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Introduction

The objective of the Molten-Salt Reactor Program is
the development of nuclear reactors which use fluid
fuels that are solutions of fissile and fertile materials in
suitable carrier salts. The program is an outgrowth of
the effort begun over 20 years ago in the Aircraft
Nuclear Propulsion program to make a molten-salt
reactor power plant for aircraft. A molten-salt reactor —
the Aircraft Reactor Experiment — was operated at
ORNL in 1954 as part of the ANP program.

Our major goal now is to achieve a thermal breeder
reactor that will produce power at low cost while
simultaneously conserving and extending the nation’s
fuel resources. Fuel for this type of reactor would be
233UF, dissolved in a salt that is a mixture of LiF and
BeF,, but it could be started up with 23U or
plutonium. The fertile material would be ThF, dis-
solved in the same salt or in a separate blanket salt of
similar composition. The technology being developed
for the breeder is also applicable to high-performance
converter reactors.

A major program activity until recently was the
operation of the Molten-Salt Reactor Experiment. This
reactor was built to test the types of fuels and materials
that would be used in thermal breeder and converter
reactors and to provide experience with the operation
and maintenance of a molten-salt reactor. The MSRE
operated at 1200°F and produced 7.3 MW of heat. The
initial fuel contained 0.9 mole % UF,, 5% ZrF,, 29%
BeF,, and 65% "LiF, a mixture which has a melting
point of 840°F. The uranium was about 33% 235 U.

The fuel circulated through a reactor vessel and an
external pump and heat exchange system. All this
equipment was constructed of Hastelloy N, a nickel-
molybdenum-iron-chromium alloy with exceptional re-
sistance to corrosion by molten fluorides and with high
strength at high temperature. The reactor core con-
tained an assembly of graphite moderator bars that
were in direct contact with the fuel.

Heat produced in the reactor was transferred to a
coolant salt in the primary heat exchanger, and the
coolant salt was pumped through a radiator to dissipate
the heat to the atmosphere.

Design of the MSRE started in the summer of 1960,
and fabrication of equipment began early in 1962. The
reactor was taken critical on June 1, 1965. Operation at
low power begin in January 1966, full power was
reached in May, and sustained power operation was
begun in December. In September 1967, a run was
begun which continued for six months, until terminated
on schedule in March 1968.

Completion of this six-month run brought to a close
the first phase of MSRE operation, in which the
objective was to demonstrate on a small scale the
attractive features and technical feasibility of these
systems for civilian power reactors. We believe this
objective has been achieved and that the MSRE has
shown that molten-fluoride reactors can be operated at
temperatures above 1200°F without corrosive attack on
either the metal or graphite parts of the system, that
the fuel is completely stable, that reactor equipment
can operate satisfactorily at these conditions, that
xenon can be removed rapidly from molten salts, and
that, when necessary, the radioactive equipment can be
repaired or replaced.

The second phase of MSRE operation began in
August 1968, when a small facility in the MSRE
building was used to remove the original uranium
charge from the fuel salt by treatment with gaseous F,.
In six days of fluorination, 221 kg of uranium was
removed from the molten salt and loaded onto ab-
sorbers filled with sodium fluoride pellets. The decon-
tamination and recovery of the uranium were very
good.

After the fuel was processed, a charge of 233U was
added to the orginal carrier salt, and in October 1968
the MSRE became the world’s first reactor to operate
on 233U. The nuclear characteristics of the MSRE with
the 233U were close .to the predictions, and,  as
expected, the reactor was quite stable.

In September 1969, small amounts of PuF; were
added to the fuel to obtain some experience with
plutonium in a molten-salt reactor. The MSRE was shut
down permanently- December 12, 1969, so that the
funds supporting its operation could be used elsewhere



in the research and development program. An in-
spection of parts of the reactor is under way, and
samples of materials are being removed for examina-
tion.

Most of the Molten-Salt Reactor Program is now
being devoted to the technology needed for future
molten-salt reactors. Conceptual design studies are
being made of breeder reactors, and the program
includes work on materials, on the chemistry of fuel
and coolant salts, on processing methods, and on the
development of components and systems. ,

Because of limitations on the chemical processing
methods available at the time, until three years ago
most of our work on breeder reactors was aimed at
two-fluid systems in which graphite tubes would be

used to separate uranium-bearing fuel salts from tho-

rium-bearing fertile salts. In late 1967, however, a.

one-fluid breeder became feasible because of the de-
velopment of a process that uses liquid bismuth to
isolate protactinium and remove rare earths from a salt
that also contains thorium. Our studies showed that a
one-fluid breeder based on the new process can have
fuel utilization characteristics approaching those of our
two-fluid designs. Since the graphite serves only as
moderator, the one-fluid reactor is more nearly a
scaleup of the MSRE. These advantages caused us to
change the emphasis of our program from the two-fluid
to the one-fluid breeder; most of our design and
development effort is now directed to the one-fluid
system.

T

(rh

(v

¥



o

-

L]

YRS

Summary

PART 1. MOLTEN-SALT REACTOR EXPERIMENT

1. MSRE Operations

The MSRE remained shut down, with the salt frozen
in the tanks and the primary systems intact, awaiting
the scheduled examinations. Procedures were readied,
and tools were designed and procured. Equipment to
become surplus was identified. Specimens of radiator
tubes and thermocouple wells in the coolant salt line
were cut out for examination.

Continuing analysis included the gamma spectrometry
data and other evidence of noble-metal fission product
behavior. Comparison of observed deposition with a
model based on conventional mass transfer theory
showed reasonable agreement, suggesting that the noble
metals quickly migrate, as extremely small particles, to
solid or gas interfaces.

Examination of data from previous experiments
indicates that fluorine evolution from the frozen fuel
can be easily controlled,

2. Component Development

Component development for the MSRE was con-
cluded with the termination of endurance tests of the
Mark 2 fuel pump (at 16,680 hr of salt circulation) and
a lubricating oil pump (at 58,900 hr).

PART 2. MSBR DESIGN AND DEVELOPMENT
3. Design

A comprehensive report on the conceptual design
study of a 1000-MW(e) molten-salt breeder reactor
power station is near completion, and copies of the
final draft have been circulated at ORNL for comment
and review. - ‘

Since the first molten-salt power reactor could be a
demonstration unit in the 100-to-300-MW(e) size range,
a conceptual design study has been initiated to investi-

xi

gate the features of such a plant of 300-MW(e) size. The
plant being studied is a converter that uses periodic
discard to rid the fuel salt of fission product poisons
rather than awaiting development of continuous chem-
ical processing systems needed for breeders.

The basic arrangement of the demonstration unit is
much the same as that of the 1000-MW(e) MSBR. It is
of the single-fluid type, with 7 LiF-BeF, -ThF 4-UF, fuel
salt that flows upward through an unclad graphite-
moderated and -reflected core. The heat is transferred
in primary heat exchangers to a circulated sodium
fluoroborate coolant salt, which transports the energy
to supercritical-pressure steam generators and to steam
reheaters. The steam turbine power cycle has a 1000°F
throttle temperature, reheat to 1000°F, a regenerative
feedwater heating system, and special provisions to
attain high-temperature feedwater. The overall plant
thermal efficiency is about 44%.

The Hastelloy N reactor vessel is about 26 ft in
diameter X 32 ft high with a wall thickness of about 2
in. The reactor core design is very similar to that used
successfully in the MSRE, consisting of 4 X 4 in.
vertical graphite elements. Flow passages are sized to
provide the desired salt-to-graphite ratios in the various
regions of the core and an essentially uniform salt
temperature rise through all regions. The salt enters at
about 1050°F and leaves at 1300°F. The reactor has a
conversion ratio above 0.8. The relatively low power
density of about 10 W/cm® permits the graphite to last
the lifetime of the plant and eliminates the need for a
removable head on the reactor vessel. ~ -

The primary heat exchangers are of the U-shell type
with %-in.-OD U-tubes. The maintenance arrangement
is to cut the heads from the shell, operating from the
side . through plugged openings in the cell wall, to
expose the tube sheets for location and plugging of
faulty tubes.

During normal operation the fuel salt circulating
pumps overflow to a drain tank, and fission product
gases extracted from the salt circulating system pass



through the drain tank for holdup and decay. The drain
tank is cooled by a natural circulation NaK system
which rejects heat to an elevated pool of water. Double
barriers, with radiant heat transfer across gas-filled
annuli, are used in both the drain tank and the water
pool to assure isolation of the NaK from the fuel salt
and the water.

A fuel salt storage tank is provided for the fuel salt in
event repairs are needed on the primary drain tank. This
storage tank can also be used for the fluorination
process to recover the uranium from a spent fuel salt
charge and for addition of UF¢ and H, to new carrier
salt for reconstituting a fresh charge. Storage facilities
for spent carrier salt are provided in the reactor
building. It is estimated that the salt charge would have
to be replaced about three times during the 30-year
lifetime of the plant.

Temperatures produced by the heat from decay of
deposited fission products were calculated for primary
heat exchangers of sizes from 94 to 281 MW, and the
results were extrapolated to the 563-MW size of the
reference design. The calculations assumed that the
exchangers were drained of primary and secondary-salts
and that the heat was radiated to surroundings at
1000°F. The maximum temperatures were found to be
in the range of 1700 to 2100°F for a 141-MW
MSBE-size exchanger, but extrapolated results indicated
that the temperatures in a 563-MW MSBE exchanger
would be unacceptably high,

Preparations were nearly completed for issuance of a
request for proposals for an industrial study of a
1000-MW(e) MSBR.

4. Reactor Physics

We have continued our investigation of MSR core
configurations having sufficiently low power density
that the graphite moderator should not require replace-
ment over the life of the plant (i.e., 30 years) and have
considered a power level of 300 MW(e) as well as 1000
MW(e). Fuel-cycle analyses have been performed for
such cores over a range of thorium concentrations from
10 to 18 mole %. With continuous processing, as for the
reference single-fluid MSBR, we find breeding ratios
comparable with that of the reference breeder (1.06)
but somewhat higher specific fuel inventories, associ-
ated with the lower power density. Consequently, the
fuel yields and conservation coefficients are lower than
for the reference breeder. Fuel-cycle cost is about 0.7
mill/kWhr(e) for the 1000-MW(e) reactor and about 1.1
to 1.2 mills/kWhr(e) for the 300-MW(e) reactor. Opti-
mum thorium concentrations, when optimized in terms
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of the fuel conservation coefficient, are a little higher
than for the reference breeder, that is, 15 to 17 mole %,
as compared with 12%.

Calculations have been performed for a series of batch
fuel cycles, in which the fuel salt, including thorium
and plutonium, is assumed to be discarded after several
years of operation, with only the uranium carried over
to the subsequent cycle. These reactors, of course, have
conversion ratios substantially below unity. For ex-
ample, a 300-MW(e) reactor with 30-year graphite life,

plutonium feed, and an 8-year batch procéssing cycle |

would have a lifetime-average conversion ratio of about

.0.84 and a fuel-cycle cost of 0.8 to 0.9 mill/kWhr(e).

The same reactor could become a breeder by addition
of appropriate chemical processing equipment.

The measurement of the capture-to-fission cross-
section ratio, a, for 233U in the MSRE circulating fuel
salt has been successfully completed. The measured
value is 0.1233 * 0.0039. The corresponding calculated
value using the cross sections and computational meth-
ods used in predicting MSBR performance is 0.1226.
The uncertainty of +3.2% in the measured value, if
applicable to the calculated value for the MSBR,
corresponds to an uncertainty in breeding ratio of
approximately +0.008.

5. Systems and Components Development

The gas removal efficiency of the centrifugal gas
separator while operating with circulating water con-
taining various concentrations of entrained air bubbles
was found to be affected most by an instability of the
vortex in front of the recovery hub. Since the initial
separation of the gas bubbles to the central vortex
appears to be virtually 100%, the gas takeoff port is
being redesigned in an attempt to improve the vortex
stability. The bubble generator designs previously tested
have shown a tendency for the liquid flow to oscillate
along the trailing edge of the generator and for the gas
flow to distribute itself unevenly among the gas feed
holes. Testing has shown a design resembling a jet pump
to have some promise, and testing is continuing. A
water test loop which will permit testing full-sized
MSBE bubble generators and gas separators has been
designed and is being fabricated. v

The program for obtaining design studies of molten-
salt-heated steam generators from industrial firms has
been rewritten and now consists of four tasks: The first
two will result in conceptual designs of steam genera-
tors for the ORNL 1000-MW(e) reference design and
for an alternate steam cycle to be suggested by the
industrial firm. The third task will show how the
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designer would propose to scale one of the two
conceptual designs for use with a molten-salt reactor of
about 150 MW(t). The fourth task will describe a
research and development program necessary to assure
the adequacy of the design of the Task III steam
generator. Further work on the facility for testing
steam generator tubes and tube arrangements of up to 3
MW(t) capacity has been suspended. Instead, we are
proceeding to prepare a conceptual design of a loop
with a capacity in the range of 50 to 150 kW which will
be used to study steady-state operation of sections of
molten-salt-heated steam generators. We are preparing a
report which will describe the status of the molten-salt
steam generator technology, show which elements of
the LMFBR program will be of use in the molten-salt
technology program, and define the areas which need
further experimental study.

A test was run in the sodium fluoroborate circulation
loop to determine if a small quantity of water injected
into the salt in the pump bowl could be detected by
monitoring the off-gas stream for a change in con-
taminant level. An on-line water detector failed to show
a positive response when the water was injected. A
temporary increase in collection rate was noted on two
cold traps, but less than 50% of the injected water was
accounted for by the total weight of material collected.
The data did not yield any clear-cut evidence as to the
fate of the missing water. The water injection test
concluded the current phase of the fluoroborate circula-
tion program in the PKP loop, and the loop was shut
down and drained on April 13, 1970. Since the initial
operation in March 1968, 11,567 hr of circulating have
been accumulated; of this total, 10,632 hr were with
the clean batch of salt.

All activities in the MSBE salt pump procurement
program and the salt pump test stand (SPTS) were
suspended indefinitely in light of the AEC decision to
redirect the MSRP along the lines of a technology
program. The fabrication and assembly of the water test
model of the ALPHA pump were completed.

In the remote welding program, emphasis has been
placed on developing an automatic welder which will
produce consistently good welds without direct obser-
vations or manual adjustments. Such a system will be of
value for use in the initial construction of reactors and
will also be suitable for further development to achieve
completely remote operation for maintenance appli-
cations in high-radiation zones. The program has
reached the point at which the usefulness in reactor
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6. MSBR Instrumentation and Controls

Further studies were conducted of the part-load
steady-state behavior of the reference MSBR plant.
Cases studied involving both constant and variable
secondary salt flow rate with load produced un-
acceptably low temperatures at the reactor inlet and/or
in the secondary salt cold leg. The addition of a variable
bypass of the secondary salt around the primary heat
exchanger allowed the plant to be operated with
constant steam and reactor inlet temperatures and with
an essentially constant secondary salt cold leg tempera-
ture for loads between 20 and 100% of design load. The
maximum deviation of the cold leg temperature from
its design value of 850°F was about 8°F. Allowing the
steam temperature to increase with decreasing load
permitted the plant to operate with constant reactor
inlet and secondary salt cold leg temperatures over the
same power range. The maximum increase in steam
temperature was to approximately 1110°F, occurririg at
50% load.

7. Heat and Mass Transfer and Thermophysical
Properties

Heat Transfer. — A new test section is being installed
in the inert-gas-pressurized flow system which will

"enable direct determination of the effect on heat

construction is apparent, and this phase is being -

enlarged to permit development of a complete system
for field use.

transfer of a hydrodynamic entrance length (I/d = 130)
ahead of the heated section. This will be accomplished
by alternating flow in a 48-in.-long tube, only half of
which is used to transfer heat to the molten salt. The
need for such an investigation arises from results of the
earlier studies which were made without an entrance
length and which suggested that, in the low transitional
flow range, developed turbulent flow was not achieved
at high heat fluxes; hence, significant variation in local
heat transfer coefficient with position along the test
section was observed.

It is also planned to study the effect of wetting on
heat transfer by variation in oxidation state of the salt
through addition of a metal such as uranium and to
monitor the wetting characteristics during operation by
a bubble pressure technique.

Thermophysical Properties. — A technique has been
developed that can be used to determine the contact
angle at-a fluid-solid-gas interface by measuring the
pressure difference between the liquid and gas as the gas
bubble grows slowly on the tip of a capillary tube
immersed in the liquid. The contact angle can be related
to the ‘radius of attachment of the bubble to the
capillary tube and to a reduced pressure difference
which depends on the predictable behavior of the



bubble. Experiments using water on stainless steel

(wetting), water on Teflon (partially wetting), and
mercury on stainless steel (nonwetting) have verified
the validity of the method, which will be used to
monitor wetting characteristics of the molten salt in the
next series of heat transfer experiments.

Mass Transfer to Circulating Bubbles. — Mass transfer
coefficients for helium bubbles in a 2-in.-diam pipe have
been obtained for three glycerol-water mixtures (corr-
esponding to Schmidt moduli of 419, 2015, and 3446)
over the Reynolds modulus range from 4 X 10* to 1.8
X 10°. The coefficients were found to increase with

“increasing bubble diameter in the range from 0.02 to
0.05 in. mean bubble diameter and, for a 0.02-in,
bubble, to approach a nearly constant value charac-
teristic of that for bubbles rising through a quiescent
liquid at low values of the Reynolds modulus.

PART 3. CHEMISTRY
8. Fission Product Behavior

The transport paths and lags of noble metal fission
products in the MSRE have been examined using all
available data on the activity ratio of two isotopes of
the same element, 39.6-day ! °3Ru and 367-day '°°Ru.
Data from graphite and metal surveillance specimens
exposed for various periods and removed at various
times, for material taken from the off-gas system, and
for salt and gas samples and other materials exposed to
pump bowl salt, were compared with appropriate
inventory ratios and with values calculated for indicated
lags in a simple compartment model. This model, as
implied in earlier reports, assumes that salt rapidly loses
ruthenium fission product. formed in it, some to
surfaces and most to a separate mobile “pool™ of noble
metal fission product, presumably particulate or colloi-
dal and located to an appreciable extent in pump bowl
regions. Some of this “pool” material is deposited on
surfaces, and it appears to be the source of the off-gas
deposits. All materials sampled from or exposed in the
pump bow! appear to receive their ruthenium activity
from the pool of retained material. Adequate agreement
of observed data with indications of the model has
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resulted when holdup periods of 45—90 days were -

assumed.

Short exposures to fuel salt in the MSRE pump bowl
ranging from 10 min to 10 hr were made with graphite
and metal specimens in a capsule specially designed to
avoid contamination of the specimens by particulate

activities in the gas space above the fuel salt. A variation
(decrease) of deposition rate with time was noted only
for the noble metal fission products and 31, with the
rate leveling off to the long-term rate in less than 10 hr.

Surface roughness over a range from 5 to 125 puin.
RMS was found to have no effect on deposition of
fission products on both graphite and metal specimens
exposed in the core of the MSRE. The low depositions
of salt-soluble fission products probably proceed by the
mechanism of  fission recoil. The high depositions of
noble metal nuclides, with rates independent of surface
roughness, are best explained as being controlled by
diffusion through a stagnant film of fuel at the solid
surface. However, each species appears to have a
different sticking coefficient, and these are different for
graphite and metal surfaces. Some surface concentra-
tions of ®°Sr were found to be lower than interior
concentrations in the graphite specimens, as previously
observed for 137Cs. In both cases, the mechanism
probably involves diffusion of the metal toward the
salt-graphite interface after deposition in the interior
when the rare gas precursors decayed.

A Kkinetic model was enunciated which accounts for
the origin of smokes and mists generated by the MSRE
fuel. Results of laboratory and reactor experiments
were found to be consistent with the model.

Development of synthesis procedures for the noble
metal fission product fluorides and oxyfluorides was
continued. These materials were used in studies of the
valence of niobium and molybdenum as fluorides and
of their stability at low concentration in molten
Li,BeF,, and in Raman, absorption, and spectro-
photometric studies of the pure compounds.

Raman spectra of crystalline MoFs were obtained;
assignment of the spectra was successful in accounting
for both the number and intensity of the observed
crystal components.

9. Properties of the Alkali Fluoroborates

The solubility of boron trifluoride in molten LiF-
BeF, mixtures was determined. The magnitude of the
enthalpy of solubility indicates that strong chemical
interactions occur in the melt. Investigations were
continued to determine the extent to which chemically
bound hydrogen, in low concentrations, will be retained
in molten fluoroborates. Initial results of the applica-
tion of Raman spectroscopy in molten NaBF, con-

firmed that the tetrahedral tetrafluoroborate anion is

essentially the only anionic species in the melt. The
electronic polarizability of the tetrafluoroborate ion
was reevaluated because of recent inconsistencies in
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literature reports and was found to- have a constant
value of 3.06 A® + 2% in each of the alkali tetra-
fluoroborates NaBF, , KBF,, RbBF,, and CsBF;.

10. Physical Chemistry of Molten Salts

Investigations of liquid-solid phase equilibria in the
systems - LiF-BeF, CeF3; and CeF4-ThF, advanced to
the point that tentative phase diagrams of the systems
could be constructed. Investigations of the stability of
PuOF showed that this compound is less stable than has
been indicated in previous literature reports. The heat
of solution of PuF; in the MSBR carrier salt was
estimated from experimental data as AH; = 11,008
237 cal/mole.

The effects of oxidizing and reducing agents on the
solubility of protactinium oxides in LiF-BeF,-ThF,-
UF, were examined. Major differences in the solubil-
ities of Pa(IV) and (V) were observed. The entropies of
several fluorides of importance in molten-salt reactor
technology were derived, based on currently available
thermodynamic and crystallographic data.

A new conductance apparatus was designed and
constructed in which only metal contacts the molten
salt under study. Experimental values for glass transi-
tion temperatures were measured for the first time with
fluoride melts. The glass transition temperature in the
system NaF-BeF, was found to be 117 + 2°C and to be
invariant with composition. Correlations of electrical
conductivities were derived for molten LiF-BeF,-ThF,
mixtures, relating specific conductance with composi-
tion, Investigations of coordination effects on uranium-
(IV) spectra were extended to comparé melt spectra
with crystal spectra. Very good agreement was found
with fluoride-rich melts, which suggests identity of
species in both the molten and crystalline state,

11. Chemistry of Molten-Salt Reprocessing Technology

Procedures were devised and tested for the removal of
fluoride ion (as a contaminant) from molten LiCl
solvent. It was established that essentially complete
fluoride removal (<40 ppm) could be achieved. At-
tempts to employ NaCl and KCl as diluents for "LiCl
acceptor salt in order to minimize the discard rate for

7Li were made. Studies of the distributions of sodium

and potassium for both the fluoride/bismuth and
chloride/bismuth extractions indicated, however, that
such alkali metal chlorides would not serve satis-
factorily for this purpose. Preliminary experimental
evaluations with zeolites indicate that these materials
are potentially useful for the removal of rare earths
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from lithium chloride. Further evaluation of zirconium
platinide as a removal agent for rare earths indicated
that if the method reaches the plant stage, it will be
necessary to control operating conditions carefully so
that only zirconium is removed.

12. Development and Evaluation of Analytical Methods
for Molten-Salt Reactors

Three samples of MSRE fuel taken during the last
power run of the reactor have been spectrally examined
in the hot-cell spectrophotometric facility. Forced
exposure of the first two samples to the atmosphere
was a result of faulty sample containers. These two
samples showed no U(IV) or U(II) spectra. The third
sample, which was transferred to the spectral furnace
under inert atmosphere, showed the presence of U(IV)
but no U(III). It was possible, however, to generate
U(III) in this sample by both radiolytic and chemical
means. The hot-cell facility was also used to obtain the
spectra of Pa(1V), Pu(Ill), and Cm(IIll) in LiF-
BeF,-ThF,.

Studies were continued on the Ni/NiF, reference
electrode which uses single-crystal LaF; as an ionic
conductor. The characteristics of the electrode were
improved through incorporation of an internal melt,
but a small “junction” potential is still present. The
potential of the electrode is not affected by large
changes in U(IIT) concentrations in the melt under test,
Additional kinetic measurements were also made on the
Ni/Ni(II) couple.

Investigations of NaBF, have been concerned with
analyses of the salt and its cover gas. A method was
developed for the determination of free fluoride in the
eutectic coolant. The determination of the chemical
state of water in the salt is a problem which is still being
studied. Refinements of established methods for water
analysis have been made in an attempt to solve this
problem.

Analysis of the cover gas for the coolant salt has been
concerned with the measurement of impurities, particu-
larly BF; hydrolysis products, and the investigation of
possible methods for their removal. Modifications in the
off-gas system of the NaBF, Circulating Test Loop
allowed a study to be made of the effluent con-
taminants. Injection of water into the loop produced an
oily liquid in the effluent trapping system which
appears to be BF; hydrates, but no water was detected
in the effluent gas stream. The results of a small-scale
experiment set up to simulate the water injection into
the loop showed that water reacts with the coolant gas
and is not carried into the effluent at low temperatures.




A system is being set up to find possible adsorbents to
remove impurities from the coolant gas stream. Another
system was also set up to measure BF; as it is stripped
from saturated fluoride salts by sparging with helium.
Calibration of this system revealed an anomalous
behavior of BF;. Measurements indicate that the
viscosity of BF; varies with pressure even though P-V-T
relationships indicate that BF; should approach ideal
behavior under the conditions of the measurements.

A thermal convection salt ‘loop is being constructed
for the study of the effect of U(III) concentrations on
fuel salt characteristics. A new, more versatile voltam-
meter is being fabricated for use on this project. It is
planned to automatically control the voltammetric
analysis of U(III) with a newly acquired PDP-8/I
computer.

13. Examination of MSRE Components

The radiator tubing was found to have an oxide film
of about 2 mils on the outside. The microstructure was
modified to a depth of about 5 mils on the inside (salt
side), but we attribute this change to absorption of
lubricant during tube manufacture rather than to
corrosion, The inlet thermocouple well had a crack in
the root pass of the weld that penetrated about 3 mils
and went almost completely around the weld. This
crack was likely formed when the weld was made due
to the poor fitup of the parts to be welded. The weld
did not show any evidence of corrosion but did show
the modified surface structure that we attribute to cold
working, '

14. Graphite Studies

Evaluation of some vendor-furnished graphites and
ORNL-fabricated materials is continuing. Three results
of potential significance have been obtained during the
present report period.

First, preliminary results are available on black-based
graphites. It had been anticipated from earlier work at
Gulf General Atomic and Battelle Northwest that these
materials would show marked response to damage.
Conversely, the HFIR irradiations to date on
graphitized black materials have shown a high degree of
stability, Irradiations are continuing.

Second, despite microstructural changes which cause

a marked loss of impermeability for pyrolytically
impregnated base graphites, the pyrolytically coated

materials have shown only minor permeability changes:

to fluences of 1.5 X 1022 neutrons/cm? (£ > 50 keV).
These irradiations are also continuing, biit they strongly
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suggest the more stable base graphite will tolerate
pyrolytic coating for permeability control.

Third, we have received vendor-supplied graphites
which show microstructures similar to the best-behaved
graphites we have hitherto examined and, .in addition,
are capable of fabrication in usable sizes. The irradi-
ation behavior of these materials has not yet been
ascertained but will certainly be informative.

Additionally, two new projects have been initiated.
Samples are being readied for irradiation to follow the
effects of damage on thermal conductivity under MSR
conditions. Also, a program on raw material chemistry
and its effect on carbonization and graphitization has
been initiated. The technique of carbonization under
centrifugation and thin-film chromatography have been
demonstrated to be useful at least as diagnostic tools.

15. Hastelloy N

We found that a modified composition of Hastelloy N
containing 1.2% titanium formed stacking fault pre-
cipitates during aging. These precipitates increased the
strength and decreased the fracture strain in the
unirradiated condition, but had little effect upon the
properties of irradiated material. Postirradiation creep-
rupture tests on alloys modified with Ti, Nb, and Hf
have been run, Generally, the laboratory melts have
better properties than small commercial melts. A study
of the effects of various preirradiation anneals has
shown that the optimum postirradiation properties
result from a 1-hr anneal at 1177°C (the standard mill
anneal for Hastelloy N). Several small commercial melts
containing small additions of Ti, Hf, and Nb have been
welded with weld wire from the same heats. All alloys
were weldable except those containing relatively large
amounts of hafnium (>0.7%) and zirconium (>0.4%).
Creep-rupture tests on these same alloys have been run
at 650 and 760°C. They are stronger than standard
Hastelloy N under all conditions investigated. Electron
microscopy of these alloys has shown that the charac-
teristic fine carbide dispersions developed in laboratory
heats containing hafnium are not formed in commercial
alloys containing hafnium,

Corrosion studies of Hastelloy N in sodium fluoro-
borate continue to show a marked deleterious effect of
water on the corrosion rate. Hastelloy N samples
exposed to steam in the unstressed condition continue
to show low corrosion rates after 10,000 hr of
exposure. A duplex tube consisting of Incoloy 800 and
nickel 280 is being evaluated for possible use in the
steam generator.
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16. Support for Chemical Processing

The design and fabrication of components for a
molybdenum reductive extraction test stand have con-
tinued. In addition to welding and brazing, mechanical
couplings are being evaluated as a joining technique.
Commercially available molybdenum tubing was pro-
cured for the connecting lines of the loop. Two end-cap
geometries for the 3%-in.-diam heat pots and upper and
lower column disengaging sections have been fabricated
by back-extrusion, and material properties are being
evaluated.

Welding parameters for tube-to-header and tube-to-
tube joint designs have been developed using the
electron beam and the gas tungsten arc processes.
Welding will be used to provide corrosion-resistant seals,
and back-brazing will provide joint strength. An experi-
mental filler metal of Fe-Mo-Ge-C-B (42M) appears to
be the most corrosion-resistant braze we have developed
thus far. No attack was observed after testing in static
bismuth for 644 hr at 600°C.

Tantalum plus T-111 and molybdenum plus TZM
showed excellent resistance to mass transfer in sepa-
rate quartz thermal convection loops circulating bis-
muth at 700°C for 3000 hr. Molybdenum also showed
excellent resistance to bismuth containing 100 ppm
lithium in a similar 3000-hr test. However, chemical
analysis of the bismuth did indicate some slight
dissolution of molybdenum. Severe mass transfer of
an Fe—5% Mo alloy occurred in bismuth after only
423 hr. 3

CVD tungsten coatings adhere to Ni, Ni-base alloys,
Fe—35% Ni and Fe—50% Ni alloys, and nickel-plated
stainless steels. The coatings remain adherent after
thermal cycling and bend tests and have bond strengths
greater than 20,000 psi. Vessels of practical sizes have
been uniformly coated. Satisfactory CVD molybdenum
coatings have been applied to Inconel 600 and
Hastelloy C at 900°C.

Molybdenum was deposited on stainless steel by an
exchange reaction between MoF4 dissolved in molten
LiF-BeF, and the constituents of the stainless steel.
Several layers were found in addition to molybdenum,
indicating that deposition should be conducted at lower
MoF¢ concentrations.

17. Flowsheet Analysis

Additional calculations were made to identify the
important operating parameters and to determine opti-
mum operating conditions for a flowsheet that uses
fluorination—reductive extraction for isolation of prot-
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actinium and the metal transfer process for rare-earth
removal,

Calculations were also made to investigate the oper-
ation of an oxide precipitator for removal of uranium
from fuel salt from which protactinium had already
been removed. The results indicate that greater than
99% of the uranium can be removed with a small
number of stages in a countercurrent system and that
the oxide stream produced will have a UQ, concentra-
tion of greater than 90%. Less than 1% of the thorium
fed to the system would be precipitated with the
uranium. ’

18. Measurement of Distribution Coefficients
in Molten-Salt—Metal Systems

Chemical studies in support of the development of a
metal-transfer process for removing rare-earth and other
fission products from single-fluid MSBR fuels were
continued. Additional data were obtained on the
distribution of rare earths and thorium between liquid
bismuth solutions and molten LiCl, LiBr, and LiCI-LiF.
These data confirmed previous indications that the
distribution behavior of most elements was not
markedly affected by temperature variation and that
contamination of the acceptor salt with fluoride fuel
salt reduces the thorium-—rare-earth separation factor.
The results of one experiment involving the extraction
of europium from LiCl indicated that distribution
coefficient data obtained with low concentrations of
lithium in the bismuth phase can be extrapolated to
include bismuth solutions having lithium concentrations
as high as 35 at. %. The solubility of neodymium in a
liquid lithium-bismuth solution that contained 38 at. %
lithium was found to be higher than that reported for
pure bismuth. The solubility of LaOC1 in molten LiCl at
640°C was found to be very low.

Oxide precipitation methods are being considered for
use in the isolation of protactinium and uranium from
MSBR fuel salt. It was shown that protactinium could
be selectively precipitated from LiF-BeF,-ThF4-UF,
(71.7-16-12-0.3 mole %) by addition of oxide to the
system after the salt had been extensively hydro-
fluorinated. Calculations based on equilibrium data
available in the literature showed that, under certain
conditions, it will be possible to precipitate (as UO,) a
large fraction of the uranium from MSBR fuel salt with
little attendant precipitation of ThO,.

19. Engineering Development of Process Operations

Experimental work in the flow-through reductive
extraction facility was continued after the original
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packed column had been replaced with a modified
column packed with *-in. Raschig rings. Three suc-
cessful hydrodynamic experiments in which bismuth
and molten salt were contacted countercurrently were
carried out with the new column. The flooding data
obtained agreed well with a flooding correlation de-
veloped earlier from the study of a mercury-water
system. A set of pressure drop measurements was made
with only salt flowing through the column; these
measurements will be used for future comparison to
detect possible iron deposition in the column. Uranium
was added to the LiF-BeF,-ThF, salt in the form of an
LiF-UF, eutectic in preparation for mass transfer
experiments with uranium, The first mass transfer
experiment resulted in essentially no transfer of ura-
nium as the result of an error in adding thorium
reductant to the bismuth prior to the run. The second
experiment, UTR-2, was the first successful demon-
stration of the reductive extraction of uranium into
bismuth in a flowing system. Greater than 95% of the
uranium was extracted into the bismuth phase, which
initially contained a 140% stoichiometric excess of
reductant.

A report describing the conceptual design of the
molybdenum reductive extraction system is being
written. Welding and brazing have been selected as the
methods for assembling the molybdenum vessels and
piping. Conceptual full-size layout, head pot, and
equipment support drawings have been prepared. A
Y;-scale model of the molybdenum equipment and
piping has been built. A fullsize transparent plastic
mockup of the bismuth head pot and the upper part of
the reductive extraction column has been installed for
testing with mercury and water. A gas pulse pump is
being developed as a possible replacement for the
gas-lift pumps considered thus far.

Measurements were made of pressure drop, dispersed-
phase holdup, and flooding during the countercurrent
flow of mercury and water in a 2-in.-ID column packed
with %-in. Raschig rings. The data on holdup and
flooding for %-in. Raschig rings, as well as those
reported earlier for %-in. Raschig rings and solid
cylinders and for %-in. Raschig rings, can be correlated
in terms of a constant superficial slip velocity which is a
function of packing size only. A simple relation has not
been found for correlating the pressure drop data. An
expression based on the mercury-water data is given for
predicting flooding and dispersed-phase holdup in
packed columns through which salt and bismuth are in
countercurrent flow.

Measurements of axial dispersion in packed columns
during the countercurrent flow of fluids having high

densities and a large -density difference have been
continued. These experiments, which use mercury and
water, are intended to simulate the behavior of bismuth
and molten salt. Data are reported for %-in. Raschig
rings, ¥-in. solid cylinders, and %-in. Raschig rings.
These and previously reported data indicate that the

" axial dispersion coefficient is independent of the

dispersed-phase flow rate for %- and % -in. packing but
is inversely proportional to the continuous-phase flow
rate for ¥ -in. packing.

Data are reported on the effects of the column and
gas inlet diameters on axial mixing in open columns in
which air and water are in countercurrent flow. The
dispersion coefficient was found to be independent of
the gas inlet diameter for diameters of 0.04 to 0.17 in.
At high gas flow rates, little difference in dispersion
coefficient was found at a given gas flow rate in
columns having diameters of 1%, 2, and 3 in. At low
gas flow rates, dispersion coefficients were essentially
the same for the 2- and 3-in.-diam columns; however,
the results obtained for the 1%-in. column were
significantly lower.

The first metal transfer experiment for study of the
removal of rare earths from single-fluid MSBR fuel salt
has been completed. Approximately 50% of the lantha-
num and 25% of the neodymium originally in the
fluoride salt were extracted; however, the rare earths
did not collect in the lithijum-bismuth stripping solution
as expected. The distribution coefficients for lantha-
num and neodymium between the fluoride salt and the
thorium-saturated bismuth were relatively constant and
were in agreement with expected values. The distri-
bution coefficients for lanthanum and neodymium
between the chloride salt and the thorium-saturated
bismuth were higher than anticipated initially but
approached the expected values toward the end of the
experiment.

Calculations were made to show the effects of coil
current, frequency, temperature difference, and fluori-
nator diameter on the frozen film thickness in a
continuous fluorinator heated by high-frequency in-
duced currents. A fluorinator fabricated from 6-in.
sched 40 pipe containing a 5-in.-ID coil that had two
turns per inch was tentatively chosen for an experiment
to demonstrate corrosion protection by use of a frozen
wall. The calculations indicated that a frozen film
having a thickness of 0.3 in. could be maintained over
the coil with a temperature difference of 51°C across
the film if a coil current of 11 A at 400 kHz were
used. A 9.2.kW generator would be required for a
5-ft-long fluorinator under the assumed conditions.
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Although a maximum stable film thickness exists,
there appears to be no serious control problem, since
the thickness of the frozen film changes rather slowly.
Because of uncertainties in the calculations, a simulated
fluorinator is being built to permit the study of heat
generation and heat transfer. A 30% HNO; solution will
represent molten salt in the system.

Two experiments related to electrolytic cell develop-
ment were performed. The first was carried out in an
all-metal cell to determine whether quartz used in
previous tests contributed to the formation of black
material in the salt. No black material was seen during
the experiment; however, we now believe that the
absence of the black material is probably due to the
absence of a bismuth cathode rather than to the
absence of quartz. This conclusion is supported by the
results of a second experiment, which was carried out in
a quartz cell.

The second experiment allowed us to study the
reduction of lithium from pure LiCl using a bismuth
cathode. This may provide a method for recovering

Xix

lithium from salt discard streams from the metal
transfer “process. The cell, which used a rounded
graphite anode, was operated at anode current densities
up to 8.6 A/cm?. Chlorine disengaged readily from the
anode. During the passage of current, the LiCl became
red; we believe that this color change was caused by the
dissolution of LiyBi that was present on the cathode
surface. It is possible that the dark material noted
earlier in' cells resulted from the reaction of LizBi with
BiF; in the salt to form finely divided bismuth.

20. Continuous Salt Purification System

Ten flooding runs were carried out with molten salt
(66-34 mole % LiF-BeF,) at salt flow rates ranging
from 50 to 400 cm®/min. Five of the runs were made
with argon at flow rates up to 7.5 liters/min, and five
were made with hydrogen at flow rates up to 30
liters/min. At the maximum flow rate (about 19% of
the calculated flooding rate), a pressure drop of 40 in.
H, O was observed across the packed column.
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Part 1. Molten-Salt Reactor Experiment

P. N. Haubenreich

The MSRE remained shut down, awaiting postopera-
tion examination. Component development was con-
cluded with the termination of the pump endurance
tests. Analysis of information from the MSRE con-

tinued; some results are reported here, experimental
physics results are given in Part 2, and the fuel
chemistry is discussed in Part 3 of this report.

1. MSRE Operations

1.1 CHRONOLOGICAL ACCOUNT
R. H. Guymon  A.l.Krakoviak

The conditions that were established in January'
were maintained throughout nearly all of this report
period. The only departures were temporary heating of
the reactor vessel neck and experimental cooldown of
the drain tanks, as described below. Normal conditions
are briefly as follows. The fuel salt is divided between
the two drain tanks. It and the flush salt are frozen but
held at around 500°F by tank heaters to preclude
fluorine evolution. The rest of the salt systems are at
ambient temperature. Heat from the tanks is dissipated
through the cell walls without the use of the cell
coolers. All salt systems are filled with helium at about
atmospheric pressure with gas inlet and outlet lines
valved off. Reactor and drain tank cells are sealed
except for a small purge of air that goes through them,
out past a monitor, and up the stack. Signals from the
few key instruments are telemetered in ORNL mon-
itoring centers, and the reactor building is locked and
unattended except on regular workdays.

Activities at the site, in addition to routine daily and
weekly log-taking, included planning and preparation
for the postoperation examinations® and identification

YMSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548, pp. 3,24-25,

and listing of items that will not be needed and will be
made available for use elsewhere.

An abrasive cutoff tool to be used semiremotely was
built and tested. A heavy-duty shear was procured, and
a special grinding tool for excising the fuel pump
sampler cage was designed and built. The only exami-
nation tasks that were actually done were the removal
of some sections of radiator tubes and the thermo-
couple wells in the 5-in. coolant salt lines. The radiator
tubes were sawed out uneventfully, with no problems
either from beryllium contamination or radioactivity.
Because cramped access made grinding dangerous, the
thermocouple wells were removed by electric-arc
cutting. (Examinations of the radiator tubes and
thermocouple wells are reported in Part 5 of this
report.) A backlog of high-priority work resulting from
the April—June labor strike fully occupied ORNL craft
forces, making it necessary to postpone the start of the
major part of the MSRE examinations from July until
October.

In preparation for the removal for the first time of
the 10-in. reactor vessel access plug with attached
control-rod thimbles, the reactor access nozzle was
heated. Temperatures around the annuli where salt had

2P. N. Haubenreich and M Richardson, Plans for Post-
Operation Examination of the MSRE, ORNL-TM-2974 (April
1970).
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been deliberately frozen during operation were raised to
above 1000°F for two days; then the heaters were again
turned off.

In August the heaters on one drain tank were turned
off temporarily to determine the salt temperature that
would result. (This was of interest because of the strong
temperature effect on recombination of fluorine pro-
duced by radiolysis of frozen salt.) Temperatures fell
slowly from the initial SO0°F and leveled off after
about 15 days. The temperature in a probe at the center
of the tank reached 240°F, while thermocouples on the
outside of the tank read 200 to 205°F.

1.2 OPERATIONS ANALYSIS

1.2.1 Gamma Spectrometry

A.Houtzeel F.F.Dyer J.R.Engel

A large amount of data relative to fission product
behavior in the MSRE was collected with the aid of a
remote gamma-ray spectrometer during the final
months of reactor operation.® Primary evaluation of
these data has been concluded, and review and final
editing of a detailed report® of the findings are in
progress. Since only selected parts of the MSRE system
(heat exchanger, fuel salt line, off-gas line, and fuel salt
in a drain tank) could be studied with the spectrometer,
we did not expect to develop a complete description of
the fission product behavior. Instead, we anticipate that
the results will provide a body of data that can be
combined with information from other sources to
produce a more complete picture.

In spite of the limited scope of this investigation,
some specific aspects of fission product behavior have
been extracted from the results; a summary of these
findings is given below. Because of the volume of data
involved, quantitative results will be presented only in
the topical report.*

Primary Loop. — A significant fraction of the
inventory of noble-metal fission prodacts (Nb, Mo, Ru,
Rh, Sb, Te) was deposited on metal surfaces in the
primary loop. The deposits in the primary heat ex-
changer were nonuniform, with heavier deposits near
flow baffles. The degree of nonuniformity was different
for different atomic species, ranging up to a factor of
2.5 for some elements. Although only semiquantitative

3MsR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548, pp. 11-14.

4A. Houtzeel and F. F. Dyer, A Study of Fission Products in
the Molten Salt Reactor Experiment by Gamma Spectrometry,
ORNL TM report (in preparation).

data were obtained for the 5-in. piping, there appeared
to be no gross differences in the deposition densities in
the heat exchanger and those in the connecting piping.

Several iodine isotopes were identified in gamma
spectra obtained from the heat exchanger after the salt
had been drained. However, only those isotopes that
have precursors with significant half-lives were found,
implying that the iodine appeared only as a result of the
decay of deposited precursors, antimony and tellurium.
The absence of '3'I (precursor half-life <2 min)
indicates that any iodine that was formed while the
heat exchanger was full of salt was quickly transferred
to the salt phase,

Measurements made soon after the fuel salt was
drained from the loop indicated that fission product
gases were a major contributor to the total activity level
for several hours. Thus in future systems, where fission
product decay heating may be significant, provisions
will be required for elimination or rapid removal of
such products. -

Off-Gas Line. — Gamma spectra from the off-gas line
with the reactor at power showed, as expected, that the
major activity sources were gaseous fission products and
their associated decay products. However, with the
reactor shut down and the gases purged out, we
observed a substantial contribution from the noble
metals. Among the species identified were Nb, Mo, Ru,
Rh, Sb, and Te. In contrast, very little activity was
observed for species that would be expected to remain
in solution in the salt.

1.2.2 Noble-Metal Migration
R. J. Kedl

An analytical model based on conventional mass
transfer theory and the heat/mass transfer analog was
developed to describe noble-metal migration in the
MSRE. A brief description of the theory and some
correlations based on the model were reported earlier,’
using data from gamma scans of the primary heat
exchanger after run 14 (last 235U run) and fuel salt
samples taken during runs 14, 17, and 18. Since then,
numerous fuel salt samples, gas samples, core sur-
veillance specimens, and gamma scans of the heat
exchanger and other components have been taken.
Essentially all of these measurements have been ana-
lyzed in the framework of mass transfer theory.

SMSR Program Semiann. Progr. Rept. Aug. 31, 1969,
ORNL-4449, pp. 33-35.
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The concept of the physical processes involving noble
metals in the fuel salt upon which the analytical model
was based is as follows. Noble metals are born,
uniformly dispersed in the salt, as single reduced atoms
directly from fission and from decay of their pre-
cursors. They are unstable in fuel salt; that is, they are
insoluble or only slightly so, and they may even be
unwet or only slightly wet. Hence they tend to migrate
out of the fuel salt and deposit on surfaces. Apparently
they are stable on Hastelloy N and graphite surfaces,

_since they have been found there in significant quan-

tities. These conditions are sufficient for mass transfer
theory to be applicable.

In addition to the solid surfaces, observations have
shown that the off-gas system is also a sink for noble
metals. The mechanism for this is unclear, but analysis
of fuel salt samples and other considerations suggest
that liquid-gas interfaces serve as sinks for noble metals.
It is known that small bubbles circulate with the fuel
salt; presumably they pick up noble metals and carry
them to the pump bowl. The pump bowl, with a salt
surface churned by the xenon stripper jets,® acts as a
froth flotation chamber. The only conditions required
for the froth flotation process to work are that (1) the

particle be slightly wet by the fluid (contact angle
<180%) and (2) the particles are small enough so that
their mass will not carry them under the surface
(gravity forces less than surface tension forces). Noble-
metal particulates probably satisfy both of these con-
ditions. The pump bowl presumably then accumulates
and holds noble metals on its large surface area. Bubbles
are continuously being generated and disintegrating in
the turbulent pump bowl. Bursting bubbles are known
to generate a mist of liquid, and a very small amount of
fuel salt is always found in the gas samples. This is
apparently the mechanism that carries noble metals into
the off-gas system. A noble-metal scum on the liquid
surface would also account for the large amount of
noble-metal contamination found on the outside of the
salt sample capsules.

Using this mass transfer theory but ignoring the
effects of migration to the circulating bubbles, the
amounts of noble metals deposited on the surface of
the heat exchanger were computed and compared with

5. R. Engel, P. N. Haubenreich, and A. Houtzeel, Spray,
Mist, Bubbles and Foam in the MSRE, ORNL-TM-3027 (June
1970).
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those measured by gamma scan spectroscopy after run
19. The results appear in Fig. 1.1 along with the more
limited data taken after run 14.° The volume fraction
of circulating bubbles in the fuel salt was estimated to
be 0.023 to 0.045% during run 14 and 0.5 to 0.6%
during run 19. Qualitatively, then, the data are con-
sistent; that is, if noble-metal migration to bubbles were
considered in the “calculated value,” the denominator
would be lowered more rapidly for run 19 than for run
14, and the two curves would approach each other.
Quantitative reconciliation is more difficult. If esti-
mated values of the bubble surface area and mass
transfer coefficient were used, the denominator of both
curves would be lowered so that the ratios would be far
greater than 1.0. Now in these calculations the “sticking
fraction” has been assumed equal to 1.0 for all surfaces.
This is probably reasonable for Hastelloy N, but it may
be considerably less than 1.0 for a gas-liquid interface.
A sticking fraction could probably be assigned to the
bubbles that would bring the two curves together.

The foregoing analysis is typical of numerous others
that have been made for other locations and other
times. A report presenting all the analytical work on
noble-metal migration in the framework of mass
transfer theory is currently being written.

1.2.3 Radiation Heating
C. H. Gabbard

The temperature differences between the reactor inlet
and the lower head and between the reactor inlet and
the core support flange were monitored as an indication
of any sedimentation buildup within the reactor vessel.
The final tabulation of these temperature differences
presented previously” suggested a slight increasing trend
in the temperature rise of the core support flange
during operation on 233U fuel. The reactor vessel
temperature data for runs 17 through 20 were reviewed
to determine if an indication of sedimentation actually
existed. The increase in core support flange AT for run
20 was found to have been present when the reactor
was first taken to power, apparently as a result of
thermocouple error caused by slight differences in
heater settings between runs 19 and 20. (The reactor
vessel thermocouples were not rebiased at the beginning
of run 20.)

The fuel drains on November 2 and December 12,
1969, provided further evidence that sedimentation did

"MSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548, p. 15.

not exist. The run 19 drain (on November 2) occurred
immediately after full-power operation, and the run 20
drain (on December 12) was less than 1 hr after
full-power operation. The temperature response of the
reactor vessel thermocouples following these drains was
essentially the same as for other fuel and flush salt
drains, and there was no indication of a fission product
heat source. '

1.2.4 Fluorine Evolution from Frozen Salt
P. N. Haubenreich

In-pile capsule tests showed in 1962 that irradiation
of frozen fuel salt could result in evolution of F, gas.
These and other experiments® showed that recombina-
tion of the F, with the salt was strongly temperature
dependent, becoming significant above 80 to 100°C.
Analysis of the data from these experiments was
recently extended® to obtain quantitative relations that
could be used to define more precisely the conditions
necessary to prevent fluorine evolution from the frozen
MSRE salt.

The yield of F, varied up to about 0.07 molecule per
100 eV of absorbed energy, depending on the physical
state of the salt and perhaps on the type of radiation.
For the in-pile capsules, where the salt composition was
like that of the MSRE fuel and the radiation was from
included fission products, the most accurately measured
value of yield was 0.020 molecule of F, per 100 eV, In
some in-pile capsules which were distinguished mainly
by slower cooling and freezing, the yield was practically
zero.

Although recombination was observed in some in-pile
capsules, the best-defined relation between recombina-
tion and temperature was observed in experiments in
which simulated MSRE fuel salt at a controlled tem-
perature was exposed to ®°Co gamma rays.'® After
considerable F, was generated the source was removed
and the rate of pressure decrease was used to compute
the rate at which F, was reentering the salt. The results
are plotted in Fig. 1.2. The equation of the straight line
which was empirically fitted to the data is

K=6.65X%X10%2%¢™71%/T molecules F, hr™! g™t .

SMSR Program Semiann. Progr. Rept. July 31, 1964, ORNL-
3708, pp. 252-87.

°P. N. Haubenreich, Fluorine Production and Recombination
in Frozen MSR Salts After Reactor Operation, ORNL-TM-3144
(September 1970).

104 ¢ Savage, E. L. Compere, and J. M. Baker, Reactor
Chem. Div. Ann, Progr. Rept. Jan. 31, 1964, ORNL-3591, pp.
16-37.
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Fig. 1.2, Fluorine Consumption in Autoclave by Recombina-
tion with Simulated MSRE Fuel Salt,

In some of the in-pile capsules it was observed that
generally a substantial amount of energy was absorbed
before fluorine began to be released from the salt into
the gas. A similar “induction period” phenomenon was
observed in the ¢ °Co experiments. In thesé experiments
3 X 10*? eV/g (1.3 Whr/g) was absorbed before F,
release was evident.

The radioactivity of the MSRE fuel salt after the
December 1969 shutdown was calculated by Bell,!?
taking into account the power history and removal of
various fission products by gas stripping and deposition.
Figure 1.3 shows the energy sources associated with the
4.6 X 10° g of fuel salt as a function of decay time.
With the fuel in the large drain tanks, practically all of
this energy will be absorbed. o

The relations for absorbed energy, F, yield, and
recombination vs temperature were combined to de-

Y'M, 3. Bell, Calculated Radioactivity of MSRE Fuel Salt,
ORNL-TM-2970 (May 1970). :
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Fig. 1.3. Energy Sources in MSRE Salt.

termine minimum temperatures at which all the radio-
lytic F, would recombine internally. The required
temperature (based on 0.020 molecule per 100 eV)
decreased slowly from 173°F in January 1971 to 145°F
in January 1975. The required temperatures would be
higher by only 15°F if a yield of 0.04 molecule per 100
eV were used.

The induction period observed in the ®°Co experi-
ments is long compared with the rate of energy
absorption in the MSRE fuel salt. If the MSRE fuel
were chilled in January 1971, it would be over 30
months before 1.3 W/g was absorbed.

During the interim between the end of nuclear
operations and the scheduled examinations it was a
simple matter to keep the tank heaters on and the salt
much warmer than necessary to recombine all the F,
internally. Based on the foregoing analysis, it appears
feasible to turn off the heaters (except perhaps for a
few days each year) without fear of fluorine evolution
during the interval between the postoperation exami-
nations and the ultimate disposal of the MSRE salt.




2. Cdmponent Development |

Dunlap Scott

2.1 FREEZE-FLANGE THERMAL-CYCLE TEST

Testing of the prototype freeze flange was dis-
continued in the previous report period after 540
thermal cycles. The planned final inspection' was not
done during the current report period but will be done
when manpower becomes available.

2.2 PUMPS
P.G.Smith H.C.Young A.G. Grindell

2.2.1 Mark 2 Fuel Pump

The pump continued to circulate LiF-BeF,-ZrF,-
ThF,-UF, (68.4-24.6-5.0-1.1-0.9 mole %) salt at 1350
gpm and 1200°F until August 3, 1970, when the test
was shut down after 16,680 hr of operation with
molten salt. During the early part of the report period,
two more incidents of partial plugging' of the purge gas
system were experienced, one in the shaft annulus and
one in the pump tank nozzle connecting to the off-gas

' MSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548, pp. 34-36.

system. Both plugs were cleared by the application of
additional heat and did not reoccur.

Upon shutting down the pump and attempting to
drain the system salt, it became evident that the line
which connects the salt piping to the storage tanks had
become plugged, and the salt could not be drained. All
the salt in the system was then frozen except for that in
the pump tank and in three pressure transmitters. At
the end of the report period, procedures were being
developed to remove the drain line, to determine the
location and nature of the plug, and to replace the line
so that the salt could be thawed and drained into the
storage tanks.

222 0il Pump Endurance Test

The endurance test' of an oil pump, identical to
those installed in the lubrication stands which supply
oil to the MSRE salt pumps, was halted after 58,900 hr
of operation at an oil temperature of 160°F and a flow
of 60 gpm. A leak had developed in the filter in the
water supply line to the lubricant cooler, and in view of
the cessation of the operation of the MSRE and the
suspension of activity in the MSBE salt pump program,
the test was not resumed.

.
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Part 2. MSBR Design and Development

R. B. Briggs

For the past several years the program of the MSBR
design and development activities has been to prepare a
reference design for a 1000-MW(e) one-fluid MSBR
plant; to design a molten-salt breeder experiment
(MSBE), operation of which would provide the data
and experience necessary to build large MSBR’s; and to
develop the components and systems for the MSBE.
Work on the reference design for the one-fluid MSBR
was begun in October 1967 and has taken most of the
effort. Results of the studies were reported in our
semiannual reports for the periods ending in February
and August 1968 and 1969 and February 1970. The
draft of a topical report that describes the plant and the
results of the studies in considerable detail has been
completed, is being reviewed, and will be published in a
few months. Some preliminary work on the design of
the MSBE, activities related to the development and
procurement of equipment for the MSBE, and some
more general development have also been described in
the progress reports mentioned above.

Earlier this year the U.S. Atomic Energy Commission
decided that the Molten-Salt Reactor Program should
concentrate on obtaining solutions to the major tech-
nological problems of molten-salt reactors and demon-
strating them in the laboratory and in test loops instead
of building and operating the MSBE for this purpose.
Although this decision did not affect much of the
design and development work in progress, it required
considerable changes in future plans. ’

We will continue with design studies of large molten-
salt reactor plants because these studies serve to define

generally the technology that requires development and
the extent to which development goals are being
achieved. Some studies of a 300-MW(e) demonstration
plant are described in this report. Progress is being made
on plans for a design study of a 1000-MW(e) MSBR by
an industrial contractor. This study is intended to
provide an industrial version of an MSBR and an
industrial assessment of the technology and the poten-
tial of molten-salt reactors. We also plan to continue
some design studies of the major systems and equip-
ment for the MSBE. Much of the testing and demon-
stration of the engineering technology should be done
on a scale relevant to reactors that may be built in the
near future, The MSBE studies will help to establish the
scale for the development and some of the more
detailed requirements.

In the development program we have curtailed the
work on procurement of pumps and steam generators
for the MSBE. Design studies and some basic develop-
ment will be done on steam generators because they
present some special problems and none have been built
and operated even on a small scale. Plans are being
made for loop facilities for testing components of the
xenon removal system, the off.gas system, and other
features of the fuel salt system. A loop facility is also
being planned for developing the technology for the
coolant salt system. Some development of maintenance
systems and equipment is continuing. In all this work,
emphasis is being placed on providing solutions to
major problems of equipment and.processes that have
been defined by the design studies.

/




3. Design

E. S. Bettis

3.1 SINGLE-FLUID 1000-MW(E) MSBR DESIGN
STUDY REPORT

Roy C. Robertson

The final draft of the report' covering the study of a
1000-MW(e) single-fluid MSBR power station has been
distributed at ORNL for comment and review. We
expect the report to be ready for publication early in
1971,

A description of a primary drain tank cooling system
using NaK as the heat transport fluid has been added to
the report draft. As discussed in Sect. 3.2.6, an
NaK-cooled system is believed to have important
advantages over the previously described LiF-BeF,-
cooled system.

The customary table of MSBR design data is not
repeated in this report because there has been substan-
tially no change since last reported.? When the table is
revised, the themmal conductivity of the core graphite
will be changed from the room-temperature value of
34 to 35 Btu hr™! ft™ °F7! to the 1200°F value of
~18Btuhr™! ft™! °F*,

3.2 MOLTEN-SALT DEMONSTRATION REACTOR

DESIGN STUDY
E. S. Bettis H. A. McLain
C. W. Collins J. R. McWherter
W.K. Furlong H. M. Poly

3.2.1 Introduction

Whereas past moltensalt breeder reactor design
studies have been based on plants of 1000 MW(e)
capacity, and for cost estimating purposes have assumed

lRoy C. Robertson et al, Single-Fluid Molten-Salt Breeder
Reactor Design Study, ORNL-4541 (to be issued).

2MSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548,

an established molten-salt reactor industry, there is
interest at this time in the-general design features and
estimated cost of a first-of-akind prototype reactor
that would precede construction of a large-scale plant.
A logical size for this demonstration plant would
probably be between 100 and 300 MW(e).

Studies of molten-salt reactors have shown the fuel
cycle cost to be somewhat independent of the nuclear
characteristics; that is, a relatively low fuel cycle cost of
less than 1 mill/kWhr can be achieved with a high or
low power density core and with or without the ability
to breed more fissile material than is consumed. The
penalty for operating the reactor as a converter rather
than a breeder, therefore, is not so much one of a
higher cost to produce electric power in the near term,
but rather one of reduced conservation of the nation’s
fissile fuel resources and the consequent effects on
power production cost in the long term. Important
present benefits of operating molten-salt reactors as
converters are that the neutron damage flux can be
made low enough for the core graphite to last the
30-year life of the plant and thus not require replace-
ment, salt velocities in the core can be in the laminar
region to eliminate the need for sealed graphite to
reduce '3%Xe poisoning, and the reactor can be
operated with less salt processing. These aspects would
allow a molten-salt reactor power plant to be built in
the near future on a more assured technical and
economic basis. Such a reactor would provide valuable
data and experience for design and operation of
large-scale breeder reactors.

On the basis of the above considerations, a prelimi-
nary study has been initiated of a 300-MW(e), or 750
MW(t), moltensalt converter reactor suitable for a
demonstration plant. The reactor would have a conver-
sion ratio above 0.8, an assured graphite life of 30
years, and would substitute periodic fuel salt replace-
ment for a continuous salt processing facility.

Results of the early phases of the study are reported
below. No cost estimates have been made to date. As in

ot



)

previous studies, the design presented is not represented
as being the most practical or economical but as one
which indicates that a feasible arrangement exists.

3.2.2 General Description

As may be seen in the simplified flowsheet, Fig. 3.1,
the basic arrangement of the demonstration reactor is
much the same as in the large-scale breeder reactor
designs. Heat generated by fissions in the ?LiF-BeF,-
ThF,-UF, fuel salt as it passes through the graphite-

-moderated and -reflected reactor core is transported by

the circulating salt to the primary heat exchangers for
transfer of the heat to a sodium fluoroborate coolant
salt. The coolant salt is, in turn, circulated through the
steam generators and steam reheaters. Supercritical-

pressure steam is produced at 1000°F and is supplied to

a conventional turbine-generator. Reheat is to 1000°F,
and a regenerative feedwater heating system furnishes
high-temperature water to the steam generators.

Three primary salt and three secondary salt circulat-
ing loops were selected for the demonstration plant
rather than the four employed in previous MSBR
conceptual design studies. In neither, however, has the
number of loops been optimized. Each secondary loop
has two steam generator units and one reheater.

3.2.3 Buildings and Containment

As shown in Figs. 3.2-3.7, the major components of
the primary system are housed in sealed, biologically
shielded cells within a domed confinement building.
The building is about 92 ft in diameter, with a total

height above grade of about 114 ft, and terminatesina -

flat bottom about 40 ft below grade. The building wall
consists of a steel shell having a 2-ft thickness of
concrete on the outside of the dome and greater
thicknesses, both inside and out, in the lower portions.
While this sealed building provides a third line of
defense against escape of airborne radioactive contam-
inants during normal operation of the plant, its primary
function is missile and tornado protection. However,
when the containment cells are opened for maintenance
purposes during reactor shutdowns, the building may
temporarily serve as the primary barrier to escape of
contaminants.

The sectional elevation of the reactor building is
shown in Fig. 3.7. The building is supported by an
8-ft-thick flange extending about 30 ft from the
cylindrical wall of the building at an elevation about 40
ft from the bottom. The flange rests upon a prepared
foundation on the bed rock. This arrangement lowers

the center of gravity of the structure relative to the
support point and is being studied to determine
whether it provides a more stable arrangement during
seismic disturbances, particularly in that many of the
heavy components of equipment are in the upper
portion of the building. The three lobes which project
from the building to contain the steam-generating cells
(see Fig. 3.5) are also supported by the flange.
Investigation of this building arrangement is not
intended to imply that the demonstration reactor
presents special problems with regard to support of
equipment. The heavy components could rest on
essentially the same stands and supports now planned
even if the building were of a more conventional design.

The reactor cell is about 34 ft in diameter and 59 ft
high, as shown in Figs. 3.5 and 3.7. As with all the
other cells containing highly radioactive materials, the
cell wall is made up of two concentric thick-walled steel
tanks to provide double containment with a monitored
gas space in between. Gas is circulated within the wall
to remove the internally generated heat. The cell roof is
not designed for easy removal of the reactor core, as in
the MSBR designs, but openings are provided to make
the required in-service inspections of the vessel and for
maintenance of the three fuel salt circulating pumps
installed above the reactor vessel.

One of the three primary heat exchanger cells is
shown in Figs. 3.5 and 3.7. These cells are about 23 ft
in diameter and 22 ft high. They communicate directly
with the reactor cell; that is, they share the same
atmosphere, but they were made separate in order to
provide better shielding during heat exchanger mainte-
nance operations and to simplify cooling of the reactor
thermal shield. The U-shell, U-tube primary heat ex-
changers are mounted horizontally, with one leg above
the other, with access to the heads through plugged
openings in the cell wall.

The primary drain tank is located in a cell at the
lowest level of the building, as indicated in Fig. 3.2, to

_assure gravity drain of the fuel salt. The heat sink for

the drain tank cooling system is located outside the

“confinement building, however, as will be discussed in

Sect. 3.2.6. Another storage tank for the fuel salt, used
if maintenance is required on the primary drain tank, is
also located on the lowest level in a cell designated for
chemical processing equipment.

A large space is provided directly beneath the reactor
cell for storage of discarded radioactive equipment and
to house the tanks used to store spent fuel salt and
fission product gases from the off-gas system. In the
case of the latter it should be noted that the bulk of the
fission product gases are recycled to the fuel salt
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circulating System after a suitable decay period in
charcoal beds. The off-gas system equipment is installed
in a special cell, indicated in Fig. 3.5.

Space is also provided in the building for the service
areas needed for the primary heat exchangers. Rooms
for auxiliary systems, control, and instrumentation have
been indicated. The building may be larger than
necessary in that the initial study emphasized conven-
ience in the layout and seismic protection rather than
optimization of building space and costs.
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STORAGE CELL

ACCESS TO
STORAGE CELL

As mentioned above, the steam generator cells are
located outside the confinement in three lobes extend-
ing symmetrically from the building. Each cell is about
24 ft in diameter and 40 ft high and will house two
steam generators, one reheater, and one coolant salt
circulating pump. Directly beneath each cell is a
24-ft-diam X 12-ft-high cell for the associated coolant
salt storage tank. The water tank which serves as a heat
sink for the primary drain tank cooling system also
extends from the building, as shown in Fig. 3.5, and is
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molten-salt converter reactor, has been described previ-
ously.? The reactor vessel is fabricated of Hastelloy N
and is about 26 ft in diameter X 32 ft high and has a
wall thickness of about 2 in. The core is made up of
graphite elements 4 X 4 in. in cross section with a
central hole and flow passages on the four faces to

supported by the flange around the confinement
building.

3.2.4 Reactor

As indicated in Fig. 3.8, the general configuration of

the demonstration reactor is similar to that used
successfully in the MSRE. A conceptual study of an
essentially identical design, as used for a 1000-MW(e)

provide channels for the upward flow of fuel salt. The
dimensions of the holes and passages are varied as
necessary to provide three regions of different salt-to-

Y
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graphite ratio, while at the same time proportioning the
flow to give approximately the same total temperature
rise of 250°F for the salt flowing through the core. The
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flow velocity is in the laminar region; hence the

_graphite will probably not require sealing to keep the
xenon penetration within tolerable levels. Graphite grid
plates are used at the top and bottom to retain the core
elements in position as the graphite dimensions change
with thermal expansion and neutron irradiation effects.
A 2Y,-ft-thick graphite reflector around the core is used
to improve the neutron economy and to protect the
vessel from radiation damage. As previously mentioned,
the relatively low power density of about 10 W/cm® in
the core will permit the graphite to last the expected
30-year life of the plant. Since the graphite will not
require replacement, the vessel is not designed with a
removable head, as in previous conceptual designs.

The basic design and nuclear performance data as now
known are listed in Table 4.1.

3.2.5 Primary Heat Exchangers

The three horizontal primary heat exchanger units are
the U-shell, U-tube type shown in Fig. 3.9. The fuel salt
enters at 1300 and leaves at 1050°F, while the coolant
salt enters at 850 and leaves at 1150°F. The fuel salt
flows through 1390 Hastelloy N U-tubes, ' in. OD X

31 ft long, to provide an effective surface of about
5650 ft*> per exchanger. Each leg of the U-shell is 30 in.
ID and about 13 ft long.

The heat exchangers are of a design different from
those previously proposed for molten-salt reactor sys-
tems because the maintenance scheme is not based on
replacement (from above) of an entire tube bundle if a
leak should develop in a unit. Instead, plans are to
operate from the side to remove the exchanger heads
and to locate and plug faulty tubes. As shown in Fig.
3.5, plugged openings are provided between the heat
exchanger cells and the exchanger service area. These
areas are equipped with remotely operated welding and
cutting equipment, viewing devices, etc., to cut the
inversely dished heads from the exchangers to expose

the tube sheet at each end. Leaks can be detected by -

visual observation or by gas pressurization of the

“secondary system and acoustical probing. Remotely

operated cutting and welding equipment is being
developed for use in making repairs.?

3.2.6 Primary Drain Tanks

The Hastelloy N tank used to store the fuel salt when
it is drained from the primary circulating system is
about 10.5 ft in diameter X 20 ft high, as shown in Fig.
3.10. The tank has sufficient capacity to store all the
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fuel salt plus the amount of coolant salt that could
credibly find its way into the fuel system in event of
heat exchanger tube failures. The drain tank is located
in the drain tank cell at the lowest level in the building
(see Fig. 3.2).

During normal operation a small amount of salt
overflows from the primary circulating pumps into the
drain tank, and the fission product gases removed from
the circulating system also pass into the drain tank for
holdup and decay. Heat generation from these sources
is estimated to be about 6 MW(t). Although the salt
would not normally be suddenly drained into the tank,
a major leak in the primary system could make this
necessary. In this event the afterheat released in the
drain tank could be about 18 MW(t), but the rate would
decrease by one-half in 15 min and by two-thirds in 3

“to4hr.

As in previous designs, jet pumps are installed in the
bottom of the drain tank to transfer the salt to the fuel
circulating system, to the fuel salt storage tank
mentioned below, or to a chemical processing system if
required. The jets are operated by a small auxiliary salt
circulating pump.

20

The flowsheet for the drain tank cooling system has
been included in Fig. 3.1. Heat is transported by a
sodium-potassium eutectic (NaK) circulated through
400 thimbles which hang in the stored salt from the flat
top head of the tank. The thimbles are fabricated of
2Y%-in. sched 40 Hastelloy N pipe. The layout of the
thimble penetrations in the tank head is shown in Fig.
3.11, and a detail drawing of the construction at a
penetration is shown in Fig. 3.12. Each thimble
contains a 2%-in.-OD X ¥ -in.-wall tube which, in turn,
contains a 1% ¢-in.-OD X Y% ¢-in.-wall tube. The NaK
enters, flows to the bottom through the inner tube, and
then returns upward through the annulus between
tubes. About 5100 ft of effective heat transfer surface
is thus provided. The annulus between the 2 -in.-OD
tube and the thimble is filled with gas, the major
portion of the heat being transferred by radiation from
the thimble wall to the NaK-filled tube. This arrange-
ment provides a double barrier between the fuel salt
and the NaK and also an intervening gas space that can
be monitored for leakage.

The thimbles are manifolded at the top of the tank

. into 40 separate circuits. The NaK circulates by natural
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convection through these circuits to 2-in.-OD tubes that
run horizontally through a 25-ft-square water-filled
tank located about 60 ft above the drain tank level and
outside the containment building, as shown in Fig. 3.5.
The tubes are installed inside 2%-in. pipe to provide a
double barrier, with a monitored gas space, similar to
that used in the drain tank. The effective heat transfer
surface is about 30,000 ft?, and, as in the drain tank,
the heat is transferred primarily by radiation across a
gas-filled annular space. The water in the pool would be
circulated and cooled as required. Should the water
supply be interrupted, the water would boil. The tank
capacity, however, is sufficient to provide about three
days of heat removal capacity at the maximum required
rate. An auxiliary supply of makeup water could
undoubtedly be established in the interval.

During initial warmup of the reactor system it is
desirable to reduce the heat losses from the drain tank
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system. Electromagnetic pumps installed in the NaK-
filled riser pipes can be operated in reverse to reduce
the thermal convection flow during the startup phase.

The drain tank is installed inside another tank, as
indicated in Fig. 3.10. The outside tank, or “crucible,”
is a precaution against a leak developing in the primary
drain tank vessel. The outside tank is of double-walled
construction with an internal partition to form two
separate NaK circulation circuits for cooling the vessel
wall. If salt leaks into the outside tank, the heat would
be removed by this system. During normal operation,
heat is transferred by radiation to the outside tank to
cool the wall of the primary drain tank.

3.2.7 Fuel Salt Storage Tank

A storage tank must be provided for the fuel salt in
the event that the primary drain tank must be repaired,
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it not being feasible to store the salt in.the reactor
system during the operation. The storage tank can also
be used for fluorinating a spent fuel salt charge to
“recover the uranium before the. salt is sent to the

22

separate discard tanks and for adding UF¢ and H; toa A

fresh charge of carrier salt to.reconstitute the fuel salt
. for the system. ' :

The Hastelloy N storage tank is about 10 ft in
diameter and 25 ft high. Plan and -elevation views are
shown in Figs. 3.13 and 3.14, and the location of the
tank in-the building is indicated in Figs. 3.2 and 3.7.

The heat release from a fuel salt charge in the storage
tank is relatively low, since the activity will have
decayed in the primary drain tank prior to transfer.
Assuming a 30-day decay period, the heat load on the
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storage tank cooling system should be less than 1
MW(t). This amount of heat can be transferred through
the tank wall to the NaK-cooled wall of an outside tank
which surrounds this vessel in an arrangement similar to
that used for the primary drain tank.

The corrosion of the tank during the fluorination
process is of greatest concern at the liquid-gas interface.
The design has not yet been studied in depth, but the
thickness of the tank wall can be made sufficient for
the anticipated number of fluorinations required.

3.2.8 Discard Salt Storage Tanks

A fuel salt charge in.the primary circulating system
will. have finite life due to the accumulation of fission
product poisons. The practical life-span may be in the
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order of seven to eight years, depending on the amount
of chemical processing available. Provisions must there-
fore be made in the demonstration plant for removal,
treatment, and long-term storage of three to four spent
fuel-salt charges. Before storage the uranium would be
recovered by fluorination in the storage tank, as
discussed above.

The preliminary design concept shows each discarded

salt charge stored in 45 cans, 2 ft in diameter X 10 ft
high, arranged vertically in concentric circles around the
fuel salt storage tank, as shown in Figs. 3.13 and 3.14.
(The location of the cans and the storage tank is
indicated in Figs. 3.2 and 3.7.) All the cans are
connected in series through 1-in. pipes, the salt being
transferred by gas pressurization of the storage tank.
Gas blowback can be used to clear the interconnecting
piping of salt. The cans are cooled by radiation of heat
from the surfaces to concentric containers having
NaK-cooled walls. After sufficient decay time has
elapsed, the discard tanks can be cut apart using
remotely operated tools, the tank nipples can be welded
shut or otherwise sealed, and the filled tanks can be
transferred to the storage cell beneath the reactor or to
another approved storage site. A new set of salt discard
tanks would then be installed to receive the spent fuel
salt charge to follow.

3.2.9 Steam System

The steam power system associated with the demon-
stration plant has not been studied in detail, but in
general it may be said that the coolant salt would
probably transfer its heat to the supercritical-pressure
steam system delivering steam to the turbine throttle at
1000°F, with reheat to 1000°F. The regenerative
feedwater heating system would probably be very
similar to that proposed for the 1000-MW(e) MSBR
power station.! The net thermal efficiency of the cycle
would be about 44%.

3.3 AFTERHEAT TEMPERATURES IN EMPTY
MSBR HEAT EXCHANGERS

J. R. Tallackson

MSBR heat exchangers must be able to withstand the
temperatures developed by afterheat from some frac-
tion of the noble metal fission products® which plate
out on metal and graphite surfaces. Normally this
afterheat presents no difficulties, as it is easily removed

SMSR Program Semiann. Progr. Rept. Feb. 28, 1969, ORNL-
4396, sect. 5.8.
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by continuing the circulation of secondary salt after the
primary salt is drained. An entirely different situation
will exist, albeit unlikely, if both primary and second-
ary salt systems are rapidly drained immediately after
reactor shutdown. This afterheat must then be removed
by radiative transfer, and the heat exchangers should be
designed to withstand the temperatures required to
effect transfer.

Temperatures developed in MSBR heat exchangers
during the radiative transfer of afterheat have been
calculated. The calculations covered four sizes rated at
94, 141, 188, and 281 MW and having scaled-down .
construction generally similar to the 563-MW unit in
Fig. 5.6, p. 58 in ref. 3. These calculations, fairly
detailed and extensive, are being reported in ORNL-
TM-3145.°

It was assumed that 40% of the noble metal fission
products (see Fig. 5.8, curve B, p. 60, ref. 3) will
deposit uniformly inside the heat exchanger tubes and
that no heat will be transferred by conduction through,

- or convection of, the gases in the exchanger. The

radiative transfer calculations used the method outlined
by Sparrow and Cess® for diffuse radiation in multi-
surface enclosures. In the enclosure forming the tube
annulus, the tube layout was considered to be con-
centric rings of tubes with each ring a single surface.
Emissivity of the internal surfaces is expected to be
from 0.1 to 0.3. Steady-state calculations were made
with the heat production rates expected 10* to 10°® sec
after reactor shutdown. By considering the heat capac-
ity of an empty exchanger, an approximate initial
‘transient was inferred, and it appears that peak temper-
atures will be developed in from 2 to 4 hr after
shutdown. Figure 5.15 shows typical steady-state tem-
perature profiles, with emissivity a parameter, in a
141-MW exchanger at the heat rate expected 10* sec
(2.8 hr) after shutdown. This size heat exchanger is of
interest since its size is appropriate for an MSBE.

From these calculations, it has been concluded that:

1. the heavy intermediate shell adjacent to the outer
shell is an effective radiation shield and that its
removal will produce a worthwhile reduction in peak
temperatures,

the reduction, 5 to 15%, in internal heat generation
resulting from gamma energy escaping outside the
exchanger has little effect on peak temperatures;

4], R. Tallackson, Thermal Radiation Transfer of Afterheat in
MSBR Heat Exchangers, ORNL-TM-3145 (to be issued).

SE. M. Sparrow and R. D. Cess, Radiation Heat Transfer,
Brooks/Cole Publishing Co., chap. 3. ‘
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3. the large 563-MW “reference design” heat exchanger
having the equivalent of 31 tube circles and experi-
encing the conditions postulated will reach unac-
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ceptably high temperatures, from 2500 to 3000°F,
depending on the emissivity of Hastelloy N. This
statement is based on an extrapolation of tempera-
tures computed for the smaller exchangers.

3.4 INDUSTRIAL STUDY OF 1000-MW(E)
MOLTEN-SALT BREEDER REACTOR

M.I. Lundin J. R. McWherter

Preparations are nearly complete for issuance of a
request for proposals for an industrial study of a
1000-MW(e) MSBR. Internal reviews and approvals of
the request for proposal package have been obtained,
and the package has been submitted to AEC-RDT for
review. A preliminary expression of interest has been
received from some 26 industrial firms.

The study, to begin in FY 1971, will consist of several
sequential tasks. The first task is the development of a
concept for a 1000-MW(e) reactor plant which will have
a chemical processing plant based on information
furnished by Oak Ridge National Laboratory. The
second task is the evaluation of the effects of various
parameters on the power production cost. Other tasks
include the study of a modified plant concept having a
chemical processing plant proposed by the contractor
and the recommendations by the contractor for the
molten-salt program research and development effort.




4. Reactor Physics

A.M. Perry

4.1 PHYSICS ANALYSIS OF MSBR
4.1.1 Fixed-Moderator Molten-Salt Reactor

H. F. Bauman

Molten-salt reactor concepts designed for a first
generation of commercial power reactors were
presented in a brief survey in the last semiannual
report.! From this study we have drawn several
important conclusions:

1. A breeder reactor with fixed (nonreplaceable) mod-
erator can be designed within the present limitation
on graphite fast-neutron exposure. It could be in
essence a scaleup of the MSRE. The breeding gain
and power cost would be comparable with the
reference single-fluid MSBR ; however, because of its
lower power density and higher fissile inventory, it
would be only about half as effective in conserving
fissile fuel resources.

2. Molten-salt reactors require continuous processing
for breeding, but not necessarily for generating
low-cost power. A reactor with the simplest possible
batch processing, in which the salt is discarded after
removing the uranium by fluorination, has an
estimated fuel-cycle cost comparable with the refer-
ence MSBR and a conversion ratio above 0.8.

3. A reactor in which the core moderator consists of a
random-packed bed of graphite spheres, while
probably the simplest to construct and maintain, has
inherently an unfavorable salt-to-moderator ratio,

leading to a higher fissile inventory and higher

fuel-cycle cost than for a prismatic core.

In light of the above conclusions, in the current half
year we have concentrated our analytical work on
prismatic, fixed-moderator core designs. We have
studied the effect of core zoning on the fast (damage)
flux distribution and the effect of salt composition on
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the performance of fixed-moderator breeders and have
begun to study a prototype reactor [about 300 MW(e)]
with batch processing. We have developed an improved
procedure for calculating the average performance of a
reactor with batch processing.

Fixed-Moderator MSBR. — Several of the more
important parameters affecting the performance of the
fixed-moderator single-fluid MSBR were investigated.
As in other recent breeder studies, the conservation
coefficient?> was taken as the figure of merit. Several
preliminary cases showed that processing cycle times of
10 days for 233Pa removal and 25 days for rare-earth
removal (as suggested by the Chemical Technology
Division for the metal transfer process) gave good
performance, and these were adopted as standard for
this study. The optimization provision of the ROD code
was used to adjust the dimensions and salt fractions in
three core zones (in spherical geometry) to optimize the
flux distribution. The salt composition, in particular the
thorium concentration, was studied in a parameter
survey. Calculations were run in parallel for 1000- and
300-MW(e) plant sizes to provide information in a size
appropriate for a prototype reactor as well as for the
standard size.

The reactor model consists of three core zones
surrounded by a salt annulus and a 2% -ft-thick graphite
reflector. The code may vary the core zone thicknesses
and volume fractions to determine the optimum flux
distribution consistent with a 30-year core life. For the
1000-MW(e) cases, the optimum fast (damage) flux
distribution was perfectly flat across zone 1, dropping
off in the other zones. For the 300-MW(e) cases, where
neutron leakage is more important, the optimum flux

LMSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548, p. 40.

2MSR ‘Program Semiann. Progr. Rept. Feb. 28, 1969, ORNL-
4396, p. 76.
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distribution was flattened but still peaked at the center
of the core.

Results from a series of cases in which the thorium
concentration was varied from 10 to 18 mole % are
given in Table 4.1. The nominal composition of each
salt is given in Table 4.2, The ROD calculation as used
in this study is capable of adjusting the core parameters
to give a nominal core graphite life of 30 years within
+2%. Most of the cases fell within these limits; however,
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three of the cases terminated with greater deviations -

(up to 7%) from the desired nominal core life. Rather
than expend additional computer time to adjust the
core life, the results of all cases were adjusted to an
equivalent 30-year core life on the basis of the
following assumptions:

1. the peak damage flux is inversely proportional to the

core volume,

the breeding ratio is unaffected by small changes in
the core volume,

the in-core fissile inventory is directly proportional
to the core salt volume.

The core dimensions, fissile inventory, conservation
coefficient, fuel yield, and fuel-cycle cost were adjusted
in accord with these assumptions, making the cases
directly comparable while introducing only negligible
error as long as volume adjustments were small.

The conservation coefficient is plotted as a function
of thorium concentration in Fig. 4.1. The optima lie in
the range 14 to 16 mole % thorium for the 1000-MW(e)
plant and 15 to 17 mole % thorium for the 300-MW(e)

Table 4.2. Nominal Fuel Carrier Salt Compositions
for Single-Fluid Molten-Salt Reactors

Salt number 10 12 14 16 18
Composition, mole %
ThF, 10 12 14 16 18
BeF, 18 16 16 14 12
LiF 72 72 70 70 70
Liquidus temperature, °C? 495 500 500 510 520

9R. E. Thoma (ed.), Phase Diagrams of Nuclear Reactor
Materials, ORNL-2548, p. 80 (November 1959).

Table 4.1, The Effect of Thorium Concentration in the Fue] Salt on Perforinance of Permanent-Core
Molten-Salt Breeder Reactor Designs

Core graphite life, 30 years; effective processing cycle, time: protactinitym removal, 10 days;
rare earth removal, 25 days

Plant size, MW(e) 300 300
Thorium concentration in fuel salt, mole % 10 12
Case identification (SCC series) 198 190
Volume fraction salt in core
Zone 1 0.150 0.136
Zone 2 0.131 0.122
Zone 3 0.160 0.150
Thickness of core zones,? ft
Zone 1 6.66 6.18
Zone 2 1.71  2.07
Zone 3 2.33 2.40
Annulus 0.20  0.09%
Core diameter, overall, ft 21.8 21.5
Specific fissile inventory, kg/MW(e) 2.94 292
Breeding gain, % 455 411
Conservation coefficient, [MW(t)/kg] 266 = 283
Fuel yield, percent per annum 1.18 1.24
Fuel-cycle cost, mills/kWhr 1.33 1.23

300 300 300 1000 1000 1000 1000 1000
14 16 18 10 12 14 16 18
200 202 204 199 197 201 203 205
0.120 0.106 0.090 0.155 0.151 0.137 0.128 0.119
0.107 0.091 0.075 0.122 0.120 0.111 0.106 0.101
0.136 0.120 0.105 0.137 0.136 0.127 0.121 0.116
6.56 6.59 663 863 847 846 883  8.89
. 269 262 266 203 200 364 440 473
131 125 115 377 367 197 062 045
0.11 0.1 0.092 0.14> 0.14% 0.14% 0.14° o0.14%
2.3 211 211 291 286 285 217 284
2.86 281 276 191 217 222 230 2.62
528 532 471 423 604 685 131 195
327 341 313 - 5.89 648 7.02 7.00 585
141 144 130 168 212 234 242 231
.18 113 108 071 072 071 070 0.75

%Three-zoned cores with zone thicknesses and volume fractions optimized for maximum conservation coefficient by ROD calcula-

tions in spherical geometry.
bNot optimized.




plant. The optima based on fuel yield, as shown in Fig.
4.2, lie in about the same ranges. The fuel-cycle costs,
shown .in Fig. 4.3, decrease with increasing thorium
concentration for the 300-MW(e) plant, mainly because
of the decreasing fuel salt fraction in the core and
consequent fuel salt inventory. This behavior results in
part from the fact that the reactor design for each value
of thorium concentration is optimized with respect to
the fuel conservation coefficient rather than with
respect to fuel-cycle cost. The fuel-cycle costs for the
1000-MW(e) plant are very flat but begin to turn up
beyond 16 mole % thorium. The fuel-cycle costs are
based on the same economic assumptions as for the
reference MSBR.

Calculations for Batch Processing. — In our past
studies of molten-salt breeder reactors we have assumed
equilibrivm fuel composition and continuous processing
— good assumptions for high-power-density reactors
which reach .equilibrium rather quickly. Relatively
low-power-density reactors (in which the radiation-
exposure life of the moderator graphite is equal to the
service life of the plant) are likely to have a lower fuel
specific power and therefore to reach equilibrium more
slowly, so that the mode of startup is not negligible in
calculating the average performance over the lifetime of
the reactor. Further, reactors in which the fuel is
processed batchwise at intervals of several years do not
achieve a breeding gain of unity and therefore require
and are sensitive to a fissile feed.,

Codes for calculating the time-dependent (i.e., non-
equilibrium) behavior of MSR’s have been available to
us for several years, though each has been subject to
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some limitations or restrictions. For comparison with
our equilibrium-fuel-cycle calculations, we have found
it useful to employ ROD (our equilibrium reactor code)
for nonequilibrium, batch-processing cases by estab-
lishing an approximate equivalence between the fuel-
cycle times for a continuous processing case and for a
batch process. We can then use ROD to simulate the
average performance over the duration of the batch
cycle or over as many batch cycles as may be expected
in the lifetime of the reactor.

To obtain an average performance over a reactor
lifetime, it is necessary to supply ROD with a time-
weighted average fuel composition. (The feed rate and
concentration of the principal fissile feed material, such
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as 23°Pu, may be adjusted slightly by ROD to attain
criticality.) For this purpose we have used a one-group,
zero-dimensional, time-dependent code written several
years ago by R. S. Carlsmith, which we have adapted
for the IBM 360 computer and have named HISTRY.
With average reaction rates per nuclide taken from any
space-energy-dependent code (such as ROD), HISTRY
can calculate the concentrations and inventories of the
nuclides in the fuel chain over the reactor lifetime.

We have amplified the HISTRY code by adding a
computation of the lifetime-average nuclide concen-
trations, which, in turn, can be input to ROD to
calculate lifetime average reaction rates for use in
HISTRY. We have also divided the “neutron poison” in
HISTRY into two groups: a fixed poison, to represent
the neutron absorptions in such constant absorbers as
the moderator and the carrier salt, and a lumped fission
product poison, which may be allowed to build up as a
parabolic function of time, if desired. We have further
augmented the HISTRY code to permit the explicit
calculation of any number of batch cycles; in the
revised code the plutonium nuclides, for example, may
be permitted to build up throughout the cycle and be
removed for the start of the next cycle. The fission
product poison fraction may be represented as a
parabolic function reset to zero at the start of each
cycle.

In summary, we require reaction rates per nuclide,
from ROD, as input for the HISTRY code, and we need
time-averaged concentrations over the reactor, from
HISTRY, as input for ROD. Thus an iterative process is
involved, which we find converges very satisfactorily in
about two passes so that further iteration produces
trivial changes in either ROD or HISTRY results.

To obtain an average performance over one or more
batch processing cycles it would be necessary to supply
ROD with the time-weighted average concentration for
each fission product absorber. However, ROD already
has the capability of calculating the concentration of
each fission product for a given removal rate (i.e., for
continuous processing). Much of the versatility of this

"calculation could be retained if the equivalent average
removal rate for batch processing could be related to
the continuous removal rate inherent in the ROD
calculation. This relationship, the “b/c ratio,” may be
thought of as the ratio of the batch cycle time to the
equivalent continuous processing cycle time for each
fission product poisoning on the average. It must be a
number between 1.0 and 2.0, where 1.0 is the limit for
rapidly saturating nuclides (which rise quickly to a
" saturation concentration and remain there over most of
the cycle) and 2.0 is the limit for nonsaturating nuclides

(which rise in concentration linearly throughout the
cycle). A series of ROD cases was run with continuous
processing times ranging from 0.25 to 16 years to
determine the fission product buildup for the
300-MW(e) reactor, and b/c ratios were estimated from
the saturation characteristics as exhibited in the curves
of equilibrium poisoning vs continuous processing rate.
It was found that the b/c ratios for most nuclides did
not change much over the range of processing times of
interest (say, 2 to 8 years), and it appeared reasonable
to group most of the 200 nuclides together with a single
average b/c ratio. However, three nuclides were suffi-
ciently different from the average in buildup that we
elected to assign them separate b/c ratios. They are
143Nd, **?Sm, and ! ' Sm. The resulting b/c ratios for
these three nuclides (based on their buildup in concen-

Table 4.3. Average Performance of a Fixed-Moderator
300-MW(e) MSR with Batch Processing
and Plutonium Feed

Identification All1-2
Thorium concentration in fuei salt, mole % 10
Processing cycle time, batch, years 8
Volume fraction salt in core

Zone 1 0.11

Zone 2 0.09

Zone 3 0.12
Thickness of core zones, ft

Zone 1 6.6

Zone 2 2.6

Zone 3 1.3

Annulus 0.1
Core diameter, overall, ft 21.1
Fuel salt volume, total, £t 880
Specific fissile inventory, kg/MW(e) 1.9
Conversion ratio? 0.84
Fuel-cycle cost, mills/kWhr

Inventory

Fissile 0.33
Salt 0.07

Replacementb 0.07

Processing® 0.08

Fissile feed 0.30
Total fuel-cycle cost 0.85

%A ssuming that the plutonjum discarded with the fuel salt is
not recovered.
bReplacement includes thorium and carrier salt.

°Normalized to 0,1 mill/kWhr for a four-year cycle; unit cost
assumed to vary inversely as the 0.3 power of the average
processing rate.




tration), for the others (lumped on the basis of their
absorption buildup), and for the average of all fission
products are shown in Fig. 44 as a function of the
inferred equivalent batch processing time. :

Prototype Fixed-Moderator MSR. — Previous studies
in the molten-salt program have generally concerned
full-scale breeder reactors or relatively small reactor
experiments. We have begun a study of a reactor design
for a first commercial molten-salt reactor power station,
that is, a prototype MSR in the size range of 100 to 500
MW(e). We have selected a fixed-moderator prismatic
core design with batch processing because this would
require a minimum-development of téchnology beyond
that demonstrated in -the MSRE. We have based the
study on - the reactor ‘configuration of the best
300-MW(e) case with continuous processing given in
Table 4.1 (case 202). Thus even though the prototype is
designed as a converter with batch processing, the
addition of continuous processing at any time would
make it a breeder with the performance indicated for
case 202. Parameters such as the batch cycle time, the
salt composition, the feed material, and the plant size

30.

are being investigated using the techniques described in

the preceding section. From the cases which have been
studied so far, a sample case .[300 MW(e), with
plutonium feed, an eight-year batch cycle time, and
10% thorium fuel salt] is given in Table 4.3. The
lifetime fuel composition and conversion ratio for this
case are given in Table 4.4. :
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Table 4.4, Lifetime Fuel Composition and Conversion Ratio for a Fixed-Moderator 300-MW(e) MSR
with Plutonium Feed for Three Eight-Year Cycles

Case H 11-2, 10 mole % thorium

Inventoryl (kg)

Time (Full-Power Years) . Conversion
Per Cycle Cumulative 233Pa 233U 234U 235U 23‘6U 237Np 239Pu 24{01’11 241Pu 242Pu Ratioa
0 0 0.0 0.0 00 00 00 00 192.0 77.1 38.7 13.0 0.727
1 1 167 126.4 31 0.1 00 00 138.3  149.7 96.1 44.0 0.824
2 2 17.5 2283 100 0.5 00 0.0 794 1329  109.2 75.2 0.877
4 4 200 3655 326 29 02 0.0 39.3 75.0 76.1 124.4 0.867
6 6 20.6 436.8 606 74 0.8 0.0 34.6 54.9 524 1470 0.839
8 8 20.5 4703 879 13.2 20 o0.1b 32.52  48.60 4420 1559 0.825
] 8 20.5 4703 879 132 20 00 13.3 5.3 2.7 0.9 0.970
1 9 252 4781 1041 17.0 32 01 17.6 20.4 14.1 7.4 0.925
2 10 244 4860 1184 206 45 0.2 15.5 21.9 18.0. 149 0.913
"4 12 233 4938 1424 273 177 04 17.6 24.3 20.8 29.6 0.886
6 14 224 4969 1615 328 114 08’ 20.5 28.1 24.0 434 0.866
8 16 21,6 4983 1766 315 154 1.1b 23,12 32.00 274> s6.8P 0.850
0 16 216 4983 1766 375 154 0.0 1.9 0.7 0.4 0.1 0.996
1 17 25.3 4958 184.6 400 18.0 0.5 11.8 12.2 8.0 4.0 0.934
2 18 243 4972 1913 420 205 1.0 129 16.3 12.7 9.3 0.915
4 20 231 4984 2023 455 254 1.8 16.3 21.7 18.1 22.0 0.888
6 22 22.1 4988 2108 48.3 303 2.5 19.6 26.6 22.5 35.6 0.868
8 24 214  499.1 2174 504 350 32° 226 310 264° 49.50 0.851

“Not adjusted for discard of plutonjum,
bQuantity discarded at end of cycle,



4.2 MSR EXPERIMENTAL PHYSICS

4.2.1 %33U Capture-to-Absorption Ratio in the Fuel
of the MSRE

G. L. Ragan

The capture-to-absorption ratio for 233U, which we
call y;, has been determined for the circulating
233U.type fuel of the MSRE; the value (an average over
time, neutron energy, and position in the reactor) is v;
= 0.1098 + 0.0031. The corresponding capture-to-
fission ratio is a3 = y3/(1 — 7v3) = 0.1233 % 0.0039.
Taking v; = 2.500 * 0.010 neutrons per fission in
233y, the measured v; yields n3 =»; (1 —v3) =2.226
+0.012. '

Since the effective neutron spectrum in the MSRE is
similar to that in proposed MSBR designs, these values
have some interest in themselves. However, more
quantitative significance attaches to a comparison be-
tween the measured value of y; for the MSRE and that
calculated for the MSRE using the cross sections and
calculational techniques employed in MSBR design
work: y3; = 0.1092. A slight variation in calculational
technique gave y; = 0.1077. Both values® are well
within one experimental standard deviation of the
measured value. Qur analyses have shown that an
uncertainty in 73 causes an essentially equal un-
certainty in breeding ratio and is the dominant un-
certainty. The good agreement noted encourages us to
believe that our uranium cross sections and compu-
tational methods will not, by themselves, contribute an
appreciable error in our estimates of breeding ratio for
an MSBR.

The sampling and mass spectrometer techniques used
were similar to those used earlier® to determine the
capture-to-absorption ratio for 235U in the 235U-type
fuel of the MSRE. Three sets of samples were taken of
the circulating 233U-type fuel; about 1% depletion of
233U occurred between successive sets (designated as
sets A, B, and C). The 22 samples of the three sets were
grouped to form eight working samples: Al, A2, Bi,
B2, and C1 to C4. Five intercomparisons were made

between selected pairs of working samples. The samples

were introduced as UF¢ into a dual-aperture mass
spectrometer with electron-bombardment source.’ A

3MSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548, p. 26, and B. E. Prince, personal communication.
Reported values of 3 (for control rods out) have been raised
by 0.0006 (calculated effect of rod insertion and fuel addition).

*MSR Program Semiann. Progr. Rept. Aug. 31, 1969,
ORNL-4449, p. 70.
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fixed slit always intercepted the beam containing 233U,
while a movable slit intercepted another selected
uranjum isotope. The slit-current ratio was proportional
(with factor undetermined) to the isotopic abundance
ratio. With a given slit setting (e.g., for 233U) final and
initial samples were alternately introduced to determine
the ratio of ratios,

~ (N3/Ns)final

" (N3 [NeYinitial W

R3g

Cancellation of the undetermined proportionality fac-
tor permitted precise measurement (of the order of one
part in 10%) of the ratio of ratios.

The experimental data (R3;s and R,g) were first
analyzed in the same way as were those for 235U, using
a suitable modification of Eq. (1) of ref. 5. Results were
unreasonable and highly erratic, with y; ranging from
0.4 to 0.9 times the calculated value. In addition, the
Ry data indicated® a 233U depletion rate ranging
from 1.0 to 1.6 times that expected. The behavior was
indicative of a proper relationship between 233U and
2349 in the samples but of an erratic error in the ratio
of 238U to the other two.

An exhaustive search for possible sources of sample
contamination revealed none after the samples left the
reactor, but it did reveal two that had been overlooked
in the sample-taking procedures. Each sample was taken
by lowering into the molten fuel a cylindrical capsule
having two large open windows on opposite sides near
the top. These windows might have admitted con-
taminating uranium from either or both of two sources.
First, from the walls of the 14-ft-long transfer tube,
through which the capsule was lowered. Second, from
the floor of the transfer box, where each capsule was
placed before and after lowering. In both of these
places, other sampling and enriching operations had left
significant quantities of earlier fuel samples (both 235U
and 223U types) and enriching salt (of both types).

It was determined that moderate amounts of these
contaminants (of the order of 1 mg of contaminant
uranium per gram of sample uranium) could explain the
abnormal 233U to 233U ratios observed. At the same
time, the 234U to 233U ratios would not be signifi-

" cantly upset by such contamination; this is because the

5Clint Sulfridge and Aubrey Langdon, Mass Spectrometer
with Dual-Aperture Collection of Uranium Isotopes, K-1880,
Oak Ridge Gaseous Diffusion Plant(to be published).

SMSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548, p. 65.
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235U fuel and enriching salts contained little 233U or
234y, and the 233U fuel and enriching salts contained
233( and 23U in about the same proportions as did
the samples. Consequently, an alternative method of
determining y; was developed that depended only on
the 234U to 233U relationships and on an accurate
knowledge of the reactor power® integral.

Starting from the accurate equations for the time
variation of 233U and 234U, one derives the pair of
equations '

Raz —0,—(1-54)
(1—s4)<N> +3 ~& . @)
3 /i ‘Qs—(l—s“) -1

The solution for vy; was obtained by iteration, first
solving Eq. (3) for an approximate value of the
connecting parameter Q3 (which is actually the 233U
depletion factor, e—939f) using an  approximate
(calculated) value for ;. This value of Q5 was then
used in Eq. (2), and iteration on 73 and Q3 continued
until satisfactorily converged.

The value of f; was determined from the total
intervening power integral,” the fraction of the power
generated in 233U, the energy released per 233U
fission,® and the total quantity of 233U in the
circulating fuel at the time the initial sample was taken.
The fraction of energy generated in 233U and the total
quantity of 233U in the circulating fuel were obtained

quite precisely from a calculation starting with an initial

fa isotopic composition and concentration for uranium
Qs =1- T—7s " (®  and plutonium that gave good agreement with analyt-
ical data on these quantities as a function of time. The
Here ‘ : experimental value of y3 (0.1098) was used, and other
cross sections were from calculations by Prince. This

Qs =e~ %391, calculation also gave N /N3 for each sample.

Results for five separate comparisons are given in
Table 4.5. The standard deviations 8R,43 in the mass
spectrometer measurements were established by statis-
tical analysis of the data. The associated standard

f3 = 233U fissions per initial 233U atom,

N. . |
(.j_v_i> =(?34U/%33U) atom ratio in initial sample,
3/i

S4 =r1atio of effective absorption cross section of
234U to that for 233U,
~ (Na/N3)gina) R48

R —_— .
27 (N4/N3)lmt1al R38

"The logged megawatt-hour values were multiplied by the
correction factor 0.9175 derived in ref. 6. See the discussion at
the end of this section and footnote a, Table 4.5.

Table 4.5, Individual Measurements of y3 with Their Statistically Independent
Components of Standard Deviations

Comparison AC1 ) AC2 BC2 BC1 AB1
Final samples c3 C2 c1 c4 B2
Initial samples Al . A2 . Bl B2 Al
EMWH? difference for samples 13,714 13,766 6067 _ 6017 . 7573
Fraction? of power from 233U 0.9303 0.9303 0.9308 0.9308 0.9300
f3, fraction of 233U fissioned 0.018669 0.018737 0.008360 0.008291 0.010305
Initial sample (N4/N3)? 0.082432 0.082412 0.084384 0.084387 0.082432
Ra3 (measured)® 1.04261 1.04370 1.01899 1.01905 1.02415
(OR43/R43) 0.00023 - 0.00023 0.00016 0.00016 0.00037
Y3 0.10756 0.11055 0.11043 0.11208 0.11241
(573/73) due to (5R43/R43) 0.00727 0.00699 0.01102 0.01091 0.01982

%Equivalent megawatt-hours: logged MWhr X 0.9175. Then, for C samples, 928 MWhr was subtracted to compensate for m1xmg the
circulating fuel with some undepleted drain tank fuel during a fuel drain that followed taking samples B.

bObtained from a calculation normalized to the analytical data.
“Mass spectrometer measurements by C. Sulfridge of Oak Ridge Gaseous Diffusion Plant.



Table 4.6, Effects Introducing Errors Common to All Determinations

Standard Deviation Resuiting

Common error Value 8valvs
Absolute Percent (%)
Sa 0.3041 0.0304 10.0 1.97
MWhr(true)/MWhr(log)4 0.9175 0.0113 1.23 1.57
233y power fraction? b 0.75 0.96
233y MeV/fission? 200.4 0.9 0.45 0.58
233Y loaded (kg)? 32.42 0.04 0.10 0.12
(N4/N3) b 0.20 0.17

Combining all above 2.77¢

9T hese four quantities are factors entering into f3.
byaries slightly, but for all determinations the percent error is assumed to be

as given,

€Combined as independent errors: square root of sum of squares of individual

percent errors.

deviation §v; was determined by calculating the effect
of 8R4 3 on 73 using Egs. (2) and (3).

In addition to the statistically independent uncer-
tainties associated with §R,3, there are several uncer-
tainties that affect all measured values of y; in a
common way. These are given in Table 4.6; they are
associated with 8S,, 8f3, and 8(N,/N;) of Egs. (2) and
(3). The four main uncertainties in f; have been listed
separately. Some items (e.g., Ng/N;) are different for
the several comparisons, but their chief uncertainty
arises from the normalization to the analytical data of
the calculation used in their determination. Hence,
these are essentially common errors.

The five independent measurements of Table 4.5 have
been used to obtain the weighted mean value given in
Table 4.7. Since the weighted statistical error and the
common error are independent, they are combined to
give the overall experimental error shown. Two differ-
ent calculated values are given. For a discussion of their
differences see ref. 4. Both are within 2% (less than one
experimental standard deviation) of the experimental
value. :

As noted above,. the logged megawatt-hour values
have been multiplied by the correction factor derived
from the 235U depletion and 236U buildup experi-
ments reported earlier.® The logged value of cumulative
megawatt-hour was carefully determined by integrating
frequent readings (about 5 min apart) of a nuclear
chamber that was normalized to carefully measure heat
balance power determinations (made six times a day).
The heat balance normalization used for the 233U

Table 4.7, Experimental Value of 3 and Comparison
with Calculated Values

Standard Deviation

s Absolute Percent

Experimental

Weighted? mean with

error due to R,3 only 0.10981 0.00045 0.41

Common error (from

Table 6.6) 2.77

Overall experimental »

result 0.1098 0.0031 2.80
Calculated®

GAM-THERMOS-

EXTERMINATOR 0.1077

XSDRN-CITATION 0.1092¢

%The five values of Table 6.5 have been weighted inversely as
the square of their standard deviations.

bCombining the two values above it as independent.
€Calculations by B. E. Prince, ref. 3.

4% SDRN-CITATION codes are used in current MSBR design
calculations, :

operation was the same as that finally adopted for the
235U operation and used in determining the above
correction factor. The weighted mean correction factor
so determined was 0.9175 + 0.0113.

The source of the implied error in the heat balance
power determination has not been found, despite



intensive search.® Although it appears to be in error as
to absolute value, the logged-megawatt-hour scale pro-
vides a precise common basis for determining the power
integrals for the 235U and 233U operations. The
standard deviation for the individual heat balance
power measurements is believed to be less than
0.5%—perhaps much less. Since each megawatt-hour
interval used in these experiments represents the sum-
mation of at least 180 statistically independent heat
balance power measurements (30 days at six per day),
the standard deviation of the sum is less than 0.04%
(0.5%/+/180). This error has been neglected in the
analysis.

The use of “kg of 233U loaded” in Table 4.6 needs
clarification. If no fuel drain occurred between taking
initial and final samples, as was the case for AB
comparisons, f3 would be defined as 233U fissions per
233U atom in the circulating fuel at the time sample A
was taken. Circulating inventory is most accurately
determined by starting with the accurately measured
initial loading and multiplying by the ratio of circu-
Iating-loop volume to total fuel volume (partly retained
in fuel drain tanks). This volume ratio is taken as 0.919
+ 0.005, -and the uncertainty in this ratio should be
included in the error analysis. On the other hand, had
both A and C samples been taken immediately after the
fuel drains (mixing) that preceded them, f; would be

8MSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548, p. 15.

defined as 233U fissions per initial 233U atom in the
total fuel inventory, In that case the volume ratio and
its uncertainty would not be involved. The actual
situation was far more complex, and all f; values were
based on the circulating fuel inventory. An adjustment
(—928 MWhr) was made for the C samples, to account
for the mixing of undepleted drain-tank fuel with loop
fuel-which had been depleted by 11,461 MWhr of
operation at the time of the drain that preceded taking
them. The volume ratio and its uncertainty entered in
different ways for the various comparisons and even
gave different signs for the resulting uncertainties in ;.
Analysis showed that the net overall uncertainty thus
caused in 73 was only 0.05%, which was neglected.
Whereas the term “logged megawatt-hour” has the
precise quantitative meaning given above, the term
“nominal full power” does not represent a well-defined
power level. It is unfortunate that the discussion of ref.
6 was based on an assumed nominal full power. What
was actually determined by each experiment reported
was the correction factor by which the logged mega-
watt-hour should be multiplied to give agreement with
the experimental data on %2°U depletion or 23°U
buildup. The factors so determined were multiplied by

the assumed nominal full power value of 8.00 MW to

obtain the reported values of nominal full power. All
nominal full power values given there should be divided
by 8.00 MW to get the measured value for this
correction factor. Thus the final reported combined
value of 7.34 £0.09 MW (Table 6.5 of ref. 6) yields the
correction factor 09175 + 0.0113 used herein,

"



5. Systems and Components Development

Dunlap Scott

The reorientation of the MSBR program into a
technology program has resulted in curtailment of
efforts to produce components for the MSBE and
added emphasis on a program of experiments and
studies that will explore more deeply some of the
technical problems and their significance to the MSBR
design. The program for the participation of industry in
the design and fabrication of steam generators has been
reduced to provide for design studies only. The pro-
grams concerned with further study of the techno-
logical problems will center around the operation of a
gas system test loop, a secondary system technology
loop, and later a steam generator technology loop.

The gas system test loop will be constructed of
Hastelloy N and will be operated with a salt containing
lithium, beryllium, thorium, and uranium in propor-
tions representative of the fuel salt for a single-fluid
MSBR. The loop will be used to evaluate the operation
of the gas-removal systems under different chemical
states of the salt as well as to investigate other technical
areas of interest to the fuel system. We expect to
improve our confidence in the use of water as an easy
fluid for developing components which are actually to
be operated in salt. - :

The secondary system technology loop, also con-
structed of Hastelloy N, will be operated with a sodium
fluoroborate eutectic to study the mechanical and

chemical features of the secondary salt system. Other

coolants may be tested in the loop in search of
alternatives to sodium fluoroborate. This loop will also

~ provide salt for circulation through the steam generator' :

technology loop, which will be operated to study basic
problems of molten-salt-heated steam generators. -

The program for the procurement and testing .of . -

pumps for an MSBE has been curtailed until the
program for the construction of the MSBE is reacti-
vated.

The program for the development of equlpment and
techniques for remote welding of pipe and vessel

closures has been centered around establishing the
feasibility of an automatic welding system which, by
virtue of its reliability and versatility, would be adapt-
able to remote operation. The interest in this equip-
ment has grown to such an extent that the results of
this feasibility study probably will be perfected. by
others for use in making field welds during construc-
tion, Our program will continue with a study of such
associated considerations as the remote inspection of
weld passes and remote preparation, .cleanup, and
alignment for-welding. The status of the programs
which have been started is given below.

5.1 GASEOUS FISSION PRODUCT REMOVAL
C. H. Gabbard

5.1.1 Gas Separator

Water testing of the latest gas separator design' has
continued, Although the attachment of the gas core to

_the recovery vane hub is much improved over the

previous designs, the main vortex still tends to be
somewhat unstable in front of the recovery hub at low

gas flow rates, as shown in Fig. 5.1. At higher gas flow

rates the vortex is more stable and becomes fully
attached to the recovery hub, as shown in Fig. 5.2.
Under both of these conditions, some of the gas escapes
the vortex and bypasses the separator. Although all the
gas bubbles appear to move to the central vortex, losses

“around the recovery hub reduce the actual gas removal

efficiency to less than 100%. -

- Performance data for the gas separator have been
taken at flow rates of 440, 570, and 660 gpm of water
with gas input»rrates,rang'ing up to 1.0 scfm. The

" maximum efficiency in each test occurred at the highest
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Fig. 5.1. Gas Separator Recovery Hub Showing Unstable Vortex.,
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Fig. 5.2. Gas Separator Recovery Hub Showing Fully Attached Vortex.



gas input rate and was nominally 94, 88, and 78% for
the three water flow rates respectively. The higher
efficiency at the lower water flow rate is probably the
result of reduced turbulence at the recovery hub. The
results of the performance tests at 570 gpm are shown
in Fig. 5.3. Each of the three curves was taken with a
constant throttle setting on the gas-water takeoff line.
The inlet void: percentage for the MSBE separator,
based on an average of 0.2% voids in the loop, would be
about 0.1% but would vary depending on the operating
pressure of the separator. Although the removal
efficiency increased with increasing gas flow rate up to
1.0 scfm, the gas removal capacity of the separator is
limited, and the removal efficiency would fall off
rapidly at somewhat greater gas flow rates.

The recovery hub of the separator is being redesigned
with an annular gas takeoff port in an attempt to
improve the vortex stability and to increase the removal
efficiency at the lower void fractions.

5.1.2 Bubble Generator

The design and testing of a reduced-scale “teardrop”
bubble generator was presented previously.?2 The tests
reported at that time indicated that the bubble diam-

2MSR Program Semiann, Progr. Rept. Feb. 28, 1969,
ORNL-4396, p. 95.
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eter was about one-fourth of the flow annulus thickness
and that an annulus of about 0.080 in. would be
required to produce the desired 0.020-in.-diam bubbles.
A multiple vane design was envisioned for the full-sized
MSBE or MSBR bubble generator to avoid the large
diameter that would be required for a “teardrop”
design with the 0.080-in. flow annulus. A reduced-scale
prototype model with a single vane is shown in Fig. 5.4.
A satisfactory bubble size was generated by this design,
but there were flow oscillations around the trailing edge
of the vane in the vertical plane and also in a horizontal
plane within each of the diffuser sections. There was
also difficulty in distributing the gas flow uniformly
across the width of the flow channels and between the
top and bottom gas feed holes.

The development tests of both the “teardrop™ and
the “multivane” bubble generators have been discon-
tinued for the present time to evaluate a simpler
“venturi” design. Two commercial jet pumps with
throat diameters of 0.316 and 0.656 in. were used for
the preliminary testing. The tests indicated that a
satisfactory bubble size could be obtained in water at
throat velocities greater than about 30 fps. The bubble
size did not appear to be pressure dependent between
throat pressures of 1.47 and 2.9 psia. The only
difficulty encountered with the jet pumps was pulsa-
tions in the bubble output. The pulsations occurred
when the jet pumps were run at throat pressures greater
than about 1 to 3 psia. The suction cavity of the larger
jet pump was filled with epoxy and remachined with a
minimum gas volume in an attempt to eliminate the
pulsations. The pulsations were reduced but were not
eliminated by this change. .

A larger pressure drop across the gas feed ports will
probably be required to obtain a constant bubble
output under all operating conditions.

ORNL-DWG 70-13539
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5.1.3 Water Test Loop

A water test loop which will permit testing full-sized
MSBE bubble generators and gas separators has been
designed and is being fabricated. Figure 5.5 is a
schematic diagram of the loop. The test loop will have a
liquid flow range of 300 to 800 gpm and a gas input
capacity that will provide a maximum void fraction of
about 0.02. This loop will be used. to verify the
performance of the full-sized bubble generators and
separators in water and will also permit testing with
different fluid properties to obtain hydraulic similarity
with molten salt. Although the high surface tension of
molten salt cannot be duplicated in water, surfactants
and wetting - agents will be used in an effort to
determine the effect of surface tension on the bubble
generation and separation. The loop will also be useful
to study the operating characteristics of the separator
and generator in a closed system and to determine the
control requirements for maintaining a desired gas flow
onvoid fraction. -

5.2 MOLTEN-SALT STEAM GENERATOR
' R.E.Helms J.L.Crowley

Steam generators for molten-salt reactors require the
development of much new technology because . the
proposed heat source can be any one of several salts
which freeze at temperatures in the range of 700 to

850°F. These freezing temperatures are well above the
temperature at which water is normally admitted in
conventional steam generators. The tendency for the
salt to freeze, the large temperature gradients that can
exist in some regions of the steam generator, and the
need to provide materials that are compatible with salt
and water create problems that require special atten-
tion. Since so little is known about steam generators for
molten-salt reactors, design studies and some immediate
experiments are needed to assist in the definition of a
development program for this component.

The steam' generator development program plan® as
previously formulated has been reduced in scope from
one of procurement of steam generators for the MSBE
and the testing of models in the 3-MW Steam Generator
Tube Test Stand to one of obtaining conceptual design
studies from industrial firms and of gaining some
experimental information through operation of.a small
technology loop. A discussion of these programs
follows. - :

5.2.1 Steam Generator Industrial Program

The major objective of this progiam has been changed
from the specific development of steam generators for

" the Molten-Salt Breeder Experiment to the investigation

3MSR Program Semiann, Progr. Rept. Feb. 28, 1970,
ORNL-4548, pp. 67—-68.



of the basic technological problems associated with
molten-salt-heated steam generators. Design studies
from U.S. industrial firms will be requested to assist in
the definition of the development program for this
component. Therefore, as a result of the change in
objective from procurement of MSBE hardware to
development of technology, the request for proposal
package to obtain design studies from industrial firms
has been rewritten. One or two industrial firms will be
chosen on the basis of their proposal of how they
would proceed to accomplish the design studies. The
studies include four tasks, which may be described
generally as follows:

Task I: Conceptual Design of a Steam Generator for
the ORNL 1000-MW(e) MSBR “Reference

Steam Cycle”

Task II: Conceptual Design of a Steam Generator for
- the 2250-MW(t) MSBR “Alternate Steam
Cycle”

Task III: Conceptual Design of a Steam Generator for a
Molten-Salt Reactor of about 150 MW(t)

Task IV: Description of a Research and Development
Program for the Task IH Steam Generator

In Task I the industrial firm will produce a conceptual
design of a steam generator unit for the ORNL
1000-MW(e) MSBR reference design. The salt con-
ditions will be specified by ORNL. The ORNL steam
cycle requires that feedwater be supplied to the steam
generator at supercritical pressure and 700°F with full
load outlet conditions of 3600 psia and 1000°F.

For Task II the industrial firm will define changes
that it believes will improve the reference steam cycle.
These changes could result in a steam cycle with
different steam and feedwater pressures and tempera-
tures, a different steam generator design, etc.

For Task I the industrial firm will use the con-
ceptual design chosen by ORNL from Task I or II and
show how it would modify the unit for operation in a
molten-salt reactor system of about 150 MW(t), the
power level of the MSBE.

For Task IV the industrial firm will prepare a report
describing the research and development program
necessary to assure the adequacy of the design of the
Task III steam generator.

5.2.2 Steam Generator Tube Test Stand (STTS)*

Our plan for the development of steam generators for
the Molten-Salt Breeder Experiment (MSBE) included a
facility for testing models containing full-size, full-
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length tubes in a configuration representative of steam
generator designs for the MSBR. This facility included a
salt-circulating system with a salt heater capable of
supplying 3 MW of heat, a water purification system, a
feedwater system to provide water to the test unit at
pressures to about 4000 psi and temperatures to 700°F,
and a cooling system to remove 3 MW of heat while
letting the 1000°F supercritical steam down to atmos-
pheric pressure. A conceptual system design description
(CSDD) of this facility was written and will be
published as an ORNL internal memorandum., Further
work on this facility was suspended for the present.

5.2.3 Molten-Salt Steam Generator
Technology Loop (SGTL)

A steam generator in which molten salt is the heating
medium is an essential component in present versions of
molten-salt power reactors. There are many uncer-
tainties associated with the design, startup, and opera-
tion of molten-salt-heated steam generators. At present,
there is no experience, and there are no test facilities
that can be used to resolve the uncertainties.

The decision not to proceed in FY 1971 or FY 1972
with the 3-MW Steam Generator Tube Test Stand
(STTS) has delayed until at least FY 1975 the time that
experiments could be run in this facility. Since it is
important to begin now to develop basic steam gener-
ator technology, a Molten-Salt Steam Generator Tech-
nology Loop (SGTL) is proposed to permit proceeding
with experiments on a smaller scale. This loop will have
a capacity in the range of 50 to 150 kW and will be
used to study steady-state operation of sections of
molten-salt-heated steam generators.” A conceptual
system design description (CSDD) is being prepared for
this facility.

5.2.4 Development Basis for Steam Generators
Using Molten Salt as the Heat Source

Although no one has built a steam generator to work
by transferring heat from molten salt to water, there
has been some experience with similar systems using
sodium as the source of heat, and this experience is
continuing to accumulate. The lower melting point of
sodium, which is well below the 700 to 850°F liquidus
of the candidate salts, makes the design and operation
problem different. However, there are many similarities
which will make the experimental program for the
LMFBR useful to the molten-salt steam generator
development program. We are preparing a report which
will describe the status of the molten-salt steam



generator technology, show which elements of the
LMFBR program will be of use in the molten-salt
technology program, and define the areas which need
further experimental study.

5.3 SODIUM FLUOROBORATE TEST LOOP
R.B. Gallaher A.N. Smith

The fluoroborate circulation loop was operated for
478 hr during this report period. A test was run to
determine whether a small quantity (about 10 g) of
water injected into the salt in the pump bowl could be
detected by monitoring the off-gas stream for a change
in contaminant level. The test was completed, and the
loop was shut down on April 13, 1970, concluding the
current phase of the test program. Since the initial
operation in March 1968, 11,567 hr of circulating time
have been accumulated. Of this time, 10,632 hr have
been with the clean batch of salt.

5.3.1 Water Addition Test

Previous reports®+S have included discussions of the
acid fluid which has been observed in the fluoroborate
loop off-gas stream. In an attempt to shed additional
light on the fluid emission question, a water injection
test was run during the current report period. Briefly,
the procedure was to make a rapid injection of water
under the surface of the salt in the pump bowl, then to
make observations to determine what effect the injec-
tion had made on the nature and concentration of
contaminants in the off-gas stream.

A schematic diagram of the test arrangement is shown
in Fig. 5.6. The injection apparatus was connected to
the pump bowl at the salt sample access pipe. The salt
temperature was 1025°F, and the total overpressure
was 24 psig. As part of the normal operation of the
loop, a continuous purge of helium was passed down
the pump shaft to protect the oil seal region from the
BF; in the pump bowl. A small flow of BF;, slightly
diluted with helium, was added through the bubbler of
the liquid level indicator to make the partial pressure of
BF; in the mixed gases equal to the partial pressure of
BF; in the salt at the temperature in the pump bowl.
These two gas flows totaled 1500 cm®/min, of which
about 50 ¢cm®/min was BF;.

“MSR Program Semiann. Progr. Rept. Feb. 28, 1969,
ORNL-4396, pp. 102 ff. S

SMSR Program Semiann. Progr. Rept. Aug. 31, 1969,
ORNL-4449,p. 77.
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From the pump bowl the gas stream passed through a
mist trap, a sintered metal filter, and a trap cooled with
wet ice, as previously described for the mist trap tests,®
and then through a trap cooled with a mixture of dry
ice and trichloroethylene (—100°F). The mist trap was
maintained at 900°F at the inlet end and 340°F at the
outlet end. A connection was installed between the mist
trap and the sintered metal filter to provide a
100-cm® /min sample flow to a Karl Fischer water
analyzer. The sample line to the water analyzer was
maintained at 250°F to reduce the possibility of
condensation. After leaving the cold traps, the gas
stream flowed at 1 fps through about 25 ft of %-in.
tubing before reaching the takeoff for the conductivity
cell feed line and the loop pressure control valve. These
lines were at ambient temperatures (80°F).

With the system at steady state, background readings
were obtained on the Karl Fischer apparatus and the
thermal conductivity cell, and collection rates were
determined by periodic weighings of the traps. Then on
April 2, 1970, helium was used to force 9.9 g of water
into the salt in the pump bowl in 20 sec. During the
injection an auxiliary flow of 100 cm®/min of helium
was maintained through the water injection tube to
guard against plugging the tube by suck-back of salt.
Some helium (estimated <200 cm?®) was also admitted
to the pump bowl through the bomb along with the
charge of water. Immediately after the injection there
was a sudden pressure rise of 4 psi. Following this,
automatic control valve action caused the pressure to

oscillate, with the maximum deviations being 3% psi -

above and 2% psi below the control point pressure of
24 psig. About 15 min after the injection the pressure
appeared to be stabilizing, but at this time the pressure
drop across the sintered metal filter became excessive
(AP = 24 psi). The filter element was replaced, during
which time (<5 min) the gas flow was bypassed around
the cold traps. Replacement of the filter element and
associated operation of valves caused additional pres-
sure fluctuations of 4% psi above and below the
control point. At this time (33 min after the injection),
normal flow through the traps was restored, and the
pressure was level at 24 psig. The pressure remained
level until 2%, hr after the injection of water, at which
time flow through the sintered metal again became
restricted (AP = 15 psi).. Replacement of the filter
element took about 15 min. During this time the
pressure  was maintained by bleeding gas through the
trap bypass line. At 3 hr 5 min after the water injection

SMSR Program Semiann. Progr. Rept. Feb. 28, 1970,
ORNL-4548, pp. 70-72.
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Fig. 5.6. Schematic Diagram of Water Injection Test, NaBF4 circulation test, PKP loop, 9201-3.

the pressure leveled out once again at 24 psig, and
pressure control was steady for the balance of the test.
For several hours after the injection, sample flow was
maintained to the Karl Fischer water analyzer and the
thermal conductivity cell. The cold traps were weighed
periodically throughout the test, and weight gains were
recorded as grams of fluid. The mineral oil bubbler,
which is downstream of the pressure control valve, was
examined visually 24 hr after the injection, and the oil
had a cloudy appearance, as though’ it contained
suspended solids. The oil recovered its normal trans-
parent appearance with continued operation; however,
the oil bubbler walls appeared to have collected some
material. The water injection test was terminated on
April 13, 1970, after 478 hr of circulation.

After shutdown of the loop, the mist trap was cut
open for inspection. Visual inspection revealed that the
upstream side of the hot-zone filter had a dark film on
all metal surfaces but had little or no salt on it. One
gram of salt was recovered ahead of the filter as two
solid lumps. Between the two filters, 7.3 g of salt was
found. None was found on the face of the cool filter,
but its appearance suggested that salt had been dis-
lodged from the filter during handling. The trap
discharge line contained 0.23 g of black solids. No film
was found on the trap walls downstream of the cool
filter. Spectrographic analysis (semiquantitative) of
similar black solids recovered from a previous test

showed the major elements to be Fe, Cr, and Ni.
Carbon, if present, would not be detected. The mist
trap and the connecting tubing were fabricated from
304 stainless steel. Figure 5.7 shows the posttest
appearance of the upstream face of the filter elements
from both the hot and cold sections of the mist trap.

Three different techniques were used to observe the
effects of the water injection on the off-gas stream:
collection of fluid in cold traps, a Karl Fischer on-line
water analyzer, and an on-line thermal conductivity
cell. The following is a brief discussion of the observed
effects as compared with the effects which might have
been predicted.

1. The total amount of fluid collected during the test
was 4 g, distributed as follows: 2.6 g in the 32°F trap,
0.8 g in the —110°F trap, and 0.64 g in the sintered
metal filter. No solids were observed in the sintered
metal filter. Data from the trap weighings are sum-
marized in Table 5.1. The results indicate that the
collection rate increased sharply immediately after the
injection but returned to the averagé background rate
within about 24 hr.

It is difficult to predict the amount of material which
should have been collected in the cold traps. If the
water was all vaporized and transported out of the
pump bowl, the theoretical amount of condensate
available would be 9.9 g of water plus an estimated 3 g
of BF; which would be present in a saturated water
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solution. It is more reasonable to assume that the water
reacted with the BF 3 or the salt, but it is not clear as to
what the nature and quantity of the reaction products
would be. There are several possible reaction products
which could be transported out of the pump bowl in
the form of gases or mists which would condense in the
cold trap — for example, HF, HBF,, and H3BO;. If a
reaction occurred, the theoretical weight of material
could be much greater than 10 g. For example, a
stoichiometric yield of as much as 60 g and as little as
11.4 g of product could be obtained by reacting 10 g of
H,0 with BF;. In addition to the questions of degree
of reaction and identity of reaction products, there are
uncertainties regarding the amount of material which
might have been deposited in the lines between the mist
trap outlet and the cold traps, the efficiency of the cold
traps, the amount of material lost through the bypass
line while the sintered metal filter elements were being
changed, the amount of material retained by the salt,
and the material lost by reaction with the metal
surfaces in the loop and in the gas lines.

2. Sample flow was maintained to the Karl Fischer
water analyzer during the water injection and for
several hours thereafter. At no time during this period
did the instrument show an increase in the water
content of the gas. The Karl Fischer reagent would
titrate 6.7 mg of H, O per milliliter of reagent, and the
buret could be read to the nearest 0.1 ml, so that a flow
of 0.67 mg H,0 to the analyzer should have been
detectable. If all the H, O had been converted to steam,
the maximum concentration in the off-gas would have
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been 250 mg of H,O per liter of gas (pump bowl gas
space is estimated to be 1.5 ft*). This would have been
equivalent to 0.4 ml of reagent per cubic centimeter of
off-gas, and a sample flow of 100 cm®/min would have
resulted in a reagent usage of 40 ml/min. If the actual
concentration had been only 1% of the theoretical, the
reagent usage would have been 0.4 ml/min, which
should have been easily detectable. After the Karl
Fischer analyzer had been taken off stream, two tests

Table 5.1 Cold Trap Data from Water Injection Test

Sodium fluoroborate circulation test,
PKP loop, 9201-3

Average Collection Rate

Net
Date Time  Collection (mg/hr) Total
() Time  32°F  _100°F O
(hp Trap Trap Collected
(®)
3-24.70 1120 Loop filled and salt circulation started
3-30-70 1000 96 9 0.05 0.86
4-1-70 1000 48 3 2 0.20
4-2-70 0900 23 6 2 0.18
4-2-70 1020 Water (9.9 g) injected into salt in pump
bowl
4-2-70 1305 2.75 3292 84 1.13
4-3-70 1045 22 34 12 1.01
4-6-70 1000 72 8 0 0.59
4-9-70 1000 72 4 3 0.52
4-13-70 0930 95.5 8 0.8 0.83

%Includes 0.640 g of material accumulated in sintered filter.

PHOTO 77770

UPSTREAM FACE OF
HOT ZONE FILTER ELEMENT

UPSTREAM FACE OF
COOL ZONE FILTER ELEMENT

Fig. 5.7. Filter Elements from Mist Trap. Sodium fluoroborate circulation test, PKP loop, 9201-3 .




~ were run to check the sensitivity of the analyzer to the
trapped fluid. In the first test the 1-in.-ID X 18-in.-long
Pyrex pipe cold trap containing about 0.5 g of the
condensed fluid was mounted vertically on a laboratory
bench, and the lower three-fourths of the trap was
wrapped with electrical heating tape. A small flow of
helium (about 100 cc/min) was established through the
trap, and the effluent gas stream was conducted to the
Karl Fischer analyzer by a length of %-in.-OD tubing
about 3 ft long. The trap was then heated until the
temperature of the lower end was at an estimated
400°F. At this point it was observed that the inner wall
at the upper end of the trap was wet, as though vapor
were rising from the lower heated section and con-
densing on the relatively cool upper surface. The
temperature of the upper surface is not known, but it
was probably somewhere between 150 and 250°F. With
the system at the elevated temperature, the gas flow to
the analyzer was maintained for several minutes. At no
time, however, did the analyzer show a response which
would indicate that the gas contained water or a water
derivative. In the second test some of the fluid was
taken from the cold trap and poured directly into the
Karl Fischer reagent in the analyzer. This time there
was a strong positive response.

3. After the water injection the thermal conductivity
cell showed a decrease equivalent to a drop in BF;
concentration of about 10%. The instrument returned
. to its normal preinjection reading within a few minutes.
If it is assumed that the water reacted with the BF; in
the pump bowl gas space, then a concentration drop of
100% would be theoretically possible, since the water
was capable of combining with 16 liters of BF 3, and the
normal BF; content of the gas space is 1.5 liters. Other
experiments indicate that BF; lost from the gas space is
quickly replaced by transfer of BF; from the bulk salt,
so that the brief transient which was observed is the
type of change which one might predict. It should be
noted that the feed line to the thermal conductivity cell
was downstream of the cold traps, so that many of the
condensables would have been removed.

5.3.2 Conclusions

The general conclusions from the water injection test
are as follows:

1. The injection produced an immediate increase in
the cold trap collection rate. The rate returned to the
normal background level within 24 hr. The material
collected appeared to be the same as, or similar to, the
fluid which has been routinely collected in the 32°F
cold trap throughout the course of the fluoroborate
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circulation test program, The mass of material collected
was about 40% of the mass of water injected. Various
uncertainties in the test prevented the formation of any
meaningful conclusions as to the fate of the missing
material.

2. An on-line Karl Fischer water analyzer, which was
used to monitor the off-gas stream during and after the
injection, failed to show a positive response, although in
a subsequent test the instrument gave a strong positive
response to a sample of the fluid which had been
collected in the 32°F cold trap. This suggests that the
material was trapped in the lines upstream of the
analyzer, although none was found in the room-
temperature lines upstream of the cold traps except in
the sintered metal filter,

3. A thermal conductivity cell which was used to
monitor the off-gas stream showed a brief drop in
reading shortly after the injection. The change could be
interpreted as a decrease in BF; concentration, and
such a response would be expected if the water reacted
rapidly with a large fraction of the BF; in the pump
bowl gas space and the reaction products condensed out
of the carrier gas before reaching the conductivity cell.

5.4 MSBR PUMPS

P.G.Smith  L.V.Wilson
H.C.Young A.G. Grindell
H. C. Savage

5.4.1 MSBE Salt Pump Procurement

The general approach outlined in the Program Plan
for the Procurement and Testing of MSBE Salt Pumps
was approved by DRDT-Washington.

The evaluation team reviewed the additional informa-
tion supplied by Westinghouse for their proposal’ to
produce the MSBE salt pumps. In the opinion of the
team, the Westinghouse proposal indicated that they
were qualified to design and fabricate the MSBE salt
pumps. Westinghouse was informed of the decision not
to proceed with the program at the present time and
thanked for the cooperation they gave us and the work
they put into their proposal.

Although the MSBE salt pump procurement program
was delayed indefinitely, plans are being made to obtain
additional design information for MSBE and MSBR
pumps. We will obtain data on the nuclear radiation
dose and heat deposition rates to be expected in the salt

"MSR Program Semiann. Progr. Rept. Feb. 28,'1970,
ORNL-4548, p. 72.
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pumps and will proceed with studies to obtain needed
information on the rotor dynamic characteristics of
suitable rotary element configurations.

5.4.2 MSBE Salt Pump Test Stand

Early in the report period DRDT-Washington re-
viewed and provided technical comments on the Pre-
liminary System Design Description® (Title I) for the
MSBE Salt Pump Test Stand.” We then provided DRDT
with our written discussion of these technical com-
ments. All work on the Salt Pump Test Stand was
suspended indefinitely in view of the AEC decision to
redirect the efforts of the MSRP toward a technology
program.

5.4.3 ALPHA Pump

The fabrication and assembly of the water test model
of the ALPHA pump,’ which were delayed by a craft
strike of ten weeks’ duration at the X-10 and Y-12
plants, were completed at the end of the report period.
Installation of the pump into the water test stand and
electrical connections to the drive motor remain to be
completed prior to the initiation of water tests of the

pump.

5.5 REMOTE WELDING

P.P. Holz C. M. Smith, Jr.
R.Blumberg  G. M. Slaughter
T. R. Housley

In the remote welding program, emphasis has been
placed on developing equipment, welding procedures,
and automatic controls so that welds of nuclear quality
can be produced in many applications without direct
observation or manual adjustments. Automated cutting
and welding equipment that performs to nuclear
systems standards will be of value in the initial
construction of reactors and will also be suitable for
further development to achieve completely remote
operation for maintenance applications  in high-
radiation zones. .

The welding development program is a joint effort of
the Reactor and the Metals and Ceramics Divisions. The
basic equipment for automated welding is the cutting

81. V. Wilson and A. G. Grindell, Preliminary Systems Design
Description (Title I Design) of the Salt Pump Test Stand for the
Molten-Salt Breeder Experiment, ORNL-TM-2780 (December
1969).

9MSR Program Semiann. Progr. Rept. Feb. 28, 1970,
ORNL-4548, p. 74.
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and welding system developed under an Air Force
contract by North American Rockwell Corporation.
During the past year we have developed and fabricated
modified equipment and controls which greatly im-
prove the cutting and welding performance.

5.5.1 Operational Prototype Equipment

The basic equipment used in the ORNL program to
develop a reliable remote maintenance system for
molten-salt (and other) reactors consists of a conven-
tional welding power supply, an electronic console
called the programmer-controller, and an orbiting
carriage which propels interchangeable cutting or
welding heads around the circumference of pipe.' ®!2
With this system a different orbiting carriage is provided
for each of the following ranges of pipe sizes: 1-3 in.,
3—6 in., 69 in., 9—12 in., and 12—16 in. Many of the
same subassemblies and parts, as well as the cutting and
welding heads, are used in all sizes of carriages. This
assists greatly in minimizing the spare parts inventory.
Figure 5.8 shows a schematic diagram of a remote
maintenance system that includes, for future develop-
ment, means for remotely aligning, inspecting, bore
cleaning, and handling the pipe.

5.5.2 Cutting Development

Results of cutter performance tests on horizontal
pipes in the size range of the 6—9 in. carriage have been
reported previously.!!*12 These tests were essentially
duplicated in limited trials of 1-3 in. and 3—6 in.
carriages loaned to us by the Air Force. These smaller-
diameter orbiting carriages do not have enough room in
the arms for the torsion spring-loaded links that provide
flexible gripping force in the large carriages; instead,
they use gear trains in the horseshoe-shaped arms to
provide a gripping force on the pipe. In the pipe cutting
tests, especially those with difficult-to-machine mate-
rials such as Hastelloy N, the more rigid, gear-train-
driven gripping arrangement of the smaller carriages
produced less vibration and less tool chatter and made
deeper cuts possible. However, the rigidity which helps
the cutting action can cause the gears to break when a

10ySR Program Semiann. Progr. Rept. Aug. 31, 1969,
ORNL-4449, pp. 79-82.

11p6R  Program Semiann. Progr. Rept. Feb. 28, 1970,
ORNL-4548, pp. 74-78.

12p p, Holz, Feasibility Study of Remote Cutting and
Welding for Nuclear Plant Maintenance, ORNL-TM-2712
(November 1969).



weld-spatter spot or out-of-round section of pipe is
encountered. Since out-of-roundness and variations in
wall thickness are controlled by piping manufacturers as
a percentage of the pipe diameter, larger pipe sizes will
have greater dimensional variation, so the rigid structure
of the gear train may not be applicable to larger
carriages.

We cut 2-in., 0.065-in.-wall type 304 stainless steel
tubing with the Air Force 1-3 in. carriage. Three orbits

WELDING POWER SUPPLY

i

CONTROLLER-PROGRAMMER |« —
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were used in cutting through the wall with a % 4-in.-
thick circular saw blade: one to scribe or index, one to
cut nearly through the wall, and one to sever the tube.
No problems were encountered. The as-cut square tube
ends were satisfactory for welding.

We were not able to properly clamp the Air Force
1-3 in. carriage on a l-in. pipe. It appears that
1%-in.-OD tubing is the smallest diameter this carriage
can handle. We have not yet attempted to make a cut
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with the Air Force 1216 in. carriage. The idler rollers
and drive rollers are slightly out of parallel, and this
prevents “true” saw blade tracking when cutting.

5.5.3 Welding Development

Welding development tests under laboratory condi-
tions continued to demonstrate clearly that our equip-
ment is capable of producing high-quality welds auto-
matically by use of programmed welding control
procedures. The incorporation of a drive motor which
adapts the torch up-and-down position in response to
arc-voltage feedback signals has provided improved
control of the torch-to-work spacing. The torch drive
control also provides a means of automatically tack
welding the edges of pipe joints prior to welding the
root pass. We developed and demonstrated an effective
welding control program for the tack welding.

Test welds on butt joints, with and without con-
sumable inserts, were made on 347 stainless steel with
very good results. For the present it appears that
insertless joints should be limited to production-type
welds where conditions can be extremely well con-
trolled. We continue to recommend use of square insert
rings for any remote welding of pipe joints where misfit
is likely to occur and commercial Y insert rings for butt
joints where satisfactory (nonprecision) fitup can be
assured.

We also performed welding tests on 6-in. sched 80
stainless pipe positioned horizontally to obtain informa-
tion on maximum production rates. The highest rate of
production of good weld with 0.045 in.-diam filler wire
was obtained under the following conditions:

Tungsten electrode 3/32 in. diameter

Passes 1 root and 9 filler
Wire feed Approx. 40 in./min
Dc amperes i 170

%, in. total width at 200 cpm
2% in./min

Torch oscillation
Travel speed

Elapsed weld time Approx. 10 min per pass,
100 min total
Total elapsed time 200 min

(including setup, interpass
cooling to 350°F, etc.)

Although good welds were produced in a few tests
under the above conditions, we are not sure that a good
weld would be produced every time at this maximum
production rate. We believe that the following more
conservative conditions provide better assurance of
consistently high-quality welds at a high production
rate.

Tungsten electrode 3/3;2 in. diameter (with 0.045-in. wire)

Passes 1 root and 11 to 12 filler
Wire feed Approx. 35 in./min
Dc amperes 140

Torch oscillation
Travel speed
Elapsed weld time
Total elapsed time

1/2 to 5/8 in, total width at 200 cpm

3 in./min

~9 min per pass, 108 to 117 min total
216 to 234 min

It is possible to increase the speed of the “optimum”
procedure by shifting from 0.045- to 0.060-in.-diam
filler wire after five or six passes. It therefore still
appears feasible to produce quality welds on 6-in. sched
80 stainless pipe in 200 min.

Excellent results have also been obtained in tests of
welding pipes in the vertical position (see Fig. 5.9).
Accurate tracking around the pipe was obtained by
adding nylon thrust bearings to the rear of our 6—9 in.
carriage to transfer vertical loads to a split collar that
was clamped to the pipe. Root and filler passes of butt
joints with Y inserts in 6-in. heavy-wall 347 stainless
steel pipe were made with the same programmer input
selections that were used for horizontally positioned
pipe. The welds were of high quality. The bead shape
(Fig. 5.10) and the metallographic results adequately
met requirements. The vertical position is actually
better suited to automatic welding than the horizontal
position because the effects of gravity and capillary
action on the weld puddle remain constant around the
entire circumference of the pipe joint.

We utilized the borrowed 1—3 in. Air Force carriage
with our welding head for fusion welding of tubing
without addition of filler metal and for multipass
welding of pipe. Satisfactory results were obtained with
single-pass welds on thin-wall tubing provided that the
arc was kept stable throughout the welding. This was
best accomplished by lowering the arc voltage, using a
Y, ¢-in. electrode, and reducing the welding current to
almost half the normal value. Satisfactory multipass
welds were made on 2-in. sched 80 type 304L stainless
steel pipe by use of Y inserts. Welding parameters for
the tube and pipe welding were as follows:

2-in. Tube

(0.065-in. Wall) 2-in. Sched 40 Pipe
Position Tube axis horizontal Pipe axis horizontal
Tungsten 1/16 in. diameter 3/32 in, diameter
Arc voltage control 7V 85V
Travel speed 3 in,/min 2.5 in./min
Current
Root pass 46 A 80A
Filler pass Upto86 A
Filler wire None 0.045-in.-diam
308 ELS wire
Insert None (butt joint) Commercial Y
insert, 308 ELC
Purge and weld gas Argon Argon
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Fig. 5.10. Root and Filler Pass Made on Heavy-Wall 347 Stainless Steel Pipe with Y Insert and with Pipe Vertical,




We also used the borrowed 9-12 in. Air Force
carriage to investigate methods for welding 12-in. sched
10 (about ¥ ¢-in. wall) type 304 pipe that was

available. We had to program the welding current during’

the orbit of the carriage to compensate for the greatly
decreased heat capacity of the thin-walled pipe and to
adjust for the bending caused by the weight of the
carriage, which is approximately 50 Ib. Best results were
obtained without the use of consumable inserts. Addi-
tional development work is needed to overcome the
complicating factors of the thin wall.

Limited tests on 6-in. sched 40 carbon steel pipe were
conducted in order to investigate the influence of
metallurgical variables (melting point, thermal conduc-
tivity, viscosity, etc.) on welding parameters. So far, it
appears that power, speed, and other welding control
parameters are about the same as for stainless steels and
Hastelloy N.

In these exploratory tests on carbon steel, we welded
samples having four different joint designs. The best
was J-beveled with pipe ends butted together and
welded without insert rings. Filler wire was added to
the root pass because we found that burn-through
would occur on subsequent passes unless care was
exercised to first obtain a heavy root pass. Even then,
relatively thin beads had to be added over the first filler
pass before heavier beads could be used. The other
three joint designs were made with consumable inserts.
The root pass tended to burn through in some cases and
to lack full penetration in others.

We built a special combination pipe-bore-sizing and
tool-handling fixture for handling Y-shaped welding
inserts. The jib permits precise fitting of the ring and
improves the efficiency and quality of the weld-ring
tacking operation.

The weld programmer was checked to determine
whether any of the readouts had shifted during several
months of weld development testing. The curves that
were produced were identical to the initial calibration
data recorded over nine months earlier.

5.5.4 External Interest

Interest has been generated in our automated orbital
welding system for use in field erection of nuclear
reactors and other systems for containing radioactive
materials. We have been requested to submit proposals
for automated welding systems to the Tennessee Valley
Authority Browns Ferry site and to the Division of
Reactor Development and Technology, USAEC, for
possible use in the construction of the FFTF, SPTS
(Sodium Pump Test Facility), and/or the LOFT facility.
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Use of the equipment for construction applications will
provide valuable information and experience under
actual field conditions. The extensive performance
testing and the resulting improvements of the machin-
ery and programming components that are common to
both the automatic-direct and the fully remote systems
will be of great benefit to the MSRP remote mainte-
nance program.

5.5.5 Design Studies

Looking beyond our prototype equipment, we have
begun to design larger-size orbiting carriages and to
¢onsider ways of overcoming problems of high tempera-
ture and radiation. In the matter of size, it appears
questionable whether one can scale up the design of the
existing carriages beyond the 12—16 in. size. The
limiting factors to simple scaleup are the following: (1)
more torque is required to propel the heavier equip-
ment around the pipe and to provide the thrust force
for the cutting operation, (2) as the pipe diameter
increases, the effects of out-of-roundness, pipe wall
thickness variations, and surface irregularities become
increasingly important and require the use of a more
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flexible system, (3) larger equipment of the existing
design would be expensive to fabricate. Design changes
to overcome these difficulties are indicated, concep-
tually, in Fig. 5.11. The pivoted roller assembly with
two rollers, instead of one, provides room for larger
motors, and more motors if necessary, plus more area
for frictional contact. The pivot arrangement also
decreases the effects of pipe surface irregularities on the
uniform travel of the carriage. The constant-torque
spring maintains a constant pressure between the roller
and the pipe regardless of any out-of-roundness
condition.

Use of the constant-torque spring and the pivoted
roller assembly is attractive for the MSR situation.
Here, the primary problems result from high tempera-
ture and gamma radiation. The two most vulnerable
items of the present carriage design are the Viton
rubber rollers and the drive motors. The Viton on the
drive rollers can be eliminated by use of a pair of split
geared tracks around the pipe to serve as a driving
surface for gears on the carriage, as shown in Fig. 5.12.
The body of the carriage fits between the two tracks,
allowing the idler roller to contact the pipe and thus
position the torch with respect to the work as is done in
present practice. Use of the constant-torque spring
permits the Viton to be eliminated from the idler roller.
The split track design also offers advantages for
operations such as internal pipe cleaning, weld prepara-
tion, and pipe aligning. Protection from gamma radia-
tion can be obtained by housing the dual drive assembly
in such a way as to provide shielding for the motor.

The welding module has been improved with the

addition of the self-adjusting vertical torch positioning

" BODY OPERATES BETWEEN THEM

device. This reduces the stringent requirements that
formerly had to -be met in the carriage design to
compensate for pipe irregularities. The design criteria
will be further simplified if a new horizontal torch
positioning device now being designed performs satis-
factorily.
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6. MSBR Instrumentation and Controls

W. H. Sides, Jr.

The report on the methods and resuits of the analog
simulation studies of the reference 1000-MW(e) MSBR
described earlier' has been issued.? A report which will
document the analog computer program used in this
study is in preparation.3

Further studies were conducted of the part-load
steady-state behavior of the reference MSBR plant. A
digital computer program similar to that reported in ref.
4 was written for a single-tube model of the steam
generator. The unit was divided into 500 axial regions
of equal heat flow. Variations in heat transfer coef-
ficients were taken into account, and steam-table data
and metal and salt property variations were included.
The inlet and outlet temperatures of the salts in the
primary heat exchanger were calculated using a “log
mean AT’ approximation.

In the partload cases studied the heat load and
certain system flow rates and temperatures were
specified in various combinations as constants or
functions of load. The remaining system temperatures
and flows were calculated for loads between 20 and
100% of design load.

Five cases have been calculated. The primary salt flow
rate was held constant, and the feedwater temperature

‘was held constant at 700°F at all loads in all cases.

In case 1 the steam temperature was held constant at
1000°F, and the flow rate of the secondary salt was
held constant at all loads. The reactor inlet and outlet
temperatures, the secondary salt hot and cold leg

'MSR Program Semiann. Progr. Rept. Feb. 28, 1970, ORNL-
4548,p. 79.

2W. H. Sides, Jr., Control Studies of a 1000 MW(e) MSBR,
ORNL-TM-2927 (May 18, 1970).

3W. H. Sides, Jr., MSBR Control Studies Analog Simulation
Program, ORNL-TM-3102 (to be issued).

*General Engineering Division Design Analysis Section,
Design Study of a Heat Exchange System for One MSBR
Concept, ORNL-TM-1545 (September 1967).
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temperatures, and the flow rate and inlet pressure of
the steam were calculated as functions of load.

Case 2 was similar to case 1 except that the secondary
salt flow rate was specified as directly proportional to
the load. The results of this case are shown in Fig. 6.1.
Both these cases yielded an unacceptably low reactor
inlet temperature and/or secondary salt cold leg temper-
ature and indicated the need for a more effective means
to decouple the salt system from the steam system at
part load.

Case 3 included a variable bypass flow of secondary
salt around the primary heat exchanger. Again, the
steam temperature was held constant at 1000°F, and
the secondary salt flow rate through the steam genera-
tor was held constant. Also, the reactor inlet tempera-
ture was held constant at 1050°F at all loads. This
arrangement prevented the low salt temperatures. The
temperature difference between the secondary salt cold
leg and the feedwater increased, however, from 150°F
at design load to about 240°F at 20% load. Two further
cases were calculated to investigate a solution to this
problem.

In case 4 the steam temperature was allowed to rise
with decreasing load. The secondary salt flow rate was a
specific linearly decreasing function of load with no
bypass used. The reactor inlet temperature was again
held constant at 1050°F. The increasing steam tempera-
ture was subsequently attemperated to 1000°F before
reaching the turbine by the injection of feedwater. The
results yielded salt temperatures in an acceptable range.
The temperature difference between secondary salt cold
leg and the feedwater increased only to 190°F at 20%
load. '

In case .5 the steam temperature was held constant at
1000°F at all loads. The secondary salt flow rate was
variable in the steam generator as well as in the primary
heat exchanger. A bypass of secondary salt around the
primary heat exchanger was included. The secondary
salt cold leg temperature was held constant at 850°F
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and the reactor inlet temperature at 1050°F. The
required flow rates of secondary salt in the steam
generator and in the primary heat exchanger were

calculated. The results indicated that in order to -

maintain the cold leg temperature at 850°F, a slight
increase in secondary salt flow above the design point
value was required in the steam generator in the range
of 60 to 100% load. However, the penalty for not
allowing the flow rate to increase above its design value
but maintaining it constant in this range was a decrease
of only a few degrees in the secondary salt cold leg
temperature. These results are shown in Fig. 6.2. The
salt temperatures remained within the acceptable range,

and the temperature difference between the secondary
salt cold leg and the feedwater varied only a few degrees
over the 20 to 100% load.

The results of cases 4 and 5 yielded acceptable
temperature and flow profiles. The arrangement of case
4 required steam attemperation, and that of case 5
required a salt bypass valve and mixing chamber.

Further investigation is being carried on of the
part-load conditions for the MSBR. When one or more
systems for operating at part load are developed,
further dynamic analysis will be required to determine
overall system behavior.
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7. Heat and Mass Transfer and Thermophysical Properties

H. W. Hoffman

7.1 HEAT TRANSFER
J. W. Cooke

Heat transfer experiments employing a proposed
MSBR fuel salt (LiF-BeF,-ThF,-UF,, 67.5-20-12-0.5
mole %) flowing in a horizontal tube have indicated
that the local heat transfer coefficient varies somewhat
irregularly along the entire length of the tube in the
range 1000 <Ny, <4000 for heat fluxes of the order
of 2 X 10° Btu hr™! ft~2; it was suggested that a delay
in transition to turbulent flow could result in such a
variation for the transitional flow range.' -2

To study the effect of flow development on heat
transfer, a new test section has been fabricated which is

&

J. J. Keyes, Ir.

being installed in the inert-gas-pressurized molten-salt
heat transfer system shown schematically in Fig. 7.1.
This test section consists of a 48-in. length of
0.25-in.-0D X 0.035-in.-wall Hastelloy N tubing which
is centrally supported from a weigh cell by an electri-
cally insulated sliding cantilever beam. This weigh cell
will be used to ensure that a change in the supported
weight will not affect the calibration of the other two
weigh cells used to calculate the mass flow rate of salt.

'MSR Program Semiann, Progr. Rept. Feb. 28, 1970,
ORNL-4548, pp. 87—88.

2MSR Program Semiann. Progr. Rept. Aug 31, 1969,
ORNL-4449, pp. 85-89,
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Three electrodes are welded to the test section so that
either the left or right half, or the entire length, can be
resistance heated.

Since the flow alternates in direction, six different
modes of operation of the heat transfer system are
possible. Initially it is planned to heat only the left
section so that, with flow to the left, there will be a
24-in. hydrodynamic entrance length '(//d = 130) and
with flow to the right there will be no entrance length.
The 24-in. entrance length should be sufficient to
establish turbulent flow before the heat is applied. Thus
comparisons of heat transfer results for flow with and
without an entrance length should establish whether a
delay in the transition to turbulent flow does exist and,
if it does, to what extent the heat transfer coefficient is
affected. '

In addition to the entrance effect studies, an investi-
gation of the effect of wetting on heat transfer is
planned. The fuel salt is normally nonwetting, but the
addition of certain metals (normally uranium) can cause
the salt to be reducing and to wet certain materials,
including Hastelloy N. The wetting characteristics of
the fuel salt with respect to Hastelloy N will be
monitored by an apparatus described in the following
section.

The influence of gas entrained by or evolved from the
molten salt on heat transfer is related to wetting of the
wall by the salt. Based on flow visualization studies
employing a 0.2-in.-diam tube with water flow and
helium bubble injection, it was concluded that bubble
coalescence would result in gas voids filling the cross
section of the small-diameter test section; it was
decided to defer gas entrainment experiments until a
pump loop is available which could accommodate a
larger test section. It is still planned to investigate the
effect of helium replacing argon as cover gas, on the
basis that more gas will be evolved due to the higher
solubility of helium.

7.2 THERMOPHYSICAL PROPERTIES
J. W. Cooke

A new technique has been developed to determine the
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angle of contact, 6, at the common intersection of the '

interfaces separating a solid, a liquid, and a gas (see Fig.
7.2). This technique consists in measuring the pressure
difference across the interface between a gas and a
liquid at various stages of the growth of a bubble which
is formed on the tip of a capillary tube immersed in the
liquid specimen.

In Fig. 7.3 are shown the various stages of bubble
growth for a given fluid which wets, partially wets, and

ORNL-DWG 70-13494

Fig. 7.2. Bubble Formation at a Capillary Tip.
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does not wet the capillary tube. For a constant volu-
metric flow rate of gas into the capillary tube, the
traces of pressure difference as a function of time are
shown on the right of the figure.

In the situation where the fluid wets the tube, the
pressure difference increases linearly as the interface
moves from position @ to the end of the tube at
position b', where the interface is free to make a 90°
turn to position d. In the process of moving from
positionb’ tod’, the radius of curvature of the interface
passes through a minimum (and the pressure difference
passes through a maximum value of ﬁi) at position ¢. At
position d’, the interface cannot turn further because of
the contact angle, 8, and must move to the outside
radius of the capillary (position d), where (under stable
conditions) it is free to make another 90° turn to
position f'. The dashed portion of this curve and the
curve for partial wetting cannot be recorded unless the
total free gas volume (i.e., the bubble, the pressure
measuring device, and the connecting tubing) is very
small (<1 cm?).

In the situations where the fluid wets the tube only
partially, or not at all, the contact angle limits the
further growth of the bubble on the inside tube radius
(positions ¢") before the maximum pressure difference,
h;, can be obtained. The interface must then move to
the outside tube radius (positions d), where it is again
free to make another 90° turn to positionf". In moving
from positions d to f’, the pressure differences will
again reach a maximum value of 4,,. Either i, and r,, or
h; and r; can be directly related to the surface tension.

The pressure differences at the points on the pressure
trace where the pressure rise is no longer linear
(position b"), where the further growth of the bubble

. on the inside tube radius is limited by the contact angle

(positions ¢’ and d’), and where the growth on the
outside tube radius is limited by the contact angle
(positions ') can all be related to the contact angle.

Using the results obtained from a computer solution
for the interface separating two fluids, the contact angle
can be related to the dimensionless radius of attach-
ment, r/a, and the reduced pressure difference:

- h,
’_l ’

6

where
r = radius of attachment, cm,

a® = specific cohesion, cm?,
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h = maximum pressure difference, cm of fluid,

hgy = pressure difference at points where the contact
angle can be determined (o', ¢/, d’, andf"), cm of
fluid.

A plot of the reduced pressure difference as a
function of r/a for various ¢,, the angle between the
axis of revolution and the normal to the interface at the
radius of attachment (see Fig. 7.2), is given in Fig. 7.4.
The solid curves  describe the conditions before the
maximum pressure difference, #, is obtained (points b’
and ¢'), and the dashed curves describe the conditions
after the maximum pressure difference is obtained
(points d' and f'). To relate 6 to ¢,, the following
equations are used. For the contact angle with respect
to the inside tube surface (position b),

0=90°—9,; )

for the contact angle with respect to the tube tip
surface (positions ¢’ and d'),

6=180°—¢,; 3)

and, finally, for the contact angle with respect to the
outside tube surface (positions f'),

0 =270° — ¢, . 4)

Experimental verifications of the technique have been
obtained using mercury and water at room temperature
(24.5°C). Unretouched recorder traces of the pressure
transducer output for the three types of wetting are
shown in Figs. 7.5-7.7. It is clear that each of these
recorder traces is nearly identical to those corre-
sponding in Fig. 7.3.

The pressure differences at the various positions
shown in Figs. 7.5—7.7 were used in conjunction with
the functions plotted in Fig. 7.4 and with Egs. (2), (3),
and (4) to obtain the results for the contact angle given
in Table 7.1. Concurrently, a standard sessile drop
technique (where direct optical measurements are made
of the profile of a drop resting on a horizontal surface)
was also used to obtain the contact angles for the same
systems. These results are also given in Table 7.1 and
are in excellent agreement with the results obtained by
the new technique. It is planned to use this technique
for monitoring the wetting characteristics of the
molten-salt—Hastelloy N system during the heat trans-
fer experiments discussed in Sect. 7.1.
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Table 7.1. Measured Contact Angles for Mercury and Water
on Stainless Steel Type 304 and Teflon at 24.5°C

Contact Angle, 6 (deg)

Method Water on Water on Mercury on
SS 304 Teflon SS 304
Bubble pressure 15 115 135
Sessile drop 20 110 135

7.3 MASS TRANSFER TO CIRCULATING BUBBLES
T. S. Kress

It was found that bubbles produced by the bubble
generator in the mass transfer system can be charac-
terized by a size distribution function that had been
developed to describe droplet sizes produced by spray
nozzles. If the percent of the total number of bubbles
having diameters, D, lying in the range D * %, dD is
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defined as f{D) dD, then the distribution function is

1/2
10)=4(%) " b7 exp (o0,

in which

_[aan]
*=" 60 ’
N, = the total number of bubbles per unit volume,
and ‘

& = the void fraction occupied by the bubbles.

Integration of the product N,,1rD2 fID) dD over all
diameters gives the interfacial surface area per unit
volume.

The void fraction for two-phase flow has been
empirically correlated by Hughmark® for many dif-

3G. A, Hughmark, Chem. Eng. Progr. 58(4), 62—-64 (1962).
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ferent mixtures of liquids and gases in both horizontal

and vertical flow. Hughmark defined a flow parameter,
K, which for the conditions of the present experiment
relates @ to the ratio of volumetric flows of gas and
liquid, QK/QI:

Lo} %KQg/QI .

For the flows and conditions of present interest, X is
relatively constant at an average value of about 0.73,
Therefore

©=0.730,/0;,

and, by determining N, directly from the bubble
photographs for each run, calculated values can be
obtained for a,. Some values of @, obtained this way
are compared in Fig. 7.8 with measurements taken
directly from photographs randomly selected from
about 10% of the runs made thus far.

Using the technique described above to establish the
interfacial area, mass transfer coefficients have been
obtained in a 2-in.-diam vertical test section for three
mixtures of glycerol and water (0, 37.5, and 50%
glycerol, corresponding, respectively, to Schmidt
moduli of 419, 2015, and 3446), with and without the
addition of about 200 ppm n-butyl alcohol to serve as a
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surfactant, over the Reynolds modulus range from 4 X
10° to 1.8 X 10° and bubble mean diameters from
0.015 to 0.08 in.

Figure 7.9 illustrates the variation in mass transfer
coefficient, k, with a bubble mean diameter,

d,e |= [ D* ADYAD/ f; D* fDy D]

for different flows (Reynolds moduli) for the 37.5%
mixture. It is seen that k increases with bubble diameter
over the range covered but appears to be leveling off at
low and at high mean bubble diameters.
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Figure 7.10 is a cross plot of the data of Fig. 7.9
along with that of the other two mixtures for a bubble
diameter of 0.02 in. As the Reynolds modulus is
decreased, the mass transfer coefficients appear to
approach a more or less constant value. The asymptotic
behavior at low values of the Reynolds modulus may be
deduced by assuming that the mass transfer coefficient
for a swarm of bubbles rising through a quiescent liquid
has the same functional dependence as that of a single
bubble. The latter is given by Calderbank,’

k~ (gu/p)' 3 I(Ng)? 3

and, using the apparent asymptote of the 50% glycerol
data as a base, the asymptotes of the other mixtures are
calculated to be as shown by the dashed lines in Fig.
7.10.

4p. R, Calderbank, Chem. Eng., October 1967, pp. 209-33.




Part 3. Chemistry /

W. R. Grimes

The chemical research and development activities
described below are conducted to establish the basic
chemical information required for the development of
advanced molten-salt reactor systems.

A substantial fraction of these efforts continued to be
devoted to the transport, distribution, and chemistr