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SUMMARY

Design and evaluation studies have been made of thermal-energy
molten-salt breeder reactors (MSBR) in order to assess their economic and
nuclear performanceiand to identify important design and development prob-
lems. The reference reactor design presented here is related to molten-
salt reactors in general.

The reference design is a two-region two-fluid system, with fuel salt
separated from the blanket salt by graphite tubes. The fuel salt consists
of uranium fluoride dissolved in a carrier salt of lithium and beryliium
fluorides, and the blanket salt contains thorium fluoride dissolved in a
similar carrier salt. The energy generéted in the reactor fluid is trans-
ferred to a secondary coolant-salt cifcuit, which couples the reactor to a
supercritical steam cycle. On-site fuel-recycle processing is employed,
with fluoride-volatility and vacuum-distillation operations used for the
fuel fluid, and direct-protactinium-removal processing applied to the
blanket stream. The resulting power cost for the reference plant, termed
MSBR(Pa), is less than 2.7 mills/kwhr(e); the specific fissile-material
inventory is only 0.7 kg/Mw(e), the fuel doubling time is about 13 years,
and the fuel-cycle cost is 0.35 mill/kwhr(e). The associated power dou-
bling time based on continuous investment of bred fuel is less than 9

years.

Reference MSBR Plant Design

Flowsheet

Figure 1 gives the flowsheet of the lOOO-Mw(e) 'MSBR power plant.
Fuel flows through the reactor at & rate of sbout 44 OOO gpm (velocity of
about 15 fps); it enters the core at 1000°F and leaves at 1300°F. The
prlmary fuel clrcuit has four loops, and each loop has a pump and a pri-
rary heat exchanger. Each of these pumps has a gapaC1ty,of about 11,000
gpm. The four blanket-salt pumps and heat ekchangers, although smaller,
are similar to corresponding components in the fue1 system. The blanket
salt enters the reactor vesselvat 1150°F and leaves- at 1250°F. The
blanket-salt pumps have a capacity of about 2000 gpm.
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Four 14,000-gpm pumps circulate the coolant, which consists of a mix-
ture of sodium fluoride and sodium fluoroborate. The coolant enters the
shell side of the primary heat exchanger at 850°F and leaves at 1112°F.
After leaving the primary heat exchanger, the coolant salt is further
heated to 1125°F on the shell side of the blanket heat exchangers. The
coolant then circulates through the shell side of 16 once-through super-
heaters (four superheaters per pump). In addition, four 2000-gpm pumps
circulate a portion of the coolant through eight reheaters.

The steam system flowsheet is essentially that of the new Bull Run
plant of the Tennessee Valley Authority system, with modifications to in-
crease the rating to 1000 Mw(e) and to preheat the working fluid to 700°F
prior to entering the heat exchanger-superheater unit. A supercritical
power-conversion system is used that is appropriate for molten-salt appli-
cation and takes advantage of the high-strength structural alloy employed.
Use of a supercritical fluid system results in an overall plant thermal

efficiency of about 45%.

Reactor Design

Figure 2 shows the plan and elevation views of the MSBR cell arrange-
ment. The reactor cell is surrounded by four shielded cells containing
the superheater and reheater units; these cells can be individually iso-
lated for maintenance. The fuel processing plant, located adjacent to
the reactor, is divided into high-level and low-level activity areas.

The elevation view in Fig. 2 indicates the position of equipment in the
various cells.

Figure 3 gives an elevation view of the reactor cell and shows the

~ location of the reactor, pumps, and fuel and blanket heat exchangers.

The Hastelloy N reactor vessel has a side-wall thickness of about 1.25
in. and a head thickness of about 2.25 in.; it is designed to operate at
1200°F and up to 150 psi. The plenum chanbers at the bottom of the ves-
sel communicate with the external heat exchangers by concentric inlet-
outlet piping. The inner pipe has slip joints to accommodate thermal
expansion. Bypass flow through these slip joints is about 1% of the

total flow. As indicated in Fig. 3, the heat exchangers are suspended




from the top of the cell and are located below the reactor.

vi

pump has a free fluid surface and a storage volume that permit rapid

drainage of fuel fluid from the core upon loss of flow.

In addition,

Each fuel

the fuel salt can be drained to the dump tanks when the reactor is shut

down for an.extended time.

The entire reactor cell is kept at high tem-

perature, while cold "fingers" and thermal insulation surround structural

support. members and all special equipment that must be kept at relatively
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low temperatures. The control rod drives are located above the core,
and the control rods are inserted into the central region of the core.

The reactor vessel, about 14 ft in diameter and about 19 ft high,
contains a 12.5-ft-high 10-ft-diam core assembly composed of reentry-
type graphite fuel elements. The graphite tubes are attached to the two
plenum chambers at the bottom of the reactor with graphite-to-metal
transition sleeves. Fuel from the entrance plenum flows up fuel passages
in the outer region of thé fuel tube and dowm through a single central
passage to the exit plenum. The fuel flows from the exit plenum to the
heat exchangers and then to the pump and back to the reactor. An 18-in.-
thick molten-salt blanket plus a 3~in.-thick graphite reflector surround
the core. The blanket salt also permeates the interstices of the core
lattice, and thus fertile material flows through the core without mixing
with the fissile fuel salt.

The MSBR requires structural integrity of the graphite fuel element.
In order to reduce the effect of radiation damage, the fuel tubes have
been made small to reduce the fast flux gradient across the graphite wall.
Also, the tubes are anchored only at one end to permit axial movement.
The core volume has been made large in order to reduce the flux level in
the core. In addition, the reactor is designed to permit replacement of
the entire graphite core by remote means if required.

Figure 4 shows a cross section of a fuel element. Fuel fluid flows
upward through the small passages and downward through the large central
passage. The outside diameter of a fuel tube is 3.5 in., and there are
534 of these tubes spaced on & 4.8-in. triangular pitch. The tube as-
semblies are surrounded by hexagonal blocks of moderator graphite with
blanket salt filling the interstices. The nominal core composition is
75% graphite, 18% fuel salt, and 7% blanket salt by volume.

In determining the design parameters of the MSBR, two different
methods were considered for removal of bred fuel from the reactor. The
designation MSBR(Pa) represents a plant in which protactinium is removed
directly from the blanket stream, whereas the designation MSBR corre-
sponds to removal of uranium per se from the blanket. With the exception
of the blanket-processing step, the MSBR(Pa.) and the MSBR plants have
essentially the same design. Development of an MSBR(Pa) plant is the

0
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present goal of the molten-salt reactor program. A summary of the
parameter values determined for the MSBR(Pa) and MSBR designs is given
in Table 1.

Fuel Processing

The primary objectives of fuel processing are to purify and recycle
fissile and carrier components and to minimize fissile inventory while
holding 1osses to a low value. The fluoride volatility—vacuum distilla-
tion process fulfills these objectives through simple operations. The
process for direct protactinium removal from the blanket also appears to
be a simple one. o

The core fuel for both the MSBR and the MSBR(Pa) is processed by
fluoride volatility and vacuum distillation operations. For the MSBR,
blanket processing is accomplished by fluoride volatility alone, and the
processing cycle time is short enough to maintain a very low concentra-
tion of fissile material. The effluent UFg¢ is absorbed by fuel salt and
reduced to UF, by treatment with hydrogen to reconstitute a fuel-salt
mixture of the desired composition. For the MSBR(Pa), the blanket stream

is treated with molten bismuth containing dissolved thorium; the thorium

displaces the protactinium from solution (as well as uranium). The metal-

liec protactinium and uranium are deposited on a metal filter and hydro-
fluorinated or fluorinated for recycle of bred fuel.

Molten-salt reactors are inherently suited to the design of process-
ing facilities integral with the reactor plant; these facilities require
only a small amount of cell space adjacent to the reactor cell. Because
all services and equipment available to the reactor are available to the
processing plant and shipping and storage charges are eliminated, inte-
gral processing facilities permit significant savings in capital and
dperating costs. Also, the processing plant inventory of fissile mate-
rial is very low.

The principal steps in core and blanket stream processing of the
MSBR(Pa.) and the MSBR are shown in Fig. 5. A small side stream of each

fluid is continuously withdrawn from the fuel and blanket loops and circu-

lated through the processing system. After processing, the decontaminated

fluids are returned to the reactor system. Fuel inventories retained in

A
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Table 1. Reactor Design Values

MSBR(Pa.) MSBR
Power, Mw
Thermal 2225
Electrical 1000
Thermal efficiency, fraction 0.449
Plant load factor 0.80
Reactor vessel
Outside diameter, ft 14
Overall height, ft ~19
Wall thickness, in. 1.5
Head thickness, in. 2.25
Core
Height of active core, ft 12.5
Diameter, ft 10
Number of §raphite fuel passage tubes 534
Volume, £t 982
Volume fractions
Fuel salt 0.169 0.169
Blanket salt 0.073 0.074
Graphite moderator 0.758 0.757
Atom ratios
Thorium to uranium 42 40
Carbon to uranium 5800 5440
Neutron flux, core average, neutrons/ cm? . sec
Thermal 7.2 x 10v4 6.7 x 1014
Fast 12.1 x 10%4 12.1 x 10*%
Fast, over 100 kev 3.1 x 104 3.1 x 104
Power density, core average, kw/liter
Gross 80
In fuel salt 473
Blanket
Radial thickness, ft 1.5
Axial thickness, ft 2.0
Volume, £t 1120
Volume fraction, blanket salt 1.0
Reflector thickness, in.
Fuel salt
Inlet temperature, °F 1000
Outlet temperature, °F 1300
Flow rate, £t’/sec (total) 95.7
£pm 42,950
Nominal volume holdup, ft3
Core 166
Blanket 26
Plena 147
Heat exchangers and piping 345
Processing plant 33
717

Total
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Table 1 (continued)

MSBR(Pa) MSBR
Fuel salt (continued)
Nominal salt composition, mole %
LiF 63.6
BeF, 36.2
UF; (fissile) 0.22
Blanket salt
Inlet temperature, °F 1150
Outlet temperature, °F 1250
Flow rate, £t3/sec (total) 17.3
gpm 7764
Volume holdup, £t3
Core 72
Blanket 1121
Heat exchanger and piping 100
‘ Processing 24
| Storage for protactinium decay 2066
i ————— ———
g Total 1317 3383
i Salt composition, mole %
I LiF 71.0
BeF, 2.0
ThF, 27.0
UF, (fissile) 0.0005
System fissile inventory, kg 681 769
System fertile inventory, kg 101,000 260,000
Processing data
Fuel stream
Cycle tlme, days 42 47
Rate, ft3/day 16.3 14.5
Processing cost, $/ft> 190 203
Blanket stream
Equivalent cycle time, days
Uranium-removal process 55 23
Protactinium-removal process 0.55
Equivalent rate, ft3 per day
Uranium-removal process 23.5 144
Protactinium-removal process 2350
Equivalent processing cost (based on 65 7.3
uranium removal), $/ft
Fuel yield, %/yr 7.95 4.86
Net breeding ratio- 1.071 1.049
Fissile losses in processing, atoms per 0.0051 0.0057
fissile absorption
Specific inventory, kg of fissile material 0.681 0.769
per megawatt of electricity produced
Specific power, Mw(th)/kg of fissile material 3.26 2.89
Fraction of fissions in fuel stream 0.9% 0.987
Fraction of fissions in thermal-neutron group 0.815 0.806
Net neutron production per fissile 2.227 2.221

absorption (Me)

»

[
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the processing plant are estimated to be about 5% of the reactor system

for core processing and less than 1% for blanket processing.

Heat Exchange and Steam Systems

The structural materidl is Hastelloy N for all components contacted
by molten salt in the fuel, blanket, and coolant systems, including the
reactor vessel, pumps, heat exchangers, piping, and storage tanks. The-
primary heat exchangers are of the tube-and-shell type, with fuel salt
on the tube side. Each shell contains two concentric tube bundles at-
tached to fixed tube sheeﬁs. Fuel flows through the two bundles in series;
it flows downward in the inner section of tubes, enters a plenum at the
bottom of the ekchanger, and then flows upward to the pump through the
outer section of tubes. The coolant salt enters at the top of the ex-
changer and flows on the baffled shell side down the outer annular re-
gion; it then flows upward in the inner annular section before exiting
through a pipe centrally placed in the exchanger.

Since a large temperature difference exists in the two tube sections,
the design permits differential tube expansion. Changes in tube lengths
due to thermal conditions are accommodated by the use of a sine-wave type
of construction, which permits each tube to adjust to thermal changes.

The blanket heat exchangers increase the temperature of the coolant
leaving the fuel heat exchangers. The design of these units is similar
to that used in the fuel heat exchangers.

The superheater is a U-tube U-shell heat exchanger'that has disk and
doughnut baffles with varying spacing; it is a long, slender exchanger.
The baffle spacing is established by the shell-sidé pressure drop and by
the temperature gradient across the tube wall; it is greatest in the
central portion of the exchanger where the temperature difference between
the fluids is high. The supercritical fluid enters the tube side of the
superheater at 700°F and 3800 psi and leaves at 1000°F and 3600 psi.

The reheaters transfer energy from the coolant salt to the working
fluid before its use in the intermediate pressure turbine. A shell-and-
tube exchanger is used that produces steam at 1000°F and 540 psi.

Since the freezing temperature of the secondary coolant salt is about

700°F, a high working fluid inlet temperature is required. Preheaters,

L
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along with prime fluid, are used in raising the temperature of the work-
ing fluid entering the superheaters. Prime fluid goes through a pre-
heater exchanger and leaves at a pressure of 3550 psi and about 870°F.
It is then injected into the feedwater in a mixing tee to produce fluid
at 700°F and 3500 psi. The pressure is increased to about 3800 psi by

a pressurizer (feedwater pump) before the fluid enters the superheater.

Capital Cost Estimates

Reactor Power Plant

Preliminary estimates of the capital cost of a 1000-Mw(e) molten-
salt breeder reactor power station indicate a direct construction cost
of about $80.7 million. After applying the indirect cost factors asso-
ciated with reactor construction, an estimated total plant cost of $114.4
million is obtained for private-financing conditions and $110.7 million
for public financing. A summary of plant costs is given in Table 2.
The relatively low capital cost estimate obtained is due to the small
physical size of the reactors and associated equipment, the high thermal
efficiency, and the simple control requirements.

The operating and maintenance costs of the reactor power plant were
estimated by standard procedures and were modified to reflect present-day

salaries. These costs amount to 0.34 mill/kwhr(e).

Fuel-Recycle Plant

The capital costs associated with fuel-recycle equipment were ob-
tained by itemizing and costing the major process equipment required and
estimating the costs of site, buildings, instrumentation, waste disposal,
and building services associated with fuel recycle.

Table 3 summarizes direct construction costs, indirect costs, and
total cosﬁs associated with an integrated processing facility having
approximately the capacity required for a 1000-Mw(e) MSBR plant. The
total construction cost was estimated to be about $5.3 million; in ob-
taining this figure, the indirect charges amounted to about 100% of the

direct construction cost. The high value used for the indirect charges
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Table 2. Preliminary Cost-Estimate Summary® for s 1000-Mw(e) Molten-Salt
Breeder Reactor Power Station [MSBR(Pa) or MSBR]
Federal
Power ‘ Costs
Commission (in thousands of dollars)
Account :
20 Land and Land Rights ) 360
21 Structures and Improvements ‘
211 Ground improvements 866
212 Building and structures
.1 Reactor buildingP : 4,181
.2 Turbine building, auxiliary building, and feedwater 2,832
heater space
.3 Offices, shops, and laboratories 1,160
.4 Waste disposal building 150
.5 BStack 76
.6 Warehouse 40
.7 Miscellaneous 30
Subtotal Account 212 8,469
Total Account 21 9,335
22 Reactor Plant Equipment
' 221 Reactor equipment
.1 Reactor vessel and internals 1,610
.2 Control rods 250
.3 Shielding and containment 2,113
.4 Heating-cooling systems and vepor-suppression system 1,200
.5 Moderator and reflector 1,089
.6 Reactor plant crane 265
Subtotal Account 221 6,527
222 Heat transfer systems
.1 Reactor coolant system 6,732
.2 Intermediate cooling system 1,947
.3 Steam generator and reheaters 9,853
+4 Coolant supply and treatment 300
Subtotal Account 222 18,832
223 Nuclear fuel handling and storage (drain tanks) 1,700
224 Nuclear fuel processing and fabrication (included in (c)
fuel-cycle costs)
225 Redioactive waste treatment and disposal (off-gas 450
system)
226 Instrumentation and controls 4,500
227 TFeedwater supply and treatment 4,051
228 Steam, condensate, and feedwater piping 4,069
229 Other reactor plant equipment (remote maintenance) 5,000d
Total Account 22 45,129

BEstimates are based on 1966 costs for an established molten-salt nuclear power plant industry.

b

Containment cost is included in Account 221.3.

®See Table 3 for these costs.

d'The allowance for remote maintenance may be too high, and some of the included replacement
equipment allowances could be classified as operating expenses rather than first capital costs.

»
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Table 2 (continued)

Federal
Power Costs
Commission (in thousands of dollars)
Account
23 Turbine-Generator Units
231 Turbine-generator units 19,174
232 Circulating-water system 1,243
233 Condensers and auxiliaries 1,690
234 Central lube-oil system 80
235 Turbine plant instrumentation 25
236 Turbine plant piping 220
237 Axuiliary equipment for generator 66
238 Other turbine plant equipment 25
Total Account 23 22,523
24 Accessory Electrical
241 Switchgear, main and station service 500
242 Switchboards 128
243 Station service transformers 169
244 Auxiliary generator 50
245 Distributed items 2,000
Total Account 24 2,897
25 Miscellaneous 800
Total Direct Construction Cost® 80,684
Private Financing
Total indirect cost 33,728
Total plant cost 114,412
Public Financing
Total indirect cost 30,011
Total plant cost 110,695

®Does not include Account 20, Land Costs.

However, land costs were included when computing indirect costs.

Land is treated as a nondepreciating cepital item.
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Table 3. Summary of Processing-Plant Capital Costs
for a 1000-Mw(e) MSBR

Installed process equipment $ 853,760
Structures and improvements 556,770
Waste storage 387,970
Process piping 155,800
Process instrumentation 272,100
Electrical auxiliaries 84,300 .
Sampling connections 20,000 )
Service and utility piping ‘ 128,060 >
Insulation 50,510
Radiation monitoring 100, 000
Total direct cost $2,609, 270
Construction overhead 782,780
(30% of direct costs) —_—
Subtotal construction cost $3,392,050
Engineering and inspection 848,010
(25% of subtotal construction cost) —_—
Subtotal plant cost $4, 240,060
Contingency (25% of subtotal 1,060,020
plant cost)
Total capital cost $5,300,080
should more than compensate for the higher rates of equipment replacement s

in the fuel-processing plant as compared with the power plant as a whole.
The operating and maintenance costs for the fuel-recycle facility
include labor, labor overhead, chemicals, utilities, and maintenance mate-
rials. The total annual operating and maintenance costs for a processing
facility having a throughput of 15 ft3 of fuel salt per day plus 105 £t3
of fertile salt per day is estimated to be about $721,000. A breakdown
of these charges is given in Table 4.
These capital and operating costs were used as base points for ob-
taining the costs for processing plants having different capacities. For Q;;

each fluid stream the capital and operating costs were estimated separately

(LN
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Table 4. Summary of Annual Operating
and Maintenance Costs for Fuel
Recycle in a 1000-Mw(e) MSBR

Direct labor $222,000
Labor overhead 177,600
Chemicals 14,640
Waste containers 28,270
Utilities 80,300
Maintenance materials

Site 2,500

Services and utilities 35,880

Process equipment 160, 040
Total annual charges $721,230

as a function of plant throughput based on the volume of salt processed.
The results of these estimates, given in Fig. 6, were used in calculating
the nuclear and economic performance of the fuel cycle as a function of
fuel-processing rate.

For the MSBR(Pa) plant, the processing methods and costs were the
same as those for the MSBR, except for blanket-stream processing. The
cost of direct protactinium removal from the blanket stream was estimated

to be
c(Pa) = 1.65R0"4% , (1)

where C(Pa) is the capital cost of protactinium-removal equipment, in
millions of dollars; and R is the blanket-stream processing rate for prot-
actinium removal, in thousands of cubic feet of blanket salt per day.
Thus, the cost of fuel recycle in the MSBR(Pa) was estimated to be equiva-
lent to the costs given by Eg. (1) and Fig. 6 based on uranium being re-
moved from the blanket stream by the fluoride volatility procesS'and the

rate of uranium removal being influenced by the rate of protactinium re-

moval.
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Fig. 6. MSBR Fuel-Recycle Costs As a Function of Processing Rates.
Fluoride volatility plus vacuum distillation processing for core; fluo-
ride volatility processing for blanket; 0.8 plant factor; 12%/yr capital
charges for investor-owned processing plant.

Fuel-Cycle Performance

The objective of the nuclear desigh calculations was primarily to
find the conditions that gave the lowest fuel-cycle cost and, then, with-
out appreciably increasing this cost, the conditions that gave highest
fuel yield.

Analysis Procedures and Basic Assumptions

The nuclear calculations were performed with a multigroup, diffusion,
equilibrium reactor program, which calculated the nuclear performance,
the equilibrium concentrations of the various nuclides, including the

fission products, and the fuel-cycle cost for a given set of conditions.
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The 12-group neutron cross sections were obtained from neutron spectrum
calculations, with the core heterogeneity taken into consideration in the
thermal-neutron-spectrum computations. The nuclear designs were optimized
by parameter studies, with most emphasis on minimum fuel-cycle cost and
with lesser weight given to meximizing the annual fuel yield. Typical
parameters varied were the reactor dimensions, blanket thickness, frac-
tions of fuel and fertile salts in the core, and the fuel- and fertile-
stream processing rates.

The basic economic assumptions employed in obtaining the fuel-cycle
costs are given in Table 5. The processing costs are based on those given
in the previous section and are included in the fuel-cycle costs. A fis-
sile material loss of 0.1% per pass through the fuel-recycle plant was
applied.

The effective behavior used in the fuel-cycle-performance calcula-
tions for the various fission products was that given in Table 6. A gas-
stripping system is provided to remove fission-product gases from the
fuel salt. In the calculations reported here, a *?°Xe poison fraction of

0.005 was applied.

Table 5. Economic Ground Rules Used in
Obtaining Fuel-Cycle Costs

Reactor power, Mw(e) 1000
Thermal efficiency, % 45
Load factor ' 0.80
Cost assumptions .
Value of 233U and *33Pa, $/g 14
Value of *35U, $/g 12
Value of thorium, $/kg 12
Value of carrier salt, $/kg 26

Capital charge, %/yr
Private financing

Depreciating capital 12

Nondepreciating capital 10
Public financing

Depreciating capital 7

Nondepreciating capital 5

Processing cost: given by curves
in Fig. 6, plus cost given by
Eq. (1), where applicable
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Table 6. Behavior of Fission Products
in MSBR Systems

Behavior | Fission Products

Elements present as gases; assumed to be Kr, Xe
removed by gas stripping (a poison
fraction of 0.005 was applied)

Elements that form stable metallic colloids; Ru, Rh, Pa, Ag, In
removed by fuel processing

Elements that form either stable fluorides Se, Br, Nb, Mo, Tc,
or stable metallic colloids; removed by Te, T
fuel processing
Elements that form stable fluorides less . Sr, Y, Ba, Ia, Ce,
volatile than LiF; separated by vacuum Pr, Nd, Pm, Sm,
distillation , Eu, G4, Tb ‘
Elements that are not separated from the Rb, C4d, Sn, Cs, Zr

carrier salt; removed only by salt discard

The control of corrosion products in molten-salt fuels does not
appear to be a significant problem, and the effect of corrosion products
was neglected in the nuclear calculations. The corrosion rate of Hastel-
loy N in molten salts is very low; in addition, the fuel-processing
operations can control cbrrosion-product buildup in the fuel.

The important parameters describing the MSBR and MSBR(Pa) designs
are given in Table 1. Many of the parameters were fixed by the ground
rules for the evaluation or by engineering-design factors that include
the thermal efficiency, plant factor, capital charge rate, maximum fuel
velocity, size of fuel tubes, processing costs, fissile-loss rate, and
the out-of-core fuel inventory. The parameters optimized in the fuel-
cycle calculations were the reactor dimensions, power density, core compo-
sition (including the carbon-to-uranium and thorium-to-uranium ratios),

and processing rates.

Nuclear Performance and Fuel-Cycle Cost

The general results of the nuclear calculations are given in Table 1;

the neutron-balance results are given in Table 7. The basic reactor

!

w



4

-

xxiii

Table 7. Neutron Balances for the MSBR(Pa) and the MSBR Design Conditions

MSBR(Pa.) MSBR
Neutrons per Fissile Absorption Neutrons per Fissile Absorption
vaterial Total g:zgzzgg Neutrons Total g:zgzzzi Neutrons
Absorbed Fissiong Produced Absorbed Fissiong Produced
232, 0.9970 0.0025 0.0058 0.9710 0.0025 0.0059
233p, 0.0003 0.0079
233y 0.9247 0.8213 2.0541 0.9119 0.8090 2.0233
234 0.0819 0.0003 0.0008 0.0936 0.0004 0.0010
235y 0.0753 0.0607 0.1474 0.0881 0.0708 0.1721
236y 0.0084% 0.0001L 0.0001 0.0115 0.0001 0.0001
237 0.0009 , 0.0014
238y 0.0005 0.0009
Carrier salt 0.0647 0.0186 0.0623 0.0185
(except 6Li)
613 0.0025 0.0030
Graphite 0.0323 0.0300
135%e 0.0050 0.0050
149gn 0.0068 0.0069
151g, 0.0017 0.0018
Other fission 0.0185 0.01%
products
Delayed neutrons 0.0049 0.0050
lostd
LeakageP 0.0012 0.0012
Total 2.2268 0.8849 2.2268 2.2209 . 0.8828 2.2209

aDelayed neutrons emitted outside core.

b'Lezaukza,ge, including neutrons absorbed in reflector.

design has the advantage of zero neutron losses to structural materials
in the core other than the moderator. Except for the loss of delayed
neutrons in the external fuel circuit, there is almost zero neutron leak-
age from the reactor because of the thick blanket. The neutron losses
to fission products are low because of the low cycle times associated
with fission-product removal.

The components of the fuel-cycle cost for the MSBR(Pa) and the MSBR

are summarized in Table 8. The main components are the fissile inventory
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Table 8. Fuel-Cycle Cost for MSBR(Pa) and MSBR Plants®

MSBR(Pa) Cost (mill/kwhr) MSBR Cost [mill/kwhr(e)]
e
Fissile inventory® 0.1125 0.0208 0.1333 0.1180 0.0324 0.1504
Fertile inventory 0.0000 0.0179 0.0179 0.0459 0.0459
Salt inventory 0.0147 0.0226 0.0373 0.0146  0.0580 0.0726
Total inventory 0.188 0.269
Fertile replacement 0.0000 0.0041 0.0041 0.0185 0.0185
Salt replecement 0.0636 0.0035 0.0671 0.0565 0.0217 0.0782
Total replacement 0.071 0.097
Processing 0.1295 0.0637 0.1932 0.1223  0.0440 0.1663
Total processing 0.192 0.166
Production credit (0.105) (0.073)
Net fuel-cycle cost 0.35 ’ 0.46

8Based on investor-owned power plant and 0.80 plant factor.
Prncluding 23%Pa, 233y, and 22°U.

and processing costs. The inventory costs are rather rigid for a given
reactor design, since they are largely determined by the external fuel
volume. The processing costs are a function of the processing-cycle
times, one of the chief parameters optimized in this study. As shown
by the results in Tables 1 and 8, the ability to remove protactinium
directly from the blanket stream has a marked effect on the fuel yield
and lowers the fuel-cycle cost by about 0.1 mill/kwhr(e). This is due
primarily to the decrease in neutron absorptions by protactinium when
this nuclide is removed from the core and blanket regions.

In obtaining the reactor design conditions, the optimization pro-
cedure considered both fuel yield and fuel-cycle cost as criteria of
performance. The corresponding fuel-cycle performance is shown in Fig. 7,
which gives the minimum fuel-cycle cost as a function of fuel-yield rate
based on privately financed plants and a plant factor of 0.8. The de-
sign conditions for the MSBR(Pa) and MSBR concepts correspond to the
designated points in Fig. 7.

R
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Fig. 7. Variation of Fuel-Cycle Cost with Fuel Yield in MSBR and
MSBR(Pa) Concepts.

Power-Production Cost and Fuel-Utilization
Characteristics

The power-production costs are based on the capital costs given
above, operation and maintenance charges, and fuel-cycle costs. Table 9
summarizes the power-production cost and the fuel-utilization charac-
teristics of the MSBR(Pa) and MSBR plants. The results illustrate that
both concepts produce power at low costs and that the fuel-utilization
characteristics for the MSBR(Pa) plant are excellent and those for the
MSBR are good. Measuring these characteristics in terms of the product
of the specific fissile inventory and the square of the doubling time,
the MSBR(Pa) concept is comparable to a fast breeder reactor with a
specific inventory of 3 kg of fissile material per megawatt of electricity
produced and a doubling time of 6 years, while the MSBER plant is compa-
rable to the same fast breeder with a doubling time of 10.5 years.




Table 9. Power-Production Cost and Fuel-Utilization Characteristics
of the MSBR(Pa) and the MSBR Plants®

MSBR(P=.) MSBR
Specific fissile inventory, 0.68 0.77
kg/Mi(e)
Specific fertile inventory, 105 268
kg/Mi(e)
Breeding ratio 1.07 1.05
Fuel-yield rate, %/yr 7.95 4.86
Fuel doubling time,P years 12.6 20.6
Power doubling time,€ years 8.7 14.3
Private Public Private Public
Financing Financing Financing Financing
Capital charges, mills/kwhr(e) 1.95 1.10 1.95 1.10
Operating and maintenance cost, 0.34 0.34 0.34 0.34
mill/kwhr(e)
Fuel-cycle cost,d mill/kwhr(e) 0.35 0.20 0.46 0.29
Power-production cost, mills/kwhr(e) 2.64 1.64 2.75 1.73

%Based on 1000-Mw(e) plant and a 0.8 load factor. Private financing con-
siders a capital charge rate of 12%/yr for depreciating capital and of 10%/yr for
nondepreciating capital; public financing considers a capital charge rate of
7%/yr for depreciating capital and 5%/yr for nondepreciating capital.

bInverse of the fuel-yield rate.

cCapability based on continuous investment of the net bred fuel in new re-
actors; equal to the reactor fuel doubling time multiplied by 0.693.

dCosts of on-site integrated processing plant included in this value.

Studies of Alternative Molten-Salt Reactor Designs

Modular-Type Plant

An important factor in maintaining low power-production costs is
the ability of the power plant to maintain a high plant-availability
factor. A modular-type MSBR plant, termed MMSBR, was therefore investi-
gated to determine the practicality of a four-module plant. Stoppage
of a fuel pump in such a system would shut down only one-quarter of the

station capacity, leaving 75% available for power production.
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The MMSBR design includes four separate and identical reactors,
along with their separate salt circuits. The designs of the heat ex-
changers, the coolant-salt circuits, and the steam-power cycle remain
essentially as for the MSBR. Each reactor module generates thermal power
equivalent to that required for a net production of 250 Mw(e). The flow
diagram given in Fig. 1 is applicable to the MMSBR. The new features of
the MMSBR design are indicated in Fig. 8, which illustrates the four
distinct reactor vessels and cells, along with their adjacent steam-
generating cells.

The reactor core consists of 210 graphite fuel cells operating in
parallel within the reactor tank. The core region is cylindrical, with
a diameter of about 6.3 ft and a height of about 7.9 ft. ZEach reactor
vessel is about 12 ft in diameter and about 14 ft high.

The nuclear and fuel-cycle performance of the MMSER was also studied
for protactinium removal from the blanket stream; this case is termed
MMSBR(Pa). The results indicate that the nuclear and fuel~-cycle per-
formance of a modular-type plant compares favorably with that of a single-
reactor plant; the modular plant tends to have slightly higher breeding
ratio, fissile inventory, and fuel-cycle cost; the power-production cost

is virtually the same as for the MSBR plant.

Additional Design Concepts

Other molten-salt reactor designs were studied briefly. 1In general
the technology required for these alternative designs is relatively un-
developed, although there are experimental data that support the feasi-
bility of each concept. An exception is the molten-salt converter reactor
(designated MSCR), whose application essentially requires only scaleup of
MSRE and associated fuel-processing technology. However, the MSCR is not
a breeder, although it approaches breakeven breeder operation. The addi-
tional concepts are termed MSBR(Pa-Pb), SSCB(Pa), MOSEL(Pa-Fb), and MSCR.
The MSBR(Pa-Pb) designation refers to the MSBR(Pa) modified by use of
direct-contact cooling of the molten-salt fuel with molten lead. Lead is
immiscible with molten salt and can be used as a heat exchange medium

within the reactor vessel to significantly lower the fissile inventory
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external to the reactor. The lead also serves as a heat transport medium
between the reactor and‘the steam generators.

The SSCB(Pa) designation refers to a Single-Stream-Core Breeder with
direct protactinium removal from the fuel stream. This is essentially a
single~region reactor having fissile and fertile material in the fuel
stream, with protactinium removal from this stream; in addition, the
core region is enclosed within a thin metal membrane and is surrounded
by a blanket of thorium-containing salt. Nearly all the breeding takes
place in the large core, and the blanket "catches" only the relatively
small fraction of neutrons that "leak" from the core (this concept is
also referred to as the one-and-one-half region reactor).

The MOSEL(Pa-Pb) designation refers to a MOlten-Salt Epithermal
breeder having an intermediate-to-fast energy spectrum, with direct prot-
actinium removal from the fuel stream and direct-contact cooling of the
fuel region by molten lead. No graphite is present in the core of this
reactor.

The MSCR refers to a Molten-Salt Converter Bgactor that has the
fertile and fissile material in a single stream. No blanket region is
employed, although a graphite reflector surrounds the large core.

The fuel-cycle performance characteristics for these reactors are

sumarized in Table 10; in all cases the methods, analysis procedures,

Table 10. Summary of Fuel-Cycle Performance for
Reactor Designs Studied

Specific
R Fgel Breeding Fuel-Cycle Fissile
eactor Yield Ratio '007t Tnventory
(%/yr) (mill/lovhr) (o aee)]
MSBR(Pa) 7.95 1.07 0.35 0.68
MSBR 4.86 1.05 0.46 0.77
MMSBR(Pa.) 7.31 1.07 0.38 0.76
MSBRgPa-Pb) 17.3 1.08 0.25 0.34
SSCB(Pa.) 6.63 1.06 0.37 0.68
MOSEL(Pa-Pb) 10.3 1.14 0.13 0.99
MSCR 0.96 0.57 1.63




and economic conditions employed were analogous to those used in obtain-
ing the reference MSBR design data. In general, fuel recycling was based
on fluoride volatility and Qacuumrdistillation processing; direct prot-
actinium removal from the reactor system was also considered in specified
cases. v

'The results indicate the potential performance of fluoride-salt
systems utilizing a direct-contact coolant such as molten lead and the
versatility of molten salts as reactor fuels. They also illustrate that
single-region reactors based on MSRE technology have good performance
characteristics. Since the capital, operating, and maintenance costs of
the MSCR should be comparable with those of the MSBR, the power-production
cost of an investor-owned MSCR plant should be about 2.9 mills/kwhr(e)
based on a load factor of 0.8. However, the lower power costs of the
MSBR(Pa) and MSBR plants and their superior nuclear and fuel-conservation
characteristics make development of the breeder reactors preferable.
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1. INTRODUCTION

1.1 General Purpose of Study

An important objective of the AEC commercial nuclear power program
is to develop reactors that produce low-cost power and at the same time
conserve nuclear-fuel resources. Since the most important factor in com-
mercial application of reactors is power production cost, fuel utilization
aspects should be consistent with generation of low-cost power over a
given period of time. However, in evaluating economic factors, future
conditions must also be properly weighed and taken into consideration.

The general purpose of the studies discussed here was to determine
the incentive for molten-salt reactor development within the context of
low power cost and good fuel utilization. An associated objective was
to define important problems that need to be overcome prior to commercial
application of molten-salt reactors. -

1.2 Power Cost and Nuclear Performance Goals

The desirability of developing a given type of power reactor depends
on its performance relative to that of alternative concepts. This per-
formance is measured in terms of the power-production cost and the fuel-
utilization characteristics. Based on the accounting practices of in-
vestor-owned utilities, present-day light-water reactor plants generating
1000-Mw(e) appear capable of producing power for about 4.0 mills/kwhr(e).
At the same time, substantial AFEC support is being given to the high-
temperature gas-cooled (HTGR) and the heavy-water-moderated organic-
cooled (HWOCR) reactor concepts, which appear capable of proaucing power
for about 3.5 mills/kwhr(e) in privately owned 1000-Mw(e) plants. For a
new type of reactor to merit serious attention, it should be judged capable
of producing even lower cost power in lOOO-Mw(é) iﬁfestor-owned plants;
therefore, a goal of this study was to estimate the power-cost performance
of molten~-salt breeder reactors to determine their competitive position.

As more nuclear power plants are built, the efficient use of our

nuclear fuels becomes increasingly important. New reactors must have the




potential of producing low-cost power from more expensive fuel resources
or preferably of conserving fuel so the use of expensive resources is un-
neéessary. There is general agreement that breeder reactors are required
to attain this objective. Important factors related to conservation of
fissile fuel resources are the fuel doubiihg times of the breeder reac-
tors, the associated specific inventories of fuel, and the total nuclear-
electric generating capacity at the time when breeder plants begin to
ICOmpete commercially and to be installed in large numbers. Also, the
mined fissile fuel needs are decreased if breedeerype reactors can be
operated economiéally when initially fueled with 235y (initial operation
as fuel cbnverters to produce plutonium or 233U). Suéh ability influences
the time at which reactor plants having good fuel utilization character-
istics can be introduced on a large scale. However, in order for =35y
to serve as the-initial fuel, the associéted specific inventory require-
ments and conversion ratio must be consistent with economic operation.

It is desirable that breeder reactors have both low fuel doubling
times and low specific inventories, since mined fissile fuel needs depend
on both factors. In general, it appears prudent that the needs of the

nation for mined fissile material be below the quantity associated with

‘low-cost uranium reserves. Use of breeder reactors having specific in-

ventories of 1 kg fissile/Mw(e) and fuel doubling times of 20 years ap-
pears to make this possible. Also, the capacity of existing gaseous dif-
fusion plants appears sufficient to provide the enriched-uranium require-
ments of the nation if such breeder reactors can be developed and-built
ih'large numbers by about 1985. Thus, a major objective of this study
was to determine whether a molten-salt reactor can achieve the performance
discussed above. Specifically, this goal is the simultaneous achieve-
ment of power pro&uction costs of about 3 millé/kwhr(e) in a lOOO-Mw(e)
investor-owned station, a specific inventory of 1 kg fissile/Mw(e) or

less, and a fuel doubling time of 20 years or less.

1.3 Scope of Study

The molten-salt reactors being developed are fueled with solutions

of uranium and thorium fluorides dissolved in lithium and beryllium



fluorides. They operate at high temperature and relatively low pressure.
Fuels and materials are commercially.available for operating such systems
at temperatures at least as high as 1400°F, with pressures determined
primarily by fluid flow requirements. Since the salts do not undergo
violent chemical reactions with air or water, equipment and containment
design problems are minimized. Since the molten-salt fuels are compat-
ible with unclad graphite, a breeder core having low parasitic-neutron-
capture cross sections is practical. The combination of the high spe-
cific heat of the molten-salt fuels, their large operating temperature
range, and their radiation stability permits the attainment of very high
fuel specific powers. Also, fuel processing and reconstitution involve
inherently simple processes that allow inexpensive fuel recycle at high
processing rates in compact on-site integrated processing plants. In
this study these features were incorpbrated into a 1000-Mw(e) power plant
design, and the nuclear and economic characteristics of the plant were
evaluated as functions of design and operating conditions.

Only the Th-233U fuel cycle with fluoride salt fuels is considered
because the fuel-recycle processes employed apply uniquely to it (in
general, the chemical, physical, and nuclear characteristics of the
Th-233y cycle favor its use over the uranium-plutonium cycle in thermal
molten-salt systems). Uranium can be recovered readily without affecting
the chemical form of the fercile material by fluorinating the molten
fluoride mixture. Also, the ThF, dissolved in the carrier salts does not
undergo oxidation-reduction reactions as does UF,; this reduces mass
transfer effects in systems constructed of Hastelloy N that circulate
salts with high fertile material concentrations. In addition, the nu-
clear properties of 223U that determine the fuel-utilization character-
istics are superior to those of 23U or plutonium fuels in thermal re-

actors. v 7
| The initial reference moiten-salt breeder.reactor (MSBR) éonsidered
here is a two-region fluid-fuel concept with fiséilé material in the core
stream and fertile material in the blanket stream. The fuel and blanket
salts are in direct contact with the graphite moderator, and graphite

tubes are used to separate core and blanket streams. The fertile stream




not only surrounds the core to form a blanket region but also circulates
through the core region in spaces between the fuel tubes. Energy generated
in the reactor fluid is transferred to a secondary coolant-salt circuit,
which couples the reactor to a supercritical steam plant. Fuel processing
is accomplished in an on-site plant that utilizes fluoride-volatility

and vacuum-distillation processing. Although most of the design effort
centered on this system, it is not to be inferred that this concept is
necessarily the best or involves the best processes. It’was chosen as

a logical starting point that would permit definition of a specific sys-
tem, help in determining design problems of molten-salt'reactors in gen-
eral, and provide a standard of performance against which the incentive
for design, development, and operating improvements could be measured.

In order to indicate the depth of experience presently available with
molten-salt reactors, Chapter 2 presents a summary of the technological
development and status. Following a description of the initial reactor
study (Chapt. 3), Chapter 4 presents alternate design conditions for the
reference design. Chapter 5 briefly presents alternate reactor designs
and their performance characteristics. Finally, Chapter 6 evaluates the

overall results of these design studies.

1.4 Study Organization and Participating Personnel

The areas investigated in the studies and the personnel involved are

given in Table 1.1,
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"~ 2. MOLTEN-SALT REACTOR TECHNOLOGY

WThe initial technological development for molten-salt féacfofsAwas
done in the early 1950's in the Aircraft Nuclear Propulsion (ANP) Program
at the Oak Ridge National Laboratory. This program involved extensive
fluoride-salt chemistry and materials compatibility studies, component
development, material and faebrication development, ahd development of
reactor maintenance methods. In 1954 the Aircraft Reactor Experiment
(ARE), a 2.5-Mw(th) molten-salt reactor was built and operated success-
fully at outlet salt temperatures up to 1650°F. The ARE was fueled with
UF, dissolved in a mixture of zirconium and sodium fluorides, moderated
with beryllium oxide, and constructed of Inconel. ‘

The present molten-salt reactor program, initiated in 1957, has
drawn upon the information from the AﬁP program and has also initiated
new investigations. By 1960 enough favorable experimental results had
been obtained to support authorization of a 10-Mw(th) molten-salt reactor
experiment (MSRE). Power operation of the MSRE was initiated in early
1966. The system provides facilities for testing fuel salt, graphite,
and Hastelloy N (the container material) under appropriate reactor oper-
ating conditions. The basic reactor performance to date has been out-
standing and has demonstrated that the desirable features of the molten-
salt concept can be embodied in a practical reactor that can be constructed,
operated, and maintained with safety and reliability.

As indicated above, the successful operation of the MSRE is based
upon a broad technological development program. In order to give a better
understanding of present knowledge useful in the design of molten-salt
breeder reactors, a summary of selected work is given below that covers
chemical development, structural material development and corrosion
studies, fuel-processing development, and component development. Addi-
tional information is presented in other reports in this series that

amplify the present discussion and give Specific results..l"6

2.1 Chemical Developmentl

The chemical and physical characteristics of a large number of molten-

fluoride-salt compositions were studied extensively, with measurements
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involving melting temperature, vapor pressure, heat capacity, enthalpy,
heat of fusion, thermal conductivity, and surface tension. These studies
showed that melts containing fissile and/or fertile material are available
which possess adequately low liquidus temperature, excellent phase sta-
bility, and good physical properties. Also, these salt mixtures appear
compatible with Hastelloy N and with graphite under irradiation as well
as nonirradiation conditions. The primary fluids proposed for the molten-
salt breeder reactor (MSBR) are a ternary mixture of 7LiF, BeF,, and UFy
for the fuel salt, and a mixture of 7LiF, BeF;, and ThF, for the blanket
salt. The choice of these compounds is based on their nuclear, chemical,
and physical properties, as discussed in Ref. 1. Briefly, fluoride car-
rier salts were chosen because of their chemical stability, their ability
to produce fuel solutions with relatively low melting temperature, low
neutron-capture cross section, low vapor pressure, and good heat transfer
properties. The fluoride fuel salts are also thermodynamically stable
with respect to the structural metal, Hastelloy N. Graphite was chosen
as a moderator because of good moderating ability, compatibility with
molten-salt fuels, low neutron-absorption cross section, and good struc-
tural properties.

There have been extensive investigations of the stability and com-
patibility of MSBR fuels and materials under irradiation conditions.
Capsule tests have been carried out with fission-power densities of 80 to
8000 kw/liter at temperatures from 1500 to 1600°F and for irradiation
times of 300 to 800 hr. Chemical, physical, and metallurgical tests have
indicated that no significant changes take place in the fuel or in the
strﬁctural material that can be attributed to irradiation conditions.
Also fuel irradiation tests have been performed in graphite capsules con-
taining structural material, with initial fuel-power densities in the
range 200 to 1000 kw/liter and exposures of the order of 1000 hr. The
results indicate excellent radiation stability and compatibility between
Hastelloy N, graphite, and molten fluoride fuels. Subsequent detailéd
tests at lower power densities substantiated these findings.

The very low solubility of the fission-product gases in molten-salt
fuel suggests that they can be readily removed from reactor systems; this

has been demonstrated in the ARE and MSRE operations. In addition,




experimental studies have shown that iodine, the precursor of xenon, can
be removed directly from the fuel fluid by stripping with hydrogen fluo-
- ride gas. ' :

- Although the physical chemistry of the fission products is not known
completely, thermodynamic considerations lead to the conclusion that the
fission process per se is oxidizing to Hastelloy N. The results of many
in-pile tests of metals and graphite in fuel salts suggest, however, that
fission does not lead to corrosion of the container material. Even if
the overall fission process is oxidizing, no real corrosion problem need
exist in an MSBR, since preferential oxidation of uranium would take place
if "burned" uranium were partially replaced with UF3 (rather than UF;).

Fuel and blanket salts of high purity are required to obtain the
very low corrosion rates observed in MSRE operation. The methods used
in purifying commercially available fluoride salts for the MSRE are di~
rectly applicable to the large-scale production operations required to
supply the salts for MSBR systems.

Continuous monitoring of the salt composition is highly ‘desirable
and advantageous in operating a fluid-fuel reactor, although not essen-
tial. Current methods give accurate measurements of the composition and
purity of the reactor salts on a routine basis, but not as rapidly as
desirable for an MSBR. Thus, investigations are being performed to de-
velop appropriate instrumentation and new analysis techniques. Results
indicate that new composition-analysis methods can be developed for "on-

line" reactor use.

2.2  Structural Material Development?

The structural material for containing the molten flubride salts
must have desirable structural properties, be easily fabricated, and be
metallurgically stable over a wide temperature range. A most important
requirement is that of adequate resistance to corrosion at elevated tem-
peratures under reactor conditions. Since molten fluoride salts‘are ex-
cellent fluxing agents, surface films cannot be relied upon as protective
menbranes. Therefore; the structural material must be basically inert

to corrosion processes under conditions of thermodynamic equilibrium.
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Extensive corrosion studies were conducted in which various structural
materials were exposed to the salt in both thermal-convection and forced-
circulation loops with hot-leg temperatures of about 1500°F. These studies
led to the development of INOR-8,* a nickel-base alloy containing about
16% molybdenum, 7% chromium, and 5% iron. This alloy has good to excel-
lent mechanical and thermal characteristics that are superior to those

257 Tt has good resistance to oxi-

of many austenitic stainless steels.
dation by air, and it retains favorable mechanical properties at tempera-
tures up to about 1500°F. Results of long-term corrosion experiments
(exposures of up to 20,000 hr) have demonstrated its basic inertness to
molten fluoride salts at temperatures up to about 1500°F. Corrosion rates
appear to be controlled primarily by impurity levels in the molten salts
and by the temperature-dependent mass transfer associated with the reac-
tion

2UF, + Cr = 2UF3 + CrFp .

Based on experimental data from test loops, the corrosion rate of Hastel-
loy N in MSBR fuel systems will be less than 0.5 mil/yr with a core outlet
temperature of 1300°F, and probably will not exceed that with a 1500°F
outlet temperature under equilibrium conditions. Even less corrosion
should occur in the blanket-salt and secondary-coolant-salt systems,
where the UF; concentration will be extremely low and zero, respectively.
These test loop results have been substantiated by data obtained in the
MSRE, where no significant corrosion of the Hastelloy N has taken place
in 2500 hr of exposure at 1200°F (on the average, chromium was removed
from a layer 0.006 mil in thickness over loop surfaces, with v1rtually
zero corrosion after the initial months of operation).

Extensive tests of the mechanlcal and physical properties of Hastel-
loy N as a function of temperature up to about 1800°F indicate charac-
teristics suitable for MSBR use. The creep and stress-rupture properties
are equivalent to and in most cases superior to those of Inconel. Iong-

time ageing studies have shown that the material does not embrittle with

*This alloy is commercially available as Hastelloy N or INCO-806;
throughout this report, the designation Hastelloy N is employed.
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time. Further, the mechanical properties of Hastelloy N are virtually
unaffected by long-time exposure to the molten fluoride salts.

The structural material must retain its good mechanical properties
when exposed to reactor radiation. Irradiation studies have shown that
the (n,Q) reaction in structural materials tends to decrease ductility.
This reaction and its effects on Hastelloy N have been studied in detail,
and it appears that the deleterious effects can be minimized by maintain-
ing a low B content, adjusting the concentration of minor constituents
in the alloy, and improving heat-treatment practices. Development work
in these areas appears capable of producing an improved Hastelloy N whose
ductility will not decrease below acceptable values during long-term ex-

posures to MSBR fluxes.

The melting and casting of Hastelloy N can be carried out with the
conventional practices for nickel and its alloys. Conventional methods
of hot and cold forming have been used to produce it on a commercial basis
in a variety of shapes, such as plate, sheet, rod, wire, and as-welded
and seamless tubing. Cold working operations can be performed, such as
rolling, swageing, tube reducing, and drawing. Cold forming has been
successfully used for fabricating Hastelloy vessel heads. The material
is readily weldable by the inert-gas-shielded tungsten-arc process.

In addition to Hastelloy N, the other prime structural material
used in the MSBR is graphite. This material does not react chemically
with the molten fluoride mixtures under consideration, and since it is
not wetted by molten-salt mixtures, there is little salt permeation of
the graphite. 1In general, the graphite needs to have low permeability =
to salt and gases, to have adequate structural properties when exposed
to high radiation fluxes, and to be fabricated into tubes and other mod-
erator shapes. These properties were obtained, at least partially, in
the MSRE graphite, which was produced by extruding petroleum coke bonded
with coal-tar pitch and applying multiimpregnations and heat treatments.

The resulting product has a high specific gravity (1.86), low permeation

(0.2% bulk volume penetration by molten salt — surface penetrations.
only — when a 150-psi pressure was applied to the salt), and high strength
(ability to withstand 1500-psi tensile strain and 3000-psi flexural strain &;;

was shown by all bars fabricated). This material represents a successful
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first step in developing a graphite acceptable for MSBR use. Graphite
tubing having l/2—in.—thick walls has also been successfully fabricated;
the product had no visible cracks.

The graphite in regions of high flux in an MSBR will be irradiated
to doses above 10?2 neutrons/cm® in five years and will be exposed to
radiation flux gradiehts. The magnitude of the graphite differential
shrinkage that will occur under these conditions will depend on the
graphite creep coefficient, flux gradient, and geometry of the particular
structural component. Isotropic graphite has demonstrated the ability to
withstand high radiation exposures. Also, the ability of the graphite to
absorb the creep strain regardless of the stress intensity has been shown
experimentally. Thus it appears that graphite satisfactory for MSBR use
can be developed.

Techniques are required for attaching graphite to metal with reliable
Joints. Graphite has been brazed successfully to metals, with brazing
alloys that were found resistant to corrosion by molten salts. Alloys
of gold, nickel, and molybdenum and other alloys under development
appear to be satisfactory brazing materials. Brazes made with these
materials can be used for Jjoining graphite to graphite or graphite to
molybdenum (molybdenum has a thérmal expansion coefficient near that of
grephite). Metal-to-graphite joints have maintained their integrity in
molten-salt environments at 1300°F and at pressures of 150 psi for periods
of 500 hr. In addition, mechanical joints may be useful in MSBR cores,
since zero leakage between the core and blanket fluids is not required.

Finally, compatibility of molten salts, Hastelloy N, and graphite
appears excellent. Tests have shown no carburization of Hastelloy N

under MSBR conditions.

2.3 TFuel-Processing Development>

Experience in processing molten-fluoride-salt fuels at Oak Ridge
National Laboratory dates from 1954 and began with fluoride volatility
processing studies. The initial laboratory and development work formed
the basis for successful operation of a pilot plant. The associated

process is designated the Fluoride Volatility Process after the principal
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operation of volatilizing uranium as the hexafluoride. Although also
applicable to the treatment of solid fuel elements, fluoride volatility
processing is uniquely suited to molten-salt fuels because the fuel salt
can be treated directly with fluorine. Elemental fluorine reacts with
the UF, in the molten salt (at about 930 to 1020°F) to produce volatile
UFg. The reaction is rapid and essentially quantitative for uranium;

it easily reduces the uranium content of the molten salt to a few parts
per million. The UFg product can be treated in absorber beds to give
decontamination factors of 10° and more. Recycle uranium is easily con-
verted to UF,; dissolved in carrier salt by absorbing the UF6 in molten
salt containing some UF,; and hydrogenating in the liquid phase. This
treatment also reduces any corrosion product contaminants to metal that
can then be filtered from the fuel solution prior to returning fuel fluid
to the reactor system.

The fluoride volatility process can be used for both the core stream
and the blanket stream. When applied to the core stream it is used to
separate the uranium from the carrier salt before that stream is pro-
cessed (by another method) for fission-product removal. Essentially all
the uranium must be recovered, and this leads to relatively severe fluori-
nation conditions. Requirements for processing the blanket stream are
less stringent. Uranium that is not removed during the fluorination is
merely returned to the reactor blanket and is removed during subsequent
passes through the processing plant. Discard of 3% annually or process-
ing by other methods keeps the fission products at a very low level in
the blanket salt.

The ease of removal of xenon gas from molten-salt fuels has been
demonstrated in both the ARE and the MSRE. It thus appears practical to
obtain very low xenon poisoning by sparging the salt with an inert gas
such as helium or nitrogen. In addition, 1351, the precursor of 135Xe,
can be stripped from fuel salts by sparging with HF and hydrogen. Such
processing would virtually eliminate xenon poisoning in MSBR systems.

The discovery that vacuum distillation permits the economic separa-
tion of carrier salts from fission products has been a vital factor in
improving the economic and nuclear characteristics of MSBR systems.

Laboratory experiments have demonstrated that carrier salt can be readily
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separated from rare-earth fluorides at distillation pressures of 2 mm Hg,
with separation factors of 50 to 100 and 95% recovery of carrier salt.
These process characteristids appear adequate for MSBR application.
Fluoride volatility processing appears well suited for keeping the
uranium inventory and the fission rate in the blanket low and thereby
maintaining low neutron leakage from the blanket. An even better process
would be one for recovering protactinium directly from the blanket fluid.
Recent work toward providing such a process has been encouraging; at
least two possible methods are being considered. One involves removal
of protactinium from the process stream by precipitation as the oxide
through reaction with ZrOs;. After the protactinium decays, the product
U0, can be recovered by reaction with ZrF, to give UF; in solution.
Even more encouraging results have been obtained by treating fluoride
salts containing PaF, with thorium dissolved in molten bismuth. The
thorium metal reduced the protactinium to the metal which subsequently
deposited on a stainless-steel-wool filter. These results indicate that
inexpensive methods can be developed for removing protactinium directly

from the blanket stream of an MSBR.

2.4 Component Development“?

Nearly all molten-salt component development work has been for ex-
perimental molten-salt reactors (the ARE, the planned Aircraft Reactor
Test, and the MSRE). The components required for these systems were de-
veloped at ORNL, including pumps, seals, valves, heat exchangers, fuel
sampler-enricher units, freeze flanges, remote-maintenance tools, heaters,
andvinstrumentation for measuring pressure, fluid flow, liquid level,
and temperature under molten-salt reactor conditions. A major effort
has been devoted to developing pumps that have long-term reliability at
temperatures of about 1300°F. These pumps are vertical-shaft sump-type
centrifugal pumps with a free surface in the pump bowl; alllparts wetted
by molten salt are constructed of Hastelloy N. Various pump models with
capacities up to 1500 gpm have been manufactured and tested, and present
models have circulated molten salt continuously for more than 25,000 hr

at temperatures above 1200°F without maintenance. Stopping and starting
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of pumps does not appear to produce any corrosive attack; thermal and
pressure stresses associated with thermal cycling and reactor operations
do not appear excessive. For MSBR application, it appears feasible to
use a vertical sump-type pump similar to present models, with the upper
end of the pump shaft supported by oil-lubricated radial and thrust
bearings and the lower end supported by a molten-salt-lubricated Journal
bearing. The present experience with molten-salt-lubricated bearings
consists of 3900 hr of operation in development of the bearing and
operation for 13,500 hr of a pump containing a salt-lubricated bearing
at temperatures of 1000 to 1400°F. The results obtained indicate that
the development of salt-lubricated bearings is feasible; testing of these
bearings is continuing. | )

Molten-salt heat exchangers have been designed and constructed and
successfully demonstrated in the ARE and the MSRE. Numerous heat ex-
changer designs have been tested, and the results show that the required
performance capability and mechanical integrity can be obtained with
straightforward design and fabrication methods. The use of Hastelloy N
as the construction material introducedr no major difficulties. Experi-
ments and experience with the MSRE have shown that conventional heat-
transfer-coefficient correlations with minor modification are applicable
to molten-salt heat exchanger design; also the physical properties of
molten fluorides make them good to excellent heat transfer media. Since
the molten salts are good fluxing agents and keep all surfaces clean,
scale formation does not occur on heat transfer surfaces.

An important feature of molten-salt reactors is the ease of adding

or removing fuel fluid from the reactor system. This permits ready com-

pensation for fuel burnup, and the fluid removed can be easily transported

to processing areas. The successful operation of the MSRE sampler-
enricher system indicates that adjustments in fuel concentrations can
be accomplished readily and reliably with relatively small and simple
equipment.

The high melting point of MSBR fluoride salts provides a means of
sealing a system, without the need for mechanical valves, through use of
"freeze" valves in which a frozen plug of salt prevents leakage from the

system. Although slow acting, the performance of freeze valves in the

-
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MSRE has been excellent. It appears that such valves will be useful in
MSBR subsystems. Freeze flanges have also been developed because of
their proven reliability in containing fluid salts under all anticipated
thermal-cycling conditions. Such flanges appear appropriate for joining
components and piping in MSBR subsystems.

Instrument development carried out for the MSRE also appears useful
for MSBR systems. Liquid-level measuring devices have operated success-
fully, as have instruments for fluid flow, differential pressure, and
temperature measurements. Development work has also been performed on
control-rod drive units capable of operating reliably for long periods
while located in a strong gamma field.

Since the inception of molten-salt reactors, there has been signifi-

cant engineering development work on maintenance operations.6

Remotely
operated tools and procedures for remote maintenance have been devised,
and the required operations have been studied in a maintenance facility.
The results of these studies, along with other experience, were used in
developing the MSRE maintenance tools and procedures. Also, equipment
for remotely cutting pipes and brazing them back together was developed
for replacement of MSRE components, and the results obtained with this
equipment indicate that a remotely operated cutter and welder for MSBR
maintenance operations is feasible. Experience to date with maintenance

. of radioactive molten-salt systems 1s encouraging.
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3. INITIAL DESIGN OF A 1000-Mw(e) MSBR POWER STATION

The MSBR design discussed here is for a 1000-Mw(e) power station
that appears technically sound, maintainable, and attractive from the
power cost, reliability, and fuel utilization standpoints. This refer-
ence design is not necessarily the best design for a molten-salt reactor,
but it represents a logical starting point based on the information
available at the time of this study. The report is intended to illus-
trate the general merits of molten-salt reactors for power applications,
delineate design problems and possible solutions to them, and indicate
areas where research and development programs could improve MSBR per-
formance.

A complete power station is considered, including all major equip-
ment and a fuel-processing facility that is integral with the reactor
plant. Very little optimization work was done, and layouts and designs
were detailed only to the extent necessary to establish feasibility and
to permit preliminary estimates of construction and operating costs.

The design is based only on those materisls and techniques that appear
feasible based on present-day technology. In addition, several alter--
native molten-salt reactor designs were examined briefly (see Chapt. 5)
in order to show the influence of design concept and technology require-

ment on the performance characteristics of molten-salt systems.

3.1 General Design Criteria, Cost Bases, and Ground Rules

The following design criteria, costs bases, and ground rules were
used in making the study:

1. The power station will have a net electrical output of 1000
Mw(e) and will be used solely for the production of power.

2. The reactor will be a two-region two-fluid graphite-moderated
and -reflected thermal breeder with graphite separating the fissile and.
fertile materials. The reactor will be designed to achieve low power
cost, high specific power, and low fuel doubling time.

3. Equilibrium fueling conditions will apply, with mixtures of
BeF, and ’LiF used as carrier salts for 2337 and ThF,.
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4, Because of the present uncertainties concerning long-term ex-
posure of graphite in a high neutron flux, the MSBR core size will be
relatively large in order to reduce the graphite irradiation rate. The
fuel cell dimensions will be small to reduce flux gradients in the
graphite. The fuel velocity in the core will be limited to 15 fps.

The graphite tubes will be attached to a fixed structure at one end only
to give freedom of movement for shrinkage and thermal expansion. Pro-
visions will be made for removal and replacement of the core by remote-
maintenance procedures.

5. A control rod will be incorporated in the design, primarily as
a convenience feature.

6. The reactor core will be arranged so that the fluid will drain
by gravity to make the reactor subcritical in event of loss of electric
power or other scram-initiating disturbance.

7. The reactor vessel, pumps, heat exchangers, and drain tanks for
the fuel~- and blanket-salt systems will be housed in a heavily shielded
structure. This structure, and the more lightly shielded structure
housing all portions of the system containing the coolant salt, such as
the boiler-superheaters and reheaters, will be housed in a shielded con-
tainment vessel that meets acceptable leak-rate standards for this ser-~
vice. This containment vessel will incorporate a pressure-suppression
system. The reactor containment vessel, but not the turbine room, will
be located in a confinement-type building with controlled air-cleaning
and venting systems.:

8. Heat will be transported from the primary heat exchangers to
the steam-power system by a circulating secondary coolant that must be
compatible with the fuel- and blanket-salt systems in case of accidental
mixing. This coolant must have suitably low vapor pressure and liquidus
temperature.

9. The salt pumps will be limited in size to about 15,000 gpm;
that is, they will be about an order of magnitude larger than the fuel-
salt pump used in the MSRE. 8

10. The reactor system will incorporate an off-gas system for con-

tinuous removal, retention, and disposal of the fission-product gases.
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11. The fuel and blanket salts will be continuously processed in

a processing facility that is an integral part of the reactor plant.
In the initial design, the fluoride-volatility—vacuum~distillation pro-
cesses will be used for the fuel salt, and the fluoride-volatility pro-
cess will be used for the blanket salt. A system will be provided for
cleanup of the coolant salt.

12. An afterheat removal system will be included in the design.

13. The core outlet temperature of the fuel salt will be 1300°F.
The temperature of the coolant salt entering the primary heat exchangers
will be above the liquidus temperatures of the fuel and blanket salts.
The feedwater entering the boiler will be above the liquidus temperature
of the coolant salt. The temperature of the steam entering the reheaters
will not be more than 50°F below the liquidus temperature of the coolant
salt.

14. The cells in which the fuel and blanket salts will circulate
will be maintained above the liquidus temperature of both salts (dbout
1040°F). The cells in which only coolant salt is circulated will be
operated above the liquidus temperature of the coolant (about 700°F).
The cell temperatures will be maintained by radiant heating surfaces.
Thermal insulation and water cooling will be applied as required to pro-
tect concrete, equipment supports, instrumentation, and other items.

15. The boiler will operate with supercritical-pressure steam in
a once-through counterflow arrangement.

16. The steam-power cycle will operate with 3500-psia 1000°F steam
to the turbine throttle, with single reheat to 1000°F.

17. All salt-containing portions of the system will be constructed
of Hastelloy N. The allowable design stress will be 3500 psi at 1300°F,
6000 psi at 1200°F, etc., in accordance with the MSRE design literature®
and Ref. 2.

18. A1l portions of the system will conform to the applicable por-
tions of the ASME Codes. Specifically, points of suspected high stresses
will be examined for pfacticality of the proposed concepts.

19. All major equipment for the plant will be included in the study

up to, but not including, the station high-voltage output transformer
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and the switchyard. Iand and site development costs will be the same as
those used in the advanced-converter reactor studies.”s10

20. Both capital and power production costs will, where applicable,
be estimated and presented in accordance with the AEC cost guide.11 In-~
direct and operating costs will be estimated on the same bases as those
used in the advanced-converter reactor studies.? The plant life will be
30 years. Power costs will be estimated on the basis of both private
financing (12% fixed charges) and public financing (7% fixed charges),
with private financing as the base case. A plant factor of 80% will be
assumed for both cases. In estimating all costs, it will be assumed
that equipment and materials are obtained from a large and established
molten-salt reactor industry.

21. The reactor-plant financing rate will apply to the fuel-pro-
cessing and -fabrication plant, which will be a part of the power plant.
To account for a higher equipment replacement rate, the indirect costs
for the fuel-recycle plant will be 100% of the direct costs.

22. Inventory charges on fissile, fertile, and carrier-salt inven~
tories will be computed with a reference value of 10% per year for the
base case and with 5% per year to represent public ownership.

23. The value of core and blanket fluids will be based on the
following: 223U and ?33Pa at $14/g, 23°U at $12/g, Th at $12/kg, and
carrier salt at $26/kg.

24. TLosses of materials through fuel recycle will be based on
uranium losses of 0.1% per pass, thorium and blanket-carrier-salt dis-
card on a 30~year cycle time, énd core-carrier-salt losses plus discard

of 6.5% per fuel-cycle pass.

3.2 General Plant TLayout

The MSBR site is that described in the AEC handbook for estimating

11 gnd also used in the advanced-converter reactor studies.” In

costs
brief, the site is a 1200-acre plot of grass-covered level terrain ad-
jacent to a river having adequate flow for cooling-water requirements.
The ground elevation is 20 ft above the high-water mark and is 40 ft

above the low-water level. A limestone foundation exists about 8 ft
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below grade. The location is also satisfactory with respect to distance
from population centers, meteorological conditions, frequency and in-
tensity of earthquakes, and other external conditions.

As shown in Fig. 3.1, the plant area proper is a 20-acre fenced-in
area above the high-water contour on the bank of the stream. The usual
cooling-watér intake and discharge structures are provided, along with
fuel-oil storage for a startup boiler, a water-purification plant, water-
storage tanks, and a deep well. This plant area also includes radiocactive
waste-gas storage, treatment, and disposal systems. Space is provided
for the output transformers and switchyard. A railroad spur serves for
the transportation of heavy equipment, and parking lots are provided. .

A large single building houses the reactor and turbine plants,
offices, shops, and all other supporting facilities. This building, as
shown in Figs. 3.2 through 3.5, is 250 ft wide and 528 ft long; it rises
98 ft above and 48 ft below grade level. The construction is of the
typical steel-frame type, with steel roof trusses, precast concrete roof
slabs, concrete floors with steel gratings as required, and insulated
aluminum or steel panel walls. The wall joints are caulked or otherwise
sealed on the reactor end of the building.

The reactor complex occupies less volume than the steam-generating
equipment in a conventional plant, and the turbine floor dimensions are
the same as those used in the Bull Run Steam Plant of the Tennessee
Valley Authority (TVA), but there are slightly larger allowances for the
shops, offices, control rooms, and other facilities of the reactor plant.

The reactor end of the building is 168 ft long and consists of a s
high-bay portion above a reinforced-concrete reactor containment struc-
ture. A single crane is pictured as serving both the turbine room and
the reactor plant, but separate cranes would probably be required, and
the cost estimate allows for two units. The reactor plant building is
sealed sufficiently for it to serve as a confinement volume in the un-
likely event of<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>