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SUMMARY

Part 1. MSRE Design, Engineering Analysis,
and Component Development

1. MSRE Design

No significant changes in design concept or in detail of any component
or system were made. Design work was essentially completed, and a design
report giving all engineering calculations and analyses of the systems is
being compiled. The remaining design work involves primarily the incor-
poration of results of development work into the final drawings.

Work on the major building modifications is proceeding as scheduled,
and the estimated completion date is October 15, 1962. A contract was
awarded for construction work required outside the building, and this work
too is to be completed soon. It consists of construction of the exhaust
filter house, the cooling towers, the underground piping, and the inlet
filter house.

Materials procurement is on schedule with the exception of the core
graphite, delivery of which is now expected November 1, 1962. Fabrication
of components is approximately 50% complete and on schedule.

The basic instrument criteria and the control philosophy were estab-
lished. The layout of the instrument and controls system was established,
and the design of control-panel interconnection facilities is under way.

Designs for 30 of the 42 instrument panel sections required in the
MSRE system are complete. Fabrication of these panels by the ORNL shops
is under way.

A freeze-valve test facility was completed and placed in operation.

The selection of detectors for the process and personnel radiation
monitoring system is approximately 80% complete.

Procurement of a data-handling system was initiated. Specifications
were prepared and procurement initiated for 80% of the components required
in the process instrument system.

2. MSRE Reactor Analysis

Conceivable reactivity accidents were analyzed to permit evaluation
of reactor safety. Most of the calculations were done using Murgatroyd,
a digital kinetics program, but some analog analyses were also used. None
of the accidents analyzed led to:catastrophic failure of the reactor.
Undesirably high temperatures were predicted, however, for circumstances
associated with extreme cold-slug accidents, premature criticality during
filling, and uncontrolled rod withdrawal.
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Criticality and flux calculations were revised to correspond to the
latest fuel composition and the detailed design of the core. Calculations
were done for a core model consisting of 19 regions with different volume
fractions of fuel, graphite, and INOR-8. The clean critical concentration
for the reactor fueled with salt containing no thorium was calculated to
be 0.15 mole % uranium (93% UZ3%),

High-energy fluxes were also calculated. At a reactor power of 10
Mw, the maximum flux was about 1.3 x 10*° neutrons/cm®.sec for neutrons
having energies greater than 1 Mev; for neutrons having energies greater
than 0.1 Mev, the maximum flux was about 3.7 x 10> neutrons/cm?®-sec.

_ Fluxes and power densities from the Equipoise calculations were used,
together with the detailed flow distribution in the MSRE core, to predict
the gross temperature distributions in the fuel and graphite. At 10 Mw,
with fuel entering the core at 1175°F, fuel in the hottest channels left
the reactor at 1261°F. Under the same conditions the peak graphite tem-
perature was 1296°F, A low-temperature region existed through the center
of the core where the fuel velocity was above average.

The nuclear average temperature, defined as that uniform temperature
which results in the same reactivity as the actual distribution, was cal-
culated for the fuel and for the graphite. Perturbation theory was em-
ployed, using coefficients from the Equipoise calculations. At 10 Mw,
with the fuel inlet at 1175°F and the mixed-fuel outlet temperature at
1225°F, the nuclear average temperatures for the fuel and graphite were
1213 and 1257°F, respectively.

Importance-averaged temperature coefficients of reactivity were cal-
culated for the case of fuel containing no thorium. The results were
s x 1075 and -7.27 x 1075 (83k/k)/°F for the fuel and the graphite,
regpectively.

Power coefficients of reactivity were calculated from the nuclear
average temperatures and reactivity coefficients. This quantity, defined
as the reactivity adjustment required as the power is raised, depends upon
which temperature is used as the control parameter. If the mean of the
fuel inlet and outlet temperatures were held constant, the power coef-
ficient of reactivity would be -L.7 x 107* (8k/k)/Mw. If the fuel outlet
temperature were held constant, the power coefficient would be only
-1.8 x 10™* (dk/k)/Mw.

Effective delayed-neutron fractions were calculated, taking into
account the delayed-neutron energies and the spatial source distributions
in a one-region model of the core. For a total yield of 0.0064 delayed
neutron per fission neutron, the effective fraction in the static core
was 0.0067. With fuel circulating at 1200 gpm, the effective steady-state
fraction was 0.0036. :

Preliminary tests were made of a new IBM-T090 program for the analysis
of simulated power transients, based on a simplified space-dependent ki-
netics model. This program calculates fuel and graphite temperature
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distributions during transients and uses the nuclear-average-temperature
concept to relate temperature changes to the reactivity.

3. Component Development

Measurements were made on INOR-8 freeze flanges for 5-in.-diam sched-
4O pipe under several different steady-state and transient conditions with
both an octagonal and an oval nickel ring gasket. The following conclusions
were drawn from these measurements: the flange Jjoint design appears to
be satisfactory from an accumulated thermal stress standpoint after 43
cycles from room temperature to 1300°F and higher; the thermal distortion
of the flanges is small in the operating range and is not of a nature to
cause the flanges to separate at the seal; thermal cycling does not cause
the gas leakage rate to increase above an acceptable level; the flange
Joint will not form a frozen plug in the pipe under no-flow conditions if
the pipe heaters are kept on; the thermal and distortion properties of the
INOR-8 flanges are superior to those of the Inconel flanges tested previ-
ously; and thermal cycling of one flange did not affect its ability to
seal with a new flange,

A full-scale conceptual model of the control rod and drive unit was
assembled and tested under operating conditions for over 24,000 cycles.
Difficulty with a bushing was solved by replacement with ball bearings.
Over-all operation was satisfactory.

Evaluation of a removable 5-in. pipe heater insulated with hardboard
and mineral wool indicated excellent performance except for the tendency
to produce dust after high-temperature operation. Nuclear activation
analyses of insulating materials indicated that the dust would present a
problem of air-borne activity during maintenance. Another unit, con-
structed of foamed fused-silica, was better with respect to dusting but
had an excessive heat loss. An improved fused-silica pipe heater, incor-
porating some canned hardboard is being fabricated. An all-metal reflec-
tive type of unit was procured for evaluation.

The prototype cooling bayonets for removing fuel afterheat from the
drain tanks were thermally shock tested 384 times without failure. Reactor-
grade thermocouples were still intact after 6 cycles, whereas other types
of thermocouples failed in fewer cycles.

Detail drawings of essentially all the components and instrumentation
of the sampling and enriching system were finished, and construction of
a mockup was started. The sampling-capsule access-chamber mockup passed
the hydrostatic test requirements, and hot cell removal of a sample from
the capsule was demonstrated.

The full-scale MSRE core model was operated at 85°F with water to
make preliminary measurements of the velocity distribution, heat transfer
coefficients, and solids-handling characteristics. The velocity distri-
bution in the lower core wall-cooling annulus was found to be uniform
around the circumference, indicating that the flow into the lower head
was also uniform. The heat transfer coefficients in the lower head agreed
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with the predicted values, except near the axis, where the measurements
were irregular because of the random flow. Preliminary measurements of
the solids distribution in the lower head indicated that solids which do
remain in the core tend to collect near the drain line at the center. It
appeared, however, that they would not plug the drain line.

The engineering test loop was revised to include a graphite container
and INOR-8 pipe and was placed in operation with a newly made zirconium-
free coolant salt. Information was obtained of the operating character-
istics of the frozen seal in the graphite container. It was found that a
salt mist existed in the pump-bowl gas space that led to some difficulties
with frozen salt deposits, but no such mist was found in the drain-tank
gas space. After 1500 hr of operation with the empty container, graphite )
was installed, vacuum pretreated at 1200°F, and prepared for flushing with
salt that had been treated with HF to lower its oxide content.

Design and construction of equipment for opening and closing freeze-
tlange joints was completed, and procedure testing was started. A peri-
scope was purchased for use with this equipment. The design of a portable
shield facility for semidirect maintenance operations is 60% complete.

Tt is a motorized unit with the appropriate openings and lighting for
specific operations.

Six prototype brazed joints were fabricated for quality evaluation
"using the equipment and general techniques required for remote operation.
A similar joint was removed from a loop for metallurgical examination
after 6780 hr at 1250°F and exposure to fuel salt for 123 hr.

The design of the overflow-line disconnect to the fuel pump was com-
pleted, and a carbon-steel prototype was built and successfully rough-
tested as a demonstration of the concept. An INOR-8 model was constructed:
for finel testing.

The design drawings for the coolant pump, the drive motors of the
fuel and coolant pumps, and the lubrication stands were approved. The
assembly of the rotary element and the fabrication and assenbly of the
hot test stand for the prototype fuel pump were completed and testing was
started. Acceptable INOR-8 castings of impellers and volutes for the fuel
and coolant pumps and dished heads for the pump tanks were obtained. Fab-
rication of all components required for the reactor pumps was initiated.

A prototype model of the two-level conductivity-type liquid-level
probe being developed for use in measurement of level in the MSRE storage
tanks was constructed and is being tested.

Developmental testing of an element for continuous measurements of
the molten-salt level in the reactor pumps was continued. The maximum
variation recorded during a four-month test was 0.1 in., and there has
been no significant degradation in performance characteristics to date.

Investigations of single-channel thermocouple alarm switches for use
in freeze-flange and freeze-valve monitoring continued. A commerical
system is undergoing field .tests.
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Development of the mercury-jet-commutator thermocouple-scanning
system is continuing. Modifications of the switch were made to reduce
spurious noise generation. An alarm discriminator was designed and con-
structed. A complete system was assembled and tested.

Testing of mechanical attachments for use on radiator tubes in the
MSRE was resumed after modifying the test apparatus. The differential
between indicated inner and outer wall temperatures under simulated opera-
ting conditions was reduced to 9°F when the thermocouple was insulated
with Fiberfrax paper and Thermom cement was applied between the thermo-
couple and the tube wall.

Six Inconel-sheathed MgO-insulated Chromel-Alumel thermocouples are
being tested in 1200 to 1250°F air. The observed drift in all units
after 5000 hr of operation was less than *2°F.

Ten MSRE-prototype wall-mounted thermocouples were exposed to fast
temperature transients on the drain-tank bayonet-cooler testing facility.
One thermocouple failed immediately. The remaining nine units have with-
stood repeated rapid temperature changes.

Results of tests of thermocouples installed on an MSRE-prototype
freeze valve indicate that either 1/8-in.-OD duplex or 1/16-in.-OD single-
conductor thermocouples will measure wall temperatures on the freeze valve
within the required accuracy and will withstand the temperature transients
inherent in this application. No significant difference in the perform-
ance or durability of the units was noted.

A six-circuit radiation-resistant thermocouple-disconnect assenbly
was fabricated and tested in a remote-maintenance facility. The discon-
nect is simpler in construction than the assembly described previously
and is more compatible with MSRE requirements.

Part 2. Materials Studies

L, Metallurgy

Tests were completed for determining the corrosive effect of CF4
vapor on INOR-8 immersed in fuel salt at 1112 and 1292°F, Results of
these indicate that CF4 vapor is effectively nonreactive toward INOR-8
at 1112°F but that minor attack may be promoted by CF; in the presence
of fluoride salts at 1292°F.

A final design and a welding procedure were established for the tube-
to-tube sheet joints of the MSRE heat exchanger. The final design pro-
vides for uwltrasonic inspection. In order to demonstrate the welding and
inspection procedures, a 96-joint test assembly was successfully fabri-
cated and inspected by radiographic and ultrasonic Lamb-wave techniques.
Brazing procedures for remotely preparing INOR-8 pipe joints were demon-
strated by the fabrication of six joints. Only minor unbonded areas
were found in these by ultrasonic inspection.
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Additional mechanical properties data were accumulated for INOR-8,
including thermal fatigue data at 1250 to 1600°F. Stress relieving was

found to

improve the elevated-temperature stress-rupture properties of

weldments. Evaluation studies of the mechanical properties of heats of
INOR-8 procured for MSRE construction were started.

Grade TS-281 graphite, considered representative of MSRE material,
was found to be more porous than experimentally made samples of similar
graphite; however, it met design requirements. Specimens of TS-281 were
permeated to 0.2% of the bulk volume in the standard permeation tests.
Oxygen contamination was purged from R-0025-grade graphite with the de-
composition products of NH4F.HF at temperatures as low as 392°F. Exposure

of INOR-8 specimens to this environment at temperatures varying from 392
to 1300°F resulted in minimum attack at T52°F.

Sintering studies were begun to develop procedures for fabricating
Gdz03 and Gd203-Alz0s3 cylinders for MSRE control rods. The shrinkage
characteristics and bulk density changes as a function of green density
were determined for Gdz03 pellets that were fired at 1750°C in hydrogen.

5. In-Pile Tests

Two

molten-salt-fueled capsule assemblies, ORNL-MTR-L7-4 and 47-5,

were built to study the formation of CF4 in the gas over fissioning MSRE
fuel containing submerged graphite. In assembly 47-4, four capsules con-
taining a graphite core submerged in fuel and two with*graphite crucibles -
containing fuel were irradiated.

Assembly L47-L4 was irradiated from March 15 to June‘h, and it is now
undergoing postirradiation examination at ORNL. The maximum measured tem-

perature

of the capsules was 1400 * 25°F during approximately 1500 hr of-

full-power steady-state reactor operation.. Sixty of the 121 recorded tem-

perature
perature

Two
assembly
capsules
altering

changes of ~30°C or more included decreases to the solidus tem-
of the fuel salt.

capsules containing submerged graphite cores were installed in
LT7-5 to permit gas sampling during irradiation. Additional sealed
designed to provide a range of oxidation-reduction levels by

the accessibility of chromium metal to the fuel were included.

The range of the ratio of INOR-8 surface area to graphite surface area in
contact with the fuel is O to 46:1. Assembly 47-5 is scheduled to be ir-

radiated

from September 17 to December 10, 1962.

Postirradiation examination of assenbly 4L7-4 revealed that elemental

fluorine

at pressures as high as 35 atmospheres was generated in some of

the rapidly frozen salt used in tests of the effect of radiation on evo-
lution of CF4 from fissioning fuel and graphite. The fluorine, undoubtedly
of radiolytic origin, appears in the frozen salt after shutdown and is

possibly

the main causative agent of the CF4 in the capsules that contained

large quantities of CF4. Since capsules of different configuration in the
same irradiated assembly showed widely divergent behavior, the undesirable

products

may be strongly dependent on some incidental effect, such as the

P
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freezing history of the capsule. Present indications are that the fluo-
rine problem will not constitute a severe threat to the reactor operation.
Tests are in progress (ORNL-MIR-47-5) to obtain direct confirmation of
the evidence for a negligible concentration of fluorine in the molten
fuel.

6. Chemistry

A detailed examination of the U50°C contour in the LiF-BeF5-ZrFs ter-
nary system suggests that 67 mole % LiF, 29 mole % BeFz, and 4 mole % ZrF4
should be a suitable solvent for UF4 in a simplified fuel that contains
no ThFy. A fuel based on this solvent, LiF-BeFy-ZrF.-UF, (66.85-29-4-0.15
mole %), has an estimated melting point of 4L45°C. This composition has
a density of 2.15 g/cm3 at the operating temperature. .

The eutectic 1in the system LiF-UF4 appears to be useful as a concen-
trate (27 mole % UF4; mp, 527°C) for fuel makeup. The amount and nature

- of segregation on freezing of MSRE-type fuels are tolerable.

Experiments to demonstrate the reaction of CF, with MSRE systems gave
positive indications, mainly at 800°C. Presumably, they would provide

more conclusive results at higher temperatures than the 600 to 800°C range.

Studies of the cleanup of graphite and of fuel continued and efforts
to improve analytical aspects of MSRE fuel technology were directed toward
oxygen determinations in fuel and in graphite and toward homogenization
of radiocactive samples of fuel.

T. Fuel Processing

Work on the detailed design of the MSRE fuel-processing system was
started. The system provides for oxide removal from the salt and uranium
recovery. A simplified flowsheet was prepared.

8. Engineering Research on Thermophysical Properties of Salt Mixtures

The liquid-state enthalpy and the viscosity of a LizC03-NazC03-K=COa
(30-38-32 wt %) mixture proposed for use in out-of-pile studies relating
to the MSRE were experimentally obtained. Unusual scatter in the data
warranted only a linear fit of the enthalpy data. The derived heat ca-
pacity over the temperature span 475 to T15°C is therefore given by the
constant value 0.413 cal/g-°C. The kinematic viscosity was found to vary
from 16.5 centistokes at 460°C to 3.1 centistokes at 715°C. An estimate
of the mixture density as a function of the temperature allowed prediction
of the absolute viscosity.
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1. MSRE DESIGN

Design Status

Design work on the MSRE was essentially completed. There remains
only final revising of system layout and design drawings and completion
of the electrical design. The design report, in which all engineering
calculations and analyses of the systems are presented, is presently be-
ing compiled. Much of the design work remaining to be completed involves
incorporation of development work into final design drawings. An example
of such a design is the removable salt-pipe heaters and insulation. Final
test evaluations of two different concepts of such removable insulated
heater sections are nearing completion. Design drawings of these units
must be completed after these tests indicate which type will be used in
the system.

Another item that awaits final test evaluation before the design can
be completed is the control rod drive. A model incorporating all the
principles has been operated successfully, and testing of an actual pro-
totype unit will permit the design to be finished. Such a prototype is
being ordered.

All layouts for the three major areas, reactor cell, drain tank cell,
and coolant cell, are complete. The various penetrations into these cells
have also been designed. The layout of interconnecting gas, water, elec-
trical, and instrument lines between these cells is nearing completion.

Considerable effort was devoted to the design of the containment ves-
sel, and all parts of this design were completed. Several methods of ef-
fecting a closure with the seal membrane that welds to the steel shell
were analyzed before an acceptable concept could be detailed. The pe-
riphery of the containment vessel just below the closure flange was re-
inforced with a circumferential steel ring to bring the stresses within
limits at design-point pressure. This pressure was dictated by the maxi-
mum credible accident. The vapor-condensing system, which ensures toler-
able pressures within the cell in the event of the maximum credible acci-
dent, was designed.

Since the molten-salt system employs electrical heat to bring all
components to the operating temperature, the electrical distribution for
this heater network is rather elaborate. This electrical system is about
40% designed. The heater control centers are complete. Conduit and
cable-tray layouts are 6U% complete. 'he design ot moditications to
existing auxiliary diesel power controls are 60% complete. All electri-
cal designs are scheduled to be compleled by March 1, 19G3.

Design drawings for the charcoal-adsorber system for the offgas are
finished. Layout drawings of offgas piping in the reactor cell, drain tank
cell, and special equipment room are 95% complete. -Very little remains
to be done to bring the design of the entire gas system to completion.
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The design of the jigs and fixtures for the assembly of the initial
and replacement components for the test cell was completed. The compo-
nents, piping, and flanges are supported by adjustable supports that du-
plicate or resemble the test cell structure and are positioned precisely
by optical tooling. Design work on the fixture for the assembly of the
drain tanks and flush tank is in progress.

Completion of the items mentioned above will complete the design of
all major equipment and facilities, including the maintenance control
room, the remote crane control, the television viewing devices, and the
remotely operable lifting tongs. The design of the work shield, protec-
tive environment enclosure (standpipe), tools, and operating procedure
for replacing the 7/8 in. -0D graphite sampler is complete. The graphite
sampler is identical in principal to the sampler illustrated previously,1
which was modified to accommodate the control rods and to raise the work
shield 3 ft above the lower shield beams for working convenience.

There were no changes in design concept or significant changes in
detail of any component or system of the MSRE within this report period.
A plan drawing of the major systems showing arrangement of vurlous com-
ponents in the MSRE building is shown in Fig. 1.1.

Reactor Procurement and Installation

Major Modifications to Building 7503

The Kaminer Construction Corporation, which has the prime contract
for the major modifications to Building 7503, has completed approximately
90% of its contract. The estimated completion date is October 15, 1962,
as scheduled. The status of the work in progress is outlined in the fol-
lowing sections,

Reactor Cell, Stress relieving of the reactor cell vessel is com-
plete, and installation of the sleeves between the inner and outer ves-
sels is progressing. This work will be completed when the expansion
joints (bellows) are received.

The support beams for the lower roof plugs were concrete-filled and
put in place. The frames for the lower roof plugs were fabricated and
are being fitted to the cell. These plugs will be poured soon. The up-
per roof plugs were poured but were not delivered because of lack of
storage space. The seal membrane is on-site.

Drain Tank Cell. All the concrete was poured in the drain tank cell,
including the upper and lower roof plugs and the support shield beams,
Plug welding of the stainless steel liner was completed, as shown in
Fig. 1.2. The lower roof plugs should be installed and ready to weld
in the seal membrane when it is delivered.

1"MSRP Prog. Rep. March 1 to Aug. 31, 1961," ORNL-3215, p 17,
FPig. 1.12.
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Fig. 1.2. TFuel Drain Tank Cell.

Maintenance Control Room. The grade beams for the malntenance con-
Lrol room were poured. The lorms Ior pourlng up Lo elevallon 862 I'L are
being installed, and the concrete will be poured soon.

Radiator Cell. The sheet metal work in the radiator cell is approxi-

mately 50% complete. It is expected that this work will be completed on
schedule.

Sheet-Metal Liner for Crane Bay. All framing for the crane-bay liner
was fabricated and 40% of the framing was installed. The sheet metal liner
was fabricated and is ready to install.

Building Ventilation Duct Work. The duct work is 90% complete. The
remaining work consists of the installation of dampers, which are sched-
1uled to be delivered soon.

Reactor Cell Exhaust Duct. The 30-in. exhaust duct is installed to
the end of the Kaminer portion, including the butterfly valves.

Hot Waste Storage Cell. The storage tank is installed and 95% of the
piping complete.




Hot Storage, Fuel Transfer, Decontamination, and Spent Fuel Storage
Cells., The stainless steel liner is being installed in the hot storage
cell. Work in the other three cells is complete, except for miscella-
neous concrete patching and stacking of shielding blocks in the spent fuel
storage cell.

Electrical System. Electrical conduit installation in the crane bay
is 90% complete. Wiring for the air compressors and controls is complete,
except for some miscellaneous control wiring, which is awaiting delivery
of control switches.

Air and Water Piping. The compressed air and water piping is approxi-
mately 98% complete.

Auxiliary Line Penetrations into Reactor Cell. 0il, water, and other
service lines were fabricated, and installation is approximately 50% com-
plete,

Electrical Service Area, All concrete was poured, and ladders and
hatchway covers were installed. Work in this cell is 80% complete.

Construction Outside Building 7503

The R. S. Hixson Construction Company of Oak Ridge was awarded the con-
tract for the construction work outside Building 7503. Work was started ap-
proximately May 1 and is expected to be completed approximately September 15.

The exhaust filter house is complete except for the installation of
filters, which are expected to be delivered approximately September 15.
The offgas exhaust stack is installed. The exhaust blowers, duct, and
dampers will be delivered by September 1 and installed by September 15.

The cooling towers were installed, and the piping was completed, ex-
cept for connections to the pumps. The pumps are to be delivered soon.
The underground piping is complete.

The inlet filter house is complete, and the steam coils, dampers,
duct, and filters will be delivered soon.

Procurement of Materials

With the exception of the graphite for the MSRE core, materials pro-
curement is approximately on schedule. The graphite is now promised for
November 1, 1962, and efforts are being made to improve this delivery
date. The status of procurement is outlined in the following sectionms.

INOR-8. Delivery of all plate, rod, weld rod, and pipe is complete,
except for some miscellaneous pieces. Partial delivery was made of pipe
fittings and tubing; delivery is approximately 75% complete. Delivery
of forgings, that is, freeze flanges, heat-exchanger tube-sheet blank
flanges, O-ring gaskets, and other special forgings, is approximately
80% complete,



Graphite., The National Carbon Company has formed, baked, and graphi-
tized all the base-stock graphite bars. The individual lots are at vari-
ous stages of the multiple impregnation treatment. All bars received the
first impregnation. There are about 80 graphite bars completely through
all the required impregnations; however, the fabrication of sound base-
stock graphite bars is the critical part of the fabrication. The delivery
of the completely machined graphite bars was tentatively rescheduled from
September 1 to November 1, 1962.

Auxiliary Heat Exchangers. A contract was awarded Berlin Chapman
Company for the fabrication of three stainless steel auxiliary heat ex-
changers.

Stainless Steel Piping. Contracts were awarded for the manufacture
of type 304 stainless steel pipe, tubing, and fittings for all auxiliary
piping systems. Most of this material has been manufactured and is be-
ing inspected at the vendors' mills. Contracts have not been awarded
t'or special f'langes and gaskets.

Reactor Cell Support Steel. Steel for the reactor cell equipment
supporting structures is being furnished by O'Neal Steel Company. Special
pipe spring supports are being manufactured by Bergen Pipe Support Company.

Fabrication of Components

The fabrication of MSRE components in the Y-12 Machine Shops is es-
timated to be approximately 50% complete and on schedule. Delivery of
the first component is expected approximately October 1, and all compo-
nents are expected to be delivered by January 1l. The status of component
fabrication is described in the following sections.

Reactor Vessel. The reactor vessel (Figs. 1.3 and 1.4) is being fab-
ricated and is approximately 45% complete. Delivery is expected approxi-
mately January 1, 1963.

The stainless steel thermal shield for the reactor vessel is being
fabricated in the Union Carbide Nuclear Company Paducah machine shop and
is approximately 35% complete. Delivery is expected approximately
October 1, 1962. Procurement was initiated for approximately 75 tons of
steel balls that will be poured into the thermal shield for gamma shield-
ing.

Ilcat Exchanger. The INOR=C primary heat exchanger is approximately
65% complete (Fig. 1.5), and delivery is expected approximately January 1,
1963. A vendor, Wall Colmonoy, is under contract to furnace-braze the
tubes to the tube sheet with a gold-nickel alloy.

Radlialor. The sult-to-alr radiator is approximately 12% complete.
The headers for this component are being fabricated in the Union Carbide
Nuclear Company shops at X-10 and Paducah and are approximately 95% com-
plete. Delivery is expected approximately January 1, 1963.
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Fig. 1.3. 1Inside of Reactor Vessel Showing Flow Straightening
Vanes.

Radiator Enclosure. The enclosure for the radiator (Fig. 1.6) is
approximately 65% complete, and delivery is expected approximately
January 1, 1963. The door-lifting mechanism was fabricated in a local
Oak Ridge Machine Shop and is complete. Delivery is complete on all
motors, clutches, brakes, and electric heaters for this component.

Salt Storage Tanks (Total of 4). The several INOR-8 fuel and cool-
ant storage tanks (Fig. 1.7) are approximately 45% complete. Delivery
of these components will begin approximately October 1, 1962, and be com-
pleted by October 1, 1963.

Fuel and Coolant Pumps. Fabrication of the fuel and coolant pumps
(Fig. 1.8) is approximately 75% complete. Delivery of the first unit is
expected approximately January 1, 1963.

Miscellaneous Fabrication. The ORNL and Paducah machine shops are
fabricating miscellaneous parts for the major reactor components. In
addition, certain equipment supports, assembly jigs, and panel boards are
being fabricated in the K-25 shops. The sampler enricher, charcoal beds,
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PHOTO 38932

Fig. 1.4. Flow Distribution Nozzle for Reactor Vessel.

UNCLASSIFIED
PHOTO 38530

Fig. 1.5. Some Completed Components of INOR-8 Primary Heat Ex-
changer.
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Fig. 1.6. Partially Completed Radiator Enclosure.
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Fig. 1.7. Coolant Salt Drain Tank.
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Fig. 1.8. Volute and Upper Half of Fuel Pump Bowl.
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salt piping, and other miscellaneous parts are being fabricated in the
ORNL machine shop. A contract was awarded to Taylor Engineering Company
for the fabrication of seven special equipment supports and four special
vessels.

Reactor Instrumentation and Control Systems

Layout of Instrumentation and Control System

The layout of the instrumentation and controls system proceeded
closely in accordance with the scheme outlined in the previous report.2
Drawings showing the exact location of all control panels were completed,
including drilling details for floor penetrations in the main and aux-
iliary control areas. The relay cabinet was moved to a new position, and
three panels for control of the diesel generators were added to the
auxiliary-board panel arrangement. Requirements for wire ways between
the main control area and field-mounted equipment were determined, and
detail design is now under way. These wire ways consist ot three sepa-
rate sets of 3- by 24-in. open trays. Thermocouples, signal cables, and
control circuit wiring will be run in separate trays. Cable from isolated
signal transmitters will be run in conduit to the nearest tray. Details
for wire terminal boxes between field-mounted electrical equipment were
also determined.

Design Status

Instrument Application Diagrams. Instrument application flow dia-
grams for the fuel sampler-enricher system, the fluorination system, and
the containment system were completed and approved for construction. Nine
diagrams previously approved were revised in accordance with recent de-
sign changes. A tabulation of all instruments shown on the flow diagrams,
giving identifying numbers, location, function in process, and a brief
description, was completed. These will be revised periodically to in-
corporate design changes.

Control Panels. The design of & of the 12 modular instrument panel
sections required for the main board was completed and fabrication of
these panels is presently under way in the ORNL panel shops. The three
remaining panels, as well as the control console, will be completed when
all the nuclear instrument requirements are known. A complete design
for one panel section includes instrument-mounting-hole cutout drawings,
pneumatic tubing diagrams, and electrical wiring diagrams. Twenty-five
drawings for the main-board panel sections were approved.

Twenty-four drawings covering the design of 11 auxiliary-board panels
located in the transmitter room and auxiliary room were completed. In
addition, the design of the thermocouple-patch-panel cabinet was com-
pleted.

2"MSRP Prog. Rep. Feb. 28, 1962," ORNL-3282, pp 10-19.
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Designs of three sampler-enricher control panels and two cover-gas-
treatment control panels were also completed and approved. Eighteen
drawings were approved and issued for construction. These panels are
presently being fabricated in the ORNL shops and when completed will be
used to control mockups of these systems.

The designs of six other auxiliary instrument panels located in the
field are complete. These panels serve the fuel and coolant pump lube
o0il systems, cooling water system, and the containment air system. Six
drawings were completed. Fabrication of the containment vessel air sys-
tem instrument panel was completed, and the panel was delivered to the
contractor.

Forty-two 2-ft modular-panel sections are required in the MSRE in-
strument system. Designs are complete for 30 of these panels. Design
of the remaining panel sections is approximately 50% complete.

Field Installations. Information necessary for the development of
the electrical power system criteria was prepared. This included the
safety control circuit 48-v power distribution system, 115-v ac instru-
ment power requirements, and remote control requirements for switchgear
and motor-control centers. The design of electrical control circuitry
for two 40-hp instrument air compressors was completed. '

The requirements for the instruments and controls system reactor cell
penetrations for electrical signal cables, thermocouple lead wire cables,
and pneumatic lines were determined in detail.

A mockup of a typical MSRE freeze valve, with reactor-type thermo-
couples, solid-state switch modules, coolant-air system, and control cir-
cuits was designed and constructed. Initial test operations indicate that
all control-circuit components will perform satisfactorily.

Data Handling. A requisition was issued for a data system to be ac-
quired on a three-year lease period with an option-to-buy clause. Pre-
liminary proposals from three manufacturers were received the week of
July 9. The three proposals were evaluated in terms of cost and equip-
ment in accordance with the specification. On the basis of the prelimi-
nary proposals, a system was tentatively selected. This selection was
based on preliminary information and is subject to change when the final
detailed proposals are received.

Process and Personnel Radiation Monitoring. A review of the process-
monitoring requirements was completed in May. The selection of the neces-
sary dectectors and associated electronic equipment is approximately 80%
complete. Preliminary detector locations and mounting requirements were
discussed. Preliminary investigations were started for the design of the
two-stack monitoring systems. The instrument application diagrams now
show all the proposed process monitors, with the exception of the high-
level gamma monitors for the reactor and drain tank cells.




16

The resulting recommendations were reviewed by the Laboratory's Fixed
Instrument Advisory Committee and by ORNL Radiation Safety Control per-
sonnel. The recommendations for personnel-monitoring instrumentation
are summarized below: : :

Instrument Quantity

Continuous air monitor, Q-2240

Monitron, Q-1154

Radiation and contamination monitor, Q-2091
Hand and foot monitor, Q-1939

Alpha sample counter, Q-2345

Beta sample counter, Q-2344

Central control and annunciator panel

H e300~

The design of this system was initiated and procurement of the required PR
instruments is under way.

Procurement Status

Specifications were prepared and procurement initiated for approxi-
mately 80% of the components required in the process instrument system.
A1l panel-mounted instruments are either on order or on hand. One hun-
dred and twenty-one specifications for commercially available standard
items were prepared, and procurement was initiated.

Thirteen detailed job specifications for some components requiring
special development or procurement effort were completed, and procurement
was initiated. These include such items as weld-sealed transmitters,
valves for radioactive gas service, thermocouple material, a data-handling
system, a coolant-salt-system venturi flow element, and high-temperature
NaK-filled tronemittcro.
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2. MSRE REACTOR ANALYSIS

Nuclear Accident Analyses

Analyses of reactor behavior in potentially hazardous situations were
carried out, and the results were reported in the second addendum to the
MSRE Preliminary Hazards Report.' The incidents that were analyzed in-
cluded fuel pump failure at high power, cold-slug accidents, premature
criticality during core filling, breakage of a graphite stringer, passage
of a slug of concentrated fuel through the core, and runaway rod withdrawal.

Calculational Procedures

The case of stoppage of the fuel pump with the reactor at power was
analyzed with an analog computer.€ All other situations were analyzed
using Murgatroyd, a digital program for MSRE kinetics analysis.3

In Murgatroyd the fuel and graphite in the core are treated as sep-
arate bodies, each with its own mean temperature and temperature coeffi-
cient of reactivity. The reactor is treated as a point, however, in that
the mean fuel temperature is assumed to be the average of the inlet and
outlet temperatures. Heat transfer between fuel and graphite is assumed:
to be proportional to the difference between the fuel and the graphite mean
temperatures. Reactivity disturbances can be represented in Murgatroyd as
a series of steps and ramps, but the inlet temperature is regarded as being
constant.

The reactor properties used in the analysis were appropriate for the
MSRE with 1 mole % thorium in the fuel. (Elimination of the thorium would
increase the temperature coefficients of reactivity and the prompt-neutron
lifetime.)

Results of Fuel Pump Power Failure Analysis

The results of a simulated fuel pump failure at a reactor power of
10 Mw, with no corrective action, are shown in Fig. 2.1. The decrease in
fuel-salt flow led to a decrease in the core cooling rate and to an in-
crease in the effective delayed-neutron fraction, which resulted in an
initial rise in the core temperatures. Also the loss in flow decreased
the rate of heat transfer to the secondary coolant, and with no corrective
action the coolant in the radiator reached the freezing temperature in
less than 2 min. Heat transfer from the radiator can, however, be de-
creased quickly by closing the radiator doors. Results for the case of

1'"Molten-Salt Reactor Experiment Preliminary Hazards Report,' Adden-
dum No. 2, May 8, 1962, unpublished internal report.

2p. N. Haubenreich and J. R. Engel, "Safety Calculations for MSRE,"
ORNL-TM-251 (May 15, 1962).

3c. W. Nestor, Jr., "Murgatroyd - An IBM 7090 Program for the Analysis
of the Kineties of the MSRE," ORNI.-TM-203 (April &, 1962).
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control rod action and closing of the radiator doors following the fuel
pump power failure are given in Fig. 2.2; the control rods were considered
to decrease reactivity at the rate of 0.07% per second 1 sec after power
failure, and heat removal from the radiator was stopped after about 30 sec.
For these circumstances the fuel salt temperature rise was small, and the
secondary coolant temperature did not become too low.

Effects of Cold-Slug Accidents

The consequences of cold-slug accidents were estimated by calcu-
lating the reactivity transient associated with passage of a cold fuel
slug through the core and introducing this transient into a Murgatroyd
calculation by considering a series of reactivity ramps. The temperature
rise calculated by Murgatroyd for a constant inlet temperature was then
superimposed on the temperatures that would be produced by the cold slug
without nuclear heating. Results are shown in Fig. 2.3 for two extreme
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Fig. 2.2. Pump and Temperatures Following Fuel Pump Power Failure.
Radiator doors closed and control rods driven in at 0.4 in./sec after
failure.
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cases: 20 or 30 ft3 of fuel at 900°F was assumed to be pumped at 1200 gpm
through the core; the reactor was initially critical at 1200°F and at low
power with no circulation prior to introduction of the cold slug. Peak
temperatures in the core were estimated to reach about 1600°F. The core
pressure rise was not appreciable in either case.
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Results for Filling Accidents

Criticality could be reached prematurely while the core was being
filled if the fuel were abnormally concentrated, or if the fuel tempera-
ture were abnormally low, or if the control rods were withdrawn too far.

The power excursions that would result from the continued addition of re-
activity associated with such filling accidents were computed by Murgatroyd,
assuming no heat removal from the fuel and using a fuel-graphite heat trans-
fer coefficient appropriate for a static core.

In the first case it was postulated that the fuel was concentrated by
selective freezing in the drain tanks of phases containing no uranium (or
thorium). With 39% of the fuel frozen,4 filling the core with the remain-
ing liquid at 1200°F at a rate of 1 ft3/min would result in a 55-Mw power
excursion about 60 sec after initial criticality. No significant pressure
surge would result.

Filling the core with salt having the normal fuel concentration and a
temperature of 1200°F would produce an excursion similar to the one de-
scribed above if all rods were fully withdrawn. Filling at 1000°F with
the fuel concentration and rod positions corresponding to criticality at
1200°F would produce a much smaller excursion.

Rod insertion would be quite effective in preventing the power ex- .
cursions in these accidents because the rates of reactivity increase would
be very low. If no corrective action were taken (e.g., insertion of rods
or draining of core), temperatures in the core would exceed 1800°F, in the
worst case, by the time the core became completely full.

Effect of Uncontrolled Withdrawal of Rods

Simultaneous withdrawal of all three rods could produce a large power
excursion and undesirably high temperatures if these rods were withdrawn
rapidly with the reactor initially subcritical or at very low power. In
the worst case examined, the rate of reactivity addition was assumed to be
0.08% 6k/k per second and the initial power was taken to be 1 watt. A
pover excursion to 730 Mw and a pressure surge of 19 psi resuited. More
serious, the calculated mean fuel temperature rose from the initial 1200°F
to a high of 1600°F, and local temperatures in excess of 2000°F were esti-
mated. .

Effect of Graphite Movement

If a graphite stringer were to break in two near the center of the
core and the upper half could float up, the reactivity would increase
0.004% 6k/k for each inch of stringer replaced by fuel. If the entire
central stringer were replaced with fuel, the reactivity increase would
be only 0.13% 6k/k, No power or temperature excursion of any consequence
would result, even in the latter event.

“This is the highest fraction that could be frozen and still leave
enough liquid to fill the core.
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Results of Concentrated Fuel Addition

An upper limit on the disturbances which could result from a fuel
addition of 120 g of U235 yas calculated. For this case it was postulated
that the added fuel passed through the core as a flat pancake-shaped ele-
ment under normsl flow-rate conditions. If this were possible and the
reactor were initially at 10 Mw, the power would rise to a peak of 120 Mw,
and the fuel mean temperature would rise 90°F. The pressure surge would
be about 2 psi. Smaller disturbances would result at lower initial powers.

Reactor Statics Calculations

The reactor statics calculations reported here are based on the cur-
rent reactor design. In this connection, a two-dimensional, 19-region
nuclear model of the reactor was utilized to represent the various reactor
regions. Because of the limitation to two dimensions, the control rod
thimbles were considered as a single INOR-8 cylindrical annulus concentric
with the core center line. A vertical half-section of the reactor model
showing the relative sizes and positions of the various regions is shown
in Fig. 2.4. The boundaries of the regions and the volume fractions of
fuel, graphite, and INOR-8 in each are summarized in Table 2.1.

A fuel salt mixture containing x mole % UF4, 70 mole % LiF, (25 - x)
mole % BeFs, and 5 mole % ZrF4 was considered in the calculations. The
isotopic compositions of lithium and uranium were based on material com-
positions that might reasonably be available for use in the reactor. The

Teble 2.1. Nineteen-Region Core Model Used in Equipoise Calculations for MSRE
(See Fig. 2.4 for graphical location of rcgions)

Rodius (in.) Height (in.) Composition (val )
Region Region Represented

Inner Quter Bottom Top Fuel, Graphite INOR-8

A 0. 29.56 T4 .92 T6.04 0 0 100 Vessel top

B 29.00 29.56 -9.14 T4.92 0 0 100 Vessel sides

c 0 29.56 -10.26 -9.1k4 0 0 100 Vessel bottom

D 3.00 29.00 6T.47 Th.92 100 0 0 Upper head

E 3.00 28.00 66.22 67 .47 93.7 3.5 2.8

F 28.00 29.00 0] 67.47 100 0 6] Downcomer

G 3.00 28.00 65.53 66.22 94 .6 S.h4 [¢]

H 3.00 27.7% 64.59 65.53 63.3 36.5 0.2 ‘

I 27.75 28.00 a (553 n n 100 Core can

J 3.00  27.75 5.50 6k.59 22.5 77.5 0 Core A

K 2.94 3.00 5.50 Tk.92 0 0 100 Simulated thimbles

L 0 2.94 2.00 64.59 25.6 4L 0 Central region

M 2.94 27.75 2.00 5.50 22.9 77 .5 0 Core

N o] 27.75 0 2.00 23.7 76.3 0 Horizontal stringers

0 0 29.00 ~1.h1 0 66.9 15.3 17.8

P 0 29.00 -9.1h .l 90.8 0 9.2 Bottom head

Q 0 2.94 66.22 T4 .92 100 0 0

R 0 2.94 65.53 66.22 89.9 10.1 0

s o) 2.94 64.59 65.53 43.8 56 .2 o
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calculations described below were for an isothermal system at 1200°F with
no reactivity controlled by the control rods, no fission-product poisons,
and no chemical impurities in the fuel.

Criticality Calculations

The initial criticality calculations were made with Modric, a 3Lk-group,
multiregion, one~dimensional, neutron-diffusion program for the IBM-7090.
Because this program is limited to one dimension, two types of geometry
calculations were made. One was based on slab geometry, with region and
material specifications corresponding to an axial traverse through the main
part of the core; a radial buckling term was used in this calculation.

The other was a radial calculation, with region and material specifications
corresponding to a radial traverse through the reactor midplane; an axial
buckling term was used in this calculation. The two calculations agreed
within 1% in predicting a critical uranium concentration of 0.1% mole %.

In addition, these calculations provided the two-group nuclear constants
for each of the regions as required for two-dimensional, two-group calcu-
lations.

Flux Distributions

The spatial distributions of the fast and thermal fluxes and adjoint
fluxes were calculated for the 19-region, 2-dimensional model using the
Equipoise-3A program. The results for a reactor power of 10 Mw are pre-
sented in Figs. 2.5 and 2.6. The radial distributions (Fig. 2.5) are for
an axial position that corresponds to the maximum in the thermal flux,
which is at a position very close to the core midplane. The axial dis=-
tributions® (Fig. 2.6) are given for a position 7 in. from the core center
line; this radius corresponds to the maximum value of the thermal flux.

Information about the space-energy distribution of the fast flux was
obtained by combining the Equipoise-3A results with the results of the two
Modric calculations. Figure 2.7 shows the radial distribution, near the
core midplane, of the neutron fluxes for energies greater than 0.1 and
1.0 Mev, and Fig. 2.8 shows the axial distribution of the same fluxes 3 in.
from the core center line. This radial position corresponds to that of
the control-rod thimbles and the small graphlte test specimens. The fluxes
are normalized to a power level of 10 Mw.

Power Density

The spatial distribution of the power density is determined by the
total fission rate. About 87% of the total fissions in the MSRE are caused
by thermal neutrons. As a result, the spatial distribution of the fuel
power density is essentially the same as that of the thermal-neutron flux.
The maximum fuel power density at 10 Mw with no fuel permeation of the
graphite is 33.6 w/cm®. The corresponding maximum graphite power density
is 0.83 w/cm>. ‘

5The reference plane for axial measurements was the bottom of the
horizontal graphite bars on which the vertical stringers are supported.

~y
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" Steady-State Fuel and Graphite Temperatures

Fluxes and power densities obtained from Equipoise calculations were
used to estimate fuel and graphite temperature distributions and average
temperatures for steady-state reactor operation at 10 Mw.®

Temperature Distributions

The shape of the temperature distribution in the reactor is deter-
mined by the shape of the power-density distribution and the fuel flow
. pattern. In the main part of the core, where the fuel flows in discrete
channels among the graphite stringers, local temperature variations across
individual fuel channels and graphite stringers are superimposed on the
gross distributions. The gross distributions, which have the greatest
effect on the reactor average values, are described below. They are based
on 10-Mw reactor operation and a total flow rate of 1200 gpm.

In describing the gross temperature distributions, only that part of
the core which generates the major fraction of nuclear energy needs to be
considered, that is, the central core associated with the regions designated
J, L, M, and N in Fig. 2.4 and Table 2.1. The fuel temperature in any chan-
nel at a particular elevation is a function of the radial position of the
channel, the inlet fuel temperature, the flow rate in the channel, and the
total amount of heat produced in or transferred to the fuel as it passes
from the inlet to the elevation in question. Figure 2.9 shows the axial
variation of fuel temperature in the hottest channel for the power dis-
tribution calculated for the MSRE. The channel inlet temperature is some-
what higher than the reactor inlet temperature because of the heat produced
in the entrance regions through which the fuel must pass in reaching the
main part of the core. Figure 2.10 shows the radial variation in fuel
temperature at the midplane of the core. The relatively lower temperatures
in the central and outer regions of the core are caused by the higher fuel
velocities in these regions. The fuel velocity in the central channels is
expected to be about three times that in most of the remaining channels.
Less extreme variations are expected in the outer channels.

The over-all temperature distribution in the graphite depends on the
fuel temperature, the graphite power density, and the resistance to trans-
fer of heat produced in the graphite to the fuel in the adjacent channels.
The internal resistance of the graphite to heat transfer produces some
elevation of the graphite temperature above that of the fuel, but most of
the temperature difference results from the Poppendiek effect.” Figure 2.9
shows the axial distribution of the mean temperature in a graphite stringer
immediately adjacent to the hottest fuel channels. The calculated axial

8J. R. Engel and P. N. Haubenreich, "Temperatures in the MSRE Core
During Steady-State Power Operation,' ORNL-TM-378 (in preparation).

7H. F. Poppendiek and L. D. Palmer, "Forced Convection Heat Transfer
in Pipes with Volume Heat Sources Within the Fluids,'" ORNL-1395-C, Nov. 11,

1953.
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distribution is somewhat steeper than may be expected in the MSRE because
axial heat transfer in the graphite was neglected in the calculation.
Figure 2.10 shows the radial variation of the graphite temperature at the
core midplane. The distribution in the plane of maximum graphite tempera-
tuﬁes would have the same general shape but would be displaced upward about
12°F.

The graphite temperature distributions in Figs. 2.9 and 2.10 were
calculated on the basis that 6% of the reactor power is produced in the
graphite by gamma and neutron heating; no other heat sources in the graph-
ite were considered. The graphite-fuel temperature differences will be
greater than the indicated values if fuel salt soaks into the graphite and
produces a source of fission heat in the stringers. If 2% of the graphite
volume were uniformly filled with fuel salt, the maximum difference between
the mean temperature in a graphite stringer and that in the adjacent fuel
channel would increase from 62.5 to Tk.5°F.

In addition to the above results for the main core regions, the mean
fuel temperatures and temperature rise were also calculated for a number
of peripheral regions, based on 10-Mw reactor operation and an average
fluid temperature rise of 50°F in passing through the core. The increase
in fuel temperature as the fuel passes through a region and the associated
mean temperatures for the various regions are summarized in 'lable 2.2.

Average Temperaturcs

A useful concept in relating the actual fuel and graphite temperature
distributions to the total reactivity is the nuclear average temperature.
This quantity is defined as follows: At low power, reactor criticality is
assumed to be established at isothermal temperature conditions in fuel and
graphitg. Then, as the power is raised, the fuel nuclear average tempera-
ture, T,., is defined as the equivalent uniform fuel temperature that gives
the samd total reactivily level as that associated with the actual fuel
temperature distribution, with the graphite temperaturg held constant.
Similarly, the graphite nuclear average temperature, T , is defined as the
uniform graphite temperature that gives the same react%vity level as that
given by the actual graphite temperature profile, with the fuel temperature
held constant. A reactor nuclear average temperature could be defined in
an an%logous manner; however, it appears more convenient to consider Tf
and Tg individually in the manner indicated below.

Using first-order, two-group perturbation theory, the relation de-
rived between the nuclear average temperatures and the actual distributions
was8

8B. E. Prince and J. R. Engel, "Temperature and Reactivity Coefficient
Averaging in the MSRE," ORNL-TM-379 (in preparation).
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. J" T(r,z) G(r,z) dv

T = Reactor

G(r:

Reactor

G(r,z) = G11¢I¢1 * G12¢I¢1 + G21¢Z¢1

z) dv

*
+ Gpofof,

Table 2.2. Fuel Temperature Rise and Average
Tenpernture Assoeiated with Various Reaclor

Regions at a Power Level

of 10 Mw

Average Temperature
Rise in Passing

Average Temperature

Region” Through Region in Region
(°F) (°F)

D 2.4 1224 .7
E 0.8 1223.1
F 1.3 1175.6
G 0.5 12224
H 0.6 1221.9
J 43.0 (L)~
L 22.0 (v)

M 1.0 (v)

N 0.3 (v)

0 0.3 1177.1
P 0.7 1176.6
Q 1.7 1200.9
R 0.3 1199.9
S 0.2 1199.7

aSee Table 2.1 and Fig. 2.4 for location and com-

position of regions; only regions which contain fuel are

considered here.

bActual temperature distribution was computed in

this region; see Figs. 2.9 and 2.10.

(1)
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In Eg. (1), 7 is either Tf* or T*, and the integration takes place over
the reactor volume. In thé defin¥tion of G(r,z), By, Po, ¢I, and P, are
the fast and slow fluxes, and the fast and slow adjoint fluxes, respective-
ly; the G;; are constant coefficients for each region of the reactor in
which the composition is uniform and are related to the macroscopic two-
group nuclear constants.

The values for ¢ and ¢* are the unperturbed fluxes and adjoint fluxes
calculated at isothermal conditions in the reactor. In Eq. (1), the tem-
perature derivations associated with the function G are taken with respect
to T¢ in obtaining the fuel-temperature-weighting function, and with re-
spect to Tg in obtaining the graphite function.

The temperature-weighting functions were evaluated from the MSRE,
using the Equipoise two-group fluxes, adjoint fluxes, and nuclear param-
eters. The results are shown in Figs. 2.11, 2.12, and 2.13. These corre-
spond to radial and axial traverses, which pass through the thermal flux
maximum in region J of Fig. 2.4. Discontinuities in the weighting func-
tions occur as the effective fuel volume fraction changes from region to
region, and thus reflect the change in local neutron multiplication, as
well as the variation in nuclear importance from region to region.
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Use was made of these temperature-weighting functions to compute
nuclear averages of Tf and T¥ for the conditions of a 10-Mw power level,
with reactor inlet and outle% temperatures of 1175 and 1225°F, respectively.
The results obtained are given in Table 2.3, considering three levels of
fuel permeation of the graphite. Both the bulk average and the nuclear
average temperatures are given.

Table 2.3. Average Temperatures in Reactor Vessel at 10 Mw
as a Function of Fuel Permeation of Graphite

Fuel Temperatures Graphite Temperatures
Fuel Permeation , (°F) (°F)
(% of graphite
volume ) Nuclear Bulk Nuclear Bulk
Average Average Average Avcrage
0 1213.1 1198.0 1256.6 1226.3
0.5 1258.4 1227 .4
2.0 1263.7 1230.7

Since axial heat transfer in the graphite was neglected, any heat
produced in the graphite was considered transferred to the fuel immedi-
ately adjacent to it. As a result, the gross fuel temperature distri-
bution was unaffected by fuel permeation. It was assumed that the shapes
of the temperature-weighting functions were also unaffected so that the
different degrees of fuel permeation did not produce any change in the
fuel nuclear average temperature. The changes in the graphite nuclear
average temperature resulted from changes in the temperature level of the
graphite.

Reactivity Coefficients

Temperature Coefficients

Consistent with the definition of the nuclear average temperatures,
importance-averaged temperature coefficients of reactivity for graphite
and fuel were calculated. The equations for the coefficients were based
on first-order perturbation theory and involved the function G(r,z) given
previously.

Results of calculations for fuel containing no thorium, based on per-
turbation theory are compared below with those based on a one-region
homogeneous-reactor model employed in previous studies.® The temperature
coefficients of reactivity, in units of (0k/k)/°F, were:

S"MSRP Prog. Rep. March 1 to August 31, 1961," ORNL-3215, p. 83.
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For Fuel For Graphite
Perturbation theory ' -6 x 107° -7.27 x 1072
Homogeneous reactor model -4.13 x 10"s -6.92 x 105

The differences in the results from the two methods are small and
well within the probable error associated with the value of the temperature
coefficient of expansion of the salt. The coefficients from the homogeneous
model do depend strongly, however, on the correct choice of effective re-
actor size. These calculations also account for the effect of the salt
temperature on fast-neutron leakage; taking this into account has the net
result of increasing the fuel coefficient slightly relative to the graphite
coefficient.

DPower Cocfficiend

The power coefficient of reactivity is defined here as the amount of
reactivity resulting from nuclear heating that must be compensated by con-
trol rod motion per unit increase in power. 'This may be calculated from
the relations between nuclear average temperatures, fuel inlet and outlet
temperatures, and reactivity coefficients. At a 10-Mw thermal power,
these relations are

T = °
fo Tey + 50°F (2)
T = T, - 11.9°F (3)
£f - “fo ?
U 1.6°F | 1)
o= Tog + 31- s (
-F % ‘ - *
Ak = =(k.45x 10 5) AT, = (7.27 x 10 5) ATg s (5)
where
Ak = reactivity change associated with changes in
nuclear average temperatures,
Tfi = fuel inlet temperature,
Tfo =- fuel outlet temperature,
"
Tf = fuel nuclear average temperature,
3% .
Tg = graphite nuclear average temperature.

In obtaining power coefficients of reactivity, three cases were con-
sidered: (1) the fuel outlet temperature was held constant as the power
was raised to 10 Mw; (2) the mean of the inlet and outlet temperature,
T,., was held constant; and (3) the outlet and inlet temperatures were

lowed to vary to maintain criticality with no control rod motion. The
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initial temperature at zero power was assumed to be 1200°F; the reactivity
change associated with increasing the power to 10 Mw was calculated for
the three cases considered. The results are presented in Table 2.k.

Table 2.4. Temperatures at 10 Mw and Associated Power
Coefficients of Reactivity

m ¥ %
Tfo Tfi Tf Tf Tg Poye?
Condition . Coefficient
(°r)  (°F)  (°F)  (°F)  (°F)  [(% ok/x)/mv]
Teo = constant 1200 1150 1175 1188.1 1231.6 -0.018
Tf = constant 1225 1175 1200 1213.1 1256.6 -0.047
Tfo, Tfi varied  1184.9 1134.9 1159.9 1173.0 1216.5

Effective Delayed-Neutron Fractions

Fuel circulating at 1200 gpm spends 9.4 sec in the core and 16.4 sec
in the remainder of the loop. Conseguently, a large fraction of the longer
lived delayed neutrons will be emitted outside the core and effectively
lost. Furthermore, the distortion of the source distributions that will
result from the transport of the precursors will increase the leakage
probability for the neutrons emitted in the core. The reduction in the
contribution of B;, the delayed neutrons of group i, to the chain reaction
would have a strong effect on the reactor kinetic behavior.. The computer
programs that have been developed for MSRE kinetics calculations (Murgatroyd
and Zorch) do not treat the delayed neutrons rigorously. Instead, they use
the neutron and precursor equations for a noncirculating system, with values
of B; adjusted to allow for losses resulting from circulation. Thus use of

i . . -
these programs requires previous evaluation of effective Bi values.

Some calculations were made to determine the effect of the energy and
spatial distributions of the delayed neutrons on the effective values of
B; in steady-state operations.lo For each group, the spatial distribution
of the delayed-neutron source was calculated from the precursor production
distribution (which was assumed to follow the fundamental mode of the neu-
tron flux), taking into account the transport of the precursors prior to
their decay. The core was represented as a single region, with uniform
fuel volume fraction and velocity equal to the averages for the actual MSRE
core. Figures 2.14 and 2.15 show calculated source distributions along a
channel through the core. (The densities are per unit volume of fuel salt,
normalized to one fission neutron, and apply to a channel where the flux

1%p. N. Haubenreich, "Effective Delayed Neutron Fractions in MSRE, "
ORNL-TM~380 (in preparation).
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equals the radial average.) The ratio of the nuclear importance of a de-
layed neutron to the importance of a prompt neutron was taken to be the
ratio of the appropriate nonleakage probabilities. The nonleakage proba-
bility for neutrons of a particular group was calculated by representing
the source distribution by the series

© X :
Si(r,z) = 2; }: Simn Jo(jmr/R) sin (nnz/H) (6)

m=]l n=1

and assigning to the m,n term a nonleakage probability given by

P = -——-—e (7)

and
£ (2F (u)

where S.(r,z) is the source spacial distribution for delayed neutrons
of ith group, Simn arc cxponsion coefficients, Jj, is the mth root of
the zero order Bessel function, Jg, R is the radius of the reactor,

H is the height of the reactor, L is the thermal diffusion length, and
T, is the Fermi age for delayed neutrons of the ith group. The age, Tio
was reduced from that for prompt neutrons to allow for the lower initial
energy of the delayed neutrons. (When the fuel is not circulating, this
effect enhances the importance of the delayed neutrons by reducing the
nonleakage probability.) Results of the calculations are summarized in
Table 2.5.

Reactor Kinetics Code Development

Preliminary results were obtained from a new reactor kinetics program,
Zorch, in which approximate account is taken of the space dependence of
fuel and graphite temperatures.!! This is an improved version of the
Murgatroyd program used in previous studies. In the Zorch calculation,
the reactivity was related more realistically to the temperature profiles
by using the concept of nuclear average temperatures. During an excursion,
the axial power-density shape was assumed to be that of the fundamental
mode, that is, sin nz/H. The axial temperature profile was recalculated
at each time step, taking into account energy production, transfer, and
transport. In the radial direction, the magnitudes of the temperatures

11Cc. W. Nestor, Jr., "Zorch, An IBM-7090 Program for Analysis of
Simulated MSRE Power Transients with a Simplified Space-Dependent Kinetics
Model," ORNL-TM-345 (in preparation).



Tabl=s 2.5. Delayed Neutrons in MSEE

Group -
Total
1 2 3 L = 6
Half-life, sec 55.7 22,7 6.22 2.30 0.61 0.23
B, (see foot- 2.11 x 10™*  14.02 x 127*  12.54 x 107%* 25.28 x 1¢"™*  7.40 x 10™* 2.70 x 10"%* 64 x 107%
note a) '
*
B;, static (see 2.23 x 10™% 14,57 x 19™* 13.07 x 10™% 26.28 x 1¢™* 7.656 x 10"%* 2.80 x 10"% 67 x 1074
footnote ) o o
a’;,'circulating 0.52 x 107% 3.73 x 10~ 4.99 x 10°% 16.98 x 10* 7.18 x 10™* 2.77 x 10™* 36 x 107*

aPrec;zrsor yield per fission neutron.

bEffective fraction of neutrons in a given delay group.

8¢



UNCLASSIFIED

UNCLASSIFIED
ORNL—LR—DWG 73623

ORNL-LR-DWG 73544 1500
1450 // S
\ TIME
se N 3.0sec
¢ \
§ = \ 2.0sec
=
: o
= 1300
g \ 1.0sec
= Osec
=
1250 23
P
1200 /’ //
% INITIAL POWER =10OMw
1150
(o] 0.2 04 08 10
(o] Q1 a2 a3 oy Qs a6 a7 a8 Q97Z/H 1.0 FRACTION OF DISTANCE ALONG CHANNEL
Fig. 2.16. Output of Calcomp Plotter: Fuel and Graphite Fig. 2.17. Fuel Temperature in
Temperature Distributions in Hottest Channel with Reactor at Hettest Channel Following One Dollar

10 Mw. Step Insertion of Reactivity.

6¢



40

and power density varied with time; however, the power density shape was
assumed to remain the same as initially.

Results of calculations for the MSRE with fuel containing 1% thorium
were obtained for a test case in which one dollar of reactivity was added
instantaneously (Beff was assumed to be 0.0034). The initial power level
was 10 Mw. The maximum rise in the fuel nuclear average temperature was
96°F. (This was about 4°F higher than the maximum rise in the fuel mean
temperature computed in the Murgatroyd program.) Also the rate of rise
of the nuclear average temperature was higher than the rate of rise of the
mean reactor temperature. The maximum power level calculated with the
Zorch program was T8 Mw, as compared with 107 Mw from the Murgatroyd
calculation.

As an option in the Zorch program, the temperature profiles in fuel
and graphite at specified time steps may be plotted using the Calcomp
digital plotter. The temperature profiles at t = O, obtained for the test
case, are shown in Fig. 2.16. The change in the fuel temperature with
time following the reactivity insertion is indicated in Iig. 2.17.
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3. COMPONENT DEVELOPMENT

Freeze-Flange Development

A pair of INOR-8 freeze flanges for 5-in.-diam sched-40 pipe was
installed in the freeze-flange-seal testing facilityl for measurement of
thermal distortion and gas leakage during high-temperature operation.
Following the successful completion of this series of tests, each of two
flanges was mated with new INOR-8 flanges and placed into actual salt
service. ‘lhe several tests are described below.

Freeze-Flange-Seal Test

The flanges mounted in the seal-testing facility were thermally
cycled in air, and precise measurements were made of flange dimensions
and of helium leakage at the ring-joint seal. This preliminary testing
consisted of 10 cycles from a cold condition to a hot equilibrium con-
dition. The equilibrium temperatures were varied at 100°F intervals from
800 to 1400°F. Heat was provided by 12 silicon carbide heating elements
in the bore of the flange and by removable pipe-heaters2 along the ex-
terior of the flange adaptor, beginning 2 l/h in. from the flange faces.

At a bore temperature of 1MOOOF, the radial position of the freeze
point was 7.1 in., which is believed to be satisfactorily far from the
ring-gasket radius of 10.4 in. The average decrease of the freeze-point
radius was ll/l6 in. for cach 100°F decrease in bore temperature.

The external thermal distortion of the 5-in. INOR-8 flanges, both
at temperature equilibrium and during temperature transients, was found
to be much less than the thermal distortion of the 6-in. Inconel flanges
tested previously.® (The flanges differed only in material and bore
diameter.) The INOR-8 flanges operated cooler than the Inconel flanges,
as shown in Fig. 3.1. The distortions under equilibrium conditions are
given in Table 3.1. Starting with equilibrium bore temperatures of 1300
and 1400CF, all power to the silicon carbide heating elements in the
INOR-8 flanges was cut off to produce a transient simulating a salt dump.
When the bore temperature reached 850°F, the maximum external distortion
wa.s 6 mils, indicating that little distortion is induced during tempera-
ture transients. This limits the amount of frozen salt that could be
trapped between the flange faces during a rapid cooldown and which
could lead to permanent flange distortion. No permanent distortion was
noted at the outside of the flanges. Upon opening the flange joint, how-
ever, the inner faces were found to be slightly convex; the axial dis-
placement of the center of the bore was 1k mils.

1"MSRP Prog. Rep. March 1 to Aug. 31, 1961," ORNL-3215, p 20.
2"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, p 26.
3Tbid., p 32.
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Table 3.1.

Flanges tested in air.

Maximum External Thermal

Distortion of Freeze Flahges at
Various Bore Tcmperatures

Distortion (mils)

Equilibrium Bore
TemI(Jg;a).ture 5-in. INOR-8 6-in. Inconel
Flangea Flamgeb
1400 22 63
1300 18 61,
1200 12 51
1000 8 24

®Dpistortion measured 4.50 in. from center line.

bDistortion measured 5.33 in. from center line.
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Two nickel ring-joint gaskets were tested. For the first five
cycles, an oval ring gasket was used; for the second five cycles, an
octagonal ring gasket was installed. Indicated leakage, with the buffer
space evacuated, was very low at all times. There was a tendency for the
leak rate to increase as the number of cycles increased and to decrease
at higher temperatures. Leak rates at the outside of the buffer groove
were consistently higher than the leak rates to the bore through the inner
seal of this buffer zone.

Specifically, for the oval ring the cold leak rate steadily increased
from 3.9 x 10-8 to 1.k x 10-k4 cm3/sec after five cycles. There was
initially no detectable leakage at high temperatures, but after five
cycles the total leak rate was 1.5 x 10-2 cm3/sec at 1200°F. For the
octagonal ring the initial cold leak rate was 8.5 x 10-7 cm3/sec, and after
five cycles, it was 4.6 x 10-6 cm3/sec. At 1200C°F there was no initial
detectable leakage, but after five cycles the leak rate had increased to
3.0 x 10-7 cm3/sec at 1300°F. For this brief period of testing, the per-
formance of the octagonal ring was superior to that of the oval ring, but
both performed far better than required.

Thermal-Cycle Test Loop

Immediately following the preliminary testing in the seal test
Tacility, one of the tested flanges was paired with a new flange, and the
pair was installed in the thermal-cycling facility.? The freeze-flange
thermal-cycling facility permits testing of the flange joint under drain-
and-fill conditions, steady-state conditions at various operating tem-
peratures, and temperature cycling between room temperature and a selected
operating temperature. The flange testing consisted of thermal cycling
and of attempts to form a frozen salt plug at the flange bore.

Forty-three cycles have been completed to date. A cycle starts with
the flange bore at ambient temperature and the sump and pipe temperatures
held constant. The freeze flange is then preheated until temperature
equilibrium is reached (~ 8 hr) at a bore temperature of 650°F; molten
salt at the desired high temperature of the cycle is introduced and
oscillated between the two sumps until the flange again reaches tempera-
ture equilibrium (~ 5 hr); and, finally, the flange is allowed to cool
until the bore is at ambient temperature (~ 10 hr). The total cycle
requires approximately 22 hr to complete. The first 15 cycles were made
with an average flange bore temperature of 1020°F and an ambient tem-
perature of 85°F. For the following 28 cycles, the flange bore tem-
perature was increased to 1250°F and the ambient temperature to 150°F.

The size of the salt ring was predicted on the basis of the flange
temperature distribution, shown in Fig. 3.2, as obtained during cycle
No. 35, and the expected 20°F temperature difference between the external
and internal flange faces, which was noted in earlier tests. The salt

4"MSRP Quar. Prog. Rep. July 31, 1960," ORNL-301l4, pp 24-25.
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freezing point of 8LOCF was reached at an external face temperature of
020°F, which occurred at a diameter of' 10.8 in. in the current series

of tests. Examination of the salt screen following cycle No. 36 (Fig. 3.3)
showed the salt-ring diameter to vary between 10.5 and 11 in. At the
greatest diameter the salt was still 4 in. from the ring.

Two mechanical dial indicators mounted on & small lathe bed were
employed to measure thermal distortion of the flanges. With the flange
bore at equilibrium at 12500F, the maximum combined thermal expansion and
distortion was 25 mils. The calculated thermal expansion was 21 mils,
and thus the maximum thermal distortion was 4 mils. No permanent distor-
tion of the outer flange faces was detected in the cold flanges after
30 cycles.

There was a small increase in the interior face warpage of the female
flange from the initial out-of-flatness of 14 mils to 18 mils after
36 cycles. No warpage was detected on the male flange face. After 36
cycles all bore dimensions were checked and found to be undersize. The
female bore decreased by 10 mils, the male bore by 30 mils, and the male
1lip by 8 mils.

For the first 36 cycles, an octagonal seal ring was used. The initial
cold seal leak rate for the ring was between 10-* and 10-3 cm3/sec. After
the flange joint had reached its initial hot equilibrium temperature
(1020°F), the hot leak rate was less than 5 x 10-9 cm3/sec.  When the
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flange again reached ambient temperature, the cold leak rate had decreased
to 2.6 x 10-6 cm3/sec. After 36 cycles the hot leak rate had increased to
3:9 = 10=7T cm3/sec and the cold leak rate was 1.8 x lO"4 cm3/sec; both
these leak rates are considered to be acceptably low.

An oval ring was tested in the next 7 cycles. The precycling cold
leak rate of 3.7 x 10~ cm3/sec had increased to 1.7 x 10-2 cm3/sec at the
begimning of cycle No. 37. The final hot leak rate at the end of cycle
No. 43 was 9.3 x 10-3 em3/sec. Since this rate was considered to be only
marginally acceptable, the flanges were opened for inspection. It was
found that foreign material had interfered with proper seating of the
ring. A secoud oval ring was inserted and i1s presently being tested.
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Freeze Test in Thermal-Cycle Test Loop

In order to simulate a pump failure, the salt was held in a stagnant
condition between the two sumps to determine whether a freeze plug would
form at the flange bore. In the most severe test, the piping was kept
heated at 1000°F. Although the flange bore temperature was reduced to
350°F under these conditions, only a partial plug formed. It was con-
cluded that the MSRE 5-in.-pipe flanges would not plug so long as the pipe
heaters were operative.

Test of a Freeze Flange in the Prototype-Fuel-Pump Testing Facility

The second INOR-8 flanged joint was installed in the pump-testing
facility® (described later in this chapter), with an oval ring-joint
gasket. 'l'o date the facility has been operated approximately 300 hr
with three complete cycles from slartup to shutdown. The tempcrature dis-
tribution of the flanged joint has closely approximated the distributions
measured in both the seal-testing facility and the thermal-cycle Lesl
loop. No distortion has been noted, and no leak rates greater than
5 % 1=+ cm3/sec have been detected with the buffer seal system of this
joint. The buffer type of seal system used is similar to the reactor
leak-detection system. Although the test results are encouraging, addi-
tional experience is needed before the current freeze-flange design is
considered acceptable.

MSRE Control Rod

A full-scale model® of one MSRE control rod and drive was assembled
and operated over a range of temperatures from 500 to 1300YF. The drive
is shown in Fig. 3.4. The unit has operated through 24,473 cycles
(56 3/4 in. full travel in each direction). The rod has been dropped
from various heights 862 Limes.

While over-all operation has been satisfactory, the drive unit failed
when one of the lower idler-sprocket bushings galled as the result of a
foreign particle. This bushing was replaced with a shrouded ball bearing,
and operation was resumed. Tests indicate that the rod position is known
within #1/8 in. 94% of the time and ¥1/4 in. 100% of the timc.

Heater Tests

Pipe Heaters

Testing of removable hardboard-insulated heaters for 5-in. pipe was
completed.” The units operated a total of 6136 hr with a pipe temperature

S"MSRP Semiann. Prog. Rep. Feb. 28, 1961," ORNL-3122, p 51.
S"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, pp 24-26.
7Ibid., pp 26-29.
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under the heaters of 1400°F. The average power input was 520 watts per
linear foot of heated pipe. The over-all functional operation of the
heaters was excellent, but the hardboard exterior tended to crack and dust,
the soft mineral wool lining dusted after heating, and the metal liner
warped. Three alternate designs being considered to overcome these
objections consist of units made with blown fused silica (Glasrock Mfg. Co.),
reflective metal insulation (Mirror Mfg. Co.), and combinations of these
materials. The materials for use in the MSRE will be selected after tests
of the various combinations. :

Testing of two prototype heater boxes using the Glasrock material
indicated an excessively high heat loss of 700 watts/ft. The surface tem-
perature of the heater boxes was 2LO°F when the heaters were operated at
1400°F; this would lead to excessive heat losses in the MSRE cell. Further
the material is unable to withstand physical abuse without cracking or
chipping. On the other hand it has the lowest coefficient of expansion
of any of the materials tested to date and thus has very high resistance
to thermal shock. There was no evidence of warping at the joint closures
at the completion of the test.

All-metal prototype heater boxes made of reflective insulation have
been purchased from Mirror Mfg. Co. for testing, and a test unit made of
Glasrock, board insulation, and metal reflective sheets is being fab-
ricated.

Activation Analysis of Insulating Materials

Most high-temperature insulation materials will dust to some extent,
and the dust will present a problem in reactor maintenance if it is highly
activated. The insulating materials listed in Table 3.2 were therefore
tested for activation following irradiation for 16 hr at a neutron flux
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Table 3.2. Results of Activation Analysis of Insulating Materials

Observed Radioactivity tdkle: Thenent

Concentration
Sample Material
< . Activity Amount
Radionuclide . a Element
(dis/sec+g) (vt %)
Super Temp 260-d Zn®> 2.13 x 1o§ Znb4% 7:8: (£0:2)
(Eagle-Picher Co.) 60-d Spbia4 1.91 x 10 Sbl23 0.0058 (*0.0005)
40-h Lal40 8.64 x 103 1al3®  0.0019
5.27-y Co®©  1.99 x 107 Co5® 0.028 (*0.001)
85-d Sc46 1.85 x 103 Sc45 0.0001k4
45-d Fe5® 5.60 x 10* FeS® 20.3 (0.1)
Cerafelt LO-h Lal4® 3.63 x 103 Lal3®  0.00008
(Johns-Manville) 85-d Sc*6 9.25 x 103 Sc45 0.0007
L5.4 Fe5° 1.27 x 103 FeS8 0.46 (£0.02)
15-L Na? 1.10 & 10° 133 0.080 (LU.003)
Unarco Board 60-d Sbi24 6.57 x 102 Sb23  0.002
(Union Asbestos and 5.27-y CoS° 2.11 x 10%* Co°° 0.0003
Rubber Co.) 40-h Lal40 2.26 x 103 Lal3® 0.00005
85-d Sc46 1.98 x 103 Sc4S 0.00015
45-4 Fe5? 8.84 x 10° eS8 3w (10.1)
15-h Na24 6.82 x 10° Na23 0.035 (+0.002)
Carey Temp LO-h Lal40 3.06 x 103 Lal3® 0.00085
(Philip Carey Manufacturing 85-d Sc46 1.12 x 10% Sc45 0.0008
Co.) L5-4 Fc59 5.02 x 103 TeS8 1.82 (%0.02)
15-h Na24 8.57 x 107 Na23 Lk.4o (%0.05)
Fiberfrax LO-h Lal40 2.72 x 102 Lal3®  0.000006
(Carborundum Co. ) 15-h Na24 1.82 x 107 Na23 0.96 (to0.01)
Glasrock® 40O-h Lal40 9.10 x 103 Lal3®  0,0002
(Glasrock Manufacturing Co.) 85-d Sc46 3.96 x 102 Se4> 0.00003
15-h Na2% 7.h0 x 10% Na23 0.0038
Glasrock Cement 4LO-h Lal4® 1.36 x 10k 1a13®  0.0003
(Glasrock Manufacturing Co.) 15-h Na24 6.24 x 102 Na23 0.033

aMeasured approximately 24 hr after reactor discharge.

bDetermined from the count rate observed for each radionuclide.

®Density: 25 1b/ft3.

of about 7 x 10t neutrons/cmz-sec. The data obtained (see Table 3.2)
indicate that Glasrock, which is nearly pure silica, may be the only
ceramic insulation that can be utilized uncanned in the MSRE.

Drain-Tank Coolers

The prototype cooling bayonets for removing afterheat from fuel in
the MSRE drain tanks were thermally shock tested 384 times without
failure. The test system was then shut down for installation of proto-
type thermocouples (see later section of this chapter) on the 1-in. cooling
bayonets that slide into the 1 l/Z-in. thimbles in the salt pool. In
previous operations, thermocouples installed in this area came loose in
a few cycles. The reactor-grade thermocouples now being tested are intact
after 6 cycles and 48 hr of exposure at 1400CF.
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A carbonate salt is being used in place of the MSRE fuel salt in
these tests to avoid beryllium-handling problems. The carbonate consists
of LipCO3, NapCO3, and KpCO3 (38-40-32 wt %). Its physical properties at
1200°F are given below, along with those of the fuel salt, for comparison:

Fuel Salt Carbonate Salt

Density, 1b/ft3 154.5 138.5
Average specific heat, Btu/lb:°F 0.455 0.391
Viscosity, cp 7.64 7.8

Sampling and Enriching System

Detail Design

Drawings of nearly all the components of the sampling and enriching
system® were issued for comment. Detail drawings of the transfer tube
and the spool piece between the disconnect flanges, with its positioning
tool, were approved for construction. Instrumentation flowsheets and
panel layouts were also approved for construction.

Mockup of Sampling and Enriching System

A full-scale mockup of the sample transfer box (area 3), the drive
box (area 1lc), and the operational valve is being fabricated for installa-
tion on the Engineering Test Loop. The transfer tube, which had to be
shortened to fit into the space available, has bends and slopes that are
the same as those to be used in the reactor system.

The mockup will be used to demonstrate that each component operates
satisfactorily and to develop adequate sampling and enriching procedures.
The sampling-capsule access-chamber mockup was successfully hydrostatically
tested at 90 psig to check the tightness and strength of the access port.
The copper sampling capsule was modified to simplify handling, and remote
removal of a sample from the revised capsule was demonstrated.

Core Development

Model Operations

The full-scale MSRE core model was operated at 85°F with water to
make preliminary measurements of the velocity distribution, wall heat
transfer coefficients, and solids-handling characteristics. Since the
viscosity of water is lower than that of the fuel salt, the model is not
exactly similar to the MSRE with respect to fluid dynamics. The pre-
liminary tests will be usetul, however, in planning later tests with a
more viscous liquid.

8Ibid., p 30.
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Velocity Measurements

The peak resultant velocities at the bottom of the core-wall cooling
annulus were measured at various flow rates as a function of the angle
around the core. The data obtained are presented in Fig. 3.5. As may
be seen, the velocity profile is flat, indicating that the flow entering
the lower head from the annulus is distributed uniformly. Based on the
observed resultant velocity of 4.55 ft/sec and the known axial velocity
component of 2.15 ft/sec at 1200 gpm, the average tangential velocity
component is 4.0k ft/sec at the bottom of the core annulus.

A discrepancy was observed between the flow in the one-fifth .scale
model and the full-scale model. In the one-fifth scale model, the flow
in the lower head was observed to have a large rotational component,
whereas, in the full-scale model, the flow was observed to be almost
purely radial. On examination of the one-fifth scale model, it was noted
that the swirl killers were not resting on the lower head but, rather,
wcre clevated 1/8 to 1/4 in. off the head. This allowed water to [low
underneath the swirl killers and maintain its rotational component. New
swirl killers were made for the one-fifth scale model, and the flow then
behaved the same as that in the full-scale model. With this change the
measured heat transfer coefficients at the center line of the one-fifth
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scale model were higher than those measured previously, so the change was
inferred to be beneficial.

Measurement of Heat Transfer Coefficients

Heat transfer coefficients are indices both of wall cooling and of
wall shearing, which tends to sweep out sediment. Coefficients measured
in the lower head at a radius of 17 in. were found to be proportional to
the 0.8 power of the flow rate, with a value of 522 Btu/hr.ft2-OF at
1200 gpm. Extrapolating the measurements to reactor conditions, the coef-
ficient for the reactor at 1200 gpm was estimated to be 1500 Btu/hr-ftZ-OF.

As a check on the water heat transfer coefficient, the fluid velocity
profile next to the wall was measured at the same point the coefficient was
measured. The velocity profile shown in Fig. 3.6 was found. A heat trans-
fer coefficient can be calculated from the data of Fig. 3.6 by assuming
flat-plate geometry and that the distance between plates is twice the
distance from the wall to the point of peak velocity. The calculated heat
transfer coefficient for this case is 522 Btu/hr-ftz-oF, which is in
fairly good agreement with the measured value of 667 Btu/hr-ftz-OF.

Attempts wcre made to infer the heat transfer coefficient at a
position about 4 in. from the core center line from data obtained with a
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heat meter. These attempts were unsuccessful because there was no pre-
dominant direction of flow at that position; rather, the flow was "gusty."
The flow was first in one direction and then another. It was determined
that the heat transfer coefficient would be lower than at a radius of

17 in., but the exact value was not obtained. Further attempts to measure
the heat transfer coefficient in this region will be made.

Experiments on the Behavior of Solids

Experiments were run to obtain data for use in predicting the
behavior of solid particulate matter in the fuel salt, especially its
tendency to settle out in the reactor vessel lower head. The experimental
procedure consisted of injecting 3 1b (1362 g) of sized iron filings into
the model inlet during operation. After the solids were added, circula-
tion of water was continued for various periods of time (0 to 8 hr). The
core was then drained, and the quantity of solids that remained in the
bottom of the reactor vessel was determined. As far as the solids werc
concerned, the loop was considered as a once-through system. The sedimen-
tation data obtained are summarized in Table 3.3.

Table 3.3. Collection of Sediment in Lower Head of Core Model
Following Addition of 1362 g of Iron Filings

Nominal Time Pump Running Weight of Iron

Run Mesh Screen Required Time After Filings Re-
Nd. Size Aperture to Add Solids covered from
: of () Solids Added Lower Hcad

Solids (min) (nr) (g)
1 150 1Ok 35 0 127
2 150 10k 35 8 0#
3 60 248 20 0 823
L 60 2L8 20 8 750
5 150 10k 30 7 1/2 02

aAll solids swept out with water.

In the case of the fine solids, there appeared to be some tendency
for sediment to form during their first pass through the core. Additional
running time caused them to be picked up, however, and swept out. In the
case of the coarse material, a larger fraction settled out on the first
pass through the core and very little was removed with additional pumping
time.

The 150-mesh solids that remained in the lower head appeared in a
concentrated pile near the drain line. On the other hand, the 60-mesh
solids, as shown in Table 3.3, left larger amounts of sediment that tended
to form a torus around the drain. These larger piles were 2 to 3 in. wide
and from 1/2 to 1 in. thick, and they were against the drain line on one
side. The results of these tests indicate that the MSRE drain line will
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not plug as the result of sedimentation of solids. Although no sedimen-
tary materials are expected in the reactor, these experiments provided
confidence in the design.

MSRE Engineering Test Loop (ETL)

The engineering test loop® was modified to include a graphite con-
tainer in the salt-circulating loop, and most of the Inconel pipe was
replaced with INOR-8 pipe. The loop was then placed into operation with-
out graphite in the graphite container. Most of the previous zirconium-
containing flush salt was removed, and the drain tank was flushed with
newly made coolant salt. Information was obtained during 1500 hr of
operation on the operational characteristics of the graphite-container
access joint, on the chemical analysis of the salt being circulatéd, and
on the formation of salt deposits above the liquid level.

After receipt, inspection and cleaning of the graphite to be tested,
the loop was shut down for installation of the graphite. Also, as part
of the proposed graphite-treatment procedure,lo the flush salt was treated
with HF and Hp in the drain tank to lower its oxide content before it
contacted the graphite. Details of these tests are discussed in the
following sections.

Frozen-Salt-Sealed Graphite-Container Access Joint

The flush salt was circulated at 50 to 70 gpm and 1200°F through the
loop and the graphite container while awaiting delivery of the EIL
graphite from the vendor. The graphite container, which is an 8-in.-diam
INOR-8 pipe positioned vertically in the loop,9 has a flanged closure that
incorporates a frozen-salt seal to prevent contact of molten salt with
the conventional metal oval-ring seal. This closure is similar to a
slightly larger one that will be used in the MSRE. A seal of this type
between graphite and metal was tTested previously.+t

The ETL graphite-container closure is an extension of the 8-in.-diam
graphite container with a 20-in.-long tapered plug inside to form an
annulus varying from l/h—in. radial clearance at the lower end to l/l6-in.
radial clearance at the upper end. The MSRE closure is 10 in. in diameter
and 28 in. long, with gaps of 1/4 and 1/8 in., respectively. The tapered
gap prevents axial movement of frozen salt as the result of surges in
salt preessure.

The seal was made and broken three times, and it was leak-tight
during 1500 hr of operation. Since gas i1s trapped in the annulus during

[P0 NP AT

®Ibid., pp 34-ko.

197, L. Crowley, "Preliminary Operating Sequence for Graphite
Testing in the ETL, " March 19, 1962, unpublished internal report.

117, L. Crowley and W. B. McDonald, "A Metal to Graphite Joint for
a Molten Salt System," ORNL CF-60-8-82, August 17, 1960.
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filling, either initial evacuation or latcr over-pressure or venting must
be used to force salt into the cooled region. On the ETL closure the gas
was partially vented after the loop was filled.

An interesting observation made while determining the minimum cooling
air required for the seal was that when the cooling air flow was reduced
below the critical value, the salt plug moved upward; however, instead
of moving uniformly around its circumference, in which case gas compression
would have limited its travel, the salt extended upward in one semi-molten
sector that was contained within frozen salt at the edges. This character-
istic precludes the use of trapped-gas compression for preventing salt
from reaching the metal oval ring unless the entire-joint is held at tem-
peratures above the salt melting temperature. The temperature distribution
and a diagram of the closure are shown in Fig. 3.7.

Salt Composition

In order to remove as much of the ZrF) from the system as possible,
the original flush salt was removed, the freeze valves were purged, and
new salt was introduced into the unused drain tank (previously designated
the fuel drain tank). Salt samples were removed from the pump while in
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operation and from the drain tanks when the loop was drained. Chemical
analyses of the salt samples indicated that the zirconium content was
reduced from about 90,000 ppm at the end of the previous run to 500 to
1600 ppm. In comparison, dilution of 1 wt % MSRE fuel salt into the flush
salt would result in 945 ppm zirconium.

An investigation was made of the oxygen pickup in the salt as a result
of contact with loop-metal oxides. To simulate the expected condition of
reactor components after heat treatment, the INOR-8 loop and container
were heated to 1300°F and held for 12 hr with an oxygen-contaminated cover
gas. The loop was then filled with flush salt, and samples were taken for
oxide analysis. No increase in salt oxygen concentration was detected.
This is consistent with the expected increase of less than 1 ppm based on
weight gain of INOR samples that had received similar treatment.

The results of oxygen analyses during loop operation are presented in
Fig. 3.8. There is considerable scatter.of the data, but no definite
increase of oxide content is detectable. The loop was opened between
operating periods at 800 to 1100 hr, but it was purged and held at a low
bake-out temperature (220°F) before refilling.
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HF Treatment

Because the small amount of zirconium in the flush salt is believed
to have lowered the oxide solubility to an unknown limit, the salt was
treated with HF to assure oxXygen nonsaturation before operation with the
graphite. The first treatment (July 1962) of T4 hr with HF removed 42 g
of oxygen,1l2 equivalent to 175 ppm in the salt. Samples taken several
days later, however, indicated that the oxygen content had increased to
the original level. While awaiting further samples and to cover the
possibility of the oxide having precipitated and been relatively inacces-
sible to the HF, the treatment was repeated in August, as indicated in
Fig. 3.8. The second HF treatment lasted 38 1/2 hr and removed only
9.5 g, or 40 ppm, of oxygen from the salt. Although this quantity of
oxygen was higher than expected, the actual rate of oxygen removal at the
end of the treatment period was approximately l/lO of the maximum rate
near the beginning of the period. If there were oxide solids left in the
bottom of the tank, it could mean that the dissolving rate was very low
during the 400 hr between treatments. Another source of contamination is
a small unknown amount of oxygen that was admitted to the tank during the
introduction and removal of the dip tube used in the HF treatment. Further
study will be made of the effect of this source.

The rate of corrosion of the container walls by the HF was apparently
greater than during the treatment performed in the other tanks in
November 1961.13 There was a negligible increase in the salt chromium
content during operation of the largely INOR-8 system, which is to be com-
pared with the chromium content increase from 100 to 200 ppm during HF
treatment of salt in the Inconel drain tank. Considering the amount. of
tank surface exposed to the salt, the weight of salt treatcd, and the
number of hours of treatment, the removal of chromium is equivalent to
0.00084 in. total or 0.011 mil per hour ol HF treatment. The INOR-8
tanks of the MSRE are expected to be more corrosion-resistant.

Cold-I'inger Colleclions in Cover Gas

Some difficulty was experienced during operation of the loop with
plugging of the pump offgas line. Examination after the first 788 hr of
operation revealed a collection of salt at the junction of the unbaffled
l/Z-in.-pipe offgas connection with the DANA pump-bowl 1id. Around the
baftled gas-inlet line, there was a small but unobjectionable ridge of
salt. A salt deposit that was of concern appeared 6 in. above the liquid
level in the capsule stop area of the sampler-enricher guide tube.l#

A buildup there would interfere with the lowering of the sample .capsule
during testing of the sampler-enricher mockup. Cold fingers were therefore

127, H. Shaffer, "Hydrofluorination ot LiF-BeF, (66-34 mole %) in
the Sump Tank of the Engineering Test Loop," MSR-62-58, unpublished
internal report.

13 o .
"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, p 37.
14"MSRP Semiann. Prog. Rep. Feb. 28, 1961," ORNL-3122, p 59.
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inserted into the gas space above the salt level in the pump and the drain
tank to determine whether these deposits were due to mist caused by
agitation in the pump or by the vapor pressure of the salt.

A l/h—in.—diam copper tube sealed at one end was inserted into the
pump bowl gas space and positioned 1 in. above the liquid level. The
tube was air-cooled internally for a period of 89 hr while the pump was
turning at 900 rpm in salt at 1100°F. The extent of the salt deposit,
which was distributed uniformly around the circumference, is shown in
Fig. 3.9. The deposit was examined petrographicallyl® and found to be

UNCLASSIFIED
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Fig. 3.9. Collection of Salt Particles on a 1/4-in.-diam Tube Cold
Finger Inserted in Gas Space Above DANA Pump of ETL.

2LiF<BeF2, the composition of the salt mixture being circulated. A similar
cold finger was inserted into the quiescent atmosphere of the drain tank

on two occasions for periods of 44 and 144 hr at 1200 and 1220°F,
respectively. Both tubes had a thin deposit, which was scraped off,
examined by x-ray diffraction,® and delermined Lo be 90 Lo 95% BeFs2.

The difference in chemical composition and weight of the deposits found

1SR, E. Thoma, June-July 1962, private communication.
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in thc pump bowl and the drain tank led to the conclusion that the pump
bowl difficulties were caused by an aerosol-type dispersion of salt
particles.

A cylindrical shield of sheet Inconel was then inserted into the
sampler guide tube so that it extended below the liquid level, and a
l/l6-in.—wide longitudinal slit was positioned away from the pump impeller
to prevent liquid salt from being forced up into the shield. Examination
of the sampler guide tube again after 740 hr of operation revealed no salt
deposit in the capsule stop area.

ETL Graphite Treatment

The ETL graphite, which is the same shape as MSRE graphite except
that the pieces are only 50 in. long, was loaded into the ETL graphite
container July 13, 1962. The loading, as shown in Fig. 3.10, consisted

UNCLASSIFIED
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Fig. 3.10. ETL Graphite Container Showing Graphite Pieces.
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of five stringers, complete with INOR-8 lifting knobs, plus 16 other
partial elements forming 16 flow channels. Several miscellaneous graphite
and metal samples were attached to the graphite holddown section of the
freeze-joint plug. The graphite (approximately 60 kg total) was dusted
with a vacuum brush and weighed before installation.

The container, pump, and Jloop were then sealed and evacuated at
room temperature to 130 p Hg through liquid-nitrogen-cooled traps for
24k hr. The total weight gain of the cold traps was 10 g. The system
was then pressurized with helium and heated. The container and graphite
were held at 1300°F for 9 hr while helium was being circuluted by the
pump and also purged through a liquid-nitrogen-cooled trap. The weight
gain of the trap during this operation was 4.5 g.

The dry box, described previously,® was positioned over the graphite
container following the cooldown. After the dry box was evacuated, leak
tested, and purged with dried argon, the container was opened and graphite
samples were removed for various types of oxygen analysis. The analytical
results, as well as the results of analyses of as-received material, will
be reported at a future date.

MSRE Maintenance

Maintenance of the MSRE will be accomplished, as discussed previously,17
primarily with semidirect methods. Remote methods will be used for opera-
tions which require large openings in the shield and produce radiation
levels so high as to preclude occupancy of unshicldcd areas near the
reactor cell. Almost all the in-cell operations will be performed semi-
directly with long-handled tools operated through bushed holes in the
portable maintenance shield. Viewing will be provided by special lights,
windows, and periscopes. Moving shield blocks and large pieces of
equipment into or out of the cell will be done remotely from inside the
shielded maintenance control room, using the overhead crane system with
direct and television monitoring. Design and development of the in-cell
equipment, the portable shield, and the maintenance tools and development
of the techniques for their use have proceeded simultaneously in order
to produce a coordinated system. A procedure that outlines the steps
necessary to accomplish a representative maintenance task was prepared.l®

Placement and Removal of Freeze-Flange Clamps

The freeze-flange clamps will be driven on and off the flanges by
hydraulic cylinders mounted in frames on the ends of tubular masts. A
framework consisting of an upper and lower beam, two vertical push rods,

16"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, p LO.
17"MSRP Prog. Rep. March 1 to Aug. 31, 1961," ORNL-3215, p 13.

18E. C. Hise, "MSRE Maintenance Memo A-1, Maintenance Philosophy, "
April 27, 1962.
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and two ears welded on the horizontal center line of the flangel® will
remain in the reactor cell attached to the clamps. This framework will
serve to center the clamps, to eliminate tilting during disassembly, and
to simplify the maintenance tools. When the clamps are driven off they
will be stored on an installed bracket by a hook-type handling tool.

Miscellaneous Flange-Servicing Tools

Flange alignment will be effected by a system of jacks, hooks, and
brackets installed in the cell, and each flange will require custom
installation. The equipment has been designed, and a prototype system
will be built and tested. The long-handled tools for adjusting the system
were fabricated. :

A tool to handle replacement gaskets was designed and constructed,
and the complete gasket-installation procedure was successfully tested.
The covers to be placed on open flanges during maintenance were designed
and constructed, and their handling was demonstrated.

Remote Viewing

A 1.625-in.-diam periscope suitable for reactor use was purchased
from the Lerma Company. It will be used in mockup demonstrations. Appro-
priate sheaths, windows, mirrors, and lights are being designed for use
with the periscope.

Portable Maintenance Shield

Design work is nearing completion on a portable maintenance shield to
provide the MSRE with a facility for shielded semidirect maintenance
operations. The shield is designed to temporarily replace any two
adjacent lower roof plugs over the reactor or the drain tank cells. A
series of built-in tool access ports provide space for multiple mainte-
nance operations.

The portable shield assembly consists of four basic components: slide,
modulcs, frame, and track. Thc slidc dimensions arc 8 1/2 or 13 ft
long by 5 £t wide and consist of three layers of 4-in.-thick steel plate
welded together to a total thickness of 12 in. of shielding. The slide
includes a circular cutout that accommodates a 35~in.-diam plug. 'The
plug, in turn, includes a series of small cutouts that provide access for
various lights, windows, and tools. Another cutout, at one end of the
slide, borders the eccentric plug of an adjacent module attachment, as
well as a removable crane access module.

The modules are additional short sections of slide that can he added
to the main slide to allow positioning of tool holes above the desired
work area. Thé module adjacent to the slide contains a duplicate of the

19Dwg. No. E-GG-C-40610, Freeze Flange and Clamps Assembly.
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35-in.-diam slide plug mounted eccentrically within a 50-in.-diam plug.
This plug-within-plug arrangement provides necessary reach to permit tool
access over any point within the block opening. The hole layout within
the inner plug permits multiple access to the reactor freeze flange, as
specifically required for flange maintenance and for optical positioning
and alignment. The plugs are manually gear-driven to allow precise
positioning of their multiple openings. Pneumatic socket drivers may also
be employed for driving the gears. The modules and plugs are fabricated
from 12-in.-thick carbon steel.

The frame, constructed of heavy steel plate, serves as the support
for the slide. After the frame is installed over a lower roof plug, the
slide is moved to an end track to permit the removal of the concrete plug;
an opening 52 by 127 in. is provided. The slide is then returned to
position over the cell opening to provide complete shielding for personnel.
A 3/h-hp motor and gear-box combination mounted on the frame moves the
slide through a rack-and-pinion arrangement. The rate of travel is about
2 in./sec. Movable end stops are provided to limit travel as desired.
Motor controls are connected to the maintenance control room operating
station with a cable.

The track is an extension to the frame that can be mounted at either
end of the frame and on which the slide and module rollers move. -1t con-
sists of I beams with channel and angle bracing. '

A shielding thickness of 12 in. of steel is provided throughout
(slide, modules, and frame sides and ends). Sufficient shielding is pro-
vided to limit radiation levels 24 hr following reactor shutdown to about
10 mr/hr. ‘

As many as eleven 150-w lighting fixtures can be mounted in special
plugs provided in the slide and the modules for special illumination of
the work area. All work holes are designed with stepped split inserts to
accommodate tools of various diameters. Some inserts include a drilled
lead ball through which tools may be "swung' into positions other than
directly underneath the work hole. Three 8-in.-diam lead-glass windows
may be mounted simultaneously for direct viewing. Periscope and televi-
sion camera openings are also available.

Brazed-Joint Development

Brazed-Joint Fabrication

Six prototype brazed joints in 1 1/2-in. sched-4O INOR-8 pipe were

fabricated using tools and equipment developed for this purpose. One

joint was made in a mockup of the drain cell with all the work accomplished
remotely, as it will be done in the MSRE. Another was made on a pipe in
which molten salt had been circulated and in which some salt remained. A3l
six joints were subjected to a hydrostatic test, a helium leak test, and
ultrasonic inspection. None evidenced any leakage, and all indicated
adequate bonding. The development work on the joint and methods for its

JE g e 4
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remote fabrication is considered to be complete. Development work on
techniques and equipment for remote inspection is still under way.

Brazed-Joint Salt Test

A prototype 1 l/Z-in. brazed joint was tested in service that simu-
lated a drain line. The joint was held at 1250°F for a total of 6780 hr,
including 123 hr in contact with salt and 402 simulated drains. There was
no apparent damage to the joint throughout the test. The joint was removed
from the loop for metallurgical examination.

Mechanical-Joint Development

The design of the overflow-line disconnect at the fuel pump bowl20
was completed, and a carbon-steel prototype was built for testing. 'Lhe
disconnect is essentially a ring-joint flange mounted in a vertical line
with a cylindrical baffle extending downward into the pipe to trap gas
next to the ring gasket. ’

A series of tests of the prototype at 1000CF and 7O thermal cycles
with heat applied both internally and externally indicated favorable tem-
perature distribution and excellent leak tightness. Therefore an
improved INOR-8 prototype flanged joint was built and installed in the
freeze-valve test loop. Testing with salt is scheduled to start in the
near future. :

Pump Development

Fuel Pump Design and Fabrication

The design of the fuel pump was approved, as previously reported,2t
and. fabrication of the pump tank is approximately 30% complete. An INOR-8
volute casting was weld repaired to the required quality for reactor
service, and a spare volute casting is being weld repaired to the same
quality. Fabrication of two rotary elements for the fuel pump is approxi-
mately 80% complete.

Coolant Pump Design and Fabrication

The design of the coolant pump®! was completed and approved. The
coolant and fuel pumps are similar in design, except that the hydraulic
characteristics are different and the coolant pump tank does not contain
the xenon-removal spray and the cooling shroud for the upper shell of the
tank used in the fuel pump.

The fabrication of the pump tank is approximately 30% complete. An
INOR-8 volute casting was weld repaired to the gquality required for
reactor service, and a spare volute casting is being weld repaired to the

20"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, p 51.
21Tpid., pp 51-57-
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same quality. The fabrication of two rotary elements for the coolant pump
is approximately 80% complete.

Design and Fabrication of Lubrication Stands for Pumps

The design of the lubrication stands was completed and approved.
Two stands will be required, one for the fuel pump and one for the coolant
pump. The lubrication systems are designed to lubricate and cool the
pump-shaft bearings and seals and to transport heat from the shield plug
and the upper tank structure. The two stands will be interconnected to
provide time for orderly shutdown of the reactor in the event one of the
systems should become inoperative.

Each stand provides a water-cooled reservoir, two centrifugal pumps
in parallel, a full-flow oil filter, and the necessary valves and instru-
mentation to ensure adequate lubrication and cooling of the reactor pumps.
The fabrication of the stands is approximately 40% complete.

Lubrication-Pump Endurance Test

The test lubrication pump has circulated a turbine type of oil for
5413 hr at 160°F, 70 gpm, and 3500 rpm. Upon resumption of operation
after the initial test®! of 1428 hr, the motor failed after operating an
additional 913 hr, when one phase of the stator winding became grounded.
The stator was replaced and tcsting was rccumed.

Drive Motor Design and Fabrication

The design of the drive motors for the reactor pumps was completed
and approved. The basic design consists of a totally enclosed, water-
cooled, explosion-proof, NEMA design "B," special-purpose, squirrel-cage
induction motor. The motor for the fuel pump is rated 75 hp at 1200 rpm,
and the motor for the coolanl pump is rated 75 hp at 1800 rpm.

The specification for the drive-motor containment vessels requires
that the vessels pass a mass-spectrometer leak test with a helium leak
rate of less than 1 x 10-8 cm3 (STP)/sec. The vessel fabricator has
experienced difficulty acquiring acceptable plate material; a second order
of the material failed to pass the impact-test requirements and is being
heat-treated prior to retesting.

Test Pump Fabrication

Fabrication of the prototype pump tank was completed, and the tank
was installed in the test facility. Bench testing of the rotary element
was completed, and it was installed in the pump tank for elevated-
temperature testing.

Test Facility Construction

The construction of the test facility (Fig. 3.11) was completed. In
addition to the prototype pump and loop piping, it includes (Fig. 3.12)
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Fig. 3.12. Prototype Pump Test System.

two freeze flanges, one of which is of the MSRE design, a section of MSRE
pipe heater, the cooling system for the upper shell of the fuel pump tank,
the nozzle for the sampler-enricher (not shown), the bubble-type liquid-
level devices (not shown), and a thermocouple installed in a well for
comparison with thermocouples attached to the external surface of the pipe.

Hydraulic Performance Tests

Hydraulic performance data were oblained with the 13-in.-diam impeller
circulating the salt LiF-BeFz-ZrF)-ThF),-UF), (70-23-5-1-1 mole %) at
1200°F on three different system resistance lines at speeds ranging from
600 to 1150 rpm. The hydraulic performance of the pump with molten salt
compares well with the performance with water. While data were being
taken on the last and steepest resistance line, the pump shaft seized
along the lower L4 in. of the shield plug.

The seizure, which was of the friction-weld type, was caused by
rubbing between the outer surface of the shaft and the surface of the bore
in the shield plug. Deflection of the shaft by radial hydraulic force on
the impeller had reduced the running clearance to zero just prior to
seizure. The pump was operating at an off-design condition well removed
from its balance line when the seizure occurred. The pump had operated
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satisfactorily for 335 hr at 1200°F. Another rotary element is being
assembled in which the running clearances are increased to accommodate
off-design operation, and the test will be resumed. ‘

PKP Pump Hot Endurance Test

The PKP test pump continued to operate and had accumulated, at the
end of this report period, a total of 5445 hr at 1225°F, 1950 rpm, and
510 gpm, circulating the salt LiF-BeFp-ThF),-UF), (65-30-4-1 mole %). The
differential pressure across the lower shaft seal has been maintained at
1 psi. The seal leakage across the upper seal has been approximately
5 cmS/day, and across the lower seal, it has been too small to measure
conveniently.

Test Pump With One Molten-Salt-Lubricated Bearing

The test pump with a molten-salt-lubricated hearing was equipped with
a new journal and bearing fabricated of LNOR-8. During shakedown ot the
test facility, it was noted that the hot, wetted end of a thermocouple
well (3/8-in.-diam tube) had corroded away. Operation will be resumed as
soon as an analysis of the fuel supply and a metallurgical examination of
the remainder of the thermocouple tube have been made.

Instrument Development

Single-Point Liquid-Level Indicator

A prototype model of the two-level conductivity-type liquid-level
probe being developed for use in single-point measurement of liquid level
in the MSRE storage tanks was constructed. The completed probe assembly
is shown in Fig. 3.13. The basic principle of operation of the probe was
reported previously;*= however, the structural design of lhe probe differs
tfrom the conceptual design described previously in that the control-
sampling access hole and the mounting f'lange have been eliminated. The
changes were necessitated by changes in the design of the storage tanks
that precluded the use of the central access hole for level-probe instal-
lation. In the revised installation, the probe will be welded into a pipe
nipple and will not be removable.

The probe assembly is being tested in molten salt under simulated
operating conditions. Initial results of the tests indicate that the
design concept is correct. Signals of 100-mv amplitude were received when
the salt was 1n conlacl with Lhe probe.  The sigual level was less than
20 mv when the salt level was below the probe. It is expected that this
latter signal level can be reduced by balancing capacities and by use of
a phase-sensitive demodulating circuit in the receiving equipment. Testing
of the prototype probe will continue in order to determine the long-term
reliability of the device and to obtain data for use in the design ol lhe

22"MSRP Prog. Rep. March 1 to Aug. 31, 1961," ORNL-3215, pp 72-T6.
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MSRE indicator. Detailed designs of probe assemblies for the MSRE are
being prepared.

Pump-Bowl Liquid-Level Indication

Developmental testing of a continuous liquid-level-indicating
element®3 for use in measurement of molten-salt levels in the MSRE fuel
and coolant pump bowls was continued. A four-month initial test at teme
peratures between 900 and 1300°F was terminated June 4. During the last
three months of this period the temperature was maintained at 1200°F, and
the molten salt was held at a constant level. The maximum variation
recorded during this period was O.l in.; the span of the instrument is
5 in. Tests made at the end of the four-month test period revealed no
evidence of calibration shift, hysteresis, or other degradation of the
performance characteristics of the instrument in excess of 2% of full
scale (0.1 in.). Calibration curves made three months apart are shown in
Figs. 3.14 and 3.15. There has been no indication of buildup of solids
as a result of vapor deposition in the core tube of the instrument; how-
ever, solid deposits were found on a spark-plug level probe removed from
the test stand at the conclusion of the four-month test. After completion
of the four-month test, the instrument was drained and the temperature was
cycled three times between 500 and 1000°F. Subsequent checks revealed no
evidence that the instrument was damaged by this repeated heating and
cooling. The instrument was returned to operation at lZOOOF, and long-
term testing is continuing.

A third instrument is being constructed and will be inslalled on
the MSRE pump testing facility to obtain experience under operational
conditions approximating those which will be encountered in the MSRE.
This instrument will use an INOR-8 metal-ball float, since graphite will
not float in the barren salt used in this facility. The transformer will
be mounted above the float because this type of assembly is preferred for
the MSRE installation and because tests of a similar unit, described
above, revealed no objectionable operational characteristics.

Single-Point Temperature Alarm System

Investigations of single-channel thermocouplc alarm switches for use
in freeze-flange and freeze-valve monitoring and control systems con-
tinued. Several components of the Electra Systems Corporation®4 moni-
toring system were received in late March. The system included a dual-
limit alarm module (ET-4210), two single-limit alarm modules (ET-4200),

a control module (ET-4300), and the power supply and module enclosure.

The units were tested in the laboratory. As previously reported,Z%
the single-limit alarm modules appear to be suitable for freeze-flange

23"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, pp 61-66.
24Thid.; p 60.
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monitoring. Recent tests indicate that control module ET-4300 is
suitable for the valve-monitoring system. The evaluation thus far is
based only on laboratory tests.

The Electra System was placed in field operation on a freeze-valve
testing facility in mid-August. It is now undergoing full field tests
utilizing the control system to be used for the reactor. The Electra
System is composed of modular units, as previously described.®® The
internal wiring of one module card containing two single-alarm switches
is shown in Fig. 3.16, and the entire system is shown in Fig. 3.17. The
top unit is the power supply and the bottom unit the module enclosure.
The module enclosure will handle 20 single-limit alarm switches or 10
control modules.

Tests of the Daystrom Magsense Control Relay, Model A-82, were
completed. As previously reported,®2 this unit could be utilized for the
flange- and valve-monitoring systems; however, the individual units
would have to be integrated into a system. This would require adding
alarm-limit lights, relays, and enclosure, as well as a common power
supply. Further, the input resistance of the units is so low (350 ohms)
that it could cause a problem with long thermocouple leads.

Temperature Scanner

Development work on the mercury-jet-commutator thermocouple-scanning®®
system is continuing. The switch was modified to reduce spurious noise
generation. An alarm discriminator was designed and constructed, and the
reference-thermocouple isolation system was improved and packaged with
the alarm discriminator. A differential dc amplifier with variable band-
width was received, and an existing 17-in. oscilloscope was repaired to
display the thermocouple signals.

The complete system was assembled and tested in the laboratory in
early May. A diagram of the system as it now exists is shown in
Fig. 3.18. The laboratory tests with simulated thermocouple signals
were successful, and the system was installed on a liquid-level test
facility in early August. One hundred thermocouples from the test
facility were used as input signals to the scanner. At present, the
system continues to operate satisfactorily after more than 700 hr of
operation. Operation will be continued to determine the operating life
of the mercury switch.

The diagram of the system (Fig. 3.18) shows the principle of opera-
tion. One hundred thermocouples are switched in sequence by the mercury-
jet switch at a rate of 2000 points per second. The output of the switch
is fed to an integrating system consisting of a capacitor and the re-
sistance of the dc amplifier. The signal level is held during the point-

25"MSRP Prog. Rep. March 1 to Aug. 31, 1961," ORNL-3215, p 25-27.
26"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, p 59.
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to-point switching time. The reference thermocouple signal is fed to ftwo
double-pole double-throw choppers with a capacitor between the poles of
each chopper. The reference thermocouple is connected in opposition to
the output of the mercury switch. The choppers store the charge from each
side of the reference thermocouple during one half of the operating cycle
and then switch it across the large integrating capacitors in each out-
put line of the mercury switch. The difference signal is fed to the dc
amplifier and amplified to 1 volt. The output of the amplifier is fed to
the oscilloscope and to the alarm discriminator. The alarm discriminator
can be adjusted to produce an alarm when the difference signal exceeds an
adjustable range of 150 to t300°F. If the reference signal and the
commutated signal are equal, a straight line is seen on the oscilloscope.
If a signal from one thermocouple is higher than the reference, it is fed
through the system as an ac signal and appears as a positive pulse on the
oscilloscope. By using a synchronizing pulse from the switch, the 100
thermocouple signals are displayed on the oscilloscope in a fixed position
so that each signal is identified with a particular thermocouple.

The switch modification consistcd of installing shorting straps
between the coalescer coil and the common mercury pool, as shown in
Fig. 3.19. This reduced the static charges which were generated between
the coalescer coil and the mercury pool and resulted in a significant re-
duction in the spurious noise generated in the switch.

A block diagram of the alarm discriminator is shown in Fig. 3.20.
This circuit is designed to produce an alarm when pulse signals having an
amplitude of tl volt or greater and a repetition rate of 20 pulses per
second are applied to the input. With proper adjustment of the differen-
tial dec amplifier, the discriminator may be adjusted to produce an alarm
with signals as small as t50°F. A pulse-integrating (count-rate) circuit
prevents spurious alarms from random noise pulses. Since the mercury
scanning switch samples each point 20 times per second, input pulses
resulting from a true alarm condition will have a repetition rate of at
least 20 pulses per second and an alarm will occur. The discriminator-
alarm circuitry is completely transistorized and is packaged in a
3 l/Z—in.-wide, T l/2-in.-high, panel-mounted housing. Also packaged in
the housing are the reference-thermocouple isolation system, a sync-pulse
amplifier for driving the oscilloscope trigger, and the necessary power-
supply circuits.

Thermocouple Development and Testing

Radialor Thermocouple Tect. Testing of mechanical thermocouple
attachments for use on radiator tubes®’ in the MSRE was resumed after the
test apparatus was modified to eliminate errors in measuring the inner
wall temperature. Provisions for purging with inert gas were added:; the
reference thermocouple was attached to the inner wall of the INOR-8 tube
by spot welding; and thermal insulation was placed between the thermo-
couples and the copper slug (Fig. 3.21).

STThid., p 58:
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Several test thermocouples were preparcd with one section of a lwo-
piece clamp made of 3/16-in.-wide, 0.020-in.-thick Inconel attached to
the sheath near the end seal with gold-nickel brazing alloy. The thermo-
couples were then attached to the tube by placing the npper section over
the tube, engaging the lower section, and crimping both, as shown in
Bigs Sands

Several tests were run with Lhe thermocouples attached as described
above and with thermal insulation consisting of different thickncss of
Fiberfrax board or paper placed over the junction end of the thermocouple.
The thermocouple shown at the far right in Fig. 3.22 is insulated with
Fiberfrax paper, and the thermocouple second from right is insulated with
Fiberfrax board. The accuracy of the wall-temperature measurements with
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the test thermocouple was improved considerably with both forms of
Fiberfrax insulation. The flexible paper form of Fiberfrax is preferred
over the rigid board, however, because it requires no machining or pre-
forming prior to installation. Typical results obtained in recent tests
of thermocouples attached and insulated as described are listed in

Table 3.4. The test thermocouple used in run 5 was covered with Thermom,
a heat-conductive cement rated to 1250°F, and 3 layers of l/8-in.-thick
Fiberfrax paper. It is not known yet whether Thermom will be acceptable
for this application. A test specimen of a typical thermocouple attach-
ment covered with Thermom is now undergoing a corrosion test.

Engineering Test Loop Installation. Eight MSRE-prototype surface-
mounted thermocouples were installed in the ETL facility to determine,
under simulated operating conditions, the reliability of attachments and
the accuracy ot wall temperature measurements taken with thermocouples
located on the walls of pipes and components adjacent to heaters.

Sheathed, l/l6-in.-OD, single-conductor two-wire, and l/8-in.—OD, sheathed,
duplex thermocouples were mounted in pairs adjacent to 30-ga bare-wire
reference thermocouples at three locations. A similar pair of thermo-
couples was located adjacent to a reference thermocouple installed in a
well at a fourth location. A typical installation is shown in Fig. 3.23.

A1l the thermocouples have been in service since April 16, 1962, and
are still performing satisfactorily; however, they have accumulated only
1500 hr of operation time at 1040 to 1200°F during this period because of
loop downtime. With salt circulating at the above temperatures, differ-
ences in readings between the test thermocouples and the respective

Table 3.4. Results of Tests of Radiator Tube Thermocouples

Approximate Inner Wall Tect Thermocouplc Tcmpcraturc

ﬁgna Air Flow Temperature Temperature Diffcrenee

’ (fps) (°r) (°F) (°F)
1 0 996 985 -11
90 990 95k -36

z 0 998 uBlL -1k
70 935 905 «30

3 0 1009 9% =13
50 1009 983 -26

L v 1009 996 13
50 1000 972 -28

> 0 1007 1002 =5

50 1010 1001 -5

aThe test thermocouples used in runs 1, 2, 3 and L were insulated
with Fiberfrax board; the run 5 test thermocouple was covered with
Thermom and insulated with Fiberfrax paper; all readings were taken with
the test thermocouple downstream of the air flow.
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reference thermocouples, as noted periodically, were inconsistent. The
limits of variation in temperature difference between an individual test
thermocouple and its respective reference thermocouple are listed in
Table 3.5.

Drift Test. Six Inconel-sheathed MgO-insulated Chromel-Alumel
thermocouples are being tested to determine the stability of calibration
at MSRE temperatures. Over 5000 hr of soaking time in 1200 to 1250°F air
has been accumulated to date. None of the thermocouples have drifted more
than *2°F equivalent in emf output.

Bayonet Thermocouples. Ten MSRE-prototype wall-mounted thermocouples
were installed in the drain-tank bayonet-cooler test facility to determine
the effects of fast temperature transients on the life of these thermo-
couples and to determine how fast they would respond to transients. The
thermocouples tested consisted of both l/l6—in.-OD, sheathed, single-
conductor, two-wire and l/8-in.-OD, sheathed, duplex thermocouplecs with
Jjunctlions grounded to walls and end seals. One l/8—in.—OD unit failed
immediately after startup of the test. Its early failure is thought to
have been due to faulty construction, since the other nine units have
been subjected to rapid temperature changes between 1200 and 600°F for
over a week without failing. The thermocouples that endure the thermal-
cycling test will be checked for speed of response.

Freeze-Valve Thermocouple Tests. Six MSRE~prototype wall-mounted
thermocouples were installed on a freeze valve in a test conducted to
determine the durability of these units in this type of service and to
determine the accuracy of the measurement of wall temperature at the
cooled and heated area of the valve. Sheathed, l/l6-in.-OD, single~
conductor and l/8-in.-OD duplex thermocouples were mounted in pairs adja-
cent to a 30-ga bare-wire reference thermocouple at three locations on
the valve. The locations and methods of attachment are shown in
Tig. 3.24. The test thermocouples agreed with the reference thermocouples,

Table 3.5. Variations in Readings of Thermocouples
Installed on the Engineering Test Loop

Type of Outeside Diameter Limits of Varia-

: f Test tion in Tempera-
Referenc St < 1P
Thzr;o:g:;le alkion Thermocouple ture Digfercnce
(in.) (°F)
No. 30 AWG bare wire 1 1/8 +1 to +6
1/16 +1 to +6
2 1/8 -2 to +4
1/16 -2 t0 0
3 1/8 -3 to +5
1/16 -2 to +5
1/8-in.-0D, sheathed, 4 1/8 =5 %o &

in well 1/16 -3 to +6
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except that during rapid heating and cooling, differences of 15 to 20°F in
temperature readings were noted. All the thermocouples were still func=-
tioning after two weeks of intermittent operation of the valve. No sig-
nificant difference in the performance or durability of the l/l6-in.
single-conductor and l/8-in. duplex thermocouples has been noted.

Thermocouple Disconnects. A six-circuit radiation-resistant thermo-
couple-disconnect assembly that was fabricated from commercially available
components is shown in Fig. 3.25. This disconnect is simpler in con-
struction than the assembly previously described®® and is more compatible
with MSRE requirements. The plug and jack panels were supplied by the
Thermo Electric Company and are similar to their standard plug and jack
panel assemblies, except for the insulating material, which is Electro-
bestos. The housings are modified FS-type conduit boxes. The jack
housing (top half) has a removable back plate to facilitate wiring connec-
tions. Swaged-type tube fittings are utilized to support and restrain the
individual metal-sheathed thermocouples. A disconnect of this type was
tested 1n the remote-maintenance test facility and operated satisfactorily.
Alignment of the pins during remote maintenance operations will be
accomplished by means of a guide incorporated in the handling tool.

2B'"MSRP Semiann. Prog. Rep. Feb. 28, 1961," ORNL-3122, pp 61-62.
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L. METALLURGY

Corrosion Effects of CFg4

INOR-8 specimens, as reported previously,l sustained only superfi-
cial attack by CF4 vapor in 500-hr tests at 1112 to 1472°F. The presence
of both oxide and fluoride reaction products were detected, however, on
specimen surfaces examined under the electron microscope and diffraction
camera. In order to determine whether these films had effected passiva-
tion of the INOR-8 surfaces, two additional experiments were run with
specimens immersed in a fuel salt of the composition LiF-BeFs-ZrF,-ThF,-
UFy (T70-23-5-1-1 mole %) and with CF4 vapor passed continuously through
or over the fluoride salt.

The two experiments were performed in 2-in.-diam isothermal INOR-8
pots at temperatures of 1112 and 1292°F, respectively. Although both
were scheduled for 1000 hr of operation, depletion of the CF4 supply at
the higher temperature required termination of this experiment after TOO
hr. Specimens being tested at 1112°F were removed from the vessel at
100-hr intervals. The specimens exposed to the salt underwent negligible
weight changes and showed no consistent pattern of weight loss or gain;
however, specimens tested in the vapor phase exhibited a slight weight
increase, in accordance with previous test results. Specimens immersed
in salt at 1292°F gained substantial weight (1 to 3 mg/cm®), and in some
cases a metallic-appearing coating was noted. Analyses of the coating
showed it to consist principally of nickel, with relatively large amounts
(>5%) of molybdenum. Specimens in the vapor phase showed small, although
consistent, weight losses and were covered with a greenish reaction
product.

Metallographic examinations of the specimens tested at 1112°F
revealed no evidence of surface changes. Specimens tested at 1292°T
were lightly pitted in areas not covered by the metallic coating, as
shown in Fig. 4.1. Areas covered by the coating were unattacked. Some
evidence of carburization could be detected metallographically; however,
chemical analyses of the specimens after the test showed no changes in
carbon content compared with that of as-received samples.

The results of these and earlier experiments indicate that CFg
vapor is effectively nonreactive toward INOR-8 at 1112°F but that minor
attack may be promoted by CF4 in the presence of fluoride salt at 1292°F.
At least part of the attack at 1292°F appears to be attributable, however,
to hydrolysis of the CF4 by traces of moisture in the system. This con-
clusion is based on the detection of small amounts of CO and COs in the
gas leaving the test vessel.

1"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, pp T7-T9.
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Fig. 4.1. Corrosion Effects of CF, on INOR-8 at 1292°F.

Welding and Brazing Studies

Heat Exchanger Fabrication

Tube-Joint Design and Fabrication. A final design and a welding
procedure were established for the tube-to-tube sheet joints of the
MSRE primary heat exchanger that incorporated modifications of the
previous design® to provide for inspection of the back-brazed region.

The joint, shown in Fig. 4.2, was changed by flaring the weld
end sufficiently so that weld rollover would not interfere with the
insertion of an ultrasonic inspection probe into the tube. The welding
conditions established to assure a minimum weld penetration of 42 mils
are listed below:

£ibid., pp 81-8k.
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Fig. 4.2. Tube-to-Tube Sheet Joint Design for MSRE Heat Exchanger.

Welding current 39 to 40 amp

Welding speed 44 TP

Electrode diameter 3/ 32 du,

Electrode-to-work distance 0.035 in;

Electrode position 0.005 in. outside Jjoint interface
Inert gas Argon

A test assembly, shown in Figs. 4.3 and 4.4, was fabricated to
demonstrate suitable fabrication procedures and welding techniques
and to study the effect of size on the back-brazing operation. The
assembly contained 96 welded and back-brazed joints. Welding was
completed without difficulty, and good flow of braze metal, indicated
by filleting, occurred in all but one of the joinls. Metallographic
investigation of this brazed joint revealed that contamination in the
vicinity of the feeder holes had interfered with flow of the alloy, as
may be seen in Fig. 4.5. To avoid a similar situation in the MSRE
heat exchanger, precautionary inspection measures have been included
in the fabrication procedure.

Tube-Joint Inspection. Methods of inspecting tube Jjoints were
developed that are applicable to the MSRE heat exchanger. These include
radiography of the weldments and an ultrasonic Lamb-wave technique for
inspecting the brazed joints.

Test welds were examined with both x-ray and iridium sources under
a variety of conditions and with curved strips of film placed in the
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Fig. 4.3. Weld Side of Test Assembly with MSRE Heat Exchanger Type
of Joint.

tubes at the welds. Of those tested, the optimum radiographic conditions
found for the heat exchanger weld were:

X-ray energy 160 kv
Film to focal distance 48 in.
TIncident angle 3035 deg
Time 2.5 min
Film type M

Four to six exposures were required to completely inspect each weld;
however, the tube arrangement on the MSRE heat exchanger allows for
several tube welds to be radiographed at one time, and the operation
will be more economical than for the test welds. The defects observed
were somewhat distorted because of the method of film placement, but,
despite this, pores several mils in diameter were detected.

The ultrasonic Lamb-wave technique developed for the evaluation of
bonding in brazed tube joints utilizes a small probe that fits inside
the l/2-in.-diam tube. The probe contains two piezoelectric crystals
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Fig. 4.4. Braze Side of Test Assembly with MSRE Heat Exchanger Type
of Joint.

that serve as ultrasonic generator and receiver, respectively. The
proper ultrasonic frequency and beam incident angles were determined,
and a custom probe was designed and fabricated. Approximately 20 brazed
Jjoints with various degrees of bonding were evaluated using this systemn,
and metallographic examinations are in progress to provide correlation
of the test results.

A mechanical device was designed that provides for uniform scanning
of the probe in the tube and thus assures complete inspection coverage.
This device should permit more rapid inspection and may also allow
antomatic recording ol wibonded arcas.
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Fig. 4.5. Defective Braze Caused by Mctal Chips in Feeder Holes.

Remote Brazing

The brazing procedure and equipment described previously> for
remotely fabricating INOR-8 pipe were used in the preparation of six
prototype joints. Evaluation of these by ultrasonic techniques developed*
previously indicated only minor nonbonding in five of the brazed areas.
The sixth joint contained a number of unbonded areas in the upper portion
of the braze. The bonding in a typical remotely brazed Jjoint is described
in Fig. 4.6.

Welding of INOR-8

A mechanical properties investigation is being made of INOR-8 weld
material from heats to be used in the MSRE. As part of thc preliminary
studies, data were obtained on the effect of stress-relieving on stress-
rupture properties. These initial tests were made using transverse weld

SIbid., pp 84-86.

%K. V. Cook and R. W. McClung, "Development of Ultrasonic
Techniques for the Evaluation of Brazed Joints," ORNL-TM-356 (in
press) .
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specimens cut from a weld-containing base plate (heat No. N1-5090) and
weld wire. Two samples were tested at 1300°F in the as-welded condition
and two in the stress-relieved condition (2 hr at 1600°F). The data
obtained are presented in Table L4.1l. It is evident that the stress-
relieving treatment improved the over-all properties of the weldment,
probably because of a redistribution of microconstituents, such as
grain-boundary carbides.

Table 4.1. Elevated-Temperature Stress-Rupture Test
Data on Transverse INOR-8 Weld Specimens in the
As-Welded and Stress-Relieved Conditions

Time to Rupture Total Strain

Sample Condition (hr ) (%)
As welded 113,9 G
T 6.6
Stress relieved 234..2 1240
23359 12.5

Tests were also performed on welds made with the short-arc semi-
automatic welding process. Tensile tests at 1300°F provided the data
presented in Table 4.2. The low ductilities were probably due to
defects in the weld. It is expected that improvements in the process
can produce welds having properties comparable with those of welds
produced by the manual, tungsten-arc process.

Table 4.2. Tensile Tests at 1300°T of Transverse INOR-8
Short-Arc Weld Specimens in the As-Welded Condition

Sample Tensile Strength Yield Strength Elongation
No. (psi) (psi) (%)
il 58,300 47,500 75
2 60, 800 47,500 945
(a) 67,300 47,200 15.5

#rypical 1300°F tensile data for manual, tungsten-arc,
INOR-8 welds.
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Mechanical Properties of INOR-8

Properties of Reactor-Quality INOR-8

The mechanical properties of typical INOR-8 material procured for
MSRE construction are being determined in order to evaluate the effects
of large-quantity production and improved-quality requirements. Speci-
mens for tensile and stress-rupture testing were prepared from
representative INOR-8 plate, including heats N1-5055, N1-5075, and
N1-5081. Tensile properties will be tested from room temperature to
1800°F, and stress-rupture properties will be determined in air at
1100, 1300, and 1500°F.

Thermal Fatigue of INOR-8

The thermal-fatigue properties of INOR-8 are being determined
with methods described by Carden.> Fifteen tests were completed at
maximum test temperatures in the range 1250 to 1600°F and cycle periods

of 1 and 10 min. Results of these tests are presented in Fig. h."(, which
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gives the plastic strain range (maximum internal width of stress-strain
loop) versus the number of cycles to failure for INOR-8, Inconel, and

SA. E. Carden, "Thermal Fatigue — An Analysis of the Experimental
Method, " ORNT.-TM-405 (in preparation).
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type 304 stainless steel. The data on Inconel and stainless steel are
included for comparison.

The thermal-fatigue data of Fig. 4.7 indicate that Inconel and
type 304 stainless steel have greater ability to sustain plastic flow
than INOR-8. .An analysis of the temperature difference versus cycles
to failure for comparable maximum temperatures and frequencies shows,
however, that INOR-8 will sustain more restrained thermal cycles and
that INOR-8 requires a greater temperature difference than type 304
stainless steel or Inconel to produce failure in a comparable number-
of cycles. The plastic strain per c¢ycle is less in INOR-8 because of
its lower thermal coefficient of expansion and higher elastic strength.

Considerable plastic flow was observed in INOR-8 during the hold
time in the 10-min per cycle test. This phenowmenun is being studied
for hold times of up to 24 hr.

Graphite Studies

Evaluation of Grade TS-281 Graphite

Specimens of grade TS-281 graphite were evaluated for molten salt
and mercury permeation in standard screening tests, and the specimens
met MSRE design requirements. This graphite was produced for the
Engineering Test Loop in the size required for the MSRE and with
essentially the same characteristics as those of the graphite for
the MSRE. '

Exposure of TS-281 test pieces to molten salt at the conditions
described in Table 4.3 resulted in an average salt permeation of 0.2%
of the bulk volume. The MSRE specification allows a maximum of 0.5%
permeation. Impregnation of similar specimens with mercury at the
conditions described in Table 4.3 resulted in an average weight gain
of 1.2%, as compared with a maximum allowable MSRE specification of

3.5%.
A comparison of the permeation of TS-281 graphite with that of

experimental grades of similar graphite (reported in Table L.L)

Table 4.3, Test Conditions for Standard
Permeation Screening Tests

Test Molten-Salt® Mercury
Conditions Test Test
Temperature, °I 1200 70
Test period, hr 100 20
Pressure, psig 150 470

&LiF-BeF,-ThF,-UF, (67-18.5-14-0.5
mole %).



97

Table 4.4, Salt Permeation for Grade
TS-281 and Similar Experimental
Grades of Graphite

. Size of Cross Bulk Volume
Ggaphlte Section Permeated
rade X
(in.) (%)
TS-281 2 1/4 x 2 1/4 0.2
CGB-X 4 (diameter) 0.02
CGB-Y 2 1/4 x 2 1/4 0.04

indicates that full-scale or commercial fabrication imposes the
penalty of greater porosity.

In the testing of the TS-281 specimens, the graphite bars were
found to be slightly more porous and less dense toward their central
axis; however, these regions were well within the requirements specified
for MSRE graphite. Radiographic examinations are being made to determine:
Lhe distribution of salt impregnation in CGB-Y and TS-281 graphite.

Effects of Thermal Decomposition Products of NH4F:HF on Graphite-
INOR-8 Systems ’

A determination was made of the effects of temperature on the
purging procedure® developed to remove oxygen from graphite by utilizing
the decomposition products of NH.F-HF. The effects on INOR-8 were
examined concurrently.

Grade R-0025 graphite and INOR-8 specimens were exposed isothermally
for 20 hr in Inconel containers at temperatures varying from 392 to
"1300°F. Both 0.2 and 1.0 g quantities of NH4F-HF were included in the
test system.

The following gqualitative results were obtained from this study.

1. Both 0.2 and 1.0 g of NH4F.HF effectively removed oxygen con-
tamination from the graphite, except in one instance. The test made
with 1.0 g at 392°F was inconclusive and is being checked.

2. TFor purges with 0.2 or 1.0 g of NH4F+HF there was a minimum
reaction of the INOR-8 specimens at T52°F, as determined by weight gain.

3. In general there was less reaction (weight gain) of INOR-8 at
all purging temperatures for the tests with 0.2 g of NH4F.HF than for
tests with 1.0 g.

S"MSRP Prog. Rep. April 30, 1960," ORNL-2973, p 59.
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4. The reaction (weight gain) of INOR-8 varied in proportion
to the amount of graphite present and was least in the test with no
graphite. This increased attack in the presence of graphite was
probably caused by oxygen products available in the graphite.

Fabrication of Gd-0z and Gdo03—Al-05 Pellets

A study was begun to develop the fabrication procedure necessary
to make cylindrical shapes of Gd»0s and GdpOa--Als0z mixtures. These
parts are of interest as control rod elements for the MSRE and are
being designed to withstand a nitrogen atmosphere contaminated with
air and moisture at temperatures up to 1400°F. Al-03 is added to
minimize hydrolysis and subsequent deterioration of the Gdz0s.

A preliminary test was made of the sintering characteristics of
the materials under a single set of conditions. Pellets containing
0, 20, and 30 wt % Al,0O5 were prepared by dry blending, pressing, and
51nter1ng in hydrogen at 1750°F for 5/& hr. All sintered pieces were
set on molybdenum sheet. Of the compositions tested, only Gds0z gave
a sound pellet with good density. The density and shrinkage data are
listed in Table 4.5. The mixtures of (ds0sz and Al,03 showed evidence
of eutectic.melting or the formation of a low-melting-temperature
compound that indicated too high a sintering temperature. Additional
specimens of Gdp0s—Alp0s mixtures with various green densities have
been prepared and will be fired at 1600, 1650, and 1700°C to determine
optimum sintering conditions.

Table 4.5. Characteristics of Gd;03—-Al,05 Mixtures Sintered
in Hydrogen at 1750°C for 3/4 hr

. - . Density Shrinkage
Composition (% of theoretical) (%)
Gd203 93 23
80 wb % Gda02—20 wt 9’ Al20a 60 13
70 wt % Gd203—30 wt % Al,O Melted

Pellets of Gdp0s with green densities ranging from 2.9 to 3.8 g/cm3
were tested for determining the effects of green density on sintering
characteristics. Shrinkage and bulk density data for these pellets
are presented in Figs. 4.8 and 4.9. Using this information, thin wall
cylinders having the dimensions required for MSRE control rods will be
fabricated for proof testing.
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5. IN-PILE TESTS

ORNL-MTR-47 Molten-Salt Irradiation Experiments

Experiment ORNL-MTR-47-4

The carbon tetrafluoride found in the cover gas over molten-salt fuel
irradiated in graphite crucibles in assembly ORNL-MTR-47-3 is considered
to have formed at the salt-graphite interfaces and to have passed through
the graphite to the cover gas.l It is postulated that if the CF) had been
forced to pass through molten fuel, it. would have been consumed. Two ex-
perimental assemblies, ORNL-MTR-47-L and 47-5, were designed to test this
hypothesis and to study the formation of CFj.

Six cylindrical INOR-8 capsules,® four containing a central graphitc
core submerged in fuel salt and two containing graphite crucibles, were
installed in assembly ORNL-MTR-47-4. The capsules were immersed in molten
sodium, which served as a heat transfer medium. The primary purpose of
the experiment was to determine whether CF), would exist in the cover gas
over MSRE fuel irradiated in contact with completely submerged graphite.
Because the fuel could not be maintained molten during reactor scrams and
shutdowns, the graphite surface was intermittently in direct contact with
the cover gas through cracks in the solid fuel. The crucible capsules,
which contained exposed graphite in contact with fuel, provided a basis
for comparison with the capsules of the 47-3 experiment and an evalualion
of the effectiveness of graphite submersion in preventing the netf. gener-
ation of CFy. Also, experiment 4(-U provided for a further demonstration
of the compatibility of the fuel-graphite—INOR-8 system under thermal
conditions at least as severe as those expected to exist during MSRE
-operation.

The temperature history of the L7-4 capsule during the irradiation
period of March 15 to June L is summarized in Table 5.1. The four sub-
merged-graphite capsules contained central Chromel-Alumel thermocouples.
The internal temperature distribution (Fig. 5.1), obtained by use of the
computer program TOSS,” indicates that the thermocouple should give, essen-
tially, the graphite-to-salt interface temperature. The temperature history
of the uninstrumented crucible capsules was calculated based on temperature

measurements in the surrounding liquid sodium. The max¢mum mecasured tem-
perature among the four instrumented capsules was 1400 T 50 °F. The mean
measured temperatures of the other three instrumented capsules were approx-
imately L1380, 1370, and 1310°F, respectively:. The corrocponding calenlated
INOR-8 capsule wall-to-salt interface temperatures were 1130, 1125, 1115,

1"MSRP Prog. Rep. Feb. 28, 1962," ORNL-3282, pp. 97-110.
2Tpid., pp. 110-112. '

SD. Bagwell, "TOSS - An IBM 7090 Code for Computing Transient or
Steady State Temperature Distributions," K-149k, December 1, 1961.
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Table 5.1, Temperature History of Fuel Salt in

ORNL-MTR-47-4 Capsules

Time at Temperature (hr)

Temperat?fg)Interval Submerged Graphite

Core
(24, 4A, 5A, 6, 6A)P

Graphite?@
Crucigle
(4)

Steady-state operation

0-100 390.6
100~-700 44,0
700750 1203.7
750800 254.0
800—850
850200

Total 1892.3

Nonsteady-state operation 51.7
Total irradiation 1553.4

390.6
12.1
3.8
17.6
11.4
1456.9

1892.3
51.7
1553.4

fCalculated temperature history based on temperatures meas-

ured in submerged graphite capsules.

bCapsule identification number.
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and 1110°F. The tcmperature of the surface of the INOR-8 end cap in con-
tact with the fuel salt was calculated to be the same as that of the
graphite-to-salt interface temperature. The area of the end cap wetted by
the salt was about 12% of the total 5.6 in.2 of metal surface in contact
with the salf.

The accumulated time during transient operation includes only times
for temperature changes of approximately 30°C or more. Of the 121 such
temperature changes recorded, 60 included decreases to the solidus tem-
perature of the fuel salt.

The assembly was removed from the MIR, partially disassembled, and
returned to ORNL, where it was completely dismantled. Postirradiation
examination of the capsules is in progress. As an aid to interpretation
of irradiation effects, an out-of-pile experiment was rith that duplicated
the temperature history, including the transients.

Experiment ORNL-MTR~-47-5

The 47-5 experimental assembly was designed and constructed to permit
gas sampling from two capsules during irradiation to study the CF), content,
if any, of the offgas from fissioning MSRE fuel in contact with submerged
graphite. These capsules (Fig. 5.2) are 1 in. in diameter and 2.25 in.
long, and they contain a central CGB graphite core 1/2 in. in diameter and
1 in. long submerged approximately 0.3 in. in about 25 g of fuel. The two
capsules differ only in the uranium concentration in the fuel.

Additional capsules included in the assembly are designed to provide
a range of oxidation-reduction levels that includes what might be both
early and late stages in the life history of a reactor. This is accom-
plished by altering the accessibility of chromium from the container alloy
(INOR-8) to the fuel. These capsules are externally similar to the purged
capsules, but the graphite coreées are markedly different. A high metal-to-
graphite wetted-surface-area ratio (46:1) is obtained (Fig. 5.3) by using
a central core of INOR-8, except for a 0.l-in.-thick CGB graphite wafer.
A low metal-to-graphite surface area ratio (1:4) is obtained (Fig. 5.L4)
by using a close-fitting graphite crucible 0.7 in. in internal diametexr
and 1.5 in. long, with a central graphite core that is 0.34 in. in diameter
and 1.25 in. long.

An extreme case in the oxidization study is a capsule with no metal,
that is, with graphite prepermeated with fuel so that the only fuel in the
capsule is contained within the pores of an isclated graphite gere. Two
small capsules of this type (Fig. 5.5) are included and will be operated
at different power densities. These are 5/8 in. in diameter by 2.25 in.
long and contain 0.32-1in.-diameter by 1 3/h-in.-long centrally suspended
AGOT graphite cores. Irradiation is scheduled to begin the week of
September 17, 1962.
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Postirradiation Examination of Experimental
Assembly- ORNL-MTR-47-3

Examinations of irradiated specimens from assembly ORNL-MTR-47-3, the
assembly in which CF), was first detected,* provided some additional informa-
tion on the corrosion products and on the distribution of radiocactivity and
salt in the graphite. The possibility that much of the CF) could have been
formed from the fluorine released from the frozen salt after shutdown, as
found in test 47-4, placed new light on the interpretation of the results
of test 47-3. The fuel mixture irradiated in this experiment was initially
LiF-BeFp-ZrF), -ThF), -UF), (69.5-23-5-1-1.5 mole %).

Chemical Analyses of Irradiated Fuel for Corrosion Products

Corrosion~product analyses were carried out on an aliquot of the solu-
tion produced during dissolution of the irradiated fuel to obtain gas
samples for reducing-power analyses. The aliquot was evaporated to dryness
three times after additions of methanol to remove the excess boric acid
used to improve the initial dissolution. The dry residue was dissolved in
10 to 15 ml of O M HNO, with 2 ml of 3 M hydroxylamine to reduce any hexa-
valent chromium to the trivalent state, and the thorium was removed from
the solution on an anion-exchange column. The solution was then diluted to
5 N HNO,, and the uranium was removed by extraction into 20% TBP in hexane
or Amscd. The iron, chromium, nickel, and molybdenum corrosion products
were determined by the intensity of their spectral lines compared with an
added internal standard. The readings were made with a densitometer on
the photographic plate.

The analyses for corrosion products, as shown in Table 5.2, gave
values somewhat different from those previously reported.® The corrosion-
product concentrations that indicate attack on INOR-8 coupons have been
revised to the order of 100 ppm, rather than several hundred or thousand
ppm, and therefore the data of Table 5.1 for iron, chromium, and nickel
indicate mildly reducing conditions. They present some puzzling aspects,
however, in that differences are not discernible between capsules that pro-
duced widely different amounts of CFj. This can be explained if the larger
amounls of CF), aruse from attack of the graphite by fluorine released after
freezing of the fuel.

Another point of interest is the absence of molybdenum (below the
50 ppm limit of detection) in the fuel in spite of obvious attack on some
of the molybdenum coupons. The molybdenum may have volatilized as MoFg,
but its presence in a reducing melt would be difficult to reconcile. It
would be expected, however, in an atmosphere that would produce XeF) or
CFy. Not finding the molybdenum in the fuel may indicate that it deposited
on the wall of the capsule.

4"MSRP Quar. Prog. Rep. Feb. 28, 1962," ORNL-3282, p. 97.
>Ibid., p. 110.
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Table 5.2. Results of Corrocion-Product Analyses of Fuel
Irradiated in Assembly ORNL-MTR-47-3

Corrosion Products (ppm)

Capsule Sample
Cr Fe Mn Mo Ni

3 1 60 310 <202 <40 .70

ob 790 230 36 <50 1100

8 1 20 <130 <10 <60 50

2 120 <210 <20 <120 100

15 1 40 220 <20 <80 <230

2 40 230 <20 <100 <310

EValues preceded by the less than symbol indicate the
lowest detcctable limit.

bThe unuguvally high values for both chromium and nickel,
as well as the presence of manganese, indicate the possibility
that the sample was contaminated.

The compound XeFu, which was recently discovered at the Argonne
National Laboratory,® is being studied. As mentioned later in connection
with experiment L7-L, there is a close correlation between fluorine or
evidence of fluorination in the form of CF), and a pronounced deficiency of
xenon in the irradiated cover gas. This correlation and an observed
increase in the xenon-to-krypton ratio in samples collected over a long
period of time are circumstantial evidence that XeF), was formed in some
capsules. Conversely, the presence of xenon in other capsules is a possible
index of the absence of fluorine, at least during the time favorable for
reaction with xenon, and this must overlap part of the range in which CF),
is formed. The reaction between xenon and fluorine proceeds at L00°¢.

Distribution of Radiocactivity and Salt in Irradiated Graphite

Data on the distribution of radiocactivity and salt were obtained from
cored samples of graphite parts. Patterns of radioactivity were determined
by gamma spectrometry, and the salt distribution was obtained from
petrographic studies with an optical microscope. The scatter of the data
preclude immediate interpretation, and the data will therefore be held for
examination along with data from future similar experiments.

Postirradiation Examination of
Experimental Assembly ORNL-MTR-47-4

The hypothesis that CF) should react with the melt rather than accu-
mulating in the cover gas in irradiated capsules containing molten fluoride

®H. H. Claasen, H. Selig, and John G. Malm, letter to editor of
J. Am. Chem. Soc. dated Aug. 17, 1962, in press.




107

fuel and submerged graphite was tested further with the irradiation of four
capsules, described previously,? at a flux of 1013 neutrons/cma-sec for
more than 1500 hr in the MTR. The data sought in the test, namely the
partial pressure of CF) at operating conditions, were obscured in two of
the capsules opened thus far by large amounts of radiolytic fluorine from
the frozen fuel. Of the fluorine content in the gas phase, which was 1%

of the fluoride in the fuel, some 80% was free fluorine and the remaining
20% was CFy, most of which probably was a secondary reaction product
arising from attack on the graphite by the fluorine released by radiolysis
after shutdown.

Two smaller capsules containing molten salt in graphite crucibles
were irradiated in the same assembly (ORNL-MIR-47-4) and received similar
neutron dosages and heating cycles. These capsules were also described
previously.? These two capsules were included in the assembly to provide
conditions favorable for the accumulation of a measurable steady-state con-
centration of CF) at two power densities; one capsule contained twice as
much UF), as the other capsule. The one capsule opened thus far operated
at a slightly lower power density than the other because of its location.
No fluorine and only the modest amount of CFy for this type of configura-
tion were found.

Fluorine atoms undoubledly are formed in fissioning fuel at an
appreciable rate as a result of radiolysis. The rate of formation is
probably proportional to the power density. The lack of corrosion of
metal or graphite indicates that rapid reverse reactions in the molten
fuel consume the fluorine atoms and lower the steady-state concentration
of elemental fluorine to negligible levels. All other chemical components
in the operating fuel system, including moderator and container, remain at
virtual thermodynamic equilibrium as long as the fissioning fuel is molten.

As shown by some of the results described below, restricted mobility
in the frozen crystals”of fuel, along with the pronounced drop in tempera-
tures that prevails in irradiation test capsules after reactor shutdown,
may, on occasion, lead to off-equilibrium conditions in the form of ex-
cessive amounts of unreacted elemental fluorine. 1n such cases, the
reverse reaction mechanisms that consume fluorine are even more drastically
curtailed on shutdown than is the rate of energy release that gives rise
to fluorine atoms. The resulting buildup of fluorine molecules in the
frozen capsule contrasts markedly with the situation at operating conditions.

Also the marked contrast between various frozen samples implies that
small differences in geometry or freezing history may be of controlling
importance. Not all freezing liberates fluorine. Further there does not
seem to have been a significant amount of fluorine formed in the 30
freezings that occurred during the in-pile exposure, probably because of
an insufficient time lapse in some cases. Also there were capsules in
which no fluorine was found even after the final lengthy cooling period.
The question of why some capsules did and some did not contain fluorine
can be answered only conjecturally on the basis of current information.
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Degcription of Capsules

The capsules were constructed of l/l6-in.-wall INOR-8 tubing. The
larger type contained 25 g of fuel of the nominal composition
LiF-BeF,-ZrF), -ThF), -UF), (70-23.3-5-1-0.7 mole %), vhich gave the analysis
shown in Table 5.3; that is, 71.0-22.6-4.7-1.0-0.7 mole %. The capsules
were filled by liquid transfer to a level controlled by blowing excess fuel
back through the dip leg associated with the vent line.4 Somewhat less
than the design volume of 3.5 em3 of vapor space at temperature probably
remained in the capsule, perhaps because of capillary effects. Because of
contraction of the fuel, principally on freezing, there was 2.5 cm’ more
vapor space at room temperature than at the operating temperature. The
room-temperature volumes, as calibrated with known volumes after puncture
and gas collection, were about 4.5 em3. Initially two concentrations of
UF), were to be used in pairs of the large capsules, but breakage of a
transfer line during filling, attributed to embrittlement by sulfur {rom an
unknown source, eliminated the possibility of meeting schedules with the
more concentrated fuel. :

Table 5.3. Chemical Analysis of Fuel in Large Capsules in
. Assembly ORNL-MTR-47-4

Nominal . . - Corrosion

Uraniun Ionic Constituents (wt %) Products (ppm)

Content n n -

(mole %) Ut it zrét  Be™T mpt o Ni Cr Fe
0.7 3.89 11.6 10.1 4.8 5.8 63.6 25 24 97
1.47 7.5 10.5 10.4 4.5 5.2

61.5 15 40 123

R SR

The smaller capsules were loaded with molded ingots of about 10 g of
fuel contained in graphite crucibles or liners, and in one of them the UF)
concentration was increased to 1.4 mole % to provide a power density of
about 160 w/cm3. The cover-gas space had a volume of about 2 cm3. There
were no thermocouples in these capsules, and the fuel should not have been
in contact with any metal, although traces of solvent probably distilled
to the interface between the graphite liner and the INOR-8 capsule wall.

Fabrication and Loading of Capsules

The metal capsulc parts were cleaned by firing in hydrogen gas at
lOOOOC, but a vacuum of questionable quality was inadvertently imposed
while the parts were still at temperature. The resulting contamination by
air caused a greenish oxide film on the INOR-8 parts, but time for another
treatment had elapsed before the error was noted. The film was partially
removed with steel wool prior to assembling and welding the parts in a
helium-filled glove box. The graphite core in capsule 24 was cleaned by
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heating to 2000°C in an evacuated system. The graphite parts in the other
capsules were cleaned by flushing with a molten fluoride salt.

The larger capsules were then connected with a filling system and
heated. The molten fuel salt was run into each capsule and the excess
blown back with helium pressure. The fuel salt level was monitored with a
television x-ray system. Final closure was made in a glove box where the
external ends of the fill tubes were crimped and welded shut.

Fuel

The results of ionic analyses of the bulk constituents and analyses of
the corrosion products of the two fuels prepared for use in experiment
ORNL-MTR-47-U4 are presented above in Table 5.3. The fuel salt was pre-
trcated at 750 to S800°C by sparging for 2 hr with hydrogen gas and then for
8 hr with a 5:1 hydrogen-hydrogen fluoride gas mixture, followed with a
48-hr sparge with hydrogen gas.

Graghite

The CGB graphite used in experiment 47-4 had a surface area of
0.71 mz/g as determined by the BET method. The other properties of this
graphite are listcd below:

Permeability of a 1.5-in.-0D, 6.56 X 10™% cm? of He (STP)
0.5-in.-ID, 1.5-in.-long specimen per second
Deneity (Beckman air pycnometer) 2.00 g/cm’
Bulk density 1.838 g/cm’
Bulk volume accessible to air 8.7%
Total void volume as percentage of 19.5%
bulk volume

A semiquantitative spectrographic analysis of the graphite, as shown
in Table 5.4, revealed only the usual low levels of trace elements, some
of which may have been introduced to the specimens during the various

Table 5.4. Spectrographic Detection of Trace Elements in
Graphite Used in Experimental Assembly ORNL-MIR-47-4

Element Level Detected Element Level Detected
Detected (ppm) Detected (ppm)

AL 10-100 Fe 10-100

Be 1-10 Mg 1-10

Ca 1-10 Ni 10-100

Cr 1-10 Pt 10-100

Cu 10-100 Si 1-10
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machining and handling operations. The elements analyzed for but not de-
tected are listed below:

Ag Hg  Sr
As Mn Ta
Am Mo Te
B Na Ti
Ba, - P T1
Bi Po \
Ca Pd Zn
Co Ru - Sr
Ga Sb Cb
Ge Sn

Decay Energy

The fuel salt froze within 5 min after the reactor shutdown that
terminated the irradiation of assembly Yy, valeulations ul Lle decoy
energy in the large capsules indicated Lhat during the first 1l-hr period
following the initial 5-min freezing period about 10 w-hr of enexrgy was
dissipated, whereas during normal irradiation about 840 w was dissipated.

Irradiation and Temperature Data

Fxposure data for assembly 47-4 are summarized in Tables 5.5 and 5.6.
Differences in flux for the various capsules were due to the flux gradient
in thc beam hole at the MIR. The values for the thcrmal flux were obtained
from the activation of CoP0 in the stainless steel wires thal were used as
dosimeters, and were confirmed by counting Crol. They apply to 1553 hr
during the period from March 12 to June 4, 1962. The flux was determined
on both the expoused and the shaded side of the capsule, but only averaged
values are tabulated. ''hesé ¥alues dre higher than the design figures,
and the gradient is twlce the design value. Ir these data are correct,
the burnup in the capsules varied over a threefold range. No explanation
has been found for the discrepancy between these values and the design
estimates, which are more consistent with heat transfer calculations.

The temperatures were controlled from capsule 24, and the changes in
the retractor position required to hold a constant temperature were not
unusual. The thermocouple reading for capsule 45 appeared to drift down-
ward by about 35°C during the l2-week exposure, but this was the only
symptom of deviant temperature recordings.

Production of Xenon and Krypton

Yiclds of long-lived and staple isotopes of krypton and xenon, respec-
tively, were about 4 and 21%, or 0.038 and 0.20 cm3 for 1% burnup of
1l g of U235, Thus the expected yields in capsule 6 _were about 0.05 and
0.3 cm3, and in capsules 24 and 36, 0.27 and 1.k cm3, according to the
burnups listed in Tables 5.5 and 5.6.



Table 5.5.

Exposure Data for Large Capsules in Assembly 47-4

Thermal-Neutron

Uraniwm Contant

Fast~Neutron

Temperature (°C)

Weight of Flux? Based (>3 Mev) Flux Fuel Power Calculated
Capsule Fuel on Co®° Based cn Co°8 Graphite- INOR-8-to- Density Density Bumug
(g) Mole % , Activation Activation to-5als Salt (g/cm®)  (w/em®) (% U?3°)
g (neutrons/cm?®-sec)  (neutrons/cm®-sec) Interface Interface
x 10*3 x 10*2
3¢ 25.522 0.7 0.993 750
8¢ 26.303 0.7 1.023 750
12 25.1%4 0.7 0.979 2.10 2.1 6804 610 2.6134 67 5.5
24 25.3% 0.7 0.987 2.7 3.2 76cd 605 2.5412 83 7.0
36 24.386 0.7 0.968 2.7 3.3 71C 595 2.5863 85 7.0
45 25.598 0.7 0.996 3.35 3.8 7nod 600 2.5863 117 9.7
a'Avera.ge external neutron flux.
bEstimated temperatures.
cUnirra.dia.ted- controls.
d'l‘herr:xocoul:»l-:-: readings vrior to termination of final irradiation cycle.
Table 5.6. Exposure Data for Small Capsules in Assembly 47-4
U . Content Thermal-Neutron Fast-Neutron Tempe raturs
Weight of Tanium Lonven Flux® Based (>3 Mev) Flux of g:ntr l" Fuel Power Calculated
Capsule Fuel on €089 Based on Co’ Powi a Density  Density Burnu
P . . . N «eglon v 13 3 23
(g) Mole % Activation Activation °c) (g/cm?) (w/em?) (% U?3°)
ole g (neutrons/cm? - sec) (nevtrons/cm? - sec)
x 10t x 102
1b 9.381 0.7 0.365 750
3P 6.805 0.7 0.265 750
5 9.829 1.47 0.737 895
4 10.101 1.47 J.758 4.79 5.2 g9s¢ 2.5270 260 11.4
6 9.915 0.7 J.386 1.31 1.3 75°¢ 2.5803 43 1.3

a'Avera.ge external neutrcn flux.

bUm'.rradia.‘t:ed controls.

cThermocouple readings prior to termination of final irradiation cycle.

TTT
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Gas Analyses

The capsules were punctured at ORNL in the Building 4501 hot cells on
a flat surface previously machined for the purpose. The screw-driven
puncturing tool was sealed by a bellows and, at the flat surface, by a
Neoprene O-ring. Gas escaped into a calibrated collection system that had
been evacuated and leak checked. A Toeppler pump was used to transfer
gases collected at low pressures. The analyses were made by mass spectrom-
etry; those on samples containing fluorine were made at K-z5.

Data from Capsules 5 and 6. The volume of helium (from the glove box
atmosphere) and argon (from the welding torch blanket) was only one half
the free volume of irradiated capsule 6, as shown in Table 5.7. This could
have resulted from an effective temperature of 300°C during welding. The
amounts of xenon and krypton are in agreement with the calculated yield.
This may mean that XeF), was absent from the capsule, or that no F, was
present, or, with even less assurance, that the CF) pressure in tﬁis cap-
sule was representative of that to be expected in Lthe graphite at oper-
ating conditions. If so, the CF) pressure was around 120 mm Hg at 715°C.

Table 5.7. Analyses of Cover Gas in Irradiated

Capsule 6
Volume of gas removed: 3.2 en®
Measured gas space in capsule: 2.5 cm®
Corrected volume of capsule gus: 1.7 cm?
Estimated gas space at operating
temperature : 1.5 cm?
Quantity
Gas - ' Volume (em?)
vol % Corrected vol %
CF, 2.2 4.2 0.07
Air 47 0 1.5
He 12 23 0.38 } 1.2
A 27 51 0.86 :
Kr 2.2 4.2 0.07 } 0.4
Xe 9.9 19 0.32 ’

Kryplou-=07 and xcnon-133 wore the only radinactive species noted in
the gas. The isotopic distribution of xenon and krypton found by mass
spectrometry of gas from capsule 6 was as follows:

Distribution ' Distribution
Xel36 42 .06 Kr86 51.88
Xel34 31.77 Kr85 7.51
Xel32 16.82 Kr84 26.62

Xel31 9.34 Kr83 13.99
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The data of Table 5.8 for control capsule 5 indicate that there was
very little inleakage of air during sampling of capsule 5. The volumes
of helium and argon are in reasonable agreement with the values obtained
for capsule 6. The high temperature of the capsule during welding seems to
be a reasonable explanation for the small volume of those gases.

Table 5.8. Analyses of Cover Gas in Control

Capsule 5

Volume of gas collected: 1.3 cm?

Measured free volume of capsule: 2.7 cm?
Gas Quantity (vol %) Volume (cm?)
He 15 0.2
A 79 1.0} 1.2
0 0.7 0.01
CO+N 5.3 0.007

. Data from Capsule 24. When irradiated capsule 24k was punctured, 8k
cmd (STP) of gas was collected. This was the amount remaining after
some reacticn with the apparatus. A correction has been made for the
amount that reacted with the mercury in the Toeppler pump and developed
a black scum that was identified by x-ray as HgpoFo. The gas was later
identified as predominantly F,. ©Since the collection system was not
designed for a reactive gas, an appreciable amount of Fo must have been lost
to the metallic parts of the system. The remainder reacted with glass to
give S5iF), and O, and with other oxides to give Oz. Studies of the gas were
hampered by the presence of an excessive amount of Tel29 activity. The
free volume of capsule 24 at room temperature was 4.6 cm3, based on the
pressure change when helium was expanded into the capsule from a known
volume.

Based on wass spectrometry ot two O.l-cm3 samples, the 84 cem3 of gas
was 5% He, 0.1% Xe, 0.4% Kr, 4% (CO + Np), 6% COz, and 17% CFy. The
remainder wag Op and SiF) in roughly egual amounts, matching the products
of the reaction

5i0, + 2F, - LiFu pt 0

2 2 21"

Portions of gas were collected under a variety of conditions. The krypton
yield listed above is in fair agreement with the calculated value, but the
xcnon yield is far Loo low. Later samples, obtained after long exposure of
the capsule to an evacuated 3-liter container, had 0.3 em3 of xenon and
less than one-tenth that amount of krypton. This, like other cases of un-
explained holdup of xenon, seems now to be assoclated with the presence of
crystalline XeF).
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The CF) content, approximately 15 cm3, would have corresponded to a
partial pressure of nearly 20 atmospheres had it been present at operating
temperature; this is higher by a factor of 100 than found in capsules that
yielded no evidence of free fluorine.

Capsule 24 was sawed open to reveal a longitudinal cross section. No
damage or evidence of corrosion was visible under low magnification. Pet-
rographic samples from random locations were in general too fine grained
(crystallites less than 1 u in size) to be identified. One sample from
near the graphite near the center of the capsule was clearly recognized to
contain the normal phases and to have green U4' in the TLiF-6(UF,,ThF,)
solid solution. This means that the fluoride deficiency in the salt was
shared randomly, as expected, for loss of fluorine from the frozen state
but not for loss from the liquid state.

Gamma spectrometry of the samples chosen for petrographic examination
revealed a preponderance of ruthenium toward the lower part of the fuel,
when compared with the zirconium-niobium actlvlly ULhal is gencrully
assumed to be uniformly dispersed with the ZrFj in the fuel. Cerium
activity was fairly evenly distributed with the zirconium-niobium through-
out the fuel, and cesium, along with zirconium-nicblum, was found on mctal
surfaces exposed to the gas phase.

Data from Capsule 36. The analyses of the gas from irradiated capsule
36, a duplicate of capsule 24, are more directly representative of the con-
tents of the capsule because an essentially all-metal collection systcm,
comprised largely of prefluorinated nickel, was used to transfer and hold
the samples, and because a surplus of sample was available for mass spec-
trometry. Also, the analysis was made promptly. This is pertinent
because samples allowed to sit in incompletely conditioned apparatus showed
evidence of reaction of fluorine. The analytical data are presented in
Table 5.9.

The quantity of fluorine was too great to have been present at
operating temperatures. The amount of CF} agrees well with thal found in
duplicate capsule 24. Also, the xenon appears to have been held up, as if
by XeF), while the krypton is present in roughly the expected yield.

The gamma spectrometer was able to detect Kr85 but no other activity
through the nickel walls of the sample cvontainers used for the gas from
capsule 36. Efforts to improve this analysis are under way.

An attempt was made to remove the contents of capsule 36 by melting
and to provide representative ground samples, all under an inert atmosphere,
in a manner suitable for chemical analysis and, in particular, for a deter-
mination of the reducing power that is expected as a conscquence of the
loss of fluorine. An apparatus for accomplishing such a sequence of opera-
tion in a hot cell worked well with capsule 3A, an unirradiated control
sample, and at first appeared to have given satisfactory results with
capsule 36. The melting-out operation yielded, however, only about half
the capsule contents, and the melted-out salt was green. This might be
explained by segregation of the reduced products in the high-melting heel.
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Table 5.9. Analyses of Cover Gas from Irradiated

Capsule 36
Volume of gas space in capsule at
room temperature: 4.6 cm?
Volume of gas space at operating
temperature: 2.6 em?
Volume of gas removed from capsule: 188 cm?
Gas Quantity (vol %) Volume (cm?®)
Fa 83.5 156
CF, 10.0 19
0, 2.5 4.7
Xe 0 0
Kr 0.3 0.56
He 2.8 5.3
CoO+Ne 0.1 0.19
COo 0.7 1.3
A 0
HF (a)

aProbably present in small amounts from reaction .
with adsorbed water. '

Data from Control Capsule 3A. Capsule 3A, which was an unirradiated
control for capsules 24 and 36, was subjected to thermal cycles similar to
those in-pile. It was punctured and 4.5 em3 (STP) of 99.7% helium was
collected. The remainder of the gas was 0.05% (CO + Ne) and 0.02% COp.
The absence of argon and the presence of 1 atm of helium may be explained
by the fact that final closure involved welding crimped capillary tubes.

Discussion of Results

Experimental evidence from previous in-pile tests lends confidence
to the view that high-pressure fluorine is not generated by molten fission-
ing fuel. There is no evidence of severe corrosion on metal exposed .o the
gas phase above fissioning fuel or on metal wet by fuel. Likewise, no
severe damage was observed in similarly exposed graphite.

More fluorine was found than should have been produced by the decay
energy liberated during the 5 min required for cooling to essentially room
temperature. When the reactor was shut down, the power produced in
capsules 24 and 36 dropped from 840 w to 14 w in § min, 7 w in 1 hr, 1.6 w
in 100 hr, and 0.19 w in 95 days (calculated from the Way-Wigner equation).
Assuming that half of the energy released during a 95-day cooling period
was absorbed in the fuel, a G value of only 0.035 would have been required
to produce fluorine found in capsule 36.

No final choice of a theory explaining why fluorine is not always
obgerved cau be made. A difference in crystallization behavior ic a
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possibility. The results from capsules 24 and 36 are probably quite anoma-
lous in comparison with anything that has been seen before in earlier ex-
periments.  They point to a problem that requires attention but which does
not appear to be a serious threat to the integrity of the MSRE. ’
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6. CHEMISTRY

Phase Equilibrium Studies

The System LiF-BeF,-ZrF,

The proposed simplification of the MSRE fuel mixture by the omission
of ThF, led to a more detailed study of the ternary system LiF-BeFs-ZrFg4,
with a view toward prescribing suitable solvents to contain the 0.15
mole % UF4 now needed for criticality. 'The phase diagram of the solvent
system did not change significantly,l but new information on liquidus
contours within the system established the peritectic point involving
the solid phases LiF, 6LiF+BeF,.ZrF4, and 2LiF.BeF, at a composition of
LiF-BeFs-ZrFs (67-29.5-3.5 mole %) and at L45°C. Also, better information
on the temperaturcs along the boundary curve separating the primary phase
fields of 6LiF.BeF,.ZrF, and LiF was obtained.

A minor surprise, in view of the rather unrestricted interchangea-
bility of the gquadrivalent cations ZrF4, ThF,, and UF4 in the 10 to 15
mole % MF, concentration range, was found in the fact that 7 mole %
ZrF, gives a liquidus 25°C higher than that of the 5-1-1 mole % ZrF4-
ThF,-UF, mixture when the remainder of the composition is 70 mole % LiF
and 23 mole % Bels, as in the fuel that was nominally LiF-BeFp-ZrF4-
ThF.-UF, (70-23-5-1-1 mole %). Such a large change in liquidus tempera-
ture, or more specifically, in the freezing-point depression of LiF,
for a change in composition of only 2 mole % is unusual in [luoride
fuel mixtures and hence provides an interesting point for further
analysis from the standpoint of the thermodynamics of solutions.

One of the specifications for the fuel was a melting point below
450°C so that the fuel would not freeze before the coolant. Since the
0.15 mole % UF, in the fuel was expected to cause only a slight lowering
of the liquidus, the fuel solvent was selected from the 450°C contour
in the LiF-BeFs-ZrF, ternary system. As shown in Fig. 6.1, which depicts
the 450°C contour on a larger scale than that used previously,l the
maximum LiF content occurs, in terms of the nearest whole numbers, near
67 mole % LiF, 29 mole % BeFs, and 4 mole % ZrF4. Since both the vapor
pressure and the viscosity should decrease as the LiF concentration
increases, this composition region is of interest as a fuel solvent.

The mixture LiF-BeFo-ZrF4-UFs (66.85-29-4-0.15 mole %), with an
estimated melting point of L45°C, was therefore selected for particular
study. The obtuse corner in the 450°C contour marks the change from
LiF as a primary phase to 6LiF+BeFs-.ZrF4, and for the fuel composition
designated above the primary phase is expected to be 6LiF *BeFo-ZrF4.
Whether significant differences can be detected between liquids such
as LiF-BeFa-ZrFs (67-29-4 mole %) and LiF-BeF,-ZrF, (67-30-3 mole %)
is conjectural, but a richer ZrF, content may provc advantageous in

1"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, p 11L.
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Fig. 6.1. The System LiF-BeF,-ZrF,.

increasing the oxide tolerance of the fuel and in giving a primary
phase that would be easier to melt than LiF (mp, 840°C) in case of
accidental plugging by purllzl freezing.,

Samples of compositions in the LiF-BeF5-ZrF, system that contain
more than 60% BeF, and hence are too viscous to be of present interest
as fuels were quenched from temperatures above the liquidus. The
quenched samples consisted of two amorphous materials of distinctly
different indices of refraction, as Il (wo glass phoaoco of different
composition were simultaneously present. If this implication is borne
out, the first instance of ligquid-liquid immiscibility in fluoride
melts will have been encountered.

The System LiF-BeF,-ZrF,-~ThF,-UF4

Studies pertaining to concentrated solutions t'or fuel makeup and
to segregation in the quinary system that includes ThF, in M3RE fuels
were nearing completion at approximately the same time that it was
proposed that the inconvenience of carrylng lLoken amounta of ThF, could
be avoided. The conclusions from these investigations are applicable,
in a representative fashion at least, to fuels from the quatenary
system that do not contain ThF, and are therefore presented in the next
two sections as examples of the type of behavior that can be expected.
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LiF-UF4 Eutectic as a Concentrated Solution of UF, for Fuel Makeup

One of the means considered for fueling the MSRE included an
initial nonnuclear operation with a solvent mixture followed by con-
version to the fuel composition LiF-BeFs-ZrF4-ThF.-UF, (70-23-5-1-1
mole %) by titrating to criticality with the liquid LiF-UF4 eutectic
mixture (73-27 mole %; mp, 527°C). It was also proposed® that the fuel
makeup salt be added as the frozen LiF-UF, eutectic mixture. A study
of the phase behavior and characteristics of the composition section
that gives all possible combinations of solvent and concentrate shows
(Fig. 6.2 and Table 6.,1) that the melting temperature of the LiF-UF4

UNCLASSIFIED
ORNL-LR-DWG 688394

500
|\
SOLID PHASES:
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S 8=T7LiF-AlF, OR 7LiF- 6 (U,TIE,
A+B+L % C=LifF
4 0= 6LiF - BeFy: ZrF,
5 \. \\ £ =2LiF -Bef,
< 460 =
2 e
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a
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S 440 .
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= \V./bf
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Fig. 6.2. The Section LiF-UF, (73-27 mole %) — LiF-BeF,-ZrF,-ThF,-UF,
(70-23-5-1-1 mole %). '

mixture is higher than that of any intermediate composition formed
during fueling, that at least four crystalline compounds appear as
primary phases at various intcrmediate compositione, and that uranium
and thorium crystallize together in a single solid-solution phase.
From the phase relationships observed in thils composition section it
appears that the LiF-UF, eutectic mixture should serve as a suitable
fueling mixture for the MSRE. At decreasing concentrations of UFg,
uranium-containing phases precipitate later in the crystallizing
sequence. In the fuel itself, the uranium compound TLiF-6(U,Th)F,
precipitates as the tertiary phase, and solids that do not contain Ul'4
are formed during crystallization of the primary and secondary phases.

2p, N. Haubenreich and J. R. Engel, "Safety Calculations for
MSRE," ORNL-TM-251 (May 15, 1962), p 22.
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Table 6.1. Phase Transition Temperatures in the System LiF-BeF,-ZrF,-ThF,-UF,; and Intermediate Compositions Between LiF-UF,

(73-27 mole %) and LiF-BeF,-ZrF,-ThF,-UF,; (70-23-5-1-1 mole %)

Composition (mole %) ‘Transition
Temperature Phases Observed Above Transition Temperature Phases Observed Below Transition Temperature
LiF BeF, Zr¥F,  ThF,; UF, . (°c) S =
72.4 46 1.0 21.8 0.2 , 476 % 22 LP L + 4LiF.UF,ss® + 7LiF.6(U,Th)F,ss
465t 2 L + 4LiF-UF4ss + 7LiF-A(1,Th)F,.an L + LiF + 7LiF+6(U,Th)Fsco
g 426 + 2 L + LiF + 7LiT-6(U,Th)T,ss L + LiF + 7LiF-6(U,Th)F,ss + 6LiF-BeF, ' ZrF,
421 £ 2 L + LiF + 7LiF-6(U,Th)Fs;ss + 6LiF-BeF,-ZrF, L + LiF + 7LiF-6(U,Th)F,; + 6LiF-BeF,-ZrF, + 2LiF-BeF,
f 417 £ 2 L + LiF + 7LiF-6(U,Th)F,; + 6LiF-BeF, ZrF, + 2LiF-BeFs LiF + 7LiF-6(U,Th)F;ss + OLiF-BeF,-ZrF,; + 2LiF‘BeF,
70.8 9.2 2.0 16.6 0.4 457+ 3 L + LiF + 7LiF-6(U,Th)F,ss
S 426 £ 2 + LiF + 7LiF-6(U,Th)F,ss , L + LiF + 7LiF-6(U,Th)F, + 6LiF-BeF,-ZrF,
422 £ 2 L + LiF + 7LiF.6(U,Th)F, + 6LiF - BeF, ZrF, LiF + 2LiF-BeF, + 7LiF'6(U,Th)Fsss + 6LiF-BeF, -ZrF,
71.2 . 13.8 3.0 11.4 0.6 . 458 = 2 L L + LiF
. 439 £ 2 L + LiF L + LiF + 7LiF.6(U, Th)F4ss
Y430 0k 2 L + LiF + 7Lil'-6(U,Th)F;ss T + TIF + 7LiF-6(U,Th)F4Sé + 6LiF-BeF,-ZrF,
| 424 x 2 " L + LiF + 7LiF-6(U,Th)F4ss + 6LiF-BeF, ZrFy, LiF + 2LiF-BeFp + 7LiF-6(U,Th)Fsss + 6LiF:BeF, - ZrF,
70.6 18.4 4.0 6.2 0.8 . 436 =% 2 L L + 6L1F-BeF,-ZrF,
E 428 £ 2 L + OLiF-BeFj - ZrF, L + 2LiF-'BeF, + 6LiF-Bel,-2rF,; + 7LiF-6(U,Th)F,;ss
V) L + 2LiF.BeF, + 6LiF:BeF,-ZrF; + 7LiF-6(U,Th)F,ss 2LiF-BeF, + 6LiF.BeF,-ZrF, '+ 7LiF-6(U,Th)F;ss
70.0 23.0 5.0 1.0 1.0 4402 L L + 6LiF -BeF,-ZrF,
L 431 L + 6LiF-BeFs-ZrF, L + 2LiF-BeF,-6LiF -BeF,-ZrF,
429 £ 2 L + 2LiF-BeF, + 6LiF-BeF,:ZrF, 2LiF ‘BeF, + 6LiF-BeF,-ZrF,; + 7LiF-6(U,Th)F,;ss
SThe uncertainty in temperatdres shown in this column indicates the temperature differences between the quenched samples from which the values were ob-
tained. )
Prhe symbol "L" refers to liquid (observed as glass or quench growth).
c 1 :
The

term

ss" means solid solution.
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Fractionation of LiF-BeFs-ZrF,-ThF,.-UF, on Freezing

An assumed sequence of equilibrium fractionations in the freezing
of the five-component MSRE fuel mixture LiF-BeFs-ZrF,-ThF,-UF, (70-23-
5-1-1 mole %) was studied by quenching tests to provide information
regarding (1) the fraction of ZrF, remaining in the liquid state at
the onset of crystallization of phases containing UF, and whether this
ZrF, concentration was adequate for protection against precipitation
of UOs, (2) the concentration of uranium in the crystalline equilibrium
phases within which it is contained during freezing and the relative
position of these phases in the sequence of crystallization reactions,
and (3) the approximate concentration of BeFs, in the liquid remaining
at temperatures Jjust above the solidus.

Although only an exploratory study of the freezing reactions was
made, some qualitative statements regarding the crystallization arc
warranted. During freezing, the ZrF, concentration in the liguid
fraction of the mixture is reduced as the primary and secondary phases
(6LiF.BeFo+ZrF, and 2LiF.BeF,) are formed, while the UF, concentration
within the liquid is increased and the zirconium-to-uranjum concentration
ratio is decreased. As noted previously,3 the limit of protection can
he exceeded.

The apparent solidus temperature for the five-component mixture
is 429°C. Comparison with solidus values in the limiting LiF-BeFs-
MF, systems implies that the composition of the five-component liquid
at the solidus consists of no more than 40 mole % BeFs>. The relatively
short temperature interval required for complete freezing is not
conducive to extensive segregation or to a large difference in the
average composition of the initial and final residual liquids. Hence
the products of crystallization do not contain so much free BeF, that
the cooled fuel mixture should be expected to be very hygroscopic. The
last solid phase observed on freezing the fuel mixture is TLiF.6(U,Th)F,,
which contains 1%.% mole % UF4. The proportion of UF, was determined
by two independent methods: (1) by calculation of the material balance
and (2) from measurements of the refractive indices of the solid solution.
Three nonhygroscopic solid phases were found in melts cooled under
equilibrium conditions: 6LiF*BeFs.ZrF,, 2LiF:BeFs, and TLiF:6(U,Th)F4.
It is to be noted that specimens obtained from a variety of experiments
and experimental engineering tests, in which equilibrium cooling did not
occur, often contain 5LiF.ZrF4, 2LiF.ZrF,, 2LiF.BeFs, and TLiF-6(U,Th)F,,
rather than the equilibrium solids.

Crystal Chemistry

Cesium Heptafluorozirconate (CszZ/rf). Crystals of the congruently
melting compound 3CsF-ZrF4 were isolated during the investigation of
phase equilibria in the CsF-ZrF, system. X-ray diffraction analysis

3"MSRP Prog. Rep. March 1 to Aug. 31, 1961," ORNL-3215, p 12k.
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showed that these crystals were isomorphous with K3ZrF7 and a-K3UF7.
The Cs and Zr* ion sites were determined, and the F~ ions were shown
to be in a disordered-arrangement. The face-centered cubic unit cell
has a = 9.70 A.*

Indium Trifluoride (InFs). ' The compound, InFs, which was prepared
for use in molten-salt cryoscopy studies, crystallized with the same
type of structure as FeFz and several other transition-metal trifluorides.
The rhombohedral unit cell has a = 5.73 A and O = 56°h0', and it contains
two InFz formula weights. The crystal density is 4.64 g/cm®.

Complex Alkali Fluorides: LiRbF. and LiCsF->. The crystal
structures of LiRbFs and LiCsF> were found to be isomorphous.> In
each crystal, the Li ions are surrounded by tetrahedra of fluoride
ions, and these tetrahedra shure coruers and edgbs in such a manner
as to form continuous sheets. The Rb and Cst ions are situated

-between the sheets and bind them together. )

Stabilization of Fluorite Na¥F, Solid Solution. The equilibrium
iriversion temperature for Lhe pure Na¥l'y crystols inverting from the
high-temperature fluorite form to the low-temperature hexagonal form is
691°C. During continuing investigations of the phase relationships
in the system NaF-YFg, it was discovered that at nearly saturating
concentrations of YFs in the fluorite cubic solid solution, NaYF,-YFs,
s0lid solutions consisting of approximately 65 mole % YF5 appear as
equilibrium phases to temperatures below 4T75°C. Hence the cubic form
of NaYF, is stabilized against inversion to the low-temperature form
to the extent of approximately 15°C for each mole percent of dissolved
YFs.

Oxide Behavior in Molten Fluorides — Dehydration of LiF

A marked decrease in the corrosion of grade-A nickel containers
used for the HF dehydration of molten LiF was achieved by using a
hydrogen atmosphere at all times when heat is applied. Previously,
LiF intended for the production of ultrapure crystals was melted under
a helium atmosphere and dehydrated with a mixture of Hp and HF. Under
these conditions, both discolored and clear LiF was produced. The
discolored areas contained the impurities found in grade-A nickel,
such as copper, iron, manganese, and silicon, as well as nickel, in
the 10° ppm range. Material produced using a hydrogen atmosphere
throughout did not contain discolored areas. No copper, iron, silicon,
nr nickel was detected by emission spectroscopy. Only 10 ppm Mn was
found, and the total impurity was <300 ppm.

4G. D. Robbins and J. H. Burns, "X-ray Diffraction Study of
CsgZrF7," ORNL-TM-%10 (August 7, 1962).

SPaper to be presented at the Southeast Regional Meeting of the
American Chemical Society, Gatlinburg, Tennessee, November 1962.
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Physical Properties of Molten Salts

Density of LiF-BeF5-ZrF4-UF4

The density of a proposed MSRE fuel, LiF-BeF,-ZrF,-UF, (66.85-29-
4-0,15 mole %) was determined from the bouyancy of a platinum plummet
suspended in the melt. The volume of the plummet, corrected to the
high temperatures, was known within *0.1%, and the change in weight of
about 2.5 g could be measured to about 1 mg. The fuel was prepared
in a 200-g batch and purified by treatment with 40 g of NH4HF, to
remove oxide and hydrolysis products. Temperatures were measured
with a calibrated platinum vs rhodium thermocouple in a well that pro-
Jjected downward into the melt from the side at an angle. The thermo-
couple was calibrated at the National Bureau of Standards.

A stirrer was operated manually to ensure that the salt melt was
originally uniform and was not used further. Protection from the
atmosphere was maintained by flowing argon. The data for LiF-BeFs-
ZrF4-UFy (66.85-29-4-0.15 mole %) fell on the straight line

d=2.478 - (5 x 107%)t
where t is in °C, with a precision of 0.2%.

At 663°C, the fuel temperature at the outlet of the core, the
density is 2.147 g/cm®. Unexplained behavior which indicated that the
plummet and stirrer had frozen in place was noted at 542°C, approximately
100°C above the melting point. Points obtained at higher temperatures
both before and after the sticking effect was noted fell on the same
straight line. Subsequent petrographic examination of the fuel disclosed
no deposits of oxide, so the data were tentatively accepted as valid.
Further checks to establish this point are in progress.

Estimation of Densities of Molten Fluorides

Densities of many molten fluoride mixtures, especially those of
MSRE importance, can now be estimated to within 3%. The method involves,
first, calculating the molar volumes of the mixture at 600 and 800°C
from the equation

Vmix =Z NV,
1

where N, is the mole fraction of component i and V., is the empirical
molar volume of component i given in Tseble 6.2. Tﬁe average molecular
weight of the mixture is then divided by V_._ at 600 and 800°C to
obtain the density. By assuming that dens%%? is linear with tempera-
ture, within the range of interest, it 1s a simple matter to obtain
the density equation for the mixture in the form

dt=a+bt F)
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Table 6.2. Empirical Molar Volumes of Fluorides

Molar Volume

(cm?/mole)

At 600°C - At 800°C
LiF 14.0 14.7
BeF, | | | 23.6 244
VAW . 46 49
ThF, ‘ 47.8 49.0
UF, present up to 8 mole % 58 4 60
UF, present as 8 to 100 mole % 48 . 50

where d, is the density at temperature t (in °C) and a and b are con-
stants. '

By way of illustration, the density equation of the tentative MSRE
fuel mixture LiF-BeFo-ZrF4-UF, (66.85-29-4-0.15 mole %) is evaluated
below: '

At 600°C,
V. = 0.6685(1k.0) + 0.29(23.6) + 0.04(46) + 0.0015(58)
miX _ 18.13% cm3; ‘

At 800°C, | _
Vg = o.6685(1h.7)'+ 0.29(24.4) + 0,04(49) + 0.0015(60)

18.95 cnm®;

0.6685(26) + 0.29(47.01) + 0.04(167.22) + 0.0015(311)
38.17 g;

Molecular Weight

38.17 _ 38.17

d — d -
600 800 . _ 18.13 138.95 4 3 o
m"—b— 500 =—ll-.6><lO g/cm « C .
Therefore

a, = 2.381 — (4.6 x 107%)¢

in units of g/cm?. Details of how Table 6.2 and the percentage
reliability were obtained are reported elsewhere.®

63. Cantor, "Reactor Chem. Div. Ann. Prog. Rep. Jan. 31, 1962,"
ORNL-3262, p 38.
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Graphite Compatibility

Removal of Oxide from Graphite Moderator Elements

Since the unclad graphite moderator of the MSRE is a possible
source of oxide contamination that could conceivably cause ZrOs to
form in the fuel salt mixture, treatments that favor the removal of
adsorbed gases from the moderator are included in the initial startup
sequence. Some desorption is expected when the reactor core is heated
to about 650°C in an atmosphere of flowing helium, and more can occur
when a barren fluoride salt mixture is circulated for prenuclear testing.
Accordingly, an investigation of the characteristics of gas evolution
from graphite under conditions simulating these startup operations
is in progress.

The experimental program was divided into two parts. In one set
of experiments, gas evolution from graphite blocks placed in a circulating
stream of helium at 650°C is being studied. The second part of this
program is concerned with the removal of adsorbed gases from graphite
immersed in a molten-fluoride mixture.

Gas Evolution During Helium Purging. Initially the reactor core
of the MSRE will he heated to about 650°C at a maximum rate of approxi-
mately 30°C/hr while preheated helium is circulated through the core
at about 75 liters/sec. Accordingly, pieces of graphite (6 to 12 in.
in length) were canned in a manner that provided the same cross-
sectional configuration for flow as an MSRE moderator element, and
gas entry and exil ports were provided at eithcr end. Thie assembly
was mounted vertically in a tube furnace as part of the circuit of a
gas-circulating loop. The loop was constructed so that portions of
the gas stream emerging from the graphite block could be diverted
through a MEECO Model W Electrolytic Water Analyzer and a gas-sampling
system. The circulated gas stream was passed through a magnesium
perchlorate drying column and a cold trap to remove moisture. Based
on a uniform gas velocity through the MSRE reactor core, a flow rate
of about 2.5 liters/min through the experimental loop was assumed to
approximate gas purge conditions around each moderator element. A
simple programming device was used to control temperatures.

The data on evolution of moisture from a block of AGOT graphite and
from an as-received piece of ETL graphite are presented in Figs. 6.3 and
6.4. The predominant characteristics of the gas evolution were the
removal of physically absorbed moisture at temperatures below 100°C and
the removal of chemisorbed moisture over the temperature interval 200
to 400°C. The additional amount removed between 400 and 600°C should
be relatively inconsequential to reactor operations. In several experi-
ments, AGOT graphite specimens were pretreated with water vapor by
circulating moist helium through the loop. The data from subsequent
degassing, presented in Fig. 6.5, provide further illustration of the
characteristic bimodal behavior.
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Fig. 6.5. Results of Helium Purging of AGOT Graphite Lo Remove
Moisture That Had Been Added by Contact with Moist Helium.

Data on evolution of other gaseous impurities from AGOT graphitce,
as determined spectroscopically, are presented in Fig. 6.6. Since no
purification train, except for moisture removal, was included in the
helium circuit, these data demonstrate the accumulation and recombination
of impurities in the system and thus are not directly applicable to the
MSRE startup conditions.

Experiments are in progress to study various gas flow rates and
thermal conditions. Also the removal of air and carbonaceous gases
will be followed under conditions that better simulate MSRE operations,
and the results will be compared with data obtained by other experi-
mental techniques.”’

Gas Evolution by Immersion in a Molten Salt. When the primary
circuit of the MSRE is filled with the barren fluoride mixture for
prenuclesr test operations, additional adsorbed gas may be released
from the unclad graphite moderator. Also, the salt mixture is expected
to remove the oxide film from INOR-8 and to permit this source of fuel
contamination to be flushed from the system. A laboratory demonstration
of these processes was attempted in the following manner.

An experimental flush salt, LiF-BeF» (66-34 mole %), was prepared
in a copper container by conventional techniques. Treatment with HF
and hydrogen was continued until the analyzed oxide content of the melt
was less than 200 ppm. A portion of this melt was transferred into a

L. G. Overholser and J. P. Blakely, "Reactor Chem. Div. Ann.
Prog. Rep. Jan. 31, 1962," ORNL-3127, p 125.
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Fig. 6.6. Gas Evolution from AGOT Graphite by Helium Purging.

closed vessel of INOR-8 alloy that contained graphite, as described
below. A connecting gas manifold permitted a known volume of helium
to be circulated over the melt and sampled for spectrographic analysis.
Provisions were made to sample the melt periodically without serious
alteration of the gas-phase constituents.

Simulation of reactor conditions was based on duplication of the
ratio of salt volume to graphite volume and the ratio of graphite
surface areas. Right circular cylinders of AGOT graphite, 2, 1, and
1/2 in. in diameter, were held in a positioning rack that was submerged
in the molten-salt mixture. Agitation was achieved by slowly revolving
the graphite holder. ' '

The experimental data obtained thus far in this program are shown
graphically in Fig. 6.7. A possible conclusion from these results
is that the evolution of gas from the graphite should be of little
consequence to MSRE operations. Only a few tenths of a cubic centimeter
of carbon monoxide escapes into gas space per 100 em® of graphite per
100 hr, and there is little effect on the oxide content of the salt.
The initial rapid rise in oxide content resembles, qualitatively, the
expected dissolution of oxide scale from the INOR-8, but in general

the values for oxide content are puzzling.

Behavior of CF, in Molten Fluorides

Additional attempts to measure the solubility of CF4 in MSRE melts
brought the total to three experiments at 600°C and two experiments at
800°C in which the solubility was apparently below the limit of detection
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of about 10~ moles of CF, per cm® of melt per atmosphere. The experi-

mental equipment, described previously,® was recalibrated with argon,
and the data were found to be in agreement with earlier measurements
with that gas.9 Analyses by mass spectrometry of a mixture of CF, and
helium that was recirculated continuously at 70O or 800°C through
LiF-BeFs-ZrF4-ThF4-UF, (70-23-5-1-1 mole %) to which uranium turnings
had been added indicated a slow loss of CF. at TOO°C that reached a
rate of, perhaps, 4% per day at 800°C. Enough uranium had been added
to convert 20% of the uranium in the melt to UFs, but, for reasons not
fully understood, analyses for determining the reducing power of the
melt gave consistently negative results, that is, less than 0.1 wt % U3T.
The experiment. was interrupted by trouble with a gas line before the
rate of reaction at 800°C could be established with certainty.

8y. R. Grimes, N. V. Smith, and G. M. Watson, J. Phys. Chem., 62:
862 (1958).

®G. M. Watson, R. B. Evans IIT, W. R. Grimes, and N. V. Smith,
J. Chem. and Eng. Data, 7(2): 285 (1962).
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In static experiments at 7Q0°C involving 15 g of LiF-BeF-, (66-3k4
mole %) containing 1.45 wt % 3" (added as UF3 crystals), no evidence
of reaction of CF4 with the melt was found when a one-third excess
of CF4 was used in the cover gas during three trials in a 155-cm®
reaction vessel. The possibility that CF4 might react metathetically
with oxides at 600°C was also investigated, but the results were
inconclusive.

In experiments now being prepared, CF, will be brought into con-
tact with a reduced melt at a graphite interface to s€e whether the
rate of reaction will increase, and an attempt will be made to measure
the hydrolysis rate of CF4.

Analytical Chemistry

Determination of Oxygeﬁ in MSRE Fuel Mixtures

Work continued on the determination of oxygen in salt mixtures
by the inert-gas carbon-reduction method. A graphite crucible tapped
to accept a threaded plug that, in turn, screws onto a graphite spindle
is used to contain the salt. The plugged capsule facilitates the
loading of the sample within the dry box and subsequent rapid weighing.

The quartz tube that is used to provide an envelope for the inert
gas was modified by enlarging the dilameter of the central expanded
section and by inserting an inner quartz shell. These modifications
were intended to lengthen the useful life of the quartz tube.

Standard calibration curves were obtained by using metallic tin
standard samples of a known oxygen content that were supplied by the
Laboratory Equipment Corporation. The oxygen content of reagent-grade
LiF was assayed as a test determination. The value obtained was 250 *
4O ppm based on five determinations.

The method was further tested on samples of LiF-BeF,-ZrF4-ThF,-UF,
that were also analyzed by the KBrFy method® and the "triton" activation
analysis methods [0'®, (H®,n)F'®]. The measured oxygen concentrations
are listed in Teble 6.3.

Table 6.3. Results of Comparative Oxygen Analyses
of MSRE Fuel Mixture

Oxygen Content (ppm)

Sample ;
No. Neutron Activation Inert Gas Fusion
KB
rFy4 Method Method Method
4285 952, 963 804, 793, 706 897, 568, 550
4282 416 - 626, 668, 597 430, 425

4987 330, 386 VT, 45, 605 404, 604, 518
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Although the comparison is not as good as anticipated, the results
are in general agreement. Rather wide spreads are observed, however,
in the results of a single method. This was noted previously and is
possibly the result of (1) inherent errors in the methods used when
applied to fluoride salts, (2) inhomogeneity of the sample, or (3)
contamination during sampling and handling in the dry, inert-gas box.
The latter has been proved to be a definite cause of error in that the
results vary by a factor of 5 in some cases when the sample is
deliberately exposed to the atmosphere. It is not possible at this
time to eliminate either of the other aforementioned possibilities of
error, but efforts are continuing to ascertain the sources of error.

Determination of Oxygen in Graphite

Several methods were tested for the determination of oxygen in
graphite. The methods used to date include (1) fluorination with
KBrF4,'° (2) inert-gas fusion, (3) vacuum fusion, and (4) neutron
activation with 1l4-Mev neutrons. The graphite examined was high-purity
material, and the samples varied in weight from 50 to 250 mg. 1In the
initial tests the quantity of oxygen obtained by means of the first
three procedures was essentially equivalent to the representative
blanks for the procedures. Based on the weight of ‘sample used, the
oxygen concentration in the graphite was less than 50 ppm. Considerably
larger samples and attendant modifications of the apparatus would be
required to establish lower limits of sensitivity. For example, if
l-g samples were used, the oxygen concentrations as low as 10 ppm could
be determined.

Currently, efforts are being directed toward use of the neutron- -
activation technique using 14-Mev neutrons generated by the Cockroft- -
Walton generator. This method is nondestructive and capable of a high
sensitivity that depends only on the condition of the tritium target. -
Oxygen (0'®) in the graphite undergoes an n,p reaction upon irradiation
with high-energy neutrons to produce le, which has a 7.3-s half-life.
The gamma activity of the N'€ is counted using a gamma spectrometer
and a multichannel analyzer. Special pneumatic transfer of the sample
to the counter 1is necessary to achieve the ultimate sensitivity. Only
cursory results have been obtained thus far. It is planned to extend
this technique to oxygen determinations in other materials,

Homogenization of Radioactive MSRE Fuel Samples

Equipment was designed to remove and homogenize radioactive MSRE
solid salt samples preparatory to analytical manipulations.'® The

10G. Goldberg, A. S. Meyer, Jr., and J. C. White, Anal. Chem.,
32: 31k (1960).

11M. J. Gaitanis, C. E. Lamb, and L. T. Corbin, "Homogenization
of Molten Salt Reactor Project Fuel Samples," ORNL-TM-291 (August 15,
1962) .
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equipment includes a copper pulverizer-mixer and a copper sampling
ladle that contains the solidified fuel. The sampling ladle is placed
in the pulverizer-mixer, which is agitated on a mixer mill. The fuel
is fractured out of the ladle, pulverized into a homogeneous powder,
and transferred to a storage bottle. The homogenized fuel sample is
then available for analysis.
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FUEL PROCESSING

Work on the detailed design of the fuel-processing system, which
consists of a fluorination system for uranium recovery, was started.
Equipment in addition to that described previously1 is now included for
treatment of the salt with a mixture of hydrogen and hydrogen fluoride

for oxide removal.
in Fig. T.1.

FUEL OR FLUSHING SALT
FROM DRAIN TANKS

Hp-HF MIXTURE

OR FLUORINE
2
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A simplified flowsheet of the system is presented
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MSRE Fuel-Processing System.

In the proposed system, oxide removal is accomplished by sparging

the molten salt with an Ho-HF mixture.

The Hp, H20, excess HF, and some

volatile fission products, principally niobium, tellurium, and iodine,

1"MSRP Semiann. Prog. Rep. Feb. 28, 1962," ORNL-3282, pp 134-5.
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are evolved. The T50°F NaF trap removes the bulk of the niobium. The
HF-Hz0 mixture is condensed, sampled, and analyzed in order to follow
the progress of the treatment. The sample pot is emptied, after sparg-
ing, to the caustic tank, where iodine and tellurium are collected.
After sufficient decay, the caustic is sent to the liquld-waste tank
and the ORNL waste system.

Fluorination of the fuel salt volatilizes some fission products, in
addition to UFg, but an over-all decontamination factor of >10’ is ex-
pected. Additional decontamination from ruthenium, zirconium, and nio-
bium is obtained as the UFg passes through the T50°F NaF trap. The
uranium is collected as UFg+3NaF in the 180°F NaF absorbers. These are
portable units that will be moved to the Volatility Pilot Plant for
desorption and cold trapping. Excess fluorine will be disposed of by
reacting it with SOz at LOO°F. A relatively inert gas SO F- is formed
and can be safely sent through the Fiberglas filters and discharged to
the stack.

3

~
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8. ENGINEERING RESEARCH ON THERMOPHYSICAL PROPERTIES OF SALT MIXTURES

The mixture LizCO3-NazC03-K2C0s3 (30-38-32 wt %) has been proposed
for use in out-of-pile development studies relating to the MSRE on the
basis of similarity in properties to those of the MSRE fuel salt. Use of
this mixture will ease the handling problems because it is essentially
noncorrosive to stainless steel without a protective atmosphere, Meas-
urements of the enthalpy and viscosity of this salt are reported here.

Enthalgz

Experimental data on the enthalpy of the Li2CO3-NazCO3-K2COsz (30-38-
32 wt %) salt in the liquid state are presented in Fig., 8,1. Over the
temperature span 475 to 715°C the data can be represented by the equation

H, -H = 18.10 + 0.413 ¢
+ ~ H30°C 3t ,
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Fig. 8.1. Enthalpy of a Li2C03—NaQCO3-K2CO3 (30-38-32 wt %) Mix-
ture.

where the enthalpy, H, is in cal/g when the temperature, t, is in °C. A
linear fit was selected in view of the unusually large scatter in the data
(0 = 6.1 cal/g). The derived heat capacity is 0.413 cal/g-°C. The meas-
urements will be repeated with a freshly prepared sample of the salt mix-
ture in the hope of reducing the experimental scatter and establishing the
effect of temperature on the enthalpy and heat capacity.
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Viscosity

The viscosity of the Li2CO3-NazC03-Kz=C0s (30-38-32 wt %) mixture was
determined by efflux-cup measurements.l The kinematic viscosity (v = u/p)
in the temperature range 460 to 715°C can be expressed as

v = 0.024 "O1E/T

where v is in centistokes and T is in °K.

The density of the mixture has not been measured; however, assuming
ideal solution, the mixture density (based on individual component data)
is estimated to be

p =2.212 - 0.00039 t ,
where the density, p, is in g/cms and. the temperature, t, is in °C, The

absolute viséosity'of the salt, calculated using this estimated density,
is shown in Fig. 8.2. .

1"MSRP Quar. Prog. Rep. Jan. 31, 1959," ORNL-2684, p 65-67.

.
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