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Introduction

The objective of the Molten-Salt Reactor Program is
the development of nuclear reactors which use fluid
fuels that are solutions of fissile and fertile materials in

suitable carrier salts. The program is an outgrowth of

the effort begun over 20 years ago in the Aircraft
Nuclear Propulsion program to make a molten-salt
reactor power plant for aircraft. A molten-salt reactor —
the Aircraft Reactor Experiment — was operated at
ORNL in 1954 as part of the ANP program,

Our major goal now is to achieve a thermal breeder
reactor that will produce power at low cost while
simultaneously conserving and extending the nation’s
fuel resources. Fuel for this type of reactor would be
233QF, dissolved in a salt that is a mixture of LiF and
BeF,, but 235U or plutonium could be used for
startup. The fertile material would be ThF, dissolved in
the same salt or in a separate blanket salt of similar
composition. The technology being developed for the
breeder is also applicable to high-performance converter
reactors.

A major program activity through 1969 was the
operation of the Molten-Salt Reactor Experiment. This
reactor was built to test the types of fuels and materials
that would be used in thermal breeder and converter
reactors and to provide experience with operation and
maintenance. The MSRE operated at 1200°F and
produced 7.3 MW of heat. The initial fuel contained 0.9
mole % UF4, 5% ZiF,, 29% BeF,, and 65% "LiF; the
uranium was about 33% 235U. The fuel circulated

through a reactor vessel and an external pump and heat
exchange system. Heat produced in the reactor was

transferred to a coolant salt, and ‘the coolant salt was
pumped through a radiator to dissipate the heat to the
atmosphere. All this equipment was constructed of
Hastelloy N, a nickel-molybdenum-iron-chromium
alloy. The reactor core contained an assembly of
graphite moderator bars that were in direct contact
with the fuel.

Design of the MSRE started in 1960, fabrication of
equipment began in 1962, and the reactor was taken
critical on June 1, 1965. Operation at low power began

in January 1966, and sustained power operation was
begun in December. One run continued for six months,
until terminated on schedule in March 1968.

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

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

After the fuel was processed, a charge of 233U was
added to the original carrier salt, and in October 1968
the MSRE became the world’s first reactor to operate
on 233U, The nuclear characteristics of the MSRE with

* the 233U were close to the predictions, and the reactor

was quite stable.

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

Most of the Molten-Salt Reactor Program is now
devoted to the technology needed for future molten-
salt reactors. The program includes conceptual design
studies and work on materials, the chemistry of fuel

vii
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and coolant salts, fission product behavior, processing
methods, and the development of components and
systems.

Because of limitations on the chemical processing
methods available at the time, until five years ago most
of our work on breeder reactors was aimed at two-fluid
systems in which graphite tubes would be used to
separate uranium-bearing fuel salts from thorium-
bearing fertile salts. In late 1967, however, a one-fluid
breeder became feasible because of the development of
processes that use liquid bismuth to isolate protac-
tinjum and remove rare earths from a salt that also
contains thorium. Our studies showed that a one-fluid
breeder based on these processes can have fuel utiliza-
tion characteristics approaching those of our two-fluid
designs. Since the graphite serves only as moderator, the
one-fluid reactor is more nearly a scaleup of the MSRE.

These advantages caused us to change the emphasis of
our program from the two-fluid to the one-fluid
breeder; most of our design and development effort is
now directed to the one-fluid system.

In the congressional authorization report on the
AEC’s programs for FY-1973, the Joint Committee on
Atomic Energy recommended that the molten-sait
reactor be reappraised so that a decision could be made
about its continuation and the level of funding appro-
priate for it. Consequently, we undertook a thorough
review of molten-salt technology to provide informa-
tion for an appraisal. A considerable effort during the
reporting period covered by this progress report was
devoted to the preparation of ORNL-4812, “The
Development Status of Molten-Salt Breeder Reactors,”
a 416-page report that contains the results of our
review.

wn G o

T4
\ﬁ




WE E X«

=

g

a;,;\

'

se hermcal process1
”practlcal engmeermg design.

Summary

PART 1. MSBR DESIGN AND DEVELQPMENT
1. Desngn

Molten salt reactors cooled mternally by direct con-
tact with a stream of lead were investigated briefly to
see if fuel inventories could be reduced substantially.
Concepts in which the lead was mingled with the salt
throughout the core showed little promise because of
excessive neutron captures in 2°7Pb and high inventory
[2.2 kg/MW(e)]. The doubling time was estimated to be
31 years. A concept wherein the lead was confined to a
peripheral region surrounding the main core showed
slightly better performance with a doubling time of 26
years. This performance was deemed to be insufficient
to justify the development of materials to contain lead.

Current efforts in the MSBR Industrial Design Study
by Ebasco and its subcontractors are aimed at demon-
strating the feasibility of the conceptual design reported
in Task I. This includes the preparation of CSDDs,
trade-off and parametric studies, independent physics
calculations, transient analyses, drain tank design, proc-
ess plant engineering, and a plant cost estimate.
Computations indicated that the intermediate heat
exchanger design concept recommended in Task I could
withstand a scram transient. Parametnc studies show
that a wide range of drain tank des1gns will’ accommo-
date 50 MW and ‘maintain safe temperatures. The
independent phys1cs calculations are being tested
against the HTL’ R experiments. The ORNL

“flowsheet has been reduced to a

the fuel salt loop were calculated to be 0.065 cm and
0.0055 respectively.

A hybrid computer simulation model of the reference
1000-MW(e) MSBR and results of some test simulations
were described in ORNL-TM-3767.

2. Reactor Physics

Further analysis of MSR lattice experiments at
temperatures to 1000°C gave calculated values of k_,
that agree remarkably well with experimental values.

A version of the ROD computer code capable of
calculating the time-dependent behavior of fluid-fuel
reactors with changing fuel composition and neutron
energy spectrum was made operational.

Studies of various fueling schemes for batch-processed
molten-salt converter reactors indicated lower power
costs when LWR-produced plutonium at $9.90/kg
fissile is used instead of enriched uranium. Either
plutonium or enriched uranium could be used to start
up a molten-salt breeder reactor, with little difference
in the economics. Availability of uranium from other
molten-salt reactors increases the range of fueling
options, but would have little effect on attainable
performance of the converter reactors studied. For

-start-up of a breeder reactor, use of plutonium involves

some penalty in lifetime-average breeding ratio, pri-
marily because the present chemical processing flow

~sheet makes it necessary to defer processing while
... plutonium is in the reactor.

A d1g1tal computer program MSRXEP has been

written _describing in detail the '3Xe behavior

throughout the MSBR fuel salt system. The mtent of

this effort is to confirm the results of the prev1ous
31mp11ﬁed calculatlons or to ‘make 1mprovements where

3. Systems and Components Development

The detaile‘djdesivgnsk of bthewl)nkbl)’lewseparator and

‘bubble generator for the gas system technology facility

(GSTF) were completed, and the drawings were re-

“leased for fabrication. The velocuy and pressure distri-

required. For’ the tnal case havmg 44 bubbles per cubic

centimeter of salt and a gas separator efficiency of 90%,
the 135Xe poison fraction was calculated to be 0.0038,
and the average bubble diameter and void fraction in

ix

butions in the separator vortex were measured under
various flow conditions. A procedure was developed for
predicting the pressure distribution in the bubble
generator at various liquid and gas flow rates.



The bubble formation and coalescence tests on
2LiF-BeF, and 72LiF-16BeF,-12ThF, MSR fuel salt
were delayed because of a mechanical failure of the
shaker drive and clouding of the quartz furnace liner.
The equipment has been repaired, and new capsules of
salt have been loaded in preparation for resuming the
tests.

The test section in the facility for measuring the mass
transfer coefficients to gas bubbles suspended in flow-
ing aqueous solutions was changed to a 1%-in.-diam
conduit to obtain data for comparison with the original
results obtained with a 2-m -diam conduit. The system
was recalibrated, and prehmmary tests were made to
validate supporting information on bubble size distribu-
tion and void fractlon originally developed for the 2-in.
conduit. A set of mass transfer data was obtained w1th a
25% mixture of glycenne and water and the data were
partially reduced. The system was shut down for
periodic maintenance on the bubble separator.

~An analytical expression was proposed to relate the
bubble size produced in the bubble generator to the
flow rate, dimensions, and fluid properties. The rela-
tionship agreed with data from the bubble generator in
the mass transfer facility but did not agree with
preliminary results for the proposed MSBR bubble
generator. Possible differences in the mechanism of
generation between the two are therefore being ex-
plored.

Work on the GSTF was resumed in July after three
months’ suspension for budgetary reasons. The me-
chanical and electrical design approached completion,
and some procurement was started. A preliminary
system design description (PSDD) and the system
design description (SDD) were issued in March. The
master copy of the SDD is being used as the primary
design control document and is being continuously
updated.

Foster Wheeler contmued with the conceptual design
study of a molten-salt steam generator for use with
molten-salt reactors. Foster Wheeler subcontracted with
Gulf General Atomic for portions of the study concern-
ing tube rupture analysis and dynamic stability. The
Task I steam generator design, conforming to the
conditions of the MSBR reference steam cycle, is
nearing completion.

Construction and installation of the coolant-salt
technology facility (CSTF) was completed in August,

and check-out was started on the control circuitry and

equipment. The piping of the loop was heated to 950°F
and purged with dry helium to remove most of the
moisture from the loop surfaces Salt circulation is
scheduled for September.

The spare rotary assembly for the MSRE coolant-salt
pump was reconditioned and installed into the CSTF.,
The Mark I fuel salt pump is being reconditioned for
the GSTF. The ALPHA pump has accumulated 5800 hr
of operation in the MSR-FCL-2 facility, but was
operated only intermittently due to an oil leak at the
pump shaft and other operational problems related to
the test facility.

4. Heat Transfer and Physical Properties

Heat transfer. Final analysis of heat-transfer data for a
proposed MSBR fuel salt (LiF-BeF,-ThF,-UF,; 67.5-
20.0-12.0-0.5 mole %) has resulted in three correlations
covering the Reynolds modulus range from 400 to
28,000. The average deviation of the data from these
correlations is at most 6.6%. However, the data for
Reynolds modulus greater than 5000 average 13%
below predictions based on the correlations of Hausen
and Sieder-Tate for transitional and fully developed
turbulent flow. The data for Reynolds modulus less
than 1000 are only 1.6% above the Sieder-Tate correla-
tion for laminar flow.

Thermal conductivity. A detailed analysis of uncer-
tainties affecting the measurement of thermal conduc-
tivity using the variable-gap apparatus had resulted in a
correlation of standard and maximum error with the
magnitude of the thermal conductivity. Narrow error
bands include the effects of radiation on the uncer-
tainty. It is concluded that the maximum error limits
for the apparatus include the deviations of measured
conductivity from published values using H, O, Hg, Ar,
He, and HTS (KNO;-NaNO,-NaNOQ;; 44-49-7 mole %)
for 93% of the measurements

PART 2. CHEMISTRY
5. Behavior of Hydrogen and Its lsotopes o

Hydrogen and helium solubilities in' Li,BeF, have
been determined at 500, 600, and 700°C, and deute-
rium solubility values for the same salt have been
obtained at 600 and 700°C. The two hydrogen isotopes
yield approximately equal solubility results within the
mutual limits of experimental error. Some data have
been obtained which suggest that pretreatment of

the heat exchanger components with hydrogen mlght ;

retard tritium transport through these members.
Careful measurements with “unoxidized” metals con-
tinue to show that permeability of hydrogen and its

isotopes vaties with the square root of hydrogen partial

pressure to values as low as our experimental techniques

will permit. Nickel, whose oxide should be trivial over '
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the entire range of our experiments, follows the half-
power dependence prec1se1y over the range 750 to 8 X
1074 torr, Several alloys whose oxides cannot be com-
pletely avoided in our experiments, show only minor
variations from the half-power relationship.

Decreases in hydrogen permeability by oxide films
(such as mlght be expected on the steam side of steam
generator tubing) on 18-8 Sstainless steels and on
Hastelloy N appear relatively nonrewardmg. However, a
film of Cr,O; obtained by 900°C oxidation of a
chromium film electrodeposited on nickel tubing has
markedly decreased the hydrogen permeability and has
produced a situation in which the permeability depends
nearly upon the first power of hydrogen partial
pressure. Very preliminary data also suggest that the
film readily formed by wet oxidation of Incoloy 800
affords a useful reduction of hydrogen permeability.

Upon exposure at elevated temperatures to tritium (at
1 to 10 ppm by volume in helium) graphite readily
sorbs appreciable amounts of this hydrogen isotope.
The highest loading observed to date, on a lampblack
graphite prepared at ORNL and pretreated to increase
its surface area to about 2 m?/g, corresponded to 5 X
10*3 tritium atoms per square centimeter of surface;
several percent of the surface carbon atoms appear to
have bonded tritium atoms. Rinsing with water and with
alcohol removes less than 1% of the sorbed tritium.
Studies continue to determine whether this phenome-
non can be used to assist in containment and manage-
ment of tritium in an MSBR.

6. Fluoroborate Chemlstry

Measurements of the solubility of BF; in L1F-BeF2-
ThF, continue to show that, at constant temperature,
BF; solubility appears to vary with the activity of LiF.
Solubilities of BF3; were also measured in a melt
containing 8 mole % NaF in MSBR fuel solvent to aid in
assessing the consequences of coolant leaking into fuel;

Xi

the measurements were reasonably consistent with an
exploratory experiment mvolvmg a mlxture of MSBR“

coolant and fuel.

Measurements of the equlllbna 1nvolvmg NaN1F3 and'“
NaFeF3 in molten NaF-NaBF, have been repeated in

order to establish the composition of the gas phase. The
" résults obtained yielded improved values for the free
._energies of format10n of the double fluorides and for

‘the free energies of reaction (corrosion) of Hastelloy N '

constituents w1th HF and molten NaF.
7. Behavior of Simulated ’FIASIOII Products

: Comparative evaluations of the effects of tellurium on

Hastelloy N and other alloys of interest to the

Molten-Salt Reactor Program have been provided as
part of a program to identify those fission products
capable of producing superficial grain boundary crack-
ing in alloys proposed for construction of a molten-salt
breeder reactor. Metal tensile specimens representing 14
different alloys and about 24 minor modifications of
Hastelloy N have been exposed to tellurium by a vapor
deposition technique. The results show marked selec-
tivity of the corrosion process on the various alloys
tested.

Stability and volatility of pertinent metal tellurides
are under study by mass spectrometric techniques
assisted by x-ray-diffraction analysis and by direct
observation of chemical reactions. CrTe, which shows
no evidence of volatility, decomposition, or reaction
with Ni at 750°C, appears to be the most stable
telluride of the major constituents of Hastelloy N. The
most stable telluride of nickel appears to be NizTe, ; it
slowly decomposes at 800°C under vacuum to form Ni
and tellurium vapor. Both MoTe, and FeTe are less
stable than Ni3 Te, .

Both NiTe, and NizTe, have been shown to react at
elevated temperatures with CoF;. Products of the
reaction vary with reaction temperature and starting
material but include TeF,, TeFq, NiF,, and CoF,.
These reactions are generally similar to that previously
observed between CoF; and Te, but the observed
partlal pressures of TeF, and TeF4 at corresponding
temperatures are lower when the nickel tellurides are
fluorinated.

8. Development and Evaluation of Analytical Methods

We have prepared a variety of voltammetric electrodes
for use in the in-line analysis of molten NaBF, eutectic
in the Coolant Salt Technology Facility. Our original

-choice of platinum electrodes proved unsatisfactory

because of a decrease in the cathodic limits of the melt
at higher temperatures. Presently we plan to install
electrodes of iridium, pyrolytic graphite, gold, copper,
and evacuated palladium to effect measurement of iron,

- chromium, and an active proton species in the coolant

salt. oo
The role of hydrogen in the coolant salt has been

- shown to be more complex than ongmally thought It
- nOW  appears that both melts and salts contain

NaBF3OH as a relatlvely stable species. In the melts,
however, studies indicate that a small fraction of the
hydrogen is present as an electroactive species (pos51bly'
HF, HBF,, HBF;0H) which is in relatively rapid
equilibrium with a vapor species. In addition, the frozen
salt may contain adsorbed water that is partially
converted to NaBF;OH on melting. Tests with chro-



mium metal have shown that its reaction with the active

- proton species is quite rapid, whereas BF;OH" is

relatively inert. Also it appears that Cr(II) can be
present when NaBF, melts are contacted with chro-
mium metal.

The original infrared pellet calibration data for proton
determination (as BF;0H") seem confirmed through
‘standard additions of NaBF;OH to NaBF, salts which

were then melted under isothermal conditions. A liquid
condensate collected from the vapor above NaBF,
melts was found by NMR analysis to contain about
equal quantities of nonionic hydrogen and fluorine. No

evidence for 1sotop1c exchange was seén when hydrogen

isotopes were diffused into NaBF, melts in a silica cell,
but chemical reactlons Wthh formed BF3 OH (or
BF30D -) did occur.

An improved Karl Fischer titration technique is being
developed for the calibration measurement of hydrol-
ysis products in coolant off-gas streams. A newly

designed automatic coulometric titrator and a rotating
polarized cathode are used to obtain improved precision

in the measurement of microgram quantities of water.
We are also assembling an apparatus to measure
hydrogen in coolant off-gas after its diffusion through a
palladium membrane.

The spectrum and chemistry of Ce** and Te?” have
been studied in fluoride melts. The analytical usefulness
of the Ce(IV)-Ce(IIl) reaction has also been considered.
Further spectral studies of Cu®* in LiF-BeF, have been
made, leading to a determination of the solubility of
CuO in that melt when contained in a SiO, cell.
Spectral studies have confirmed the existence of dis-
solved LizBi in molten LiCl or LiBr and have inferred
the nonexistence of a corresponding lead pulmbide m
molten LiCl.

9. ther Molten Salt Research

Equilibrium qﬁétients (Q) have been measured for the
reaction

3UF, stC, =4UF; +2C

in dilute molten salt soQutions of LiF-BeF,. The
stability of UF; as measured by these Q values is
strongly influenced by both temperature and solvent
composition. Higher temperatures and larger mole
fractions of BeF, favor greater equlhbnum concentra-
tions of UF;.

Emf studies have been initiated of oxide equilibria in
MSBR solvent salt (LiF-BeF,-ThF,, 72-16-12 mole %).
These studxes will prov1de improved oxide solubility
data and in addxtlon w1ll conﬁrm act1v1ty coefﬁc1ent

estlmates for this salt system. anary efforts to date

" have been concerned with design and assembly of
equipment and with improving the LaF; reference

electrode in order to ‘achieve stability and reproducl-
bility.
The LiF-LiBF, phase diagram was determined. A

comparison with the other alkali fluoride—tetrafluoro- -
borate systems shows an mcreasmg positive dev1at10n

from ideality with decreasmg cation size.

A beryllium metal anode in molten NaF-BeF, (75
mole % BeF,) shows a reproducible and well-defined
chronopotentiometric transition time. A quantitative
interpretation of such chronopotentiograms, based on
interdiffusion of BeF, formed at the anode surface and

~ the BeF,-NaF mixture, has been developed.

PART 3. MATERIALS DEVELOPMENT

10 Intergranular Cracking of Structural
e Materials Exposed to Fuel Salt

Several alloys have been vapor- and electroplated with
various amounts of Te. Some of the alloys are resistant
to intergranular cracking, and some form shallower
cracks than standard Hastelloy N. Mechanical property
tests on melts of standard Hastelloy N containing
additions of Te and Sr show that Te is detrimental and
that Sr has no effect. The grain boundary and volume
diffusion parameters for Te at 650 and 760°C in
Hastelloy N, Ni, and type 304L stainless steel were
measured. The depth of penetration was greatest for Ni
and least for type 304L stainless steel. Tube-burst tests
on samples of Hastelloy N, Inconel 600, and type 304L
stainless steel plated with Te showed that intergranular
cracks formed in the Hastelloy N and Inconel 600, but
not in the type 304L stainless steel. Similar behavior
was noted in samples of these materials that were strain
cycled.

The reaction products formed on samples exposed to
Te in several experiments have been examined. Several
tellurides have been identified. Thin sheet samples of Ni
and Hastelloy N were embrittled by exposure to Te,
fractured, and the fracture surfaces analyzed by Auger
electron spectrometry. The brittle fracture surfaces
were enriched in Te.

An in-reactor fuel experiment has been designed and -

is being fabricated to evaluate the effects of fission
products on intergranular crack formation in Hastelloy
N, Inconel 601, and type 304H stainless steel.

11. Graphite Studies

Irradiation results are now available on experimental
graphites fabricated at ORNL. First-generation graph-

 ma om WD R G KE EE

== -

o

E O W W=

=



. &£

e

|,

I T

LN

ites employing raw coke directly have been irradiated to
3.5 X 10?2 neutrons/cm? (E > 50 keV) and are more
stable than the reference graphite (Great Lakes grade
H-337) and approach the behavior of Poco grade AXF.
Second-generation graphites based on modified raw
coke have seen up to 2 X 10?2 neutrons/cm? and
appear to be superior to the earlier materials. Graphite
fabrication studies continue on a limited scale, and a
third generation utilizing pressure baking is now being
developed.

A few graphites from commercial vendors continue to
be received and are evaluated for their interest in
relating radiation damage to microstructure. Graphites
are also being evaluated for their application as struc-
tural materials for fuel processing.

The major effort continues to be development of
coatings for xenon exclusion from the core graphite.
Process parameters have been identified to produce the
desired high-density isotropic pyrolytic carbon, and a
set is now under irradiation in the HFIR. Preliminary
results on these samples after irradiation to 1 X 1022
neutrons/cm? should be available in December. A
number of free-standing pyrolytic strips have also been
examined after irradiation to 3.3 X 10?2 neutrons/cm?
and confirm earlier results at low fluences that the
high-density isotropic carbons derived from propene are
dimensionally stable. Conversely, an anisotropic meth-
ane-derived coating expanded over 500% in the pre-

natural circulation loops and two pumped loops show
that low corrosion rates can be obtained in pure sodium
fluoroborate, but oxidizing impurities increase the
corrosion rate. Compatibility tests involving stainless
steel and Hastelloy N exposed to fuel and coolant salts
in gas environments of Ar, air, and BF; showed that

" Hastelloy N is more resistant to attack than stainless

ferred c-axis direction but maintained structural integ-

rity!

12 Hastelloy N

Three commermal 100-1b heafs of Hastelloy N ‘modl- ,

fied with 2% Ti were evaluated. The weldability and un-
irradiated mechanical properties are superior to those of

‘standard Hastelloy N. Two of the alloys were irradiated
. at 650 and 760°C to a thermal-neutron fluence of 3 X

10%° neutrons/cm® and were found to have acceptable
postirradiation mechanical properties. Commercial al-
loys modified with 0.3 and 0.7% Hf had umrradlated

. ‘mriechanical propertles superlor to those of standard
. Hastelloy N. However, autogenous welds in the alloy

containing 0.7% Hf cracked. Several types of Hastelloy

< N were irradiated to a thermal-neutron fluence of 1.6 X

10?2 heutrons/cm at 650 Cand found to be bnttle in,,
postlrradxatlon creep tests.

Corrosmn tests in 0x1dxzmg fuel salts have exhlblted
high corrosion rates, but no intergrantlar cracking. A
tellurium-plated Hastelloy N sample was placed in the
hottest region of a fuel salt loop, and the Te was
transferred to a cooler region of the loop. Several

steel. Air and BF; increased the amount of attack of
both metals. A static test of Hastelloy N in sodium
fluoroborate with an addition of 350 ppm oxide
showed that the presence of the oxide did not result in
increased corrosion,

Hastelloy N specimens exposed to steam at 538°C for
13,000 hr were oxidized at a metal consumption rate of
less than 0,25 mil/year. The oxide was primarily NiO
with some MoO,, a spinel, and Cr, 0. Several stressed
specimens are in test, and the fractures thus far indicate
that the rupture life in steam may be somewhat shorter
than in Ar.

13. Support for Chemical Processing

Construction of the molybdenum reductive-extrac-
tion test stand continued. Three steps have been
completed: (1) fabrication of pots and column, (2)
machining of all subassembly components, and (3)
construction of unjoined mockup from molybdenum
components. Concurrently, the feed pot and column
subassemblies are being fabricated. The final step will
then consist of interconnecting the subassemblies by
field welding.

Final procedures were determmed for all tube tube,
and tube-tee welds. Brazing techmques were developed
for each of the types of configuration that are required.
Induction and portable resistance heating methods of

~ brazing were successfully used. Several commercial

brazing filler metals were investigated for use in

portions of the system not exposed to bismuth.

Studies of the compatibility of potential structural

: matenals with blsmuth and bismuth-lithium solutions at
600 to 700 C were contmued in statlc capsule and

thermal convection loop tests. -
A T-111 thermal convection loop test ‘completed
3000 hr in Bi—2.5 wt % Li at a maximum temperature

of 697°C. The maximum weight loss measured was 2.73

mg/cm and, though the samples showed slight oxygen

increases, they were ductile. A molybdenum thermal

convection loop c;rculatmg B1—2 5 wt % Li at a
maximum temperature of 696°C has operated for 5500
hr and will be continued to accumulate long-term test
data.
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Samples of graphite were attacked by lithium when
exposed for 1000 hr at 700°C in a graphite crucible. No
metallic lithium was found in the crucible, but the walls
of the crucible moved inward, and the samples also
exhibited weight gains. X-ray-diffraction results on the
samples showed the presence of Li,C, and an expanded
graphite lattice. However, no chemical reaction has
been noted between graphite and Bi-Li solutions con-
tammg up to3 wt % L1

PART 4, FUEL PROCESSING FOR
MOLTEN-SALT REACTORS

- e 14 Flowsheet Analysrs

Y

Work was contmued on the development of 2"

computer program ‘that can be used for calculating

xiv

the reaction of gaseous UF¢ with UF, dissolved in

MSBR fuel salt. Further progress was made in the study
of the equilibrium precipitation of protactinium from
LiF-BeF,-ThF, (72-16-12 mole %) by sparging the salt
with HF-H, O-Ar gas mixtures. Preliminary values for
the equilibrium quotients for the reaction PaFs(d) +
%hH,0(g) = %Pa,0s(s) + SHF(g) can be represented
by log @, = 12.74 — 10,880/T(°K) in the temperature

range 535 to 650°C.

steady-state concentrations and heat generation rates in

an MSBR processing plant. The behavior of 687
nuclides in as many as 250 regions can be considered;
however, the use of only about 70 regions has been
adequate for representing processing plant flowsheets
considered thus far. Modifications made in the com-
puter program during this report period facilitate its use

and allow an 1mproved representatxon of equipment

items. The modified program has been used successfully
for evaluating a number of flowsheets that are based on
fluorination—reductive-extraction—metal transfer but
differ appreciably from the reference flowsheet.

, lS._Proces;lng Chemistry

Studies related to the development of the metal
transfer process were contmued The following results
were achreved

1. The solubrhty of L13B1 in molten LrCl was deter-
mined over the temperature range 650 to 800°C.

2. Some data were obtained on the equilibrium distri-
bution of lithium and bismuth between liquid Li-Bi
alloys and molten LiBr or LiF.

3. Measurements of the equilibrium distribution of
lithium and lead between liquid Li-Pb alloys and
molten LiCl were. made at 650 C.

4. The solubility of thorium in selected Li-Pb alloys

was determined over the temperature range 400 to
700°C.

16. Engmeermg Development of
Processmg Operatlons

Studles related to a number of processmg opera—

* tions were continued during this report period. The

purification and charging of the salt and metal phases
to metal transfer experiment MTE-3 were com-
pleted, and operation of the experiment was initi-
ated. The equipment used in the experiment con-
sists of a fluoride salt reservoir containing about 30
liters of fluoride salt (72-16-12 mole % LiF-BeF,-
ThF,), a salt-metal contactor, and a rare-earth stripper
containing 4.6 liters of 4.9 mole % Li-Bi solution. The
10-in.-diam contactor is divided into two compart-
ments that are interconnected by a pool of bismuth
containing reductant. During operation of the experi-
ment, salt is circulated from the fluoride salt reservoir
to one side of the contactor, and LiCl is circulated from
the rare-earth stripper to the other side of the con-
tactor. Mechanical agitators are used in the contactor to
contact the phases without causing dispersion of either
phase. Mass transfer coefficients were measured for
228Ra during the first two runs; the resulting values

~ were in good agreement with a literature correlation

In addifion, the reductive extraction of titanium and

cesium from molten MSBR fuel salt into liquid bismuth
was studied at 600°C. Studies of the chemistry of fuel
reconstitution were continued. Spectrophotometric evi-
dence showed conclusively that UF; is the product of

that is based on mass transfer between aqueous and
organic phases in the type of contactor used for the
present experiment. Quantities of LaF; (510 g) and
154 EuF, (14 mCi) were then added to the fluoride salt.
The mass transfer coefficient values measured for
europium and lanthanum during four additional runs
were lower than predicted; the values for lanthanum
were considerably lower than expected, while those for
europium were only about 10% of those expected. It is
believed that these low values are caused by the
presence of an oxide layer at one or more of the
salt-bismuth interfaces in the system. We believe that
the rate of transfer of europium and lanthanum can be
increased considerably either by removing the inter-
facial material or by increasing the agitator speeds
beyond the 100- to 200-rpm range employed thus far.

Additional progress was made on the design of the
metal transfer process facility, in which the fourth
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metal transfer experiment will be carried out. This
experiment will use salt and bismuth flow rates that are
5 to '10% of those expected for processing a 1000-
MW(e) MSBR. The three-stage salt-metal contactor will
be fabricated from graphite. During this report period,

discussions concerning the design and fabrication of the

contactor were held with a graphite manufacturer.
Minor design changes suggested by the manufacturer
were effected, and the preliminary quotation “for
fabrication of the completed assembly appears to be
satisfactory.

Studies involving the measuremént of mass transfer
rates in simulated mechanically agitated salt-metal
contactors were pursued further. Since the important
physical properties of molten salt-bismuth systems
(viscosities, densities, and density difference) are quite
similar to those of the mercury-water system, investiga-
tions carried out with contactors using mercury and
water will allow examination of the hydrodynamic and
mass transfer characteristics of this type of contactor
under highly desirable conditions for experimentation.
Work during this report period was aimed at finding
materials that distribute between mercury and aqueous
phases in a manner suitable for mass transfer studies.
The extraction of lead from an aqueous phase into
mercury containing zine at low concentratlons accord-
ing to the reaction

PH(NOS); [H,0] + Zn[Hg]

~Pb[Hg] + ZD(Nosjz [H.0] ,

was found to be quite satisfactory. Results obtained in
a series of experiments performed with a 6-in.-diam
contactor indicate that the individual mass transfer
coefficients in a water-mercury system (and probably in
a salt-bismuth system) are predicted reasonably well by

XV

an existing correlation that is based on mass transfer in

aqueous-organic systems.

Three mass transfer experiments were performed in
the mild-steel reductive-extraction system. In these
experiments, the rates of transfer of ®7Zr and 237U
from molten salt to bismuth were measured by addmg

Construction of the reductive-extraction process fa-
cility will require joints in molybdenum tubing, some of
which must be made in the field. During this report
period, the feasibility of flaring commercially available
molybdenum tubing in Y-, ¥%-, and %-in. sizes was
demonstrated. Since molybdenum-on-molybdenum
threads tend to gall and since it is difficult to tap
threads in a molybdenum nut, we have considered
designs in which the flare fittings have molybdenum
bodies, but the nut and ferrule are made of materials
other than molybdenum. However, because of the very
low coefficient of thermal expansion for molybdenum,
almost any other potential material for the nut and
ferrule would expand more than molybdenum; thus
such a fitting would loosen upon being heated. A means
was devised for fully compensating a fitting for both
axial and radial differential thermal expansion. Test
fittings in ¥, %-, and Y%-in. sizes that had a 45° flare
and were compensated for axial expansion were fabri-
cated. Although one of these fittings (¥ in.) remained
leak-tight (as shown by a helium leak test) during
thermal cycling from 300 to 600°C, it was concluded
that compensation for both axial and radial thermal
expansion is required. A set of fittings that have a 37°
flare and are fully compensated for differential thermal
expansion is currently being fabricated.

The design of the molybdenum reductive-extraction
equipment and the processing materials test stand is
essentially complete. A trial assembly of the compo-
nents, piping, and support system was made to check
the design drawings; no problems were found. The
remaining design work involves the electrical wiring for
the containment vessel and transfer line heaters, the
instrumentation and control panels, and the services.
The assembly frame for the molybdenum equipment
was test loaded and was found to perform satisfactorily.
Procedures and checklists for moving the completed
molybdenum system from the assembly area to the

" operating area were prepared, and a transfer of the

the respective tracers to the salt phase prior to

contacting the salt with bismuth containing reductant
in a 0.82-in.-ID by 2-ftlong packed column. The
fractions of the materials transferred ranged from 36 to
80% at extractlon factors ranging from 1.3 to 6.3. The
height of an overall transfer unit (HTU) based on the
bismuth phase ranged from 4.7 to 7.3 ft. A correlation
was developed which shows that the HTU value is
constant and equal to about 4.3 ft for extraction
factors near unity.

frame and equipment mockup was made successfully.

Several types of samplers were used to take portions
of fluoride salt from various engineering experiments
for bismuth analyses. The reported concentrations of
bismuth in the salt ranged from less than 0.1 to greater
than 1000 ppm. The results indicate that several of the
samples were contaminated during their passage
through the sample port and that an improved sampler
design will be required in order to avoid contamination.

~ Samples withdrawn from the fluoride salt surge tank in

metal transfer experiment MTE-3 have shown low
bismuth concentrations consistently (0.45 to 1.7 ppm).

A series of experiments on autoresistance heating of
molten salt was performed in a simulated fluorinator



that was protected from corrosion by means of a frozen
wall. Results of these experiments indicate that an
electrically insulting layer of frozen salt can be formed
reliably if the temperature of the fluorinator wall is

xvi

held below that of the salt solidus. The measured values

for the thickness of the layer agreed well with values
calculated from heat transfer considerations -and from
measurements of the elec'_trical resistance of the molten
salt in the simulated fluorinator. Operational stability,
desired specific heat generation rates, and adequate heat
removal rates by natural convection and radiation were
demonstrated for operation of a frozen-wall fluorina-
tion experiment.

The first series of experiments in the.uranium oxide
precipitation’ facility has been completed. On disas-
sembly, the precipitator vessel was found to contain a
large quantity of undissolved oxide which appears to
have resulted from inadequate agitation of the oxide
during the dissolution step. Examination revealed negli-
gible corrosion of the equipment by HF attack or
agglomeration of oxide on the surfaces. Thus oxide
precipitation continues to appear to be an attractive
alternative to fluorination for removing uranium from
protactinium-free MSBR fuel salt.

An eddy-current-type detector is being developed to
allow detection and control of the bismuth-salt inter-
face in salt-metal extraction columns or mechanically
agitated salt-metal contactors. The probe consists of a
ceramic form on which bifilar primary and secondary

coils are wound. A high-frequency alternating current is
passed through the primary coil, and a current that is
dependent on the conductivities of materials adjacent
to the coils is induced in the secondary coil. A probe
assembly was tested at 550 and at 700°C using the
amplitude measurement technique. At each tempera-
ture, the probe readings were linear and reproducible
for bismuth levels between 4 and 12 in. Although the
temperature compensation circuit did not function as
expected, the probe is entirely usable at any tempera-
ture for which a calibration curve is available. With a
constant temperature and bismuth level, a variation of
about 5% in the probe reading was noted over a five-day
period. The reason for this variation is not known.

17. Continuous Salt Purification

The system was modified to provide for the continu-
ous circulation of a small volume of sait (about 4 liters)
through the packed-column gas-salt contactor. The new
equipment consists of a check valve pump that has
tungsten ball checks and an orifice head pot for
measuring the salt flow rate. Initial tests with the
system showed that the equipment for measuring the
salt flow rate performed quite satisfactorily; however, it
will be necessary to modify the pump to permit
operation with salt containing small quantities of
particulate.

& 5 & ==




-

o RN LT 1

i
q

- MR AR i e -

B BT B DM L R R K L

et ki L

e N R L

LR s

| -

w €.

H

Part 1.

" “R. B. Briggs

The design and development program has the purpose
of describing the characteristics and estimating the
performance of future molten-salt reactors, defining the
major problems that must be solved in order to build
them, and designing and developing solutions to prob-
lems of the reactor plant. To this end we have published
a conceptual design for a 1000-MW(e) plant! and have
confracted with an industrial group organized by
Ebasco Services Incorporated to do a conceptual design
of a 1000-MW(e) plant. This design study uses the
ORNL design for background and is to incorporate the
expérience and the viewpoint of industry. Task 1 of this
study, the selection of a reference concept, has been

completed and described in a report.2 We also do brief '

studies of new or advanced concepts such as the
lead-cooled reactor that is discussed in this report.
One could not, however, propose to build a 1000-

MW(e) plant in the near future, so we have done some |

studies of plants that could be built as the next step in

the development of large MSBRs. One such plant is the -

Molten-Salt Breeder Experiment (MSBE).3 The MSBE
is intended to provide a test of the major features, the
most severe operating conditions, and the fuel reproc-
essing of an advanced MSBR in a small reactor with a
power of about 150 MW(t). An alternative is the
Molten-Salt Demonstration Reactor (MSDR) 4 which

would be a 150- 1o 300- MW(e) plant ‘based 1argely on
the technology demonstrated in the Moltén-Salt Re-
actor ‘Expenment would mcorporate a mrmmum of ‘

Task 1.

3. J. R. McWherter, MoIten SaIt Breeder Experzment Destgn' '

Bases, ORNL-TM 3177 (November 1970)

4B ST Bettls, LG Alexander and H. L. Watts, Design
Studies of a Molten-Salt Reactor Demonstratzon Plant, ORNL—
TM-3832 (June 1972).

Breeder Reactor Conceptual Destgn Study - FmaI Report -

MSBR Design and Development

P. N. Haubenreich

demonstrating the practicality of a molten-salt reactor
for use by a utility to produce electricity. The present
AEC program does not include construction of an
MSBE or MSDR, and studies of these reactors are
inactive.

In addition to these general studies of plant designs,
the design activity includes studies of the use of various
fuel cycles in molten-salt reactors and assessment of the
safety of molten-salt reactor plants. The fuel cycle
studies have indicated that plutonium from light-water
reactors has an “economic advantage over highly en-
riched 235U for fueling molten-salt reactors. Some
studies related to safety are in progress preliminary to a
comprehensive review of safety based on the ORNL
reference design of a 1000-MW(e) MSBR.

The design studies serve to define the needs for new
or improved equipment, systems, and data for use in
the design of future molten-salt reactors. The purpose
of the reactor development program is to satisfy some
of those needs. Presently the effort is concerned largely
with providing solutions to the major problems of the
secondary system and of removing xenon and handling
the radioactive off-gases from the primary system. A gas
system technology facility is being built for use in
‘testing the features and models of equipment for the
gaseous fission product removal and off-gas systems and
for making special studies of the chemistry of the fuel
salt. A coolant system technology facility has been
completed for use in studies of equipment, processes,

"and chemistry “of sodium fluoroborate for the sec-
- e s - ondary system of a molten-salt reactor. '

1. Molten-Salt Reactor Program Staff, Conceptual Destgn

) Study of a Srngle~Flu1d Molten Salt Breeder Reactor, ORNL- .

The steam generator is a major item of equipment for
which the basic design data are few and the potential
problems are many. A program involving industrial
participation has been undertaken to provide the
technology for designing and building reliable steam
generators for molten-salt reactors. As the first step in
this program, Foster Wheeler Corporation is preparing
the conceptual design of a steam generator for large
molten-salt reactors.



1. Design

E. S. Bettis

1.1 LEAD-COOLED MSBRs

Report TM-3832 on the 300-MW(e) Molten-Salt
Demonstration Reactor (MSDR) was issued. The MSDR
study involved the most detailed design of a large
single-fluid molten-salt reactor that has been done to
date, and we believe that it represents a practical
reactor.

Having finished the demonstration reactor, we de-
cided to take a more serious look at an advanced
reactor concept originally proposed about ten years
ago. This concept involves the use of lead as a direct
contact coolant for the molten salt. Lead is immiscible
with fluoride salts and is chemically compatible with
the fuel salt. Because of the difference in density
between the salt and lead, the two liquids can be
separated by gravity. When the lead is pumped into the
salt, it transfers momentum to the salt, and so it can be
used to circulate as well as extract heat from the fuel
salt. The lead must be cooled by another coolant loop
(or secondary salt loop) which is then used to make
steam. ‘

Although the idea has received cursory attention
during the past ten years, no serious design study was
undertaken. We therefore began an evaluation of this
idea to see if it had any practical potential. A major
incentive for using direct contact cooling is that the
power density in the heat extraction system promises to
be high and so should reduce the amount of salt in the
primary circuit external to the reactor.

These two advantages are quite attractive; however,
rather serious difficulties are associated with the use of
lead so that, for the concept to warrant serious
consideration, the lead-cooled reactor must show
superior performance, particularly in reducing primary
salt inventory.

The first serious liability of the lead system is that it
must be contained in a refractory metal (probably
molybdenum). Successful lining of large vessels with
molybdenum and fabrication of molybdenum heat
exchangers, pumps, and piping probably can be accom-
plished, but they are certain to be expensive and to
require considerable development.

Also, effecting a complete separation of salt from the
lead is difficult, and some undetermined amount of salt
will always circulate with the lead. An extensive
experimental program would be réquired to determine
the extent of entrainment. For our study we only made

estimates of the gross disengagement and the amount of
salt in the salt-lead interfacial region at the bottom of
the reactor.

A third disadvantage of the direct contact lead
cooling is that the lead and salt flows are cocurrent.
This means, of course, that the maximum lead tempera-
ture is the same as the minimum salt temperature; thus
the reactor maximum salt temperature tends to be high
for this system. A further température disadvantage is
that the low lead temperature must be kept above the
melting point of the salt to prevent entrained salt from
freezing out in the lead. These factors limit the At
taken in the lead, and the low Ar in combination with
the low specific heat requires that the volumetric flow
of lead be large. '

We decided that the complexity of the lead piping
around the top of the reactor vessel would make it
impractical to replace the core graphite. Therefore, we
designed for a 30-year core life, which meant that the
reactors would be quite large. We studied three dif-
ferent types of reactors, the difference between them
being the way in which the lead was disposed in the
reactor vessel. :

All three reactors were similar in basic arrangement.
Each reactor had a top reflector similar to that of the
MSDR except that the reflector was cooled by lead.
Each also had a radial reflector consisting of graphite
spheres cooled by lead. The lead pool beneath the core
served as the bottom axial reflector. The core graphite
in each case floated on the lead pool and pushed against
the top reflector. The core was firmly compressed by
the bouyant action of the spheres in the radial reflector.

None of the reactor types really proved to be worth
pursuing, so we will not describe them in detail. Rather,
we will describe the different core designs we tried and
will show where they failed.

The first core was very similar to the core of the
MSDR except that a %-in.-wall, 6-in.-OD graphite tube
was put into the center of each graphite core cell. A
typical cell is shown in Fig. 1.1. It is 13% in.2, made up
of four corner posts, some slabs of graphite with flow
passages between them, and the graphite downcomer
tube in the center. A lead plenum is located directly
below the top reflector. Directly under the lead plenum
is'a gas space where xenon can be purged from the salt.
A layer of salt completely covers the core which bears
against the bottom of the lead plenum through graphite
studs on the core cover plates.
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A 4-in.-diam nozzle introduces lead from the plenum
into the center of each downcomer. The lead velocity
leaving this nozzle is 32 fps, and the salt enters the
annulus around the nozzle with a velocity of 8.3 fps.
The pressure in the lead plenum to produce this flow is
80 psi. Mixing of the lead and salt results in a pressure
rise of 63 psi which, with the static pressure of the
mixed liquids, produces a pressure of 178 psi at the
bottom of the core. This pressure is dissipated in
forcing the salt up through the slots in the cells to the
top of the core, and circulation is thus maintained in
the core. .

In this design, the lead enters the top of the reactor at
a temperature of 1000°F and leaves at a temperature of
1100°F. The temperature of the salt is 1200°F at the
top of the core and, of course, is the same (1100°F) as
the lead at the bottom. Thus both lead and salt have a

At of only 100°F. A lead flow of 900 cfs and a salt
flow of 300 cfs is required. For the flow area in the
core and with the center power density, this requires
the mixture to flow at 18 fps in the center channels.

This core had to be abandoned for two reasons. The
high velocity of the jets leaving the core at the bottom
of the reactor carried too much salt into the lead pool
at the bottom. It was not possible to get an exact figure
for this entrainment, but it amounted to at least 600
ft*. This minimum figure (it probably is much higher)
rendered the performance of the reactor unattractive.

In addition, we found that the lead in the interior of
the core was a greater poison than we had anticipated,
and the nuclear performance suffered. This is discussed
in Chap. 2.

The second design was an attempt to correct the two
faults of the first. Again, the same reactor, reflector,

ORNL—DWG 72-13700
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Fig. 1.1. Plan view of graphite core cell for lead-cooled MSBR.
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and general configuration were used, but the cell design
was completely changed. This was done to decrease the

entrainment at the bottom and also to decrease the

poison of the lead in the core.

The cell is still 13% in.2, but it is constructed of four
extrusions which, when assembled, form a square with
an 11%-in.-diam hole in the center. Inside this hole are
two concentric graphite cylinders, each having a wall
thickness of 17 ¢ in. In the center of the inner cylinder
is a 3-in.-diam rod. This cell provides two annuli of
%-in. thickness and an outer annulus of %-in. thick-
ness. The two inner annuli provide riser channels for the
salt, while the outer annulus provides the downcomer
and contains 1.5 volumes of lead per volume of salt.
Figure 1.2 shows both a plan and elevation of this cell

- arrangement.

At 8-ft intervals in the outer annulus, there are
turning vanes which impart a rotational component to
the mixture of lead and salt. This rotation generates a
1-g centrifugal field which separates the lead from the
salt by the time the mixed stream reaches the bottom

of the core. The salt collects in a plenum (approxi-
mately 2 in. deep) and flows back up through the two
annular risers in each cell.

In order to reduce the neutron absorptions in the lead
in this core, the ratio of lead to salt is made 1.5:1,
necessitating a 200°F At in the lead and thus raising the
lead temperature to 1200°F and the salt temperature to
1300°F. From a nuclear standpoint, this core is
superior to the first core, but the performance is still
mediocre. The breeding ratio is about 1.05, the dou-
bling time is 31 years (full-power years with compound
interest), and the specific inventory is about 2.2
kg/MW(e). ’

Although the salt disengagement volume is reduced to
a tolerable amount by the centrifugal separation, a
hydrodynamic problem is introduced. In order to pump
the salt around the core circuit, a lead jet velocity of 60
fps is required. The corresponding lead plenum pressure
to attain this velocity is 267 psi, a value which we
consider to be excessive because of the stresses imposed

on the reactor vessel.
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A final core design was studied in which the lead
downcomers were removed from the core and placed
peripherally around it. The core cells are exactly like
those of the demonstration reactor. They are squares
made up of corner posts, inside which are located
graphite slabs. The salt flows up through the interstitial
spaces in these cells, across the top of the core under
the reflector, and down in the lead mixing cells around
the core.

These peripheral cells are squares 13% in. on a side
with an 11-in.-diam hole in the center. Inside this hole

" is a 6-in.-diam rod leaving a 2% -in. annulus down which

lead and salt flow. This lead-salt-graphite region serves
as a kind of blanket and liquid-liquid direct contact
heat exchanger. By removing the lead from the center
of the core, its poison effect is greatly reduced. Outside
the blanket region is a reflector consisting of lead-
cooled graphite spheres.

Lead with a velocity of 25 fps is introduced into an

annulus through an 8-in.-OD nozzle centered around
the central graphite cylinder. The lead jet entrains salt,
and the mixed liquid flows with a velocity of about 14
fps down the annulus. Again, turning vanes generate a
centrifugal field to separate the lead from the salt. A
lead plenum pressure of 50 psi is required to impart the

necessary velocity and estabhsh crrculatron through the _

core.

This design may have possrbrhtles From a nuclear
standpoint, it appears to be rather attractive. Agam,
details are reported in Chap. 2. There is, however, a
question which has not been resolved. It is very difficult
to determine how flow is established across the core at
the top and bottom. So far, we have been unable to
calculate the depth of either plenum, and it is quite
possible that these plenums will become so deep as to
contain a prohibitive amount of salt.

It should be pointed out that all these studies have
been concerned with thermal reactors. It appears now
that lead coohng ‘does not improve the performance of

thermal reactors sufﬁcrently to Justlfy attemptmg to
solve the’ drfﬁcult “materials problems assocrated with
the use of lead. We therefore propose to summa_nze the:‘

results of ,At.he

“work on these concepts. Lead cooling may have some
merit for intermediate or fast-spectrum ‘molten-salt
reactors, and studres of such reactors nught be worth '

1 2 MSBR INDUSTRIAL DESIGN STUDY |

M L Lundm

The Task I Report1 was dehvered to ORNL early in
the report period. The report described a conceptual

design for a 1000-MW(e) Molten-Salt Breeder Reactor
plant, the salient features of which were described in
the last semiannual report.2 Task II was started and is
currently in progress. This effort is defined as follows:

1. demonstrate the feasibility of the conceptual design
presented in Task I;

2. prepare CSDD:s for the design;

3. conduct trade-off and parametric studies to optimize
~ the design;
4. perform the benchmark physics calculations;

5. prepare a cost estimate for the recommended design.

Work is active in each of these five areas.

In the design engineering area, where practicality of
the design must be demonstrated, work is currently in
progress on the drain tank, the transient analysis of the
plant, handling of the reactor vessel top head and of the
reflector graphite, structural support of the primary
system, and design of a reactor cell structural support
system. The present arrangement is shown in Fig. 1.3.
The primary system concept has been studied, and a
decision has been made to utilize a lined system to
protect the plant from thermal shock. This cooled liner
also increases the design allowable strength of the
reactor vessel metal to 11,000 psi.

Babcock & Wilcox completed a transient analysis of
the intermediate heat exchanger. The scram transient
specified resulted in a drop in fuel salt inlet temperature
of 250°F in two stages: 200°F in 10 sec followed by a
S0°F drop in 4 sec. The recommended Task I design
withstood this transient. This design utilizes a sine wave
tube with a nonremovable tubesheet but having access
to the tubesheet for tube plugging (see Fig. 1.4).

1.2.1 Drain Tank

A parametric' study is under way to identify and
quantify the important design parameters and to permit

~ the selection of a credible design. The design base is a

hypothetical steady-state condition in which the fuel
salt produces 50 MW while at a uniform temperature of -
1300°F. A tentative design based on this condition will

- be. examined under normal steady-state operation and

under transients. These conditions may provide bases
for refining the design.

The conceptual design uses bayonet tubes mounted in
the tank head for cooling the tank contents. For

1. 1000 MW(e} Mo en eactor Conceptual
Design Study — Final Report - Task I, Ebasco Services, Inc.

2. MSR Program Semiiannu. Progr. Rep. Feb. 29, 1972,
ORNL-4782.
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Fig. 1.3. Design study of MSBR cell.

simplicity, reliability, and ease of maintenance, it is
desirable to have as few thimbles as practical. To
achieve this, the present Ebasco concept utilizes duplex
tube thimbles having a mechanical bond. In this
concept heat transfer is limited primarily by the salt
film coefficient rather than by radiation as in the
ORNL concept. Thus, a greater heat flux and far fewer
thimbles are possible in the Ebasco concept.

Heat transfer characteristics of fuel salt to cooling
thimbles were examined. Figure 1.5 shows the calcu-
lated film coefficient as a function of salt and metal
temperature based on a free convection model.3 It can
be seen that a coefficient of about 200 Btu hr ™' ft7?
°F' can be expected if the cooling surfaces are

maintained at 1100°F and if the salt is allowed to reach

1300°F. Being cooler than the bulk, fuel salt near the
thimble surface flows downward, becoming turbulent
very near the free surface. Because the flow is turbulent
over almost the entire thimble length, the film coeffi-
cient is constant over the entire length. The thickness of
the turbulent boundary layer was caiculated (Fig. 1.6)
based on a vertical flat plate model.4 The results suggest
that it may exceed 1 in. near the bottom of a long
thimble. The same model was used to estimate the

3. M. Jacob, Heat Transfer, Vol. 1, Wiley, 1949, p. 529.
4. E. R. G. Eckert and T. W. Jackson, NACA Technical Notes
2207, October 1950. '
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temperature distribution (Fig. 1.7) and the velocity
distribution (Figs. 1.8 and 1.9) in the boundary layer. It
- can be seen that most of the temperature rise occurs
within half the boundary layer thickness, and the salt
velocity can approach several feet per second. These
results indicate that natural convection provides a great

deal of mixing, so a uniform bulk salt temperature can

be assumed for design purposes.

Based on the film coefficient shown in Fig. 1.5, the
heat transfer surface required to accommodate 50 MW
was determined (Fig. 1.10). If the cooling surfaces
operate at 1100°F (average) and the bulk salt is
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permitted to approach 1300°F, it can be seen that an
area of 4200 ft* is required. The heat transfer area
together with the fixed heat load determine the heat
flux and, hence, the temperature drop between the
thimble surface and the flowing NaK. Figure 1.11
shows calculated NaK temperatures for various choices
of salt and salt temperatures. For 1300°F salt and
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1100°F metal the NaK temperature would have to be
about 960°F. This result is based on bare thimbles, that
is, no fins. However, if vertical fins are put on the
thimbles so that the number of thimbles can be
reduced, the heat flux will be greater and the NaK
temperature will have to be substantially lower.

Because heat transfer through the thimbles is limited
prlmarlly by the ‘salt film coefficient, fins greatly
~improve the heat-removal capacity of a thimble. A
standard analysxs of fin efﬁc1ency shows that a fin
height of ‘/2 in. is
Y, -in.-thick fins "“spaced ', in. apart increase the
effective heat-removal capacity of a thlmble by approx1~
mately 50%.

“The"température rise of the NaK as it flows down and

up a thimble was determined by constructing two heat
balances on a thlmble segment ‘one for downflow and
one for upﬂow Based on a uniform heat flux Q, the

solutions to the two d1fferent1al equatxons are’ presented,

and plotted in’ F1g 1.12. 1t can be seen that an
approximately uniform thimble temperature can be

roptimum. Calculations show that

achieved by choosing design parameters such that the
NaK temperature at the bottom is equal to that of the
upflow at the top (i.e., at the salt-free surface). Equal
temperatures (top and bottom) can be achieved by
choosing design parameters such that

2mr, U, NHAT/Q = 2,

where AT is the overall NaK temperature rise (see
nomenclature). Assuming that the heat-rejection system
does not impose additional constraints on the drain
tank design, the problem is now reduced to one of
choosing design parameters which satisfy all the pre-
vious relationships. It is desired, however, for the
number of thimbles NV and their height H to be as low as
practical and for AT to be as large as practical. The
latter is to provide adequate driving head with a
minimum elevation differential between heat source
and sink. Thus, in the previous equation the down-
comer perimeter 2nr, and the overall heat transfer
coefficient Uy, between NaK upflow and downflow are
the only parameters which can be arbitrarily adjusted to
satisfy the equality. Current efforts are directed toward
determining the practical limits of each parameter so
that a definitive choice can be made.

'Nomenclature
h = salt film heat transfer coefficient (Btu et ftT2 °F )
x = distance down a tﬁimble from the salt-free surface (ft)
Gr, = x3g (T, — Tm)/v2 , Grashof number
g = acceleration of gravity (32.2 fpsz)
8 = salt volumetric expansion coefficient (°F_1)
v = salt viscosity (Ib ft ! hr ™)
T“, =bulk ealt temperature‘
T,
Pr = Prandtl number

= thimble surface temperature

& = turbulent boundary thickness {in.)
y = horizontal distance into salt from thimble surface
vy = vertical salt velocity (fps) - »
I' = proportionality constant (fps)
T(x) = Nak temperature (@3]

Ti= cold NaK temperature at salt-free surface ’R)
To= hot NakK temperature ”alt-free surface ( F)
AT To -T;

_ N = number of coohng thimbles
'H =heated length of cooling thimbles (ft)

_ 21er = perimeter of downcomer in thimble (ft)

Up = overall heat transfer coefﬁcxent from hot to cold Nak
Btuhr ™! ft72°F )
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Uy = overall heat transfer coefficient to NaK excluding salt
film coefficient

_ Q = total emergency dump heat load (50 MW)
1.2.2 Physics Calculations

As part of the industrial MSBR design study, Ebasco
is performing physics calculations to provide an inde-
pendent check on the breeding ratio reported by
ORNL for the reference design. To attain a high level of
independence Ebasco is using different sources of data,
different computer codes, and different mathematical
treatment from that used by ORNL. Specifically,

5. Conceptual Design Study' of a Single Fluid Molten-Salt
Breeder Reactor, ORNL-4541 (June 1971).

Ebasco is using ENDF/B data, whereas ORNL used the
XSDRN library; Ebasco is using the 3D Monte Carlo
code ESP for generating multigroup cross sections,
whereas ORNL used the 1D Sn code XSDRN; finally,
Ebasco is using the multigroup, multidimensional neu-
tron diffusion code CITATION, whereas ORNL used
ROD, a multigroup neutron diffusion code which
synthesizes two dimensions via a buckling iteration
procedure. This system of codes offers not only a high
level of independence but rigorous mathematical treat-
ment as well. Because it does not have the capability to
search for the equilibrium salt composition, it is
inappropriate for routine MSR calculations. But for a
reactor having a well-defined composition, this limita-
tion does not constitute a handicap.
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1.2.3 Chemical Processing

Continental Oil Company has developed engineered
process diagrams and mechanical arrangement drawings
for the chemical processing flowsheet supplied by
ORNL. This work represents the reduction of the
ORNL flowsheet to a practical engineering design in
which attention has been given to the details of cooling,
heating, shielding, construction, remote maintenance,
safety, recovery from accidents and process interrup-
tions, and replacement of major process components. A
systematic attempt has been made to include all
components and controls that would allow for normal
operation. Further, an attempt has been made to utilize
the materials that have the lowest possible cost for the
service conditions. Specifically, graphite, nickel, and
Hastelloy have been utilized in addition to molyb-
denum.

The process, equlpment “and plant layout are de-
scribed in the Task 1 report! for the flowsheet shown
in Fig. 1.13. Continental Oil Company is presently
preparing conceptual systems desxgn descriptions for
the plant.

- 1.3 XENON BEHAVIOR IN THE MSBR
FUEL SALT SYSTEM _

H.A. McLam L. W Gllley T C Tucker

11

The dxgltal computer program MSRXEP (Molten-SaltJ'

Reactor XEnon Poisoning) has been written describing
in detail the ' *$ Xe behavior throughout the MSBR fuel
salt system. This program incorporates the BUBBLE
program reported previously® describing in detail the
inert purge gas behavior throughout the MSBR fuel salt
system. The intent of this effort is to either confirm the
results of the simplified calculations of Kedl? describing

the following results were calculated:

Poison fraction: 0.0038
Average void fraction: 0.0055
Average bubble diameter: 0.0646 cm

Average bubble mass transfer coefficient: 0.0166
cm/sec.

The following mass 135 fission product decay chain
along with the indicated half-lives were assumed for the
MSRXEP program:

l35mxe
(15.6 min)
135gp &> 1357 o 135] 2 1350g > 135B,
(2.0sec) (29.0sec) (6.71 hr) (3.0X 10° years) (stable)
135Xe 7
(9.21 hr)

We assumed for the purposes of these calculations that
the antimony, tellurium, and iodine are “dissolved” in
the salt and do not migrate to the bubbles, graphite, or

_the metal walls. We reasoned that the half-lives of the

antimony and tellurium are sufficiently low that the
amount of these materials leaving the fuel salt other
than by radioactive decay is insignificant. All chemical
evidence so far indicates that the iodine remains
dissolved in the fuel salt and does not migrate into the
graphite. The xenons have a very low solubility in the
salt and tend to migrate into the graphite and the gas
bubbles in the salt. We assumed that the cesium is stable
because of its very long half-life. The yields of '*5Sb
and '35 Xe during the fissioning process have not been
established with complete confidence and depend on
the fissile material being used. For the initial calcula-
tions we assumed that these yields were 5.05 and
1.11% respectively. Also, there is some question about

_the branching ratio of the !3°I decaying to '35™Xe

the noble gas behavior in the MSBR or to make;'

improvements where requlred
For the trial case using th1s program with the
followmg assumptlons

Coated graphlte

and '35 Xe. We assumed that 30% of the * 33 decays to
135m¥e in the mltlal calculations.

Material balances in the form of first-order linear
d1fferent1al equations were “written for each of the
isotopes present in the fuel salt indicated in the decay

_ chain shown above. Similar material balances were

Number of bubbles: 44 bubbles per cublc centlmeter"“

. of salt

.»Total hehum dissolved in_ salt and in gas bubbles 1. 0

X 1078 moles/cm
Gas separator efﬁcwncyf ‘\'90%

6. MSR Program Semzann Progr Rep Feb 29 I 972

ORNL4782.
7. MSR Program Semiann. Progr. Rep. Aug. 31 1968
ORNL-4344, pp. 72-74.

written for the xenons that had migrated into the gas
bubbles circulating with the fuel salt. These first-order
differential equations were then solved simultaneously
throughout the fuel salt loop by an iterative process on
the digital computer until a unique solution was
obtamed ,

As was done by Kedl,” we assumed that the rate of
migration of the xenons within the graphite and the
pyrolytic coating was determined by the Knudsen
diffusion of these gases within the graphite. We assumed
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Fig. 1.13. Fuel salt chemical processing plant block flow diagram.
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that the migration of '35™Xe and of !'35Xe was
independent of each other and that the decay of
135mxe to '35 Xe in the graphite did not influence the
rate of migration of '35Xe from the fuel salt to the
graphite. These isotopes lose their identity in the
graphite either by radioactive decay or by reacting with
the neutrons in the reactor.

When the unique solution of the material balances for
these isotopes is obtained, the distribution of these
isotopes throughout the fuel salt loop is then known.
From the distribution of ! 35 Xe within the reactor core,
the poison fraction due to this isotope, the ratio of the
neutrons absorbed in !3%Xe to those absorbed in the
fissile material, can be determined. We assume that all
of the !35™Xe that migrates into the graphite was
decayed to '3%Xe when we calculate the poison

13

L

fraction. This should give a high value for the poison
fraction in the reactor. '

1.4 HYBRID COMPUTER SIMULATION
OF THE MSBR

O. W. Burke

A hybrid computer simulation model of the reference
1000-MW(e) MSBR was developed. The model simu-
lates the plant from the nuclear reactor through the
steam throttle at the turbine. The simulation model is
being used to determine the dynamic characteristics of
the plant as well as to discover the problems associated
with the control of the plant. The model and results of
some test simulations are described in ORNL-TM-3767,
Hybrid Computer Simulation of the MSBR.
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2. Reactor Physms

A. M Perry

2.1 ANALYSIS OF HTLTR-MSR
LATTICE EXPERIMENTS
G.L L Ragan O L Smlth

I

We have completed the calculatlons of k Vs tempera-
ture for the lattice used in these experiments,! using
the cross-section library and calculational techniques
described in the last semiannual report.? Results of the
calculations and a comparison with experiment are
given in Table 2.1. While the calculated and measured
values compare very favorably, it should be noted that
we do not claim such high accuracy for our calcula-
tions, since changes larger than the differences noted in
Table 2.1 would be produced by variations in cross
sections well within our present range of uncertainty.

Calculations relating to the other reactivity worth
measurements are well along, but are not yet complete.
These include reactivity measurements of three types:
(1) fuel salt constituents such as Li, Be, and F,
individually measured in a centrally located sample
position; (2) simulated control rods; and (3) variations
in lattice cell geometry and density.

2.2 NUCLEAR PERFORMANCE OF LEAD-COOLED
MOLTEN-SALT REACTORS
J. R. Engel

Some survey calculations have been performed to
estimate the nuclear performance of large graphite-
moderated molten-salt reactors cooled internally by

1. E. P, Lippincott, Measurement of Physics Parameters for a
MSBR Lattice in the HTLTR, BNWL-1633 (January 1972).

2. MSR Program Semiannu. Progr. Rep. Feb. 29, 1972,
ORNL4782, pp. 18-21.

molten lead Because of the antlclpated complex1ty of
the core structure in such reactors, we considered only
systems in which the core was large enough (power
density low enough) to allow a 30-year graphite life. In

~ addition, it was presumed that continuous chemical

processing for fission product removal and protactinium
isolation would be available. Various combinations of
channel dimensions, lead:salt ratios, and thorium
concéntrations were examined. The objective was to
determine if the performance potential of such reactors
is sufficiently superior to that of extemally cooled
pumped-salt systems to justify the very substantial
effort required to develop lead cooling (see also Sect.
1.1.). Although the calculations were much less exten-
sive than would be required for a detailed design, they
did provide a basis for comparison. While breeding
would be possible in these particular thermal lead-
cooled systems with (in some cases) a somewhat lower
fissile inventory, it was concluded that the improve-
ment in nuclear performance relative to comparably
sized reactors with external cooling was at best marginal
and therefore insufficient to overcome the technolog-
ical disadvantages of the concept.

Calculations were made for each of the lead-cooling
concepts described briefly in Sect. 1.1. For the cases

involving lead flow through the entire core, we made -

complete core calculations for start-up conditions with
2337J as the only fissile nuclide. The XSDRN? program
was used to produce effective neutron cross sections
that were appropriate for each salt mixture and core
geometry in 27 energy groups from the XSDRN

3. N. M. Greene and C. W. Craven, Jr., XSDRN: A Discrete
Ordinates Spectral Averaging Code, ORNL-TM-2500 (July
1969).

Table 2.1. Comparison of measured and calculated k.. for HTLTR-MSBR lattice?

ke

o

20°C 300°C

Ak (300 = 1000°C)
627°C 1000°C ¢

k. (measured) 1.0291 £ 0.0012 1.0127 £ 0.0010

k.. (calculated) 1.0316 1.0152
d
k. -"iaf‘ie—y 0.9976 + 0.0023  0.9975 + 0.0010
calculated

1.0065 £ 0.0010
1.0069 1.0038 0.0114

0.9996 + 0.0010

1.0037 £ 0.0012 -0.0090 + 0.0016

0.9999 £ 0.0012 0.79 £ 0.15

k.. for bare critical core of given composition.

BQuoted errors include only experimental errors; uncertainties in calculated quantities are undoubtedly greater than these (see

text).

s BN M @ EG EE D

€ EX = mm m sz =R

m




Bk ae .

el el B,

|

FRaREE

L =

- G

2

i

- N =

LI (U R R T

|

15

Table 2.2 Nuclear performance i)f molten-salt reactors with internal lead cooling throughout the core

Downcomer i Fissile . .
— Li‘?}:;"};“;;“ %?g’ specific Breeding ratio Lead poison
ead:sa 2/Th : : " - :
Type ratio (mole %) ratio : :;‘/’Ie&lwt?z;] Initial Effective fraction

6 in. cylindrical 3:1 72/16/12 6,300 153 104 099 a

6 in. cylindrical 3:1 72/16/12 10,700 1.17 1.00 0.95 a

7/3 in. annular 3:1 72/16/12 10,700 1.16 0.97 0.92 0.15
7/8 in, annular 3:1 71/9/20 7,500 1.66 1.05 1.00 0.10
%6 in. annular 1.5:1 71/9/20 8,700 1.54 1.08 1.03 ~ 0.06
7/8 in. annular 1.5:1 71/9/20 5,400 2.24 1.10 1.05 0.06

“Not computed.

123-group cross-section library.* The resultant cross
sections were used in a 27-group one-dimensional
diffusion calculation (also with XSDRN) to determine
the start-up breeding performance. The reactor was
represented in spherical geometry with a 2.5-ft-thick
reflector and constant composition in the entire core
region. We made no attempt to optimize the cores in
terms of neutron damage to the graphite by varying the
fuel fraction across the core, since it appeared that the
small changes in breeding performance associated with
this exercise would not affect the conclusions regarding
these reactors. Although the calculations did not
explicitly include the buildup of higher isotopes of
uranium or the poisoning due to the equilibrium
concentrations of fission products, we estimated that
the reduction in breeding ratio from these effects would
be 0.05 to 0.06. The results of the computatlons are
summarized in Table 2.2.

The first calculations were made for an array of core
cells with a 6-in.-diam cylindrical downcomer of lead
and salt in the middle of each cell. A fuel salt
containing 12 mole % ThF, was assumed, and the lead:
salt ratio in the downcomers was 3:1. Although this
concept was rejected on the basis that the salt mventory
would be excesswe because of salt’ carry—under in the .
disengagement region below the core, the nuclear
performance was also unacceptable because positive
breedmg gains were not attained. Smce it appeared that
excessive lumping of the thorium in the downcomer
was adversely affecting the breeding, the concept was
modified to provide an annular lead-salt downcomer in
each cell. (This also reduced the problem of salt

carry -under below the “core.) However, the nuclear

4. 3.1 Lucius, 1. D. Jenkins, and K. Q. Wright, The INDEX

 Data System: An Index of Nuclear Data Libraries Available at

ORNL, ORNL-TM-3334 (March 1971).

performance was still unacceptable with only 12 mole
% ThF, in the salt and the 3:1 ratio of lead:salt in the
downcomers. The next step was to increase the thorium
concentration to see if thorium could be made to
compete more effectively with the parasitic neutron
absorbers. A concentration of 20 mole % was selected
even though we realized that the liquidus temperature
(>500°C) might be unacceptably high for practical
designs. As shown in the fourth case in Table 2.2, the
higher thorium concentration was beneficial, but the
nuclear performance was still marginal.

The detrimental effect of the lead in the core is
clearly shown by the lead poison fraction (absorptions
in lead as a fraction of absorptions in fissile material),
which varied from 0.1 to 0.15 depending on the
thorium concentration. In an effort to reduce the
neutron losses to lead, some computations were made
for a lead:salt ratio of only 1.5:1 in the downcomers.
This also led to improved performance, but the net
result was no better than for a reactor with salt
circulating outside the reactor vessel.®

In a final effort to minimize the poisoning effect of
the lead, a core was considered in which the lead was

‘confined to a region of downcomer cells surrounding a

core that contained only salt and graphite. It was not
obvious that the fluid mechanics of such a core could

_be made acceptable, but it did represent the best
nuclear performance we could expect with internal lead

cooling. Calculations of the type described above
suggested that an effective breeding ratio near 1.1 could
be attained with a 1.5:1 lead:salt ratio in the down-
comers and 20 mole % ThF4 T tenti
at lower thorium concentrations with better accounting

~for fission products and higher uranium isotopes, we

A e RS N A e U R, IR
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5. MSR Program Semiannu. Progr. Rep. Aug. 31, 1970,
ORNL-4622, pp. 26—28.



reexamined an earlier calculation® for a pumped salt
reactor.” A first-order perturbation calculation was
applied to a core with 14 mole % thorium in the fuel to
estimate the loss in breeding ratio due to lead in the
outer core region and the reduction in fissile inventory

associated with elimination of the’ external salt loop.

This calculation indicated that the breedmg—ratlo pen-
alty would be about 0.02, while the inventory would be
reduced\ by about 15%. These estimates were in
essential agreement with the performance estimated
from the calculation at 20 mole % thorium. Since none
of the above-described results indicates any clearly
superior performance for leéad-cooled thermal reactor
systems, this study has been discontinued.
¢ % . 2.3 PLUTONIUM USE'IN

G MOLTEN SALT REACTORS
H F. Bauman

16

23.1 Fuel for Molten-Salt -
Converter Reactors

Molten-salt converter reactors are basically similar to
moltien-salt breeders. In the MSCR, however, the salt

~may be processed only at intervals of several years

instead of being processed continuously as in the
MSBR. The losses due to fission products and protac-
tinium in a batch-processed MSCR reduce the breeding
ratio below 1.0, but even so most of the fissions over
the lifetime of the reactor are in bred 233U,

In the simple batch process assumed in our studies,
after six equivalent full-power years (efpy) of operation
the uranium is recovered by the fluoride volatility
process, and the remaining salt, containing fission
products and any plutonium that may be in it, is

* discarded. The cycle is then repeated. (It is presently
 uneconomical to recover plutonjum from MSR salt.)

The plutomum that will become “available from

light-water reactors in increasing quantities over the
next several decades could be utilized in molten-salt
reactors with a minimum of fuel preparation facilities.
One use for LWR plutonium could be as fuel for
molten-salt converter reactors (MSCR’s) that have
periodic batch processing. The other is as the start-up
fuel for molten-salt breeder reactors (MSBR’s) with
on-line processing. Over the past two years, we have
made some limited studies of the nuclear performance
of molten-salt reactors using plutonium in various ways
and have calculated the economics of these uses. In the
course of these studies we established the need for a
computer program that could calculate the time-
dependent behavior of a fluid-fueled reactor, including
the effects of significant changes in the neutron
spectrum caused by changes in the fuel composition,®
and we developed the HISTRY-2 option of the ROD
code to meet this need.” In the current six-month
period, the HISTRY-2 option has been made opera-
tional, and the plutonium studies have reached a
culmination.

Our results indicate that plutonium is a desirable fuel
for MSCR’s: if assigned a value of 9.9 $/kg fissile,
plutonium gives somewhat lower fuel cycle costs in an
MSR than does enriched uranium. Start-up of an MSBR
on plutonium is feasible but appears to offer little or no
cost advantage. The studies and results are described in
detail in the following sections.

6. MSR Program Semiannu. Progr. Rep. Aug. 31, 1971,
ORNL-4728, pp. 21-25.

For our MSCR studies we used a simplified reactor
model consisting of a spherical graphite core with a
0.12 salt volume fraction surrounded by a 78.4-cm

" reflector with a 0.01 salt fraction. (Earlier studies had

7. MSR Program Semiannu. Progr. Rep " Feb. 29 1972, _

ORNL4782, pp. 23-25.

shown that the spherical model adequately represents
the actual cylindrical core.) The core diameter was
adjusted in each case to give a peak damage flux
equivalent to a graphite life of 30 years in a
2250-MW(t) plant operating at a 0.8 load factor.

The initial fissile loading and subsequent feed for an
MSCR could be enriched uranium, plutonium, or 233U
from other reactors. Lower fissile loadings are required
with plutonium because of its larger cross sections. The
presence of much 24°Pu tends to harden the neutron
spectrum and increase the critical loading. However,
this effect can be offset by reducing the concentration
of the main fertile material, thorium, to maintain a
well-thermalized spectrum.® The conversion ratio that
is approached asymptotically in an MSCR depends
mainly on the fertile loading and only slightly on the
choice of fissile feed. The lower initial fissile loading
and the lower assigned value for LWR plutonium tend
to reduce fuel-cycle costs relative to those for uranium-
fueled MSCR’s. Although the plutonium cannot be
recovered economically from an MSCR, discard of large
amounts can be avoided by switching to uranium feed
for the last two or three years of each cycle, allowing
most of the plutonium to burn out. The uranium
recovered in the batch process may be used in the next
cycle, or it may be sold.

We have examined the performance of molten-salt
converter reactors with various combinations of initial

8. Ibid, pp. 24-25.
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Table 2.3. Feed compositions assumed in MSR studies

Plutonium atom fraction

i Description i Key

239p, 240p, 231p, 242p
First-cycle LWR plutonium? Pu(l) 0.60 0.24 0.12 0.04
Second-cycle LWR plutonium?® Pu(?) 0.40 0.32 0.18 0.10

Uranium atom fraction

. 233y 234y 235y 2365 238
Enriched uranium Ute) 093 0.07
Recycled MSCR uranium U@) 0.78 0.178 0.032 0.01

Equilibrium MSBRyiuranium U(q) 0.664 0.225 0.058 0.053

. @Composition typical of light-water reactor discharge after one or two cycles.

*'Table 2.4. Composifion and liquidus temperature
of fuel carrier salts used in MSCR
and MSBR calculations

Composition (mole %) Liquidus
temperature?

ThF4 BeF, LiF C)

MSCR salt S

14 17 69 495

12 20 68 485

10 23 67 475

8 27 65 465

6 30 64 450

4 32 64 440

3 32 65 440

0 33 67 460
MSBR salt

8 20 72 485

10 18 72 490

12 16 72 00

AL

©cases was ran’ in “which plutomum dlscharged from an

‘ufanium the secondary ‘feed. The feed compositions are
‘given.in Table 2.3.(The key abbrev1at10ns shown in this

length with feed switched at 4 efpy. In this study w1thj'”; ‘nuchdes a

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

fissile ldi‘idirlyg,("\primary feed "(ﬁrst part of each cycle), o
and secondary feed (latter part of each cycle).
Plutomum and enriched uranium feed. A series of,

LWR}after one cycle was the primary feed and e riched

table are used subsequently to identify the feed
compositions.) Based on previous work, we selected a
reactor lifetime consisting of four cycles, each 6 efpy in

the salt fractlon_held fixed, the thonum conc
the carrier salt '1s the dommant parameter determmmg
the moderator ratio, fissile inventory, and the conver-

sion ratio of the reactor. The fuel carrier salt composi-
tions used are shown in Table 2.4. The salt composition
is specified for a given reactor by giving the thorium
concentration.

The results of six cases, arranged in descending order
of thorium concentration, are shown in Table 2.5.
Based on the plutonium fissile loading study reported in
the last semiannual report,® in cases involving higher
thorium concentrations, we used a lower thorium
concentration in the .first cycle than in subsequent

- cycles to reduce the initial fissile loading. The results

show that thorium concentration has little effect on the
core diameter required for a 30-year graphite life. With
decreasing thorium concentration, the fissile inventory,
as indicated by the initial loading, decreased, but the
conversion ratio also decreased and the lifetime fissile
requirements increased. These trends are reflected in
the fuel cost breakdowns, which show the fissile
inventory cost decreasing and the burnup cost in-
creasing. The result is a broad minimum in the fuel cost
at a relatively low thorium concentration, in the range 8
to 4 mole %, as shown by cases A57, A58, and A62. Of
these three cases, AS7, with an 8% thorium concen-
tration for all but the first cycle, has the lowest lifetime
fissile requirement and may be considered a near-
optimum case. Because of a high conversion ratio (near

.;090) the fissile requu‘ement (defined as the fissile

material purchased over the reactor hfetlme less that

‘recovered at the end of life) for thlS case is less than
3000 kg for the entire lifetime.

The important nuclide inventories for case A57 are
plotted as a function of time in Fig. 2.1. (To avoid
overcrowding in this figure and those following, not all
ery cycle) Relatlvely large
“are requxred in the first
cycle before the 233U has built in. Some additional
plutonium is required to start the second cycle, as the
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thorium concentration was raised from 6 to 8 mole %,
but little plutonium is required in the last two cycles,
when the reactor is nearly self-sustaining. For the last
two cycles, more fissile uranium is available from the
previous cycle than is required for criticality at the
beginning of the cycle. In these calculations, the
uranium in excess of the cycle start-up requirement is
held and used as feed for as long as it lasts. Plutonium
feed is then used until the end of 4 efpy. This accounts
for the zero plutonium concentration at the beginning of
the last two cycles. In each cycle, the >3°Pu concen-
tration begins to decline abruptly, and the 235y
concentration begins to rise as the feed is switched from
plutonium to enriched uranium at the end of the fourth
year.

Plutonium and recycled uranium feed. The cases just
described require the purchase of enriched uranium in
addition to plutonium. In a sense, enriched uranium is

intetchahgeable with uranium bred in the reactor, since
both are recoverable at the end of every cycle. Any or
all of this recovered uranium could be withheld (instead

" of ‘being loaded at the start of the next cycle) to be

used in place of enriched uranium in the latter part of
the cycle. Of course, any uranium used in the first cycle
would have to come from an ‘external supply, but this
requirement could be repaid later out of the uranium
recovered at the end of the cycles. To explore the
advantages of such an arrangement, we have calculated
several cases in which exactly enough uranium is
withheld from an MSCR to supply all the uranium used
in this reactor at other points in its lifetime. In physical
terms, we have in effect established a “borrow pile”; in
economic terms, we have established a market in
recycled MSCR uranium. When recycled uranium is
available in this manner, it can be used not only as feed
during the last years of each cycle but also in the initial

Table 2. S. Llfetlme~averaged performance of MSCR designs using plutonium

feed for various thorium concentrations

Lifetime: four 6-efpy cycles

Feed:% Primary; plutonium, first cycle, Pu(l)
Secondary, 233U, 93% enriched, U(e)
Switch from primary to secondary at
4 efpy in each cycle. ‘

Case identification AS6.1 AS52.3
Thorium concentration,? mole % '
Cycle 1 ) 10 8
Cycles2to 4 14 12
Core diameter, cm 1064 1064
Fissile material balance, kg
Initial loading, plutonium 1265 813
Purchases :
Plutonium 3720 3496
235y 230 561
Discard, plutonium 176 107
Recovery at end of life
233 2923 2665
235y 230 223
Net fissile requirement® 797 1170
Conversion ratio, 4 lifetime av 0.982 0.963
Fuel costs,® mills/kWhr
Fissile inventory 0.635 0.564
Salt inventory 0.069 0.065
Fissile burnup C -0.012 0.015
Salt replacement 0.140 0.134
Total fuel costs © 083 0.78

A37.23 AS7 AS8 A62
6 6 6 4
10 8 6 4
1062 1064 1064 1060
582 586 586 390
3285 3196 3374 4417
1161 1610 2050 3103
71 76 77 59
2154 1672 1288 845
318 372 409 461
1973 2763 3728 6231
0927 . 0.893 0.851 0.752
0.478 0.395 0.318 0.219
0.062 0.063 0.063 0.060
1 0.067 0.116 0172 0.306
0.128 0.123 0.118 0.112

0.73 0.70 ‘ 067 Gk 070

@Refer to Table 2.3 for feed compositions. '
bRefer to MSCR salt compositions, Table 2.4.
: cAssummg discarded plutonium is not recoverable.

) 9Nuclear conversion ratio, not considering plutonium discard or fissile processing loss.

'eExcludmg processing costs. Obtained from present-worth calculation of fissile, fertile, and carrier salt purchases and fissile sales
over 1ifé of reactor, with discount rate = 0.07 year ‘, compounded quarterly, and mventory charge rate = 0.132 year . Values of
119 $/g 35y, 13.8 $/¢ 233U, and 9.9 $/g fissile plutomum were assumed.

= sl EC




AL e it S

.

E E

=i

ORNL-DWG 72-14144

- Pu(1) Iy ey Pul1) e U)o fe—Pu(t)—=t—Uie)—=| f—Pu(t)—=f—Ute)—~]
2000 . . — :
~80,000 kg Th 110,000 kg Th ~110,000 kg Th 110,000 kg Th
(6 mole% Thf,) (8 mole % ThFy) {8 mole % ThFy) (8 mole % ThF,)
f Z3p, 4 25
233pg 4233y Pa+ Py 233p, , 233,
1600 /
g 1200 / o INVENTORIES
E . 233p,, 233
g /
-4
w
=3
Z 800 234y~
. 234, |
e
r\A MOPu 242p,, :V /
400 f 238, |
=y o] iy Y e
234, 240 242
241
g)’ - 23955 G P B e {E 235
9 v - B35 2% 2395,
Pu . :
[o]
) 2 4 66 8 10 2 12 14 16 18 18 20 22 24

OPERATING TIME (equivaient full-power years)

Fig. 2.1. Principal nuclide lifetime inventories for MSCR case AS57, with. first-cycle plutonium and enriched uranium feed.

loading to avoid a high plutonium concentration and an
excessively hard neutron spectrum. We investigated two
repayment schemes. In one the borrowed uranium is
repaid immediately at the start of the second cycle. In
the other, the borrowed uranium is repaid in equal
installments at the start of the remaining three cycles.

These possibilities are illustrated in the seven cases
shown in Table 2.6. In every case, the feed is switched
to recycled uranium from the stockpile at the end of
the third efpy of each cycle. This uranium is returned to
the stockpile at the end of the cycle.

The first six cases in Table 2.6 form a series in which
the thorium concentration was held fixed at 10 mole %.
In the first case, the reactor was started up entirely on

plutonium. In the next two cases, about 500 and 1000

kg of recycled uranium were borrowed and used in the

initial loading, and the borrowed uranium was repaid at

the end of the first cycle. In the next case, the reactor

was also started up ‘with 1000 kg of borrowed recycled

uranium, but this was repaid over the remaining three
cycles. The next case was started with about 1500 kgof
* borrowed uramum “repaid” over three cycles. In the

sixth’ case - ASS.3, the amount of uranium borrowed

"initially was chosen so that, when it was repaid in three

1nsta]lm nts, the plutonium loadmg would be approxi-
mately equal in all four cycles
The last case was run w1th a 6 mole % ‘thorium

concentration, for comparison with the minimum fuel-

cost case from the previous series. As in case ASS. 3, the
amount of uranium supplied initially was adjusted to

give approximately the same plutonium concentration
in each cycle.

Among the six cases with the same thorium concen-
tration, there are only minor differences in lifetime
performance despite the large differences in the com-
position of the initial fissile loadings. The most visible
effect is that using more plutonium early in the lifetime
lowers slightly the fuel cost. However, there may be
advantages for a more uniform loading over the reactor
lifetime that do not appear in the data. For example,
the zoning of the core to reduce the peak damage flux
is probably more effective when the cycles are more
nearly uniform.

It would appear from these results that the reactor
designer has a wide latitude in the choice of feed modes
without greatly affecting the reactor performance. This

s further illustrated by comparison of case A60.1 with
A58 in Table 2.5. In case A58, the first loading was all
plutomum and the switch feed was enriched uranium.
“The conversion ratios and fuel costs for these two cases,
however, differ by less than 1%. ‘

‘The inventories of the 1mportant nuclides for case
A60.1 are plotted as a function of time in Fig. 2.2. The
four cycles are very nearly alike. The major difference
from cycle to cycle is the increase in inventory of

_ 234y, 2357, and ***U, which do not teach equ111b

“fium in one reactor lifetime.

Start-up with ‘enriched uranium or recycled plu- .
tonium. In all the foregoing cases, we assumed that
initial fissile loading was either plutonium discharged
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Table 2.6. Lifetime-averaged performance of MSCR designs with plutonium
. and borrowed recycled uranium feed

. Lifetime: four 6-efpy cycles

Feed:? Primary, Pu(l)
__Secondary, U(r)
Switch at 3 efpy in each cycle

Case identification

A6l AS53.4 AS4.1 AS9 AS50.3 AS55.3 A60.1
Thorium concentration,b mole % (all cycles) 10 10 10 10 10 10 6
Number of uranium return cycles 1 1 3 3 3 3
Core diameter, cm 1062 1064 1062 1062 1062 1062 1066
Fissile material balance, kg
Initial loading, by cycle
Plutonium
1 1154 813 568 568 290 241 240
2 94 311 530 163 226 241 254
3 0 0 16 129 215 233 247
4 0 0 0 125 213 229 245
Uranium v ) ' B ST
1 0 495 991 991 1479 1569 758
27 1805 1412 1061 1729 1636 1611 774
3 2068 2060 2022 1842 1689 1654 812
4 2125 2119 2115 1884 1713 1674 829
Purchases, plutonium 3614 3603 3546 3529 3521 3518 4712
Discard, plutonium - 120 99 84 79 76 76 33
Recovery at end of life
233 2066 2067 2059 2059 2050 2048 970
235y 195 191 188 178 168 166 109
Net fissile requirement® 1353 1346 1298 1293 1302 1303 3634
Conversion ratio,? lifetime av 0.955 0.953 0.954 0.953 0.953 0.952 0.857
Fuel costs,® mills/KWhr )
Fissile inventory 0.509 0.518 0.528 0.535 0.545 0.546 0.336
Salt inventory 0.070 0.070 0.070 0.070 0.070 0.070 0.064
Fissile burnup 0.029 0.029 0.027 0.027 0.028 0.028 0.157
Salt replacement 0.131 0.131 0.131 0.131 0.131 0.131 0.119
Total fuel costs 0.739 0.748 0.755 0.762 0.773 0.774 0.676
Note: Refer to explanatory notes following Table 2.5,
T T ORNL-DWG 2-141as
l‘——Pu(” — U P () ——f——u (N —— |—Putt——f—— Ut} —] |-——Pu(n——+—uu)~——-|
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Flg 2 2. Prmclpal nuchde lifetime inventories for MSCR case A60 1, with first-cycle plutomum and recycle uranium feed

prmest




s O = s 8

B

b R

o o R

ERR

.

o

&

§

K.

from an LWR after one cycle, Pu(l), or uranium
borrowed from other MSCR’s, U(r). Other possibilities
for the initial loading and primary feed are enriched
uranium, U(e), or plutonium that has been recycled in
an LWR, Pu(2). The series of cases shown in Table 2.7
compares the use of the three different materials: U(e),
Pu(1), and Pu(2). (Refer to Table 2.3 for the composi-
tions assumed for these materials.)

We selected similar initial conditions for the cases
with the various feed materials; no attempt was made to
optimize the conditions for each feed material. The first
two cases with enriched uranium feed are to be
compared with the third case with first-cycle plutonium
feed. Enriched uranium was the secondary feed in all
the plutonium feed cases. Cases A41.1 and A37.23
appear most nearly alike, having the same thorium
concentration in éach cycle. However, the plutonium
feed case has additional fertile material in the form of
240py and may be better compared with case A42,
with 10 mole % thorium in the first cycle. The

[N
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difference in first-cycle thorium concentration affects
the conversion ratio; of the two uranium feed cases, one
has a higher and the other a lower conversion ratio than
the plutonium feed case. Both uranium feed cases have
significantly higher fuel costs than the plutonium feed
case.

We can make two comparisons of first- and second-
cycle plutonium as feed materials. Cases A37.23 and
A51.12 each have 6 mole % thorium in the first cycle
and 10 mole % in subsequent cycles. Cases A58 and
A63 have 6 mole % thorium in all cycles. The
calculations show very little difference in the perfor-
mance obtained with first- and second-cycle plutonium
feed. Second-cycle plutonium appears to have a slight
edge, giving fuel cycle costs that are lower by 0.01 to
0.02 mill/kWhr.

None of the cases discussed thus far take into account
the neutron reactions of the transplutonjium nuclides.
G. Alesii studied the buildup of nuclides in the chain
from 242Pu through 245Cm as a function of time at

Table 2.7. Llfetlme-averaged performance of typlcal MSCR deSIgns
: with various feed materials

Lifetime: four 6-efpy cycles
Switch to secondary feed, where
applicable, end of efpy: 4

Case identification ' A42 A41.1 A37.23 A51.12 A58 A63 A64
S ' B : S o trans-Pu
Feed?
Primary U(e) U(e) Pu(l) Pu(?) Pu(l) Pu(2) Pu(2)
Secondary ’ None None U(e) U(e) U(e) U(e) U(e)
Thorium concentration,? mole %
Cycle 1 10 6 6 6 6 6 6
Cycles2to 4 10 10 10 10 6 6 6
Core diameter, cm 1026 1020 1062 1062 1062 1062 1062
Fissile material balance, kg
Initial loading 2369 1453 582 700 586 700 709
Purchases o S : g e L ; L
Plutonium ’ R 3285 7 3123 3374 3190 3263
Uraniom - : 3810 4569 1161 1187 2050 2089 2198
Discard, plutonium ’ 18 20 71 84 71 91 104
"Recovery at end of life ' ' ) i o )
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