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FOREWORD

A molten-salt-breeder reéctor was evaluated at the Oak Ridge National
Laboratory beginning in 1959. Because a number of the features pqstulated
had not bteen demonstrated at that time, the realization of a breeder ap-
peared to lie rather far in the future. Accordingly, the study of the
near-term, one-region, one-fluid molten-salt converter described in this
report was begun in July 1961 and completed in December 1962. Since then,
several advances have been made in molten-salt technology which make the
breeder reactor much less remote and modify some of the conclusioné in
this report.

Briefly, these advances include:

1. Progress in core graphite design which greatly simplifies previ-
ous problems of separating the core into two regions — one for the uranium-
bearing fuel salt and one for the thorium-bearing blanket salt. The new
design utilizes a liquid-lead seal around the tops of graphite tubes con-
taining fuel salt that allows the tubes to expand or contract freely while
maintaining an absolute seal between fuel and blanket fluids.¥* The addi-
tion of a blanket results in a much better conversion than obtained in
this report and leads directly to an attractive breeder.

2. Thermal engineering studies which show that the Loeffler boiler
system can advantageously be replaced by a supercritical boiler. "Thermal
stress problems are reduced, overall thermodynamic efficiency is increased,
and capital costs are considerably reduced. In addition, studies of so-
dium metal and of mixtures of alkali carbonates show that if either of
these inexpensive materials can be safely used for the intermédiate cool-
ant in place of the costly lithium-beryllium fluoride mixtures postulated

in this study, then further large cost reductions can be realizedj'

*¥E. 8. Bettis, Oak Ridge National Laboratory, personal communication
with L. G. Alexander, Cak Ridge National Laboratory, January 1965.

To. w. Collins, Qak Ridge National Laboratory, personal communication
with L. G. Alexander, Oak Ridge National ILaboratory, January 1965.
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3. A fuel purification process based on simple distillationi!which_
not only reduces processing costs§ but permits reuse of the carrier
salts — an advantage not assumed in this study.

As a result of these developments, we believe that fuel cycle costs
for a two-region breeder based on 1965 technology will be only 0.3 to 0.4
mill** compared to the 0.68 mill/kwhr shown in Table 6.10 for the MSCR.

TM. J. Kelley, Oak Ridge National Laboratory, personal communication
with L. G. Alexander, Oak Ridge National Laboratory, January 1965.

Sw. L. Carter, Oak Ridge National Laboratory, perscnal communication
with L. G. Alexander, Oak Ridge National Laboratory, January 1965.

*¥H. F. Bauman, Oak Ridge National Laboratory, personal communication
with L. G. Alexander, Oak Ridge National Laboratory, January 1965.
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MOLTEN SALT CONVERTER REACTOR

Design Study and Power Cost Estimates
for a 1000 Mwe Station

L. G. Alexander, W. L. Carter, C. W. Craven, D. B. Janney,
T..W. Kerlin, and R. Van Winkle

ABSTRACT

The MSCR is a one-region, one-fluid, graphite-moderated
converter reactor fueled with a mixture of the fluorides of
thorium vranium, lithium-7, and beryllium which is circulated
through the 20-ft-diam core to an external heat exchanger.
Heat is transferred through an intermediate salt-coolant to
steam at 2400 psi, 100C°F in a Loeffler boiler system having
a net thermal efficiency of 41.5%. Spent fuel is processed
by fluorination (at 0.08 mill/kwhe) for recycle of isotopes
of uranium. The stripped salt 1s discardéd.

A capital investment of $143/kwe (3.0 mills/kwhe), an
operation.and maintenance annual expense of $2.1 million
(0.3 mill/kwhe), and a minimum fuel cycle cost of 0.7 mill/
kwhe (optimum conversion ratio is ~0.9) were estimated, giv-
ing a net power cost of 4.0 mills/kwhe. - All costs were based
on 1962 bases ground rules.

Second generation plants may have capital costs as low
as $125/kwe. Conversion ratios slightly greater than one
can be obtained in advanced designs.

This study was completed in December 1962 and does not
reflect increased feasibility and superior performance of
two-region, two-fluid molten salt breeder reactors made pos-
sible by recent (January 1965) advances in core design, heat
transfer, and fuel-salt processing.

1. ~SUMMARY

The Molten Salt Converter Reactor (MSCR) is a one-region, one-fluid,
near-term reactor that does not require any technology beyond the scale-up
of that already developed at CRNL or to be demonstrated in the MSRE.» Sa-.

lient characteristics are given in Table 1.1.



Table. 1.1 Characteristics.of the Molten Salt Converter Reactor

Thermal capability

Net thermal efficiency
Diameter and height of core
Moderator

Volume fraction of fuel in core

Composition of fuel carrier salt

(mole-percentages)
Density of fuel salt
Heat capacity of fuel salt
Velocity of fuel salt
Inlet temperature
Outlet temperature
Flow rate
Volume of circulating stream
Power ‘density in core (av)
Power density in fuel salt (av)
Thorium specific powér
Fissile material specific power
Fertile material exposure

Intermediate coolant (mole-per-
centages)

Steam conditions
C: Th atom ratio
Th: U atom ratio
Mean neutron productions (1fe)

Optimum conversion ratio

2500 Mw

41.5%

20 x 20 ft

Graphite

0.10

68-LiF, 22-BeF,, 9-ThF,, 1-UF,

190 1b/ft?
0.35 Btu/1b*°F
6 fps

1100°F

1300°F

160 ft3/sec
2500:ft>

14 w/cm3

35 w/cm3

30 Mwt/tonne

0.9 Mwt/kg

J47 Mw days/kg

63-LiF, 37-BeF;

2400 psi, 1000°F
~300

~30

2.21

0.9




“«
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1.1 Description

‘The reactor vessel is fabricated of INOR-8-ailoy and is filled with
cylindrical graphite logs 8 inches in diameter and 24 inches long. The
fuel, a mixture of the fluorides 6f 71i, Be, Th, and U flows upward through
the passages around the-lbgs and is discharged through eight pumps to an
equal number of heat exchangers where the heat is transferred to an inter-
mediate-salt coolant. Saturated steam is superheated in a shell-and—tube
exchanger; part of the steam is routed to the turbines; the reét is re-
circulated to Loeffler boilers where saturated steam is generatéd by in-
Jecting the superheated steam into water. Thus, thermal contact of the
coolant salt with subcooled; boiling water is avoided, and_thermél=stress
in the tube walls is tolerable. The thermal efficiency is in excess of
40%. Twenty-five hundred Mw of heat are extracted from a single core at

average power densities in the fuel salt of not more than 35 w/cm3.'

" 1.2 Fuel Reprocessing

Irradiated fuel is removed from the reactor daily, collected into
processing batches, and.treéted with fluorine for recovery of isotopes of
uranium (fully decontaminated) as the hexafluoride. The-stripped salt is
discarded. Recovered UFg is reduced to UF,, blended wifh fresh salt, and
recycled to the reactor. Net burnup and loss .of fissile material are com-

pensated by addition of 95% enriched 22°U.

1.3 Nuclear and Thermal Performance

The limiting criteria (e.g., maximum allowable fuel tempefature, maxi-
mum allowable thermal stress in graphite, efc.) were chosen conservatively
throughout, and-prdvide considerable‘margin for improvement in later de-
signs. The key variables (core diameter, volume fraction of fuel in core,
carbon%thorium ratio, and processing rate) were optimized with respect to
the fuel cycle cost. Charactefistics of the optimized system are listed
in Table 1.1 where it is seen that the bptimum conversion ratio is 0.9,

with slightly permeable graphite that absorbs 135%e only slowly.



1.4 Fuel Cycle Cost

The estimatioﬁ of inventory‘and replacement charges for the MSCR is
straightforward. . Processing costs are less well defined; however, .the
processing contributes only a small part of the total fuel cost, and the
aggregaté 1is not sensitive to large errors in the processing cost esti-
mates.

A central Fluoride Volatility facllity capable of processing 30 ft3/
day of salt was designéd and costed. Only isotopes of uranium are re-
covered; carrier salt and thorium are discarded along with fission pro-
ducts. Unit costs and the components of the fuel cycle cost are listed

in Table 1.2.

Table 1.2. Fuel Cycle Cost in 1000 Mwe Molten Salt Converter
Reactor Plant

Cost Bases

Capital investment in processing plant: $26 million
Annual operating-expense: $2 million
Turn-around-time: - 2 days

Batch size: 6000 kg

Unit processing cost: $27/kg Th

Shipping costs: $10/kg Th-

Purchase price ThF,: $19/kg Th

Carrier salt purchase price: $1130/ft3

Fissile isotopes: $12/gram

Charges,,mills/kwhre

Material ' - Total
Inventory Replacement Processing

Tn232 0.033 0.043

Pg?33 0.008 :

U233 : 0.183 . 0.082

y?35 - 0.037 0.156 ,

. Total 0.262 0.199 10.082 0.54
Salt 0.062 0.079 0.14

. ‘ . [ N
Total charges, mills/kwhre 0.7



1.5 - Power Costs

vThe cost of power was obtained by combining fuel-cycle costs with
estimates of capital_charges prepared by Sargent and Lundy, Engineers
(95,96), from a design study conducted at ORNL. Equipment was sized and
specified in sufficient detail that costs might be estimated by usual
procedures; Plant arrangement drawings were prepared from which costs of
buildings, piping, services, etc. were estimated. . Operation:and mainte-
nance costs were estimated according to standard procedures (52). A sum-

mayy of the principal items is given in Table_l.B;

Table 1.3. 1000-Mwe Molten Salt Converter Reactor
Construction Costs

Direct construction costs

Structures and improvements $ 5,997,950
Reactor plant equipment - 51,324,350
Turbine-generator units 26,843,700
Accessory electric equipment 4,375,300
Miscellaneous power plant equipment 799,900
Total direct construction costs 89,341,200
Indirect costs 9,083,300
Engineering design and inspection costs 15,080,300
“Miscellaneous charges 35,370,800
GRAND TOTAL _ | $148,875,600

Net station power' : ' 1038 Mwe
‘Unit capital cost : $143/Kwe

The fixed charges (14.46%) on the capital investment contribute 3.0
mills/kwhre to the power cost.
The uncertainty in this cost might run.as high as 15-20%, and the
fixed charges might range up to 3.5 mills/kwhre.
. Operation and maintenance contribute 0.3 mills/kwhre to the total
power cost_(Table~l.4). Because of the many uncertainties, this estimaﬁe

~may be low, and the cost might run as high as 0.5 mills/kwhre.



Table 1.4. 1000-Mwe Molten Salt
Converter Reactor Operating
and Maintenance Cost

Wages and salaries $ 872,000
Routine materials 220,000
Maintenance 800,000
Management 262,000 -
Total : $2,154,000

The various contributions to the cost of power have been summed in

Table 1.5.

Table 1.5. Cost of Power in a 1000-Mwe ..
Molten Salt Converter Reactor

Charge,
Ttem mills/kwhre
~Fuel cycle cost
Fixed charges ‘ 3.0
Operation and maintenance 0.
Cost of power, mills/kwhre 4.0

Taking the upper bound on these three items estimated above (fuel
cost ~1.0, fixed charges ~3.5, operation and maintenance ~0.5) gives an

upper limit on the cost of power of 5.0 mills/kwhre.

1.6 Advanced MSCR

The system evaluated above was based on the scale-up of current tech-
nology, and was conservatively designed in every respect. There are sev-
eral obvious improvements that could be incorporated into a "second gen--.
eration" design. If the design criteria were relaxed, metallic sodium
could be substituted for the intermediate salt coolant (saving about $10

million in capital costs. This would also permit the use of "conventional"



once-through sodium-heated boilers and reduce the cost of the energy con-
version system by about another $10 million. The total cost would then be
~$125/kwe. By careful design and development the fuel volume might be re-
duced from 2500 f13 to 1800 ft3. Separated °2Mo could be used to clad the
graphite and so reduce absorption of xenon therein and also as a struc-
tural material by means of which a blanket of ThF, bearing salt could be
added at the periphery of the core to reduce neutron leakége- The use of
Fluoride Voletility coupled with the HF Solution Process .to remove rare
earths could reduce the fission product poisoning to very low levels while
permitting recycle of carrier -salt (but not thorium).. Preliminary calcu-
lations show fhaﬁ these improvementé (all within reach of modest develop-
ment programs ) might increase the conversioniratio above 1.0, and, with
the reduction in capital costs noted, result in a power. cost of 3.4 mills/

‘kwhre.

1.7 'Post Script — January 1965

This study was completed in December»l962, and does not reflect in-
creased feasibility and superior performance of two-region, two-fluid
molten salt breeders made possible by the recent édvances (January.l965)
in core design, heat transfer, and fuel-salt processing alluded to in the

Foreword.



2. INTRODUCTION

2.1 Purpose, Scope, and Method of Approach

The purpose of this study was to evaluate the economic potential of a
near-term molten salt power reactor. 'Near-term'" characterizes a system

which utilizes only techniques or equipment currently under development.

2.1.1 Figure of Merit
, \

The economic potential of power reactors is measured by the net cost
of electric power.

Fuel cycle cost, although not definitive, is also an important index
of economic potential. Moreover, the optimization of the fuel cycle is a
required first step in the detailed design of both reactor and electric
plants. In this study, the reactor and its associated heat transfer sys-
tem, the energy conversion system, and the fuel reprocessing plant were

designed ih detail sufficient to permit the optimization of the fuel cycle.

2.1.2 Reactor Concept

A concept was selected for evaluation, which, judging from previous
experience, would satisfy the "near-term" requirement and yet would ex-
hibit attractive fuel costs: A single-fluid, single-region, graphite-
moderated molten-salt reactor generically related to the Molten Salt Re-
actor Experiment. ©Since the breeding ratio was expected to be less than
unity, the system was designated the "Molten Salt Converter Reactor" i
(MSCR).

2.1.3 Procedure

In a series of preliminary calculations, the limitations on reactor
design imposed by consideration of allowable témperature, pressures, ve-
locities, thermal stress, etc., were determined. Design and cost bases
were established, and the fuel cycle cost was minimized by optimization
of the key variables, which in the MSCR are the core diameter, carbon/

thorium ratio, volume fraction of fuel in the core, and spent fuel



19

processing rate. For the optimum conditions, the fuel cycle costs result-
ing from alternate bases and assumptions (e.g., removal of xenon) were
determined. Finally, the ultimate performance resulting from a concatena-
tion of all favorable assumptions and potentially low processing costs

was estimated.

2.2 Status of Molten Salt Reactor Development

2.2.1 Early Work

Molten salt fuels were conceived originally as a means of satisfying
the requirements for very high temperature and extremely high power density
necesSary for aircraft propulsion. A very large amount of work on the
physical, chemical, and engineering characteristics of uranium and thorium
bearing molten fluorides was carried out as part of the ANP.program at

Oak Ridge National Laboratory.

V The technology of molten salt reactors was first introduced into the
open. literature in 1957 by Briant and Weinberg (14).  Papers by Bettis

et al. (6,7) and Ergen et al. (31) reported the Aircraft Reactor Experi-
ment, a beryllium-moderated reactor fueled with UF, dissolved in a mix-
ture of the fluorides of sodium and zirconium, and contained in Inconel.
The reactor was successfully operated in 1954 for about 90,000 kwhr with-
out incident at powers up to 2.5 Mwt and temperatures as high as 165O°F5

The potential usefulness of molten salt fuels for civilian power was:-
recognized from the start. The features that attracted attention: were
the high temperature of the fuel (permitting use of modern steam technology
and attainment of high thermal efficiency) combined with.a low -vapor pres-
sure, the high stability of halide salts under radiation, and the advan-
tages that a fluid fuel provides. These include a negative temperature
coefficient of reactivity, absence of the need for initial excess reac-
tivity and of neutron wastage in control elements, no limitation to fuel
exposure due‘to radiation damage or fuel burnup, the absence of a compli-
cated structure in the reactor core, removal of the heat transfer opera-
tion from the core to an external heat exchanger, and the potential for a

low-cost fuel cycle. In addition, suitable molten salt mixtures exhibit a
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.solubility for'thorium fiuoride sufficient fof all reactor applications;
moreover, these mixturee may.be economically and rapidly processed for
the recovery of 233U by means of the well-developed Fluoride Volatility
Process. ' '

Studies of power reactors utilizing molten salts have been reported
by Wehmeyer (109), Jarvis (49), Davies (27), and Bulmer (15). Davidson
and Robb (26) conceived many of the features of one-region thorium con-

verter reactors and anticipated some of the development problems.

2.2.2 The Molten Salt Reactor Program

The molten salt reacior program was inaugurated at ORNL in 1956 (357,
58) to exploit fhe technology of molten salt fuels for purposes of economic
civilian power. Several parts of the program were: (a) a reactor evalua-
tion study to select the most promising concepts for civilian power and to
pinpoint specific de?elopment pfoblems;t(b) an extensive materials de-
velopment program for fuels, containers, and moderators; (c) an equally
extensive program for the development of components, especially pumps,
valves, and flanges‘suitable for extended use with mdolten salts at 1300°E;
(d)-a modest program for the discovery of supplementary chemical processes
for recovering valuable components (ofher than uranium) from spent fuel;
(e) a program for the development and definitive demonstration of the
feasibility of eOmﬁletely remote maintenance'of molten salt reactor sys-

tems; and presently (f) the Molten Salt Reactor Experiment (MSRE).

2.2.3 Fuel Development

The program for the development of molten salt fuels in the Reactor
Chemistry Division at ORNL has been highly successful (56). The five-com-
ponent mixtures (fluorides of Li, Be, Th, U, and Zr) developed for the
MSRE (12) have many exceptional features. They have melting points well
below 1000°F, with ample solubility for UF,, ThF,, and fission product
fluorides. They'are thermodynamically stable wigh vapor pressures less
than 0.1 atm at temperatures well above 2000°F, and, being ionic liquids,
are not subject to permaneﬁt radiation damage (e.g., radiolytic dissocia-
tion) when in the liquid state. The parasitic capture cross sections of

the base elements (7Ii, .°Be, and '°F) are satisfactorily low, and "Li
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is available at attractive prices in grades containing as little as 0.005%
Li-6. The high volumetric heat capacities of salt mixtures make them

' better heat transfer media than most liquid metals in spite of the higher
film conductances obtainable with the latter.

These mixtures do not appreciably attack the container material
(INOR-8), corrosion rates being less than 1 mil/year (possibly as low as
1/2 mil/year) at temperatures below 1300°F (28). Although it is not now
anticipated that it will be necessary to use INOR in the neutron active
zone, since the moderator material (graphite) is suitably self-supporting,
experiments have shown that the corrosion is not appreciably accelerated
by radiation. A long life (10-30 years) is predictéd for all components
constructed of INOR (reactof vessel, pumps, heat exchangers, etc.) be-
cause resistance to corrosion does not depend on maintenance of -a protec-
tive film but stems from the inertness of the base metal toward the salt.

Molten salt fuel mixtures are compatible with graphite. Tests of a
typical grade show that the salt does not wet the graphite and penetra-
tion is mostly confined to the surface layers (84, p. 93). Some CF, has
been observed in post-irradiation examination of in-plle experiments.
Since CF, is thermodynamically unstable with respect to the salt, it is
thought that its formation resulted from attack on graphite by free fluo-
rine produced by radiolysis of solid salt. Since the fuel-salt must be
maintained in the liquid state for other reasons, free fluorine would not
normally be present in the circulating stream. |

Xenon is not adsorbed appreciably on graphite (17) at reactor tempera-
tures, though it will saturate the voids present because of its extremely
low solubility in salt (107). However, it may be possible to exclude Xe
from the gfaphite by treating the surface to. close the pores there and
render interior pores inaccessible (5). Purging the salt with a stream
of helium in the pump bowl or in a special contactor would then maintain
the Xe concentration at a very low level (Section 6.8). Iodine remains
in the ionic state and is not absorbed. Noble metal fission products are
expected to be reduced by INOR outside the core.

The phase behavior of a great many mixtures has been inveétigated

(108). Proposed mixtures containing up to 40 mole % BeFp have viscosities
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adequately low and dissolve heavy metal fluorides (UF,, ThF,;, or ZrF,) in
concentrations up to 15 mole % with liquidus temperatures less than 1000°F
(56). Additions of ‘5 mole % of ZrF, to the base salt satisfactorily re-
duces the sensitivity of the fuel mixture toward precipitation of UO2 by
oxygenated contaminants (e.g., air, water, lubricating 0ils) which will be
difficult to exclude entirely from a large reactor system. Graphite is
readily de-oxygenated by in situ decomposition of NH,F-HF vapor, which
shows negligible attack on the INOR.

Thermophysical properties of the important salt mixtures have been
measured (8,24) in detail sufficient to permit reliable calculation of
pumping and heat transfer characteristics, which are good. No evidence
of the deposition of scale or dendrites in the heat exchangers has been

found.

2.2.4 Container Development

The development of nickel-molybdenum base alloys (INOR series) for
containment of molten fluorides was conducted jointly by ORNL and Inter-
national Nickel Company. In additionbto the resistance to corrosion men-
tioned above, the alloys have good-to-excellent mechanical and thermal -
characteristics, (superior to those of many austenitic stainless steels)

~and are virtually unaffected by long-term exposure to salts or to air at
1300°F (12). Tﬁe alloy has been made by several major manufacturing com-
panies,,énd it is presently available on a limited commercial basis in the
form of tubing, plates, bars, forgings, and castings. Exhaustive tests

at ORNL have showﬁ that its tensile properties, ductility, creep strength,
cyclic fatigue strength (both thermal and mechanical) are adequate for
molten salt reactor applications when judged in accordance with criteria
used in the. ASME Boiler Code (75-87). INOR is weldable by conventional
techniques using welding rods of the same composition as the base metal.

A gold-nickel alloy has been developed at ORNL suitable for remote brazing
of reactor components. INCR begins to soften above 2000°F and melts at
2500°F. The thermal conductivity is about 12 Btu/hr-ft-°F at 12007F. No
major difficulties have been encountered in the design and fabrication of

reactor components, including pumps and heat exchangers (12).
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2.2.5 Moderator Development

Graphite, because of its good modefating properties,  low neutron cap-
ture cross section, compatibility. with fluoride salts and INOR, and excel-
lent high-temperature physical properties is a superior moderator for
molten salt reactors. The graphite proposed for use in the MSRE has a
density of 1.8 g/cc and a kerosene-accessible porosity of 6%. About half
the pore volume is accessible from the surface. However, as mentioned
above, molten fluorides do not wet graphite and permeation of MSRE grade
graphite by the salt is less than.0.5% by volume at 150 psi (84, p. 93).
The coefficient of permeability by helium at 30°C is 10-° cmz/sec, and Xe
will be adsorbed rapidly. However, technigues for reducing permeability
are being developed. Samples of high-density graphite having permeabili=.
ties at least two orders of magnitude lower have been made (107).

Development of graphites and graphite bodies is being carried out.
cooperatively with National Carbon Company. Pieces of graphite are prés-
ently available in sections up to 20 in. square and 20 ft long. Graphite
having outstanding mechanical properties is available in the form of '
readily machinable rods, tubes, slabs, and spheres. The effects of nu-' .
clear radiations on this material are not fully known. The thermal con-
ductivity declines, but probably not below l5,Btu/hr'ftf°F- Thermal
stress considerations thus affect the design of moderator elements; the
allowable stress is thought to be at least 2000 psi and the allowable

_strain at least 0.1%. These limits appear to be compatible with the
thermal and nuclear requirements of optimum core design. However, experi-
mental verifiéation of these values 1s needed.

At the temperatures encountered in molten salt reactors, graphite
will shrink during exposure to fast neutrons. Where large gradients in
the fast neutron flux exist, the resulting differential shrinkage will
result in deformations, or, if these are restrained, in stresses. The
.problem of designing a long-lived core structure of large pieces of graph-
ite is presently unresolved: The bowing of graphite stringers might be

" restrained by use of molybdenum hoops, but this solution may not be suit-

able for large power reactors.
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2.2.6 Component Development

Development of components for molten. salt reactors has been in pro-
gress for over ten years. The most notable achievements to date arecthe
demonstration of the long-term reliability of pumps operating at 1300°F,
including pumps having molten-salt-lubricated bearings, and the demonstra-
tion of the reliability and maintainability of remotely operated freeze

flanges and freeze valves.

2.2.7 Reactor Vessel

No difficulties were encountered in the design or fabrication of the
reactor vessel for the MSRE. In large power reactors provision to limit
thermal stress by means .of thermal shields may be necessary, but mechanical
stresses are not important because pressures greater than 200 psi are not
encountered anywhere in the systems. Corrosion does not appear to be a

problem.

2.2.8 Molten Salt Pumps

Molten salt pumps have been operated continuocusly for 33 months at
temperatures above léOO°F. -A sump-type pump having one salt-lubricated
journal bearing has logged more than 12,000 hours of operation. at 1225°F,
1200 rpm, and 75 gpm. After it was stopped and restarted 82 times, examiz
nation of the bearings disclosed no discernible attack. The use of salt-
lubricated bearingsvwill enable the shaft to be 1ehgthened so that shield-
ing may be interposed between the pump bowl and the motor with its oil-
lubricated bearings. The impellers 6ffthése-pumps also withstand attack
indefinitely under operating conditions. It is believed that pumps of
the types developed can be made in large.sizes for use in large molten
‘salt reactor plants and that these can operate at the temperatures re-

quired.

2.2.9 Molten Salt Heat Exchangers and Steam Boilers

The design and fabrication of exchangers for transferring heat from

fuel salt to an intermediate coolant salt are straightforward. Heat
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transfer experiments conducted at ORNL with unirradiated salt verify the
correlations used to predict tﬁe performance. Scale did not form on the
heat transfer surfaces.

The Loeffler boiler seems especially suited for use with molten salts.
Here dry saturated steam is superheated in a salt-to-steam exchanger; part
of the superheated steamAis routed to the turbines, and part is recircu-
lated through an evaporator producing saturated steam for recycle to the
exchanger.  Problems in boiling burnout,'thermal stress in the exchanger
tubes, and freezing of the salt are thus avoided.

.However, a fuel-salt boiler presently in the conceptual stage has
many potential advantages. In this concept, the fuel downcomer annulus
inside the reactor vessel is widened tc accommodate several hundred INOR
thimbles. Bayonet tubes, into which water is introduced, are inserted
into the thimbles, but are separated from.the thimble walls by a narrow
annulus filled with an inert salt. Calculations show that the heat trans-
fer is. adequate to produce steam at 1000°F and 2000 psi. Yet the salt and
steam systems are isolated from direct contact and the salt system is v
under negligible pressure. Should either system leak, this would be de-
tected immediately by monitors in the inert.salt system.

Such a boiler has many advantages,Aincluding.the complete elimination
of one cooling loop and its associated pumps, heat exchanger, etc. In
-addition, the fuel circuit is appreciably shortened in comparison to a
"spread-out" system. The steam produced will bevconsiderably less radio-

active than that produced in a direct cycle boiling-water reactof.

2.2.10 Freeze Valves and Freeze Flanges

Although the high melting point of a molten salt reactor fuel (800—
1000°F) is. a disadvantage in that the system must be ﬁreheated before
filling and brovision must be made to avoid freezing, there are also bene-
fits that accrue. Among these is the fact that if a leak does occur there
is little tendency for Ehe material to disperse rapidly. Noble gas fis-
sion products do not accumulate in the liquid, and the fluorides of the

remaining fission products have negligible vapor pressure and are retained.
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The feady solidification of salts has also been put to use in the
development of flanges and valves. The remote manipulation of reliable
freeze flanges has been successfully demonstrated in many tests and in a
remote maintenance development facility. Freeze valves have no moving
parts, no seals, and have been demonstrated to be satisfactory inisalt .« -

transfer and drain- pipes.

2.2.11 Molten Salt Instrumentation and Special Equipment

Conventional equipment is adequate for measuring the nuclear behavior
of molten salt reactors; however, special equipment for handling molten
salts was developed at ORNL for the MSRE. For measuring liquid level in
the pump bowls, for example, a ball-float suspending an iron bob whose
position is sensed by an external induction coil was developed. A single
point electrical probe device has also been developed for use in the fill-
and-drain tanks to calibrate the weighing system.

A sampler-enricher device is being tested whereby fresh fuel may be
added to the fuel stream during operation, and a sample of spent fuel may
be removed without contamination of the fuel stream by air or water vapor
and without the uncontrolled escape of any radiocactive material from the
reactor. |

.Clam-shell electrical pipe heaters for lines carrying molten salt

have been developed.

2.2.12 Remote Maintenance

Because of fission-product contamination and induced activity in
components and piping, the fuel-containing portions of molten salt re-
actors cannot be approached for direct maintenance even after draining
and flushing. Semi-direct maintenanée through a shield plug with long-
handled tools is possible for some items, but it is necessary to develop
completely remote tools and methods for many of the larger components.
These include tools, techniques,. and procedures for removing and replacing
all major reactor components, including the heat exchanger, primary fuel-
pump and motor, reactor vessel, and fill-and-drain.tank. Such equipment
and-techniques successfully demonstrated in the Molten Salt Remote Main-

tenance Development Facility at ORNL (65). This facility simulated a
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20-Mwt molten salt reactor system and comprised a mockup of the reactor
vessel, a mockup of the heat exchanger, together with full-scale pumps,
flanges, valves, electrical heaters, thermocouples, etc. All maintenance
operations were performed by a single operator from a remotely located
control center, using closed-circuit stereo-television for viewing. The
manipulator was a general purpose, medium duty, electro-mechanical "arm"
which performed a variety of functions easily and efficiently. It was
used to connect and disconnect tube and electrical connections, to carry
loads weighing up to 750 1lbs and to manipulate tools. Eight basic mo-
tions, five for the arm and three for the crane bridge, Were controlled
independently by two pistol-grip handles on the control console. Two
types of remotely interchangeable grasping devices permitted a variety-
of objects to be handled.

Tools developed for remote manipulation included impact wrenches, a
torque tool and bolt runner, screw jacks on the heat exchanger for working
the freeze flanges, and miscellaneous devices such as lifting slings,
socket extensions, hooks, fingers, etc. All these were operated by the
manipulator. In addition, a reactor-lifting jig, a pump-lifting eye, and
socket extensions for the torque tool and bolt runner were positioned by
the manipulator, but operated by the crane or by their own power..

The installation of microphones at strategic locations inside the
reactor cell to enable the operator to listen to pneumatic and electric
motor sounds was found to be helpful.

Reliable, quickly acting disconnects for electric, pneumatic, oil, and
other services were adapted or devéloped-

The components of the Remote Maintenance Facility were removed and
replaced several times before the system was filled with salt in order to
develop procedures and test the tools. Finally, the system was filled
with salt, brought to temperature with salt circulating freely, then shut
down and drained. All equipment was then removed and replaced remotely,
and tested. The salt was replaced and brought to temperature again. Items
"maintained" in this way included the pump motor, the fuel pump, the re-
actor vessel, the heat exchanger, the fill-and-drain tank, electrical pipe

heaters, and thermocouples. The demonstration was entirely successful.
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Maintenance of ‘the MSRE will be accomplished by means of the tech-
niques and tools developed and supplemented with some semi-direct main-
tenance operations through a portéble shield having a rotatable plug.
Long-handled tools may be inserted through this plug and manipulated by
hand. These means of maintenance will be thoroughly tested .in a full-

scale mockup of the MSRE now being constructed at ORNL.

2.2.13 Chemical Processing of Molten Salt Fuels

The use of fluid fuels in nuclear reactors provides an opportunity
for continuously removing fission products and replacing fissile isotopes
at power. Thus, 1t 1s possible to hold fission-product neutron losses to
low levels and to eliminate capture of neutrons in control rods.

The "Fluoride Volatility Process" is in an advanced stage of develop-
ment;'a pilot plant for general application is now in operation at ORNL.
Other processes are being sought, and prospects are good that simple and
economic means can be foﬁnd to separate fission products continuocusly

from spent fuel salt.

2.2.14 PFluoride Volatility and HF Solution Processes

While the fluoride volatility process was not developed specifically
for use with molten salt fuels, it has been verified in laboratory experi-
ments conducted at ORNL that it is applicable for removal of uranium from
fluoride mixtures containing ThF,; (16). In this process, elemental fluo-
rine, diluted with an inert gas, is bubbled through the salt. UF, is
converted to UFg which is volatile at the temperature of operation (500~
700°C) and passes out of the contactor to be abSorbed'reversibly in a bed
of sodium fluoride. The off-gas is cooled, stripped of F, in a scrubber,
and passed through.charcoal beds where fission product gases are absorbed.

The fluorides of a few of the fission products. are also volatile but
these are irreversibly absorbed in the sodium fluoride beds. Thus, by .
heating the beds, UFg 1s brought over in a very pure state, completely
decontaminated and with losses less than 0.1%.

The UF¢ is reduced to UF, in a hydrogen-fluorine flame, and is col-

lected as a powder in a cyclone separator backed up by gas filters. .Losses
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routinely are smaller than randbm errors in the assays, and the process
has been used successfully for many years in the manufacture. of enriched
2357 from natural uranium in the production plants at Oak Ridge.

The Fluoride Volatility Process alone is sufficient for the economi-
cal operation of a molten salt converter reactor. Spent fuel containing
UF,, Th¥F,, 233Pa, as well as fission products is removed from the reactor
periodically and fluorinated for recovery of uranium isotopes. The
stripped salt is discarded (stored in INOR cylinders indefinitely) to
purge the system of fission products. Although the discarded salt con-
tains valuable components (7Li, Be, 232Th, 233Pa); the cost of discarding
thesé is"offset: by:the .improvemént: in conversion.ratiow.: =:iio. -

The steps described above appear to be especlally attractive for
integration with the reactor plant. That is, they are all high-tempera-
ture, non-aqueous processes, and could conveniently be carried out in the
reactor cell, utilizing the same shielding and sharing in the use of re-
mote maintenance equipment. The waste product (fuel salt stripped of
itotopes of uranium) is in.a form conveniently stored for decay of radio-
activity. After a period measured in years, the waste could conveniently
be removed to another location for recovery of thorium, lithium, beryl-
lium, and other valuable components in a relatively low-level-radiation
facility.

The HF Solution Process (16) under study at ORNL provides one means
of separating rare earths (which constitute the bulk of important non-
volatile fission products, including isotopes of samarium) from the base
salt, after uranium has been removed. The separation is effected by dis-
solving solidified salt in liquid HF containing up to 10% water. The
rare earths, thorium, and related materials precipitate and may be sepa-
rated by filtration or decantation, permitting reuse of the salt. The

HF Solution:Process is presently in the laboratory stage of development.

2.2.15 Thorex Process

While the Fluoride Volatility process appears attractive if inte-
grated with the reactor plant, it is not obvious that it is superior in

a central facility to alternative modes of processing, such as Thorex.
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This uncertainty is due in part to paucity of reliable information on

costs of on-site and central Fluoride Volatility process plants, and in
part to the limitations of the method in respect to recovery of lithium
and thorium. On the other hand, the costs of Thorex plants are rather

better known, and, with suitable modifications, Thorex appears to permit
economic recovery of all valuable components of the fuel salt only mod-
erately contaminated with certain fission products (e.g., cesium). The
costs associated with a modified Thorex process as described in Section

5.3 were used in an alternate evaluation of the MSCR.

2.2.16 Fractional Crystallization Process

Studies by Ward et al. (108, :106, 80,.p~ 80) provide -a basis for"
evaluating the feasibility of removing rare earth fluorides.from the fuel
salt by partial freezing. A brief description is given in Section 6.7.3.
The process is not suitable for a breeder reactor inasmuch as the fission
product concentration cannot be lowered much below 0.2 mole %; however,
much higher concentrations can be tolerated in a converter. In the ref-

erence design studied here, the concentration is approximately 0.5 mole %.

2.2.17 Other Processes

Solvents which will selectively dissolve either ThF, or rare earth
fluorides are being sought at ORNL. Solutions of SbFs in HF show some
promise. ‘

The capture of a neutron by an atom of 233py results in a double
loss — that of the neutron and of the fissile atom of 233U that would
have been formed by decay of the Pa. A process is needed that can quickly
and economically remove 2332Pa from the circulating salt stream so that it
may be held outside the reactor until it decays to 233U. There is a pos-
sibility that exposing the fertile stream to beds of ThO, pellets might
accomplish this. There is some evidence that thorium. .from the beds will
exchange with Pa in the solution, and the latter will be immobilized until
it decays, after which it might, as 233U, exchange with thorium in the
salt, and so become available for recovery by fluorination. Other oxides,

e.g., BeO, are also under study.
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2.2.18 Molten Salt Reactor Studies

The status of the Molten Salt Reactor Program was reviewed in 1958
for the second Geneva Conference by MacPherson et al. (56). At that
time‘a homogeneous molten salt reactor having only a limited capability
for fuel regeneration was under consideration. Further studies of this
system were reported by Alexander et al. (1), and a 30-Mwt experimental
reactor was described (2).

Also, in 1958, good indications were obtained that the system INOR-
graphite-salt is chemically stable.in radiation fields and attention was
accordingly shifted to graphite-moderated systems. MacPherson et .al.
(60) described a one-region sihgle-fluid reactor utilizing slightly en-
riched uranium and a highly enriched feed. Many features of his concept
were incorporated in the present study.

The potential of graphite-moderated molten-salt reactors for breeding
in the Th-233U cycle was investigated and the associated development
problems were identified by MacPherson in a series of papers (61-63).
Several conceptual designs for- one- and two-region breeders were proposed.
One of these (the MSBR) was evaluated in comparison with four other ther-
mal breeders by the Thorium Breeder Reactor Evaluation Group at ORNL (3);
" this system employed a fuel salt (contained in graphite bayonet tubes and
circulated through external heat exchangers) together with a fertile salt
stream (containing all the thorium) surrounding the moderated core region.
The major problems associated with this concept were the development of a
reliable graphiteQmetal joint for connecting the bayonet tubes to an INOR
header and the uncertain behévior of the core structure for long periods
under irradiation at high power densities.

It was estimated that the MSBR could achieve fuel yields up to about
7%/year (doubling time about 14 years) at fuel cycle costs not greatér
than 1.5 mills/kwhr; and that fuel costs as low as 0.7 mills/kwhr could
be achieved by sacrificing the fuel yield in favor of lower processing

costs (3).
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2.3 Molten Salt Reactor Experiment

The favorable results obtained in the various evaluation and develop-
ment programs led_to the initiation in May 1960 of preliminary design of
the Molten Salt Reactor Experiment (12,5). Construction.and installation
of the entire system are scheduled for completion in mid-1964 and criti-
cality late in 1964, or early 1965.

The MSRE is expected to demonstrate the long-term reliability of
components and the compatibility of materials under actual operating con-
ditions, including the dimensional stability of the graphite and its re-
sistance to permeation by fuel salt in the presence of radiations and the
maintainability of the system after operation at power.

The reactor will produce up to 10 megawatts of heat in a fuel con-
sisting of & solution of highly enriched 23°U:F, dissolved in a mixture
of the fluorides of lithium (99,990% 7Li);.beryllium,,and zirconium
having a liquidus temperature of 842°F. The salt enters a volute around.
the upper part of the cylindrical vessel at 1175°F and flows at the rate
of 1200 gpm down through an annular plenum between the wall of the vessel
and up the graphite core-matrix. This is constructed by pinning 2=Ini-:
square bars ldosely to INCR beams lying across the bottom of the vessel.
The salt flows up among the bars at.a velocity of 0.7 ft/sec. (Reynolds
number 1000) and exits at 1225°F. '

The fuel pump, a sump-type having a bowl 36-in. in diameter and
12 in. high, is driven by a 75 hp motor and develops:a head of 48.5 ft
at 1200 gpm. All parts are constructed of INCR.

The heat exchanger, also constructed of INOR, has 165 tubes 14 ft
long by 1/2 in. OD with walls 0.042 in. thick, and provides 259 ft* of
heat transfer surface (heat flux 130,000 Btu/hr-ft? at a IMTD of 133°F).
The reactor heat is transferred to a secondary salt coolant from whence
it is discharged to the atmosphere in.an air-cooled radiator. .

Initially, the MSRE will contain no thorium, since the power level
is too low for significant amounts of 33U to be produced in a reasonable
time. Thorium may be added later to permit verification of nuclear calcu-
lations of critical mass, etc., and to discover if there are any unfore-

seen compatibility or stability problems.
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3. BASES AND ASSUMPTIONS

3.1 Design Bases

3.1.1 Reactor Concept

The concept selected for study was deeled closely after that pro-
posed by MacPherson et al.i{60),. and is essentially a scaleruprof ‘the «
Molten Salt Reactor Experiment (12,5) plué necessary auxiliary equipment
for generation of electricity, etc. Briefly, the core consists of a ver-
tical bundle of unclad graphite logs contained in an INCR vessel. Fuel
salt containing thorium and uranium flows up through the bundle into a
plenum, thence through several pumps in parallel to the shell side of

multiple shell-and-tube heat exchangers, and then back to the reactor.

3.1.2 Design Calculations

These were performed only in sufficient detail to permit the estima-
tion of the capital cost. Problems of control, shielding, hazards analy-
sis, etc., were ignored. . Attention was centered on the nuclear perform-
ance and processing costs. The energy conversion system was designed to
provide a basis for estimating the volume of the fuel salt circulating
in the primary heat system, the net thermal efficiency, and the capital

investment.

3.1.3 Station Power

An electrical capability of 1000 Mw was selected to permit direct
comparison with systems previously evaluated at the same plant capacity.
Preliminary calculations indicated that. the core should be ~20 ft in diam-
eter for satisfactory nuclear performance. At a power of 1000 Mwe, power
densitiées are only 14 kw/liter of core and 35 kw/liter of salt (average).
A lower plant output would result in inefficient utilization of the fuel

inventory.
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3.1.4 Plant Utilization Factor

The standard factor of 0.8 was used as recommended in the "Guide"

(52).

3.1.5 Thermal Efficiency

Several different energy conversion schemes were considered in suf-
ficient detail (see.Section 4.3) to show that even the least efficient
system (Loeffler bdiler) would have, when fully optimized, a thermal ef-
ficiency not less than 40%. This efficiency was therefore adopted for

use in the fuel cost optimization calculations.

3.1.6 Fueling Cycle

For the purposes of optimization calculations, it was assumed that
make-up fuel was added and spent fuel was removed quasi-continuously,
and that, with three exceptions, the concentrations of the various nu-
clides in the circulating salt system were in equilibfium with respect
to feed rates, nuclear reactions,.and processing rates. The exceptions
were 234U and 238U (which are initially present in amounts substantially
lower than the equilibrium value, and whose concentrations increase with
time) and 236y (the concentration of which starts at zero and reaches
- only about.3/4 of its equilibrium values in 30 years). For these three
isotopes, concentrations that approximated the average over a life of
30 years starting with the reactor charged with 235y (95% enrichment)
were used. Other important isotopes appear to approach théir equilibrium
concentrations in times short compared to the reactor life. The use of
equilibrium concentrations for these, especially for slowly equilibrating

fission products, is discussed in Appendix H.

3.1.7 Processing

The processing rate was optimized with respect to the fuel cycle
cost. In the selected process, spent fuel is accumulated, shipped to a
central Fluoride Volatility Plant, cooled for a minimum of 90 days, and
treated for recovery of uranium. Undecayed 233Pa, along with 232Th, Li,

and 7Be are lost in the waste.
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3.1.8 TFeed and Recycle

In the optimization calculations, it was assumed that isotopes of
uranium recovered from irradiated fuel are recycled, and that deficiencies
in the breeding ratio are compensated by additions of 95%-enriched 2357.

The effects of a few feed and recycle schemes on the optimum reactor
were studied (Section 6.9), such as the use of feeds containing a mixture
of uranium isotopes (e.g., spent fuel from the Consolidated Edison Reactor
at Indian Point, New York). The sale of irradiated fuel to the AEC as an

alternate to recycle was also investigated.

3.1.9 Isotopic Composition of Lithium

It was assumed that lithium (as the hydroxide) would be available in
grades containing up to 99.995% 1i at a price no greater than that quoted
in reference 67 ($l20/kg of lithium). The choice of this composition
(rather than one having a lower cost) resulted from a compromise between
cost of neutron losses to ®Li and the cost of discarding the salt enriched

in 7Ii with a processing rate of about 2 ft?/day.

3.1.10 ‘Energy Conversion System

Although it would be difficult to establish a complete set of require-
ments for coupling of the reactor system with the energy conversion system
prior to the preparation of a detailed desigﬁ; nevertheless, it 1s neces-
sary to fix some of these in order that the fuel cyéle cost may be esti-
mated. The most important requirement appears to be a necessity to iso-
late the fuel salt from the thermodynamic fluid, at least when that fluid
is water; The hazards associated with the possibility that high pressure
steam might leak into the fuel system canno{’be tolerated, since such ..
leakage would result in the rapid formation of UO, (81, p. 63). This is
only élightly soluble in the base salt, althdugh its solubility can be
increased somewhat by additions of ZrF, and 6f ThF, (84, p. 96). Isola-
tion of the steam and fuel systems is achieved by interposing a compatible
third fluid, either as a stagnant layer or as a separate stream circulated

between primary and secondary heat exchangers.



26

The intermediate coolant (third fluid) must be chemically compatible
with fuel salt, and in'addition, it is desirable that it be inert with
respect to steam. - Also, if should either not be.a nuclear poison, .or
else it should be readily removable from fuel salt. . For the reference
design, a salt 66 mole %.LiF (99.995% 71i) and 34 mole % BeF, was selected
(Table 3.4) as the intermediate fluid.

3.1.11 Primary Heat Exchanger Reguirements

It is imporﬁant that the external portion of the fuel salt circulat-
ing system shall have as small a volume as possible in order to reduce
the inventory of wvaluable materials. However, the reliability and main-
tainability of the system cannot be compromiséd in favor of small volume.
A requirement for maintainability, which includes replaceability, implies
that the primary heat exchanger shall be drainablé of fuel salt. This re-
guirement is most easily and certainly met by putting the fuel salt in »
the shell-sides of the heat exchangers and grouping these about the reac-
tor in a vertical positiqn so that the heads may be removed and the tube

bundles lifted out easily.

3.1.12 Minimum Salt Temperatures

To provide a margin of safety in regard to possible freezing of both
fuel salt and intermediate coolant salt, it was decided that the operating
temperature of any salt stream should not be at a temperature less than

the liquidus temperature of the fuel salt.

3.2 Cost Bases

3.2.1 Value of Fissile Isotopes.

Unirradiated, highly enriched 2357 was valued at $l2.01/gram of con-
tained 235y (52). Mixtures of isotopes were valued according to the
formula V = £(E) $12/gram of contained fissile isotope (233U, 2325U), where
f(E) is an enrichment factor found by dividing the value of enriched 23°U
having the same composition as the mixture in question by $12.0l/grami

The enrichment, E, of the mixture is found by dividing the sum of the
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atomic concentrations of 235U and 223U (and ?3?Pa, if any) by the sum of
atomic concentrations of all isotopes of uranium in the mixture (thus

lumping 234U and 236U with 238U as diluents).

3.2.2 Value of Thorium

Inquiries directed to several vendbrs elicited only one reply (Appen-
dix J); however, the quotation given ($6/1b of ThF,) agreed well with a
1959 estimate by Orrosion (89) and led to the adoption of a price of
$19.00/kg of thorium as ThF, ($6:50/1b ThF, ).

3.2.3 Value of LiF(99.995% 7Ii)

This was taken to be $120/kg of contained lithium (Appendix J) or
$32.30/kg of LiF.

3-2;4 Value of BeFé

Inguiries cited in Appendix J led to adoption of a price of $15.40/kg
of BeFs.

3.2.5 Value of Base Salt

This varied with the composition, but the base salt in the optimum
reactor contained 68 moles of LiF per 23 moles of BeF, giving a value of

$25.97 /g .-

3.2.6 Cost of Compounding and Purifying Fuel Salt

The operation of blending recycle uranium with make-up uranium and
fresh lithium, beryllium, and thorium fluoride and purifying is to be per-
formed on-site. The cost was therefore excluded from the operating and
capital charges of the processing plant and included in the capital and

operating charges of the reactor plant.

3.2.7 INOR-8 Cost

The following cost information supplied by A. Taboada of CRNL is
based on quantity production. Manufacturing experience to date with fab-

rication of the listed forms has not indicated the existence of any
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serious problems and therefore pricing safety factors in the costs shown

may be pessimistic.

Plate $3 per 1b

Round Rod $4.25 per 1b

Welding Rod _ .. $8 per 1b

Pipe (Seamless) $10 per 1b

Pipe (Welded) $5 per 1b

Tubing (Seamless) $12 per 1b

Tubing (Welded) $6 per 1b

Simple Forgings $4.50 per lb‘(e.g., tube sheets)
Fabricated Plate $10 per 1b (e.g., pressure vessel shells)
Dished Heads $5.50 per 1b

Forged Pipe Fittings $50 per 1b

Castings $2 per 1b

3.2.8 Moderator Graphite Cost

The cost of graphite such as would be used in the MSCR core has been
established at $6.00 per 1lb. This is from informal discussion with ven-

dors.

3.2.9 Annual Fixed Charges

For fissile isotopes, the use charge was taken at 4.75%/yr in ac-
cordance with the "Guide" (52). Other components of the fuel mixture were
carried as depreciating assets (since only the isotopes of uranium and
thorium are recoverable). For such the "Guide" recommends (Table 3.1) an
annual rate of 14.46% for an investor-owned public utility (IOPU). This
rate, however, includes 0.35% for interim replacement when the rate of re-
placement is not known. In the present instance, the replacement rates
for base salt were calculated and the corresponding costs listed sepa= -
rately; therefore, the annual charge for the above items was set at .. .. ..
14.11%/yr. This included also l.ll%/yr for amortization by means of a
30-yr sinking fund with cost of money at 6-75%/yr; hence, a charge for
replacement of salt at the end_of 30 years was not made either separately

or as part of the final processing to recover the uranium inventory.
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3.2.10 Central Fluoride Volatility Plant Processing Charges

The schedﬁle given below was extracted from the estimates presented
in Table 5.9 and apply fd a plant capable of processing 30 ft2 of salt
per day (about lOOO/kg.day of thorium for the reference design salt) for
recovery of isotopes of uranium. The barren salt is discarded. Capital
investment ($25.5 million) was estimated by scaling from a study by
Carter, Milford, and Stockdale (21) of two smaller on-site plants (1.2
and 12 ft3/day), and adding costs of other facilities required in a cen-
tral plant (receiving, outside utilities, land improvements, etc.). The
plant is large enough to service about fifteen 1000 Mwe molten salt con-
verter reactor plants. A turn-around-time of two days was allowed. Ship-

ping charges ($10.30/kg thorium) were estimated separately (Table 5.8).

Table 3.1. MSCR Reference Design One
Ton/Day Central Fluoride Volatility
Plant Cost Schedule

Production Rate
kg/day of Thorium
from Reactor

Processing Cost*
$/kg Thorium

320 23.0
160 24.0
80 - 25.3
40 26.1
53.3 26.6
40 27.6
26.7 30.0

*Excluding shipping.

3.3 Special Assumptions

3.3.1 Permeation of Graphite by Salt

Tests with MSRE fuel salt at 1300°F and 150 psi in MSRE graphite
showed penetrations of the order of 0.02% in 100 hours (86, p. 93). Most
of the absorbed salt was contained in pockets lying at the surface of the
graphite, and presumably in communication with bulk liquid. - From a metal-

lographic examination of thin sections, it was concluded that penetrations
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considerébly less than 0.12% would be encountered in the MSRE at the
maximum pressure of 65 psia. For the purposés of evaluating the‘MSCR,
it was assumed the penetration would be'O.l%, and that only pores lying
at the surface would contain salt. Thus, in a core 90 volume % graphite
the volume of salt absorbed in the graphite would be slightly less than
1% of the volume of salt in the core. This absorbed salt was assumed

to have the same composition as the circulating stream.

3.3.2 Permeation of Graphite by 135 Xenon:

The solubility of xenon and other noble fission product gases in fuel
salt is very low (107); also, their adsorption on graphite at 1200°F ap-
" pears to be negligible (17)( However, there remains the possibility that
gaseous xenon may diffuse into the pores in graphite at a rate large com-
pared to that at which it can be removed from the salt by sparging or
spraying. The mathematical treatment of the case at hand has been pre-
sented by Watson, et. al. (107), who also established probable ranges
for the diffusion coefficient. For the purposes of a reference calcula-
tion having a reasonable degree of plausibility, a value of 106 (cmz/
sec) was selected for the diffusion coefficient and a value of 0.01 for
the porosity of graphite to noble gases. Further, it was assumed . to be
feasible to by-pass 10% of the fuel salt (16 ft?/sec) through the pump
bowls or through a sparge chamber, and that this by-pass steam would give

up substantially all of its xenon to the sweep gas.

3.3.3 Corrosion Products

Tests in a forced convection INOR loop using a salt (62-LiF, 36.5-
BeF,, 0.5-UF,, 1.0-ThF,) very similar (except for thorium content) to
that proposed for the MSCR, show that after a period of initial attack
(occurring generally in the equipment in which the batch of salt is pre-
pared) the concentration of structural-element cations reaches equilibrium
values (84, p. 79). The temperature of the salt was 1300°F in the hot
leg, 1100°F in the cold leg, and was circulated for a total of almost
15,000 hours. The concentration of nickel, after rising to a maximum of

80 ppm in about a thousand hours, reached an equilibrium value of about
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50 ppm at 2000 hours. Chromium concentration fluctuatéd between 400 and
600 ppm, averaging about 500 ppm, while iron averaged about 250 ppm.
Molybdenum was said to be negligible and was not reported.

Apparently the:concentration of chromium is in equilibrium with
respect to the rate with which chromium is oxidized by UFs; to CrFz at the
hot metal surfaces and the rate with which it is reduced to 9C¥ at the
cold surfaces (75, p- 39). In the MSCR, large areas of INOR are exposed
to the salt at all temperatures between 1100°F and 1300°F. Although the
rate of diffusion of chromium .in INOR has been determined at various
témperatures, it is not possible to calculate the chromium concentration
in the salt until the temperature profile is known.

In the calculations performed here, a neutron-poison allowance was
made for corrosion products, amounting to 0.008 neutrons per atom of
fuel destroyed. This loss is comparable to the loss that would result
if the concentrations of Ni, Cr, and Fe were 50, 500, and 250 ppm, as in

the loop-corrosion test cited above (Section 6.3).

3;3.4 Approach to Eguilibrium

The nuclear performance was calculated by means of MERC-l; an equi=..
librium reactor code. Thus the performance of the reactor during the
approach to equilibrium, when concentrations of isotopes of uranium and
of fission products are changing, was not considered, except in regard to
234U, 236U,}and 238y, These were averaged over a fuel lifetime of 30
years; 233U, 235U, and fission products were taken at their equilibrium
values.

In cases where adequate supplies of 233y are unavailable the reactor
would be fueled initially with enriched ?3°U. This is inferior to ??°U
in respect to eta and also forms a non-fertile daughter,.szU. ;These
disadvantages are offset by initially-low concentrations of fission |
products and 236y, While a calculation of the time-dependent behavior is
desirable in such cases, it does not appear that the error introduced by
assuming equilibrium conditions is important. The matter is explored

further in Appendix H.
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4. DESCRIPTION OF MSCR CONCEPT

4.1 General Description

The MSCR is a single-region, uﬁreflected, graphite-moderated fluid-
fuel reactor utilizing a mixture of molten fluorides of lithium, beryl-
lium, thorium, and uranium as the fuel and primary coolant. A sketch of
the reference design reactor is shown in Fig. 4.1. As seen in this fig-
ure, the reactor consists of a 20-ft-diam by 20-ft-high cylindrical core
made up of 8-in.-diam graphite cylinders. The fuel salt enters through
a bottom grid, flows upward through the spaces between the cylinders and
is discharged into one of eight primary heat removal circuits located
around the reactor. The arrangement of these circuits 1s shown in Fig.
4.2. The heat generated in fuel salt 1s transferred to an interﬁediate
coolant salt consisting of a mixture of barren lithium and beryllium
fluoride containing no uranium or thorium. The coolant salt is used to
superheat saturated steam produced in a Loeffler boiler and also to re-
heat stegm from the turbogenerators. The reactor vessel,. internals and
all primary and secondary system components in contact with fuel salt and
coolant salt are constructed of INOR-8. The specifications are tabulated
in section 4.10. Part of the superheated steam is sent to a high-pressure
turbine and the rest is injected into the Loeffler bollers to generate
saturated steam. This saturated steam is recirculated to the superheater
by steam-driven axial compressors using steam drawn from the high-pressure
turbine discharge. A flowsheet of this heat removal-power generation sys-
tem is shown in Fig. 4.3.

- Design data and operating characteristics for the reference design

are given in Table 4.1.
4.2 Site Plan:

The site plan of the MSCR plant is shown in Fig. 4.4 based on con-
ditions specified in the AEC Cost Evaluation Guide (52). The 1200-acre
grass-covered site has level terrain and is located on the bank of a

river. Grade level of the site is 40 ft above the river low water level
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Table 4.1. Design Characteristics of the 1000 Mwe
Molten Salt Converter Reference Reactor

General

Thermal power 2500 Mw

Net thermal efficiency 41.5%

Net electrical power 1038 Mw

Core geometry . ' Cylindrical, 20 ft x 20 ft

Moderator Unclad graphite
Form : ‘ Cylinders .
Dimensions 8 in. diam, .24 in. long
Weight 335 tons
Volume fraction in core 0.9
Porosity accessible to salt (assumed) 0.1%
Porosity accessible to gas (assumed) 1.0%
Gas diffusion coefficient (assumed) 10-° cm?/sec
Graphite density 1.9 g/cm’
Radiation heating (max.) 5.2 watts/cm’
Maximum temperature rise 520°F

Reactor vessel INOR-8
Inside diameter 20 £t-2 in.
Thickness 1.7 in.
Maximum temperature 1400°F
Weight, including internals 125 tons
Radiation heating in support plates 2 watts/cm3
Radiation heating in vessel wall 0.6 watts/cm’
Maximum temperature rise in wall . 40°F

Fuel stream

Composition
Base. salt (LiF-BeF,-ThFy ) 68-22-9 mole %
UF, (fissile) 0.3 mole %
Fission products 0.5 mole %
Corrosion products _ 750 ppm
Liquidus temperature of base salt 887°F
Density:of base salt.at 1200°F 3.045 gfce
Mean heat capacity of base salt at 1200°F 0.383 Btu/1b-°F
Fraction of core occupied by fuel salt 0.1, '
. Fuel stream inlet temperature -~ 1100°F
Fuel stream -outlet temperature 1300°F
Flow rate | 160 ft3/sec
Velocity in channels in core {avg.) 6 ft/sec
Velocity in piping 35 ft/sec
Velocity in heat exchanger
Shell side 20 ft/sec

Tube side 31 ft/sec
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Table 4.1 (continued)

Fuel Stream (continued)

Pressure, psia

Pump dischafge 190

Heat exchanger inlet 185

Heat exchanger outlet 95

Reactor inlet _ 80

Reactor outlet _ 35

Pump suction 22.5

Power density in fuel salt
In core (max.) 510 w/cc
Average over entire fuel volume 35 w/ce
Volume of fuel salt

In active core 630 £t>

In top and bottom plena 540 ft3

In fuel annulus adjacent to vessel wall 105 ft2

In surge tank "85 ft3

In pumps 130 £t

In heat exchangers 575 £t>

In connective piping 320 ft3

In dump tanks and reactivity control 115 ft3

tanks
TOTAL | 2500 ft3

- Volume of fuel in active core 650 ft>

Primary heat transfer loop

Primary pumps; number and type 8-— Salt Lubricatéd

Pressure at pump discharge 200 psi

Primary heat exchangers 8 — Shell and Tube

Total heat transfer area 53,000 ft?

Average heat flux 160,000 Btu/hr- £t?

Material INOR 8

Weight 36,000 1b each
Secondary heat transfer loop

Coolant salt composition (mole %) 66-LiF; 34-BeF,

Coolant salt inlet temperature 950°F

Coolant salt outer temperature 1100°F

Coolant salt flow rate 203 f£t3/sec

Coolant salt pump discharge pressure 350 psi

Coolant salt volume 5600 f£t3
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(¢ontinued)

Energy conversion loop
Superheaters

Materials

Heat flux

Heat transfer area
Weight

Inlet steam temperature
Steam flow rate

Reheaters

Materials

Heat flux

Heat transfer area
Weight -(approx.)

Inlet steam temperature
Steam flow rate

Loeffler boilers

- Length

Diameter (ID)

Weight (approx.)

Inlet steam conditions
Steam flow rate

Inlet feedwater conditions
Feedwater flow rate
Discharge steam conditions

Steam circulators

Flow rate

Power

Steam temperature
Steam pressure

Turbine
Flow rate
Generator output
Steam temperature

Steam pressure
Exhaust

Processing system

Processing method

Salt processing rate
Production rate
Cooling time (average)

16 — U-Shell and U-Tube

INOR-8 and alloy steel
52,440 Btu/hr-ft?
8,850 ft?

~50,000 1bs

670°F

1.3 x 10% 1b/hr

8 — Shell and U-Tube

INOR-8 and alloy steel
37,250 Btu/hr-ft?
3,543 £t?

22,000 1bs

635°F

0.7 x 10% 1b/hr

4

100 ft

6 ft

600,000 1lbs

2430 psia/1000°F

3.1 x 10% 1b/hr

2520 psia/545°F

2.0 x 10° 1b/hr

2400 psia/662°F (sat.)

4 (turbine driven)

20.5 x 10® 1b/hr
5,100 BHP

670°F

2,480 psia

1 (CC6F-RH)

8.04 x 10° 1b/hr
1083 Mw
1000/1000°F
2400/545 psia
1.5 in. Hg

Central Fluoride Volatility
1.67 £t3/day

53.3 kg Thorium/day

~90 days
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Table 4.1  (continued)

Processing system (continued)

Hold-up time (total) ' 116 days
Processing batch size ~6,000 kg Thorium
Processing plant capacity 1,000 kg/day
Turn-around time : 2 days

and 20 ft above the high water level. An adequate source of raw water
for the ultimate station capacity is assumed to be provided by the river
with an average maximum temperature of 75°F and an average minimum tem-

perature of 40°F.
4.3 Structures

Plan views of the reactor and turbine building are shown in Figs. 4.5
and 4.6 and vertical sections in Fig. 4.7. - As seen in these figures, the
reactor building and turbine building are adjacent, the secondary shield
wall forming a separation from grade to the main floor. The buildings
are two-level structures with the grade floors of the turbine and reactor
buildings at an elevation of one foot above grade, and the main floor at
36 feet above grade. The secondary shield wall extends to the main floor
and forms the walls of the lower part of the reactor and auxiliary build-
ing. |

The turbine building and the upper level of the reactor and auxiliary
buildings are steel frame structures, with insulated metal panel. siding.
The arrangement of the equipment within the buildings is indicated on the
general arfangement drawings, Figs.. 4.5 and 4.7.

A three-level steel frame and insulated metal-panel structure ad-
joining the turbine building houses the administrative offices, control
room, switchgear, batteries, plant heating boiler and makeup water de-
mineralization plant. Lockers, showers, and toilets for plant personnel
are also located in this building.

A 200-ft waste gas stack is provided for dispersal of plant venti-
lating air and waste gases from the various reactor and reactor equipment

rooms.
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Fig. 4.5.

MSCR Plant General Arrangement.
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