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ABSTRACT

A pumped boiling rubidium loop was designed, operated, and analyzed
by Aerojet-General Nucleonics. The loop simulated some of the character-
istics of a boiling rubidi um space power conversion system. Such a
system would involve either a reactor or heat exchanger as the power
source, and a turbine and radiator as the power conversion and vapor
condensing equipment., This loop was used to study instrumentation
and control problems and effects of rubidium corrosion on containment
materials, and to gain some rough physical property and heat tramsfer
data on rubidium. The first loop operated with 316 stainless steels
and was run for 172 hours at various temperatures, the maximum being
1550°F boiling. The 316 stainless steel loop was operated only a short
period since it was intended as a system shakedown measure.

The second loop was a Cb-1 Zr loop alloy operated for 455 hours
total at 1840°F and a vapor quality of 9%. In the latter loop, the
last 335 hours of operation were continuous. Stable boiling at this
vapor quality level was achieved without the use of special liquid
vapor phase separation devices. Operation of the loop was stable in
all phases; however, overheating of the environmental chamber was
observed due to insufficient insulation on the loop end resultant high

heat losses from the loop heater and boiler. The columbium loop run was



terminated by a cracked weld at the entrance to the condenser section

in the hot portion of the loop. Negligible corrosion by the rubibium

on both loops was observed. Some carbide penetration on the outside of
the columbium loop was observed which apparently was caused by carbonaceous
impurities in the argon gas. The failure of the weld at the entrance to
the condenser was believed to be caused by carbide penetration effects.
The protective coating of zirconium foil wrapped around the columbium
loop was observed to fulfill its function and to be entirely necessary

to insure the long life operation of the columbium loop. However, some
alloying of this foil with the columbium occurred at the hottest portions
of the loop. Improved and refined existing metallographic techniques
were developed for the evaluation of refractory metal corrosion. Results
showed corrosion of refractory containment materials by rubidium is not
critical in this temperature range. Rather, the critical corrosion

occurs from the contaminants in protective and environmental atmospheres.

Preliminary boiling refluxing tensile tests utilizing 316 stainless
steel and Cb-1 Zr alloy were operated for short times up to 1800°F.,
Negligible corrosion was observed. Longer time and more closely controlled
tests are necessary tc fully determine what the corrosion effect of
rubidium on 316 stainless steel and Cb-1 Zr alloy is for this temperature

range.

The density of rubidium was measured between 174° and 1307°F by an
expansion method. The height of the rubidium in an enclosed tube was
measured by electrodes which shorted out as the column of rubidium rose.

The data conforms within + 0.01 grams/cm to the equation:

B=1.5005 - 2.62 x 10°% ¢t + 3.94 x 10-8 ¢2

The total vapor pressure of rubidium was measured between 1000 - 1800°F
by measuring the pressure of a sealed capsule. The data conforms to
the following equation within + 2% or + 0.2 psi, whichever is higher

over the range 1000 - 1800°F. The equation is as follows:

logjgP = :ﬁ_g_f?ﬁ - 1.758 logjoT + 10,185

(Pressure in psia and temperatures in ©K.)




This equation gives the boiling point of 1244°F. In the same apparatus
used to measure vapor pressure an attempt was made to measure the latent
heat of vaporization by a direct method at different temperatures. The
design of the apparatus was basically correct, but an error in instru-
mentation installation prevented measurement of the actual boiling and
condensing rates inside the apparatus. Modifications of the apparatus
to enable the direct measurement of latent heat of vaporization are

being made.

xi



PROGRAM SUMMARY

The purpose of this program was to provide selected materials
compatibility information and physical and thermodynamic properties
data on rubidium metal at elevated temperatures in order to evaluate
this material as a potential space power system turbine working fluid.
The materials compatibility information was gained from brief static
capsule tests and from a high temperature pumped boiling rubidium loop
system. The physical and thermodynamic properties data were obtained
from speclally designed density, vapor pressure versus temperature,
and latent heat of vaporization experimental apparatus. The milestones

achieved on this program are as follows:

1. Design and operation of stainless steel and a columbium

boiling refluxing corrosion capsule experiment.

2. Design of instrumentation and control system enabling stable
boiling and unattended operation of a pumped-boiling-high-

temperature liquid metal loop system.

3. Design, fabrication and operation of a stainless steel-contained
pumped boiling rubidium corrosion loop system which operated
for 172 hours. The last hour of operation was at 1550°F

boiling.



4. Fabrication and operation of a columbium alloy-contained
pumped boiling rubidium corrosion and thermodynamic test
loop at a maximum temperature of 18400F for a period of
330 hours. Total operating time of the loop was
455 hourg. The 330 hours of continuous unattended opera-
tion of the loop in a stable boiling condition indicates
the possibility of achieving reliable nuclear space power

systems with this technology.

5. Measurement of the density of rubidium liquid from 100° to

1350°F with an accuracy of + 0.005 gm/Cm3.

6. Design and construction of an apparatus to directly measure
latent heat of vaporization of rubidium metal from its

boiling point (1270°F) to 1800°F,

7. Design, construction, and operati on of an apparatus for
measurement of vapor pressure versus temperature of

rubidium from 100° to 1800°F with an accuracy of + 0.2 psi.

8. Design, building and operation of a pilot model filtering-
gettering and distillation liquid metal purification train

which produces high purity rubidium.

9. Improvement and refinement of existing metallographic tech-

niques for evaluation of refractory metal corrosion.

The following pages give a brief summary of the work completed
during this program. A detailed account of program accomplishment is

contained in the Appendices.




I. CAPSULE CORROSION STUDIES

Two static corrosion capsule studies were made to determine the
compatibility of 316 stainless steel and Cb-1% Zr alloy with rubidium
at temperatures of approximately 1800°F. The first test evaluated
316 8S as a containment material for short time use and the second
test merely confirmed the Cb-1% Zr alloy to be used as the reference
material for fabrication of the pumped loop system. The results of the
316 stainless steel capsule test indicated that this material was
adequate for containment of rubidium liquid metal at a temperature of
1800°F for periods up to 50 hours. It was thus shown that the test
apparatus to be used during the thermodynamic and physical property
measurements could be fabricated of 316 stainless steel or a like non-
refractory metal alloy for short time operation with the assurance that

this material would be adequate for this application.

A suitable heating element for the columbium test run was com~
mercially unavailable and this forced termination of the capsule test
short of the desired 1000 hour operation. This test was not critical,
however, since prior work with the alloy has shown it to be satisfactory

for containing more corrosive alkali metals at the same temperature.



This data is scheduled to be redetermined under more closely controlled
environmental conditions in the rubidium corrosion capsule program,
USAEC Contract AT(104- 3)-368, Project Agreement No. 1. The results of
this program will show related corrosion data and containment material
solubility data in rubidium at temperatures from 1000° to 1800°F.
Materials data will become available starting FY 62.




II. LOOP PROGRAM

The loop studies provided information on the design, control and
instrumentation of boiling flowing liquid metals systems, the corrosive
effects of boiling flowing rubidium, and the specific heat of rubidium.

The temperature range of interest was 1000° to 1800°F.

A natural or thermal convection loop would have satisfied most of
the requirements of this program., However, it was felt that a more
significant state-of-the~art advancement was desired; a forced circula-
tion loop was thus designed as the basis for this program. Many more
problems of design, control and cost were inherent in such a forced con-
vection loop system, but the tests performed and resulting data obtained

are more applicable to actual full scale power system design.
A, LOOP SYSTEM DESIGN

The loop system consisted of three distinct parts or sub-
assemblies: the rubidium or primary loop, the argon gas loop, and the
water circulation loop. (A schematic of the loop system is shown in

Figure B-1 following page 33.)

»

The rubidium or primary loop circulated the rubidium, heated
it at one end, cooled it at the other, and maintained a pressure on it to
control the boiling temperature. Heat was added to the system by electrical

energy through direct resistance heating. The rubidium was circulated



by an electromagnetic pump. Pressure was maintained on the loop by
balancing a pressure of argon gas over the rubidium in the surge tank
against the vapor pressure of the boiling rubidium at the temperature

of operation., Heat was extracted from the rubidium loop by a condenser-
cooler situated on the opposite end of the loop from the heater. The
condenser=-cooler provided a temperature differential in the circulating
rubidium, and simulated a space power system heat rejection radiator,

In this simulated system, engineering considerations dictate that the
heat be removed from the rubidium cooler by a flow of argon gas rather

than by radiation heat transfer.

The argon gas loop served the double purpose of removing
heat from the rubidium loop and of providing a protective atmosphere
for the columbium loop in the environmental chamber. A large axial
fan blew the argon through the system. A diversion valve and bypass
line controlled the argon flow to the cooler and thus regulated the
heat extraction from the rubidium condenser-cooler. After leaving the
rubidium condenser-cooler, the argon flowed through a gas to water heat
exchanger to remove heat picked up from the rubidium. About 1 to 2% of
the argon flow was then diverted through a purification train to remove
contaminants including 02, NZ’HZ’ and H20. This flow then rejoined the
main stream, where it flowed into the environmental chamber and back to
the blower. The argon was sampled at various points in the system to
determine purity, problem areas of out-gassing, and effectiveness of

the purification train.

The water circulation loop served the purpose of extracting
the heat the argon picked up when it circulated over the rubidium to
argon heat exchanger. A small pump circulated the water through a con-
trol valve to the heat exchanger and out to a cooling tower which re-

cooled the water.

The three loop systems were interlocked by the necessary
instrumentation and controls to provide stable, reliable operation.

The instrumentation and control consisted of the following:



i, Temperature readout of loop, container system, and
cooling system by chromel-alumel and platinume

platinum rhodium thermocouples,
2, Pressure readout and automatic control of loop system,

3. Rubidium flow rate readout and manual control by

liquid metal pump and flowmeter system.

4. Argon and water cooling systems flow rates by auto-

matic control of temperature and flow rate.
5. Manual loop heater control.
B. STAINLESS STEEL LOOP OPERATION

The initial program schedule called for a fabrication of
only one loop system. This was to be made from the reference Cb=-1% Zr
alloy. After a thorough study was made of the problems involved in
fabricating and operating refractory metal loop systems, it was decided
to fabricate two loop systems == the first, of 316 stainless steel,
would be run at 1400° to 1600°F maximum for a limited time, and the
second, of the Cb=1% Zr reference alloy, would run for full duration at
1800°F. The first, or stainless steel ''shakedown" loop, was considered

for the following reasons:

1. It would permit the shakedown of this system and aux-
iliary equipment at temperatures between 1400° and
1600°F with a relatively inexpensive and easy to
fabricate stainless steel loop system without risking
expensive, difficult to fabricate columbium material

with an untried control system.

2, It would permit design modifications to be made to

the loop system before operating the columbium alloy
loop.

3. It would permit fabrication and assembly experience

to be gained prior to the columbium alloy loop run.



The fabrication of the stainless steel loop proceeded without signifi-
cant difficulties according to the blueprint and fabrication description ‘
as found in Appendix B, Section 11. Early tests showed that a sleeve-
type joint with a saddle weld was most satisfactory comsidering joint
stresses and weld penetration desirable for this application. Follow-
ing fabrication of the stainless steel loop, it was pressure tested and
helium leak checked. It was found to be leak tight and capable of with-
standing anticipated pressures during the loop run. The stainless steel
loop was then assembled on the loop support rack. The auxiliary equip-
ment, such as pressurizing surge tank, liquid metal pump and filowmeter,
insulation, thermocouples, etc., were mounted, the rack inserted into
the enviromnmental chamber, and the necessary connections made. The

loop run was then started.

Loop startup procedures were initiated on 11 January 1961.
Erratic flow in the liquid metal pump was attributed to gas bubbles
in the loop caused by improper loading procedures. A small design
change was indicated for the columbium loop run to eliminate this problem.
The entrapped gas bubbles were finally removed from the loop system and

the test proceeded with application of heat to the preheater and boiler.

Over a period of nine days from 11 January until 20 January
various instrumentation and control and system shakedown tests were
conducted. Modifications were made to the pressure control system to
provide improved control. Additional sealing insulation was added to
the argon to rubidium heat exchanger in an effort to keep the environ-
mental chamber temperature below the desired maximum of 150°F. During
this time specific heat determinations were conducted. The operation
of the liquid metal flowmeter and pump was evaluated, On January 20 a
successful attempt was made to boil the rubidium in the loop system.

The boiling test was limited to the short rum to determine whether

stable boiling could be achieved in the loop to about 15% vapor quality.

The length of this test run was limited because the environmental chamber

temperature was increasing above 200°F due to the additional power in- .

put to the loop system. This increase in temperature was considered

-8-



dangerous to certain electrical equipment inside the chamber and it was
deemed advisable not to risk failure of these electrical components by

exposure to higher temperature.

During this boiling test checks were made to determine that
boiling was actually taking place. When pressure was held constant and
power was increased, no increase in temperatuxe occurred, the extra
power merely increasing the vapor quality. If power was held comstant
and pressure was increased, the temperature rose -- indicating the
rubidium was then boiling at a higher temperature. The pressure and
power were gradually increased in increments until the last test of the
day was achieved. At this point the loop was operating at a maximum
measured temperature of 1450°F (15500F actual calculated from vapor
pressure data) with a flow rate of 10 fps, a pressure of 60 lbs psia,

a total power input of approximately 17.02 kilowatts (15.2 kilowatts

net to the rubidium), and a vapor quality of 15%. Boiling was stable
throughout the entire boiling test. No attempts were made to increase
the temperature beyond the 1450°F measured temperature; the stainless
steel material was in the region of maximum capabilities at this temper-
ature and the environmental chamber temperature was higher than desirable.
The test was then terminated, the loop shut down and the rubidium dumped
back into the fill tank.

The stainless steel loop was then removed from the envirdh-
mental chamber, cut up, and inspected to determine the corrosion effects

on the tube material and weld joints.

Mass transfer effects were not present. This would be ex-
pected since the loop system did not operate at an elevated temperature
for a sufficient length of time to produce these effects. Corrosion
of the stainless steel was small. Results showed only minor penetration
and solution of the tube wall. Thus, 316 SS seems to be adequate for

short time operation at 1000° to 1550°F in lightly stressed applications.



No definite conclusions can be drawn as to the corrosive
effects of rubidium on stainless steel in this system since generally
low t emperatures were observed throughout most of the duration of the
test run and since the total loop running time was relatively short
at temperatures where significant corrosion could be expected to re-
sult. Even the short time data, however, shows that for temperatures
in the medium ranges, a non-refractory alloy could be useful as a
containment material for liquid and vapor rubidium. Possibly a full
scale loop test should be done in this time, temperature, material
regime with one of the high strength non-refractory alloys to evaluate

their use as economical solutions to the containment material problem.
C. COLUMBIUM LOOP OPERATION

Preparations were started for the columbium loop run on
completion of the stainless steel loop test. Considerable care was taken
in rendering the entire loop complex vacuum tight. Thermocouple packing
glands were replaced, "O" ring seals of high-temperature resistant
materials were respecified, leaking weld seams in the environmental
chamber were repaired, and a general over-all vacuum system shakedown
was conducted. These changes resulted in an empty chamber leak rate
of less than 1500 micron liters per second at a chamber pressure of
less than 15 microns after a pump down of approximately 24 hours from
atmosphere. Further leak correction and design modification achieved
a leak rate of 1500 micron liters per second at approximately 7 microns
pressure after a chamber pump down of approximately 2 days with all

equipment including the loop installed in the environmental chamber,

Methods of welding and forming the Cb-1% Zr alloy were
studied. The columbium material received from Wah Chang Corporation
was not stress relieved after the final drawing operation, and some
difficulty was experienced in bending tubing and machining the plate
material. Some vacuum stress relieving was done at approximately 1850°F
to improve machinability. Welding tests were conducted in two different
controlled environments. The first was a small evacuatable welding
chamber. Weld tests were performed under argon cover gas to determine

welding currents and minimum techniques necessary to obtain adequate

-10-



weld ductility. The second environment investigated was a small flush-
box type apparatus shown in Figure B-8 following page 68. This enabled
field welds to be made so that final assembly welds could be made with
the loop assembled on the supporting rack. This was necessary since no
welding chamber was available large enough to accept the loop for the
last weld joints in the final assembly operation. Results of the chamber
and the flush-box welding indicated that generally clean welds could be
made with the Cb-1% Zr alloy. These welds, although not completely
ductile, were sufficiently strong to satisfy the initial requirements

of the program.

The fabrication of the actual loop system then proceeded to
completion. The liquid metal pump cell was fabricated by an outside
vendor. It comsisted of a specially shaped columbium tube to which
nickel bus bars were brazed. The resulting brazed joint was not entirely
satisfactory; however, it was adequate for the purposes of this loop run.
After the final weld assemblies were made, the loop was x-rayed and
pressure and helium leak checked to determine if any cracks or voids
existed in the welds. The rubidium to be used in this run was purified
by filtration, gettering and distillation. This lowered the 0, content

2
from 500 ppm to 60 ppm and the N, content to below the limits of detec-

tion. The columbium loop was thin insulated, thermocouple instrumentation
attached, and the loop system inserted in the environmental chamber. All
controls and instrumentation were checked out and the chamber and loop
were pumped down to less than 10 microns and back flushed with argon

gas.

The rubidium was loaded into the loop and final check out
of the system was made. Difficulty was experienced in starting the
rubidium flow in the loop system; apparently columbium is much more
difficult to wet than stainless steel, and much higher temperatures are
required for wetting. A heater had been inserted previously into the
liquid metal pump; however, no heater was in the flowmeter and therefore
flowmeter readings were initially erratic due to this wetting problem.
Eventually the liquid metal pump cell was heated sufficiently to allow

a satisfactory rubidium flow in the loop. Various adjustments were

=11~



made in the system and the actual loop rum started. A number of temper-
ature cyclings occurred due to minor adjustments in the instrumentation
and control and auxiliary systems. Stable boiling operation in the
loop was achieved at 1850°F at a vapor quality of approximately 9% and
a flow rate of 5 £ps. This loop run continued relatively unattended
under stable boiling conditions for about 330 hours until voluntary
shutdown procedures were initiated. A small leak appeared at the boiler
outlet section and the loop was shut down to determine the cause of the
exhaust of rubidium vapor from the loop system. It was not feasible to
continue the operation or to attempt repair of the loop. The system
was shut down and the loop extracted from the chamber, disassembled and

analysis procedures started.

2 02 and NZ in the argon en-
vironmental gas severely attacked the zirconium foil wrapped around the

Traces of carbon or CO or CO

loop tubing and the columbium itself where it was exposed. This was
especially true in the high temperature portions of the loop. In some
cases the columbium was severely penetrated by carbide stringers. The
corrosion was more severe on the outside of the tubing than on the
inside next to the rubidium. No significant mass transfer effects were
found, indicating the solubility of the columbium alloy in the rubidium
was small. The loop coléd trap was clean, indicating the loop system

had generally low impurity content.

Corrosion of the columbium tube by the rubidium was
negligible. The impurity level of the rubidium was low and relatively
unchanged at the end of the test.

-12-



111. THERMODYNAMIC AND PHYSICAL PROPERTY MEASUREMENTS

Test equipment was designed and fabricated to measure the density,
vapor pressure and latent heat of vaporization for rubidium over the
temperature range 1000° to 18000F. Measurement of the specific heat
of liquid rubidium as a function of temperature was planned for the

corrosion test loop by a heat balance technique.

The density of liquid rubidium was measured by an expansion-level
wire method, Data points were obtained from the melting point (102°F)
to 1307°F. At temperatures higher than 13070F it was found that the
increased amount of rubidium vapor interfered with the measurement
apparatus. The following formula for liquid rubidium density as a
function of temperature was developed from the measured data points:

Density, g/em> = 1.5005 - 2.624 x 10 %t + 3.94 x 10”32

o
Where t = temperature F

It is estimated that this relationship will give the correct density to
+ 0.005 g/cm3 over the temperature range 102 to 13000F. It is further
estimated that its extrapolation into the range 1300 to 1800°F is within
+ 0.01 g/cm3.

The saturated vapor pressure of rubidium was measured over the
temperature range 1000 to 1800°F in the boiling apparatus. Over this

range a total of 60 data points was obtained, The following formula
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for the saturated rubidium vapor pressure was developed from the data

points:
_=4688
log10 P = - 1.758 1°g10 T + 10.185
where P = Vapor Pressure in Atmospheres
and T = Temperature K

This equation gives a normal atmospheric pressure boiling point of 1244°F.
It is estimated that this relationship will give the correct vapor pres-
sure over the range 1000 to 1800°F to + 0.2 psi or + 2%, whichever is

larger.

Accurate measurement of specific heat of liquid rubidium using the
corrosion loop could not be obtainéd. Analysis of the test data led to
the conclusion that the loop flow measurement apparatus was defective
to a point where it was not sufficiently accurate to allow the desired
specific heat measurements, Work will be undertaken on later projects
to obtain accurate calibrations from these electromagnetic type flow=
meters. Based on existing low temperature specific heat measurements,
and assuming that the change with temperature is similar to that of
sodium and potassium, the following relationship is recommended for use
between the melting point and 1800°F :

FSpecific Heat

‘of Liquid Rubidium| = C_ = 6.3 x 10~

LBtu/lb-"F Pg

o
where t = Temperature F

9¢2 . 1.26 x 10™°¢ + 0.0923

Direct measurement of the latent heat of vaporization for rubidium in

the boiling apparatus was not obtained. Analysis of the test operational
data has led to the conclusion that although the apparatus functioned as
anticipated, in the effort to obtain a high degree of accuracy thé

radiation sources in the level measurement system were over-collimated.
This actually resulted in poor radiation detector response and precluded

the ability to measure the rate at which the rubidium was being boiled.
It is expected that the apparatus can be satisfactorily modified to allow
direct measurement of latent heat of vaporization in the Cesium Evaluation
Program.

1l




Using the measured density and vapor pressure data and standard
thermodynamic relationships, the properties of specific volume, enthalpy
and entropy phases have been calculated for temperatures up to 1800°F .

This data is given in Appendix C, Table VIII, p. 152,
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IV, CONCLUSTIONS

Some general conclusiouns can be made as a result of studies

undertaken on this program.

The static capsule test is valuable for corrosion screening tests.
Additional refinements are being carried out on other programs in order

to develop the static capsule test as a basic analytical tool.

The tests during this program showed that 316 stainless steel is
a satisfactory short-time containment material for rubidium at temper-
atures up to 1800°F; additional tests should be undertaken to deter-
mine the time-temperature compatibility of rubidium with non-refractory
alloys such as 316 stainless steel and nickel alloys. This data could
be very important in considering the design of space power systems with

selection of some materials for medium temperature applications.

The columbium corrosion capsule test did not operate long enocugh
to gain meaningful corrosion data, and this work currently is being
carried out on another\program. Columbium should be a satisfactory
containment material for high temperature rubidium under long time
operation above 1800°F. The limits of time and temperature, however,

are at present unknown.

The dynamic corrosion loop system designed for this program is
highly satisfactory from an operational standpoint. System operation
is stable and controllable with respect to flow, input, temperature,
heat extraction, and readout of various system parameters. Small ‘

modifications should be made to the system to increase the versatility
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of the system and to enable achievement of additional data. Some of
these modifications are being made for the Cesium Evaluation Program,

Contract AT(04-3)-368.

With respect to the loop as a tool for measuring corrosion,the
design is basically satisfactory. Due to the relatively short test
time, insufficient corrosion results were obtained to evaluate the loop
as a basic corrosion tool. It is expected that operation with other
materials at longer time and at higher temperature will provide more

definite conclusions in the future on this subject.

The columbium loop failure primarily was due to the penetration
of the top weld by carbides probably generated by the presence of hydro-
carbon greases in the inexrt atmosphere. Additional work is needed on
the elevated temperature protection of these alloys even in supposedly
inert atmospheres containing less than 10 ppm total contaminants. Ad-
ditional studies will have to be done on gas corrosion barriers, reducing
the effects gf diffusion of these barriers into the loop material and the
formulation and use of advanced insulation techniques. These insulation
materials should have low thermal conductivity, low outgassing rates and
low reactivities with the loop materials. This problem is considered
to be of prime importance for the successful ground testing of high

temperature refractory metal systems.

Fabrication techniques were considered adequate. Considerable
improvement is desired, however, to improve the capability of weld joints
to withstand stress and high temperature during long time operation. The
columbium loop failure may have been due partially to the fabrication
techniques, or possibly umsatisfactory assembly and handling techniques
before loop operation. These techniques are being improved for future

loop operation.

Techniques for metallography and handling and purification of
liquid metal are considered satisfactory for this type of operation.
The chemical analysis procedures are considered only adequate at the
present time. Additional work is being done in this area of endeavor.

The lower limits of detection and the accurate detection of gas content
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in the liquid metals and in the argon cover gas system should be improved.
Efforts are being made to improve the analysis of oxygen, nitrogen, and

other constituents in liquid metals, and additional instrumentation should
be located so that continuous monitoring of nitrogen, water, hydrogen, CO,

and CO2 gases in the argon cover gas system can be facilitated.

The thermodynamic and physical properties apparatus was sufficient
for this program. Density could be measured to the boiling point of the
liquid metal. Vapor pressure versus temperature could be measured up to
the limits of temperature design. The latent heat of vaporization
apparatus was designed and functioned properly; however, the instrumentation
and control should be improved so latent heat of vaporization can be deter-
mined directly instead of by calculation from vapor pressure versus temper-
ature curves. Steps are being taken to correct the apparatus design for

operation on another contract, the Cesium Evaluation Program.

Specific heat measurements undertaken by use of the corrosion loop
system were basically well founded in concept; however, the problem of
accurate temperature flow rate measurement rendered the data obtained from
the loop run highly questionable. The temperature drop through the liquid
metal to the thermocouple located on the outside tube could only be esti-
mated and might be as much as 100°F. This error is not nearly as great as
that introduced by the uncertain accuracy of the flowmeter in the loop
system. Results of the test compared with relatively accurate calculated
specific heat and heat transfer data indicate that the flowmeter used in
the system may have been as much as 50% off in flow rate measurement. It
is not known exactly what caused this; however, it may have been a combi-
nation of electrical feedback from the heating sections, improper calcu-
lations of the flowmeter calibration, insufficient knowledge of the temper-
ature coefficient of the electrical resistivity of the columbium and
rubidium metals, and insufficient knowledge of wetting phenomena between
the rubidium and columbium metals. Unless more accurate methods of flow
rate measurement can be employed, specific heat determinations should be
done by standard calorimetry techniques. If heat transfer measurements
are going to be determined from operation of a dynamic loop system, then
more accurate flow rate measurements, by methods such as differential
pressure meters coupled with an orifice, should be used to determine the

flow rate to a more accurate degree.
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APPENDIX A

CAPSULE TEST PROGRAM

1. Statement of Work Scope

The limited capsule test experiments were designed to verify
that the materials selected do not undergo severe corrosion in rubidium
at the desired temperatures of operation. Since only rough orders of
magnitude of corrosion data were desired, the tests were designed to
provide the necessary data with a minimum of effort. Originally only
one test was to be performed: contalnment of 1800°F rubidium in a
Cb~1% Zr alloy capsule for 500 hours to determine corrosion and possible
mass transfer effects. A 316 stainless steel capsule, however, was also
run to determine its resistance to corrosion by rubidium. This added
test (possibly more important than the columbium alloy test) was per-
formed to demonstrate the feaslbility of using stainless steel con-
tainment vessels for thermodynamic studies later in the program. Con-
siderable time and expense were saved by avoiding the use of columbium

for this application.

2. Design

The boiling refluxing test capsule concept was employed
at AGN to furnish a corrosion test method for analyzing effects of boiling
liquid metals on containment materials. This method provides more data
than the commonly used static capsule test procedures and bridges the
gap between static capsule and dynamic loop corrosion tests. Figure A-1

shows the boiling refluxing capsule design. The capsule to be tested
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was filled about half full of liquid metal, A heating coll was wrapped
around the bottom and a cooling coil around the top (Figure A-2), and

the assembly was inserted into a test bomb arrangement (Figure A-3).

When the heater was turned on, the rubidium boiled; the
vapor rose and condensed on the cool upper wall of the capsule, ran
down the wall (increasing in temperature as it went), and ran back into
the pool of boiling rubidium. Since the condensed vapor was not
saturated with dissolved foreign constituents when it was at a point
just above the boiling pool, the liquid metal had the greatest capa-
bility for dissolving the wall material at this point. Because of the
heat absorbed by the vaporizing liquid, the coolest part of the boiling
pool was at the surface. The hottest part was at the bottom of the pool,
but the actual gradient depended upon the degree of convective stirring.
Since unsaturated, saturated, and super saturated conditions exlsted at
different points in the system, varying degrees of corrosion and mass
transfer effects were expected to occur along the length of the capsule.
Thus, the results of this capsule test provided data on high temperature
corrosive effects of liquid and vapor and gave some indications of mass

transfer effects to be expected in dynamic loop systems.

The boilling refluxing capsule test system is shown in
Figure A-4. The components of the system are (a) test capsule and
containment vessel, (b) gas purification system, (c) vacuum purge
system, (d) gas bubbler system, and (e) instrumentation and controls.
A gas purification train consisting of a molecular sieve at room temper-
ature and a zirconium chip furnace operating at lSOOOF, was used to
reduce the HZO and O2 content of the commercial argon before it passed
into the containment vessel. The vacuum system was used to evacuate the
containment system prior to backfilling with argon. The gas exhausted
through a bubbler system which trapped any rubidium vapor escaping from

the capsule and preventad back diffusion of any atmosphere into the con-

tainer.
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3. Stainless Steel Capsule Test

The first corrosion test capsule run was completed in May.
A dry hydrogen annealed type 316 stainless steel capsule 1/2 in. 0,D.
with 0.049 in. wall containing 12.5 grams of rubidium was subjected to
a boiling-refluxing type static capsule test for 50 hours at 15509F and
50 hours at 1800°F., Estimated internal pressure was 192 psi at 1800°F,
resulting in a stress of about 980 psi in the tube wall. The capsule
£f111ling and sealing operations were performed under argon gas in the
liquid metal handling chamber. A second capsule was filled with ru-

bidium and was used as a blank test for chemical analysis.

Figure A-5 shows the capsule before and after the test run
and the location of the metallography samples. Figure A-6 shows the
alloy microstructure. In Figure A-5 note the clear-etched surface in
the area contailning the boiling rubidium. The rubidium attacked the
stainless steel to a small degree. The upper part of the tube containing
the gas phase shows various amounts of deposits and discoloration.
Figure A-6 shows the as~received stainless steel tubing, and the effects
of the rubidium on the stainless steel in the gas, transition and liquid
zones. Some surface solution has occurred along with a moderate amount
of intergranular penetration. The microphotographs indicate the
heaviest corrosion in the rubidium vapor region with relatively smaller
effects 1in the liquid hot and cold zone. The results of this test
indicate that 316 stainless steel 1s an adequate containment material
for rubidium in short-time low stress level exposures at temperatures
approaching 1800°F. A small deposit of crystals (Figure A-7) found in
the cold zone is believed to result from mass transfer effects. The
crystals, however, were not recovered in sufficilent quantity to make
positive identification. The mass transfer deposits occur just above

the liquid-gas interface.

The chemical analysis procedures used for rubidium metal
gas content were not sufficiently developed to render accurate results
and are therefore not reported, Welght galn and loss data were not

taken since corrosion effects were small.
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4, Columbium Capsule Test

The Cb-1% Zr alloy test capsule was fabricated and assembled.
The capsule was x-rayed to determine the exact height of the rubidium,
and the test run started. The capsule was run at a maximum temperature
of 1800°F and a minimum temperature of 1200°F. After 16 hours the
heating element failed and the test was terminated, Attempts were made
to procure a replacement heater; however, the current and heat loads
necessary were higher than anticipated and major redesign of the equip-
ment was necessary to continue the experiment., Since this 1s already
in progress on Project Agreement No. 1, AT(04-3)-368, on a more refined
and baslc testing procedure, the use of this particular furnace design
was terminated. This test will be duplicated during FY 1962 on the
Rubidium Capsule Testing Program, Project Agreement No. 1, AT(04-3)-368.
No results are reported here since the data from this short test run are

of little significance.
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APPENDIX B

CORROSION LOOP PROGRAM

1. Statement of Work Scope

The containment material found to have the most desirable
characteristics was to be selected for the fabrication of a pumped loop
to be used for dynamic testing, The pumped loop was to be designed and
fabricated to simulate the characteristics of a boiling rubidium power
conversiongystem, This dynamic testing was to be accomplished to in-
vestigate the nature and extent of corrosive and erosive attack by
rubidium on containment materials in straight and curved pipes, valves,
pumps, orifices, and associated equipment in a forced convection boiling
heat transfer loop over a range of liquid velocities from 5 to 30 feet
per second, The heater was to be capable of providing vaporization of
the 1liquid rubidium up to 40 to 50% vapor quality, at least at the lower
fluid velocities. Appropriate precautions were to be taken in the design
and instrumentation of the system so that sufficient warning would be
available of conditions detrimental to the continued operation of the
system, Such conditions include excessive corrosion and attainment of

heat fluxes such as might cause heater burnout,

The loop was to be operated with rubidium temperatures at
the heater exit between 1800°F and ZOOOOF, and cooler outlet tempera~

tures between 1000°F and 1200°F, Uninterrupted operation for 1000 hours
was to be attempted, The effect of such operation on the system compo=-

nents and subassemblies were to be carefully studied. The following

information was to be obtained and reported.
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(a) Determination of qualitative corrosive and erosive
effects of the rubidium liquid and vapor on the system materials,
Special test sections were to be included to determine quantitative

corrosion and erosion effects,

{b) Analysis of rubidium for foreign constituents prior

to and after loop operation.

(¢) Examination of corrosion products chemically and

microscopically,

(d) Study of mass transfer effects in the system by sam-
pling the tubing at various points. Loss or gain in weight and/or
wall thickness changes were to be the major effects to be studied.

Welght change in selected portions of the tubing were to be determined.
(e) A log of the loop operation was to be maintained.

Prior to fabrication and operation of the loop as set forth
in the above paragraphs, a prototype loop was to be fabricated and
operated utilizing all stainless steel components, The stainless steel
loop was to be fabricated and operated (with rubidium at temperatures
up to 1009-1500°F) soc as to provide experience on system design, fab-
rication techniques, system control, and over-all system operation.
This was to insure the satisfactory operation of the columbium loop
later in the program. It would eliminate many of the problems inher-
ent in the new, untried system without risking the expensive, difficult

to fabricate columbium loop.
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2, System Theory and Analvysis

a, System Design Philosophy

The loop studies provided information on the design,
control, and instrumentation of boiling flowing liquid metals systems,
the corrosive effects of boiling flowing rubidium, and the specific heat
of rubidium. The temperature range of intereit was 1000 to 1800°F,

A natural or thermal convection loop would have satis-
fied most of the requirements of this program, However, a more signifi-
cant state~of-the-art advancement was desired and so a forced circulation
loop was designed as the basis for the program, Many more problems of
design, control, and cost are inherent in a forced convection loop sys=
tem such as this, but the tests performed and resulting data obtained
are more applicable to actual full scale power system design. The loop
system (Figure B-~l) consisted of three distinct parts or subassemblies:
the rubidium or primary loop, the argon gas loop, and the water circula-

tion loop.

The rubidium or primary loop circulated the rubidium,
heated it at one end, .cooled it at the other, and maintained a pressure
on it to control the boiling rate, Heat was added to the system by elec=
trical energy through direct resistance heating, The rubidium was cir-
culated by an electromagnetic pump, Pressure was maintained on the loop
by balancing a pressure of argon gas over the rubidium in the surge tank
against the vapor pressure of the boiling rubidium at the temperature
of operation, Heat was extracted from the rubidium loop by a condenser-
cooler situated on the opposite end of the loop from the heater, The

condenser-cooler provided a temperature differential in the circulating
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rubidium, and simulated a space power system heat rejection radiator.
In this system, engineering considerations dictated that the heat be
removed from the rubidium cooler by a flow of argon gas rather than by

radiation heat transfer,

The argon gas loop served the double purpose of removing
heat from the rubidium loop and of providing a protective atmosphere for
the columbium loop in the environmental chamber. A large axial fan blew
the argon through the system, A diversion valve and bypass line con=-
trolled the argon flow to the cooler and thus regulated the heat extrac=-
tion from the rubidium condenser-cooler. After leaving the rubidium con-
denser=-cooler, the argon flowed through a gas-to-water heat exchanger to
remove heat picked up from the rubidium, About 1 to 27 of the argon flow
was then diverted through a purification train to remove contaminants
including 02, NZ’ BZ’ and H

where it flowed into the environmental chamber and back to the blower,

20° This flow then rejoined the main stream,

The argon was sampled at various points in the system to determine purity,

problem areas of out-gassing, and effectiveness of the purification train.

The water circulation loop extracted theé heat the
argon picked up when it circulated over the rubidium-to-argon heat ex~
changer, A small pump circulated the water through a control valve to

the heat exchanger and out to a cooling tower which recooled the water,

The three loop systems were interlocked by the neces-
sary instrumentation and controls to provide stable, reliable operation,
The instrumentation and control consisted of the following:

(1) Temperature readout of loop, container system, and
cooling system by chromel-alumel and platinum~platinum rhodium thermo-
couples,

(2) Pressure readout and automatic control of loop system,

(3) Rubidium flow rate readout and manual control by liguid
metal pump and flowmeter system,

(4) Argon and water cooling systems flow rates by automatic
control of temperature and fbw rate,

(5) Manual loop heater control.
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b, Corrosion Loop Design

The pressure drop, heating, cooling, and flow charac-
teristics of the rubidium loop and heat exchanging systems were analyzed,
This data provided basic information for good engineering design leading
to stable loop operations, This analysis was necessary because a boil-
ing two-phase loop is much more difficult to properly design than the
single phase non-boiling loop systems generally in use at the present
time. Basic heat transfer and fluid flow calculations determined the

size of the heater and cooler section as follows:
(1) Heater

The heating system was divided into two sections,
The first was to heat the rubidium to a temperature at or near the maxi-
mum of about 19000Fo The second, or boiler section, provided additional
heat to boil the rubidium and raised the vapor quality to the desired
amount at the boiler outlet, The dimensions, heat transfer and pressure

drop characteristics of the heater and boiler were as follows:

Loop Heater

Length - 6 ft - 0 in,

Tubing Diameter - 1/4 in, 0.D. x 0,150 in. I.D.
Maximum Liquid Velocity -~ 10 fps

Net Power Input - 7,85 kw

Maximum Heat Flux - 85,000 Eﬁ% sq ft

Maximum Temperature - 19000F°

Maximum Pressure Drop - 0.94 psi

Maximum Vapor Quality - 0%

Mass Flow Rate @ 10 fps - 340 1lb/hr

Loop Boiler

Length - 5 ft - 0 in,
Tubing Diameter - 1/2 in. 0.D, x 0,400 in. I.D,
Maximum Vapor Velocity - 71 fps
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Net Power Input - 15,6 kw

Maximum Heat Input - 117,000 %%2/sq ft
Maximum Temperature = 1900°F

Maximum Pressure Drop - 2.3 psi
Maximum Design Vapor Quality - 507%

Operating Pressure @ 1900°F - 185 psia

The boiler was used for specific heat deter-

minations later in the program. No vapor-liquid phase flow separator

was used in the boiler or condenser since boiling and condensing were
stable without it. These vortex generators consist of a 0.010 in. twisted
tape inserted into the boiler section. This provided a rough separation
of the liquid and vapor phases of the system and forced the liguid phase
into more intimate contact with the tube wall, thereby reducing the pos-
sibility of burnout. (Burnout would have resulted in destruction of the
loop system when operating at maximum heat fluxes,) This system will

be used for heat transfer tests to be performed in a future program.

Direct resistance center tap heating was used
in this application, and the heat input for the heater and boiler was

separately controlled by two 8 volt 3750 amp transformers.
(2) Cooler

The cooler was designed to provide a maximum
AT of 800°F when operating the loop at a maximum of 1900°F, The cooler
consisted of a simple coil type design. Heat transfer was effected by
forced draft of argon gas over the cooling coil. The gas flow was chan-
neled by a cylinder and annulus arrangement. Cooler design performance
data were as follows:

Length - 25.6 ft

Tubing Diameter - 0,500 O0.D. x 0.049 in. wall

Maximum Temperature In = 1900°F
Minimum Rubidium Temperature Out - 1100°F
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Maximum Rubidium Pressure Drop - 8,01 psi

Maximum Rubidium Liquid Velocity Out - 1.28 fps
Maximum Heat Extraction Potential - 96,900 Eﬁ%
Over-all Heat Transfer Coefficient - 23,1 Btu/hr-ftz-oF

Cooling Method - closed cycle argon cooling system
(3) Pump and Flowmeter

The pump and flowmeter were the electromagnetic
type. The pump was designed to impart a flow of about 1 gpm at a & P of
20 psi to the rubidium. The control system was manual since the electro=~

magnetic pump is an inherently stable system,
(4)  Surge Tank

A surge tank was included in the system between
the pump and flowmeter. The surge tank acted as a reservoir for the
rubidium metal and as an expansion chamber during boiling, and provided
a means for prepressurizing the system before startup so that the rubidium
would boil at a predetermined temperature and pressure, A rubidium fill
line, pressure tap, and liquid level gages were included in the surge

tank assembly,
(5) Evacuation Line

An evaouation line was attached to the loop
gsystem at the highest point between the end of the specific heat section
and the cooler inlet., This line was used to evacuate the loop prior to

filling.,
(6) Drain=-Fill Line

A drain-fill line was provided between the
flowmeter and surge tank at the lowest point in the system, This line

was used to fill and drain the loop system,
(7) Cold Trap

A cold trap was provided at the lowest coolest
portion of the loop. This reduced plugging of the loop by corrosion

products in the rubidium
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(8) Specific Heat Test Section

The boiler section of the loop with modifications

was reserved for liquid phase measurements in Phase II.
Ce Argon Loop Design

A blower, mounted on the loop containment box, pro-
vided the flow of argon over the cooler to extract heat from the loop

system,

This was a two stage axial fan rated at 960 cfm at a
AP of 0,9 1b at 1500F. This fan was completely sealed into the system

and utilized special lubricants and insulation to prevent outgassing.

The gas passed directly from the blower through a
controi valve and bypass line arrangement, After the gas left the loop
heat exchanger, it passed through the argon-to-water heat exchanger,
then into the loop environmental chamber where it provided a purging
action, and then returned to the blower, Plumbing was 6 in, diameter
carbon steel treated to suppress rusting and oxidation. All joints were
welded or "O" ring sealed. Total pressure drop in the argon loop was

about 0,5 psi,
do Water Loop Design

The heat absorbed by the argon flow through the rubidium
loop heat exchanger was removed by passing it through a gas~to-water heat

exchanger, The design specifications were as follows:

Type = Closed cycle water cooling system
Maximum Inlet Temperature Argon = 300°F
Minimum Qutlet Temperature Argon = 150%
Maximum OQOutlet Temperature H20 - 85°F

Maximum Inlet Temperature H O - 75°F
Maximum Flow Rate Argon - 51,500 1b/hr

Maximum Flow Rate H20 = 10,000 1b/hr
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The argon-to-water heat exchanger was a standard tube=-
in-~shell design connected into the argon system by suitable "0" ring
seals, The water cooling was obtained from a closed circuit pressurized

plant water cooling system,
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3 Instrumentation and Control Svstem Design

In deciding on a rubidium corrosion loop control scheme,
the first step was to define the requilirements to be imposed on a system.
These specifications led to the most direct method to achieve the de=
sired results, In a complex system, there are usually several parameters
which can be manipulated to provide control of a given parameter. From
a control viewpoint, the choice of which parameter to manipulate goes
to the one which has the largest influence on the system and is most
easily controlled, Also important are the time lags encountered be-
tween manipulation of a variable and the resulting change in the system.
The existence of two or more equal time lage (which give 180° or more
phase lag at higher frequencies) may produce unstable servo mechanisms

and rule out a particular control scheme,

A quantitative study of the influence of the various para=~
meters upon one another was not completed for the rubidium corrosion
loop control scheme because it was possible to select the most direct
relationships without complex calculations, Table I shows the para=-
meters, numbered 1 to 5, which could be regulated for this loop. The
conceivable manipulated variables are lettered A through F. The letters
in the boxes indicate the dependence of the parameter on the manipulated

OnNe,

negligible
= = = = small

large

@ - owm O
L]
]
L]
]

= = = = great

=140




TABLE I

LOOP DESIGN PARAMETERS
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3. Temperature into
the Heater S S L ¢ 0 S
4, Temperature out of S G L L 0 S
Heater
5, Quality of Vapor G G G S G S
A B C b E F

* depending on loop insulation

The design specifications listing the operation required
of the control system were:

(L Continuous unattended operation, without severe drift
or transients which would cause shutdown.

(2) Maintenance of ambient temperature in the environmental
chamber box below 150°F,

(3) Prevention of boiling in the heater section,

) Regulation of boiling point of the rubudium, and
maintenance oI a given maximum loop temperature,

(5) Prevention of instabilities which might result in

burnout of the heater or boiler,

The dependence of the boiling temperature on the pressure

is so complete that the control methods suggested did not sense tempera-
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ture and adjust pressure accordingly. Rather, pressure was adjusted,
sensed, and regulated and the temperature at which boiling took place
followed, The variation in the loop pressure drop amounted to a small

perturbation but did not seriously influence the boiling point.

The ambient box temperature was most divrectly controlled by
the gas-to-water heat exchanger (intersection 2F of Table 1), Here,
however, was the possibility of an unstable loop, The temperature of
the gas leaving the box would lag behind the temperature entering the
box by approximately 30 seconds, The argon flow rate was approximately
13 standard cu ft per second and the volume of the box was about 231 cu
fts The other time lag in the loop was between the movement of the water
valve and the temperature of the gas entering the box, This constant
was not known exactly but if it were close to 30 seconds, satisfactory
operation of this loop would be difficult to achieve, One solution was
to decrease the gain, and insert a slow reset correction, resulting in
a slow responding control system and sensing the temperature of argon
out of the rubidium-argon exchanger. As it turned out, the box tempera-
ture did not vary rapidly in relation to the water flow in the heat ex-
changer, This was mostly due to the large heat load in the chamber re=-

sulting from inadequate insulation on the loop heater and boiler,

- Perhaps the most important requirement of the control system
was to maintain the point at which boiling starts outside the heater but
within the first part of the boiler tube. Two methods were suggested
to accomplish this:

i) Regulation of the exchanger outlet temperature
(intersection 4D of Table I), counting on a constant flow and constant
heat power to bring the liguid to a boil at the desired location.

ii) Sensing of the temperature difference across the
boiler, and forcing this temperature difference to be a certain small
positive amount would actuate the argon bypass valve by balancing this
signal a%ainst a setpoint signal, This second method adjusts for varia-

tions in flow rate and heater power,
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Not enough was known about the characteristics of the loop
to recommend which method to use, Method 1 would have been satisfactory
if the variations in flow rate and heater power proved small during actual
running conditions, Otherwise, Method 2, with its more complex sensing
and larger control lag, would have been tried, It was found during the
loop run that this problem was not critical for the low vapor qualities
developed and essentially stable operation of the loop with regaxrd to

flow and power input was achieved,

It was assumed that the exact temperature of the rubidium
on leaving the cooler would not be critical and would not require regu~
lation, provided it were maintained below 1200°F° Also, the quality of
vapor was assumed not critical enough to regulate as long as it remained
below 50%; hence, perturbations might cause variations of this parameter,
Note that in Table I three of the six possible manipulated variables have
been used; control of the flow rate and power 1nput were left availlable

to both the heater and boiler if tighter requirements were imposed,

In comparing the two suggested methods of supplying power
to the heater and boiler, the constant voltage source appeared more
satisfactory than the constant current source method, The power dis-
sipated in the load would vary inversely with the resistance in the
former method (E2/R) and directly with the resistance in the constant
current method (IZ/R). Because the resistance of boiler would tend to
rise as the liquid metal boiled, an unstable system could result if the
power at any section of the pipe increased with resistance, Regeneration

of this type would not be expected if constant voltage were applied.

The application of an analog or a digital computer for use
in analysis of a rubidium loop control system was considered with res-
pect to three applications, These reflect the complexity of the loops
with the corresponding potential loss in the case of "miscontrol," The
applications in order of increasing complexity were assumed to be (A)

corrosion studies, (B) heat transfer studies, and (C) power plant operation,
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For the corrosion loop it appeared that computer analysis
was not needed, Hand calculations of closed loop control were adequate,
These calculations showed that a three mode (proportional rate, reset)
controller could be adjusted to provide pressure control corresponding
to the accuracy of the pressure transducer used., This would give the
temperature desired in the boiler portion of the rubidium loop. For the
secondary and tertiary loops, two mode (proportional and reset) control-
lers could easily control the bypass of the argon loop, and the control
valve in the water loop. The chance of loss of the system by inadequate
control was small, as the controllers could be preset and then adjusted
on=line starting with the water loop, followed by the argon loop, and
then the rubidium loop. Low power tests could be run to check the res-
ponse accuracy and gensitivity of each loop and the system before in-

creasing the power,

For the second, or heat transfer, phase of the rubidium logp
program, the same comments applied if the system were no more complicated
than for Condition A; however, if more stringent requirements are imposed

on the system, an analog computer analysis would be desirable,

Digital computer analysis for accurate steady state conditions,
and analog computer analysis for dynamic study would have been imperative
for Condition C, a rubidium loop type of power plant with a nuclear heat
source, where large energy rates were involved, The dollar investment
in a nuclear power plant loop, even in a scale model, and the danger of
mishap where fission products are involved warrants detailed analysis
prior to computer programming., The digital computer is excellent for
checking steady state points for the analog computer and giving accurate
energy balances around the loop for a multitude of given inptt conditioms,
The experience derived from analyzing the characteristics of the rubidium
loop and its controls would make design and operation stages of subsequent

systems much easier,

In conclusion, the recommended control scheme was based upon

the assumed requirements:
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(1) Regulation of the boiling point temperature,
. (2) Regulation of the box ambient temperature, and
(3) Prevention of boiling in the heater,

The pressure of argon was automatically controlled, thereby
setting the boiling temperature, The water valve to the argon-water heat
exchanger was automatically controlled, The sensing point for this con-
troller was the temperature of the argon entering the box, The argon
bypass valve to the argone~rubidium heat exchanger was automatically
controlled, The sensing point for this controller was the cooler out~

let temperature,

A loop system control panel was set up as shown in Figure
B-2., Nearly all the instrumentation and controls needed to operate the
loop were mounted on this panel, The panel enabled the loop operators

to monitor and control all the system parameters from one central point,

A system of fail-safe interlocks was used to prevent damage
to the loop and the occurence of possible hazardous conditions, Any one
of the following conditions would shut down the loop power and activate
an alarm aystem:

(1) Low rubidium flow limiter indicating leakage or mal=-
function of pump or flowmeter,

(2) Loop low and high pressure limiter indicating leakage
in the loop or failure of the pressurizing controls,

(3) Low or high rubidium level limiter in surge tank indi-
cating leakage in loop or loss of pressurizing system,

(4) Chamber high temperature limiter indicating that cham-
ber temperature was too high for electrical equipment to function properly.

(5) Argon gas low flow limiter indicating argon cooling
loop was not functioning properly,

| (6) Water low flow limiter indicating cooling water loop
was failing to cool argon gas loop,

(7) Rubidium loop high temperature limiter indicating rub-
idium temperatures at exit from preheater was high, with resultant pos~

sibility of boiling in the preheater,
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. These limiters and controls were necessary for the loop to
run with a minimum of attention and to simulate some of the controls

necessary for ultimate space power system operation,
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by Loop Environmental Facilitv

The loop environmental chamber shown in Figure B=3 is 7 ft
long, 5.5 ft wide, and 6 ft high (inside dimensions). The chamber was
designed for use either under an internal gas pressure or at least 1
atmosphere or under a vacuum of 10 microns, The chamber has the neces=
sary lead throughs, view ports, and accessories to provide power, control,

and instrumentation of the loop during operation,

Argon plumbing was 6 in., I.D. steel piping. The argon blower
was a canned axial fan rated at 960 cfm @ a AP of 0.9 psi, The blower
motor was glass insulated and had special lubrication to reduce outgas-
sing, The argon-to-water heat exchanger was a steel welded tube type
for vacuum service, All plumbing joints were flat gasket or "0" ring
sealed for vacuum service, A positive argon pressure of 1 to 3 pounds
above atmospheric was maintained in the chamber by a specially constructed

valve,

After the loop system was inserted in the chamber and all
power, instrumentation, and control leads connected, the chamber was
pumped down and purged of air and then backflushed with argon. This
process was repeated until the atmosphere was pure enough to prevent une~
desirable corrosion of the columbium loop in the chamber, No leak rate
checks were taken on the empty chamber; however, a leak rate determina-
tion was made with the loop assembled and ready for operation. Under
these conditions at 15/4 to 30/4 pressure, the leak rate was about
1200//1-1/sec. A check was made to determine the 02 content in the
chamber after pumpdown to lo/ﬂ and backflush with 6 to 8 ppm 02 content

argon, Backflush required about 20 minutes and O, content in chamber

2
was 14 ppm after chamber was flushed to 1 atmosphere, This value agreed

closely with what would be expected from calculated estimates,

- -48-



LOOP TEST FACILITY

-3,

FIGURE B

e



5. Corrosion Loop Design

a. Rubidium Loop System Breakdown

The rubidium loop (Figure B~4) was divided into seven

subsections:
(1) Pump Section

This section was designed to pass through the
electromagnetic pump which provides the desired flow and A P to rubidium,
The size of this section (1/2 in, 0.,D. x 0,049 in, wall tubing) was dice
tated by pumping design factors. The electrodes on the electromagnetic
pump were brazed into specially flattened sections of the pump cell by
inert cover gas techniques using Nicrobraze type brazing alloys. The
same procedure was used for both the columbium and stainless steel loops.
Tests were conducted which indicated good joints could be achieved be-
tween stainless steel and columbium tube to the nickel bus bars., The
pump cell was first brazed and then the bus bar tube assembly was welded

into the loop system and the pump reassembled,
(2) Preheater Section

Immediately following the pump cell was the pre-
heater section (0,250 in. 0.D. x 0,049 in. wall tubing).’ The reduction
in size was made necessary by the flow requirements which, if met in
the larger tube size, would have resulted in a larger pumping system than
was desired, The transition joint, a tapered section, was fabricated
by taper machining of bar stock., Tabs were welded along the length of
the preheater section at its beginning, middle, and end. Copper bus bars
were clamped to these tabs and led to the main hed er transformer out=-

side the box,
(3) Boiler Section

The boiler section, connected to the preheater
by a transition joint, was 1/2 in, O0,D. x 0,049 in, wall tubing, The

size increase was necessitated by heat transfer considerations. The
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necessary heat for boiling the rubidium would have produced a higher

than desired heat flux per unit area in the 1/4 in. 0.D. tube used in .
the preheater. No flow swirl generators were used in the stainless

steel or columbium loop boiler. The stainless steel loop achieved about

10 to 15% vapor quality in the boiler. If heat transfer limitations

or unstable operation in the stainless steel loop had demonstrated the

need for a flow swirl generator in the system, then it would have been

added to the columbium loop. This was not found to be necessary.

Other than the foregoing considerations, the boiler was essentially

the same in design as the preheater.
(4) Condenser and Cooler

The outlet from the boiler passed directly
into the condenser=-cooler coil. A shroud and annulus was placed around
the condenser-cooler and the heat was removed by a flow of argon gas

over the coils.
(5) Flowmeter

The rubidium exited from the cooler and flowed
through a transition section (from 1/2 in. 0.D. to 1/4 in. 0.D. tubing)
and then through an electromagnetic flowmeter. The rubidium then passed
into a 1/2 in. 0.D. tube, flowed past the cold trap, pressurizing line,
and fill line and then back into the electromagnetic pump to complete

the circuit.
(6) Cold Trap

A 1/2 in. 0.D. tube closed at one end was welded
to the system at the lowest and coldest point. This cold trap was de-
signed to catch and hold the insoluble impurities in the system, thus

assisting in the prevention of loop plugging.
(7) Pressurizing System

A line, attached to the loop system at the lowest
point, led up to the pressurized surge tank located alongside the point

of the loop. This surge tank provided a reservoir of rubidium, acted as

-52-



an expansion chamber during boiling operation, and enabled pressure

to be applied to the system to control boiling. The tank was
cylindrical in shape with manually pre-set liquid level indicators

of the spark plug type inserted from the top and hanging down into

the surge tank. The rubidium surge tank, argon gas surge tank out-
side the chamber, and pressurizing lines were fabricated from 316
stainless steel in both the stainless steel and columbium loop systems,
since these items operated at relatively low temperatures. A mechani-
cal joint was provided beCWeZn the stainless and columbium tubing at

a point between the surge tank and the point where the pressurizing

line entered the loop.
b. System Stress Calculations

Rough stress calculations were performed to determine
the magnitude of stresses the system will be exposed to at mximum opera-

ting conditions,
(1) Tubing

Tubing wall and diameter dimensions were selected
on the basis of heating method, expected corrosion effects, elevated
temperature strength of the alloy, system pressures, heat transfer, and
fabricability. Thus, a standard 0.049 in. wall was specified for the
entire loop system. The nominal tubing diameter was 1/2 in., except for

the heater section only, which was 1/4 in. 0.D,

The most severe stresses in the 1/2 in. 0.D.

x 0.049 in, wall tubing at a Tmax of 2000°F were roughly calculated as

follows:
_ PD _ 240 psi (0.5 in.) _
8 =%t =772 (0,069 in.y - 1225 psi
where S = tube wall loop stress in psi

-]
it

system pressure
D = 0,D. of tube

t = wall thickness
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At 1600°F the stress would be

70 psi (0.5 in.)
2 (0.049 in.)

§ = = 357 psi

Thus, the stress would be 1225 psi in the columbium loop under maximum
operating conditions and 375 psi in the stainless steel loop under max-
imum conditions. These values were well within the operational capabili-

ties of these materials,
(2) Surge Tank &

The surge tank dimensions were selected on the
basis of the rubidium inventory necessary to run the loop. The I.D.
was about 4 in. and the height about 6 in. The columbium tank and
stainless steel tank wall thickness were 0.100 in. The stress on the

surge tank was as follows:

(a) Columbium loop maximum temperature -
2000°F with a surge tank maximum
temperature of 1200°F.

g o BD _ 240 (4.2)

3%k "7 (0. - o040 psi

(b) Stainless steel loop maximum tempera-
ture - 1600°F with a surge tank maximum

temperature of 1000°F

_ PD_ 70 (4.2) _
S 2%t~ 2 (0.1) 1470 psi

These values were well within the operational capabilities of the

columbium and stainless steel alloys at their respective operating

temperatures,
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6. Hazards Analvsis

In any operation employing a basically reactive metal
such as rubidium, certain hazards are present. Some hazards were
eliminated entirely from the experimental area; in other cases the
hazards were reduced to a point where it was considered that the
operation was sufficiently safe to be carried out on an experimental

basis.
The hazards fell into a number of categories:

1. Fire hazards resulting from exposure of liquid metal

to air.

2. Hazard of exposure of liquid metal to operating

personnel.

3. Hazard of exposure of liquid metal to water or

materials having a high water content.

4, Explosion of a pressurized loop system which might
endanger personnel and result in the release of
quantities of liquid metal, causing a hazard under

any of the first three categories,

These four hazard groups were carefully considered during
the design, fabrication, and operation of these loop systems. The
fire hazard problem was recognized as being of considerable importance
if liquid metal were released into the air. Special liquid metal fire
fighting equipment was available in the liquid metal laboratory for the
suppression of liquid metal fires., These included Metal-X type ex-
tinguishers and other inert substances which smother a liquid metal
fire by removing the alr to allow the liquid metal to burn out. Neither
the liquid metal used in this program (rubidium) nor its vapor is con-
sidered toxic; therefore, this problem was not important in the hazard

analysis,

The exposure of personnel to liquid or vapor was considered

to be of major importance; protective clothing, leather coveralls, and



approved liquid metal face shield and gloves were on hand in the
liquid metal laboratory for emergency use. These were also used for
routine operations where the slightest possibility of a hazardous
condition existed. Mineral oil and eye wash solutions were provided.
All personnel working with liquid metals were instructed in standard

safety procedures for handling these materials.

The hazard of liquid metal contacting water or materials
containing large amounts of water was eliminated insofar as possible.
Rubidium, if it were allowed to run on the floor, might go down a
normal floor drain and contact water in the drainage system. This
problem was avoided by specifying that no floor drains be located in
the Liquid Metals Laboratory. Rubidium might contact water if a
normal building sprinkler system were to go into operation in case of
a fire. It was specified that no sprinkler system be in the Liquid
Metal Laboratory. There was a remote possibility that rubidium might
contact water if the loop argon to water heat exchanger had developed
a leak. The rubidium in the loop and the water in the heat exchanger
would have had to leak at the same time and come together through the
argon system. The chance of this occuring was so unlikely that no
special precautions were taken. Even if this had occurred, the release
of rubidium from the loop and/or the release of water from the heat
exchanger into the argon stream would probably have been at such a low
rate that any reaction would not have escaped from the envirommental

chamber system.

n
ot

3
B
ot

In a pressurized loop sy he possibility always exists
that a rupture could occur in the system, releasing rubidium vapor
into the envirommental chamber. No hazard was expected from contact
of rubidium with air since an argon cover gas was used in the environ-
mental system. Any leak which occurred would have been under the loop
operating pressure; however, even if the loop had ruptured, the area

inside the loop was small enough and the chamber large enough so that
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the rupture would not have been of a violent nature since the argon
pressurizing tank was relatively small. The amount of rubidium con-
tained in the loop was small enough so that if it had ruptured one
of the windows in the chamber, the resulting fire would not have
been considered hazardous to personnel in the building. Only about
4 to 5 pounds of rubidium were used in each loop run. Passage of
the rubidium throughout the environmental system was also not con-
sidered serious since it could only contact the materials which are

inert or resistant to attack by rubidium at the temperatures employed.
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7. Inext Atmosphere Purification ‘

A duplex gas purification train was used to purify the argon
gas circulating in the loop eanvironmental chamber. The first stage of
the drying system consisted of a tube 36 in. long and 8 in. in diameter
filled with molecular sieve material at room temperature. This removed
any water vapor from the argon gas. The second stage consisted of a
high temperature oxygen and nitrogen gettering alloy of 50% titanium
and 50% zirconium enclosed in an antomatically controlled furnace (36 in.
long and 8 in. in diameter) operating at about 1650°F. This combination
of gettering materials and temperature provided one of the most efficient

known methods of purifying the argon gas.

The full flow of argon through the main cooling system was
not purified. Instead, a small bypass flow of 5 to 10 cfm was passed
through the purification system. This purified gas was cycled back into
the main cooling system. All gas in the loop system eventually passed
through the purification train and was purified.

Efficiency studies of the purification train showed that it
was able to reduce 02 content of the 250 cu ft environmental chamber
from 15 ppm to 0.5 ppm after a period of 120 minutes from startup with

a flow of about 5 cfm through the drying train. The 0, content of the

2
chamber was held at between 0.5 and 5 ppm during the columbium loop run.
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8. Liquid Metal Purification and Handling

No rubidium purification system (except a cold trap) was
incorporated in the loop system since it was not thought necessary for
these tests. This design philosophy required that the loop system be
thoroughly cleaned before loading and that steps be taken to purify the
rubidium metal before charging into the loop.

The as-received rubidium metal was approximately 99.9% pure.
A three step purification process was settled upon. Step I involved
passing the as-received rubidium through a filtering apparatus employing
a micro-metallic filter to remove insoluble impurities from the rubidium.
Hot reactilive metal gettering of impurities at 1100°F from the rubidium
wasg done as Step II. Step IIL involved vacuum distillation of the
rubidium. Test results showed that 02 contents of about 70 ppm and N2
contents below limits of detection could be achieved. The purification

apparatus 1is shown in Figure B-35,

The loop was loaded with rubidium inside the environmental
chamber, Procedure called for evacuation of the chamber and back flush
with argon. The loop meanwhile was being evacuated to about 10 &4 and
backflushed with argon. This step was repeated at least twice. The
rubidium was then forced into the loop under argon gas pressure. These
steps were controlled by remote solenoid operated vacuum, gas, and liquid
metal valves. This system provides for emergency dumping of the rubidium
back into the fill tank if desired.

..59..



CONTAINER FOR UNPURIFI1ED
LIQUID METAL

o

20 MICRON FILTER

¥

=

P

o on A

‘

]

i

GETTERING AND
@Y pll D1STILLATION POT

i
!

’
.0

%, Sl

- - e
RECEIVER FOR

PURIFIED LIQUID METAL

FIGURE B-5. LIQUID METAL PURIFICATION APPARATUS
-60-




9. Chemical Analysis of Materials

Chemical analyses studies were conducted and an analytical
capability was set up at AGN. A purification still for repurifying the
as-received rubidium was designed (see previous section), This enabled
the project to obtain high purlty rubidium for the loop and capsule
operations and to repurify and reuse the spent rubidium after each test
run. In evaluating the loop and capsule test results, the following

chemical analyses were programmed.
a. Analysis of Cb-~1% Zr Alloy
(1)  Analysis for Base Metals and Rubidium

The analysis for base metals and rubidium was
best accomplished by emission spectrography. A semi-quantitative
analysis (+ 50%) was specified for trace elements. In general, con-

centrations as low as 10 ppm were determined.
(2) Analysis for Interstitial Gases

Analysis for oxygen and hydrogen in columbilum
alloy were performed by a vacuum fusion technique. The analysis of

nitrogen in columbium was done by the Kjeldahl method, and the final

-

measurement of nltrogen for low concentrations was done by a color-
imetric method using Nessler's reagent., The limits of detection were

in the 1 to 10 ppm range. A sawple of 1 to 5 grams was required.
b. Analysis of Rubidium Metal

A procedure for analyzing rubidium metal was established

and included analyses for metalllc ilmpurities and gas content.
(1) Metallic Impurities Analysis

Since, rubidium is highly reactive, the ru-
bidium samples had to be carefully prepared under inert gas cover.
Rubidium was reacted with one of the higher alcohols and then converted
to a salt. The residue and the salt were then analyzed for trace elements
by emission spectrography. A semiquantitative analysis was performed in

a manner similar to that used for the columbium analysis above.
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(2) Gas Content Analysis .

The nitrogen analysis was also performed by the
Kjeldahl method after the rubidium was first reacted with an alcohol
and converted to a salt. An inert atmosphere was required for the
initial sample preparations. The apparatus was the same as that used

for the columbium work.

The oxygen content was determined by dissolving
the rubidium in mercury. The oxygen which combines &s rubidium oxide
would float on the mercury, and rubidium was removed from the sample
container with successive washings of mercury. The rubidium oxide was
then dissolved in water and the base which formed was titrated with
standard acid. The initial sample preparation was done in an inert

atmosphere.
(3) Argon Purity Analysis

The analysis of the argon cover gas for total
gas impurity content including oxygen, hydrogen, nitrogen, water and
carbon dioxide appeared costly. With hot titanium and zirconium
purification of the argon, analysis for oxygen only would probably be
sufficient to indicate the general quality of the argon. A continuous
type of analysis was the most desirable. The argon from the purification
system was checked to indicate the quality of the purified argon. The
chamber inlet and exit gas was also checked to indicate the degree of
outgassing. When the columbium test loop was present, a check of only
the exit gas was not sufficient since the columbium would also act
as a purification system. A valving system to sample both the purified
gas and the chamber inlet and exit gas was used in conjunction with
one oxygen analyzer. The analyzer exit gas was not recycled since the
oxygen analyzing system introduced large amounts of water into the
argon. An oxygen analyzer, which included a built-in calibration system,

was used to detect oxygen concentrations in the range 1 - 100 ppm.
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10. Specilal Metallographic Procedures

It was necessary to be able to analyze the corrosion products
which occur in, and tend to degrade, the properties of contalnment
materials in this system. These corrosion products are generally
caused by a reaction of the system environment with the containment
material and may be in the form of oxides, nitrides, carbides, hydrides,
or other complex alloys of the environment specie with containment
materials. The amount of corrosion products in the parent material is

usually small.

Since the corrosion products are usually finely divided and
mixed with the parent materials, analysis by conventional chemical or

x~ray methods becomes extremely difficult, if not impossible.

Many research groups have experimented with heat tinting
of steels and color etching of titanium alloys to determine the presence
of various alloy phases in these materials. These experiments have
been successful, but were not extended to include the ildentification of
minor constiltuents in other materials. AGN has been experimenting with
specialized metallographic preparation techniques which etch selectively
and which allow visual identification of the various corrosion products
in columbium metal. Results obtained indicate that these techniques,
although still under development, are extremely useful and time-saving

in analyzing materials corrosion data.

An example of this work i1s shown in Figure B~6. This figure
is an early photograph of the results of a colorimetric etching technique
performed on essentially pure columbium metal. The various corrosion
products stand out clearly and are colored distinctively. This specific
method 1s apparently accurate and reproducible. Identification is
achieved by a color tinting process and involves specialized electro-

lytic techniques.

The specimen is mounted in conductive powder and polished

by standard metallurgical techniques. After polishing, the specimen is
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Magnitication 500 X, Photo Enlarged
1 1/2 Times in Reproduction

Figure B-6. Identification of Corrosion Products in Columbium Metal
(Cb - Purple*, CbO - Bluet, and CbC - Yellowy})

*Light gray background and splotches.
{Medium gray plus center of largest splotch.

{White areas.
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etched lightly to remove any smear material and to bring out the grain
boundaries. The sample is then etched with a 10% oxalic acid solution
by passing an electrical current of 20 VDC through the back of the sample
mount for about 1/10 second. As shown in the figure, the columbium
specimen turns purple. Metallographic examination of the specimen shows
that 1f the following compounds are present, they will appear with the

following colors:

CbC Light Yellow

CbO Light Blue

CbN Greenish tint (?)
Cb Purple

This technique was used in analyzing the columbium loop run.
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1t. Material Fabrication Development

The general loop configuration has been discussed in
Section 5, Corrosion Loop Design., The specific materials and fabrica-

tion procedures are outlined here.
a. Stainless Steel Loop Procedures

The procedures, joint designs and techniques used on
the stainless steel loop were essentially the same as used for the
columbium loop, save for the specialized welding procedures outlined
under “Columbium Loop Procedures' below. Welding was done by tungsten
arc inert cover gas methods with a flow of cover gas being maintained

outside and inside the joint during welding.

Joint designs considered were a sleeve joint with
collar, without collar, and without collar but with center seal weld,
and a butt joint. A simple butt type joint was rejected for this
application since it is hard to set up properly in order to achieve
maximum weld penetration. A sleeve joint with trial modifications was
made to be the reference joint design. Of the three sleeve joint designs
considered, the sleeve joint without a collar and without a center tube
seal weld was chosen as being the least complicated and having the best
penetration (75 to L10%) and least weld porosity of the three designs.
Tube bends were made by filling the tube with a low melting point alloy,
bending the tube and then removing the bending alloy.

All welded joints were x-ray inspected for voids and
penetration. The loop was pressure checked with helium and "sniffed”

to find any joint weakness and to ascertain if any leaks were present.
b. Columbium Loop Procedures

The procedures for the columbium loop were essentially
the same except for the welding techniques. Much greater care in clean-

ing and cover gas protection was used. The columbium material was
welded either in the inert gas welding chamber (Figures B=7, 8) or by

flush box bag techniques, The argon and helium cover gases used were
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the best commercially available (99.999% pure). No post weld anneal-
ing was done. The columbium tubing met AGC Specification 600644, which
was patterned after the use-tested PWAC Specifications SMS 18304 and
1831, especially with regard to maximum allowable impurity contents.

Inspection of weld joints was the same as for the stainless steel loop,

After the columbium loop was fabricated and before
thermocouples or insulation were sttached, the loop was wrapped with a
double layer of zirconium foll. This protective foil helped prevent
air corrosion of the columbium should the enviromnmental chamber atmos-

phere become contaminated.
C, Loop System Assembly

After assembly of the basic rubidium loop system,
the loop was mounted on a portable support rack shown in Figures B-9
and B=10. The loop was suspended by a system of wires and counter-
weights so that it was subjected to a minimum of bending and twisting
stresses. Thermocouples (chromel-alumel gnd platinume-platinum rhodium)
were attached to the loop. These were applied over the prctective
foil wrap in the case of the columbium loop. Insulation was then
applied over the loop. The two types considered were Foamsil and
Thermoflex. The Foamsil has superior outgassing properties; however,
it is not as easy to form into intricate shapes as the Thermoflex.
Both outgassed Thermoflex and Foamsil were used on the stainless steel
loop. Thermoflex was found to be unsatisfactory and was not used on

the columbium loop run.
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12. Loop Operations and Analysis

a. Stainless Steel Loop

(1) Loop Test Including Instrumentation and Controls,

Facilities Preparation, and Loop Operation

The stainless steel loop was pressure and leak
checked by helium mass spectrometer methods. Leakage rate was shown to
be negligible, The associated loop pump and flowmeter, argon gas duct
assembly, and flow controller were installed, The loop environmental
chamber was found to have a larger number of air leaks than would be
desirable for the columbium system test run. The system was run un-
changed for the stainless steel loop, since these leaks would not affect
this test., (After the stainless steel loop run was completed, the
leaks in the envirommental chamber were sealed to achieve the desired

vacuum for the columbium loop run.)

The stainless steel loop was installed in the
environmental chamber and the instrumentation and control systems hooked

up and checked out. The rubidium locading system was checked out.

Loop start-up procedures were initiated om
11 January. The 316 stainless rubidium loop was evacuated for approxi-
mately 24 hours to purge it of atmospheric gases and to outgas any
water present on the walls of the tubing. The vacuum chamber was
pumped down and back flushed with argon gas. The loop itself was then
back-filled with argon, evacuated again, back-filled a second time, and
evacuated a third time. The chamber temperature was brought to 150°F
and the valve opened from the rubidium £fill tank leading to the loop.
After the loop was filled with rubidium all valves to the loop were

closed.

When the pressure on the surge tank was in-
creased the liquid level fell in the surge tank, indicating there were
gas bubbles trapped in the loop. Efforts were made to remove these
trapped gas bubbles by alternately applying pressure and turning on

the liquid metal pump and then releasing the pressure to move the gas
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bubbles out of the loop and back into the surge tank. This procedure

was continued until the level of rubidium in the surge tank did not

fall appreciably upon application of pressure to the loop, thus indicating
that most of the compressible gas contained in the loop system had been
eliminated. The inclusion of gas in the rubidium during the loading
process was due to a minor design error in the loop. This was remedied

for the following loop runm,

During the period when gas was being eliminated
from the loop, the refilling procedure was repeated to add rubidium
to the loop system., This made up for the volume of gas eliminated from
the loop system. The rubidium flow through the preheater remained at
less than 1 foot per second at the end of the day. At this point approxi-
mately 1 kw of heat had been applied to the preheater and the maximum
loop temperature registered about 350°F. The low maximum f£low rate
obtainable from the loop at this point was due to the fact that the
pump cell on the liquid metal pump had not wet, since the temperature
in the pump cell was not above 150°F. The loop had achieved a state of
continuous 24 hour operation and continued so until shut-down after the

boiling test on January 20,

On January 12, certain aspects of the instru-
mentation and control system were adjusted and the maximum loop temper-
ature attained was approximately 500°F at the exit from the preheater,

On January 13, the last of the gas bubbles was eliminated from the system.
The power in the loop was then increased to ralse the maximum tempera-

ture in the pump cell, thus wetting the cell to obtain proper operation

of the pump. To wet the pump cell, the argon flow through the rubidium
cooler was cut off to bring the loop into essentlally isothermal operation.
The pump cell wet at approximately 350°F and flow increased to approxi-
mately 4 feet per second, with a maximum loop temperature of about 750°
and a power input of 3.12 kw. The maximum temperature of the system

then fell due to the increased circulation of the rubidium; a flow rate

of approximately 4 ft per second at a maximum loop temperature of approxi-

mately 350°F was maintained overnight.
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On January 14 the flow was increased to approxi-
mately 10 feet per second and power to 3.1 kw, resulting in maximum

steady state operating temperature of about 550°F,

Steady state operating conditions continued over
the 15th of January. Some difficulty was experienced with the pressure
control system and an additional control unit was attached to the argon
pressure control valve. The interior of the environmeuntal chamber was
overheating due to hot argon gas leaking out of the argon to water heat
exchanger. More sealing and insulation was applied to the condenser ecan,
but the resultant lowering of the chamber temperature was not as great
as desired, The flow of rubidium in the loop system was increased to
about 12 feet per second and the power to about 3.6 kw; this flow and
power level was maintained overnight with a maximum temperature of
approximately SOOGF, The first specific heat derermination was per-
formed on January 17. The data resulting from this are reported in
Appendix C, The maximum temperature cbtained from the loop was about
850°F at a power input of 3 kw and a flow of about 13 feet per second.

This 1s less power than was previously required to hold the loop at a

lower maximum temperature. It 1s not known exactly what caused this effect,

it may have had to do with wetting conditions in the loop.

On Januvary 18 a final check showed that little
or no gas remained in the loop system. Specific heat measurements were
performed on January 19, Essentlally the same loop operating con-
ditions were maintained as those of January 17 with regard to maximum
temperature and flow rate. On Januvary 19 further specific heat measure~
ments were made (reported in Appendix C of this report). The maximum
loop temperature obtained was approximately 1150°F at a flow of about
6 feet per second in the preheater and a power input of about 9 kw.
After these tests the maximum temperature of the loop was lowered to
approximately 1000°F; the loop was run overnight at that value. Flow
rate at this point was approximately 8 feet per second with a power in-

put to the boiler of approximately 10 kw.
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On January 20 a successful attempt was made to
boil the rubidium in the loop system. A third specific heat measure-
ment was taken prior to the test (data reported in Appendix C of this
report). Due to the leaks in the protective can covering the argon to
rubidium heat exchanger, and the subsequent increase in chamber temper-
ature above 200°F, the boiling test was limited to a short rum to
determine whether stable boiling could be achieved in this loop to about
15% vapor quality. The flow rate was therefore set at approximately 10
feet per second and the loop pressure at 33 pounds per square inch
absolute. At this point the total power to the loop was approximately
13 kw (11.3 kw net to the rubidium); the maximum temperature was
approximately 1325°F uncorrected, and flow rate was approximately 10
feet per second when boiling was initiated. A quality of 7.2% was
achieved. The power to the boiler was increased to approximately 15 kw
at which point the vapor quality was about 137 (13.3 kw net to the
rubidium). It was determined that boiling had been achieved since the
increase of power input from 11 to 13 kw produced no increase in boiler
outlet temperature with flow rate remalning constant. The additional
power merely increased the vapor quality of the rubidium. A second
check was made to determine if boiling was actually taking place; the
pressure on the loop was increased In small increments and the resultant
increase in boiler outlet temperature was noted. This check indicated
that the pressure increase was causing the rubidium to boil at a higher
temperature. This procedure was repeated several times to check the
validity of the test. The pressure and power were gradually increased
in increments until the last test of the day was achieved at a
maximum measured temperature of 1450°F with a flow rate of 10 feet per
second; a pressure of 65 pounds per square Iinch absolute; a total power
input of approximately 17.0 kilowatts (15.2 kilowatts net to the
rubidium), and a resulting vapor quality of 15%. Boiling was stable
throughout the entire boiling test. This initial boiling test was
satisfactory in most of the significant respects. No attempts were made
to increase the temperature beyond the 1450° measured temperature since
the stainless steel material is in the reglon of maximum capabilities

at this temperature.
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After termination of the test, the loop was
shut down and the rubidium dumped back into the f1ill tank. The pump
and heaters were turned off, and the loop was kept at a maximum
temperature of 150°F until it was disconnected and removed from the

environmental chamber at the end of the month.
(2) Heat Transfer and Specific Heat Analysis

The heat balance and vapor quality data obtained

on this loop run are shown on Table II.

The specific heat data are discussed in the

thermodynamic studies section.

Table II which lists three of the boiling con-
ditions, shows that the measured temperature of the loop varies from
75° to 125° below the published boiling point of rubidium at the two
pressures investigated. This discrepancy probably occurred because the
thermocouples attached to the loop were not measuring the actual
rubidium temperature, and were measuring instead the temperature at the
surface of the tube to which they were attached. An analysis of the
published data, system operating conditions, and thermocouple readout
data, indicated that the actual temperature of the rubidium inside
the loop was approximately 100°F higher than that actually measured.
Therefore, the maximum temperature of the loop system was probably some-
where around 1550°F. In the next loop run steps were taken to obtain
more accurate temperature measurement data in the system by use of more
refined thermocouple readout techniques. It was estimated that the
error in temperature measurement could be reduced to approximately 50°F

by the procedures to be used.
(3) Corrosion Analysis

Only a cursory examination was made of the
corrosive effects of rubidium in the stainless steel loop. Since the
intended purpose was not as a corrosion run. The test was also of such

short duration that no meaningful results could be cobtained.
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TABLE II

STAINLESS STEEL LOOP HEAT BALANCE CALCULATIONS

Condition
Syvstem Parameters 1
Rubidium flow rate, 1lb/hr 388
Measured gross power input, kw 13.0
Measured preheater power, kw 7.5
Measured boiler power, kw 5.5
Estimated losses from preheater/boiler, kw 0.9/0.8
Net Power to Rb, kw 11.3
Rubidium pressure, psia 33
Published boiling point, °F 1410
(WADC TR 59-598
Measured boiling point (outside tubing), °F 1325
Measured temperature at preheater inlet, °F 470
Measured temperature at preheater outlet, 1090

or boiler inlet, °F
Rb quality 7.2+000.7

Condition
2

388
15.0
7.0

8.0
0.9/0.8
13.3

33

1410

1325
510
1125

13.2+001.3

Condition
3

388
17.0
6.9
10.1
0.9/0.9
15.2

65

1550

1450
530
1124

15.3+001.5



A sample of the original tubing and of the
1/2 in. 0.D. tube at the boiler outlet in the hottest portion of the
loop 1s shown in Figure B-11. Note that the corrosion of the 316 SS by
the rubidium was very small. No definite evidence of mass transfer was

found.
(4) Chemical Analysis

The rubidium used in the stainless steel loop

was analyzed before-hand and found to have 114 ppm 02 and N2 below

10 ppm (below limits of detection). Complete analysis is as follows:

Cs =~ 4700 ppm Fe - 70

K - < 6000 Ni - 30

Li - < 300 Cr - --

Na - < 100 Cu - 3

Mg - 8 Si - <7

Al - 40 Su - 60

Ba - 6 Pb - 100

Ca - 6 BE - 30

N2 - (not detected) O2 -~ 114 ppm

Sample taken after the loop run was lost in process of sampling.
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Metallography of Stainless Steel Loop, Pre- and Post Test

As-Received 316 Stainless Steel Tubing, 1/2 in, 0.D,,
Etched, Photo # 586, Mount G-8-9, Magnification 75 X

Post-Test Stainless Steel Tubing from First Turn of
Condenser Coil, 1/2 in, 0,D., Etched, Photo # 171,
Mount Q-0-8, Magnification 75 X

FIGURE B-11
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b. Columbium Loop
(1) Loop Test Including Instrumentation and Controls,

Facilities, Preparation, and Loop Operation

The columbium loop was pressure and leak checked
using mass spectrometer methods. Leaks were negligible and the £final
assembly of the loop was completed. The instrumentation and controls
system was installed and checked out. The loop assembly was installed
in the environmental chamber. Final connections were made and pump down

operations started.

The environmental chamber was pumped down to 7
microns vacuum. At this vacuum the leak rate in the chamber was approx-
imately 1600 micron liters per second. At the same time the second vacuum
system was attached to the rubidium loop itself and the loop was pumped
down. Pressure inside the loop was approximately 30 microns. Monday,

10 April the chamber was purged with argon and the oxygen content stabilized

at approximately 16 ppm.

After the loop was loaded with rubidium, the next
17 days of operation included a number of adjustments, callbrations, and
subordinate tests to assure a relatively uninterrupted corrosion test
run., The drying traln was checked to determine the efficiency of con-
tamination removal. A baffle was inserted into the argon blower system
to prevent overloading of the blower, The control thermocouple cof the
drying train was moved from the center of the gas stream to the outside
wall of the furnace. Temperature drop from the outside wall to the center
of the gas stream was as much as 1000°F with a maximum temperature of
approximately 1500°F, Considerable difficulty was experienced in attempt-
ing to obtain a rubidium flow rate reading. Apparently the temperature
of the liquid metal flowmeter was too low to allow the rubidium to wet
the columbium flowmeter cell. An auxiliary heating element had been
inserted into the liquid metal pump; however, none had been inserted
into the flowmeter. A continuity check showed the flowmeter to be

properly hooked up. At a temperature of about 4000, the flowmeter
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RUBIDIUM COLUMBIUM LOOP INSTALLED IN ENVIRONMENTAL CHAMBER

FIGURE B-l2,



began to register a flow im the loop.

it was noticed that the heating transformers
were bucking each other at this point. The loop system was shut down
and the transformers were rehooked in proper polarity and the loop
was restarted. A specific heat determination was made and this data
is reported on the section on thermodynamic and physical properties
studies. A boiling test was then made at 1200°F {measured temperature).
Stable boiling was achieved by setting the pressure at which cor-
responding temperature of boiling was desired. The preheater and boiler
power were then increased gradualily until surging in the flowmeter
and raising of the level in the surge tank indicated the start of
formation of vapor in the boiler. The power was increased further until
the liquid vapor interface stabilized in the boiler and condenser
and the desired vapor quality was obtained. Boiling was stable. Some
difficulty was found in obtaining the correct level of rubidium in the
surge tank and additional rubidium was loaded into the loop. A
scheduled plant power outage forced shutdown of the loop at this time
for approximately four hours. The loop was restarted, operating at a
measured temperature of 1325°F boiling., Some problems were experienced
with shutdown of loop power due to action of the low level limiter in
the rubidium surge tank, It was discovered during this shutdown that
additional rubidium was required for the loop. This leakage may have
been caused by the pressure to hold the loading valve line closed
being insufficient; some of the rubidium may have drained out of the
loop back into the £ill tank, This situation was corrected, the

rubidium reloaded, and the loop restarted.

On April 24 the boiling corrosion run was
started, Maximum measured loop temperature was 1735°F; however, pressure
readings plus calculated temperature drop from the rubidium to
thermocouples mounted on the outside tube wall indicated that temperature
in the rubidium was of the order of 18400F. The corrosion run continued

until a momentary power outage shut the loop down, the high temperature
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limiter malfunctioned, and the loop would not turn on again after regular
power came back on. Themlfunctioning high temperature limiter was re-
moved and the corrosion run started again on the 28th of April. The
corrosion loop run then continued normally for 355 hours until the 12th
of May, when a vapor leak was discovered on the juncture of the boiler
outlet and the condenser inlet. The loop was shut down and the leaking
joint inspected. A decision was made to terminate loop operation and
proceed with the metallurgical analysis, since it was not known at the
time whether a successful repair weld could be made on material that had

been exposed to rubidium.
(2) Heat Transfer and Specific Heat Analysis

The heat balance and heat transfer calculations
on the columbium loop run are discussed below., The specific heat deter-

mination is discussed in the Thermodynamic Studies Section.

Liquid and vapor phase rubidium was circulated
in the columbium tubing loop for 330 hours during April and May 1961.
The objectives of the experiment were primarily of metallurgical nature;
sufficient instrumentation was incorporated, however, to facilitate the
establishment of rough heat balances and heat losses in the various parts
of the loop. Calculations were carried out to find the over-all heat
transfer coefficient in the rubidium condenser and to match the condenser

design more closely to future loop requirements,

The loop operated approximately 330 hours at

the following thermal equilibrium conditions:

Measured preheater inlet temperature 520°F
Measured preheater outlet temperature 1500°F
Measured boiler temperature 17900F
Measured condenser inlet temperature 17700F
Measured condenser outlet temperature 550°F
Measured rubidium flow rate 0.26 gpm at 520°F
Estimated rubidium flow rate 0.50 gpm

~83-



Estimated argon flow rate 1/2 capacity, i.e. 2550 lb/hr

Rubidium operating pressure 175 psis
Measured power to preheater 6.50 kw
Measured power to boiler 8.75 kw
Estimated losses from preheater ~2.00 kw
Estimated losses from boiler 4.00 kw
Approximate rubidium vapor quality 0.09 (9%)
Vapor in bbiler by volume 92%

The above power and temperature data were for
the heat balances carried out in various parts of the loop. The over-all
heat transfer coefficient in the rubidium condenser was approximately
11.5 Btu/hr~ft2-°F, which is some 45% lower than previously estimated.
This is probably due to insufficient knowledge of the. temperature and
vapor-liquid distribution in the condenser. The condenser heat balance
showed furthermore that the rubidium flow rate should have read 0.5
gpm instead of 0.26 gpm on the flow meter to confirm the power and
temperature measurements. Accuracy of the flow meter calibration is
therefore doubtful since errors in all other measurements are of lower

oxder.

The temperatures in the cold leg of the rubidium
loop were consistently about 300° to 400%F lower than desired. Elimina-~
tion of two condenser turns would reduce cooling and bring temperatures

up to the desired levels.
(3) Corrosion Analysis

After loop decontamination, the insulation was
removed. PFigures B<13, 14 and 15 show variocus views of the failed joints.
Note the blackening and discoloration of the foamsil, probably caused
by impingement of rubidium vapor. The "T" section was cut out for
analysis. X-ray techniques were insufficiently accurate to determine
the location of the crack, and dye penetrant checking yielded no further
information. The failed "T" was sectioned and inspected metallographically.

The location of the cracks and metallurgical analysis is discussed in
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FIGURE B-13. COLUMBIUM LOOP POST-TEST AFTER REMOVAL OF INSULATION
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FIGURE B-14.

CLOSEUP OF FAILURE AREA VIEWED FROM CONDENSER INLET SIDE
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a later portion of this section. Over-all examination of the loop
revealed a number of interesting points.

In general, there was a large amount of crud
encrusted on the zirconium foil wrap employed to protect the columbium
tubing from attack from atmospheric gases. Results of the crud
analysis are reported in the chemistry section. Source of the crud

may have been due to:

i. 0il in the system coming frow the
lubricated bearings of the argon blower.

ii. Some contamination such as CO or CO, gas

2
evolving from the Foamsil insulation.
iii. Contamination from organic materials used

as insulation inside the vacuum chamber.

Analysis of this black crud did not reveal its origin., Steps will be
taken in future loop runs to replace the heating cables, motor lubrica-
tion materials, and other possible sources of contamination by using

non-outgassing materials.

The zirconium foil wrapped around the columbium
tubing to protect it from atmospheric gas attack was severely embrittled
in the first layer, which was exposed directly tothe chamber atmosphere
(Figure B~16). The underlined layer was in general relatively ductile
and not attacked by the atmospheric gases. This foil was analyzed for
the oxygen content of the various layers to determine what the impurity
content gradient is from the surface of the foil to the surface of the
columbium tubing. Note the blackened area, which is representative of
spots around the loop where the zirconium foil failed and the columbium
tubing was exposed to the chamber atmosphere. Note next to this

blackened area the bright columbium tubing which was under the foil
which had not failed. This indicates that the zirconium foil wrap is

essential to prevent destructive attack by atmospheric gases on the
columbium metal. Note also that the zirconium foil apparently diffused

into the columbium alloy and adhered to it at certain points on the loop,
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CUHROLED AND
FRBRITTLED
ZIRCONILY FOIL

COLUMBILM EXPOSED

TO ARGON ENVIROMENT COLUMBIUM PROTECTED FROM
ARGON ENVIROMENT BY
ZIRCONIUM FOIL

FIGURE B~16. CLOSEUP OF CONDENSER TUBE NEAR CONDENSER INLET SHOWING EFFECT
OF ATMOSPHERE ON EXPOSED COLUMBIUM AND WELDING OF FOIL WRAP TO COLUMBIUM TUBE




especially in the hot sections. It is possible that for longer time and
higher temperature operation, tantalum foil will have to be utilized as

a substitute in an effort to avoid this problem.

Upon removal of the insulation from the loop
several breaks occurred in the columbium tubing in the relatively cold
section of the loop., One of these breaks can be seen in Figure B-17.
One break occurred at the juncture of the surge tank line and the bottom
portion of the loop and the second occurred at the start of the
transition section at the exit from the flowmeter, When the half-inch
0.D. tube leading into the liquid metal pump was sectioned with the
tubing cutter, it was noted that tubing was very brittle as compared
with the tubing in the hot portion of the loop in the condenser and the
boiler. It was thought that possibly the brittle fractions which occurred
in the tubing in the low portionof the loop could be due to a low
temperature-aging effect in the columbium. It is known that columbium
will age in the temperature range 16000 to ISOOOF; however, it is suspected
that the Cb-1% Zr alloy may also age at a lower temperature, possibly
500° to 800°F. Further investigations ghould be undertaken to determine
what the temperature, time, composition relationship is in this aging
effect. No other phenomenon of first-rank significance was noted on
disassembly of the loop. The cold trap was removed and an examination
revealed no corrosion products. No mass transfer products were found
in the loop except for a small amount noted in Figure B-18 occurring at
the condenser outlet. This evidence is not considered significant in
this loop run. At higher temperatures, greaterAT's and longer opera-
tional times, this mass transfer effect should be observed closely to
determine if it increases in severity. This was expected since the
solubility of columbium and rubidium at this temperature was known to

be very low. The loop was sectioned at various points as shovn in
Figure B-19 and the metallurgical analysis proceeded. The columbium

tubing as received from the vendor is shown in Figure B-20. No anneal
was specified after the final drawing operation and this is shawn

very clearly in the cold worked structure of the as-received mataial.
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CLOSEUP OF WELD BREAK AT FLOWMETER EXIT
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Photo # 589,

FIGURE B-18
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As-Received Columbium Tubing

1/2 in, 0.D., Etched, Photo # 588, Mount S-6-3,
Magnification 50 X, Ry, - 92.8 * 0.3

1/4 in. 0,D., Etched, Photo # 584, Mount S$-5-9,
Magnification 50 X, RB - 86,0 +1

FIGURE B-20
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Some '"cracking'' of the I.,D. of the 1/4 in, 0.D. tubing is evident.
According to the vendor, these were not cracks but folds introduced
during the drawing operation, The folds (or cracks) range from 0,5 to

4 mils deep with an average of 1 mil., The 1/4 in. O.,D. tubing was

R, 86.0 + 1 and the 1/2 in. 0.D. tubing Ry 92.8 + 0.3 in hardness. This
difference was probably due to a difference in fabrication history since
both sizes supposedly had the same compositi on, A typical weld test
sample done prior to the loop fabrication is shown in Figure B-21,

Note the grain growth in the weld and heat affected zone. Hardness

was RB80.0 + 10.0.

The 1/4 in, 0.D. tubing at the flow meter exit
is shown in Figure B-22, The microstructure is essentially unchanged
from the as~received material; however, the hardness has increased from
RB 86 (cold worked) to RB 91.5 (post-test). The temperature in this
section was 500° to 700°F, The failed weld at the flowmeter exit is
shown in Figure B-23, Pre-test hardness was not known so post-test
hardness is not significant., The weld apparently was brittle and broke
under the strain of loop disassembly. The surge tank line conmection

to the loop failed during disassembly for similar reasons.

The furnace brazed tube making up the pump cell
is shown in Figure B-24, Note the thin aicrobraze coating on the 0.D.
of the tube. This tube fractured in a brittle manner during the loop
sectioning operation., The high hardness (RB 92,7 + 1) would indicate
that the tube was contaminated by a poor atmosphere during the brazing
operation, This would seem to be the only explanation since, otherwise,
it received no different treatment than the rest of the 1/2 in, 0.D,

tubing in the loop.

The 1/2 in, O.D. tube and weld at the entrance
to the preheater are shown in Figures B-25 and 26. The hardness of the
tube is RB 95.2 + 0.6, an increase from the as-received hardness of RB
92.8. The weld has a post-test hardness of Ry 98.0 + 0.2 but the
change from pre-test, if any, is not known., The hardness of the L/2 in,

to 1/4 in. reducing section was Ry 69.0 + 2. This material was fabri-
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Typical Weld Test Sample
Etched, Photo # 601, Mount S-7-6, Magnification 8 X
RB - 8000 i‘_ 10.0

FIGURE B-21
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FIGURE B-22
1/4 in. 0.D. Tubing at Flow Meter Exit. Etched, Mount
S-4-0, Photo # 595, Magnification 60 X. RB - 91,5 + 1.5
(8-3=9)

FIGURE B-23

Failed Weld at Flow Meter Outlet. Etched, Mount S$-8-3,
Photo # 596, Magnification 8 X. - 81 + 2 Tube,
73 + 3 Plate, 95 ¥ 3 Weld

_97_




¢
%‘.;9

~
|

'x-
3
v Pe

..,.‘
o4

Columbium Tube Braze Nickel Buss
FIGURE B-24

Columbium Pump Cell Tube (Post-Test). Furnace Brazed
Prior to Loop Run, Etched, Mount S-7-7, Photo # 594,
Magnification 50 X

FIGURE B-25

1/2 in., 0.D, Tubing (Post-Test) at Preheater Inlet.
Etched, Mount S-3-4, Photo # 585, Magnification 50 X,
RB - 94.9 : 006
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FIGURE B-26

Weld at Preheater Inlet (Post-Test). Etched, Mount $-3-3.
Photo # 598, Magnification 15X, Rg -~ 99.0 + 0.7 (Weld) and
Rg - 69.0 + 2 in the Plate Reducing Section.

FIGURE B-27

Weld at Heater Tab # 5 (Post-Test). Etched, Mount $-7-9,
Photo # 597, Magnification 15X, Rg - 74.2 + 0.2 Tube,
63.0 + 10 Plate, 57.1 + 0.2 Weld

-09-



cated from plate annealed at 1850°F before loop assembly, hence the
low hardness. The cracks occurring in the weld are probably due to
pre-test cracking resulting from stressing of the somewhat brittle
weld during assembly of the loop. Note that neither the rubidium nor

the chamber atmosphere attacked this weld.

The microstructure of the preheater and boiler
tube and welds is much the same as the cold section of the loop. Again
there was no perceptible corrosion by the rubidium and no corrosion by
the atmosphere save where the zirconium foil became detached from the
tube, Figures B-27 and B-28 show one of the welds at heater tab #5,
Note the lack of any penetration of atmospheric constituents in the

color photo., Compare with B=32, 33.

The problem of alloying of the zirconium foil
with the coluwbium tubing can be seen in Figure B-29. The foil alloy
has penetrated almost 10 mils into the tube wall (0,049 in.) in some
places., A tantalum foil wrap may have to be substituted to avoid

this effect,

Note that the first evidence of recrystalliza-
tion and grain growth in the columbium occurs at the boiler exit (and
probally along the latter part of the boiler). This section was running
at over 1800°F, Again note that rubidium corrosion and atmospheric

attack are nil.

The structures of the tube at the condenser inlet
and three turns down are shown in Figures B-30 and 31, respectively.
Recrystallization seems almost complete in the entrance (1800 + oF);
however, three turns down the cold worked structure of the original

pre~test tubing is again apparent.

The weld failure in the "T" joint which
ultimately dictated the shutdown of the loop is shown in Figures B=32

and 33, Figure B-33 shows a cross section of the top weld on the "T"
joint. The cracks shown are representative. An extension of a crack

of this type into the 1.D. of the tube caused the rubidium vapor leakage.
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FIGURE B~28 %
Weld at Heater Tab # 5 (Post-Test)., Etched, Mount $=-7-9,
Photo # Color-53, Magnification 75 X,

FIGURE B-29 %
Alloying of Zirconium Foil with Columbium Tube at Boiler
Exit (Post-Test). Etched, Mount $-3-8, Photo # 488,
Magnification 50 X
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FIGURE B=30
Cross Section of Tube at Condenser Inlet (Post-Test).
Etched, Mount S-7-2, Photo # 587, Magnification 50 X,
Ry = 51+ 1.0

FIGURE B-31

&
Cross Section of Tube at Turn # 3 of Condenser (Post-Test).
Etched, Mount $-7-3, Photo # 561, Magnification 50 X

R.B had 85.2 _'t 100
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Cracks in Weld Near Evacuation Line Failure Area, Etched,
Mount §-5-6, Photo # 591, Magnification 13 X, Weld Hardness
RB - 97.0 _t 200

FIGURE B-32
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Note in Figure B-34 the carbide penetration parallel to the crack shown
in Figure B-33, Apparently carbide penetration directly caused or
aided the ultimate failure of this weld. The carbon could have come
from a number of sources as explained on the first page of Section
12b(3). Probably the carbide penetration was not the single cause

of failure, Rather, the failure most likely was caused by a combina-
tion of carbide penetration plus high weld stresses, low initial weld
ductility, poor protection of the jolnt from atmospheric attack by the
zirconium foil wrap, aging of the weld, and thermal cycling effects,
Apparently the carbide preferentially attacks the weldments since this
effect was not observed in other portions of the tubing which were
exposed to the same temperature and environment., This may be due to
the higher impurity content and lower ductility of the weld. These
allow more strain to be built up in the joint. This results in greater
internal energy, making the weld material more sensitive to corrosion

than the unwelded tubing.

Some general observations on the test results

can be made,

Little or no corrosion of the columbium by the rubidium was

found even at the hottest portion of the loop.

Very minor mass transfer effects were found, indicating
some solution of the coluwbium tubing into the rubidium

occurred,

Little or no corrosion of the columbium by the chamber
atmosphere occurred where the zirconium foil wrap remained

‘protective'.

Where the zirconlum foil wrap was not present originally, or

where it fell away or was severely penetrated during the run,
the columbium was attacked with varying severity. The welds

seemed to be more sensitive to attack (especially carbide
penetration than the tubing). Although the oxygen content

of the argon gas was very low (in the neighborhood of 1 to
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2 ppm with a light concentration of nitrogen), even this
small amount was sufficient to severely attack any un-
protected columbium. In most sections of the loop, the
zirconium foil wrap remained continuous and acted as a

protective barrier, preventing attack of the columbium,

The zirconium foil wrap tended to alloy with the
columbium tubing by diffusion, especially in the hotter

portions of the system,

Some age hardening of columbium apparently occurs at
1600° to 1800°F and at 500° to 800°F.

The failure in the tee joint was due to carbide pene-
tration of the unprotected weld, resulting in a brittle
structure which broke under a combination of internal
stress, bending, and thermal cycling after 455 hours of

operation,

The failure in the flowmeter exit weld was due to strain
applied to the brittle weld during loop disassembly
operations, aggravated by poor initial weld ductility and

possible age hardening of the columbium.

Ductility of the welds in the loop system was lower than
that of the tubing. Hardness was higher, This is

probably due to contamination in the welds.

Recrystallization temperature for this alloy is about
o

1850"F., However, the exact time-temperature-trans-

formation relationship could not be determined from

the limited data available,

(4) Chemical Analysis

2 N2 content

before and after the loop run. The results are shown in Table 1II.

The rubidium was analyzed for O

Metals content was not taken before or after

the loop run, N2 content was below limits of detection (< 10 ppm)
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Before After
2 71 ppm 111 ppm

NZ Not detectable Not detectable
Analysis of the discolored foamsil insulation in the region around the
leak showed zirconium and rubidium contamination., Black crud taken
from the outside of the zirconium foil between heater tabs 3 and 4
showed zirconium nitride and carbon. This indicates that some carbide
and nitride producing materials were present in the system. The
nitrogen may have come from the argon gas. The source of the carbon is
not known., It may have come from lubricating greases used in the argon

blower system,

Gas analysis of the columbium tubing is shown
in Table III. Note the large rise in 02 content and small increase in
N2 content in the original versus post-test tubing., The reason for this
is not apparent unless the zirconium foil wrap was less efficient as an
oxygen getter than the columbium. Results of limited post-test analysis
of the gas drying train showed a large increase in nitrogen content and
only a small increase in oxygen content. This indicates either the
absence of O2 in the system or that the columbium and zirconium foil wrap
gettered most of the oxygen. A large increase in 02 content and negligible

increase in N, content occurred in the zirconium foil wrap.

2
TABLE II1I
GAS ANALYSIS OF COLUMBIUM TUBING

0,_ppm H, ppm Nz_ggj
Original Columbium Tubing - 1/2" 0.D. 160 3 80
Columbium Tubing After Test
Exposed to Argon Atmosphere =1/2% O.D; 630 17 110 ;
Columbium Tubing Weld Area §
After Test - 1/2" 0.D. | 1830 <d 110 i
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APPENDIX C
THERMODYNAMIC AND PHYSICAL PROPERTIES PROGRAM

1, Statement of Work Scope

The thermodynamic property measurement part of the Rubidium
Evaluation Program was termed Phase 1I. The soope of this part of the
program was to design, build, and operate test equipment which would al-
low the direct measurement of the following properties for rubidium over
the temperature range 1000 to 1800°F: (1) density, (2) vapor pressure,
(3) latent heat of vaporization, and (4) specific heat, Using these
measured properties, the additional properties of (1) enthalpy, (2)

entropy, and (3) vapor specific volume were to be calculated,
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2. Density Apparatus: Design and Operation

ae Design

After studying various possible methods of measuring
the density of rubidium from its melting point to 1800°F, an expansion-
level wire technique was chosen, This method consists of allowing a
known weight of liquid rubidium to expand as the temperature is increased
until it touches and electrically shorts a wire positioned above its sur-
face, Then the density of the rubidium at the temperature at which the
shorting occurred can be determined by dividing the weight of rubidium

by the volume of the container to the tip of the level wire,

The density apparatus as designed and used is shown
in Figures C~1 and C=2, The apparatus tock the form of a small sealed
capsule which would fit in a standard 4 in, x 4 in, laboratory type muf=

fle furnace, It consisted of the following parts:
(1) Capsule Body

The capsule body involved a lower body, a hemi-
spherical head, and head hold=down nut, These parts were made of type
316 stainless steel and were designed for 500 psi internal pressure at
a temperature of 1800°F, A fitting was placed through the side of the
capsule to allow pressure measurement and two thermocouple holes were
drilled radially in the capsule base, One thermocouple extended halfway

to the center and the other all the way to the center line,
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(2) Capsule Seal

A "Bridgman Type" ring seal was used to seal
the head in the capsule, The lower Bridgman seal ring was made of
annealed A-nickel and the follower washer between the nickel ring and

the head hold=down nut was of carbon steel.
(3) Capsule Internals

Inside the capsule body a small rubidium reser=
voir was created, The capsule body was the bottom of the reservoir and
a riser section made up its top, This riser was lap-fit to the capsule
body and was held in place by a threaded ring, Thus, the reservoir took

a shape somewhat similar to a small volumetric flask,
(4) Capsule Level Wire Assembly

The level wire assembly consisted of four molyd=-
denum wires swaged in MgO in a type 316 stainless steel sheath, These
molybdenum wires extended past the end of the sheath so that they would
reach down into the rubidium riser, The J vel wire sheath was seal
welded into the capsule head. A 4-~hole plug of high fired alumina was
placed just inside the end of the sheath to prevent any Mg0 swage par-

ticles from falling into the rubidium pool,

The level wire electrical system consisted of
a light and a bell connected to a 6~volt dry cell battery, One terminal
of the battery was grounded to the capsule body and the other connected

to the level wire of interest,
be Operation

After fabrication of the apparatus, the four level
wires were cut to different lengths, Thus four density points could be
obtained in each run., The volume in the rubidium reservoir under each
level wire was determined by introducing known amounts of mercury into
the reservoir until each of the four level wires were electrically shorted

by the mercury surface,
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The capsule filling operation for each run was per-
formed under an argon atmosphere in a vacuum glove box, A syringe and
special pipette were used to transfer the rubidium from a glass ampoule
into the reservoir in the capsule, Heat lamps were used to melt the
rubidium and to maintain the transfer equipment and capsule above the
melting point of rubidium, The weight of rubidium placed in the capsule
was determined by weighing the rubidium ampoule and transfer pipette be=-

fore and after the transfer,

After the rubidium was loaded into the capsule, the
head was installed and the Bridgman seal ring assembly was torqued down,
"Silver Goop"™ was used on the threads to prevent seizing, The seal was
then tested by pressurizing the capsule to about 500 psi with argon and
submerging it under water, Sufficient additional torque was applied to

the head seal ring to stop any small leaks found,

A typical test run consisted of placing the capsule
in a standard laboratory 4 in, % 4 in, muffle furnace, The two thermo=-
couples (chromel~alumel) were then inserted in the holes in the base of
the capsule, A special furnace door with holes drilled for the level
wire sheath and thermocouples was then put in place and its edges were
packed with thermoflex insulation, The temperature was then slowly
ralised, The temperature at which each level wire was shotted by the ex-

panding rubidium was recorded,

At the completion of a run, the capsule was cooled

down, opened, and cleaned out in preparation for the next run,
Co Test Runs

Three 4-~point density runs were made during the pro-
gram,
(1) Test Run #1 (November 14, 1960)

Based on the predicted density for rubidiuml,

the level wire lengths were chosen to obtain four density points in the
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range 500 to 1500°F. Erratic shorting of level wires #1 and #2 was
observed in the range 200-600°F and then four distinct density points
were obtained at 717, 934, 1229, and 1307°F,

Analysis after the run led to the conclusion
that the erratic low temperature shorting was due to argon gas bubbles
which were trapped during the loading operation, These bubbles then
expanded and left the rubidium pool as the temperature was raised., Care
was taken during subsequent capsule loadings to prevent gas entrapment
by ensuring that the entire capsule was heated above the melting point of

rubidium during the entire filling operation,
(2) Test Run #2 (January 24, 1961)

New level wires were prepared for the second run
to cover the temperature range 200°F to 1000°F. No erratic shorting was
observed and four distinct density points were obtained at 174, 332, 504,

and707°F,
(3) Test Run #3 (February 2, 1961)

The level wires used in Test Run #2 were re-used
for Test Run #3 and the quantity of rubidium loaded was reduced so that
density points could be obtained in the range 1400 to 1800°F. At a
temperature of about 1350°F weak shorting was observed on all four level
wires, As the temperature was raised further, these weak signals grad-
ually grew stronger, No distinct density points were obtained during

this run.

Analysis of the test results after this test
run led to the conclusion that at a temperature agbove about 1350°F
there was enough rubidium vapor present around the wires to cause this
effect, Possibly some condensation occurred at the top of the level
wire assembly or the vapor itself was enough to complete the electrical
circuit, It has been concluded from this run that the level wire method
used in this test work is not applicable above a temperature of about
1350°F,
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d, Rubidium Density Results

The eight density points obtained in Test Runs #1 and
#2 are given in Table IV, The temperature given for each point is as
measured by the chromel=alumel thermocouples mounted in the density
capsule, These thermocouples were calibrated to a National Bureau of
Standards standardized platinum=-platinum +13% rhodium thermocouple,
The range for error in temperature was estimated as the maximum gradi=-
ant existing between the thermocouple position and the average rubidium

pool temperature,

The density values shown in Table IV were calculated
from the loaded weight of rubidium and the volume of the reservoir to
each level wire, This volume was corrected for thermal expansion of
the capsule to the particular datum point temperature, The mean ther=
mal coefficients of expansion for type 316 stainless steel and molybdenum
listed in the Metals Handbook2 were used, Also, the nominal volumes were
corrected to a flat meniscus from the convex mercury meniscus which
existed during the room temperature calibration of volume, The esti=~
mated possible error in each density point includes the accuracy of the
weighing and volume measurements, the impurities (see Table VI) and
possible meniscus error, Meniscus error accounts for the major part
of the estimated erxor. If the rubidium meniscus was convex the esti-
mated errpr should be added to the density and if it was concave the

error should be subtracted,

-115-



TABLE IV
MEASURED DENSITY OF RUBIDIUM* VS TEMPERATURE

1. Melting Point Density for Rubidium3 = 1,472 gfcc @ 102°F

2 Test Run #2

Date of Run: January 24, 1961
Rubidium Loading: 12,7271 grams
Level Wire # TemperatureoF Density g/cc
1 174 + 5 1,459 + 0,005
2 332 + 5 1,419 + 0,005
3 504 + 5 1,377 + 0,005
4 707 + 5 1,337 + 0,005
3. Test Run #1
Date of Run: November 14, 1960
Rubidium Loading 11,7881 grams
Level Wire # TemperatureoF Density g/cc
1 717 + 5 1.329 + 0,005
2 934 + 5 1,288 + 0,005
3 1229 £ 5 1,248 + 0,005
4 1307 £ 5 1,217 + 0,005

* See Table VI for chemical analysis of rubidium used.
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3. Boiling Apparatus: Design and Operation

The rubidium boiling apparatus was designed to allow direct
measurement of the vapor pressure and latent heat of vaporization of

rubidium over the temperature range 1000 to 1800°F.
a. Operational Concept

The concept of operation was to heat, boil, and con=-
dense rubidium at a measured rate within a sealed container which was
adiabatically shielded from its surroundings. A test run consisted of
establishing temperature equilibria at a number of successive tempera-
tures between 1000 and 1800°F, At each equilibrium datum point, the
rubidium temperature and vapor pressure was recorded and the latent

heat of vaporization measured,

The vapor pressure measurement device was a diaphragm
type strain gage transducer., This transducer was fitted at the end of
a tube which extended down from the boiling metal pool into a cool re-
glon (between 200 and BOOOF). The vapor pressure of the rubidium was
transmitted to the transducer by the column of liquid metal above it.

Latent heat of vaporization was determined at a datum

temperature by measuring the following quantities:

The heat loss from the boiling vessel with no boiling occurring,
(This heat loss was set to a minimum (or zero) by adjusting the
adiabatic guard shielding,)

The total heat input to the rubidium boiling vessel,

The rate of boiling,

Subcooling of condensed rubidium,
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Knowing these Juantities, the latent heat of vaporiza~-
tion at the datum temperature was calculated by dividing the total heat
input corrected for heat loss and condensate subcooling by the boiling

rate,

Determination of the boiling rate was the difficult
measurement, A detailed discussion of how this measurement was made
is given in the next section, Briefly, the measurement consisted of
cellecting all of the rubidium condensate in a reservoir which was per-
iodically emptied by a siphon. The time to fill the calibrated volume
of this reservoir was determined, using a radiation-source level mea-
surement technique, Then the mass flow rate of condensate (i.e,, the
boiling rate) was determined by multiplying the measured volume flow

rate by the density,

A preliminary check-out of this experimental method
was made in a glass-water mock-up., In operation, it showed good siphoning
stability and suggested several design features which were incorporated

into the actual apparatus design,

An error analysis was made of this measurement method
which indicated that latent heat of vaporization could be measured to

within + 3% at 1000°F and to within about + 5% at 1800°F.
b, Boiling Apparatus Ejuipment

The boiling apparatus consisted of two basic parts:
a vessel containing the boiling rubidium and a thermal radiation shield

assembly, Figure C-3 is a cutaway drawing of the apparatus.
(1) The Boiling Vessel

Details of the boiling vessel and its internal
parts are shown in Figures C~4, C=5, C-6, and C-7, The cylindrical-
shaped vessel had a flanged head, It was made of Inconel with an I.D,
of about 6 in, and a height of about 12 in, The flanged head was first
seal welded to the vessel body and then held in place by 16 Haynes=25
1/2 in, bolts, The vessel was designed to contain 500 psi at 1800°F,
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A Calrod type resistance heater sheathed with
Inconel was seal welded in the bottom of the vessel, Also seal welded
to its bottom was a tube which led down to the strain gage pressure trans-
ducer, Seal welded in the head were three Inconel sheathed chromel-alumel
thermocouples, a fill line, a vacuum line and the condenser in and out

lines, Nitrogen was used as the coolant in this condenser,

The pressure transducer, a diaphragm, strain gage
type made by Consolidated Electrodynamics (Type 4-326) had a range of O
to 250 psia and was fully temperature compensated over the range of =653
to +250°F. This type of transducer is capable of measuring pressure to

+ 0.1 psi or about + 1%, whichever is larger,

A double walled shield was mounted to the under
side of the vessel head and surrounded the condenser coil (see Figure
C~5)s This shield collected all of the rubidium condensate from the
condenser and funneled it into the condensate collection reservoir. The
double wall reduced radiant heat transfer between the condenser and the

outside of the condenser shield,

The condensate collection reservoir (shown in
cutaway perspective in Figure C-8) had an internal diameter of about
1.5 in, and a volume of about 30 cc, It was fitted with a 0,5 milli-
curie cobalt-60 source at its top and bottom, A siphon was placed on

the bottom of the reservoir which emptied it when full,

This condensate reservoir allowed measurement
of the rubidium boiling rate during operation, The condensed rubidium
entered the reservoir from the top (Figure C-8), As the liquid level
passed the lower cobalt source, a decrease in the count rate measured
by the radiation detector would be observed., Finally, a second decrease
in the gross count rate measured by the detector would be observed as
the rubidium level passed the upper source, Shortly thereafter, the
level would reach the point where the siphon would empty the reservoir,
Then the filling cycle would be repeated, The predicted radiation de-

tector response curve is shown in Figure C=9,

#
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The condensate flow rate (i,e.,, boiling rate)
would then be determined by dividing the calibrated volume of the reser~
voir between the sources by the time to fill and multiplying by the liquid
density at the datum temperature, As shown in Figure C=8, radiation
source collimation was built into the condensate reservoir at its top
and bottom so that an error in level detection would cause only a small
error in volume determination., This collimation was 1/16 in, wide and
the full 1,5 in.diameter long, It was expected that about a 10 to 12%
decrease would be observed in total count rate as the liquid level passes

each source,

All of these internal parts were fabricated from

Type 316 stainless steel,
{2) The Thermal Radiation Shielding

An accurate measurement of the heat input to the
boiling apparatus was required to measure latent heat of vaporization,
Therefore, the boiling vessel was surrounded by an adiabatic barrier of
heated thermal radiation shields (see Figure C=3), These radiation
shields were made from 10 mil thick molybdenum sheet and shaped in the
form of concentric cylindrical cans, There were ten such concentric
radiation shields, each separated by ceramic spacers, A Calrod type
heating element was placed in the radiation shielding between cans 6
and 7, The side section of this heater was in the form of a coil and

the top and bottom sections were in the form of flat spirals,

During operation, the temperature of the shield
heater was controlled by differential thermocouples placed between it
and the boiling capsule, The shield heater controller was set to hold
a zero differential thermocouple reading between the boiling capsule
and the shield heater, 1In this way, the heat loss from the boiling
apparatus was small as compared to the heat input required to boil the
rubidium, The six molybdenum shields between the shield heater and the

boiling capsule reduced the amount of heat lost (or gained), due to mis-
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match of the shield heater temperature. The three molybdenum shields
between the shield heater and the vacuum box reduced the heat loss from
the shield assembly and thus minimized the shield heater power require-

ment,

Four sets of differential thermocouples were
placed in the radiation 'shield assembly., One set was placed on the top,
one on the bottom and two sets on the side (high and low). All of these
couples could be read for information and either the upper side or lower
side differential couple could be used as the input to the shield heater
controller, A pre-amplifier was used to magnify the small differential

thermocouple signal so that fine control could be achieved.
(3) The Over-All System

Figure C=10 is a photograph showing the boiling
apparatus installed in the vacuum chamber, The entire inside surface
of the vacuum chamber was covered with two layers of aluminum foil to
reduce radiant heat loss from the apparatus and to prevent overheating
of the vacuum chamber walls, The scintillation gamma detector with its
cooling coil and radiation shield was mounted in the back of the chamber,
The strain gage pressure transducer and its cooling coil extended down
from the apparatus into a well in the vacuum chamber., The power, thermo-
couple and cooling lines were led out through connectors in a plate which

fitted into one of the glove ports in the vacuum chamber door,

The gamma detector high voltage line (1500 volts)
was led through a ceramic insulated welding connection in the side of

the vacuum chamber,

The control panel used with the apparatus is
shown in Figure C~1l and the control bench is shown in Figure C=12,

Co Test Operations
(L) Calibrations

The strain gage pressure transducer was cali=

brated over its range of 0-250 psia both before and after the test runs,
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These calibrations were made at room temperature and at 200°F to check
the temperature compensation characteristics, A mercury manometer was
used as the standard from O to 20 psia and a large + 1/4% bourdon tube
pressure gage was used between 20 and 250 psia, Corrections were made
for barometric pressure, The 10 volt excitation current was supplied

by a 12 volt auto battery, variable resistor, and a + 1/4% voltmeter,

Prior to assembly of the boiling apparatus, the
volume of the condensate collection reservoir between the radiation
sources was carefully measured. The volume at room temperature was

found to be 32,99 cc,

The chromel-alumel thermocouples in the boiling
vessel used to measure the boiling and condensed rubidium temperatures
were calibrated against a National Bureau of Standards standardized

platinum-platinum +137 rhodium thermocouple,

The gamma energy spectrum seen by the gamma de=
tector was determined so that during operation the single channel ana-
lyzer could be set to count only primary uncollided gammas., This

increased the sensitivity of the condensate level measurement,
(2) Rubidium Loading

About 2,5 pounds of rubidium was placed in a
special glass flask, which was then sealed under vacuum, A helium leak-
tight, bellows type, liquid metal valve was fitted to the bottom of the

flask by a Kovar glass to metal seal,

This loading flask was then connected to the
£i1l line on the boiling vessel and a vacuum was drawn on the boiling
vessel through the vacuum line, All welds and fittings were helium
leak tested and a vacuum of about 1 x 10-'5 microns was achieved., Fol-
lowing the leak testing, the valve to the rubidium loader was opened.
With the vessel heated to about léOOF, the rubidium was melted and

allowed to flow into the vessel,
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The technique developed to seal off the fill and
vacuum lines consisted of first flattening a section of the tubing with
a special hydraulic press., Then, while the hydraulic press was held in
place on the tubing, the tube was quickly cut and seal welded. Prelim-
inary tests made in development of this method indicated that the seal

was helium leak tight throughout the procedure,
(3) Test Runs

During each of three test runs it was found that
the vacuum in the containment cha;ber could be held between 1 x 10-5 and
1x 10"'4 microns, It was also found that the net heat loss from the
boiling vessel to the surroundings could be held below 5 watts by proper

adjustment of the radiation shield guard heater,
(a) Test Run #1 (March 21, 1961)

In Test Run #1, an orderly increase in
boiler temperature was made to 1000°F, It was found that the system
temperature control was stable and easy to maintain. The boiler tem~
perature was then raised to IZOOOF° Before system equlibrium could be
achieved at 1200°F, the gamma count rate signal was lost and the run was

terminated, No test data was obtained in this run,

Upon inspection after cool-down, it was
found that sections of the gamma detector high voltage and signal coaxial
cables had melted, causing signal to shield shorts. In preparation for
the next test run, these two coaxial cables were relocated to a cooler
position in the vacuum chamber, The air cooling system to the pressure

transducer was also modified to increase efficienty.
(b} Test Run #2 (March 29, 1961)

In Test Run #2, equilibrium boiler datum
temperatures of 1000, 1200, 1300, 1400, and 1500°F were successively
obtained., The vapor pressure was measured at each of these temperatures,
Since no significant variations in the gamma read out could be detected
during boiling, however, no measurement of the boiling rate could be

obtained,
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During the increase in temperature to .
1600°F, the fuses in the boiler and shield heater power lines were lost

and the run was terminated, The insulation on the power cables had

melted, causing a short circuit., This was repairéd by changing to
ceramic insulators, DYuring the shutdown, the cooling system for the
gamma detector and the pressure transducer was changed to use water in- -
stead of air since difficulty was encountered in maintaining sufficient

air cooling to these components at high boiler temperatures,
(c) Test Run #3 (April 5, 1961

In Test Run #3 successive equilibrium tem-
peratures up to 1800°F were obtained, Vapor pressure was measured over
the range 1000 to 1800°F during the heat-up and the subsequent cool-down,
As in Test Run #2, however, no measurements of the boiling rate could
be made.‘ Theréfore, no direct measurements of latent heat of vaporization

were obtained,

Analysis of the test data after this run
indicated that the giphon action on the condensate reservoir was opera-
ting, This could be concluded from the periodic temperature cycling
seen by the condensate thermocouple, It was finally concluded that the
difficulty was that the 1/16 in, wide collimation regions at the top and
bottom of the condensate reservoir were too narrow, This resulted in
over collimation of the cobalt-60 gamma beam and the change in count
rate caused‘bf the rising liquid rubidium level was not significant as

compared with random count rate variations (less than 5% change).

During the modification of this apparatus
in preparation for similar measurements on cesium, the gamma collimation
regions in the condensate reservoir will be increased to a width of 1/4
in, It 1is expected that this change will allow the direct measurement

of latent heat of vaporization, 4
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4, Measurement of Rubidium Specific Heat

The measurement of specific heat of 1lijuid rubidium was
planned to be made using the rubidium corrosion test loop., The tech=-
nijue consisted of a heat balance on the boiling heater section of the

loop (no boiling would be allowed during this measurement),

The rate of heat loss from the boiling heater section of
the loop was first determined vs temperature, This was done by setting
the inlet temperature to the boiler section to a desired value and then
putting just enough power into the boiling section heater to make the
outlet temperature eyual to inlet temperature, Thus, the power rejuired
to maintain a zero temperature drop was equal to the heat loss at this
temperature, In this manner the heat loss from the boiling section of

the loop was determined over the temperature range of interest,

Following this heat loss calibration the specific heat was
to be determined, This was done by putting enough power in the boiling
section of the loop to create a positive ZX'T across the section, The
specific heat at the mean temperature in the boiling section could then

be calculated by the following formula:

[ﬁoiling heater power ] - [Boiling section heatzsk ]
c = equired to produce &&T loss integrated over TJ Btu
P LZ&T] tFlow rate] 1b°F

During initial operation of the stainless steel corrosion

test loop specific heat measurements were made between 600 and 1000°F
using this method., Data obtained were found to be erratic; it was be~-

lieved that poor thermocouple arrangement was the major cause, In
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addition, it was thought that heater power feedback through the grounded

thermocouples amd poor knowledge of flow rate also contributed.

The thermocouples were changed to an ungrounded type and
mounted in a heat sink block to the columbium corrosion test loop.
It was hoped that this modification would reduce the major cause of
erratic results, However, erratic results were again obtained when the

measurement was attempted on the columbium loop.

The specific heat values which were obtained are shown in
Figure C=13, Also included in this figure are the specific heat values
extrapolated by Weatherford1 and Kelly4 from room temperature data, As
can be seen, the AGN measured specific heat values are as much as a fac-

tor of 1.5 to 2 higher than the values predicted by Weatherford and Kelley,

The spread of the measured data points at 1000°F is of par-
ticular interest, These points were run at a number of differentiﬁ T
values and flow rates, Examination of this data indicated that regard-
less of the AT which was used, the data spread was primarily a function
of the flow rate., Figure C-1l4 was prepared to show the effect of flow
rate on the measured Cp° In this figure, the measured CP divided by the
predicted CP is plotted against the flow rate, Assuming the predicted
Cp values are correct, this plot indicates that the flow meter reading
was lower than the actual flow, It can also be concluded that the flow
meter reading accuracy varies from as much as 50% low at a flow rate of

0.2 gpm to about 20% low at a flow rate of 0,7 apm,

Based on this evaluation, it has been concluded that poor
knowledge of loop flow rate was the major factor in the inability to
accurately measure C_ on the corrosion test loops, It has been further
concluded that the liquid metal wetting characteristics in the flow meter
and the electrical conductivity of the system are the basic knowns in the

accurate interpretation of the EM flow meter ocutput signal,
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56 Discussion and Presentation of Results

The thermodynamic properties for the saturated phases of
rubidium are presented in Table VII, The density of the liquid and the
vapor pressure were obtained by direct measurement while the remainder
of the properties were calculated, The method used in the determination
of each of these properties is discussed below, The nomenclature used
in the following discussion is defined in Table V., The chemical analysis
for the rubidium which was used in the determination of density and vapor

pressure is given in Table VIII,
a, Density and Specific Gravity of the Liquid

The eight measured density points and the melting
point have been plotted and are shown in Figure C-15, It was assumed

that the density followed a quadratic equation of the form:
d = a+ bt + ct2

The following equation was then obtained using the least square analysis

method:

4 2

d = 1,5005 - 2,624 x 10~%t + 3.94 x 10" 3¢ (1)

where

The accuracy was estimated to be + 0,005 gm/cm3 over the measured range
of 102° to 1300°F° The accuracy of this equation between 1300° and
1800°F is estimated to be + 0,01 gm/cm3.

!
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TABLE V

temperature, °R or °K as noted

temperature, °c or °F as noted

density, gm/cm3

specific volume of the liguid, ft3/1b

specific volume of the vapor, ft3/1b

enthalpy of saturated liquid, Btu/lb

enthalpy of vaporization, Btu/lb

enthalpy of saturated vapor, Btu/lb

universal gas constant, 1545 ft 1b/moleR
molecular weight of the mixed vapor phase
partial pressure of monocatomic vapor, atmosphere
partial pressure of diatomic vapor, atmosphere
total pressure, atmosphere

equilibrium constant of dimerization

mole fraction of Rb, in the vapor phase

1

mole fraction of Rb2 in the vapor phase

specific heat of the liquid, Btu/1b°F
specific heat of the solid, Btu/1b°F

heat of fusion, Btu/lb
entropy of saturated liquid, Btu/1b-°R
entropy of vaporization, Btu/1b-"R

entropy of saturated vapor, Btu/lb-"R
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The results were compared to the data reported in the
literature, Andrade and Dobbs5 in analyzing the data of Hackspi117 and
those of Rengade6 gave values up to 428°F, These values, as shown in
Figure C~16, are within 0,5% of the values which were measured by AGN,
On the other hand, the density values predicted by Weatherford1 are
somewhat higher than those measured by AGN. It should be noted the AGN’
density curve passes through the melting point density given in the In-

ternational Critical Tables.,3

The specific volume of the liquid (vf) was derived

from the density equation and expressed in ft3/1b as follows:

1
Vi = Tx 62.43 2
be Vapor Pressure Versus Temperature

The vapor pressure of rubidium was measured from 1000
to 1800°F° Sixty vapor pressure points over this temperature range were
recorded and used to derive the "best' curve to fit the data, This
curve is shown on Figure C~16, Of the many equations that can be used
to describe such a curve, two forms have been widely used for the vapor

pressure of the liquid metals,

(1) The first one of these equations is derived from
the Clausius-Calpeyron equation and makes the assumption that the volume
of liquid can be neglected in comparison to that of the vapor. It is
also assumed that the vapor is an ideal gas and that the latent heat of
vaporization is independent of temperature, This results in a linear
relationship between log P and %.

+ B

>

log P =

(2) The second type of equation that was considered
also neglects the volume of the liquid and assumes the perfect gas law,
but is assuming that the latent heat of vaporization is related to the
temperature by the equation:

hf = (hfg}o-‘- aT

8
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Integrating the Clausius-Clapeyron equation under these conditions gives

the following empirical relationship, known as the Kirchhoff eguation:

3>

log P==+4+ B log T+ C

Since it is well known that the latent heat of vapori-
zation is highly dependent on temperature, it was decided to use the
second form, and the following equation was obtained for the vapor pres-
sure of saturated rubidium:

4688

1og10P = - = - 1,758 1og10T + 10,185 (3)

where

This equation gives a normal boiling point of 1244°F at atmospheric

pressure,

It was estimated that the accuracy of this curve is
+ 0,2 psi or + 27 whichever is higher., The accuracy of the pressure
transducer and thermocouples and the effect of impurities (see Table VI)
were considered in making this error analysis. The measured vapor pres-
sure at a given temperature is slightly higher than that predicted by
Weatherfordol

Co Vapor Dimerization and Molecular Weight

Rubidium vapor is essentially monoatomic at low tem=-

perature and dimerizes as the temperature increases:

ya—

The molecular weight of the vapor mixture was calculated using the fol-

lowing equations:

P2

K =
P 2
(2))

(4)
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TABLE VI

CHEMICAL ANALYSIS OF RUBIDIUM

A sample of the rubidium used for the density and vapor
pressure measurements was analysed by the emission spectro-

graphic method.

Rubidium
Cesium
Potassium
Lithium
Sodium
Lead

Iron

Tin
Aluminum
Beryllium
Nickel
Magnesium
Silicon
Barium
Calcium

Copper

Greater than

less than

i 1

14 t

less than

O
[+3]

O O O O O O O O O o O o O o O

The following metals content was found:

.86
47
.60
.03
.01
.01
.007
.006
.004
.003
.003
. 0008
. 0007
.0006
.0006
.0003

%
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where Kp is the equilibrium constant of dimerization whose value as a .i
function of temperature is given by Stull and Sinke8 and Evans.9 The g
partial pressures of Rb1 and sz vapors are represented by p, and Pys

respectively,

K
The Dalton Law of partial pressures was assumed to
hold: .

P,y tp,= P = total pressure (5)

by solving for Py in equations (4) and (5), the partial pressure of the

monoatomic vapor Rb1 was obtained:

-14+ V1+ 4K P
P

P17 2K (6)
P

The mole fraction of the mqnoatomic vapor (xl) was

then calculated:

X, =

1

Py
7 (7

and finally the net molecular weight of the Rbl’ Rb, vapor mixture was

2
obtained as follows:

M= Xy M1 + 2 X, M1
M= Ml (2 - xl) (8)
where Ml = molecular weight of Rb1 = 85.48,

The calculated molecular weight of rubidium vapor vs

temperature is given in Table VII.
d. Specific Heat of the Liquid

This property, needed for the calculation of the

enthalpy and entropy, was correlated from various sources,
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TABLE VII

CALCULATION OF RUBIDIUM VAPOR DIMERIZATION AND MOLECULAR WEIGHT

Temperature Vapor Vapor Equilibrium Partial Vapor
Molecular Pressure constant for Pressure Molecular

o o Weight atm, of Rbl Fraction of Rb

F R M P Kp 13 X1
200 660 85.49 7.787x10°%  1.995x10% 7.786x107%  0.9998
400 860 85.67  4.599x10™>  47.32 4.589x107°  0.9978
600 1060 86.39  2.263x10"> 4.732 2.239x10"3 0.9894
800 1260 87.79  3.063x10"2 0.9772 2.976x10"2 0.9716
900 1360 88.80 0.083 0.5129 0.07961 0.9592
950 1410 89.29 0.130 0.3890 0.1240 0.9538
1000 1460 89.80 0.195 0.2951 0.1848 0.9477
1050 1510 90.36 0.286 0.2239 0.2697 0.9430
1100 1560 90.92  0.408 0.1778 0.3818 0.9358
1150 1610 91.49 0.569 0.1413 0.5294 0.9304
1200 1660 92.00 0.766 0.1172 0.7073 0.9234
1250 1710 92.50 1.04 0.0944 0.9540 0.9173
1300 1760 93.07 1.35 0.0792 1.2302 0.9113
1350 1810 93.65 1.75 0.0667 1.5829 0.9045
1400 1860 94.21 2,23 0.0569 2.0018 0.8977
1450 1910 94.73  2.80 0.0487 2.4965 0.8916
1500 1960 95.22  3.46 0.0419 3.0666 0.8863
1550 2010 95.69  4.25 0.0362 3.7429 0.8807
1600 2060 96.15 5.14 0.0317 4.4985 0.8752
1650 2110 96.61 6.19 0.0281 5.3774 0.8687
1700 2160 97.08 7.33 0.0248 6.3348 0.8642
1750 2210 97.52 8.63 0.0221 7.4149 0.8592
1800 2260 97.92 10.08 0.0196 8.6227 0.8554
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6 .
Rengade gives a decreasing value in the temperature

range from 39 to 126°¢ expressed by:

c_ = 00,0921 -~ 0,000026¢ 9)
Pg

where
t = OC, and

Btu

“p. T oo
Pe 1%

On the other hand, such liquid metals as sodium and potassium exhibit

a ¢ curve of a quadratic form with a minimum around IOOOOF° Stull and

Sinke give a constant value which is an average over the liquid phase

equal to:
¢ = 7.50 -—Eélg-— = 0,0877 —2£4
Pf mol - C iIb ' F

Using the slope given by Rengade in the low range and the average value
given by Stull and Sinke, the following ejuation was derived and is
recommended for use in the temperature range from the melting point to
1800°F:

9 2 5

cpf =6,3x 10 t° - 1,26 x 10 "¢t + 0,0923 (10)
where t is in degrees F
or cpf = 6.3 x 107077 - 1,839 x 107°T + 0.0994 (11)
where T is in degrees R,

eq Enthalpy

The reference level for all enthalpy calculations was
taken as

298.15% ¥ 537°R
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This reference level was chosen, rather than the melting point used by
some authors, to be consistent with most reported thermodynamic data,
This greatly facilitates the comparison of the properties of the various

liquid metals,
(1) Enthalpy of the Saturated Liquid

The enthalpy of the saturated lijuid was obtained

from the following equation:

Tm T
h=j (c)dT+(AH)+f (c_ ) dT (12)
£ %537 P m P

The first term represents the enthalpy in the solid phase. The specific

heat of the solid metal (cp ) from the reference level to the melting
s
point (Tm = 562°R) was averaged from Stull and Sinke data:

c_ = 0.088 BTU/1b
Pg
The second term, or heat of fusion, was also obtained from Stull and

Sinke and its value is given as:

Auw = BTU
H o= 1179 3= .

The third term, which represents the enthalpy of the saturated liquid,

was calculated by replacing cp by the equation (11) derived above:
£

(2) Latent Heat of Vaporization

The latent heat of vaporization (Hfg) was calcu-

lated using the Clausius~Clapeyron equation:

h
ar ____fg (13)
dT T(vg - vf)

%% is obtained from the measured vapor pressure relationship, Equation (8):

dP _ P __ 4688

dT T log,g e x T - 1.758) (14)
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The specific volume of the liquid (vf) is neglected here, and for the
specific volume of the vapor (vg), the perfect gas law is substituted
in the equation:
RaT
vg = NP (15)
Substituting into equation (13) the latent heat of vaporization is given

by: T

(o]
- R 19430 Btu
hfg 1,987 5 (To ) - 1,758 T (16)
R

(3) Enthalpy of the Saturated Vapor

The enthalpy of the saturated vapor was calcu=-

lated from the equation:

hg = h + hfg (17)

f. Entropy

As for enthalpy, the reference level chosen for all

entropy values was taken at 298.15°K = 537°R,
(1) Entropy of the Saturated Liquid

The entropy change of the saturated liquid was
obtained by the following relationship:

Tm T

‘}( dT Ale dT

S; = (c_ ) <t 7t (c_) T (18)
537 Pg m T™m  Pf

The first term is the entropy change from 537°R to the melting point
(Tm = 562°R) is evaluated by taking an average value for the specific
heat of the solid:

- Btu
cps = 0,088 % °

The second term represents the entropy of fusion and is calculated using
the value of Stull and Sinke, Z&Iﬁn = 11,79 E%% for the latent heat of

fusion,
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The third term, or change of entropy in the liquid
phase, was calculated using the equation (11) for the specific heat of
the liquid,

(2) Entropy of Vaporization

The entropy of vaporization was obtained from

the equation:

h
fz Bt
S¢ =—55 ——-‘;— (19)
g 1b°R

(3) Entropy of the Saturated Vapor

The entropy of the saturated vapor was calculated
by the equation:
S =§_.+ 8 (20)
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THERMODYNAMIC PROPERTIES OF RUBIDIUM — SATURATED PHASES

TABLE VIIT

Specific Vol. Enthalpy Entro

Temp. Pressure ££3/1b Btu/1b Btu/1b Por

o

F atm psia Vg ‘vg hf hfg hg 8¢ sfg g
77 0 0
200 0.01105 23,02 0.040
400 0.01143 40.84 0.063
600 0.01180 58.35 0.081
800 0.01217 75.67 0.096
900 0.083 1.22 0.01236 122. 84.28 381.3 465.6 0.103 0.280 0.383
950 0.130 1.90 0.01245 81. 88.58 377.2 465.8 0.106 0.268 0.374
1000 0.195 2.87 0.01253 58. 92.88 373.1 466.0 0.109 0.256 0.365
1050 0.286 4.21 0.01263 42.5 97.18 368.9 466.1 6.112 0.244 0.356
1100 0.408 6.00 0.01271 31.1 101.48 364.7 466.2 0.144 0.234 0.348
1150 0.569 8.36 0.01280 26.6 105.78 360.5 466.3 0.117 0.224 0.341
1200 0.766 1.26 0.01289 17.0 110.09 356.6 466.7 0.120 0.215 0.335
1250 1.04 5.22 0.01298 13,02 114.41 352.8 467.2 0.123 0.206 0.329
1300 1.35 9.84 0.01307 10.05 118.73 348.8 467.5 0.126 0.198 0.324
1350 1.75 5.72 0.01315 8.00 123.06 344.7 467.8 0.128 0.190 0.318
1400 2,23 2.77 0.01323 6.93 127.40 340.8 468.2 0.130 0.183 0.313
1450 2.80 41.15 0.01332 5.25 131.76 337.1 468.9 0.132 0.176 0.308
1500 3.46 50.85 06.01339 4,30 136.13 333.6 469.7 0.135 0.170 0.305
1550 4.25 62.46 0.01348 3.56 140.52 330.1 470.6 0.137 0.164 0.301
1600 5.14 75.54 0.01356 2.98 144,92 326.7 471.6 0.139 0.159 0.298
1650 6.19 90.97 0.01364 2.55 149.34 323.3 472.6 0.141 0.153 0.294
1700 7.33 107.7 0.01371 2.22 153.79 320.0 473.8 0.143 0.148 0.291
1750 8.63 126.8 0.01378 1.92 158.25 316.7 475.0 0.145 0.143 0.288
1800 10.08 148.2 0.01386 1.68 162.74 313.7 476.4 0.147 0.139 0.286
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