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Summary

Preparaiion of a conceptual design for a 1000-MW(e)
single-fluid molten-salt reactor power station has given
confidence that such a plant is technically fea:ible and
economically attractive. Successfui operation of the
Molten-Salt Reactor Experimert and the substantial
amouni of researcn and development already accom-
plished on moltensalt reactor materials and processes
indicate that after the technclogy has been extended in
a few specific areas. a prototype Molten-Salt Breeder
Reactor (MSBR) plant cculd be successfully cor-
structed and operated. Studies of the fuelsalt chemical
processing system are not as far advanced, but small-
scale experimen!s 'zad to optimism that a practical
system can be developed.

The reference MSBR operates on the Th-223U cycle,
with both fissile and fertile materials incorporated in
a single molten-salt mixture of the fluorides of lith-
ium, beryllium, thorium, and uranium. This salt, with
the composition LiF-BeF,-ThF,-UF, (71.7-10.0-12.0-
0.3 mole %), has a liquidus tempesature of 930°F
(772°K), has good flow and heat transfer properties,
and nas a very low vapor pressure in the operating
temperature range. It is also nonwetting and virtually
noncorrosive to graphite and the Hastelloy N container
material.

The 22-ft-diam by 20-ft-high reactor vessel contains
graphite for neutron moderation and reflection, with
the moderating region divided into zones of different
fuel-to-graphite ratios. As the salt flows upward through
the passages in and between the bare graphite bars,
fission energy heats it from about 1050°F (839°K) to
13( )°F (978°K). Graphite control rods at the center of
the core are moved to displace salt and thus regulate the
nuclear power and average temperature, but these rods
do no! need to be fast scrasnming for safety purposes.
Long-ten reactivity control is by adjustment of the
fuel concen.ration.

The ccee neutron power density was chosen to give a
moderator life ¢ about four years, based on the
irradiation tolerance of currently available grades of
graphite. The specific inventory of the plant, including
the processing system, is 1.47 kg of fissile material per

ix

MW(e), which, together with the breeding ratio of 1.06,
gives an anrnual fissile yield f 3.3%. The heat-power
syster hzs a net thermal efticiency of over 44%, which
makes a reactor plant of about 2250 MW(t) ample for a
net electrical output of 1000 MW(e).

A simplified flow diagram of the MSBR is shown in
Fig. S.1. The primary salt is circulated outside the
reactor vessel through four loops. (For simplicity, only
one loop is shown in the figure.) Each circuit contains a
16,000gpm single stage centrifugal pump and a shell-
and-tube heai exchanger. Tritium, xenon, and krypton
are sparged from the circulating primary salt by helium
introduced in a side stream by a bubble generator and
subsequently removed by a gas separator. A 1gpm
(006 liter/sec) side stream of the primary salt is
continuously processed to remove 233Pa, to recover the
bred 233U, and to adjust the fissile content. A drain
tank provides safe storage of the salt during mainte-
nance operations.

Heat is transferred from the primary salt te a
secondary fluid, sodium fluoroborate, having a ¢« npo-
sition of NaBF,-NaF (92-8 mole %) and a lig.iidus
temperature of 725°F (658°K). Each of the four
secondary circuits has a 20,000gpm centrifugal pump
with variablespeed drive. The secondary salt streams
are divided between the steam generators and the
reheaters to obtain 1000°F steam temperatures from
each. Steam is supplied to a single 3500-psia,
1000°F/1000°F, i035-MW(e) turbinegenerator unit
exhausting at 1% in. Hg abs. Regenerative heating and
live steam mixing are used to heat the feedwater
entering the steam generator to 700°F (644°K) to
provide assurance that the coolant salt remains liquid.

The estimated plant capital costs for a fully developed
MSBR, although differing in breakdown, are about the
same as those for a light-water nuclear power station.
Fuelcycle costs are expected to be quite low and
relatively insensitive to the prices of fissile and fertile
materials.

The major uncertainties in the conceptual design are
in the areas of tritium confinement, fuel-salt processing,
graphite and Hastelloy N behavior under irradiation,



suitability of the coclant salt, maintenance procedures,
and behavior of the fission product particulates. Ai-
though more study is ~ceded of these aspects, it is
believed that they can be resolved with reasonable
difficulty.

Principal design data for the reference MSBR power
station are listed in Table S.1 both in English engi-
neering units, as commonly used in the moiten=salt
reactor literature, and in the International (metric)
system of units.
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Fig. S.1. Simplified flow disgram of MSBR system. (1) Reactor, (2) Primary heat exchanger, (3) Fuel-salt pump, (4) Coolant-salt
pump, (5) Steam generator, (6) Steam reheater, (7) Reheat steam preheater, (8) Steam turbine-generator, (9) Steam condenser, (10)
Feedwater booster pump, (11) Fuel-salt drain tank, (12) Bubble generator, (13) Gas separator, (14) Entrainment separator, (15)
Holdup tank, (16) 47-hr Xe holdup charcoal bed, (17) Long-delay charcoal bed, (18) Gas cleanup and compressor system.



Table S.1. Sunimary of principal data for MSBR power station

Engineering units? International system units®
General
Thermal capacity of reactor 2259 MW(t) 2250 MW(t)
Gross electrical gene.ation 1035 MW(e) 1035 MW(e)
Net electrical output 1000 MW<e) 1000 MW(e)
Net overall thermal efficiency 44.4% 44.4%
Net plant heat rate 7690 Btu/kWhr 2252 J/kW-sec
Structures
Reactor cell, diameter X height 72 X 421t 220x128m
Confinement building, diameter X height 134 X 189 ft 40.6 X 57.6 m
Reactoer
Vessel 1D 22.2 1t 6.77m
Vessel height at center (approx) 20 ft 6.1m
Vesse! wall thickness 2in. 5.06 cm
Vessel head thickness 3in. 7.62 cm
Vessel design pressure (abs) 75 psi 5.2 X 105 N/m?
Core height 13 ft 396 m
Number of core elements 1412 1412
Radial thickness of reflector 30in. 0.762 m
Volume fraction of salt in central core zone 0.13 0.13
Volume fraction of salt in outer core zone 0.37 .37
Average overall core power density 22.2 kW/liter 22.2 kW/liter
Peak power density in core 70.4 kW/).ter 70.4 kW/liter
Average thermal-neutron flux 2.6 X 10'* neutrons cm™2 gec™! 2.6 X 10'* neutrons cm 2 sec ™’
Peak thermal-neutron flux 8.3 X 10'* nevutrons cm 2 sec™? 8.3 X 10'* neutrons cm ™3 sec™!
Maximum graphite dzmage flux (>50 keV) 3.5 X 10'* neutrons cm ™2 sec™! 3.5 X 10'* neutrons cm ™2 sec™!
Damage flux at maximum damage 3.3 X 10'* neutrons cm™? sec™! 3.3 X 10'* neutrons cm ™2 sec ™}
region (approx)
Graphite temperature at maximum neutron 1284°F 969°K
flux region
Graphite temperature at maximum graphite 1307°F 982°k
damage region
Estimated usefu) life of graphite 4 years 4 years
Total weight of graphite in reactor 669,000 ib 304,000 kg
Maximum flow velocity of salt in core 8.5 fps 2.6 m/sec
Total fuel salt in reactor veseel 1074 £ 30.4 m®
Total fuel-salt volume in primary system 1720 i3 48.7m?
Fissile-fuel inventory in reactor primary 3316 b 1501 kg
system &nd fuel processing plant
Thorium mventory 150,000 Ib 68,100 kg
Breeding ratio 1.06 1.06
Yield 3.2 %/vear 3.2 %/year
Doubling time, compounded continuously, 22 years 22 years
at 80% power factor
Primary heat exchangers (for each of 4 units)
Thermal capacity, each 556.3 MW(t) 556.3 MW(t)
Tube-side conditions (fuel salt)
Tube OD % in. 0.953 cm
Tube length (approx) 2221t 68m
Number of tubes 5896 5896
Inlet-outlet conditions 1300-1050°F 978-839°K
Mass flow rate 23.45 x 10% Ib/hr 2955 kg/sec
Total heat transfer surface 13,000 ft3 1208 m?
Shell-side conditions (coolant salt)
Shell ID 68.1 in. 1.73m
inlet-outiet temperatures 850—1150°F 727-894°K
Mass flow rate 17.6 X 10° Ib/hr 2218 kg/sec

Overall heat transfer coefficient (approx) 850 Btu hr™! ft~2 (°F)"! 4820 W m™ (°K)~!



Table 8.1 (continued)

Apparent overall heat transfer coefficient
range

490-530 Btu he™! ft~2 CF)!

Engineering units? International system units®
Primary pumps (for each of 4 units)
Pump capzcity, nominal 16,000 gpm 1.01 m3/sec
Rated head 150 £t 45.7m
Speed 890 rpm 93.2 radians/sec
Specific speed 2625 rpm(gpm)° -3 /(ft)®73 5.321 radians/sec(m?/sec)®3 /(m)®- 7%
Impeller input power 2350 hy 1752 kW
Design iemperature 1300°F 978°K
Secondary pumps (for eazh of 4 units)
Pump capacity, nominal 20,000 gpm 1.262 m¥/sec
Rated head 300 ft 914 m
Cpeed, principal 1190 rpm 124.6 radians/sec
Specific speed 2330 rpm(gpm)°-5/(ft)°-75 4.73 radiar.s/sectm®/sec)?"% [(m)®- 75
Impeller inpui power 3100 hp 2310 kW
Design temperature 1290°F 976°K
Fuelsalt drair tank (1 unit)
Outside diameter 14 &t 427 m
Overall height 221t 6.71m
Storage ~.pacity 2560 ft3 70.8 m?
Design pressuie 55 psi 3.79 x 105 N/m?
Number of coolant U-tubes 15C0 1500
Size of tubes, OD % in. 1.91 cm
Number of separate coolant circuits 40 40
Coolant fluid 7LiF-BeF; 7LiF-BeF,
Under normal steady-state conditions:
Maximum heat load 18 MW(t) 18 MW(t)
Coolant circulation rate 830 gpm 0.0524 m?/sec
Coolant temperatures, in/out 900-1050°F 755-839°K
Maximum tunk wall temperature ~1260°F ~955°K
Maximum transient heat ioad 53 MW(t) 53 MW(t)
Fuel-salt storage tank (1 unit)
Stosage capacity 2500 fe® 70.8 m®
Heat-removal capacity 1 MW(1t) 1 MW(1)
Coolant fluid Boiling water Boiling water
Coolant-salt storage tanks (4 units)
Total volume of coolant salt in systems 8400 ft3 237.9 m®
Storage capacity of each tank 2100 fe3 59.5 m*
Heat-removal capacity, first tank in series 400 kW 400 kW
Steam generators (for each of 16 units)
Thermal capacity 120.7 MW(t} 120.7 MW(t)
Tube-side conditions (steam at 3600-3800
psi)
Tube OD % in. 1.27 cm
Tube-sheet-to-tube-sheet length (approx) 76.4 fi 23.3m
Numbver of tubes 393 393
Inlet-outlet temperatures 700-10C0°F 644-811°K
Mass flow rate 633.000 ib/” 79.76 kg/sec
Total heat transfer surface 3929 f¢2 365 m?
She!l-side conditions (coolant salt)
Shell ID 1.5 ft 0457 m
Inlet-outlet temperatures 1150-850°F 894-727°K
Mass flow rate 3.82 X 10 Ib/hr 481.3 kg/sec

2780-3005 W m ™2 (°k)"!



Table S.1 (continued)

Engineering units? International system units?
Steam reheaters (for each of 8 units)

Thernial capacity 36.6 MW(1) 36.6 MW(t)
Tube-side conditions (steam at 550 psi)

Tube OD % “n. 1.9cm

Tube length 0.3 ft 9.24 m

Number of tubes 400 400

inlet-outlet temperatures 650—1000°F 616-811°K

Mass flow rate 641,000 Ib/hr 80.77 kg/sec

Total heat transfer surface 2381 ft? 2212 m?
Shell-side conditions (coolant salt)

Shell ID 21.2in. 0.54m

Inlet-outlet temperatures 1150-850°F 894-727°K

Mass flow rate 1.16 X 10° Ib/hr 146.2 kg/sec
Overall heat transfer coefficient 298 Btu hr™! ft™2 (°F) ! 1690 w m 2 (°K) !

Turbine-generator plant (see “‘General” above)

Number of turbine-generator units

Turbine throttle conditions

Turbine throttle mass flow rate

Reheat steam to IP turbine

Condensing pressure (abs)

Boiler feed pump work
(steam-turbine-driven), each of 2 uaits

Booster feed pump work (motor-driven),
each cf 2 units

Fuel-sailt inventory, primary system
Reactor
Core zone ]
Core zone IT
Plenums, inlets, outlets
2-in. annulus
Reflectors

Primary heat exchangers

Tubes

Inlets, outlets
Pump bowis
Piping, including drain line
Off-gas bypass loop
Tank heels and miscellaneous

Total enriched salt in primary system

Fuel-processing .ystem (Chemical Treatment
Plant)
Inventory of barren sait (Lif-BeF,-ThF4)
in plant
Processing rate
Cycle time for salt inventory
Heat generation in salt to processing plant

Design properties of fuei sait

Components

Compaosition

Molecular weight (approx)

Melting temperature (approx)

Vapor pressure at 1150°F (894.3°K)

Density:€ p (g/cm®) = 3.752 - 6.68 X 10~4¢
CC); o (1b/f13) « 235,0 - 0.02317t F)
At 1300°F (978°K)
At 1175°F (908°K)
At 1050°F (839°K)

1
3500 psia, 1000°F
7.15 X 10° Ib/hr
540 psia, 1000°F
1.5 in. Hg

19,700 hp

6200 hp

290 £t3
382 fe3
218 ft3
135 13
49 £t3

269 e
27163
185 ft3
145 £¢3
10162
10 {2

1720 £

480 ft?

1 gpm
10 days
56 kw/ft?

TLiF-BeF,-ThF4-UF,
71.7-16-12-0.3 mole %
64

930°F

<0.1 mm Hg

204.9 1b/ft3
207.8 b/f®
210.7 Ib/fe®

1
24.1 X 16% N/m3, 811°K
900.9 kg/sec

3.72 x 10° N/m?, 811°K
5,078 N/m?

14,690 kW

4620 kW

8.2m
10.8 m3
6.2 m?
3.8 m®
1.4md

7.6 m®
0.8 m®
52m?
41 md
0.3 m?
0.3 m?

487 m3

13.6 m®

63.1 K 107¢ m>/sec
10 days
1980 kW/m*

7LiF-BeF,-ThF4-UF4
71.7-16-12-0.3 mole %
64

777K

<13.3N/m?

3283.9 kg/m?
3330.4 kg/m?
3376.9 kg/m*



Table §.1 (continued)

Engineering units?

International system units

Viscosity:% u {centipoises) = 0.109
exp (4090/T (°K)]; u (1b £t~ hrY)
=0.2637 exp [7362/T (°R)}
At 1300°F (978°K)

At 1175°F (908°K)

At 1050°F (839°K)
Heat capacity® (specific heat, Cps
Thermal conductivity (k)/

At 1300°F (978°K)

At 1175°F (908°K)

At 1050°F (839°K)

Design properties of coolant sait

Components

Composition

Molecular weight (approx)
Melting temperature (approx)

Vapor pressure:® log P (mm Hg)
=9.024 — 5920/T (°K)

At 850°F (727°K)
~t 1150°F (894°K)

Density:© p (gfcm3) = 2.252 — 7.11 X 1074
(C); p (Ib/ft3) = 141.4 — 0.0247¢ (°F)

At 1150°F (894°K)
At 1000°F (811°K)
At 850°F (727°K)

Viscosity:9 u (centipoises) = 0.0877

exp [2240/T (°K)]; u (Ib,,, ft™ hr™!)

=(.2121 exp (4032/T (°R)]

At 1150°F (894°K)

At 1000°F (811°K)

At 850°F (727°K)
Heat capacity” (specific heat, ¢
Thermal conductivity (k)

At 1150°F (894°K)

At 1000°F (811°K)

At 850°F (127°K)

Design properties of mphitei
Density, at 70°F (294.3°K)
Bending strength
Modulus of elasticity coefficient
Poisson’s ratio
Thermal expansion coefficient
Thermal conductivity at 1200°F,

unirradiated (approx)
Elec'rical resistivity
Specific heat

At 600°F (588.8°K)

At 1200°F (922.0°K)

Helium permeability at STP with sealed
surfaces

»

17.31b hr! ft!
23.81bhr”? ft?
34.5 bt ft!

0.324 Btulb™! °F)"! 1 a4,

0.69Btuhr™! CH™ ft!
0.71 Btuhr™! CF)! )
0.69Btuhr™! CF) Y it}

NaBF4-NaF
92-8 mole %
104

725°F

8 mm Hg
252 mm Hg

113.0 b/fe3
116.7 1b/fe3
120.4 1b/fe3

261btt™! hr?
341t het
461 ft™! hr!
0.360 Btub™! (°F)~! £ 2%

0.23Btuhr™? CH)! £t}
0.23Btuhr™! (°F)7! ft7?
0.26 Btu hr! (°H) ! ft?

115 b/ft3

4000-6000 psi

i.7 X 108 psi

0.27

2.3x 107¢P°F

18 Btu he™! (°F)71 ft7?

89X 10™%-9.9% 10™ Q-cm
0:33Btulb? (°F)?

0.42BtuIb™! (°F)"?
1% 107% cm?/sec

0.007 N secm™2
0.010 v secm™2
0.015 N secm™2

1357387 CK) 7! 1 49

L1I9Wm™ CK)?
1.23wm™ CK)™?
1L19Wm™ Kyt

Nal'F4-NaF
92-8 mole %
104

A58°K

1066 N/m?
33,580 N/m?

1811.1 kg/m?
1870.4 kg/m’?
1929.7 kg/m?3

0.0011 N secm™2
0.0014 N secm—2
0.0019 N sec m™2

1507 J kg™ (°K)™! £ 2%

0.398Wm™! (°K)!
0.398 Wm™! (°K) !
0.450 Wm™ (°K) "}

1843 kg/m?

28 X 10541 x 10° N/m?
11.7 x 10° N/m?

0.27

1.3x 107¢/°K
31.2Wm™ (°K) 7!

89X 107-9.9x% 107 Q-cm
1380 J kg™ (°K)?

1760 J kg™ (°K)"!?
1% 1078 cm?/sec



Xv

Table S.1 (centiqued)

Engineering units?

International system vnits?

Design properties of Hastelloy Nk
Density
At 80°F (300°K)
At 1300°F (978°K)
Thermal conductivity
At o0°F (300°K)
At 1300°F (978°K)
Specific heat
At 80°F (300°K)
At 1300°F (978°K)
Thermal expansion
At 80°F (300°K)
At 1300°F (978°K)
Modulus of elasticity coefficient
A* R0°F (300°K)
At 1300°F (978°K)
Tensile strength (approx)
At 80°F (300°K)
At 1300°F (978°K)

Maximum allowable design stress

At 80°F (300°K)
At 1300°F (978°K)

Melting temperature

557 lb/ft3
541 Ib/ft3

6.0 Btuhr™! CF)7! ft!
12.6 Btuhr™! (°F)71 ft7!

0.098 Btu b~ (°F) !
0.136 Btulb ! (°F) !

5.7 X 1078/ °F
9.5 %X 107¢/°F

31X 10° psi
25 X 10° psi

115,00C psi
75,000 psi

25,000 psi
3500 psi

2500°F

8927 kg/m3
8671 kg/m3

104 Wm™! (°K)!
21.8Wm™! CK)!

410 kg™ (°K)?
569 Jkg™! (°K) !

3.2Xx 107%/°K
5.3X 107¢/°K

214 X 199 N/m?
172 X 10? N/m?

793 x 10% N/m?
517 X 10° N/m?

172 x 10% N/m?
24 x 10° N/m?

1644°K

9E nglish engineering units as used in MSR literature.

Meter-kilogram-second system. Table closely follows International System (SI). See Appendix C for conversion factors from
engineering to SI units.

€See p. 147, Fig. 13.6, ORNL-4449 (ref. 1).

95ee p. 145, Table 13.2, ORNL-4449 (ref. 1).

See p. 163, ORNL-4344 (zef. 2).

f; See p. 92, Fig. 9.13, ORNL-4449 (ref. 1). The value of k shown is for salt with about 5% less LiF than the reference salt. Addition
of LiF would increase the average value, probably to 0.72-0.74. The established, and conservative, value of 0.71 was used in the
MSBR calculations.

&See p. 170, ORNL-4254 (ref. 3).

"See p. 168, ORNL4254 (ref. 3).

!See p. 92, Fig. 9.13, ORNL-4449 (ref. 1).

kAdditional graphite properties are listed in Table 3.4.

Composition, wt %: Ni, balance; Mo, 12;Cr, 7; Fe, 0—5; Mn, 0.2-0.5; Si, 0.1 max; B, 0.001 max; Ti, 0.5-2.0; Hf or Nb, 0-2; Cu,
Co, P, S, C, W, Al (totai), 0.35.
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1. Introduction

A maj )1 objective of the Molten-Salt Reactor Program
is to achieve a power reactor which will produce electric
energy at low cost and at the same time extend the
nation’s low-cost fuel resources. A graphite-moderated
thermal breeder reactor making use of solutions of
fissile and fertile materials in fluoride carrier salts shows
considerable potential for .:.ceting this objective. This
report summarizes present information on the design
characteristics of such a Molten-Salt Breeder Reactor
(MSBR).

Molten salts as reactor fuels and as coolants Lave been
under study and development for over 20 years, and
their chemical, physics, and irradiation properties are
excellent. The Molten-Salt Reactor Experiment (MSRE)
at ORNL, which was recently shut down after about
five years of very successful oreration, contribuied
significantly to molten-salt reactor technology. A sur-
vey report® was published in August 1966 which
summarized the potential of molten-salt thermal
breeder reactors and described preliminary designs and
fuel processing facilities for a 1000-MW(e) power
station. More detailed design studies followed,*” and a
comprehensive report® was written which covered the
status o the desigi studies as of January 1968. These
reports consideied the two-fluia reactor concept, thai
ie; one in which the fissile atoms are carried in one
molten-salt solution, called the fuel salt,* and the fertile
material in another, called the blanket salt. In the fall of
1967, however, information was obtained that made a
single-fluid MSBR, in which fissile and fertile materials
are dissolved in the same salt, appear practical and
attractive. The two-fluid study was set aside and a
design study of the single-fluid system commenced.
Some of the factors involved were:

*The terms “‘primarv salt” and “fuel salt” are used synony-
mously throughout the molten-salt reactor literature. In the
case of wne single-fluid MSBR described in this report, the
primary salt contains both the fue! and fertile material. The
terms *‘secondary salt” and ‘“‘coolant salt” are also used syn-
onymously.

1. Research in the processing of the molten-salt fuels
showed that protactinium and other fission products
could be separated from the salts containing both
uranium and thorium by reductive e:.traction into
liquid bismuth. A singie salt containing both the
fissile and fertile materials .ould thus be processed,
although with more difficulty than if separate fuel
and fertile salts were used.

2. Nuclear calculations indicated that a conversion
ratio greater than 1.0 could be achieved in a one-fiuid
reactor with an acceptably low inventory if the
graphite-to-fuel ratio were reduced in the outer
regions of the reacto. core. While the fuel specific
vower feil short of the performance of a two-fluid
type, yields of 3 to 4%/year were indicated.

3. Reactor exposure Yimitations were found to exist
relative to use of a graphite moderator, making it
necessary to design for graphite replacement. In 2
two-fluid reactor it appears more practical to replace
the entire reactor assembly, including the reactor
vessel, when replacing the graphite. The single-fluid
MSBR, however, permits easier access through the
top head, so that only the core graphite need be
replaced.

4. The two-fluid concept depends upon the integrity of
the graphite “plumbing” in the reactor vessel to
keep the fuel and fertiie salt streams separated. The
single-fluid des'gn eliminates this potential problem.

5. Radiation damage to graphite during reac:or ex-
posure leads to dimensional changes in graphite
which are more easily accommodated in a single-
fluid MSRR than in a two-fluid design.

The progress of the single-fluid design study is
covered in the MSRP semiannual reports,!+2.3:9 and
the entire February 1979 issue of Nuclear Applications
and Technology'® was devoted to a review of molten-
salt reactor technology and to a description of a
conceptual design for an MSBR. Some of the general
criteria for the single-fluid MSBR design study are:



1. The design study s to establish concept ieasibility.
to serve as a basis for prelinunary estimates of cost
and performance features, to identify the research
and development needed to achieve a full-scale
MSBR. and to guide the d2sign of an expenimentai
prototype reacwor that will test the features of the
larger plants to follow.

2. The conceptual design of the MSBR is to be based
on a technology which does not require maior
inventions or technological breakthroughs. Reason-
able engineenng development is considersd permis-
sible, however.

3. The conceptual design is tc be based on a plant
capacity of 1000 MW(e).

4. Cost estimates are tc be based on existence of a
well-established MSBR power reactor industry.

The design of the MSBR plant is presented in terms of
various systems, or facilities, which are categorized as:

1. the reactor system, in which fission heat zenerated
in the fuel salt in its passage through the reactor
vessel is removed in primary heat exchangers;

[

an off-gas system for purging the fuel salt of fission
product gases and gas-borne particulates;

3. a chemical processing facility for continuously re-
moving fission products from the fuel sait, recover-
ing bred 22U, and replenishing fertile material;

4. a coolant-salt circulating system, steam generators,
and a turbine-generator plant for converting the
thermal energy into electric power;

S. general facilities and equipment, including controls
and instrumentation, maintenance tools, auxiliary

power equipment, waste disposal systems, ccidens-
ing water works, electrical switchyard, stacks, and
conventional buildings and services.

The above categories are not always separate and are
closely interdependent, but it is convenient to discuss
them separately. The reactor and its related structures
and maintenance system, the drain tank, the off-gas
system, and the chemical processing system are of
primary intcrest and are discussed in more detail in the
following sections. The steam turbine plant and the
general facilities are more or less conventional and are
discussed only to the extent necessary to complete the
overall picture as to feasibility and costs of an MSBR
station.

There are many alternatives open to the designer of
24 MSBR station. These can be resolved by detailed
optimization work, but to initiate this preliminary
study it was necessary in many areas to make early
decisions largely on the basis of considered judgment.
Some examples are: selection of the number of cnolant
loops and steam generators, use of 700°F feedwater, an
assumed useful graphite life of four years, etc. The
reference design described here, therefore, illustrates
that an MSBR power station is practical and feasible,
but it does not represent a design which has been
optimized for best performances and costs.

An effort has been made to revise and annotate the
report to indicate the status of the technology, pai icu-
larly with regard to the behavior of materials, up to the
late fall of 1970. As indicated above, however, major
features of the conceptual design were established much
earlier, generally on the basis of information available in
late 1969 and early 1970.

»



2. Overall Systems Descriptions and Features

E S,

2.1 REACTOR PRIMARY SYSTEM

The MSBR primary system consists of the reactor,
four primary heat exchangers that transfer heat from
the fuel salt to the coolant salt, and four pumps that
circulate the molten fluoride fuel-salt mixture. All of
this equipment jis contained within the reac.or cell, as
shown in Sect. 13. The fuelsalt drain tank and
afterheat-removal equipment are considered to be a
separate system and are described in Sect. 2.4.

The reactor primary system flowsheet is shown in Fig.
2.1. About 94.8 X 10° Ib/hr of fuel salt enters the
bottom of the reactor at 1050°F. Fission energy within
the graphite-moderated core raises the salt temperature
to an average value of 1300°F at the reactor exit at the
top. The salt then enters the bottom of the four
fuel-salt circulation pumps. (For simplicity, only one of
the four circuits is shown in Fig. 2.1.) These centrifugal
pumps force the salt through the tubes of the four
shell-and-tube primary heat exchangers, where the fuel
salt is cooled to about 1050°F before returning to the
bottom of the reactor.

Each of the fuel-salt circulation pumps has a bypass in
which about 10% of the total pump discharge flow is
circulated. This loop contains a gas bubble injection
section, where a sparging gas (principally helicm) is
introduced as small bubbles. The bubble generator is a
venturi-like section in the pipe capable of generating
bubble diameters in the range of 1S to 20 mil~. The
same bypass loop contains a gas separator, upstream of
the bubble generator, which removes the inert gas and
its burden of fission products with nearly 100%
stripping efficiency. Downstream vanes kill the swirl
imparted by the centrifugal gas separater. The removed
fission products consist principally of xenon, krypton,
tritium, and exceedingly small particles of noble metals.
Based on 10% bypass flow, after a bubble is introduced
it would make an average of ten passes through the
reactur before being removed by the separator.
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The removecl gases, along with a small amount of
entrained sali, are taken to a small tank, where the
off-gas is combined with that purged from the pump
bowls and from the exit arnulus at the top of the
reactor. Since the off-gas leaving this tank is intensely
radioactive, the line is cooled by a jacket in which there
is a flow of 1050°F fuel salt taken from the reactor
drain line just upstream of the freeze valve. This
relatively srnaii fiow of fuel sait, which is subsequently
return2d to the pump bowl, also assures an open line
between the drain valve and the reactor vessel.

Each fuel-salt purap bowl overiiows about 150 gpm
through the small tank. and this fluid flows withh the
off-gas to the drain tank. The overflow arrangement
simplifies liquid level control and helps cool the drain
tank hcad and wails. Sait-opeiaied jei pumps at the
bottom of the drain tank continuously return the
molten salt to the circulation systems, as described in
Sect. 2.4. The drain tank is provided with ample
afterhz=at-rernoval capacity.

The fuel-salt drain tank is connected to the bottom of
the rezctor vessel by a drain line having a freeze-plug
tvpe of “valve.” At the discretion of the plant operator,
the plug can be thawed in a few minutes to allow
gravity drain of salt from the system into the drain
tank. The ficeze plug would also thaw in the event of a
major loss of electric power or failure of the plug
cooling system. The drain system is provided primarily
.n the event a leak develops in the fuel salt circulating
foop and for safe storage of salt during maintenance
operations. Although drainage is a positive reactor
shutdown mechanism, it is not normally used as an
emergency procedure since the reactor control and
safety rods can quickly take the reactor subcritical
while fuel-s2lt circulation is continued to remove fission
product decay heat via the primary heat exchangers.

A catch basin is provided at the bottcin of the heated
reactor cell in the unlikely cvent of a major spill of fuel
salt from the system. Th basin pitches toward a drain
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Fig. 2.1. Flow diagram for MSBR reactor plant. (A) Reactor core, (B) Fuel-salt circulating pumps, (C) Primary heat exchangers,
{D) Bubble gunerators, (E) Gas separatois. (F) Off.gac combiner tank, (G) Fuel-salt drain tank and gas holdup volume, (H) Particle
traps, (I) Charcoal beds for Xe and Kr holdup, (J) Off-gas cleanup and storage system, (K) Coolan?-salt circulating pumps, (L) Steam
genenators, (M) Steam reheaters.



which would allow the sali to be collected in the
fuel-salt drain tank.

A fuel-salt storage tank is provided in addition to the
drain tank in the event the latter requires maintenance.
The hkeat-removal system for the storage tank has less
stringent requirements and consists of simple U-tubes
immersed in the salt. Water is boiled in the tubes and
the steam condensed in a closed system by air-cooled
coils located in the base of the natural-draft stack. A jet
pump in this tank is used to return the fuel salt to the
circulation system or ¢ the drain tank.

2.2 SECONDARY-SALT CIRCULATION SYSTEM

The secondary system in the MSBR consists of the 4
coolant-salt circulation pumps, 16 steam generators,
and 8 reheaters, all located in the steam generator cells,
as described in Sect. 13. Coolant-salt storage tanks are
located in cells directly beneath the sieam generator
cells.

The molten sodium fluoroborate coolant salt is
circulated at a rate of about 71.2 X 10° Ib/hr, as
indicated on flowsheet in Fig. 2.1. The coolant enters
the shell side of the primary heat exchangers at 850°F
and leaves at 1150°F. Each of the four coolant-sait

pumps circulates the coolant through four steam
generators and two stea.: reheaters, with the flow
proportioned so that outlet steam tempcratures of
1000°F are obtained from each. The coolant-salt purps
can be operated at variable speed to minimize tempera-
ture excursions during power transients, and the
steady-state temperature can be adjusted to ma‘ch
station load.

2.3 STEAM-POWER SYSTEM FOR THE
TURBINE-GENERATOR PLANT

The steam-powc: system consists of a single 1035-
MW(e) gross electrical capacity turbine-generator unit,
condensing system, condensate polishing and regener-
ative feedwater heating systems, steam-turbine-driven
main feedwater pumps, feedwater and reheat steam
preheating equipment, and associated controls, switch-
gear, station output transformers, etc. All the steam-
power system equipment, with the exception of the
feedwater and reheat steam preheating facilities, is
conventional in present-day power stations and will not
be described in detail.

A simplified steam system flowsheet is shown in Fig.
2.2, and some of the principal data are summarized in
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Fig. 2.2. Simplified MSBR steam system flowsheet.




Table S.1. About 7.15 X 10° Ib/hr of steam at 3500
psia and 1000°F is delivered to the turbine throttle. The
high-pressure turbine exhaust steam is first preheated to
650°F and then reheated to 1000°F before readmission
to the intermediate-pressure turbine. The turbine ex-
nausts at 1'%, in. Hg abs to water-cooled coadensers.
The turbine is indicated on the flowsh22t as 2 cross-
compounded unit, but a tandem-compound machine
could be used.

Eiglit stages of feedwater heating are shown, with
extraction steam taken from the high- and low-pressure
turbines and from the two turbine-driven boiler feed
pumps. The 600-psia, S52°F steam from the high-
pressure turbine exhaust is preheated to about 650°F in
a steam-to-steam U-shell, U-tube type heat exchanger,
with steam (at about 3600 psia and 1000°F) from the
steam generator outlet entering the tube side and
leaving at about 866°F. This exit steam is directly
mixed with the high-pressure 551°F feedwater leaving
the top extraction heater to raise the water temperature
to about 695°F. Motor-driven canned-rotor centrifugal
pumps then boost the water from abnaut 3500 to 3800
psia and 700°F before entering the steam generator.

A supercritical-pressure steam system was chosen for
the MSBR because the 700°F feedwater needed for the
steam generator because of the coolant-salt character-
istics can be conveniently and efficicntly attained
through mixing of the supercritical-pressure steam with
high-pressure feedwater. Also, the supercritical-pressure
system affords a thermal efficiency of 44.4%, as
compared with 41.1% for a 2400-psia cycle using a
Loeffler boiler principle to attain the 700°F feedwater
temperature. Further, the capital cost of a
supercritical-pressure system for the MSBR is judged to
be about the same as, and possibly less than, the cost of
the 2400-psia system.

2.4 FUEL-SALT DRAIN SYSTEM

The MSBR drain system consists of the drain tank,
the drain line and freeze valve. 4 pump and jet system
to return salt to the circulation loop or to the fuel
processing plant, the off-gas heat disposal system, an
afterheat disposal system, and heater equipment which
maintains the salt above its liquidus temperature. The
drain system is housed in separate cells apart from the
reactor cell.

The drain tank serves severa! functions, the chief one
being a safe storage volume for the fuel salt when it is
drained from the circulation loop. A critical mass
cannot exist in the tank because of insufficient neutron

moderation, and the afterheat-removal system has
assured reliability in that it is independent of the need
for mechanical equipment, power supply, or initiating
action by tae operating personnel. Cell heaters assure
that the tank and its contents remain above the salt
liquidus temperature of about 935°F.

The drain tank serves as a 2-hr holdup volume for the
highly radioactive fission product gases after they are
separated from the circulating fuel salt in the processing
syst2in. Also, the drain tank acts as a sump for the
overflow streams from the bowls of the salt-circulation
purnps. The small stream of fuel salt which is sent to
the fuel-processing cell for removal of fission products,
protactinium, excess bred material, and impurities is
taken from the drain tank and returned to it after
treatment and adjustment of the uranium concentra-
tion. An additional use of the drain tank is that its
storage volume, which is about SU% greater than the
fuel-salt inventory, permiis accommodation of some of
the coolant salt in the unlikely event that a heat
exchanger tube failure and pressure differential reversal
permit coolant leakage into the primary system.

The fuel-salt drain tank contains a liner to absorb
gamma heat and to form an annular flow passage at the
tank wall for about 600 gpm of overflow salt from the
pump bowls. The sait stream passes along the bottom
surface of the top head and down the sides to maintain
metal temperatures within the design limits.

A well in the bottom head of the drain tank contains
five salt-actuated jet pumps. Four of the jets are
provided with sal from the primary pump discharges to
actuate the jets and return the overflow salt to the
respective circulation systems. Siphon breaks prevent
fuel salt from ihe pump bowl from drainirg back in the
event a jet stops operating. The fifth jet pump is
activated by about 100 gpm from a separate fuel-sait
pump and is used to transfer salt to ihe fuel-processing
cell or to fill the primary-salt circulation loop.

Afterheat released in the drain tank is removed by a
natural convection system employing an intermediate
heat transport fluid. As shown in Fig. 2.3, "LiF-BeF,
coolant salt circulates through U-tubes immersed in the
fuel salt to heat exchangers located at the base of a
natural-draft stack. There are 40 separate and indepen-
dent natural-convection circuits to afford a high degree
of reliability. The heat exchangers transfer heat from
tubes containing the transport salt to water-cooled
plates which make no physical contact with the salt
tubes. The steam generated in the plates is condensed in
finned air-cooled coils in the natural-draft stack.

An alternate drain tank cooling system using NaK as
the coolant is described in Sect. 6.4
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2.5 OFF-GAS SYSTEM

The off-gases will be held in the fuel-salt drain tank
for about 2 hr, during which time a portion of the
noble metals will probably deposit on the internal
surfaces. Referring to Fig. 2.1, the gases vented from
the drain tank pass through particle traps, where
remaining particulates are removed before the gases
enter the charcoal beds for absorption and 47-hr holdup
of the xenon, permitting decay of 97% of the '35 Xe.
Most of the gas leaving the charcoal bed is compressed
for reintroduction into the salt-circulation system at the
bubble generators. A small portion of the gas leaving
the 47-hr charcoal bed enters the long-delay charcoal
bed (about 90-day xenon holdup), the outflow of
which passes through tritium and krypton traps before
entering a gas storage tank. The gas from this tank is
augmented by makeup helium if required and reintro-

duced into the circulation system as purge gas for the
circulation pumps and at other places where clean
helium is nzeded. The accumulated krypton and tritium
are stored in tanks in the waste cell facility.

2.6 FUEL-SALT PROCESSING SYSTEM
L. E. McNeese

Breeding with thermal neutrons is economically feasi-
ble with a molten-salt reactor because it is possible to
process the fluid fuel rapidly enough to keep the
neutron losses to protactinium and fission products to a
very low level. The equipment used to strip gaseous
fission products from the fuel salt was described in
Sects. 2.1 and 2.5. The concentrations of protactinium,
rare earths, and some other fission products are limited
by continuously processing a small stream of the fuel
salt in an on-site processing system, described below.



There are several basic processes which could be
incorporated in a molten-salt reactor *“kidney.” The
effective cycle times for protactinium and fission
sroduct removal assumed in the calculations of breed-
ing perfermance (Table 3.7) were based on the use of
the system described in ref. 1. Recent developments
have shown that it is possible to attain the same
breeding performance by using a somewhat different
socessing plant having equipment that should be
:onsiderably simpler to develop and operate.'’! The
newer, more attsactive concept is described here and in
Sect. 8.

The flowsheet for the continuous salt-processing
system is shown in Fig. 2.4. In essence, the process
sonsists of two parts: (1) removal of uranium and
. otactinium from salt leaving the reactor and reintro-
duction of uranium ;.o salt returning to the reactor and
'2) removal of rare-earth fission products from the salt.

A small (0.88-gpm) stream of fuel salt, taken from the
eactor drain tank, flows through a fluorinator, where

about 95% of the uranium is removed as gaseous UF,.
The salt then flows to a reductive extraction column,
where protactinium and the remaining uramum are
chemically reduced and extracted intc liquid bismuth
flowing countercurrent to the salt. The reducing agent,
lithium and thorium dissolved in bismuth, is introduced
at the top of the extraction colvmn. The bismuth
stream leaving the column contains the extracted
uranium and protactinium as well as ithium, thorium,
and fission product zirconium. The extracted materials
are removed from the bismuth stream by contacting the
stream with an HF-H, mixture in the presence of a
waste salt which is circulated through the hydrofluorin-
ator from the protactinium decay tank. The salt stream
leaving the hydrofluorinator, which contains UF, and
PzF, . passes through a fluorinator, where about 95% of
the uranium is removed. The resulting sait stream then
flows througn a tank having a volume of about 130 ft3,
where most of the protactinium is held and where most
of the protactinium decay heat is removed. Uranium
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produced in the tank by protactinium decay is removed
by circulation of the salt through a fluorinator.

Materials that do not form volatile fluorides during
fluorination will also accumulate in the decay tank;
these include fission product zirconium and corrosion
product nickel. These materials are subsequently re-
moved from the tank by periodic discard of salt at a
rate equivalent to about 0.1 ft*/day.

In summary, in the protactinium isolation system, all
the uranium that leaves the reactor, plus that produced
by decay of the protactinium, appears as UFq, whereas
the effluent salt from the extraction column carries
fission products but no uraniuin or protactinium.

The rare earths are removed from the salt stream
leaving the top »f the protactinium extractor by
contacuag it with a stream of bismuth that is practi-
cally saturated with thorium metal. This bismuth
stream, with the extracted rare earths, is contacted with
an “acceptor salt,” lithium chloride. Because the
distribution coefficient (metal/salt) is several orders of
magnitude higher for thorium than for the rare earths, a
large fraction of the rare earths transfer tc the LiCl in

this contactor, while the thorium remains with the
bismuth. Finally, the rare earths are temoved from the
recirculating LiC: by contacting it with bismuth streams
containing high concentrations of lithium (5 aad 50
mole %). These naterials, containing the rare carths, are
removed from the process.

The fully processed salt, on its way back to the
reactor, has uranium added at the rate required to
maintain or adjust the uranium concentration in the
reactor (and hence the reactivity) as desired. This is
done by contacting the salt with UF¢ and hydrogen to
producz UF, in the salt and HF gas.

2.7 AUXILIARY AND OTHER SUPPORT SYSTEMS

In addition to the principal systems previously de-
scribed, the molten-salt reactor complex requires an
emergency power system, cell heating systems, ccolant-
salt storage tanks, and a maintenance and graphite-
replacement facility. The steam-power system will
require an oil- or gas-fired boiler for preheating the
feedwater and the turbine equipment during startup.



3. Reactor Primary Sysiem

3.1 GENERAL DESCRIPTION
3.1.1 Design Objectives

The MSBR conceptual design study was concerned
with exploring and delineating design problems and
with evolving a design which would establish the
feasibility of the concept.

The basic objective was to provide the fissile concen-
tration and geometry of graphite and fuel salt to obtain
a nuclear heat release of about 2250 MW(t) at condi-
tions affording the best utilization of the nation’s fuel
resources at lowest power cost. A good indicator of the
performance of a breeder reactor is the total quantity
of uranjum ore that must be mined to fuel the industry
befcre it becomes self-sustaining. An index of good
perfornance in a growing reactor industry is GP?,
where G is the breeding gain and P is the specific power
in megawatts of thermal power per kilogram of fission-
abie material. This term, the so-called conservation
coefficient, was used in nuclear physics optimization

studies to determine the dimensions of the reactor core '

and reflector and the salt-to-graphite ratios, as discussed
in more detail in Sect. 3.3.2. (In general, the conditions
for the highest value of the fuel conservation coefficient
also corresponded with the lowest fuelcycle cost and
lowest overall cost to produce power.)

Neutron fluences and maximum graphite tempera-
tures were kept low enough to p