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SUMMARY

PART I. MSRE DESIGN, COMPONENT DEVELOPMENT, AND ENGINEERING ANALYSIS

1. MSRE Design

Design efforts on the MSRE continued on all fronts. Although findings of con-
tinuing studies necessitated some revisions, both the goals of the experiment and
the basic design of the plant remained unchanged. The reactor is to provide facili-
ties for demonstration of safety, dependability, and serviceability of molten-salt
systems and is intended to produce information on the behavior of graphite under
irradiation and in contact with molten salts.

The reactor, fuel pump, and heat exchanger will be located in the reactor cell.
A component and process-piping layout was completed with a check of thermal stresses
in the piping. Layout of auxiliary connections is in progress. Checking of thermal
stresses in the coolant piping is in progress. The drain-tank area layout is under
revision following the decision to eliminate freeze flanges from the drain lines in
the initial construction.

Detail drawings of the reactor were completed. A set of five molybdenum bands
was included in the midplane of the graphite core to restrain bowing of the string-
ers caused by the fast-flux gradient. Four "poison tubes" are intended to introduce
nuclear poison in the reactor to balance reactivity changes stemming from xenon
sorption or potential fuel absorption in the moderator graphite. The fuel fraction
in the core was raised to 22.5%, minimizing the nuclear consequences of such even-
tualities. The design of the air-cooled radiator and drain tanks was completed.

The off-gas system piping is designed to accommodate either fresh or recycle
helium. The xenon decay was increased to 72 days minimum so that the radiocactivity
of the stored helium should not exceed 15 curies.

Salt-containing lines and components will be provided with heaters capable of
heating the system to 1250°F. Heating units were designed for the reactor, drain
tanks, and piping.

Specifications were prepared for the single-arm remote-maintenance manipulator.
Design of individual tools and racks is in progress.

Heat-balance and neutron-level measurements serve as the indicators of reactor
power. Automatic control of reactor power appears necessary because of the slug-
gishness of the system and uncertainties of graphite. The poison tubes provide a
total of 12% Ak/k for control purposes. Interlocking functions will control the
heat withdrawal at the radiator.

Building and site improvements will be accomplished in four steps, scheduled
for completion by October 1961. Engineering is progressing consistent with this
goal. Shielding requirements were established, and specification and design of
services and utilities are in progress.



Construction work on the reactor will be divided between lump-sum and cost-
plus-fixed-fee contractors to accomplish the work most economically. The installa-
tion of the reactor is to be completed by July 1963.

2. Component Development

Design of an improved freeze flange for 6-in. molten-salt piping was completed,
and such flanges are being fabricated for testing. Freeze flanges of the original
design for 3-1/2-in. and 4-in. pipe passed a test consisting of 104 thermal cycles
without mechanical failure, although excessive gas leakage occurred.

Freeze valves opened by direct resistance heating, by induction heating, and
by Calrod heaters were tested successfully; the latter were adopted for the MSRE.

Prototype heaters for the MSRE piping and the core vessel were fabricated for
testing.

A sampler-enricher concept devised for the MSRE operates within a two-chambered
dry box located above and to one side of the reactor pit. A mockup of its drive
mechanism, latch, sample capsule, connecting tube, latch stop, and capsule guide was
built and tested. A solder freeze valve to isolate the sampler during maintenance
was developed.

Flow tests of the MSRE core were conducted in a one-fifth-scale model. Proper
flow distribution in the entrance volute, the vessel cooling annulus, and the bottom
plenum chamber was verified.

A test unit was built to evaluate titanium, uranium, and other materials for
use as high-temperature oxygen getters in helium streams.

A maintenance philosophy including both remote and semidirect operations was
evolved for the MSRE. The remote-maintenance demonstration facility was operated
successfully with salt following extensive maintenance, thereby completing the demon-
stration. The facility is being converted to the study of sample MSRE problems, the
first of which is replacement of the fuel pump. A one-twelfth-scale model of the
MSRE is being constructed; the reactor cell was completed.

A program to develop a remotely brazed joint was started. Several mechanical
disconnects for auxiliary lines were procured and tested.

Operation of long-term forced-circulation corrosion test loops was concluded.
Two natural-convection salt loops were placed in service to investigate the compati-
bility of graphite, molybdenum, and INOR-8 in MSRE fuel-.

A Tacility for water-testing the MSRE fuel pump was completed, and various
dynamic and hydraulic characteristics were determined.

The design of the hot-test prototype of the MSRE fuel pump was completed, and
fabrication was started. Procurement was initiated for cast INOR-8 hydraulic parts
and for the drive motors and the variable-frequency supply. An experiment was pre-
pared to determine the amount of gas back-diffusing from the pump bowl into the
lubrication system.

A survey was made of thermal stresses in the MSRE primary-pump tank, and cor-
rective design action was taken in those areas where the stresses are excessive.



The design of the hot-test stand for the MSRE fuel pump was completed, and
fabrication was started. Design of the water test stand for the MSRE coolant pump
was essentially completed.

- The pump containing a salt-lubricated journal bearing continues to operate
satisfactorily after T44O hr at 1225°F, including 72 stops and starts.

The small frozen-lead-sealed pump failed after 22,000 hr of operation, appar-
ently as a result of erosion of the shaft by metal oxides.

Design and fabrication of the MSRE engineering test loop were completed.

Several types of end seals are being developed for use as cold end seals for
mineral-insulated sheathed thermocouples in MSRE installations.

Remote electrical, thermocouple, and instrument disconnects have been developed
for use in the MSRE. Prototypes of the electrical and thermocouple disconnects were
fabricated and were tested in a remote-maintenance facility.

A float-type, electric transmitting continuous level indicator is being devel-
oped for measurement of salt levels in the MSRE pump bowls.

The feasibility of using inductance probes for single-point measurement of
molten-salt levels is being investigated.

3. Reactor Engineering Analysis

A number of survey-type calculations were performed to obtain information con-
cerning various alternative designs for the MSRE core. Dividing the core into two
or three concentric cylindrical regions having different fuel volume fractions did
not lead to sufficient decrease in circulating-system inventory or sufficient im-
provement in the power-density shape to justify the additional complications arising
in fabrication of a multiregion core.

The reactivity worth of the proposed control poison tubes was estimated using
a two-group, two-dimensional model with group constants derived from multigroup,
one-dimensional calculations. The results ihdicate that the proposed four tubes
have a total worth of 11% Ak/k and that the tubes may be cut off 1 ft below the top
of the core without serious loss of reactivity worth.

Preliminary nuclear calculations were completed for an MSRE core having the
fuel separated from the graphite by INOR-8 tubes. For a core with 8 vol % fuel
salt, insertion of 30-mil-thick 2-in.-diam INOR-8 tubes increased the critical
circulating-system inventory by about 70%; the percentage of fissions caused by
thermal neutrons decreased from 92% to about 88%; the average number of Ffission
neutrons released per neutron absorbed in fuel was reduced from 2.02 to 2.00; and
the temperature coefficient of reactivity due to expansion of the core salt was re-
duced by about 1%.

Estimates were made of the dose rates at various places outside the reactor
cell. Above the reactor-cell top plug, having a thickness of 7 ft of ordinary con-
crete, the dose rate during 10-Mw operation was estimated to be 90 mr/hr. Above
the drain-tank-cell top plug, having a thickness of 6 ft of ordinary concrete, the
dose rate immediately after draining the reactor core was estimated to be 62 mr/hr;
2 hr after draining the core this dose rate was 0.L47 mr/hr, and the integrated dose
over a long period of time amounted to less than 25 mr.
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PART II. MATERTALS STUDIES

4. Metallurgy

Examinations were completed on two INOR-8 forced-convection loops which oper-
ated with fluoride mixtures for 8,100 and 14,500 hr. Attack in the form of surface
roughening and pitting to a maximum depth of 1-1/2 mils was found in the former; the
latter showed no attack, except for the formation of a thin surface layer. Examina-
tions of two Inconel forced-convection loops, which operated with fluoride mixtures
for periods of 13,150 and 15,000 hr, revealed attack in the form of intergranular
void formation to maximum depths of 13 and 24 mils, respectively.

Two thermal-convection loop tests were started to determine the compatibility
of the system salt-graphite-molybdenum-INOR-8, with the molybdenum in intimate con-
tact with both the graphite and the INOR-8. The purpose of these tests is to con-
firm the feasibility of utilizing molybdenum bands to prevent lateral distortion of
the graphite bundle in the MSRE core.

During routine welder-qualification tests on INOR-8, weld cracking was observed
in some heats of material. A study is therefore being made to determine the reasons
for the cracking and to develop methods for alleviating the condition. The addition
of 2 wt % Nb to INOR-8 appears to completely overcome weld-metal cracking on the
materials investigated. The Rensselaer Polytechnic Institute hot-ductility test is
being used to determine the base-metal cracking susceptibility of several heats of
INOR-8. Heats which have been shown to be subject to heat-affected-zone cracking
also have exhibited poor hot ductility in this test.

The development of techniques for producing solidified-metal seals for molten-
salt reactor applications is continuing. An INOR-8 sump-type seal with gold-copper
alloy operated successfully for ten closures. A metallographic evaluation of a
Reactor Division sump-type seal was also conducted. A seal utilizing an impregnated-
metal-Tiber compact was also successfully operated, and the experiment is described.

Investigations of Ni-Mo-Cr-Fe alloys had shown that an intermetallic compound
formed at compositions above the upper limits specified for INOR-8. The investiga-
tion was continued to determine whether or not the intermetallic phase would form
in alloys within the upper compositional limits of INOR-8. Microstructural examina-
tions were made of a number of alloys with compositions within the range of interest
which had been heat treated for various times and temperatures. The results of this
investigation to date strongly indicate that the intermetallic phase will not pre-
cipitate from alloys within the compositional limits of INOR-8.

The allowable design stresses for INOR-8 were altered as a result of the ac-
quirement of more complete properties data and the application of more critical
criteria. These criteria include a consideration of radiation damage effects.

Tensile data were obtained for cast INOR-8 and creep and stress-rupture testing
is projected.

A study of the effect of notches on INOR-8 stress-rupture characteristics was
started. Initial results indicate that a notch with a 0.005-in. radius does not
significantly weaken the material.

A radiographic technique was used to determine the distribution of LiF-BeFo-
ThF)-UF)L (67-18.5-1L4-0.5 mole %) salt in specimens of nine grades of low-permeability
graphite following their exposure to the salt for 100 hr at 150 psig at 1300°F. It
indicated that graphite can be made that will take up salt only in shallow (<50-mil)
surface impregnation under the above conditions.
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The quantity of salt that can be forced into graphite may be increased by
prior heating of the graphite in air, which probably enlarges the pore spaces of
the graphite.

When in contact with oxygen-contaminated graphite at 1300°F, LiF-BeFo-ThF)-UF),
(65-30.5-4-0.5 mole %) precipitated uranium as UOs. Under similar conditions,
LiF-BeFo-ThF),-UF), (67-18.5-14-0.5 mole %) did not develop a precipitate that could
be detected radiographically, while LiF-BeFo-ZrF)-ThF)-UF), (70-23-5-1-1 mole %)
developed a precipitate of monoclinic ZrOp. No other oxides were identified in the
precipitate by powder x-ray diffraction analysis.

Oxygen was not removed effectively from grephite by 20- and 100-hr purges with
molten LiF-BeF,-UF), (62-37-1 mole %) or LiF-BeFp-ThF)-UF) (67-18.5-1L4-0.5 mole %).
Similar purges with NaF-ZrF)-UF) (50-46-L mole %) were more effective, although
this salt mixture does not remove all the oxygen.

Twenty-hour treatments of graphite by the thermal-decomposition products of
NH),F-HF at 1300°F (704°C) appear to effectively remove oxygen from graphite, so that
it can contain LiF-BeFs-UF), (62-37-1 mole %) for periods greater than 2000 hr at
1300°F (704°C) without a detectable precipitate forming.

In 100-hr exposures of INOR-8 to the thermal-decomposition products of NH)F-HF
crystals at 1300°F, a 0.0005-in.-thick reaction layer was produced on the INOR-8.

5. In-Pile Tests

The first two MSRE graphite-fuel capsule experiments (ORNL-MTR-47-1 and -2),
each containing four capsules, were examined in hot cells at the Battelle Memorial
Institute. 1In these capsules, delicate bellows were used for encapsulating graphite
immersed in fused-salt fuel. Of the eight capsules examined, only one was found
intact; the bellows walls had ruptured in the other seven. It is believed that ex-
pansion of the molten-salt fuel on melting (following a reactor scram) caused the
ruptures. Examination of the graphite specimen from the intact capsule is discussed
below.

A new capsule design has been made for the third experiment, based on somewhat
different criteria. One objective of this experiment, which also contains four cap-
sules, is to study samples of graphite that have been irradiated under conditions
more extreme than those expected in the MSRE reactor. For this purpose two of the
four graphite samples will be impregnated with a modified MSRE fuel. A second ob-
jective is to detect changes in the wetting characteristics of the fuel in contact
with graphite under high-temperature irradiation. For this purpose two capsules
will contain unimpregnated graphite of a type similar to that of the MSRE. A third
objective involves the inclusion of specimens of molybdenum, INOR-8, and pyrolytic
graphite in contact with both the graphite and the fuel to demonstrate the compati-
bility of the principal components of the MSRE system. The four capsules consist of
heavy-walled INOR-8 cylinders, each containing a 1-1/k4-in.-diam 3-in.-long graphite
cylinder. The upper half of each graphite cylinder is machined in the form of a
boat-like cavity to contain 5 cc of molten-salt fuel, in which the pyrolytic graph-
ite and the metal specimens will be suspended. The remainder of the experiment
assembly is similar to that of the previous experiments.

Results of the postirradiation examination of the ShA graphite specimen from
ORNL experiment 47-2 at Battelle Memorial Institute are given. Examination of the
external surfaces of the graphite, up to 34X magnification, revealed that the sur-
faces generally appeared to be unaffected by the irradiation. A study of a cross-
sectional face of the cylindrical graphite specimen by autoradiography and core-
drilling indicated that the major portion of the fission-product activity was on
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or very near to the exposed surfaces except for a plane of porosity that extended
longitudinally through the cylinder. Intrusion of fuel salt occurred through this
fault. The remainder of tﬂe interior graphite was relatively free of radioactivity
with the exception of Cs13 »137 Data derived by Battelle are not sufficient to
distinguish between mechanisms which could explain the presence of cesium in these
internal areas, and additional radiochemical studies are being conducted on the
specimen at ORNL.

6. Chemistry

The MSRE fuel composition has been revised to include 5 mole % ZrF), and is now
LiF-BeF,-ZrF),-ThF),-UF), (70-23-5-1-1 mole %); the melting point is 4L2°C. The pur-
pose of the ZrF), is to serve as an oxide scavenger and to provide protection against
precipitation of UO,. When the ZrFM/UFu mole ratio in the liquid is high enough,
excess oxide under equilibrium conditions causes precipitation of ZrO, rather than
UOs. The protection due to ZrF) remains effective until the ZrFu/UFu mole ratio
falls to about 2. Also, at higher ZrF), concentrations there may be a beneficial
effect due to complexing of oxide ions by species such as Zro*e,

The density of the fuel, given by the equation, p(g/cc) = 2.84 - 0.00056t(°C),
is about 2.5 at reactor temperatures; at these temperatures the vapor pressure is
negligible.

Slow freezing of the fuel, under conditions which favor segregation, gives an
initial solidification of phases such as 6LiF-BeF2°ZrFu, thereby depleting the ZrF),
concentration in the remaining unfrozen liquid.

Confusion was resolved in regard to the melting point of the MSRE coolant
(LiF-BeF,, 66-3Lk mole %); its melting point is 450°C.

The solubility of BF3 in MSRE-type fuels is about 1000 times that of noble
gases and is in a suitable range for nuclear control schemes involving a volatile
poison. Tests of the retention of BF3 on graphite gave a favorably low answer of
about 10 ppm.

Xenon poisoning due to diffusion of xenon into the unclad graphite considered
for use in the MSRE is more serious than was previously recognized and is difficult
to remedy by merely decreasing the permeability of the graphite. The concentration
gradient controlling the diffusion of xenon in the graphite tends to steepen sharply
with lower gas permeabilities, giving an increased driving force which tends to
counteract the benefits of an increased resistance.

The capillary behavior of MSRE fuel in graphite corresponds satisfactorily to
the nonwetting performance expected from estimated surface tensions and measured
densities, at least in clean systems. Exposure of the salt and graphite to air
leads to the formation of oxide films at the interface and to superficial manifesta-
tions of good wetting.

Proposed procedures for chemical analysis of the operating MSRE fuel are being

actively developed. The problem is primarily one of modification of existing pro-
cedures to adapt them for use in the High-Radiation-Level Analytical Facility.

T. Engineering Research

The enthalpy of the MSRE fuel mixture (LiF-Bng-Zth—ThFu—UFh, 70-23-5-1-1
mole %) was determined over the temperature range 100 to 800°C. The mean value for



the heat capacity of the 1liquid (between 550 and 800°C) was calculated to be 0.451
cal/g-°C; this agrees well with the value 0.458 cal/g-°C estimated from an empirical
relationship developed from data for similar salt systems. A preliminary value of
0.53 cal/g-°C was obtained for the heat capacity of the coolant mixture LiF-BeF2
(68-32 mole %) between 400 and 650°C.

Initial measurements of the viscosity of the fuel mixture LiF-BeFo-ZrF)-ThF)-UF),
(70-23-5-1-1 mole %) indicate that, although the over-all results scatter widely,
kinematic viscosities based on the lower limits of three sets of data are in reason-
able agreement. Thus, at 650°C the data range from 2.05 to 3.15 centistokes and at
800°C, from 1.2 to 1.8 centistokes.

The study of heat transfer for the mixture LiF-BeF,-UF)-ThF), (67-18.5-0.5-14
mole %) flowing in heated Inconel and INOR-8 tubes was discontinued after 7050 hr of
circulation. A preliminary analysis of the data showed no significant trend as a
function of the exposure time. The data lie on the average 25% below the general
heat-transfer correlation for other normal fluids in the range Np, =10,000 to 20,000.

8. TFuel Processing

Rare earths, but not ThF), have a high solubility in solutions of SbF5 in anhy-
drous hydrogen fluoride, which may have application to the problem of recovering
decontaminated ThF) from MSBR blanket salt. The LiF compound formed with this rea-
gent, LiSbF,, was a monoclinic crystalline compound. It was found to be stable to
temperatures of 600°C or more, compared to a boiling point of ~150°C for SbF5.

MSRE fuel carrier salt (LiF-BeFs, 63-37 mole %) dissolved in boiling 90% HF -
lO% water at an average rate of about 50 mils/hr for the first 10 min, but the rate
dropped to <10 mils/hr subsequently. The decrease in rate was probably due to a
layer of soft material on the surface of the salt, which dissolved more slowly than
the LiF.

A laboratory-model steady-state fluorinator was operated in four runs which
demonstrated that uranium could be recovered from a salt continuously. The primary
problem was corrosion, probably because the design of the apparatus required opera-
tion at high temperatures. With a 4O-min salt residence time and excess fluorine,
~98% of the uranium was removed in a one-stage fluorinator at about 650°C.






CONTENTS

SUMMARY . .itiitentrneneeneeoerssaneonsensrooncasseraossnscnsonss P B |
PART I. MSRE DESIGN, COMPONENT DEVELOPMENT, AND ENGINEERING ANALYSIS

1. MSRE DESIGN uuereeueotososeosoosssososossscoseosssascessannnnnnssans 1
Introduction ....cceevveeeen. teseeeesenn cereeecenans cesescceaen 1
Reactor Core and VeSSl ...eeveeeeeeeroscesceeencenconnocacnsas 2
Fuel Heat EXChanger .veeeeeceseteterecaseseceoooceencooesononas I
Radiator ...... Cecserenssesesssstaanosnons ctecrecsesesrnesroane 5
Drain Tanks ....... Cseasecvesssesssestnsersens ceseesscessarosnn 9
Equipment Arrangement ........ceieettiirenreiiiiiitcntttacceees 12
Cover-Gas System .ueeeieeerireeeorsesssceosssosssesosscsanenns .. 15
System Heaters ..eveeeevecoceesoescnses T
Design Status of Remote-Maintenance System ..... Y ~'0)
Reactor Control Design .veeeeeereceereeeeeenssessnssnsaossnnses 20
Design Status of Building and Site .v..ieeereersescesccceesenes D0
Reactor Procurement and Installation eceeeeeeeceescoceoseococss 23

1.12,1 Division of Work and ScheduUlesS ...eceeeeevesessecenens 23

1.12.2 Procurement of Components ...eeeecessescescoscsoceeaes 2l

. . .

k= = 0 D VU =0 1O =

= O

.

e e el e

.

2. COMPONENT DEVELOPMENT ..ucvvueveeeeceoenosossnsososasosssssansancecaes 26
2.1 Freeze-Flange Development ...c.cececessssosssssnsososcscnceaeeces 26
2.1.1 MSRE 6-in. Flanges ..veeeeecesnceoccerssncecrenncenssns 26
2.1.2 Freeze-Flange Thermal-Cycle Tests ..vvvvveevennneeennes 27
Freeze Valves ...uuuieetininiiieertecnrnonrtncnnsencnnnnscennnnes 27
Heater Tests tivieeieeceeeeconcesnnonss S o Yo
2.3.1 Pipe HEaLerS .ucueieeereeeeececnserssessssssnsssnnneses D8
2.3.2 Core Heater ...cevinrecnerenconennennesncanennsnssnnans 31
2.4 Sample-Enricher DeveloPMENt ...uvsesueesneesnoseneconnecsnnases 31
2.4.1 Sampler-Enricher Concept +eeueeeeeessveeseesenesnnesaae 31
2.4.2 Sampler-Enricher MocKup «...eeeevuneenuncsss ceeeeeeeees 33
2.4.3 Solder Freeze VAIVE ...veevenernrnennenensnneaneanennss 33
MSRE Core Development ....ceeeeeeeeerocencnsansssocsnssnens cees 37
Helium Purification ......eievvieerccnncannns D ITo)
MSRE Maintenance Development ..c.eeeeeeeeees.. D ITo
2.7.1 Maintenance Philosophy ..eeveceecee. B 7o
2.7.2 Remote-Maintenance Development Fécility B ITe)
2.7.3 Semidirect and Remote TOOLS .vvevvsscvrsocnrencennsnans L2
2.T.4 MSRE MOAEL tuvvrrennnveesosonnnoeeeeonnanoensnneennnnns L2
Brazed-Joint Development ..eeeeeeeeeeeeeesesoooseocsooscasnsses Lo
Mechanical-Joint Development ..... P 17
Forced-Circulation Corrosion LOOPS seeeseeceececaeosencennonsss Ll
Graphite-Molybdenum Compatibility Test ..eeveevesvecesnsonenees Ll
Pump Development ....eeeieeeireeecererseerossoeeonoccsnoaconnnss L7
2.12.1 MSRE FUELl PUMlD +svvsruerevosceooscoosceessconeseonnass L7
2.12.2 MSRE Coolant PUMP seevvevverrserennoruesoasnsnnoss eees 53
2.1
2

o [\VIN)\V)
w

S0

[ACIEAVIE \VIR\V I V)
K;F—"—‘\OCD
O

.12.3 Advanced Molten-Salt PUMDS «veeevreveeencosononseas «e. 53
2.4 Frozen-Lead PUMP S€8L . veeeeseeerseenonesossoceenensnns 53
2.13 MSRE Engineering Test LOOD +vveevvrrirenrnniosseennanseennanses 53

xi



3.

L,

5.

6.

xii

2.14 MSRE Instrument Development «..ueeeeeeeveseoeoncoeeses Ceeee .
2.14.1 Thermocouple End S€8LS +vvveeerrreenneennnenenns et
2.14.,2 Instrument and Power Disconnects ..... teveccecesecnass
2.14.3 Pump-Bowl Level INdicator .eeeeeeeeeeeenneeeneesnnnsns
2.14.k  Single-Point Level DeviCe .uuvuureereernnneeereonnnnss
REACTOR ENGINEERING ANALYSTS tiveveeeeccsanenns Ceveessesenan . -
3.1 Criticality Calculations ..eeeeeseeeeeeceeeesosonsseossosnneoes
3.2 Reactivity Worth of Control TUDES .eveeeseoseeanceroeeonnnnonss
3.3 Preliminary Calculations for Core Containing
INOR=8 TUDES e evsvssonusoesannnoeeeosannnnosesasnnaocsssness
3.4 MSRE Biological Shielding and Associated Dose Rates ......... -

METALIURGY +vveevveeososensnooosssssnssnss

k.1

k.2

IN-P
5.1
5.2

PART II. MATERIALS STUDIES

L A A I I I R R R R R A I N A A A S I IR S ST

Dynamic-Corrosion StUAIes .iveeeeeeseereerreeoncennsennsoaes
1 Status of Test Prograll vueeeeeeeeeeeeeeonooscooocnnnssss
2 Examination of INOR-8 LOODS +evevveroernnennsnnsnoennes
3 Examination of INconel LOODPS ceeeeeererreeonsanncsnnsas
L Molybdenum-Graphite Compatiblllty Tests vvvvreeeennnnss
ing and Brazing Studies .....cviiiieenrrirrceeeeneeeennsons
1 Welding of INOR-8 tiuveunerrrnnernnsnoennennesnenns
2 Solidified-Metal Seal Development Ceeseseccasannnn ceees
3 Sump-Type Seal Development ...eeeeeceeeseeeneess e
i Metal-Fiber Seal Development .....eeeeeeeeesess.. ceeeas
8 Development .veeeeeeeesneeennonnnnnns Ceeees Ceeees

4.3.1 Structural Stability of 18% Mo Alloys e
Mechanical Properties of INOR-8 .uvvvevevereeesonreonooocoennons
TImpregnation of Graphite by Molten Salts .....cvvveeeeecennness

4.,5.1 Permeation Screening Tests on Large and

Small PiPe toveerecenoeoeovenooonsnsnesonossonoanosss

4.5,2 Oxidation and Permeation ......c..... e e trere e
Precipitation of UOp from Fluoride SaltsS .e.eevevecosooscocssss
Precipitation of ZrOp from MSRE FU€l ..iveiveiveevonsscoonocoonnsss
Removal of Oxygen Contamination from Graphite ...c.ceceeeceeen.

4.,8.1 Purging with Molten Fluorides .......... eeereesaeseaen

4.8.2 Purging with Ammonium Bifluoride ...oeseeecvesesescoonss

4.8.3 Reaction of INOR-8 with the Thermal-

Decomposition Products of NH4FHF ....vevvvecesonnans

.1
1.
1.
1.
di
2.
2.
.2,
2.
R-

E:#rrmrrrr

ILE TESTS tueveeeueceeoscooosoesseosnssessensssnsasoasosaseansaonsss

Graphite-Fuel Capsule Experiments ....ceceecesasscocsssosccsscss
Examination of Graphite Specimen from Experiment
ORNL=l T2 t4usuienesosnanosesessaossnssocsssssossesossssosass

CHEMISTRY teeeveeeoevsoncosoraosesncancnocnsossossoosassssansansocnnses

6.1

Phase Equilibrium Studies ....c.eeeeeerececveorecrscseccoccssssns

6.1.1 The System LiF-BeFo-ZrFa-ThF4-UF4 «veeeeeevcvoncnennas
6.1.2 The System LiF-BeFo-ZTF4 vuveereecnerersosnsonnensones
6.1.3 The System LiF-BeFo cveeeeeeereerosnoerancocnsncnannns
6.1.4 Phase Equilibria in the System NaF-BeFo-ThFs ...coc...
6.1.5 The System CSF-ZrF4 +veevererreeneneoseonseneaneneeans
6.1.6 Crystal Structure of LiF:SbF5 cveeeeeerereeereoenences
6.1.7 Index to ORNL Work on Fused-Salt Phase Studies .......
6.1.8 Solubility of HF in Molten Fluorides ..eeeeeeeseeesocss
6.1.9 Solubility of BFz in MSRE-TYDe FUELS «eveveveeecnnenns
6.1.10 Freezing-Point Depressions in Sodium Fluoride ........

59
59
61
64

67

T0
70
T2

3
13

100
100

102

109
109
109
110

111

1li2
113
113
11k
119



7.

8'

6.2

6.3

6.4

6.5

xiii

Oxide Behavior in FUELS .eveessessecocssoccscssossasocossncassse
6.2.1 Identification of Oxides Precipitated from Fuels ......
6.2.2 Removal and Precipitation of Oxides from Fuels ........

Physical Properties .eeeesseecesecosesssscscesssssssoocssassosos
6.3.1 Density of MSRE FUEL .ivvvverersscnsnsosssosossscansnns
6.3.2 Stochastic Correlation of Densities of Molten

Fluoride FUEls seeeereeseoecsssevescssccsssoscnssooses
6.3.3 Empirical Equation for Fluidity in LiF-BeFo-UF,
SYStemMS tevvevrsesrseesnsessoecsscsnssssssosssncssonssess

Graphite Compatibilibty ..ceeececceereccescocosocoscsosacssoceses

6.4.1 Xenon Diffusion in Graphite: Effects of Xenon
Absorption in Molten-Salt Reactors Containing
Graphite ...veeeeeseecececceesencccesoscsoscocrocnonse

6.4.2 Wetting of Graphite by MSRE Fused Salt ...eceveeceasses

6.4.3 Retention of BFs on Graphite in a Molten-

Salt Reactor .eoiveerorsecoscssscsesnosossocscscsscsess

Analytical ChemiStry ceeeeeecsesscecscoeoacessesososrssococcscasasces
6.5.1 Proposed Procedures for Analysis of the

MSRE FUEL tvvevevrcssoccoessssossessrsssscnsonsnnsses

6.5.2 Stripping Rate for CO» from Water in an
MSRE Pump-Demonstration System ...ceccvveecesccsosess

ENGINEERING RESEARCH. .¢ceveeeocecocseesocsscaoccscossoossacsssasansons

T.1

702

Physical-Property Measurements ...ieeeeeesecssosssssssoscncncsss
T.1l.1 Enthalpy and Heat Capacity ...ccoeeevevcccoccvcocsnnens
Teli2 VisCOSILY teeeecvoncrsessesssossesaosessossosssssnsssosscs

Heat-Transfer Studies ...cecieescsscsssocssossoscscncsnccssscces

FUEL PROCESSING vecvocecocsococososasosccosscocsssoosansnssoansasoansesnns

8.1
8.2
8.3

SbFg-HF SOlULioNS eeceecceccreccsccesrsosessssscssoesossssnscsnsans
Dissolution Rates for MSRE Fuel Carrier Salt .i.eeecsesessscane
Steady-State Fluorinator ....ceeeeececcsccecscescacossscosscseos

119
119
120
122
122

123

125
126

126
129

130
130

130
134

138
138
138
139
140

143
143
14k
145






PART I. MSRE DESIGN, COMPONENT DEVELOPMENT,

AND ENGINEERING ANALYSIS

1. MSRE DESIGN

1.1 INTRODUCTION

During the past six months, several revisions were made in the original MSRE
concept. The major concept did not change, however, and a large amount of design
work was accomplished. A very brief restatement of the original plan will be made
before taking up in some detail the features that have been modified.

The reactor consists of a graphite-moderated core encased in an INOR-8 con-
tainer, through which is pumped a molten-salt mixture consisting of LiF, BeFo,
ZrF),, ThF),, to which is added enough U235 in the form of UF), (approximately 0.25
mole % UFh) to achieve criticality in the core. The reactor vessel, fuel circu-
lating pump, and heat exchanger are located in the reactor containment cell.

The non-fuel-bearing coolant salt, LiF-BeF, (66-34% mole %) circulates through
the tube side of the heat exchanger and through the air-cooled radiator located out-
side the reactor cell. The coolant circulating pump is also located outside the
cell in the same general region as the radiator.

Drain tanks for the fuel salt are located in the drain-tank cell separate from
the reactor cell but having the same atmosphere and pressure requirements. One
addition was made to the drain-tank complex; a fourth tank for storage and subse-
gquent batch-dispensing of spent fuel has been added. This fourth tank is located
in a separate but adjacent cell.

The essential changes in design have arisen from two insufficiently understood
properties of graphite: the extent of its permeation by fuel salt and the amount
of xenon holdup by the graphite.

Experiments have generally established that the fuel will permeate only ~1
vol % of certain grades of graphite. This degree of permeation occurs, however,
in the absence of radiation and the possible complications imposed by fission-
fragment recoils in the graphite. At this stage there are not enough in-pile data
to warrant complete assurance that greater permeation will not occur in the reactor.

This lack of knowledge has brought about two modifications of design. One of
these is the ‘increase of fuel fraction within the core from 12% to 22.5%. This in-
crease minimizes the reactivity change associated with soaking of graphite by the
fuel. It has an additional beneficial effect in that it reduces the concentration
of uranium and therefore results in a lower fuel inventory. The only accompanying
adverse effect is an insignificant rise (~30°F) in hot-spot temperature in the
core.



The second design change involves the addition of poison tubes within the
core. TFour l-in.-diam inverted thimbles are now inserted in the core and provide
means for inserting or removing liquid poison in a controlled manner. The tubes
provide ample poison for overriding complete saturation of the graphite by fuel.

The absorption of xenon by the graphite has been studied theoretically and
experimentally; and with the gas permeability of the graphite expected to be used
in the MSRE, it is apparent that the xenon poison level will be 2 to h% Aﬂqﬁg
The poison tubes can be used to compensate for the decay of xenon after reactor
shutdown.

A third change in the design, also dictated by the indeterminant status of
the graphite problem, involves a better method of sampling the core graphite during
the course of the experiment. An additional penetration into the top of the re-
actor vessel has been provided. Through this penetration, with a minimum of incon-
venience, a sample of graphite can be removed from the core for study.

It is obvious from these design changes that, in addition to establishing
the safety, dependability and maintainability of the molten-salt reactor system,
a fourth objective has been added to the project. This objective is to establish
the feasibility of unclad graphite as a moderator for the molten-salt reactor.

Except for the changes referred to, the MSRE design proceeded in accordance
with the original plan. Component design, system layout, building-alteration de-
sign, and services provisions progressed satisfactorily. Detailed discussion of
these design phases follows.

1.2 REACTOR CORE AND VESSEL
¥

A number of significant changes to the reactor core and vessel were made
during the period covered by this report. Briefly they are: the flow rate was
reduced to 1200 gpm, the core inlet volute was changed to a flow distributor, the
fuel volume in the core was increased to 22—1/2%, a poison system was added, a
method of sampling graphite near the outer periphery will be added, a neutron
shield was incorporated in the head, and other minor changes were made.

Detail drawings of the reactor were completed and were submitted for review.
Checking of all drawings is in progress.

The reactor receives the fuel salt from the cold end of the fuel heat ex-
changer. Once in the vessel the salt passes down in a l-in.-wide annulus in a
helical path. The swirl is stopped at the bottom of the vessel, and the fuel
flows upward through the graphite-moderated core, through the holes of the neutron
shield, and finally leaves through a bellmouthed outlet pipe.

The original core design was changed in several respects. These changes were
necessitated by:

additional nuclear information,

results of hydrodynamic data on the l/5-scale model,
investigation into the behavior of graphite under irradiation,
fabrication difficulties of the first design.

=w -

Significant design data are presented in Table 1.1.



Table 1.1. Reactor-Vessel Design Data

Structural material INOR-8

Core vessel
ID 58 in.
Wall thickness 9/16 in.
Design pressure 50 psi
Design temperature 1300°F
Fuel inlet temperature ll75°F
Fuel outlet temperature 1225°F

Inlet

Flow distributor

Annulus ID 56 in.
Annulus OD 58 in.
Over-all height of core tank ~8 ft
Head thickness 1 in.

Inlet pipe 6-in.-0D tubing, 0.203-in. wall
Outlet pipe 8-in. sched-L40 pipe
Core container
D 55-1/2 in.
Wall thickness 1/ in.
Length 68 in.
Graphite core
Diameter 55-1/k in.
Core blocks (rough cut) 2 x 2 x 70 in.
Number of fuel channels 106k
Fuel-channel size 1.2 x 0.400 x 63 in.
Effective reactor length ~65 in.
Fractional fuel volume 0.400

Changes in the fuel composition resulting in an increased density and specific
heat made it possible to lower the flow rate to 1200 gpm and obtain the 50°F
desired At.

The fuel volume was increased to 22—1/2% by increasing the width of the chan-
nel to 0.4 in., maintaining the length at 1.2 in., but with semicircular ends.
The reduction in flow rate and increased volume lowered the velocity to approxi-
mately O0.72 fps and the Reynolds number to approximately 1200. The flow in the
annulus remains turbulent, and maintaining the core wall at a reasonable tempera-
ture presents no problem.

The fuel flow passages will be machined in the four faces of the graphite
stringers, but no cross-communicating channels will be provided. Five molybdenum
bands will cover the middle one-third of the matrix. It is possible that a full
cross-sectional break could occur in a graphite stringer. Should this happen,
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the upper piece would tend to float upward approximately 3/4 in., creating a fuel
pocket 2 x 2 x 3/M in. This fuel, being relatively stagnant, might reach a very

high temperature. To prevent this possibility, an INOR rod will be placed hori-

zontally through the upper ends of the graphite blocks, one rod in each row.

The coarse screen at the top will not be used, but a neutron shield will be
placed in the upper head. This shield will be a large INOR-8 casting of circular
shape but varying in thickness from 4—3/h in. near the outer edge to approximately
8-3/k in. at the center. It is perforated by 1-1/8-in.-diam holes on a 2-in.
square spacing.

The antiswirl vanes in the lower head extend radially 11 in. toward the center
from the outer periphery. This reduces the radial pressure difference to approxi-
mately 0.3 in. of fuel salt. The pressure drop across the graphite lattice sup-
porting the stringers is approximately L4.5 in., which, being large in comparison to
the radial pressure difference, assures good flow distribution to the vertical fuel
channels.

A poison-tube system (shown in Fig. 1.1) was added for control during startup
and to compensate for xenon poisoning effects. Poisoning will be accomplished by
means of a molten salt composed of Li and BeF,. In the reactor the poison salt
will be contained in four 1-in.-OD 0.065-in.-wall tubes, each separately controlled.
The tubes enter the reactor vessel through the lower head on a L-in. radius and ex-
tend through the graphite stringers to the upper end where they are capped off.

The section of the tube which passes through the lower head is a 3/h-in. pipe and
joins the 1-in.-0D tube Jjust inside the vessel. Outside the reactor vessel a
l/2—in. pipe goes to a reservoir located just above the flow distributor, thus
forming a U-tube. A l/h—in. tube enters the 1-in.-0D tube through an elbow outside
the vessel head and extends to the upper end where it terminates open-ended. Gas
pressure is required to keep the poison out of the reactor, thus providing a fail-
safe condition.

A penetration will be provided in the top head near the outer periphery for
removing graphite samples without removing the pump. Details of the method of re-
moval have not yet been determined.

The fuel inlet volute was replaced by a flow distributor. The distributor is
composed of a perforated section of the vessel wall and a constant-area casing
around the outside of the vessel enclosing these holes. The holes are 3/h in. in
diameter and enter the vessel wall at a 30° angle to the tangent to the outer vessel
surface. This arrangement provides the swirling flow desirable in the annulus. The
holes have a variable circumferential spacing to provide a more even flow distri-
bution to the annulus. The reactor with these changes is shown in Fig. 1.2.

1.3 FUEL HEAT EXCHANGER

The design of the heat exchanger was revised to compensate for changes in com-
position and properties of the fuel and coolant salts. Revised design data are
shown in Table 1.2.

Drafts of heat transfer and pressure-drop design reports were completed. A
summary of stress calculations was also drafted. Specifications were approved.
According to the specifications the fabricator will be responsible for detail de-
sign and completion of the stress analysis.
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Table 1.2. Primary-Heat-Exchanger Design Data

Structural material INOR-8
Heat load 10 Mw
Shell-side fluid Fuel salt
Tube-side fluid Coolant salt
Layout 25% cut, cross-baffled shell
and U-tubes
Baffle pitch 12 in.
Tube pitch 0.775 in.
Tube
Outside diameter 0.500 in.
Wall thickness 0.0k2 1in.
Active shell length 6 Tt
Average tube length 1L £t
Number of U-tubes 165
Shell diameter 16 in.
Over-all length ~8 ft
Shell thickness 1/2 in.
Tube-sheet thickness 1-1/2 in.
Design temperature 1300°F

Design pressure

Shell 50 psig
Tube 15 psig
Terminal temperatures
Fuel salt Inlet 1225°F; outlet 1175°F
Coolant salt Inlet 1025°F; outlet 1100°F
Exchanger geometry Parallel-counter flow
Effective log mean temperature difference 133°F
Active heat-transfer surface area 259 ft2
Fuel-salt holdup 5.5 ft3
Pressure drop
Shell side 2k psig
Tube side 29 psig

1.4 RADIATOR

The design of an air-cooled radiator coil, enclosure, and superstructure was
completed, and drawings were submitted for checking and review. A few minor
changes in the physical arrangement as previously reportedl were made, and Table
1.3 gives the current radiator-coil design data.
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Radiator-coil tube spacing (see Fig. 1.3) was changed from a l-l/2—in. tri-
angular pitch to a diamond pitch arrangement. Spacing of tubes within a given row
was maintained at 1-1/2 in., but the spacing between tube rows was changed from
1.30 in. to 1-1/2 in. Alternate tube rows were staggered to give a transverse
spacing between tubes in adjacent rows of 3/h in. The change in tube spacing de-
creased the air-side pressure drop from 11.6 in. H,0 to 9.9 in. H,0 (ref 2).

%

Fig. 1.1. MSRE Poison-Tube System.

The subheaders were redesigned to be forged from solid stock and bored to nom-
inal 2-1/2—in. sched-40 pipe dimensions. This change eliminated a difficult weld-
ing situation by providing integral forged and bored nipples on the subheaders to
which the radiator tubes will be welded. It also eliminated the need for a sepa-
rate line previously required for draining the subheaders.
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The main header was made 8 in. in inside diameter with a 0.5-in.-thick wall to
provide enough material for drawing nipples to which the subheaders will be welded.

The salt-side pressure drop was recalculated and was found to be 21.4 psi

(ref 3).

Design of an insulated structure for enclosing and supporting the radiator
coil was also completed (see Fig. 1.4). The radiator coil will be enclosed in the
insulated structure, which is equipped with vertically operating insulated doors.
During periods when heat must be supplied to the coil to maintain the coolant salt
in a liquid state, the doors will be closed to form a reasonably air-tight enclo-
sure. The radiator coil will be heated by means of panels containing resistance
heating elements. Heat transmission from the panels to the coil will be primarily



Table 1.3. Radiator-Coil Design Data

Structural material INOR-8
Duty 10 Mw
Temperature differentials
Salt Inlet 1100°F; outlet 1025°F
Air Inlet 100°F; outlet 300°F
Air flow 167,000 cfm at 15 in. H,O pressure
Salt flow 830 gpm at average temperature
Effective mean At 920°F
Over-all coefficient of heat transfer 53 Btu/hr-ft2-°F
Heat-transfer surface area 706 ft2
Tube diameter 0.750 in.
Wall thickness 0.072 in.
Tube matrix 12 tubes per row; 10 rows deep
Tube spacing Rows of tubes on 1-1/2 in. centers. Tubes

in rows on 1-1/2 in. centers. Center-
lines of tubes in alternate rows offset

3/4 in.
Subheaders per row Nominal 2—1/2 in. sched-40 pipe size,
forged and bored
Main headers 8-in. ID, 0.5-in. wall with drawn nipples
Air-side Ap 9.5 in. H20
Salt-side Ap 21.4 psi

by radiation, with some convection caused by the air heated within the enclosure.
The doors are suspended from roller chains which run over sprockets to a single
counterweight, which weighs less than the combined weight of the two doors. When
the doors are in the up (open) position, the counterweight is held down by three
magnets. In event of power failure or reactor scram, the magnets release the
counterweight, and the doors fall freely, closing in about 3 sec. At other times
the doors will be lowered or raised in about 1 min by an electric motor through a
magnetic clutch-brake arrangement.

Preliminary drawings were also made for modification of the existing air duct,
arrangement of the radiator-enclosure supporting structure, and design of the by-
pass duct for control of air flow.

Because the two fans that provide the cooling air will run at constant speed,
the bypass duct will be used to control the amount of air passing over the radiator
tubes by short-circuiting part of the air around the radiator. The bypass duct
will also perform three other important functions:

1. At low reactor power levels, the air leaving the radiator will be at very
high temperatures as shown in Fig. 1.5. During these periods, the bypass will
allow cooler air to mix with the high temperature air to keep the duct at a tem-
perature below 300°F. At higher reactor power levels when the air leaving the ra-
diator is at a lower temperature, the bypass will be closed.
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2. The bypass duct will be used to reduce the wind force on the radiator

door in event of power failure or reactor scram. In either of these occurrences,
the radiator doors will be closed and the fans will be running down, still deliver-
ing air. The air will then be routed around the radiator through the open bypass,
reducing the air static pressure on the radiator.

3. During reactor down-periods when heat is being supplied to the radiator

tubes in the enclosed radiator frame, the bypass duct will be open to reduce the
stack effect across the radiator.

1.5 DRAIN TANKS

Designs were completed for two duplicate fuel drain tanks, one flush-salt

tank, and one coolant drain tank.

Dimensional changes were made on all four tanks;

the new design data are listed in Table 1.h.

The nozzle connections are subject to

change in accordance with the layout of the tanks in their cell.

Two minor additional changes were made on the fuel drain tanks.

A guard was

added to protect the flexible steam tubes from incidental damage during maintenance,

and the size of the steam dome was reduced to facilitate maintenance
heaters.

of the tank
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Table 1.4. Design Data for Fuel Drain Tanks, Coolant Drain Tank,
and Flush-Salt Tank

Fuel Drain Tanks ' INOR-8
Height 81-1/2 in.
Total height with steam dome 133-3/k 1in.
Diameter L8 in.

Wall thickness

Vessel 1/2 in.

Dished head 3/k in.
Design pressure 50 psig
Design temperature 1300°F
Volume ~67-1/2 £t3
Meximum operating temperature 1350°F
Cooling method Boiling water in double-walled thimbles
Cooling rate 100 kw
Coolant thimbles

Number

Diameter 2 in.

Steam dome

Height 13 in.

Diameter 30 in.

Wall thickness 1/2 in.

Coolant Drain Tank INOR-8

Height 76 in.
Diameter 36 in.
Wall thickness

Vessel 3/8 in.

Dished head 5/8 in.
Design pressure 50 psig
Design temperature 1300°F
Volume 39.5 ft3
Cooling method None

Flush-Salt Tank INOR-8

Height 76 in.
Diameter L8 in.
Wall thickness

Vessel l/ 2 in.

Dished head 3/ in.
Design pressure 50 psig
Design temperature 1300°F
Volume ~58-1/2 £t3

Cooling method None
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1.6 EQUIPMENT ARRANGEMENT

The salt system located within the reactor-cell area and the coolant-salt
circuit outside the reactor cell, including the radiator, pump, and drain tank,
have been laid out and are shown in Figs. 1.6 and 1.7.

Stresses in the salt lines within the reactor containment cell were analyzed
by using an Oracle code. Maximum stresses formed were 7050 psi, with the piping

at 1200°F and isothermal. With the reactor running at a power of 10 Mw, the maxi-
mum stress was 3550 psi. These stresses are acceptably low.

The coolant-salt circuit, including radiator, pump, piping, and drain system,
was coded for analysis, but the analysis was not completed.

The drain-tank area for the fuel system was revised. TFreeze flanges, origi-
nally intended to be used on the drain lines, are cumbrous, make the layout diffi-
cult, and may never be required. The drain lines will be installed as an all-welded
system. At points where lines must be removed if replacement of pipe or components
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becomes necessary, provision will be made for a brazed seal when the new pipe is put
in. BPBrazed joints are satisfactory for salt systems, particularly for small-
diameter pipes and locations which are only temporarily in contact with molten salt.
Both these conditions apply to the drain lines.

The drain valve for the fuel system is now located directly under the reactor
vessel. When this valve is frozen, the drain line from the valve back to the drain-
tank manifold will be drained of salt. This is made possible by a vent line which
runs from the drain-tank side of the valve to the gas space within the pump bowl.
Drawings showing this drain system, including the drain-tank arrangement, are being
revised and are not ready for inclusion in this report.

The area immediately north of the drain-tank area has been allocated for spent-
fuel storage and transfer operations. It is assumed that fuel will be transferred
to another location for reprocessing. Both the capacity of existing processing
facilities and calculations of shielding requirements indicate that the size of in-
dividual shipments should be 50 liters, and thus each fuel charge will have to be
subdivided into approximately 30 batches for transfer to the processing plant. Re-
covery of the uranium from a fuel charge will require three to six months, and it
seems desirable to isolate the spent fuel from the operational storage tanks if
simultaneous power operation and spent-fuel processing are contemplated.

Lubricating-oil systems for the circulating pumps have been located in the
spectrometer tunnel. Piping for the oil, gas, and other auxiliary lines to the pump
is 80% complete.

Detailed studies are being made of the auxiliary piping, power cable and dis-
connect layout, and thermocouple cable and disconnect layout in the reactor contain-
ment cell. Electrical leads for the heaters will terminate in receptacles, into
which plugs from each heater section can be inserted. These plug units can be in-
serted or removed remotely by means of the maintenance equipment provided. Design
of these plugs and receptacles was completed, and specimens were fabricated for
testing. Plugs and receptacles for thermocouple use were also fabricated and are
being tested.

1.7 COVER-GAS SYSTEM

Over-all design criteria were established for the cover-gas sZstem, and pre-
liminary process and instrument flowsheets were issued for review. »2  Work was
started on the detailed design of the charcoal beds and other system components.

Tge following changes have been made since the original concepts were out-
lined:

1. The decay time of the recycle helium was increased to a minimum of 72 days
of xenon holdup. The maximum quantity of radioactivity permitted in the stored
helium was reduced to 15 curies. These changes were made in order to minimize the
hazard involved in storing radiocactive gas. Under the original design a total
contained activity of 7000 curies was possible.

2. The dryer and oxygen-removal units in the fresh helium supply are being
designed to operate at 250 psig. This change will eliminate the need for recom-
pressing the gas in this portion of the system, improving both the economy and
reliability of the operation.
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3. System piping is so arranged that the fuel-salt pump and storage tanks may
use either recycle or fresh helium, while the remaining portions of the system are
served only by the fresh helium supply.

Lk, A high-flow, low-heat-load charcoal bed is provided to take care of venting
during salt transfer operations.

Figures 1.8 and 1.9 present simplified flowsheets of the cover-gas system.
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1.8 SYSTEM HEATERS

A1l salt-containing components and lines in the system must be equipped with
heaters that will satisfy two requirements. First, lines and components must be
preheated from room temperature to 1250°F before salt is introduced, and second,
heat losses must be counterbalanced during periods of zero power operation. Elec-
trical heaters of several types have been selected that will satisfy these require-
ments plus the remote-maintenance requirement of all components in the primary con-
tainment cells. Power input into the system from the heaters will be regulated by
varying the voltage applied to the heating elements. Voltage regulation is to be
provided by three-phase induction regulators presently installed in Building 7503.
Metallic-sheathed, mineral-insulated cables will enter the cell and terminate in
disconnects for each heating unit. End seals on both ends will prevent gas leakage
through the cables.

A typical line heating unit (see Fig. 2.5, Sec. 2.3.1) contains a ceramic
heating element of resistance heating coils (Nichrome V) embedded in fused alumina.
Embedding the coils in a ceramic material offers several advantages over an open
coil design. Among these are a uniform release of heat and a more positive protec-
tion against a short to ground of the electrical conductor. The thermal insulation
shown is a light-weight refractory fiber in felted form. The principal constituents
of this fiber are alumina and silica. The heating element and the thermal insula-
tion are contained in a metallic housing. The housing will contain particulate
matter within the unit and will also provide a means by which tools can be attached
to the unit for removal or installation. The unit is split on the center line.
Attached to the clamshells are hinges, straps, and latches to secure the unit on
the pipe. A similar unit can be fabricated for the pipe bends.
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In the reactor-vessel heater, current is passed through 3/8-in.—OD, 0.035-in.-
wall Inconel tubes. One hundred and twenty-six heater tubes are contained in sixty-
three container tubes located around the vessel as shown in Fig. 1.10. The heater
tubes are insulated from the containers by ceramic insulators. The heater tubes
can be replaced without removing the thermal-neutron cover shield. To minimize
heating in the cover-shield portion of the circuit, a transition is made from
3/8-in. tubing to 3/8-in. rod. TFourteen heating tubes are connected in series to
form one leg of a three-phase Y electrical circuit. There are three of these cir-
cuits, with a combined capability of 30 kw. A 6-in. thickness of refractory-fiber
thermal insulation encased in Inconel sheets is attached to the cylindrical walls
and also to the top and bottom shielding.

Figure 1.11 shows the heater installation for the flush-salt tank. The cylin-
drical insulation is self-supporting from the cell floor. The fiber insulation is
contained within Inconel sheets supported by the steel framework. The curved
ceramic heating elements are contained within a framework similar to a picture
frame. Each frame is a 100° segment that is removable from above. The top cover
and the bottom contain insulation only.

The fuel fill and drain tanks snd the hot-fuel storage tank will have heaters
similar to the flush-salt-tank heater.
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The fuel heat exchanger heater is shown in Fig. 1.12. The housing is hinged
on top to allow the unit to be opened. One half of the heater assembly is swung up
and rests on top of the other half to allow the heating elements to be replaced
from above. The ceramic heating elements are contained in frames for handling.

The drain line from the reactor will be heated by the passage of approximately
675 amp at 19 v through the pipe wall. This method of heating was selected because
the drain line is approximately 55 ft long, has limited access from above, and would
probably require 25 units if heated with individually removable heaters.

All piping and components of the coolant-salt system that are located outside
the containment vessel will be heated and insulated in a conventional manner since
direct access for maintenance is possible. The radiator enclosure will be lined
with flat ceramic heating elements with a capability of 60 kw. These units will be
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energized at all times, because without this precaution salt could freeze very
quickly in the tubes in a loss-of-flow incident.

1.9 DESIGN STATUS OF REMOTE-MAINTENANCE SYSTEM

Studies were made of the arrangement of the operating area, the design of the
maintenance control room, the arrangement of the various concrete shielding blocks,
and the coverage of the cranes. A result of this work is that certain decisions
were reached which determine the nature of the remote-maintenance tools that are
being designed.

Specifications were completed for the single-arm manipulator, and others are
being prepared for the shielding windows for the maintenance control room.

Drawings of the MSRE model were completed, and the model is under construction.

Necessary work was finished in support of those who were preparing the prelim-
inary proposal for the MSRE.

Ten drawings concerning remote-handling tools were released. An additional
nine drawings covering special torqueing tools for flange assembly and disassembly
are 95% complete.

Efforts are now being concentrated on the layout of connection points for the
various remotely operated tools, the necessary racks for storage of these tools,
the arrangement of controls within the maintenance control room, and the design of
jacks for separating the freeze flanges in the primary system.

1.10 REACTOR CONTROL DESTIGN

The design of the control and safety system was altered substantially from the
original concept that the strong negative temperature coefficient in the fuel salt



21

would provide complete reactor safety and stability. These alterations stemmed
principally from hypothetical problems with the graphite,7 namely: (1) fuel salt
soak-up and retention in the 7% connected void space and (2) xenon diffusion into
the graphite.

The reactivity changes expected from these mechanisms are gradual but will
necessitate shimming. Fuel penetration into the graphite creates, but to a lesser
degree, the xenon problem associated with solid-fuel reactors and also produces a
power coefficient of reactivity. The power coefficient arises from the fact that
the temperature coefficient of reactivity in the graphite is twice that of the fuel.
For these reasons the MSRE will be equipped with an external control and safety
system.

Four poison tubes (see Fig. 1.1) containing Li6F—BeF2 salt are being considered
as the means of providing shimming, safety, and control. This concept will be thor-
oughly tested before adoption. Three of the tubes will be used for shim-safety pur-
poses and will have an individual worth of 4% Ak/k when all other tubes are fully
withdrawn. The combined worth, fully inserted, is 11% Ak/k. Withdrawal speed will
be limited to a safe value. The fourth tube will have a maximum worth of 1% Ak/k
and will be used for control purposes.

Nuclear instrument channels for measurement, control, and safety will be as
follows: (1) two fission counter channels for startup and low-level operation, (2)
two log N channels covering the upper six decades of reactor power, and (3) three
independent power-level channels used solely for safety.

Figure 1.13 is a diagram of the arrangement of ion chambers. The full range
of reactor operation, from source to above design power, will be monitored at all
times.

The primary measurement of reactor power is by a (flow x AT) measurement.
Neutron-sensitive chambers will also provide continuous power readings and will be
calibrated periodically by reference to the primary power instrumentation.

Experience gained on the ARE and subsequent analog simulator studies show that
automatic control of reactor power is a necessity in the low and medium power
region. This is because small temperature changes represent large percentage
changes in reactor power and because of the loose coupling between the radiator
and the reactor.

The automatic controller will utilize two inputs, heat power and the output
from a neutron-sensitive ion chamber. The heat-power input is used for accurate
power determinations and to reset periodically and automatically the ion chamber
which will provide the necessary transient response. This system has been pro-
posed »9 for the EGCR and the Pebble-Bed Reactor Experiment.

The radiator is the most sensitive component from the standpoint of system
integrity, control of reactor power, and operational continuity. Salt freezing
must not take place in the radiator. The vertically sliding doors which thermally
isolate the radiator will automatically drop and electrical heat will be supplied
if coolant-salt temperature, measured at the radiator, approaches the freezing
point. This automatic door closure will be preceded by automatic blower shutoff
and by opening the air flow bypass around the radiator. These safety actions are
also automatic and will be produced by coolant-salt temperatures intermediate be-
tween the operating temperature and door-closure temperature.



22

UNCLASSIFIED
ORNL-LR-DWG 56878

1 — COMPENSATED CHAMBER 1 —COMPENSATED CHAMBER
1—SAFETY CHAMBER

{‘l — SAFETY CHAMBER {Z—FISSION CHAMBERS

1= SAFETY CHAMBER —=( )\

OUTER STEEL SHELL

CONTAINMENT
VESSEL

REACTOR SHIELDING

Sn—Be SOURCE TUBE

Fig. 1.13. Arrangement of [on Chambers.

1.11 DESIGN STATUS OF BUILDING AND SITE

Modification of the former ARE-ART Building 7503 to adapt it for MSRE use
involves fairly extensive changes to the building and services of various kinds
within the building. The design work on all modifications will be done by ORNL.
This engineering attained a completely definitive and fairly advanced executional
status in the past six months.

Design involves at least three different categories of work: (1) demolition
or removal of presently installed extraneous items, (2) large-scale structural
changes and additions to the building, and (3) changing and implementing present
building services.

Work is in progress, and some 36 items involving about 600 drawings are cur-
rently being worked on or are completed. The drawings are grouped into four pack-
ages associated with the following items:

it
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Package A - Construction in reactor, radiator, and containment areas
Package B - Drain-tank pits and maintenance control room

Package C - Charcoal pit, filter pits and stack, retention pond, etc.
Package D - Miscellaneous building modifications

These packages will be completed in the order given above, with the last one
(D) scheduled to be finished by October 1961. The status of design drawings is
such as to be consistent with this completion date. Effort will be maintained at
the necessary level to assure meeting the design schedule.

A1l requirements for shielding were established, and the load-bearing walls,
which will also serve as biological shielding, were engineered. Loose aggregate,
cooled by flowing water, will be used between the reactor cell and the secondary
steel tank which encloses the reactor cell.

The remote-maintenance control room was engineered and is being detailed.
This room must provide sufficient shielding to protect personnel from the high
level of radiation from components which have been used in the reactor.

Engineering of the ventilation system, which assures safe control of atmos-
phere during maintenance operations, was completed. This includes specifications
and sizing of fans, filters, ducting, etec.

All water services, such as cooling tower, demineralizer, and heat exchangers,
were specified. Piping for the various systems is being laid out.

Electrical services were specified, and the actual distribution system is
partially drawn. Three separate power sources will be available for the building.
There will be two 13.8-kv service lines from separate 154-kv TVA substations. In
addition to these, there are three 300-kw diesel power units to provide emergency
power in case of power failure on both TVA lines.

There remains no area of uncertainty on the site preparation, and every phase
of building modification is in design. All work is progressing satisfactorily and
is essentially on schedule.

1.12 REACTOR PROCUREMENT AND INSTATLATION
1.12.1 Division of Work and Schedules
Work required to build the MSRE will be accomplished in three phases.

Phase I, which includes all demolition work and some minor alterations to
the building, will be accomplished by a cost-plus-fixed-fee contractor. This de-
cision is based on the fact that this work is a small portion of the entire job
and can be accomplished under field direction without extensive engineering draw-
ings. This phase is ready for release to a contractor.

Phase IT work will be accomplished by lump-sum contractors. It includes
major modifications and additions to the reactor building: erection of additional
shielding walls, extension of the reactor primary containment vessel, modification
of drain tank and storage pits, modification of the radiator pit, and construction
of the remote-maintenance control room. Also included are the waste storage pond,
the off-gas system, the cooling tower for waste heat removal (other than reactor
heat), and miscellaneous utilities.

Phase IIT includes all the work to be performed by ORNL personnel. Only the
critical work associated with the installation and instrumentation of the reactor
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complex is included in this phase. The installation of the INOR-8 fuel and coolant
systems will be made by Laboratory craftsmen experienced in working with the special
materials required. Individual components such as pumps, heat exchangers, the re-
actor vessel, and various fuel and coolant tanks will be fabricated by outside ven-
dors who are experienced in fabricating reactor components of special alloys.

Table 1.5 shows the anticipated starting and completion dates for the three
phases of this work.

Table 1.5. Preliminary Construction Schedule for MSRE

Start Complete
Phase I¥ March 1961 June 1961
Demolition and minor alterations
Phase II** July 1961 July 1962
Major modifications and alterations
Phase ITI¥** July 1962 July 1963

Installation of reactor

* To be accomplished by CPFF contractor.
#*%¥ To be accomplished by lump-sum contractor(s).
*%%¥ To be accomplished by ORNL personnel.

1.12.2 Procurement of Components

Specifications were written and engineering drawings were prepared for the
major MSRE components. These drawings and specifications are being checked pre-
paratory to sending them to prospective fabricators for bidding.

In order to minimize the cost of qualifying welders and the cost of field in-
spection, an effort will be made to have all major components fabricated by a single
vendor. Bidders will be requested to submit bids for the fabrication of a com-
plete package of components consisting of the heat exchanger, the radiator, the
reactor vessel, and fuel and coolant drain and storage tanks. Vendors will also
be requested to submit bids on individual components. Under this option a vendor
will be permitted to eliminate from his proposal any component he does not wish
to fabricate.
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2. COMPONENT DEVELOPMENT

2.1 FREEZE-FLANGE DEVELOPMENT

2.1.1 MSRE 6-in. Flanges

Design of a 6-in. freeze flange requiring no forced-air cooling and capable
of withstanding loads imposed by the piping and internal pressure was completed
(see Fig. 2.1). Photoelastic and mathematical analyses of the design indicate that
no significant stress concentrations exist and that the thermal stresses are not
excessive. An Inconel flange is being fabricated in accordance with this design
for temperature distribution measurements and for a check of flange behavior under
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thermal-cycling conditions. A request for quotation for furnishing two flanges
fabricated from INOR-8 to this design was issued. These flanges will have double
conical-gasket gas seals with a buffer annulus between the gaskets.

2.1.2 TFreeze-Flange Thermal-Cycle Tests

The freeze-flange thermal-cycle facility2 was operated for 104 thermal cycles
between 250 and 1350°F with a 3 1/2- and a b-in. flange in the system. No evidence
of thermal-fatigue cracking was found at the end of the test, although there was
some flange distortion.

Gas leakage was excessive during the cooldown portion of each thermal cycle in
which the standard clamp ring was used with either a nickel-plated copper gasket
or a gold-plated Inconel gasket. The seal was greatly improved by using a newly
designed resilient clamp ring with either type of gasket. The lowest leakage rates
were obtained by using the resilient clamp ring with a nickel-plated copper gasket.
However, indications are that the copper gasket is forced deeper into the flange
grooves with each thermal cycle and that the seal would eventually fail from this
action.

No cooling air was supplied to the 3—1/2-in. flange during one of the thermal
cycles. The frozen-salt seal formed at a larger radius than during normal cycles,
but was still sufficiently smaller than the gas-seal radius to ensure a reliable
salt seal and to prevent contamination of the gas-seal gasket surfaces.

A report was issued describing the 10k-cycle operation and presenting the
results obtained.3

A seal-test facility is being constructed to permit dry thermal-cycling of
test flanges under more closely controlled conditions and with better leak
detection than in the flowing-salt facility. Figure 2.2 shows the arrangement of
a test flange in the facility. Preheating is accomplished by clamshell heaters on
the pipe stubs adjacent to the flange. The bore of the flange 1s heated by a sili-
con carbide bar heater located at the center line. These heaters will be time-
controlled to permit completely automatic cycling. Leak detection will be accom-
plished by means of a mass-spectrometer type of leak detector comnnected to the
buffer annulus of the gas seal. By flooding either the inside or the outside of
the flange with helium, either of the gaskel seals may be checked. Initially, two
test flanges will be accommodated, with space provided for two additional stations
to be added at a later date if the need arises.

2.2 TFREEZE VALVES

Two valves were fabricated and tested successfully for use in molten-salt
drain systems. These valves are built of l—l/z-in. sched-40 INOR-8 pipe ciimped
into flats, 1/2 in. thick by 2 in. long, in which a frozen plug is formed.

Testing of the direct resistance-heated valve, shown in Fig. 2.3, was termi-
nated after completion of 100 freeze-thaw cycles, and the valve was removed for
examination. Freezing was carried out at zero flow through the pipe. The average
freeze time was 10 to 15 min, with 55 c¢fm of air directed across the valve flat.
Ten cfm was required to maintain the plug after it was formed. The size of the
plug was determined by the temperature of the salt above and below the flat and by
the flow rate of cooling air; the average length of plug was 3 in. Thaw time
varied from 2.5 min with a heat input of 3.5 kw to 6 min at 1.75 kw.
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Fig. 2.2. Test Flange Installed in the Seal-Test Facility.

Testing of the induction-heated valve (Fig. 2.4) was terminated after 60
cycles. Power input to the valve was 12 kw at 450 ke. Melt time averaged 35 sec,
and freeze time averaged 10 min; 10 cfm of air was required to keep the plug
frozen.

At the completion of the induction-heated test, the induction coil was removed
and replaced by two l-kw, 2k-in.-long Calrods rated at 1500°F sheath temperature.
The Calrods were bent into a 6-in.-long W-shaped element and clamped onto the valve-
flat. The valve has been cycled 80 times without difficulty. Freeze time was
again 10 to 15 min, with 10 cfm of air required to maintain the plug. Melt time
varied from 2.5 min at 2 kw to 6 min at 0.8 kw.

The Calrod-heated valve was selected for use in the MSRE, because of its
simple electrical system.
2.3 HEATER TESTS
2.3.1 Pipe Heaters

A prototype clamshell heater for use on the MSRE piping has been fabricated
and is ready for testing. TFigure 2.5 is a cutaway drawing of this type of heater
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and its associated insulation. The heaters will be formed for the particular size
and shape of pipe to be heated, with the requirement that they can be replaced with
a remote manipulator.

2.3.2 Core Heater

The MSRE core-vessel heaters, required to bring the vessel to operating tem-
perature, are divided into replaceable sections each containing seven heaters.?
A full-scale mockup of one such section was built for testing. The setup includes
L-in. of Cerafelt (a trade name of Johns-Manville Corporation) insulation covered
with a 0.031-in. Inconel reflector sheet between the heaters and the insulation.

Both the functional and replacement characteristics of the heaters will be
investigated.

2.4 SAMPLER-ENRICHER DEVELOPMENT
2.4.1 Sampler-Enricher Concept

The sampler-enricher system mechanism operates within a two-chambered,
shielded dry box located on top of a shielding slab above and to one side of the

reactor cell (Fig. 2.6). A connecting tube joins the gas space of the fuel pump
bowl to the dry box. The tube penetrates the containment vessel at a 45° angle.

An operational valve and a metal freeze valve (for use when replacing the opera-
tional valve) are used to isolate the sampler-enricher cell from the pump bowl.
The drive mechanism for raising and lowering a capsule is located inside the inner
compartment of the dry box.

An outline of the procedure required to obtain a sample is as follows: A pre-
treated sample capsule, sealed in a gas-tight container, is lowered into the outer
compartment of the dry box. Air is purged from the cell and replaced with helium.
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Fig. 2.6. MSRE Fuel Sampler-Enricher System“Concept.

The door between the two compartments is opened, and the capsule is removed from
the container and connected to a latch on the drive mechanism. With the door
closed and operational and maintenance valves opened, the capsule is lowered into
the pump tank to obtain the sample. The sample is raised into the dry box, and the
operational valve is closed. Fission-product gases are purged from the inner com-
partment before the door is opened. After purging, the capsule is resealed in the
gas-tight can and the door 1s closed. The can is then drawn into a shielded
carrier.

The addition of enriching salt follows a procedure similar to sampling.

All operations performed inside the dry box are done with a one-armed manipu-
lator. A periscope is used for viewing.
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2.4.2 Sampler-Enricher Mockup

A mockup of a drive mechanism, latch, sample capsule, connecting tube, latch
stop, and capsule guide was constructed and tested (see Fig. 2.7). Some difficulty
was encountered in preventing the drive cable, which lowers and raises the sample
capsule, from jumping off the storage reel. Several alternative designs are under
consideration.

Two types of latches, shown in Figs. 2.8 and 2.9, were given preliminary test-
ing. The ball-type latch is easier to operate with a one-armed manipulator. The
shaft-type latch has a more positive locking action. TFurther testing on a more
complete mockup will be required to fully compare the two latches.

Equipment is being assembled for determining the optimum shape, material of
‘construction, and pretreatment of the sample capsule.

Since the latch will be operated remotely, it is highly desirable to keep
frozen salt away from the parts which must be disengaged. Therefore a latch stop
was designed to be located on top of the pump tank above the maximum operating
level of the fuel salt. To reach the bottom of the pump tank, the capsule must
extend 10 in. below the latch. This long assembly must have a flexible connection
to move through the two 450 offsets in the connecting tube. To prevent the capsule
from being washed around in the pump bowl by the turbulent flow of the salt, a
guide cage was designed to fit inside the pump.6 The cage consists of five l/h—in.
INOR-8 rods with a stiffener ring to hold them in place. The estimated maximum
tempera%ure of the rods due to beta-gamma heating in the gas space 1s approximately
1700°F. (»

2.4.3 Solder Freeze Valve

One design criterion for the sampler-enricher system requires that the com-
ponents that are located outside the reactor cell be replaceable. A reliable
valve must therefore be provided to prevent the escape of fission-product gases
during such maintenance operations. A metal freeze valve is being developed for
this application. It is expected that this valve would be closed only a few times
during its life.

An apparatus was constructed to test the feasibility of a metal freeze valve
which operates by melting and refreezing a pool of solder. The wetted parts of a
simulated 1-in. valve were fabricated from INOR-8. The other parts were fabricated
from stainless steel. Figure 2.10 shows the test assembly.

A 72% Ag - 28% Cu solder (melting point 1434OF) was believed to have the
desired wetting characteristics and thermal-expansion properties when in contact
with INOR-8. Since the valve was designed for service in a gas region, the com-
patibility of the solder with fluoride salt was not considered to be an important
factor. Diffusion of constituents between the molten solder and INOR-8 may be a
problem.

A test cycle for the valve consisted of melting the solder, opening and closing
the valve, and allowing the solder to refreeze. Oxygen was purged from the system
before each cycle by evacuating the air and pressurizing the system with argon to
about 1 psig. Even with repeated purgings, traces of oxygen remained in the system
as evidenced by an adherent oxide film on all metal parts. No flux was added to the
solder.
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Fig. 2.7. Mockup of Parts of the MSRE Sampler-Enricher System.
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Fig. 2.8. Ball-Type Latch with Sample Fig. 2.9. Shaft-Type Latch with
Capsule for MSRE Sampler-Enricher.

Sample Capsule for
MSRE Sampler-Enricher.
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Fig. 2.10. Metallic Freeze-Valve Assembly.

The valve was operated successfully for 37 of the first 41 cycles. The leak
rate through the seal was < 10-8 cc of helium per second at a pressure differential
of 30 psi across the valve. Failures occurred during cycles 1, 2, 12, and 1T7.
During the first two cycles, when the maximum solder temperature was 1455 and
14710F, respectively, the gas seal was not tight. By increasing the temperature to
1500°F and holding it there for 15 min or longer, a gas-tight seal could be formed
reproducibly in the subsequent cycles. The other two leaks resulted from failure
to lower the valve cap deep enough into the pool of solder. This will be corrected
in the MSRE valve by a positioning device. During the 41 cycles, the solder was at
1500°F or above for 73 hr. Whe<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>