h = head, instantaneous (from liquid level to suspended
level), cm

hi =head with level at top tap, cm
h2 = head with level at bot-.om tap, s=
h.n log mean lila, cm
he kinetic energy correction, cm
h -surface tension correction, cm
H = corrected head., crn
k "White parameter, " r Re(r/rc)0 . 5

L capillary length, cm
rr.= factor in kinetiL energy correction, = I. iZ
q = liquicd volame, crn3

qf efflux volume between taps, am 3

r capillary radius, cm
rc radius of L',r-,ature of coil, cm
Re radius of upper reservoir, cm
R Reynolds number in capillary
p density. g/c:-n3

-- time, sec -
tf efflux time between taps, sec
v liquid velo.city in capillary, -rn/sec
-y surface tension, dyner/cm
, viscosity, centipoises

b. Pasic Equations

Starting from the Poiseul.e eqiation

~55
% VV



/ gr 4 h(
= 8L(-dq/dt)

and noting that (-dq/dt) rrR?(-dh/dt), we obtain

dh - Adt (2)
h irR?( / p)

where As j
g

8 L

Integrating between rimits 1 and 2, rearranging, and noting

that tf = t Z - t1 , we obtain

A tf (3)

=rR l n(h.i /h 2 )

• hl - h2
and, noting that qf = iTR(hl - h2) and that hm = In(hl/h2)

Equation (3) assumes the form

irgr 4 hmtf (4)

8Lqf

It will be noted that all of the quantities in the right-hand
side of Equation (4), with the exception of tf, are dimensions of the apparatus.

We will next consider the change in apparatus dimensions
due to thermal expansion (see Fig. 26). The convention will be adopted that
the symbols r, hm, L, and qf (the latter including R and hl - h2 ) will refer
to the room temperature dimensions. Then, if E is the linear expansion
factor for type 316 stainless steel (length at test temperature relative to
length at room temperature), it is seen from Equation (4) that E enters the
numerator to the fifth power and the denominator to the fourth power; i. e.
r first-power thermal expansion factor must be applied.

_igr4hmEtf

11/ P = 8Lqf

Now it is necessary to introduce the Hagenbach kinetic
energy correction. This is commonly handled as a head term, he = mv 2 /g,
h). which rn is a factor depending on the viscometer geometry; here it should
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be approximately 1. 12. Close definition of the value of m will not be neces-
sary in our case, as shown below.

In our calculations, the kinetic energy correction he wi]l
be subtracted from the log-mean head at operating temperature ,hmE). This
procedure is not entirely rigorous, as the kinetic energy cortection should
theoretically be applied to the initial and firal heads (hl and h2) pr-lor to cal-
culating the log mean head hm , However, this rigorous procedure is not
justified here, as calculations have shown that for our case the simplified
procedure can be used without significant error. For example, with h I =
19.40 cm, h? = 14.32 cm, and he = 1.0 cm, we find that hm =6.7 3 cm and
hm - he = '5. 73 cm; the rigorously calculated vahue of the corrected hn
is 15. 72 cm. Actually, he should never become as great as 1. 0 cm. At
our -naximum-flow desgn conditions jRb, 1600' F, Re = 1000), the calculated
kinetic energy zorrection io only 0- 36 cm. Therefore, the simplified method
of applying the kinetic energy correction is sufficiently precise. Further,
assuming m : 1. i2 i. also sufficiently precise.

Since

qf R 2 (hi - h2 )v = _- - = - (6)tflrrZ tfrZ

then

m mR 4 (h l - h2 )2  
(7)he t.2 T4

It can be seen that the thermal expansion coefficient E will appear in Equaticn
(7) to the second power; therefore,

he rnv Z  mR 4 (hl .. h)'E2  (8)
g t2 r4 fI

Equation (5) now becomes

wrg r',tf
gr= 6 t(9)

where H, the corre..ted head, is defined as
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H =hmE - he =;E [hm  co s e in (10)
tfZ r4

Another correction that must be considered in viscometry
is the Couette "end correction" that allows for nonstreamline flow at the ends
of the capillary. It haE been determined that this correcticn is negligible for
our viscometer under any conditions, owing to the extremely large L/r ratio.

The following method of handling the surface tension cor-
rection has been selected. It appears safe to assume that therewill be no
bottom-end surface tension correction, since the shape of the bottom opening
of the capillary will tend to create a suspended level. In the upper reservoir,
however, there will be a significant effect due to surface tension. This will
appear as a "negative" head, opposing flow. Assuming complete wetting
(zero contact a.ngle), the head corriection will have the form

h gpR (11)

Recommended surface tension values for the alkali metals

are presented in Figure 27. With the exception of potassium, these data
agree with experimental values from published literature( 8 4 , 88, 92). The
values for potasqium represent recommended best estimates based upon a
correlation presented in reference 90.

e. Effect of Capillary Curvature

The White correlation for the effect of capillary curvature
is a semi-empirical method. The choice of the correlating parameter, k =
Re(r/rc)0 5, is based on theory, but the actual correlationofthe "correction
factor" C againat k is empirical., In application tc our apparatus, the usual
definition of Reynolds number in the capillary (Re Zrvp/ ), on substituting
the value of v from Equation (6),Lecomes

Re R(h I - h2)

or with the necessary thermal expansion factor,

2R2(hl h2)E2

Re - tf r(l p) (13)

aad, by definition, p(
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k = Re(r/.rc) 0 ' 5 (14)

The relation of C to k w'as found empirically (by White) to be

Cl -- 1- [,- (11. 6/k)0451 (15)

which is said by White to be valid down to k = 11 (at which C = 1). With k
less than 11.6, according to White, C remains at 1.0; i. e. , there is no cor-
rection for capillary curvature.

The values of C in the lower range of values of k were modi-
fled slightly by Mencik, Combining Mencik' s values with hose of White for 1- > 13,
the following are tabulated:-

kl 0-7 8 9 10 11 iz 13 17 Z0 Z5
C: 1.000 1.OOZ 1.004 1.005 1.007 1,010 1.013 . 0Z3 1.045 1.079

k 40 60 100 200 400 600 1000 2000
C: 1. 189 1.309 1.503 1.897 Z.48 ?.85 -3.61* 4.9"3"

The factor C must be appliedto the calculated viscosity in
order to correct for capillary curvature. It will be observed that the function
of C vs k is not adaptable to direct incorporation in the viscosity calculation
equations, as it includes Re which in turn includes ±. This implies that a
trial solution is necessary, This is acconxpliohecA by first determining 4/p
through Equations (9) and (10), then using this pJp to calculate k and thus find
C from White's curve or ircm the tabulated values. If this C (which we will
designate as Ci) differs appreciably 1rom unity, a new value k2 =klC I is
determined, and from this, a new value > is found. This process is repeated
intil the solution converges; no more than four trials shoald be required in kny case
of interest to us. The final value of C is used as a correction factor:

4 = g final (16)

where 4l is the viscosity calculated from Equations (9) and (10).

d. Numerical Calculations

The following dirensions of the present viscometer are
used in the calculations (all dimensions in cm):

r = 0. 033937* r 4 = 1. 3265 X 10 - 6

1 = 124.62
rc =3.175

Value of r was determined by mer%.ury weight method.
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R = 0. 3175
h = 20. 12
h2 = 15. 04

The log mean head(at rcomre temperature) based on these dimensions is 17. 5 cm.

Substituting these dimensions into Equation (9), we obtsin

4/p = Z. 543 < 10 tf ()7)

and Equatioe. (10) becomes

[17 s ,s 9 H ;
H - E 17. a ( 18Ltfz j

Note thatEquation ()8) doce not include any correction for orface ter's-on.
which must be further subtracted to obtain the true effective head,

The expression for Reynolds number, Equarior (13), becomes

Re = 30. 18Ltf(I/ (19)

and k is given by

k =0. 1029Re --3. 106F [ .1 ?

Wewillnow outline the application of these equations to the
cornputazion of viscosity from efflux-time data:

1. Oh'.ain the value of F, for the test temperatre:.

2. Determine H from Equation (18), applyIng a surface
tension correction.'

3. Dete?-miie p./p from Equation (17). Assumiag that
the density of the flu--, at the test temperature is known,
this, Tivcs rhe first approximation of viscosity.

4. Using the va&ue of t/o obtained in step 3, calculate
k, by Equa.tion (20).

5, 'Using this , ah-,e kj, determine C1 from White chart
(Fig ' Z,).or tables.

6. IfCi is greater tha'n 1.O], findk- =kIC1 , findthe
new CZ, and repeat until the sohition converges.
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7. Using the final value of C, calculate p. = I/Cfinal,
where 41 is the value viscosity determined in step 3.

It will be noted that this sequence can be applied equally well
for computing kinematic viscosity (p./p) in case the density is unknown.

3. Viscosity of NaK(78) and Sodium

Preliminary experimental viscosity measurements were made on
NaK(78) and C. P. Sodium in order to accumulate experience with the handling
and operation of the viscometer apparatus. The experimental viscosity data
obtained during these preliminary experiments are presented in Table 8. The
NaK(78) was filered through a five-micron sintered stainless steel filter at
room temperature prior to being transferred into the viscometer.

The recording potentiometer trace obtained in one of the NaK runs
is reproduced in Figure 28 to illustrate the type of information directly produced
during each viscosity run. It can be seen in this figure that a smooth transition
i.n electrical resistance occurs as the liquid level moves between the full position
(corresponding to about 340 microhms resistance) and the empty position (cor-
responding to about 940 microbms resistance). For the purposes of this illustra-
tion, a logarithmic curve was penciled in over the recorder trace in the transi-
tion region. This was done in order to demonstrate the extrapolation procedure
used for obtaining the full and empty intercepts. The chart distance, along the
time axis, between the full and empty intercepts is measured with an optical
micrometer, and the efflux time is thereby obtained since the chart speed is
known. Knewing the temperature and efflux time, the previously derived calcula-
tion procedures are then employed to convert these measurements into viscosity data.

Some difficulty was encountered during early runs because of the
wide spread in temperature between the reservoir and receiver. However,
this difficulty was alleviated somewhat in later runs by better sealing of the
viscometer furnace ends and by conducting temperature equilibratibn with
the apparatus in a horizontal position.

The results of the NaK viscosity measurements are compared
with published data (18, 19, 44) in Figure 29. The agreement of these data with
the published data is considered gratifying in view of the facts that only two
points were measured and that the viscosity data were computed from efflux
times without the necessity of prior calibration with a reference fluid.

Viscosity data were also obtained on C. P. Sodium, which was
transferred in the inert-atmosphere glove box to a valved container and then
charged to the viscometer. All transfers from this sodium container were
made at temperatures well above the melting point of sodium in order to assure
effective transfer. The sodium was cold filtered through a 5 micron sintered
stainless steel filter. Four viscosity runs were performed at about 600°F.
In this particular series of experiments, he temperature gradient between the
reservoir and receiver was somewhat excessive, hence, the actual capillary
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TABLE 8. SUMMARY OF EXPERIMENTAL VISCOSITY DATA

FOR NaK(78) AND SODIUM

Viscosity No. of
Reservoir Rece iver Mean Kinematic Absolute Runs

Temp, *F Temp, 0 F Temp, *F centistokes centipoises Averaged

NaK

79 77 78 0. 9Z5 0.800 2.

975 928 928 0.218 0,164 3

Na
640 580 609 0.335 0.293 4

64

Lem,



111 10 0 0 0 0 010 180 90 00loli

P~ fl

r0 80M



0.9

0.7

0.5

0.4
-KUTATELADZE (77.7%K)

w

0

~0.1

0IGUREWIG t9. (78.6%K)F (8)VICOIT

VALUES WITH UBLISH-ED DATA

66



temperature was somewhere between 580 and 640'F. The experimental vis-
cosity data reported by Kutateladze vary from 0. 333 to 0. 297 centipoises for
this temperature range (Fig. 30). Therefore, our experimentally measured
average value of 0. 293 centiposes may be considered realisti,:.

4. Viscosity of Rubidium and Rubidium with Oxygen Contaminant

By this time, considerable confidence had been gained in the
operation of the viscometer. Therefore, a series of experiments was under-
taken to obtain viscosity data on rubidium with and without oxygen contaminant.
The results of these experiments are summarized in Table 9. Typical standard
deviations are presented in Table 10.

About 100 viscosity points were measured with the first batch of
pure rubidium, with good experimental repeatability. Fourteen series of runs
were performed at various temperature levels from 200 - 1200°F. About 80
additional viscosity measurements were then made at temperatures from
150-800°F on the second batch of pure rubidium. These values were in agree-
ment with those previously obtained.

All of these data for pure rubidium are presented in Figures 31
and 32 along with prior experimental values(48). These results which
appear quite reasonable, represent the first experimental rubi.dium viscosity
measurements reported for temperatures greater than 5000F. They are quite
gratifying in view of the complexities involved, both in the viscometer design
and data interpretation. Density values used in data reduction calculations
were those of Tepper, et al. (86).

Following these measurements, oxygen contaminant was added
in steps of 1000, 1000, 1000, 2000, and 2000 ppm (to a total of 7000 ppm), and
viscosities were measured at temperatures fron about 100-550°F for each
step. The results of these measurements are shown for each contamination
level in Figures 33 through 37. As in the case of pure rubidium, the logay'ithm
of the kinematic viscosity for each contaminant level appears to vary linearly
with the reciprocal absolute temperature. Therefore, linear correlations were
derived from the data of pure rubidium and those of each contaminant level, and
the resulting family of curves is presented in Figure 38. Using these derived
linear relationships, the data were cross plotted, yielding the correlation in Figure
39. This correlation illustrates the influence of added oxygen on kinematic
viscosity at various temperature levels.

The low-melting sample of oxygen-contaminated rubidium (7000 ppm)
removed from the viscoineter after these runs, was analyzed for heavy metals.

The following metal contents were found. <3ppm Cr, 11 ppm Ni, and 804 ppm
Fe. These results strongly indicate that iron is selectively extracted from
type 316 stainless steel by oxygen-contaminated rubidium under the conditions
of these experiments,
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TABLE 9. SUMMARY OF EXPERIMENTAL VIGCOSITY
DATA .'OR RTBJ'DlUM

Viscouity No. of
F.Reserv ir Receiver Mean RKinematic Aosolute Runs
Temp, .F 2mp,. ° r Ter.,*F cent.7t-)kes centipoiaes Ave- d Re-.zrks

55:.8 517.8 534.8 0.203 0.284 9 B"Ich No. I
IIC .2 1064.0 102, 1 0.134 0. 169 4
359.0 3J8.0 348.5 0. 281 O.406 3
344.6 332.6 338.6 0. 7., 0. 39, 5
342.6 326.7 334.7 0. 27 O 0.3qi 13
559.6 532.3 546.0 i. 199 0.277 il

1007 8 975.Z 992.5 0. i43 0.182 5
1004. - 975.0 Q39.9 0. !,46 0. 187 3
567.2 536.5 551.9 0 193 0.269 6
769.0 736 2 752.6 0.164 0.220 12
221.6 306.0 213.8 0.325 0.481 3
217.3 203. t 210.5 0.323 0.478 3
1241.3 1214,0 1227.6 0.11 o.156 3
IZ34. 5 1207.4 12/0.9 0.133 0.163 7
339.0 314.5 326.8 0.277 0.402 12 Batch No. 2
324.6 802.1 812.4 0.161 0.214 12
204.0 193.0 198.5 0.339 0.503 12
651.4 628.6 640.0 0. 1G0 0.247 1 1
461.4 444.2 452.8 0. 227 0.321 12
152.3 145.5 149.2 0 384 0.574 4
207.7 199.3 203.5 0.336 0.498 4
273.8 261.3 267.6 0.291 C. 426 4
314.0 295.3 304.7 0. 266 0,387 4
362.3 338.3 350.3 0 249 0.360 4
336.5 405.0 395.8 3.233 0. 334 4
415.0 397.3 406.Z 0 233 0.334 4 1000 ppm 02 added
153.5 143.3 147.9 0. 382 0.571 4
214.7 195.7 Z05.2 0.320 0.474 3
261.8 243.3 252.6 0. 296 0.435 4300.8 ?85. 8 Z93. 5 0. 280 0.435 4U
351.8 336.0 343.9 0. 245 0.368 4
40"r. 3 389.3 398.2 0. 232 0. 332 4
462.3 442.0 451.1 o. 216 0.307 4
511.5 490.5 501.0 0.207 0. 291 4
167.3 160.3 163.8 0.37.0 0.564 4 2000 .pm 0 2 added
Z05.0 192.0 198.5 C. 343 0.509 4/
Z63.8 240.3 252. 1 0.301 0.442 4300.3 Z84. 3 292.3 u. Z.83 0.413 4
154.0 150.0 152.0 0.400 0.598 4 3000ppm 0 2 added
203.0 191.0 197.0 0.348 0.51 4
258 0 240.3 249.2 0.308 0.452 4
301.3 293.0 297. Z 0./.no 0.417 4
355.0 344.3 349.7 0.?6. 0.377 4
412.3 391.5 401.9 0.238 0.340 4
459.5 438.0 448.5 0.229 0.325 4
512.8 492.5 502.7 u 214 0.301 4
553.5 533.0 542.8 0. 205 0.286 4
207.'0 194.8 200.9 0.364 0.540 4 5000 ppm 0 2 added
263.0 242. 5 252.8 0.323 0.475 4
106.5 96.3 101.4 0.491 0.740 4
514.0 498.8 506.4 0.214 0.300 5
356.8 342.6 349.8 0.273 0.395 4
112.8 108.6 110.A 0.463 0.697 5
206.2 199 0 202.5 0.364 0.540 5
255.8 Z39.0 247.4 0.320 0.470 4
303.0 295. 0 299.0 0.288 0. 420 4
356.9 344.5 350.7 0.263 0.381 4114.8 104.8 109.8 0. 499 0.75Z 4 7000 ppyr 02 added
351.0 337.5 344.3 0. Z71 0.391 4
304.3 290.5 297,4 0.303 0.441 A
252.8 238.8 245.8B 0. 335 0. 493 4
200, 0 190.5 195.3 0. 386 0.,572 4

99.9 96.9 98.4 0. 521 0.787 1 ?
Zll1. 5 197.0 204.3 0. 73 0. 55;3 4
328.3 301.0 314.7 0. 301 0.437 4
354.0 334. 0 344.0 0. 273 0.395 1
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TABLE 10. EXAMPLE STANDARD DEVIATIONS IN RUBIDIUM
VISCOSITY MEASUREMENT

Standard
Temperature, 'F No. of Mean Viscosity, Deviation,

Max Min Avg Points centistokes ___ Remarks

769.0 736. 2 75 2.6 1z 0.164 0.93 Pure Rb
(Batch 1)

461.4 444.2 452.8 12 0.227 0.88 Pure Rb
(Batch 2)

,99.9 96,9 98.4 12 0.521 1.08 7000 ppm
02 in Rb
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5. Viscosity of Lithium

The viscometer was charged with reactor-grade lithium, and
viscosity measurements were undertaken. Because of the extremely high
surface tension and low density of lithium, extreme operating difficulties
were encountered. In fact, no single run was completely successful in the
sense that the reservoir drained completely during the run. On the other
hand, in three runs, it was possible to compute the lithium viscosity, from
the initial slope of the transition in the liq "d-level resistance trace. The
results of these data-reduction calculations are presented in Table 11.

In o.-der to compute the viscosity from this initial slope, the
previously-derived equations were modified to utilize the full-reservoir fluid
head rather than the log-mean fluid head as was done in all prior experiments.
The results of these calculations art compared with published data(4 8 ) in
Figure 40, and the agreement is considered satisfactory in view of the previously-
mentioned operating difficulties,

Parallel experiments on the effect of nitrogen contamination on
the melting point of lithium clearly demonstrated that no'useful purpose could
be served by adding nitrogen contaminant to the lithium in the viscometer. The
results of this preriously-described melting-point study indicated that precipita-
tion, and hence plugging, would occur upon such contamiaation. Therefore,
the lithium viscosity experiments were terminated.

When the viscometer was drained and cleaning was begun, extreme
plugging difficulties were encountered because of the formation of nitride and
hydroxide. As in the case of rubidium, the system was heated to above the
melting point of these reaction products, but the apparent formation of high-
melting oxides from the hydroxide rendered this technique useless. Repeated
treatments alternately with acetic acid and hydrochloric acid at about 200'F
and subsequent heating to 16000 F while pressuring one side of the viscometer
with argon removed the obstructions, and final clez ig was achieved by flooding
with 50-50 acetic acid followed by 50-50 nitric acid and then distilied water.
Because of the limited solubility of lithium compounds in water, these final
cleaning steps had to be repeated successively at a temperature of about 200'F
in order to flush the reaction products from the system.

D. Pumped Isothermal Loop Performance

1. Apparatus and Procedures

In order to investigate the pumping characteristics of liqidd

rubidium and liquid lithium, an isothermal loop was designed arid constructed
of type 316 stainless steel., The isothermal design was selected for this study
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TABLE 11. SUMMARY OF EXPERIMENTAL VISCOSITY DATA
FOR LITHIUM

Viscosity No. of
Reservoir Receiver Mean Kinematic Absolute Runs
Temp, *F Temp, °F Temp, OF centistokes centipoises Averaged

636 618 6Z7 0.93 0.47 1
655 635 645 0.74 0. 7 1
680 713 697 0.89 0.44 1
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because of several inherent advantages offered by the absence of significant

thermal gradients. These anticipated advantages include the following:

(1) Minimum thermal-gradient mass transfer.

(2) More stable operation.

(3) No drastic localized heat-in-:)ut or heat-dissipation loads.

(4) No burnout problems in the event of flow stoppage.

The loop shown in Figures 41 through 43 consists -of five major
components, an electromagnetic pump, a flowmeter, a liquid-level test section,
a filter section, and two balanced-pressure detectors. The commercially
available electromagnetic pump is controlled by a 240v variable transformer.
Flow is monitored with a commercially available electromagnetic flowmeter
(calibrated for rubidium and lithium by the manufacturer). As the alkali
metal passes through the flowmeter, it goes.to the test section, which is
composed of an impingement zone and an annular region. Above this annular
zone is located the liquid level reservoir. From the test section the liquid
metal flows to the filter section, which consists of two parallel filter units.
The alkali metal then flows from the filters to the suction side of the electro-
magnetic pump. It can be seen from the drawing of Figure 41 that all of the
horizontal lines have been canted 50 to facilitate and ensure complete drainage.

The entire system was fabricated from Type 316 Stainless Steel
in order to minimize corrosion by alkali metals at elevated temperazures, up
to 1500*F. Pairs of tubular heating elements were used to trace the entire
loop tubing. These elements were installed between each of the major compo-
nents which were provided with their own independent heating elements, as in
the cases of the pump and the flowmeter. Clam-shell heaters were utilized
for heating the liquid-level test section, filters, and the balanced pressure
detectors. The eatire loop was mounted within a steel frame under which was
placed a large steel pan, capable of containing all of the alkali metal in the loop
in the event of a spill. Chromel-alumel thermocouples were carefully heliarc
welded onto all of the major components and at various locations along the loop.
Additional thermocouples were attached to the tubular heating elements them-
selves, in order to monitor heater-element temperatures to prevent burnouts.
Pilot lights were provided in each heater circuit to ensure immediate notifica-
tion in the event of a heater burnout. Each heater was provided with an independ-
ent power supply.

The dynamic loop is located within an enclosed cell which has

been described previously. The ma:n control panel is located adS-cent to
this enclosure. It contains the heater, and pump power supplies, the
remote accessories for the balanced-pressure detectors, and the inert gas
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supply. In order to facilitate operation of the loop, a flow diagram of the alkali metal
and gas lines was superimposed on the control panel. One 24-point temperature
recorder was used for temperature observation at the main points of interest
iri the loop. The adjacent temperature indicator was incorporated to serve
other less-important temperature readings. The liquid-level gage and the
flow meter were monitored by a microvoltmeter and a recording potentiometer.
The argon pressure was introduced into the loop at the top of the liquid-level
section, with an argon return line being provided a few inches below the supply
line. In order to ensure leak-tight connections throughout the loop, all loop
connections were heliarc welded. The entire loop was designed for isothermal
operation with the exception of the fill line to which was attached a stainless
steel bellows valve capable of a maximum temperature of 6000 F. The entire
loop was covered with split insulation (capable of withstanding 19000F) which
was readily removable for inspection and maintenance.

Once the temperatures of the various components of the loop
were near the desired value, pumping was begun, and the various temperatures
rapidly equilibrated to a near-isothermal condition because of the excellent
heat-transfer characteristics of the liquid metals. In order to measure pressure-
drop data, the pump discharge and suction pressures were monitored with the
balanced-pressure detectors illustrated in Figure 44.

In each of these detectors, nitrogen pressure was applied to the
upper surface of a diaphragm to balance the liquid-metal pressure beneath
the diaphragm. Accessory nitrogen pressure gages and electrical circuits
were provided for detection of this balancing pressure. To calibrate these
detectors, liquid-metal flow was stopped momentarily while pressure measure-
ments were made, and these readings were correlated with the pressure above
the liquid level as illustrated for one run in Figure 45. For dynamic conditions,
these correlations were employed as calibration curves and to correct the
indicated balancing pressures to the same basis (no-hydrostatic-head conditions).
During pumping operations the liquid level gage and flowmeter were monitored
regularly, and appropriate temperatures were recorded. A typical data sheet
for one pumping performance run is illustrated in Table 12.

2. Pumping Characteristics of Rubidium and Rubidium with Oxygen
Contaminant

The loop was filled (under vacuum) with pure rubidium, and several
consecutive runs were made (under argon) in which pressure drop was monitored.
It was noted that relatively good repeatability was obtained from day to day as
shown in Figure 46, and that the flow rate was not very sensitive to liquid tem-
perature. Once the operating characteristics were established, about 5000 ppm
of oxygen (based on total rubidium inventory in loop) were added to the liquid-
level chamber while the system was under vacuum and not being pumped.
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TABLE 12. SAMPLE LIQUID-METAL-LOOP OPERATION DATA

Reservoir Pump
Pump Voltage, Flowmeter Flow, Suction, Discharge, Pressure, Pressure

% of 240 Temp, F .l psig _sis psig Rise, psi

20 417 .169 9.5 10.2 10 .0.7

20 417 .169 29.5 30.5 30 1.0

20 417 .169 49.0 50.0 50 1.0

Average 0.9

30 403 .266 9.5 10.2 10 0.7

30 403 .266 29.5 30.5 30 1.0

30 403 .266 49.5 50.0 30 1.0

Average 0.9

40 400 ,369 9.5 10.2 10 0.7

40 400 .369 29.0 30.5 30 1.5

40 400 .369 48.7 50.2 50 1.5

Average 1.23

50 403 .471 8.5 10.0 10 1.5

50 403 .471 28.7 31.5 30 2.8

50 403 .271 47.7 50.7 50 3.0

Ave rage 2.4

Date 3/20/63 Run No. Rb-7

Remarks:

Operating data immediately following addition of oxygen contaminant to
liquid-level reservoir (before drastic flow attenuation occurred).
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The pumping performance did not change immediately, but as shown in Figure 46
the performance deteriorated rapidly, with the indicated flow rate decreasing
sharply and then rising and falling from day to day in an erratic manner.

It is apparent that the presence of oxygen contaminant seriously
affected the pumping characteristics, and it is now believed that the erratic
behavior stemmed from changes in the distribution of dissolved oxygen
throughout the system during overnight shutdowns.

When the pump pressure rise is correlated against the indicated
flow rate as shown in Figure 47, certain phenomena become apparent. In
general, the pump pressure rise decreases (although the pump voltage is
constant) as the indicated flow rate decreases, approaching zero at the lower
flow rates. However, the set of points for the lowest flow-rate run (which
occurred on the morning following the initial oxygen addition) demonstrated
higher pressure-rise values, corresponding to the dashed extensions of the
curves in Figure 47. The decreasing pump pressure rise with decreasing
indicated flow rate illustrated in this figure cannot be explained in terms of
viscosity increase since the data of Figure 39 indicate a viscosity increase of
only about 10% caused by 5000 ppm of oxygen contamination. Hence, it appears
that the oxygen content may have altered the electromagnetic properties of
rubidium significantly; however, further work would be required to confirm this
effect.

With the exception of the set of points for the lowest flow rate,
the impaired performance could not have been caused by pluggi,.o of the filters
or test section. Such flow-throttling would have increased, rather than
decreased, the pump pressure rise as the flow rate was decreased. On the
other hand, the data for the lowest flow rate do indicate that some plugging
may have occurred during the first overnight shutdown after addition of the
oxygen. The data trend indicated in Figure 47 appears to be real, and similar
trends are indicated for operation at other temperature levels as shown in
Figure 48. Based on the smoothed data of Figure 47, the correlation of Figure
49 was developed to demonstrate the pumping characteristics of uncontam-
inated pure rubidium. This correlation illus.rates the anticipated increasing
pump pressure rise with increasing flow rate as the pump voltage is increased.

At the conclusion of the contaminated-rubidium pumping studies,
samples of the used rubidium were withdrawn, and the heavy metals content
was found to be. 7 ppm Cr, 21 ppm Ni, and 423 ppm Fe. The analyses
strengthen the previously discussed evidence obtained with the viscometer that
oxygen-contaminated rubidium tends to leach iron selectively from type 316
stainless steel under the conditions of these experiments. A melting point of
101. 63°F was measured on this contaminated rubidium sample with the melting
point-boiling point apparatus. This melting point corresponds to a computed
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oxygen content of 375 ppm, and this result is considered as further evidence
of the previously-suggested ronuniform distribution of oxide contaminant
throughout the loop.

3. P!mping Characteristics of Lithium

Following the rubidium experiments, the loop was filled (under
vacuum) with reactor-grade lithium. and several runs were made (under argon)
in which pressure drop was monitored. The data of Figure 50 summarize
the results of these experiments.

In view of our concurrent experience in lithium melting-point
studies which has been discussed earlier, ft became apparent that immediate
plugging of the filters or test section (and possibly the pump and flowmeter)
would have occurred if oxygen or nitrogen had been added. Therefore, the
loop studies were terminated once the lithium pumping characteristics had
been evaluated.

E. Analytical Chemistry

1. Wet Analysis for Chromium, Nickel, Iron, and Alkali Metals

It was not intended to conduct quantitative analysis for all heavy
metals. However, it was considered necessary to analyze for those metals
most likely to be picked up from Type 316 stainless steel. These include
chromium, nickel, and iron. Standard colorimetric methods were available
for these metals--for example, nickel by dimethylglyoxime, iron by o-
phenanthroline, and chromium by diphenylcarbazide. It also was desirable
to run analyses for other heavy metals on the rubidium and lithium as received.
The most feasible method for such analyses was by emission spectrography in
a commercial laboratory. Although the Institute has the equipment for such
analyses, it was not economical to develop the necessary techniques for the
relatively small number of samples anticipated.

In the case of other alkali-metal contaminants in lithium and
rubidium, the only feasible method was flame photometry, using standard
"contaminated" salts of lithium and rubidium. This use of standards eliminated
the difficulty caused by the enhancement of line density of one alkali metal by
the presence of another, which could amount to more than an order of magnitude.
The equipment for such analyses was available at the Institute, as well as
personnel with background in these techniques.

a. Sample Preparation

Samples of rubidium and lithium were prepared for analysis
as follows:
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(1) In a dry box containing argon, the sample was trans-
ferred to a screw-cap jar containing mineral oil.
The sample was then removed from the dry box.

(2) A one pint plastic bottle was purged with nitrogen while
resting on the pan of a Mettler K-7 balance. Small
piec es of the alkali metal were removed from the oil,
h.xane rinsed, and dropped directly into the plastic
b.-Atle until 1 gram + 0. 03 gram was obtained.

(3) The .O, .'.; bottle was placed in a beaker of ice and
hc nitrgr.r, flow maintained. Methanol was then added

I -.0id:nr samples. Water was used for lithium
sampl,.:i,. Nitrogen purge was removed after reaction
had gone to completion.

(4) Concezt.ratec. "{C was added to neutralize the base
forraed a," -he-) -n-il .n excess was added.

V,) T.,:bidium zarnples wore transferred to beakers and
,.,t methanol boiled off. After cooling, the sample
w is transferred to a 250-ml volumetric flask and
rr ;,de to volume. Lithium samples &.ere transferred
directlv to the 250-ml volumetric flasks.

b. Anayi

A 50-ml aliquot of this solution was required for each of
the heavy metals analyses, and the remainder was used for the alkali metals
analyses.

S'..xdari cr.orimetric methods were used employing
L 10-phenanthroline, diphenyicarbazide and dimethylglyoxime as the color
producing agents for iron, chromium, and nickel, respectively. *

The alkali metals were determined by flame analysis using
the method of standard additions. These analyses were performed by first
..neasuring the emission, at the appropriate wave length, of an equal mixture
of sam.pla irl dUztilled water. The emission of an equal mixture of sample
plns distilled water containing a known amount of the alkali metal of interest
wao then measured. Background emission in both cases was determined at a

These methods were adaptedfrom those employed at Foote Mineral Company( 5 9 ).
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wave length differing by approximately 5 m from the wave length used to
measure the emission of the alkali metal of interest. Thi3 technique minimized
any enhancement effect which might result from the large concentration of the
principal alkali metal(22).

c. Calibration

The wet-chemical methods of analysis for Fe, Cr, and Ni
were calibrated, using one gm samples of C. P. potassium. Analyses were
conducted on the "as-received" potassium, and known quantities of Fe, Cr,
and Ni were added to these samples. The data presented in Table 13 illustrate
that recoveries in excess of 90% of the added materials (ranging from 40 to
1000 ppm) were obtained in all cases except one (wherethe recovery was 43
ppm out of 50 ppm).

TABLE 13. CALIBRATION OF HEAVY METALS ANALYSIS OF POTASSIUM

ppm 0
Sample Metal Added Found Recovery

1 Fe 0 3.4 -
2 " 200 189 93
3 " 1000 935 94

4 Cr 0 *
5 " 40 * *
6 " z00 195 97

7 Ni 0 2.6 -
8 "I 50 42.8 80
9 ti z00 182 91

Sample lost

2. Oxygen Analysis

In setting up analytical procedures for the principal contaminants
in liquid rubidium and lithium, emphasis was placed on analysis for oxygen, in
view of its known critical importance in practical corrosion problems. In
selecting a method for determining oxygen content, consideration was given to
three general clhsses of methods- mercury amalgamation, reaction with butyl
bromide, and neutron activation analysis. In the case of the rubidium, mercury
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amalgamation was considered unsuitable (because of a serious question on the
solubility of rubidium oxide in mercury); neutron activation analysis was ruled
out because it would involve sending samples out for analysis. The butyl
bromide method, providing on-site analysis, was therefore selected for
rubidium. In the case of the lithium, however, neither the butyl bromide nor
the mercury amalgamation method appeared satisfactory. Therefore, lithium
samples were sent to the Neutron Activation Laboratory of Texas A & M
College for oxygen analysis.

The butyl bromide method was developed by White, Ross and
Rowan( 9 5 ). This procedure has been used successfully at the Oak Ridge
National Laboratories for the oxygen content of both Na and NaK - Method Nos.
1-215871 and 9-00715871. The principle of this method is based on the fact
that Rb will react with n-butyl bromide to form RbBr, whereas it was believed
that np reaction would occur with Rb2O. The residual oxides are dissolved in
water to form the hydroxide, which is then titrated and the oxygen calculated.
This method has proven satisfactory for sodium except in cases where difficulties
were suspected because of moisture in the butyl bromide. Therefore, Karl
Fischer water determinations were performed on the reagents to minimize
this source of error.

a. Apparatus and Procedure

The n-butyl bromide procedure followed was essentially
the same as that used at the Oak Ridge National Laboratory for the determination
oi oxygen in sodium-potassium mixtures. * Two modifications of this procedure
were made which warrant discussion in this report. The first modification
pertains to the method for breaking the sample bulb in the reaction tube. In
the Oak Ridge procedvr..the sample bulb is broken by striking it with a long
glass scirring rod. This methoa was impractical with tlie sample bulbs used
for this purpose, An extremely hard blow was required, which considerably
increased the possibility of breaking the reaction tube.

The difficulty was overcome by fabrication of a sample-bulb
crusher, whereby the sample bulb was broken between screw-actuated jaws
similar to a v',ie. The sample-bulb crusher was made entirely of stainless
steel. The sample bulb was fastened to the crusher by wrapping wire around
the stem of the sample bulb and the supporting arm of the crusher. The
photographs of Figure 51 illustrate this apparatus.

* Methods Nos. 1-215871, 9-00715871; ORNL Analytical Chemis,ry Division,
Oak Ridge, Tennessee(5 2 ).
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STAINLESS STEEL SAMPLE-BULB CRUSHER
(WITH VISE HANDLE AND RUBIDIUM AMPOULE NOT ATTACHED)

BUTYL BROMIDE REACTION VESSEL BUTYL BROMIDE REACTION SYSTEM
(WITH SAMPLE BULB AND CRUSHER (WITH TITRATION AND SOLVENT

IN PLACE) HANDLING ACCESSORIES)

FIGURE 51. FACILITIES FOR BUTYL BROMIDE METHOD
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The second modification in the procedure pertains to prepara-
tion of the reaction vessel. The Oak Ridge procedure calls for heating the reaction
vessel in a muffle furnace, followed by numerous evacuations and argon fillings of
the reaction vessel. Pentane is introduced into the reaction vessel, and then the
sample bulb is immersed in the pentane and the bulb broken.

Difficulties were encountered with this procedure. To ensure
vacuum tight seals it was necessary to use silicone stopcock grease. Introduction
of the pentane carried the silicone grease into the reaction vessel, and this in turn
reacted with the rubidium. A teflon-joint seal prevented freezing of the joints but
did not give leak-free connections.

The procedure for preparation of the reaction vessel and intro-
duction of the sample bulb was therefore modified so that the teflonized joints
could be used and evacuation of the system would not be necessary. The procedure
used was as follows-

The sample bulb was wired to the sample crusher and then
rinsed with alcohol and pentane so as to clean and degrease
the entire assembly. This assembly was then placed in the
reaction vessel, ats was a clean and degreased stirring rod.
The reaction vessel top was placed in position and then a length
of 7-mm glass tubing was inserted clear to the bottom of the
reaction vessel. The vessel was placed in a preformed heating
mantle (heating tape wound on wire mesh frame) and argon intro-
duced through the 7-mm tubing at 400-500 ml/min. The entire
assembly was then removed from the argon flow. The argon
purge tube was removed, the argon line attached to one of the
side tubes on the reaction vessel, and the stopcock opened so
as to again maintain the argon purge. The assembly was then
attached to the end of the pentane transfer line and this line
purged with the argon flowing from the reaction vessel. The
argon flow was then stopped while hexane was transferred from
the hexane reservoir to the reaction vessel so as to completely
immerse the sample bulb. The assembly was disconnected
from the hexane transfer line and the argon flow immediately
started again. The reactor top was removed and the sample
bulb crushed by turning the extended shaft with the adaptor key.
The sample crusher along with the stem of the sample bulb was
then removed and the reactor top replaced. Addition of the
butyl bromide and the remainder of the procedure was identical
to that used at Oak Ridge.

b. Contaminant Exclusion Experiments

Prerequisite to an accurate oxygen determination is the rigorous
exclusion of oxygen and moisture from all solvents, reagents, and apparatus
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contacting the metal during sampling and analytical operations. Instrumental
analysis of the solvent used has confirmed the absence of moisture to within
the limits of nstrument soensitvity-. oforther. establish the validit of the
analytical results, three piure rubidium samples of varying weight were
analyzed for oxygen. Any inherent contaminants in the systems would affect
the measured oxygen content inversely with the sample size. The results of
these studie s, which are presented in Table 14 confirm a high degree of
success in the eff ors. , exclude, -xygen,- containing contaminants.

TABLE 14. BUTYL BROMIDE DETERMINATIONS OF OXYGEN
IN PURE RUBIDIUM (Batch 1)

Sample wt,

grams ppm Oxygen

3.0268 580

4. 3520 562

11.8721 580

c. Butyl Bromide - Rubidium Oxide Interaction Study

During the study of the influence of added oxygen upon the
viscosity of 'rubidium, considerable doubt began to arise regarding the validity
of the n-butyl bromide method for measuring the oxygen content of rubidium
samples. Because of the laboratory techniques employed in adding known
quantities of gaseous oxygen to a known quantity of rubidium in the viscometer,
it was felt that the attained oxygen content should be relatively close to that
computed from blending data. As discussed previously, the melting-point-
depression data lent confidence to these computed blended values, as was
illustrated earlier in Figure 19. However, the data presented in Table 15
illustrate that the oxygen content measured by the butyl bromide method
ranged from 520 to 1037 ppm as the quantity of oxygen added varied from 0
to 7000 ppm.

In an effort to explain these discrepancies, a special
literature search was conducted. The findings do not completely resolve the
anomaly, but they do challenge the suitability of the butyl bromide method for
oxygen analysis in rubidium.

Observing that oxides present in high concentration (>I, 000
ppm) seem to inhibit spontaneous reaction between the rubidium metal and the
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TABLE 15. COMPARISON OF BLENDED AND MEASURED OXYGEN
CONTENTS OF RUBIDIUM

0. Determiined by

0 Added, 0 Calc'd from n-Butyl Bromide
ppm .Tm$ ppm Method, ppm

0 50 520

1000 840 620

2000 2360 818

7000 ;7000 1037
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butyl bromide at room temperature and recalling the unusual amount of heating
required to initiate the reaction which then proceeded slower than with samples
containing - 500 ppm oxide, it was surmised that oxides of rubidium react
with butyl bromide at elevated temperatures (- 80°C) to give the metal halide
and dibutyl ether. The literature survey tends to support this theory. It was

found that aliphatic halides, eg. C2 H 51, will react with certain metal oxides,
especially AgO, to form diethyl ether and silver iodide. Further, butyl
chloride was reported to form the corresponding ether and calcium halide
when heated to 250" Cinpresence of CaO. It may be concluded, speculatively
at least, that such reactivity is possible between oxides of rubidium and butyl
bromide at much less severe conditions than for CaO and butyl chloride.

A sample of completely oxidized rubidium was prepared
and analyzed as before to ascertain the overall merits of the analytical pro-
cedure and the reactivity of the oxide toward butyl bromide in this system.
The acidified aqueous solution from this analysis was tested for halide ion
using - 0. 1 NAgNO 3 solution and gave a positive result. Voluminous solids
precipitated upon addition of silver nitrate, indicating that metal bromide salts
were present. No attempt was made to determine the total amount of bromide;
the fact of its presence was in itself of sufficient significance that further
quantification woul'd have contributed nothing to the picture. The observed
bromide salt may be the consequence of eitheX the oxide-butyl bromide reaction
or elemental metal-butyl bromide displacement. However, negligible quantities
of elemental rubidium could have b-een present in this thoroughly oxidized sample.

In view of the foregoing discussion, it is now believed that
oxides of rubidium may react with n-butyl bromide to an appreciable extent.
Hence it is tentatively concluded that the butyl bromide method is not applicable
to rubidium.

3. Carbon Analysis

A specific method f6r the determination bf caibon (graphite)
in rubidium was not uncovered in the literature search. Methods for the
determination of carbon in iron, sodium, and lithium have been reported.
These methods are all based on the conversion of carbon to carbon dioxide
with subsequent determination of the carbon dioxide. Because of the small
quantities of carbon involved, gravimetric methods are not suitable for this
determination. Other possible approaches involve differential freeze-out
(manometric) techniques, absorption of the CO 2 in barium hydroxide solution

(andmeasurement of change in conductivity), and gas chromatography. Of
these methods, gas chromatography was chosen for this program. This
choice was dictated largely by this laboratory's extensive experience and
facilities in this field.
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a. Apparatus and Procedure

The method reported here and used only for carbon in
rubidium was designed for applicability to any alkali metal, regardless of its
reactivity. The method is a modification of that reported by Pepkowitz and
Porter(6 1).

The procedure consists of these integrated steps:

(1) Conversion of the alkali metal to the hydroxide

(2) Oxidation of carbon to carbon dioxide

(3) Measurement of the carbon dioxide

A preferred method for the determination of carbon dioxide
is by gas chromatographic techniques. By this technique it is possible to measure
carbon dioxide at the one microgram level in the presence of other gases, which
is a decided improvement over the manometric method. The following appara-
tus and procedure were designed for the gas chromatographic method of deter-
mination for carbon dioxide.

Figure 52 is a schematic sketch of the apparatus used for
the conversion of alkali metal to the hydroxide, and oxidation of the carbon to
carbon dioxide. It also shows the traps necessary for collection of carbon
dioxide prior to chromatographic analysis. The apparatus is essentially all glass.

The system, AEPQRH, is purged with nitrogen gas from
cylinder A and it vents at W. The reactor top, X, is momentarily removed from
the reactor, Q, and a previously weighed sample of alkali metal (approximately
0. 5 gm) is introduced in the reacLor. The reactor top is irrmediately replaced.
For rubidium, one to two ml of distilled water is placed in P by use of a syringe
and the serum cap on the side arm provided for this purpose. The assembly,
consisting of P, Q, and R, is immersed in a beaker of water, and the water
temperature raised to about 50°C. Under these conditions the water
carried over by the nitrogen flow from P to Q produces a visible but controlled
reaction with the rubidium in Q*. On completion of the reaction a clear liquid
pool is obtained. The water bath is removed and the reactor top, X, is removed.
The x eactor, Q, is immersed in ice water, and sulfuric acid (1:1) is slowly added
to produce an acid solution and liberate the carbonate CO 2 , which is swept

With lithium, and possibly sodium, the water could be added directly into
the reactor, Q. Potassium and cesium would be handled similarly to rubidium.
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from the reactor. Maintaining the nitrogen fJow, P and Q are lightly flamed
until the salt in Q is near dryness. Oxygen from cylinder V is passed through
the copper oxide combustion tube, T, the Ascarite CO:- absorberS, and exits
around the side arm of the three-way stopcock,G,at approximately 300 ml/min.
A vacuum line is attached to the side arm at L so as to draw oxygen thru the
system, GPQRFIK,at 100-150 ml/min. The pressure in the system from Z to
L is reduced to approximately 100 torr by the flow restriction, Z, so as to prevent
condensation of oxygen in the liquid nitrogen trap. The system is purged with
oxygen for a few minutes, and then the preliminary column I is immersed in
liquid nitrogen. Ten ml of Van Slyke solution is introduced into Q from the
reactor top, X,by lifting the stopper rod,Y. Heat from an open flame is applied
to Q to oxidize the graphite to CO 2 , which is 'carried over by the oxygen stream
and collected in the preliminary column I. The vacuum is then cut off at L,
and the pressure in the system, AEFIK, is raised to slightly above atmospheric
with nitrogen from tank A. Stopcock, L, is then positioned so that the nitrogen
flow vents at L. The trap,K,is immersed in liquid nitrogen. The liquid nitrogen
is removed from the preliminary column, which is then warmed by a water
bath to about 40°C. The CO 2 is then swept from the preliminary column and
collected in trap,K, whereas water which was collected on the preliminary
column is held by the polar coating of the preliminary colu:nn. The trap, K,
is then isolated by proper positioning of the stopcocks, J and L. The bulk of
the nitrogen is evacuated from the trap,K,and the trap is then warmed. Rota-
tion of the four-way stopcock, M, allows helium from the chromatographic
instrument to flow through the trap and carries the CO 2 to the chromatographic
column. Conventional methods of gas chromatographic analysis are then used
to obtain quantitative data on the carbon dioxide, which is readily calculated
as ppm graphite in the original sample.

b. Analysis of Rubidium

Using the above lrocedure, three blank determinatona
were made which gave 35. Z, 32. 8, and 33. 8 microgramF carbon respectively,
for an average of 33 micrograms carbon. These results are in good agreement
with the work reported by Pepkowitz. A sample of rubidium was run in tripli-
cate. The individual samples were found to be 172, 125, and 60 ppm carbon
for an average of 119 ppm carbon. Pepkowitz also found a wide variation in
duplicate samples and explained this variation by- the non-uniformity of carbon
distribution in alkali metals.

It should be mentioned here that, with refinements of the
described procedure, it appears possible that carbide carbon, carbonate
carbon, and elemental carbon could each be determined on the same sample
of alkali metal.
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4. Nitrogen Analysis

In the case of lithium, analysis for nitrogen content was considered
as the most important. Well-established and detailed analytical methods were
available, based on modifications of the Kjeldahl procedure using Nesslerization
and colorimetric analysis. One such method is described in detail in the Foote
analytical manual(59 ) and it was used without essential change in our work.

5. Analysis of As-Received Rubidium and Lithium

Analyses of the as-received rubidium and lithium are presented
in Tables 16 and 17. Component concentrations were certified by the supplier
and were measured and in this laboratory(and for this laboratory by commercial
laboratories). Comparison of measured concentrations (or estimated limits of
detection) among the three sources of data reveal satisfactory agreement, except
for sodium and silicon. The excess of these latter constituents found by this
laboratory probably reflects slight contamination resulting from contact of the
samples with glass during the preparation of saltr for subsequent analyses.
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TABLE 16. ANALYSES OF AS-RECEIVED RUBIDIUM

Batch: Cyl. No. 1 Cyl. No. 2-
Analysis Source: Supplier This Work Supplier This Work

In-House Commercial In-House Commercial

Nominal Purity,
wt%1: 99.5+ - 99.9+ --

Constituent, ppm:

Al < 7 8 -- 40
B --- <7 0 <49 <70
Ba --- -<5- -

Ca - 31 6 -- 45
Cu ---- 7 4 -- 9
C r - <3 <3 1 <3 <3
Fe -- <5 <7 Z4 12 <7
Mg ---- 9 <2 -- 9
Mn ------ 4 -

Ni -- <3 <6 <2 <3 <6
Pb --- -<2 --

Si --- 250 31 -- 950
Sn ---- <10 --

Sr ------ <2 ---

Ti ----- <2-- -

TI <5----

Li - 30 -- <49 20-

Na -- 110 900 <196 680 900
K zoo20 <1400 <196 zoo <1400
Cs -4000 3100 -- 216 300 -

02 -------- 50--

C - -- -119 -
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TABLE 17. ANALYSES OF AS-RECEIVED
REACTOR-GRADE LITHIUM

Analysis Source: Supplier This Work
In-House Commercial

Nominal Purity,
wt %: 99.98
Constituent, ppm:

Al. 0* -- 42

Ca 10* -- 183

Co 10* ....
Cu 10* -- 3
Cr 10* <3 <6
Fe 10* 31 51
M g .... 10
Ni 10* 3 <18
Si 10* - - 49
Na 30* 110 920
K 45* <200 - -

Cl 41* ....
N2  31* 215 --

02 .... 3200 * 7501- -

* Typical values

*c Duplicate neutron activation analyses performed gratis by Texas

A&M College
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IV. CONCLUSIONS

As a result of this experimental investigation, several conclusions may
be drawn regarding the thermophysical properties of rubidium and lithium and
the anticipated role of contamination in applications involving these fluids.

Experimental vanor pressure data for pure rubidium were found to agree
with recently reported values. Melting point determinations on pure rubidium
and reactor-grade lithium give values of 102. 9°F and 359. 2°F, respectively.
The rubidium melting point is the highest value ever reported and, hence,
represents the melting point of the purest rubidium sample for which a melting
point has been determined.

Experimental studies of the depression of the melting point of rubidium
by oxygen contaminant and of lithium by nitrogen contaminant have revealed
significant information regarding these phenomena. In the case of rubidium,
oxygen contaminant appears to exist as soluble rubidium monoxide for oxygen
contents up to at least 7000 ppm. The solubility of nitrogen in lithium has
been confirmed to be quite limited. In fact, the results of this study suggest
that much of the conflicting published information on the solubility of nitrogen
in lithium may stem from the fact that lithium nitride precipitates from super-
saturated lithium solutions at relatively slow rates, Accordingly, it is now
believed that effective cold-trapping techniques can be developed for removing
nitrogen (as well as oxygen) from lithium provided that adequate precipitation
time is allowed.

The kinematic viscosity of pure and oxygen-contaminated rubidium
have been measured in a specially-designed capillary viscometer at tempera-
tresfromZOO to 1200°F for pure rubidium and from 100 to - 500°F for each
oxygen-contaminated sample. Each of these rubidium samples yielded linear
relationships between the logarithm of kinematic viscosity and the reciprocal
absolute temperature. Although prior theoretical treatments have been based
on such a linear relationship for the absolute viscosity, similar theoretical
arguments could be applied in favor of such a relationship for the kinematic
viscosity rather than the absolute viscosity. In any event, these viscosity
results demonstrate that the contamination of rubidium by oxygen can lead to
significant viscosity increases, especially in the region of the normal melting
point. 'jwever such influences become less pronounced at higher temperatures.

The experimental studies of this program have revealed that the
electromagnetic-pumping characteristics of rubidium may be seriously impaired
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by the presence of significant quantities of oxygen contaminant. Although
the mechanism of this impairment is not immediately apparent, the effect
appears to be real and significant and suggests the need for further investigation.

During the analytical chemistry phase of this program, a combination
of wet oxidation and gas chromatography was adapted for the analysis of carbon
in rubidium. This method should be applicable to all alkali metals with only
minor modifications. The validity of the n-butyl bromide method for the
analysis of oxygen in rubidium has been shown to be open to serious question.
This study has indicated the possibility of reactivity between rubidium oxides
and n-butyl bromide. On the basis of the results and observations of this
experimental program, the following relatively simple and straightforward
method is recommended for the analysis of oxygen in rubidium ( and possibly
other alkali metals). After adding a rubidium sample to a melting-point
apparatus containing appropriate hot-gettering material, the initial melting
point should provide an index of the extent of contamination. Following a
subsequent hot-gettering procedure, the final melting point will reveal the
exact melting-poinc depression experienced by the original sample. Assuming
that oxygen contaminant is present as rubidium monoxide, as indicated by the
results of the present study, the oxygen content may then be computed directly.
This analytical procedure would be time consumiaig because of the hot-gettering
step. However, because of its inherent simplicity, a multiple-unit melting-
point device could be employed easily on a routine basis.

The overall results of this program have pin-pointed certain features of
liquid rubidium and liquid lithium systems which bear further discussion. The
low melting point, relatively low ratio of surface tension to density, higli con-
taminant solubility, and general ease of handling and disposal of rubidium pro-
vide strong arguments in favor of the use of rubidium rather than lithium as
the working fluid for alkali-metal systems. The contrasting high melting
point, extremely high ratio of surface tension to density, limited contaminant
solubility. and general difficulty of handling and disposal of lithium suggest
that the use of lithium as a working fluid can be justified only on the basis of
criteria such as the higher system temperatures attainable at reasonable
pressures. In fact, similar arguments can be made, but to a lesser degree,
in favor of the use of rubidium in preference to potassium sr sodium. It is
recognized that other criteria must enter into the selection of suitable working
fluids for space-power applications; however, it is believed that the foregoing
appraisal of fluid characteristics, based on laboratory observations, could be
applied to estimates of overall system reliability in alkali-metal applications.
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APPENDIX A

NOMENCLATURE FOR DETAILED HANDLING PROCEDURES

In order to clarify the sketches that accompany the detailed handling
procedures enumerated in this Appendix, the following nomenclature list
is presented:

V-A: Refers to vacuum-argon cycling. The system is first evacuated
to < 1 torr and leak checked via a mercury manometer. Once
it is established that no leaks are present, 20 psi argon is
introduced into the system. The argon is pressure retained
for approximately two minutes, then the vacuum pump is
started to vent the argon and pump down to < 1 torr.

><: Indicates the direction of flow in a valve; the pressure being
against the seat. If a valve is not installed in the direction
shown on the sketches, decontamination of the valve end
would be time consuming, impractical, and nearly impossible
insofar as removing all of the alkali metal trapped in the

bellows.

><: This symbol signifies valve number one.

T/C: Signifies thermocouple. Whenever normally solid alkali metal
is to be transferred, it is most desirable to monitor the
temperature, especially in the case of lithium, m.p. 359'F;
for NaK or rubidium this is not so important. Chromel-aluniel
thermocouples were potted into one of the mounting holes in
the valve body for temperature measurement.

A IA3 A2 : Refers to the viscometer valve manifold; A1 being the receiver
valve, A3 the pressure equalizing valve, and A2 the reservoir
valve. This manifold is preassembled and leak checked prior
to installing on the vi~cometer apparatus.

Decontaminate:

Refers to the reacting of unwanted alkali metal, whether it be
located in a sample line, the entire valve or side of the valve
exposed to the atmosphere, etc., generally where relatively
small quantities of alkali metal are presented. The main
danger in decontaminating is the formation and ignition of
hydrogen. Therefore, decontamination should be done in a
well-ventilated area. Secondary fires can arise from the
addition of alcohol-water to the alkali-metal.
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NecK (78); NaK (78) can be safely reacted by the addition of small
quantities of alcohol. Since NaK is liquid at room temperature
(m. p. 12°F), the alkali metal is easily reacted. Once all
apparent metal is gone, distilled water may be applied to the
part to finish the reaction. The part should then be thoroughly
dried in an oven (over 212F) for several hours or with heat
applied by its built-in heater in the case of a sys-.m such as
the loop or viscometer apparatus.

Na: Sodium with a melting point of 208*F is not extremely reactive
at room temperature. A 50-50 mixture of alcohol-distilled
water can be used. A syringe with a 4-inch long needle, bent
at 90 degrees was used throughout for valve decontamination.
This proved to be very useful in that the needle could reach
almost to the seat of the valve, thereby expediting the reaction.
After nearly all the sodium" is reacted, distilled water is used
to react the remaining traces of sodium.

Rb: Rubidium, being more reactive than NaK, can be reacted
safely with 50-50 alcohol and distilled water. Alcohol itself
may not start the reaction, depending on the amount of oxide
formed on the surface as well as the temperature of the
rubidium. Liquid rubidium will react with alcohol. Final
flushing with distilled water will react the remaining rubidium
very rapidly.

Li: The techniques developed for decontaminating NaK, Na, and
Rb cannot be used for lithium, With its high melting point
(359*F), lithium is fairly stable at room temperature. In
order to decontaminate the end of a valve line, one must
remove the bulk of the lithium from the valve end. A successful
method is to use an auger to hand drill the lithium froi within
the tube. The alkali metal remaining on the auger can be
reacted by immersing it in pan of hot water. Repeated use of
the auger can remove most of the metal. Then hot water
dispensed from the syringe can be used for the final reaction.
It has become evident that the bellows side of a valve cannot be
completely decontaminated, therefore, selecting the direction
of flow (arrow on valve) is most critical. Lithium was the
most time consuming material to work vith insokar as handling
and decontamination was concerned.
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APPENDIX B

TRANSFER OF ALKALI METAL FROM ONE CONTAINER TO ANOTHER
(Method Monitors Weight During Transfer)

PURPOSE: 1. To transfer liquid alkali metal from one vessel to another.

2. To monitor the weight during transfer.

C

Flexible Metal Hose

5- t Filter

i .i

Shipping Transfer
Container- Container

Balance

PROCEDURE:

I. Attach shipping container to transfer container as shown.

2. A, B, C closed; 1 and 2 open.

3. V-A cycle 3 times to C.

4. Finish with 20 psi to C.

5. V-A cycle 3 times through 1 and 2 to B and C.

6. Finish with vacuum to 1 and close 1 (2 remains open).

7. Zero in torsion balance (note tare on scale).

8. Crack B (fill transfer container to desired volume, i. e.,
by weight determination), then close B.

.9. Crack C until bubbling is heard in transfer container.

10. Continue until bubbling stops at which 'ime there is 20 psi
argon pressure over the alkali metal. Close C and 2.

11. Decontaminate trapped alkali metal in flexible hose, filter,
line B-C and on atmosphere side of B and 2.
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TRANSFER OF NORMALLY-SOLID ALKALI METAL

STEP I.

PURPOSE: 1. Adjust pressure in container to a known value.

2. Insurej a full dip tube for subsequent transfers.

V-A ._ -Glass Tube

1 2

Alkali-Metal -- -- Mineral Oil
Container 7

PROCEDURE:

1. Connect as shown.

2. Heat container and valves to melt alkali metal.

3. V-A cycle 3 times to 1.

4. Finish with 20 psi to 1.

5. Open 1.

6. Crack 2 until liquid metal can be seen in glass tube.

7. Close 2.

8. Remove glass tube and fitting at 2.

9. Decontaminate trapped alkali metal on atmosphere side of 2.

10. Keep alkali-metal container upright at all times (this prevents
inert gas from entering dip tube which would otherwise yield a
false sample volume).

NOTE: All active portions of system including valve bodies wrapped with
electrical heating tape.
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STEP II.

PURPOSE: To fill a sample tube of known volume with alkali metal.

Sample Tube4

\*--Alkali-Metal Container

PROCEDURE:

I. Connect as shown (tilted); filter may be used for cold trapping.

2. Heat all lines, valves, and alkali-metal container to desired value.

3, Valves 1, Z closed; valves 3, 4 open,

4. V-A cycle 3 times to 4.

5. Finish with vacuum to 2 and close 4 (3 remains open).

6. V-A cycle 3 times to 1.

7. Finish with Z0 psi to 1.

8. Open 1, crack 2, and listen for cample tube to fill.

9. Close 1, 2, and 3.

10. Disconnect between 3 and filter and Z.

11. Decontaminate trapped alkali metal in filter and on atmosphere side.
of 2 and 3.

NOTE: All active portions of system including valve bodies wrapped
with elect-c1al heating tape.
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STEP lila (ALTERNATE)

PURPOSE: To load a pressurized apparatus from sample tube of known volume

Sample Tube (3 to 4)

4 A2Apparatus (A 2 to A,)

7'1-OCEDURE:

1. Heat apparatus, valve manifold, and all lines to desired value.

2. Energize liquid level gage.

3. Close 3 and 4; sample tube full.

4. Open A1 , A2 .

5. V-A cycle 3 times through A1 and A2 to 4.

6. Finish with 5 psi to 4; close A1 .

7. Remove V-A line from A1 ; attach bleed line to A1
(for bleeding gas under oil).

NOTE: All active portions of system including valve bodies wrapped
with el.ectrical heating tape.
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4Mineral Oil

8. V-A cycle 3 times to 3.

[. Finish with 0 psi to 3.

10. Crack A1 to start bleed.

11.. Open 3 and then crack 4 (liquid being displaced from
sample tube). Monitor liquid level gage during fill.

12. When transfer completed, close A1 (pressurizing at
20 psi from 3 to A 1 ), Close 3, 4, and A,.

13. Disconnect between AZ and 4.

14. Dec,,ntaminate trapped al.kali nietal in sample tube and
on atmosphere side of A2 .
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STEP IIIb (ALTERNATE)

PURPOSE: To load an evacuated apparatus from sample tube of
known volume.

NOTE: Same sketch as on STEP lia (ALTERNATE)

PROCEbURE:

I. Heat apparatus, valve manifold, and all lines to desired value.

Z. Energize liquid level gage.

3. Close 3 and 4; sample tube full.

4. Open A1 , A2 .

5. V-A cycle 3 times through A1 and A? to 4.

6. Finish with vacuum to 4; close A,.

7. V-A cycle 3 times to 3.

8. Finish with 20 psi to 3.

9. Open 3.

10. Crack 4 (liquid being displaced from sample tube). Monitor liquid
level gage during fill.

11. When transfer complete, close A2 , 3 and 4. (Apparatus now
contains alkali metal at 20 psi; gas pressure.)

12. Disconnect between A2 and 4.

13. Decontaminate trapped alkali metal in sample tube and on
atmosphere side of A Z.
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APPENDIX C

MELTING POINT-BOILING POINT APPARATUS
OPERATING PROCEDURE

1. The apparatus is initially under, 5 psig argon pressure.

2. Actuate recording potentiometer.

3. Turn on clam-shell heater transformer to about 40,%.

4. Monitor alkali metal temperature rise with recording potentiometer.

5. When melting point plateau is first reached switch to bench
potentiometer and take several readings.

6. Once the alkali metal is completely melted, the temperature will
rise.

7. Turn heater voltage to zero.

8. Remove the apparatus from the heater housing (monitor recording
potentiometer for freezing point).

9. Read freezing point plateau with bench potentiometer.

NOTE: For boiling point determination: Install a bleed line to the gas valve
and continually bleed apparatus to
atmospheric pressure during run.

NOTE: Record Barometric Pressure.
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VISCOMETER OPERATING PROCEDURE

Note: Refer to schematic diagram of viscometer in text for nomenclature

1. Energize all instruments (loaded apparatus is vertical and under
positive pressure).

2. A1 , A 2 , A 3 closed.

3. Heat apparatus and valve manifold to desired temperature.

4. Attach bleed line to A1 and bleed under oil to atmosphere.

5. Close A1 and transfer bleed line from A1 to AZ . Attach flexible
V-A line to A.

6. V-A cycle 3 times to A1 .

7. Rotate apparatus ccw to predetermined angle.

8. Apply 5 psi to A1 (recorder should show reservoir filling).

9. Close A1 when reservoir full.

10. Rotate viscometer cw to vertical and immediately open A3 to
start run.

11. As soon as reservoir is empty, rotate ccw to angle-stop, bleed
under oil through A2 with A 3 open.

12. Close A 3 and A2 .

13. Repeat items 8 through 12 for subsequent runs.
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VISCOMETER DECONTAMINATION PROCEDURE

Viscometer I

Apparatus>

-- Flexible Line

Bubbler
Mineral Oil Distilled water

Argon In

Al A3  A2

1. Alkali metal previously flushed out of apparatus.

"2. Attach as shown. A1 open; A3 closed; A2 open.

3. Bubble moist gas through apparatus; monitor temperature.

4 If temperature does not rise after 4 hours, proceed to step 5; if
temperature rises, continue bubbling until nearly all alkali metal
has reacted.

5. Invert bubbler to allow small amount of water into apparatus.

6. Repeat 5 times until reaction decreases, then add large quantities

of water.

7. Close A1 and A2 ; disconnect oil line and bubbler.

8. Rotate apparatus to upright position.

9. Remove manifold; decontaminate manifold.

10. Attach flexible line to bypass and attach drain line.

11. Circulate water through viscometer until water clears.

12. Drain water from apparatus under argon pressure.

13. Dry apparatus with heat and argon flowing.

14. Leave under 20 psi argon; turn off heat and cap ends.
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ALKALI METAL LOOP OPERATING PROCEDURES

1. Turn on main power switches.

2. Turn on temperature indicator and temperature recorder.

3. Make sure pump transformer is set at zero.

4. Turn on loop line heaters to desired value.

5. As loop is heating, adjust transformers to provide uniform
temperature throughout the loop.

6. Once the alkali metal is well above its melting point, the pump
transformermaybe actuated. Caution must be exercised not to
accelerate the pump too rapidly otherwise alkali metal may be
forced into the gas lines.

7. Once the pump is started, the temperatures throughout the loop
will begin to merge.

8. Monitor the liquid level gage and flow meter occasionally.

9. Increase the pump transformer to about half of the maximum desired
flow. (The temperatures will converge more rapidly as the flow
increases).

10. Turn on balanced-pressure detector indicator lamps.

11. Decrease the flow to zero. Calibrate both suction and discharge
balanced-pressure detector at no flow from 0 to 50 psig at 10 psi
increments.

12. Increase the flow to 10%6 and record suction and discharge
pressures from 0 to 50 psig at 10 psi increments.

13. Increase the fiow to 20% and record pressures as in step #12.

14. Repeat, increasing flow until highest desired flow is attained.

15. Repeat step #11.

NOTE: Throughout the entire run, the temperature of the flow meter should
be recorded.

NOTE: The loop should be left under 20 psig argon pressure when run is
complete.
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APPENDIX D

SAMPLING FROM TRANSFER CONTAINER OR APPARATUS

PURPOSE: To fill a sample bulb with alkali metal; weight of sample is
determined by difference.

I 4 '--'--Tee

Alkali-Metal -- ,- Pyrex Sample Bulb
Container- -

PROCEDURE:

1 . Accurately weigh sample bulb.

2. Connect as shown.

3. Heat alkali-metal transfer container, valves and tee.

4. Valves 1 and Z closed (container under ZO psi).

5. Valve 3 open.

6. V-A cycle 3 times to 2. During each vacuum cycle apply

heat (heat gun) to sample bulb and stem.

7. Finish with vacuum to 2 (closed 3).

8. Crack 2; alkali metal enters sample tube; close Z.

9. Start vacuum pump and crack 3.

10. Finish with vacuum to bulb; close 3.

11. Heat seal sample bulb stem with torch.

12. Remove the glass stem attached to te-; decontaminate and dry.

13. Weigh stem and sample together.

NOTE: All active portions of system irfcluding valve bodies wrapped
with electrical heating tape.

4
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SAMPLING FROM TRANSFER CONTAINER OR APPARATUS
(For Li)

PURPOSE: To fill a plastic tube with alkali metal.

B A
1 "3/8 Fitting

B A 3 / 8 Polytthyiene Tubing

3/8 Fitting

Hot Plate

NOTE: Figure 17 in text illustrates sampling.

PROCEDURE:

1. Heat alkali metal transfer container and valves (monitor temperature
of container to insure melting).

Z. Once the lithium is completely melted, slip the polyethylene tubing
into the valve fitting and tighten.

3. V-A cycle 3 times to 2.

4. Finish with vacuum to 2.

5. Use a conventional refrigeration pinch-off tool to pinch off poly-
ethylene tubing at A-A.

6. Cut tubing to the right of pinch-off too!.

7. Heat seal flattened tubing at A-A with pirch-off tool in place.

8. Crack 2 and close 2 when desired quantity of alkali-metal enters
tube and immediately apply liquid freon to cool sample.

9. Pinch oif at B-B (sernii-stoft lithium will be displi.ced).

10. Cut tube to left of B-B with pinch-off tool still attached.

11. Remove exposed lithium, decontaminate, and argon dry prior to
heat sealing B-B.
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