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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
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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 provide an estimated
core graphite life of about four years. The salt flow
through the core passages was designed for each stream
to have about the same 250°F temperature rise, with
the pressure drop due to flow being kept within the
head capabilities of a cingle-stage circulation pump.
Cooling was provided for the reactor vessel and other
metal parts to keep the temperatures within the
tolerances imposed by stress considerations. The design
aspects, that the coefficient of thermal expansion of
Hastelloy N is about three times that of the core
graphite, that the graphite experiences dimensional
changes with irradiation, and that the graphite has
considerable buoyancy in the fuel salt, were all
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accommodated in such a manner as to maintain the
core internals in a compact array without significant
changes in the fuel-to-graphite ratios and salt velocities
and to prevent vibrations. The salt will be maintained
well above its liquidus temperature of 930°F, and the
salt flow is upward through the core to promote naturai
circuiation. The reactor is capable of being drained
essentially free of salt, and afterheat following shut-
down can be safely dissipated. The reactor vessel and
the reflector graphite are expected to last the life of the
plant, but the core was designed to facilitate periodic
replacement of the entire assembly.

There are, of course, many possible arrangements for
a moltensalt breeder reactor and power station. The
concept described here represents one design that
appeared feasible; more detailed study and optimization
would probably produce a better arrangement.

3.1.2 General Description and Design Considerations
E.S. Bettis

The principal design data are summarized in Table
S.1, uiid more detailed reactor data are given in Table
3.1. The detailed nuclear physics data are listed in Table
3.7. Overall plan and elevation views of the reactor are
shown in Figs. 3.1 and 3.2. The Hastelloy N vessel
material and the moderator and reflector graphite are
described in Sects. 3.2.3 and 3.2.4.

The reactor vessel is about 22 ft in diameter and 20 ft
high and is designed for 75 psig. It has 2-in.-thick walls
and 3-in.-thick dished heads at the top and bottom. Salt
at about !050°F entcrs the central manifold at the
bottom through four 16-in.-diam nozzles and flows
through the lower plenum and upward through the
passages in the graphite to exit at the top at about
1300°F through four equaily spaced nozzles which
connect to the 20-in.<diam saltsuction lines leading to
the circulation pumps. The 6-in.-diain fuelsalt drain
line connects to the bottom of the reactor vessel inlet
manifold.

Since graphite experiences dimensional changes with
neutron irradiation, the reactor core must be designed



Table 3.1. Principal reactor design data

Reactor vessel inside diameter, ft 22.2
Vessel height at center,? ft 20
Vessel wall thickness, in. 2
Vessel head thickness, in. 3
Vessel design pressure, psig 75
Number of core clements 1412
Length of zone I portion of core elements, ft 13
Overall length of core elements (approx), ft 15
Distance across flats, zone D ft 14
Outside diameter of undermoderated region, 16.8
zone 11, ft
Overall height of zone I plus zone ll,b ft 18
Radial distance between reflector and core, 2
zone Ii,b in.
Radial thickness of reflector, in. 50
Average thickness of axial reflectors (approx), in. 22
Volume fraction salt in zcne 12 0.13
Volume fraction salt in zone II? 0.37
Core power density, KW/liter
Average 222
Peak 70.4
Core fuel-salt power density, kW/liter
Average 74
Peak 492
Core graphite power density, kW/liter
Average 23
Pcak 6.3
Core thermal neutron flux, neutrons cm™2 sec™!
Average 2.6 % 1014
Peak 8.3x 1014
Maximum graphite damaee flux (>50 keV), 3.5x 1014
neutrons cm ™2 sec ™!
Graphite temperature at maximum graphits damage 1307

flux region, °F
Estimated useful life of graphite, years 4

Total weight of graphite in reactor, Ib 669,000
Weight of removable core assembly 2 Ib 600,0C0
Maximum flow velocity in core, fps 8.5
Pressure drop due to salt flow in core, psi 18
Volume of fuel salt, ft3
Total in core (see Table 3.2) 1074
Total in primary system 1720
Fissile-fuel inventory of reactor plant and fuel 1470
processing plant, kg
Thorium inventory, kg 68,000
Breeding ratio 1.06
Yield, %/year 33
Doubling time,’ compounded continuously, years 21

%Does not include upper extension cylinder.

bSee Table 3.3 for definition.

Does not include 60,000 Ib in alternate head assembly.
Hoist load to be lifted into transport cask.

€At 80% plant factor.

for periodic replacement. The design chosen for the
reference MSBR has an average core power rensity of
22.2 W/cc, which, based on the irradiation behavior of
materials presently available, indicates a useful core
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graphite life of about four years. Ii was decided to re-
move and install the core graphite as ar: assembly rather
than by inaividual pieces, since it appeared that this
method could be performed quickly and with less likeli-
hood of escape of radioactivity. Handling the core as an
assembly also permits the replacement core to be care-
fully preassembled and tested uuder shop conditions.
(Maintenance procedures z:< described in Sect. 12.)

nen~
“wLy

The reflector graphite will normally last the 30-year
life of the plant. The radial reflector pieces are instalied
inside the vessel with no special provisions made for
replacement. The bottom axial reflector will be re-
placed each time a new core is instzlled, since this is a
more convenient design arrangsment. The top axial
reflector is attached to the removable top head, but
since two heads are provided, which will be alternated
each time the core is replaced, this graphite should last
the life of the plant without replacement.

The reactor has a central zone in which 13% of the
volume is fuel salt, an outer, undermoderated region
having 37% salt, and a reflector region containing about
1% salt. There is a 2-in.-wide annulus which is 100% salt
between the removable core and the reflector blocks to
provide clearance when removing and inserting a core
assemnbly. The volumes and weights of salt and graphite
in the various portions of the reactor are summarized in
Table 3.2. For convenience, a terminology for reactor
zones and regions was established, as shown in Table
3.3, and these designations will be used in the descrip-
tions to follow.

The central portion, zones I-A and I-B, is made up of
4-in. X 4-in. X 13-ft-long graphite elements, as indicated
in Figs. 3.1 and 2.2 and shown in more detail in Figs.
3.3, 3.4, and 3.27. The elements will be manufactured
by an extrusion process and will require only relatively
minor machining. After fabrication, the pieces may be
treated with a sealing process to increase the resistance
to gas permeation, as discussed in Sect. 3.2.3. Holes
through the centers and ridges on the sides of the
graphite elements separate the pieces, furnish flow
passages, and provide the requisite salt-to-graphite
ratios. The interstitial flow passages have hydraulic
diameters approximately equal to the central hole. A
more detailed discussion of the thermal and hydraulic
considerations in design of the elements is given in Sect.
34.

The fission energy release in the reactor is highest at
the center of the core, with the power density (in
kilowatts per liter) falling off approximately as a cosine
function of the core radius. By varying the salt velocity
from 8 fps at the center to about 2 fps near the
periphery, a uniform temperature rise of 250°F is
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obtained. The sait velocities are determined by the hole
size, by the flow passage dimensions between the
graphite elements, and by orificing at the ends of the
flow channels. An element hole size of 0.6 in. ID is used
in the most active portion of the core, and a
1.347-in.-ID hole is used in the outer portion. in the
latter case the size of the interstitial passages is reduced
to maintain the desired 13% salt volume. The 0.6-in.
hole size was selected for the inner region, zone I-A,
primarily on the basis that a smaller opening would

present significantly more difficulty in sealing the
graphite during manufacture of the elements. The ends
of the graphite elements are machined to a cylindrical
shape for about 10 in. on =ach end to provide the
undermoderated 37% salt regicn at the top and bottom
of the reactor. The top of each element is also
machined, as shown in Fig. 3.4, to provide a 3-in.-deep
outlet plenum ai the top of the core to direct the salt
flow to the four exit nozzles of the vessel. Under the
effects of buoyancy and drag forces, the 1%,-in.-OD

S e ——
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Tabie 3.2. Volumes and weights in the

MSBR core wnd reflector
Percent Salt  Graphite
<alt volume v.eight
(ft3) (Ib)
Core. zone 1 ' 14 t octagon, 13 288 221,400
13 . hgh)
Lower a..d upper axial, zone i}, 37 945 18.500
9 1n. thick, top and botiom
Upoer plenum, 3 in. thick, 85 36.2 700
top only
Lower plenum, 2% in. thick, 100 354
bottom
Radial, zone {f, 16.8 fi. 37 282 55.000
diam x 14.5 ft high
Annulus, 17.2 ft diam X 15 ft 100 132
high (2-in. g=p!
Salt inlet (lower section), 98 1)
3.5 ftdiam x 1.2 tt high.
Sait inlet 1upper section;. 50 9 900
4 ftdiam X 1.2 ft high
Lower vessel coolant 100 8.2
passage. 5 n.
Radial vessel coolant plenum 62.5 46.5 3,400
Radial vessel coolant, Y4-in. gap 100 212
Radial refleczor, 17.2 ft 1.2 269 254400
high x 22.2 ft OD
Axial reflector, bottom 3 14.7 54,800
Axial reflector, top - 14.7 54,800
Control rod entrance thimble 29
Outlet passage 42.1 5,400
Annulus between upper head 100 8.7
flange extension and
vessel, %5-in_ gap .
Total 1974 669,000

neck of each prism is pressed firmly against the top
reflector blocks. When the reactor is empty of salt the
graphite rests on the Hastelloy N support plate at the
bcttom of the vessel.

Four 6- by 6-in. graphite elements with a 4-in.-diam
hole are shown installed axially at the center line of the
reactor in Figs. 3.1 and 3.2. More rods may be re. uired,
however, as discussed in Sect. !0.2. Two or more of the
holes receive relatively simple graphite control rods
which, on insertion, increase the reactivity by displacing
some of the tuel salt. Since these rods have a pro-
nounced tendency to fioat in the salt, they are
self-ejecting with respect to decreasing the reactivity,
even if the graphi.ie suould fracture. The other two
holes are for neutros. absorbing rods used only for
reactor shutdown. Tnese 6- by 6-in. elements are
retained at the bottom by fitting them into a Hastelloy
N enclosure in tue bottom of the bottom-head salt-
distribution assembly. Since the elements are restrained
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in position, they serve as a base around whick the core
elements can be stacked when the core is assembied. A
jig is used to hold the elements untii the entire core 1s
assembled and the restr2ining rings are in piace.

The undermoderated zone with 37% salt, or radial
“blanket,” surrounding the more active portion serves
to reduce neutron leakage frcin the core. This zone is
made up of two kinds of elements: 4-in. X 4-in. X |3-
ft-long elements like those in the core except fora larger
hole size (2.581 in. ID, (Fig. 3.5), and 2-in.-thick X
13-ft-long slats arranged radially around the core. as
shown in Fig. 3.1. The slats average about 10.5 in. in
width, the dimension varying to transform the generally
octagonal cross-sectional shape of the core element
array into a circular one. The slats also provide stiffness
to hold the inner core elements in a compact array as
dimensional changes occur in the graphite. Dowel pins
separate the slats to provide flow passages, and vertical
elliptical graphite sealing pins at the outer periphery of
the array isolate, to a large extent, the salt flowing
through the core from that flowing through the
reflector region. The slabs are separated from each
other by graphite buttons located at approximately
18-in. intervals along the length. Each slab has a groove
running axially about 1% in. frcm the outside edge to
accommodate the long elliptical-shaped graphite dowels
which are inserted between adjacen: slabs to isolate the
slab salt flow from the flow in the previously men-
tioned 2-in. annulus. There are similar elliptical-shaped
dowels running axially between the prisms of the outer
row of the core to perform the same function, in that
they isolate the flow in zone I from that in zone II.

There are eight graphite slabs with a width of 6 in. ia
zone 11, one of which is illustrated in Fig. 3.3. The holes
running through the centers are for the core lifting rods
used during the core replacement operations mentioned
above. These holes also allow a portion of the fuel salt
at essentially the reactor inlet temperature of 1050°F
to flow to the top of the vessel for cooling the top head
and axial reflector.

Figure 3.3 also shows the previously mentioned
2-in.-wide annuiar space between the removable core
graphite in zone II-B and the permanently mounted
reflector grapiuie. This annulus, which is 100% fuel salt,
provides clearances for moving the core assembly, helps
absorb the out-of-roundness dimensions of the reactor
vessel, and serves to reduce the damage flux arriving at
the surface of the graphite reflector blocks.

Since the reflector graphite is in a position of lower
neutron flux, it does not have to be seaied to reduce
xenon penetration. Also, because of the lower neutron
dose level, it does not have to be designed for
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Table 3.3 I'erminology used to designate regions and zones of reactor

Term used

Region or zone?

Core

Zone 12 (zone 1-A, zone I-B, etc.)
Zone lI€ (zone II-A, zone II-k, etc.)

Annulus
Lower plenum
Upper plenum
Radial reflector

Upper axial reflector
Lower axial reflector
Radial vesse] coolant passage
Upper vessel coclant passage

Lower vessel coolant passage
Inlet

Outlet passage

This includes the 12, 37, 85, and 100% salt
regions cut to the inner face of the
reflecter but does nor include the reflector

~13% salt region of core
~37% salt region of core

~100% salt annular region of core between
zone I1 and radial reflector

~100% salt region of core betwa2n zone !
and lower axial reflector

~85% salt region of core between zone [1
and upper axial reflector

Graphite region surrounding core in radizl
direction

Graphite region above core

Graphite region below core

Gap between radial reflector and vessel wall

Gap between upper axial reflector and
upper vessel head

Gap between lower axial reflector and
lower vessel head

Salt inlet passage in jower vessel head and
fower axial reflector

Sait outlet passage in upper axial reflector

9See Figs. 3.1, 3.3, and 3.26.

I-A, I-B, etc., are used to designate different eleniz.it shapes in a zone.
“The terms “radial zone I1,” “upper axial zone I1,” azd “lower axial z~..e II” should

be used as necessary.

replacement during the reactor lifetime. The reflector is
comprised of molded graphite blocks which require
only minor machining operations to fabricate. The
radial reflecter graphite is made up of slightly wedge-
shaped blocks to provide a reflectcr about 2%, ft thick.
The blocks are about 10 in. wide at the vessel wall,
about 9 in. wide at the inner end, and about 43 in. high
and are assembled in four layers. Hastelloy N axial ribs,
indicated in Fig. 3.3, provide a %-in standoff space
from the vessel wall and also align the reflector blocks
together in the vertical direction. Fuel salt from the
reactor inlet plenum flows upward through this vertical
space to cool the vessel wall and the outer portion of
the reflector graphite.

In addition to the axial flcw of salt for cooling the
radial reflector graphite, an inward flow of fuel salt is
maintained by 1-in.-OD graphite pins, or dowels, which
are inserted in the reflector pieces to hold them apart.
The salt flow passages are about 0.05 in. wide in the
cold condition and widen to about 0.1 in. at operating
temperature. Slotted Hastelloy N orifice plates are set

into the reflector graphite at the outer wall to distribute
the radial flow of salt between the top and bottom
passages to provide more uniform cooling in the
reflector. About 1% of the reflector volume is fuel salt.
All the radial flow channels siope downward toward the
vessel wall to allow the salt to drain when the system is
emptied.

Since graphite has gbrut one-third the thermal coef-
ficient of expansion of Hasteilny N, the clearances
beiween blocks will tend to increase as the system is
heated to operating temperature. Even distribution of
these clearances is maintained by restraining lateral
shifting of the graphite. Each reflector block in the
bottom layer of graphite has a shallow radial gronve
milled for about 18 in. in the bottom certer. These
grooves fit over radia: webs welded to the bed plate on
which the reflector blocks are stacked. The webs
maintain each block at a given pasition relative to the
metal bed plate as the plate expands. The upper layers
of radiai reflector blocks are forced to maintain registry
with the bottom keyed biock by the previously
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Fig. 3.3. Detailed pian view of graphite reflector and moderator elements.

mentioned Hastelloy N axial ribs, which also provide
the cooling gap between the blocks and the vessel wall.
The radial reflector blocks are pushed outward against
the spacer ribs as the vessel expands by Hastelloy N
hoops inserted in circumferential slots at each layer of
blocks in the reflector as indicated in Fig. 3.2. The rings
or hoops expand at the same rate as the vessel and keep
the reflector blocks pushed outward to follow the vessel
wall.

Since the radial blocks on the top layer are wedge
shaped and there is not room to lower the last block
into place from abcve, two of the topJayer blocks are
spit wedges which form a rectangular space into which
2 block can be moved laterally to complete the
assembly. After all reflector pieces have been put in
place, a segmented metal retainer piate is put on top of
the top layer and bolted to gussets which are attached
to the overhanging vessel wall. This retainer plate
prevents the reflector from floating when the reactor is
filled with sait.

The axial reflectors at top and bottom are made up of
wedge-shaped pieces of graphite, the inner end being
about 2 in, wide and the end at the outer circumference
being about 16 in. wide. In addition, because of the
dished heads on the vessel, the wedge-shaped pieces are
about 30 in. tuick at the center and about 15 in. thick at
the outer edge. The top head of the vessel (and its
alternate) contains a permanently installed axial reflec-
tor assembly supported in the manner indicated in Fig.
3.2. The lower axial reflector graphite is renewed with
each core, since it forms the base upon which a new
core is assembled. A support structure around the
bottom inlet supports the bottom graphite, and the
axial reflector assembly is prevented from floating in
the fuel salt by the weight of the 3-in.thick Hastelloy N
inner head (core support plate) to which it is attached.

A flow of fuel salt is provided for cooling the axial
reflectors in much the same manner as for the radial
reflector graphite. Salt for the lower reflector taken
from the reactor inlet flow is used to cool both the
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lower head of the vessel, the inner head (core support
plate), and the axial reflector graphite. The inner head
is provided with standoffs to permit salt to flow
between it and the bottom head of the vessel. Holes
through the inner head allow some salt to flow upward
through passages between the bottom axial reflector
pieces. The lower passage between the bottom heads
also supplies the sait which flows upward at the wall to
cool the vessel and the radial reflector graphite. Fuel
salt for cooling the top head and upper axial reflector
flows upward through the control rod region at the
center of the core and through the core lifting rod holes
in zone II, as shown in Fig. 3.1 and described below.
This salt is initially at near the inlet salt temperature of
about 1050°F, and, after absorbing the heat in the
upper head and graphite, it leaves the reactor with the

exit salt flow.

The top head of the reactor vessel is flanged to
facilitate access to the core. The flange is located several
feet above the top dished head for better accessibility
and 1 lower radiation and temperature environment.
For the core removal and replacement operations, the
core is temporarily attached to the top head and axial
reflector and the entire assembly moved as a unit. To
accomplish this, eight seal-welded flanged openings in
the top head of the reactor vessel give access to vertical
holes in the graphite core structure for insertion of
2% -in.diam molyuuenum lifting rods which attach by
a ball latch to the forged support ring at the bottom of
the reactor core, as shown in Figs. 3.6 and 3.7.
Molybdenur: was selected for the rod material because
of its strength at eicvated temperatures, it being
anticipated that the core temperature would increase
above its average 1100°F operating temperature during
the transfer operation. The ball !atch mechanism is
activated from above by a push rod running inside the
length of the lifting rods. An enlarged section at the top
of each rod engages the top head to clamp the core and
head together. The rods are used to lift the entire core
assembly into the transport cask, in which it is then
moved to the storage cell for eventual core disassembly
and discard into the waste c2ll. The core assembly is
about 16 ft in diameter and weighs at out 240 tons.

The rexctor vessel is supported from the top by an
extension of the outer wall which carries a large flange
at the top (see Figs. 3.2 and 12.2) that rests on the
reinforced concrete roof structure. This cylindrical
piece extends about 15 ft above the top of the reactor
vessel and has walls 2 in. thick. The top head of the
reactor vessel also carries a cylindrical extension with a
flange at the top to mate with the vessel flange. The
flanged joint is thus located outside the high-
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Fig. 3.6. Corelifting rod access holes.

temperature region of the reactor cell, is elevated above
the maximum salt level, and is not subjected to high
temperature gradients or strong irradiation levels. Dou-
ble metal gaskets with a leak detection system are used
in the joint. The flanges are held together by clamps,
with the bolting readily accessible from the operating
floor level. It may be noted tnat with this arrangement
the weight of the roof plugs augments the bolting in
clamping the flanges together.
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As rreviously mentioned, a second reactor vessel top
head and its cylindrical extension piece will be required
in order to assembie a new reactor core prior to the
core replacement. After each use and a suitable decay
time, the top head will be reclaimed for the next core
replacement operation. The new core will be assembled
under shop conditions in a “clean room” located
outside the MSBR containment. The core will be

erected on a new Hasielloy N support plate which has
been provided with new graphite lower axial reflector
blocks. When all the elements are in place in the
octagonal array, a segmented graphite band is installed
around the top head ano bc.to.n to hold them in place,
as indicated in Fig. 3.2. After assembly of the core is
complete, it is moved through the gas lock into the
containment. The reacioi :Hp head and top axial
reflector assembly, which has been cleaned and in-
spectec ufter previous use, is now attached to the new
core with the previously mentioned tie rods. After the
spen: -eactor core is removed ‘rom the vessel, as
de<-:zd above, the replacemen: assembly can be
lov - 2d inte :lace, the tie rods :emoved, and the rod
access peit and tor nead flanges sealed. Maintenance
operations are Ges . 1n more detail in Sect. 13.

3.2 SPECIAL MATERIALS

The fuel and coolant salts, the reactor graphite, and
the modified Hastelloy N aie special MSBR materials
which have been studied and developed at ORNL in a
program that started over 15 years ago. The background
information and dccumentation supporting this area of
the MSBR design study are far too extensive to be
reviewed here. In general, each of the materials has been
investigated sufficiently to give confidence that their
use, within the limits prescribed, is feasible and prac-
tical in the MSBR. Selected physical properties of the
four materials are listed in Table S.1, and some general
characteristics, as specifically related to the MSBR
design study, are briefly discussed below.

3.2.1 Fuel Salt

The fuel salt selected for use in the MSBR is
7LiF-BeF,-ThF4-UF, (71.7-16-120.3 mole %). The
lithium is enriched to 99.995% ’Li. In brief, the fuel
salt melts at about 930°F and has a low vapor pressure
at opcrating temperatures. It has low thermal-neutron
captute cross sections and is stable throughout the
proposed range of application.'® With a viscosity about
twice that of kerosene, a volumetric heat capacity
about the same as that of water, and a thermal
conductivity more than twice that of water, it has
adequate heat transfer characteristics® and a reasonable
pressure drop due to flow.!? It is compatible with the
materials in the system.!3

In selecting a fuel salt for the MSBR 1t was recognized
that the fuel salt must consist of elemunts having low
capture cross sections for neutrons typical of the
chosen energy spectrum. The fue! must dissolve more
than the critical concentrations of fissionable material



(335U, 233U, or 23%Pu®) and high concentrations of
fertile material (?2Th) at temperatures well below
10S0°F. The mixture must be thermally stable, aud its
vapor pressure needs to be low in the operating
temperature range of 1050 to 1300°F. It must possess
heat transfer and hydrodynamic properties adequate for
service as a heat-exchange fluid. It must be nonaggres-
sive toward the materials of construction, notably the
Hastelloy N and the graphite. The fuel salt must be
stable toward reactor irradiation, must be able to
survive fissioning of the uranium or plutonium, and
must tolerate fission product accumulation without
serious deterioration of its useful properties. It must be

*Plutonium, as 23%PuF3, could be used instead of 233U or
235 for the initial fissile loading, and there may be economic
advantages to doing so for the nuclear startup and shakedown
runs on an MSBR station. (The molten-salt reactor couid not
breed on the 238U-239py cycle, however, because of pluto-
nium’s low value of n for thermal neutrons.)

LiF-The;
3LiF-ThE, s
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capable of being processed for turnaround of unburned
fissile material, effective recovery of bred fissile ma-
terial, and removal of fission product poisons, all with
sufficient economy to assure a low fuelcycle cost.

As discussed by Grimes,' ® fluorides are the only salts
with acceptable absorption cross sections and the
requisite stability and melting temperatures. Both ura-
nium tetrafluoride (UF;) and thorium tetrafluoride
(ThF,) are sufficiently stable, and, fortunately, their
relatively high melting temperatures are markedly de-
pressed by use of diluent fluorides. The preferred
diluents are BeF, and "LiF. The phase behavior of
systems based on these diluenis iias been examined in
detail,'* and the system LiF-BeF,-ThF, is shown in
fig. 3.8.

Successful operation of the MSRE lent confidence
that oxide contamination of the fuel system can E
kept to adequately low levels and that ZrF4 (5 mole %),
used as a constituent of the fuel in the axperimental
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Fig. 3.8. The system LiF-BeF,-ThF,.



reactor to preclude inadvertent precipitation of UQO,,
would not be needed in the MSBR.

The single-fluid MSBR requires a concentration of
ThF4 near 12 mole %, and criticality studies indicate
that the 233UF, concentration should be about <0.3
mole %. The ratio of LiF to BeF, should be high to
keep the viscosity low. To maintain the liquidus
temperature below about 932°F (for a melt with 12%
ThF,), the BeF, concentraticn must be in the range of
16 to 25%. Tlie mo-t like'y choice for the MSBR fuel
salt composition was thus ?LiF-BeF,-ThF,-UF,
(71.7-16-1240.3 mole %). This salt is undamaged by
radiation and is completely stable at operating condi-
tions.

As indicated in Table D.2 of Appendix D, the
estimated cost of the primary salt for the MSBR
referance design is about $13 per pound for the
TLiF-BeF, carrier salt; about $9 per pound for the
7LiF-BeF,-ThF, barren salt, and about $57 per pound
for the enriched fuel salt, based on a fissile material cost
of $13 per gram. The total cost of the primary salt
inventory in the MSBR reactor and chemical treatment
plant systems is thus about $23 million.

3.2.2 Coolant Salt

The MSBR uses a circulating secondary fluid to
transport heat from the fuel salt to the steam generators
and reheaters. This coolant must be stabie at all
temperatures up to 1300°F, must not be damaged by
radiation (including the delayed-neutron emissions in
the primary heat exchangers), must be compatible with
other materials, must have acceptable heat transfer and
hydraulic properties, and, because of the relatively large
volume required, must be reasonable in cost. The
coolant selected for the reference design is a eutectic
sodium fluoroborate salt having the composition
NaBF,-NaF (92-8 mole %). Pertinent physical prop-
erties are listed in Table S.1.

The NaBF,-NaF system is shown in Fig. 3.9. The
eutectic has a vapor pressure at 1150°F of about 252
mm Hg and could operate with a dilute mixture of BF,
in helium as the cover gas. It has a meltirg temperature
of about 725°F and has a viscosity, volumetric heat
capacity, and thermal conductivity properties close to
those of water. The salt mixture is stable in the system
environment. If the sodium fluoroborate is free of
contaminants and water, test loop experience indicates
that the corrosion rate of Hastelloy N at the reactor
system conditions will probably be less than 0.2
mil/year. Commercial grades may have acceptable
pucity and would have a modest cost of less than 50
cents/lb.
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The choice of sodium fluoroborate was based on a
survey of possible moltensalt reactor coolants by
McDuffie et. al.'® Consideration of a number of
cooianis has been previously reported'*?'* and sum-
marized by Grimes.!® The remaining uncertainties and
problems in the use of sodium fluoroborate are de-
scribed in Chap. 16, along with a discussion of
alternative coolants and the effect their use would have
on the MSBR design.

3.2.3 Reactor Graphite
W.P.Eatherly C.R.Xennedy

3.2.3.1 Introduction. Graphite is the principal ma-
terial other than salt in the core of a moltensalt
reactor. As such, its behavior under radiation damage is
of considerable significancz. Prior to 1966, data on
graphite behavior at elevated temperatures and high
fluences were scattered, and there was good reason to
believe the effects of radiation damage in graphite were
self-dimiting and would saturate at exposures of the
order 2 X 10?2 neutrons/cm? at 700°C.

During 19661967, British data,'® quickly con-
firmed in this country,! ? demonstrated that the dimen-
sional changes induced by radiation did not saturate but
eventually resulted in gross expansion of the graphite
accompanied with structural deterioration. Under the
fluences and temperatures existing within proposed
high-performance molten-salt reactors, this meant that
the graphite in the core would not last the life of the
reactor and would have to be replaced at rather
frequent intervals.



In view of this situation, two studies were imme-
diately initiated: (1) to ascertain thc effect of the
graphite on reactor performance'® and (2) to estimate
the probability of improving existing graphites.'® The
general results of these studies were as foilows:

1. The behavior of existing graphites can be tolerated
from the standpoint of both design and economics.

. The cost and design penalties arc significant enough
to justify search for an improved material.

. There is a reasonable probabilit: that better graph-
ites can be develeped.

Subsequent events have justifie.: it ese conclusions.

3.2.3.2 Structural and dimensional stability. There
are two overriding requirements on the graphite,
namely, that both molten salt and xenon be excluded
from the open pore volume. Any significant penetration
of the graphite by the fuel-bearing salt would generate a
local hot spot, leading to enhanced radiation damage to
the graphite and perhaps local boiling of the salt. It
would obviously also lead to uncertainties in the reactor
fuel inventory and dynamic reactor behavior. Since the
salt is nonwetting to the graphite, this requires only
that the graphite be free of gross structural dufects and
that the pore structure be largely confined to diameters
less than 1u. Both requirements can be met by
currently available commercial graphites.

Xenon-135 is a serious poison to the reactor and
could cost several percent in breeding ratio if not
stripped from the salt or excluded from the graphite.
Calculations? indicate that with graphite having a gas
permeability of the order of 10™® cm?/sec STP helium,
a reasonably effective gas stripping system can reduce
the poisoning to a negligible level. The best com-
mercially available graphitcs have gas permeabilities in
the 1073 to 10™* cm?/sec range,-although experimental
materials have achieved levels of 105 to 107 cm?/sec.
These values seem to be the achievable limit relative to
closure of pores by repeated carbonaceous impregna-
tion and graphitization of bulk graphite.

It is obvious that the structural deterioration of
graphite under radiation damage will lead to eventual
loss of impermeability and hence to a definable lifetime
of graphite in the core. In addition, the dimensional
changes will lead to changes in the core configuration
and behavior. Data available by 1968 on graphite
behavior were analyzed, and a set of curves was
established representing the expected behavior of the
graphite obtainable at that time. The resultant curves?®
for isotropic graphite are shown in Fig. 3.10.* From
these curves and the presumcd temperature distribu-
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Fig. 3.10. Dimensional behavin of graphite as a function of
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tions in the core, the changes in core configuration have
been calculated.2%-2! It is concluded that changes in
reactor performance due to strictly geometrical changes
are not significant.'®

For lack of a better definition, it has been assumed
that permeability will improve or remain unaffected
during the period of time the graphite is in a contracted
phase, and hence the point at which the graphite
retumns to its original density defines its useful life. This
leads to the conclusion?® that the graphite can absorb a
fluence of 3 X 1022 neutrons/cm? (E > 50 keV) before
deteriorating significantly or, equivalently, that it will
have to be replaced in the core about every four years
in the nresent design. The associated operating cost
penalty for replacing graphite is estimated to be
between 0.1 and 0.2 mill/kWhr.

*Subsequent data indicate that the temperature effects may
be less than those shown in Fig. 3.10. Graphite now under
Jdevelopment may also have better dimensional stability.



Recent results obtained from irradiations in the High
Flux Isotope Reactor (HFIR) at ORNL indicate that
the definition of lifetime based on return to original
density is indeed conservative for almost all graphites
examined. The observed changes in microstructure
represent an increased generation of extremely small
pores at the expense of reduction in the size of the
larger peres during the contraction phase. The excep-
tions are graphite containing a high portion of low-
density phases, a type of material which can be avoided
for MSBR applications.

Other than the commcn commercial technique of
repeated liquid impregnation of graphite, several other
alternatives exist: (1) metallic or carbide coating, (2)
pyrolytic carbon coating, (3) gaseous impregnation and
decomposition (pyrolytic impregnation), and (4) liquid
or solid salt impregnation. The use of metal-containing
coatings has been investigated, and successful coatings
were demonstrated. The useful metals and coating
thicknesses required lead tc a significant loss of
neutrons, however, and this approach has been aband-
oned, at least temporarily. Of the pyrolytic techniges,
the impregnation approach was initially preferred over
coating because of the less fragile nature of the
impregnated surface. An apparatus has been designed*?
which permits gaseous impregnation of graphite accom-
panied by pyrolytic decomposition. This leads to filling
of the pores near the surface with pyrolytic carbon and
graphite, and permeabilities of 107'° cm?/sec have
been easily achieved. Various samples of sach impreg-
nated materials have been irradiated, however, and they
have withstcod fluences only to about 1.5 X 10?2
neutrons/cm? (£ > 50 keV).2! Such results are to be
anticipated, because both the base graphite and pyro-
lvtic material undergo dimensional changes under irra-
diation. A variety of behavior of pyrolytic materials can
be obtained by altering the hydrocarbon gas used as the
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source of carbon, the temperature of decomposition,
and partial pressures of hydrocarbon and other inest or
catalytic gases. Considerable work may be required to
define a process for a given base graphite, and such a
process may be unique to each base stock. The program
is activeiy proceeding and looks both technically
feasible and economically attractive.

Pyrolytic coating, on the other hand, is a much more
uaciable process and requires less process control.
Coatings only 3 to 5 mils thick readily yield perme-
abilities in the range 1078 to 1072 c¢m? /sec. These have
survivee ations to 2 X10%2% neutrons/cm?® with
negligible . ... in permeability and hence look very
attractive. However, the samples must be protected
against chipping due to external mechanical stressing. It
is probable that a combination of impregnation and
coating will turn out to be the preferred technique.
Pending more results on these experiments, work has
been curtailed on studying the feasibility of liquid or
solid salt impregnation.

3.2.3.3 Thermal and mechanical properties. The ther-
mal conductivity of the graphite becomes important
only as it affects the internal temperature of the
materia! due to gamma and neutron heaiing. For the
reference design of the MSBR, this heai is quite
significant, up to 8.3 W/cm® . The temperature gradients
thus developed lead not only to thermal stresses but
also to radiation-induced stresses generated by the
temperature depvidence of the damare. Values of the
relevant properties of a fine-grained isotropic graphite
have been estimated from properties of various grades
of graphite given in the literature. The estimates are
given in Table 3.4. Although some of these values, such
as the thermal conductivity, will change during irradia-
tion, the changes will probably not seriously affect the
calculated stresses.

Table 3.4. Estimated design graphite properties of base graphite for an MSBR?

Thermal conductivity,” W cm™! ()™
Thermal expansion, CC) !

Young’s modulus, psi

Ultimate tensile strength, psi

Poisson’s ratio

Creep constant, psi~! neutron™' cm?
Anisotropy

Density, g/cm?®

Permeability, cm3(STP He)/sec
Accessible void volume, %

37.63(T)™°-7, where T=°K

5.52

X 10°8+1.0x 107°T

1.9 x 108
5000

0.27
(5.3

~145% 1072T+14x 107572) x 10727

<0.05%
~1.9
<1x 1072

<10

.\ temperatures expressed as degrees cenuigrade, except as noted.
N Unirradiated; rqdiation may decrease condu.tivity.



Constitutive equations for the graphite prisms have
been set up and solved?®+2! to obtain the thermal and
radiation-induced stresses. The equations include the elas-
tic response as well as primary and secondary creep,?*
the important contribution being that of secondary
creep. Despite the fact that the radiation-induced
strains far exceed the maximum tensile strain of
graphite at failure, the relaxation due to creep largely
keeps pace with these strains and reduces the induced
stresses to relatively low levels A curve of stress vs time
for MEBR graphite is shown in Fig. 3.11. The initial
thermal stresses anneal out in a few weeks’ time, and
there is a gradual buildup of the radiation-induced
stresses. In no case do the stresses exceed 600 psi,
which is quite acceptable in view of the anticipated
5000-psi ultimate tensile strength.

It is concluded, therefore, that the induced stresses in
the graphite do not constrain the reference MSBR
de-sgn o, performance.

3.2.3.4 Imp.oved graphites. Before considering the
orobabilii; of improvement of the graphite, it is
tdvantageons to review briefly the mechanism of
damagc. Gun the average, each fission neutron will
produce 500 to 1000 interstitial-vacancy pairs in the

CRANL— DWG 69—5538A

400

%

8

8

SURFACE STRESS o OR ¢ (psi)

/

V

0 { 2 3
TIME AT 80% PLANT FACTOR (yr)

Fig. 3.11. Maximum stress produced in MSBR reactor core
graplite as a fun-don of time.
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graphite. At the temperatures under consideration
in the MSBR, the interstitials are highly mobile,
and the vacancies are slightly mobile. Although some
direct recombination of vacancies and interstitials
does occur, enough survive to generate both iuter-
stitial and vacancy aggregates. The vacancy aggre-
gates collap.. to lead to a shrinkage of the crystallites in
the g-axis direction, whereas the inverstitiai aggregates
grow into new planes leading to crystallite growth in
the c-axis direction. Rather fortuitously, the net growth
leads to virtually no change in crystallite vclume,
although the shape cnange is marked.

There is general agreement on the above qualitative
explanation. but detailed attempts to quantify the
model have not led to sctisfactory results. The British
work?* demonstrated {2t low temperatures) a relation-
ship between radiation damage and thermal expansion.
Later work a: General Atomic?® on vyrolytics bas
demonstrated an effect of crystallite size and density.
More recent work at ORNL has shown evern more
complex eifects, presumably due to intracrystallite
plastic deformation and micropore structure. 't is
apparent that existing models of radiation damage are
still incomplete and do not imply that the behavior of
existing graphite represents an ultimaie beiavior of the
graphite in general.

Subsequent to the analysis of dimensional behavior of
materials represented by Fig. 3.10, type AXQ graphite*
has been studied in the HFIR at ORNL." This graphite
demonstrates some improvement in behavior, as shown
in Fig. 3.12, and satisfies many of the desired require-
ments, but it is a molded material and cannot be
fabricated to the required shapes. At present, both
ORNL and the vendor are studying methods to form
the material.

3.2.3.5 Conclusions. Or the basis of the survey of the
capabilities of the graphite industry, coupled with
current programs on radiation damage and fabrication,
the following conclusions have been made.

1. Current state-of-the-art materials are adequate to
produce base graphites meeting the technical require-
ments for an MSBR. These graphites will have a core
lifetime at the reference MSER flux levels of the c-der
of four years, which introduces a cost penalty of 0.1 to
0.2 mill/kWhr.

2. Early studies of gaseous impregnation have demon-
strated the capability of meeting the permeability of
<107® ccfsec thai would be desirable to help minimize
the '35Xe ncutron absorpiion. It remains to be

*Supplied by Poco Graphite, Inc., a subsidiary of Union Oil
Company of Caiifornia, Decatur, Tex.
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demonstrated that such impregnated materials will
satisfactorily wit*s.and radiation damage.

3. Geometrica’ :estrictions introduced by require-
menis of fabricability do not restrict reactor per-
formance.

4. Sufficient 1ata now exist to imply that improved
graphites for MSBR usage can be developed. However,
these improvements wiil most probably be incremental
relative to the best grapizites tested to date.

32.4 Hastelloy N
H. E. McCoy

In this reference design of the MSBR, the material
that is specified for nearly all of the metal surface.
contacting the fuel and ccolant salts is an alloy which is
a slight modification of the present commercial Hastel-
loy N. (The only exceptions are parts of the chemical
processing sy:-tem, which are made of molybdenum,
anc :he infrequently used fuel storage tank, which is of
stainless steel.) As described below, the modified
Hastelloy N anticipated in the MSBR design is currently
in zn advanced stage of development. It is very similar
in composition and most physical properti < to stan-
gard Hastelloy N, which nas been fully developed and
approved for ASME Cr le construction and was used

successfully in tnhe MSRE. The modified alloy is
superior to standard Hastelloy N, however. in thar i
suffers much less loss of ductility under neutron
irradiation. The design of the MSBR reactor vessel
counts on this improvement, 2nd throughout the
description of tne design in this report “Hastelloy N”
means the modified alloy unless otherwise stated. The
consequences of failure to ¢ :nmercially produce an
approved alloy with the desired propenies are discussed
in Sect. 16.2.3.

3.2.4.1 Primary system. The metal in the reactor
vessel and in the primary piping will be exposed to
moltex fuel salt at temperatures up to 1300°F on one
side and to the cell atmosphere (95% N,-5% 0,) at
1000°F on the other. The anticipated service life is 30
years, during which time the most highly irradiated
portions of the reactor vsssel will be exposed to a
fast-neutron (£ > 0.1 MeV) fluence of less than 1 X
10?' neutrons/cm? and 2 thermal-ncutron fluence of
about 5 X 10?2 neutrons/cm?.

Hastelloy N is an alloy developed specifically for use
in molten fluoride systems,2® with the composition
shown in Table 3.5. Among the major constituents,
chromium is the least resistant to attack by the
‘luorides. The chromium content of Hastelloy N is low
enough for the alloy to have excellent corrosion
resistance toward the salts. (The leaching of chromium
is limited by the rate at which it can diffuse to the
surface.) The chromium is high enough, on the othe:

Table 3.5. Chemical compositicn of modified Hastelloy N

C. ncentration (wt %)%

Element
Standard ailoy Modified alloy

Nickel Balance Balance
Molybdenum 15.0-18.0 11.0-13.0
Chromium 6.0-8.0 6.0-8.0
Iron 5.0 50
Carbon 0.04-0.08 0.04-0.08
Mangaaese 1.0 0.2
Sibcon 1.0 0.1
Tungsten 0.5 0.1
Aluminum 0.1
Titantum 0.5 2.0
Copper 0.35 0.1
Cobalt 0.20 0.2
Phosphorus 0.015 0.015
Sulifur 0.020 0.615
Boron 0.01¢6 0.0010
Others, total 0.50
Hafnium 1.0
Niobium 2.0

ISingle values are maximum concentrations.



hand, to impart good oxidation resistance toward the
cell acmosphere. Tte molybdenum content was ad-
jus.ed to give good strength without an embrittling
second-phase formation. The resulting alloy has very
good physical and mechanical properties.?”"2°

Standard Hastelloy N was approved by the ASME
Boiler and Uafired Pressure Vessel L ode Committee
under Case 1315-3 (ref. 30) ana Case 1345-1 (ref. 31)
for ruclear vessel construction and was the primary
structural material in the MSRE. In the fuei system of
this reactor, Hastelloy N was exposed tc salt at about
1200°F for 22,000 hr. Corrosion was very moderate,
with chromuum leaching equivalent to complete re-
moval from a layer only 0.2 mil deep (Surveillance
speciraens showed a chremium gradient to a depth of 2
mils.) Oxidation on surfaces exposed to the cell
atmosphere amounted to only 2 mils. However, surveil-
lance specimens exposed just ouside the reactor vessel
and at the center of the core showed marked reduction
in fracture strain and stress-rupture life due to aeutron
irradiation 32734

In the MSBR reference design the metal in the vessel
walls is protected by a thick graphite reflector and sees
a fast-neutron fluence only on the order of 1 X 102’
neutrons/cm? (actually less than was received by core
specimens in the MSRE). This fast-neutron fluence is
too low to produce the sweliing or void formation that
is associated with the metal used for cladding the fuel in
fast reactors.>® The major concern in developing an
improved alloy for use in the MSBR was therefore not
fast-neutron damage but the production of helium in
the metal, primarily due to the thermal-neutron trans-
mutation of '°B to *He and "Li. Boron is an impurity
of Hastelloy N that comes from the refractories used in
melting the alloy. Careful commercial practice mokes it
possible to produce aiicys containing 1 to S ppm boron
(18.2% of natural boron is '°B). Irradiation tests,
however, show that the amount of helium (and thus
boron) required to cause embrittlement is so low that
even alloys containing 0.1 ppm of boron are badly
damag~d in this respect.3® The strong influence of such
a small quantity of boron is due to the segregation of
boron at the grain boundaries, where helium production
can have a profound effect o:. the fract:..e behavior. It
was thus concluded that the problem of irradiation-
induced embrittlement could not be solved by reducing
the boron level.

The embrittlement problem was approached by
adding alloying metals, such as titanium, niobiwn,
zirconium, and hafnium, so as to form borides that
would be dispersed as precinitates and not particularly
segregated at the grain boundaries. This approach

proved successful. with a fine dispersion of MC-+ype
carbides giving the most desirable properties.®” The
postirradiation fracture strains of several promising
alloys are shown in Fig. 3.13. (Although the fluence
received by these specimens is low compared with that
expected in the MSBR, cver one-half of the boron will
have been transmuied at the 5 X 10*°.neutron/cm?
fluence level, and there is relatively little change in
ductility Ecyond this point.)

To obtain the desired structure and welding prop-
erties of the modified alloy, close control is required of
the concentrations of titarium, niobium, and kafnium.
Successful highly restrained test welds have been made
in ", -in.-thick plate using alloys containing 1.2% tita-
nium, 0.5% hafnium, combined 0.75% hafnium and
0.75% titanium, and combined 0.5% titanium and 2%
niobium. (Zirconium induced severe weld metal crack-
ing and is no longer considered as a constituent.) The
composition of the Hastelloy N for the MSBR has not
been optimized, but the anticipated values are given in
Table 3.5.
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The ccrrosion resistance of the modified material has
been tested, and specimens have been expesed in the
MSRE core. The melts used to date have <0.1% iron and
have even jower corrosion rates than observed for the
standard alloy with 4 to 5% iron. Iron does not serve a
critical role in the alloy and could be removed to give a
lower corrosic . rate in sodium fluoroborate should this
prove to be necessary. The presence of titanium and the
other reaciive metals will not contribute appreciably to
the corrosion rate at the anticipated concentra-
tions.>®*® The molybdenum wus dropped from 16% in
the standard material to about 12% in the modified
alloy to obtiin the desired carbide.

The mechanical properties of the modified alloys are
generally better than those of standard Hastelloy N and
are considerably better than those of the earlv heat
used in establishing the allowable design stresses under
the ASME Code. For the purposes of this reference
MSBR design, however, the approved stresses, listed in
Table S.1, were used.

In summary, the reference MSBR design assumes that
material having strength and corrosion resistance equal
to standard Hastelloy N will be available. The reactor
vessel requises, in addition, that the postisradiation
ductility be much better than that of the sandard
allov. Many experimental heats of modified Hastelloy N
meet these requirements. There appears to be nc reason
why a selected alicy canno? be produced commercially
and be approved for code :onstruction.

3.2.4.2 Secondary system. The coolanc salt in the
MSBR is sodium fluoroborate. This does not present a
basically different corrosior situation from that for
other fluoride salts, since the <lements present as
fluorides are more stable than are the fluorides of the
metals present in the Hastelloy N. Impurities in the salt,
however, may present mechanisms for corrosion.

Static corrosion tests showed insignificant attack of
Hastelloy N by NaBF,-NaF mixtures (4 to 8 mole %
NaF) on Hastelloy N with low amounts of oxygen and
water present.*® Increased amounts of oxygen and
water may accelerate the corrosion rate.

Dynamic corrosion test experience with Hastelloy N
in sodium fluoroborate includes several thermal convec-
tion loops and a single forced<circulation system.
Results indicate that metal will be removed from the
hotter portions of the loop and deposited on th. cooler
sections. For the thermal convection loops i.e mini-
mum rate of metal removal was about 0.2 mil/year over
about 10,000 hr of operation. Accelerated corrosion is
associated with high levels of H,O and O, . Purging the
system with a gaseous mixture of hydrogen fluoride,
BF,, and helium appea:s to be an effective method of
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purifying the coolant salt of moisture and oxygen,
however. In general, the compatibility of Hastelloy N
with sodium fluoroborate appears acceptable. If ondine
methods for removing corrosion products and moisture
are included in the system, the corrosion rate is likely
to be less than about 0.2 mil/year.

The compatitmty of Hastelloy N with supercritical-
pressure steam has been tested by exposing specimens
in the TVA Bull Run steam station. In over 10,000 hr
the corrosion rate has been less than %, mil/year,*' a
rate that by industry standards would certainly be
acceptable in the steam generator tubing. {There is no
significant difference between the standard and modi-
fied Hastelloy N in this respect.) Results of continued
testing, but with stressed specimens, are not yet
awailable.

3.3 NUCLEAR CHARACTERISTICS

33.1 Selection of MSBR Core Design
H. F. Bauman

The core of the single-fluid MSBR consists of two
zones: a well-moderated inner zone (I) (see Table 3.3
for definition of zones) surrounded by ar. undermod-
erated outer zonz (lI). The same fuel salt, containing
both fissile and fertile material, is used in both zones
and throughout the reactor. The neutron spectrum in
each zone is controlled by adjusting the proportion of
salt to graphite, from a salt fraction of about 13% in
zone | to about 37% in zone Il. The overall spectrum is
adjusted for the best “performance” associated with a
high breeding ratio and a low fissile inventory {cptimi-
zation of the core is discussed in following sections).
The spectrum in zone 11 is made harder, to enhance the
rate of thorium resonance capture relative to the fission
rate, thus depressing the flux in the outer core zone and
reducing the neutron leakage.

Eaclier MSBR designs achieved exceller-t performance
(good breeding ratio and low fissile inventory) by
incorporating fissile and fertile materials in two separate
fluids.* Both fluids (separated by graphite walls) were
present in the core, which was surrounded by a blanket
of fertile salt. The advantages ot this two-fluid design
were low fissile inventory (because the fissile material
was confined to a relatively small volume of fuel salt)
ard ease of processing (because the fuel salt was free of
fertile material and the fertile salt was practically free
of fission products). The main disadvantage was the
complex graphite structure required to scparate the two
iluids, a structure that would have to be replaced at
intervals because of neutron damage to the graphite.



A design intermediate between the twe-fluid and the
reference single-fluid designs is the single-fluid core with
separate blanket.! The core is a well-moderated region
like zone | of the single-fluid design, surrounded by a
bianket of thorium-bearing salt separated from the core
by a thin wall of Hastelloy N (or possibly graphite). The
core salt contains both fissile and fertile materials and
thus offers no processing advantage over the single-fluid
design, but the presence of the blanket controls neutron
leakage without involving a large fissile inventory in the
blanket region and results in a low total reactor fissile
inventory. Exploratory calculations have shown that
the performance of this design approaches that of the
two-fluid reactor mentioned above. Its major disad-
vantage is the necessity for a dividing wall between the
core and the blanket, a wall that would have to be
replaced periodically (along with the ccre graphite)
because of fast-neutron damage.

Another possibility is a single-fluid design with a
powe: density low enough for the allowable damage
flux to the core tc not be exceeded in the !ifetime of
the reactor. Preliminary calculations show that such a
reactor should have a large core (on the order of 30 ft
in diameter) and that an undzrmoderated zone II is not
needed because leakage is inherently low fiom such a
large core. The advantage of this design is simplicity of
construction and the elimination of core replacement.
Its disadvantages are the relatively high fissile inventory
and the large size of th® reactor vessel.

The performance of typical examples of these four
reactor designs is summarized in Table 3.6. The second
one listed, the single-fluid two-zone replaceable core
design, was selected for detailed analysis in this desiga
study because it offers moderately good breeding
performance in a design that can be built with only a
modest extension of today’s technology.

29

3.3.2 Optimization of Core Design

H. F. Bauman

The ROD (Reactor Optimum Design) code, t.ed to
optimize the core design for the single-fluid MSBR,
consists of three major sections:

1. A multigroup, one-dimensional neutron diffusion
calcuiaiion based on the code MODRIC with a routine
added to synthesize a two-dimensional czlculation in
cylindrical geometry.

2. An equilibrium reactor cakculation based on the
code ERC. The equilibrium concentrations of up to 250
nuclides including fission products may be calculated
for considering continuous fuel processing with up to
ten removal modes, each with its individual processing
time. The breeding ratio, fuel yield, material inven-
tories, and fuel-cycle costs are calculated in this section.

3. An optimization procedure, based on the gradient
projection method or “method of steepest ascent,” for
locating the maximum of a specified figure of merit
when given reactor parameters are allowed to vary. The
figure of merit may be any desired function of the
breeding ratio, the specific fuel inventory, the fuel-cycle
costs, or similar factors, while such parameters as core
salt fraction, the core zone dimensions, reflector thi k-
ness, and processiig cycle times may be variat'es.
Parameter surveys at specified levels of the variables
(without optimization) may also be performed.

3.3.2.1 Cross sections. Cross-section sets for use in
MSBR caiculations were developed using XSDRN,*? a
discrete ordinates spectral code for the generation of
nuclear multigroup cunstants in the fast, resonance, and
thermalization energy regions. Cross-section sets were
made for each of the four major regions of the reactor:
the 12 2% salt zone, the 37% salt zone, the 100% salt
g3P, and the reflector. In each case a “cell structure”

Table 3.6. Calculated nuclear performance of 1000-MW(e) MSBR design concepts

Typical perform.nce value
Design concept Conseivation Fissile Annual feel
(in increasing order of complexity) coefficient® Breeding ratio inventory yield
(MW(t)/kg]2 (kg) (%/ year)
Single-fluid, nonreplaceable core 5 1.06 2300 20
Singie-fluid, two-zone :placeable core 15 1.06 1500 3.2
(reference MS3R)
Single-fluid core with separate blanket 5¢ 1.07 900 7.0
and replaceable core
Two-fluid core plus blanket and 75 1.07 700 8.0
replaceable core

———

%An index of merit, the ~=finition and significance of -vhich are discussed in sect. 3.3.2.2.



was set up to describe a part of the particuiar regions.
The cross sections were then flux weighted over the
cell. The input data for XSDRN were taken from the
123-group XSDRN master library tape. This 123-group
structure was reduced to a 9-group structure in the
XSDRN calculations; this broad group structure con-
sists of 5 fast groups and 4 thermal groaps. Nuclide
concentrations for these calculations were obtained
from a ROD calculation. All the ruclides appearing in
the reactor plus four 1/v “‘nuclides” were considered in
each region so thai four sets of cross sections were used
ta describe tiie entire reactor.

3.3.2.2 Conservation coefficient. The figure of merit
selected for optimization of the single-fluid MSBR has
been named the “conservation coefficient,” defined as
the breeding gain times the square of the specific power
in thermal megawatts per kilogram of fissile material
(which is proportional to the inverse of the product of
the doubling time and the fuel specific inventory). The
conservation coefficient is related 10 the capability of a
breeder reactor system to conserve fissile material in a
nuclear power economy expanding linearly with time.
For this power growth condition, maximizing the
conservation coefficient results in a minimum in the
total amount of uranium that must be mined up to the
point when the breeder system becomes self-sustaining
(i.e., independent of any external supply of fissionable
material).

3.3.2.3 Optimization. The optimization of the reac-
tor design, while based on maximizing the conservation
cc :fficient, was subject to several economic constraints,
including limits on the power density (and hence the
graphite life) and the overall reactor vessel dimensions.
In addition, the rare-earth and 23*Pa processing rates
were fixed at rates found reasonable for the reductive-
extraction processing method considered here. Fuel-
cycle ¢ sts were computed as part of the core calcula-
tions, as shown in Table 3.7. Although not used as the
basis fcr the optimization, it .urned out that fuel-cycle
costs were near minimum at the selected optimum
configurations.

3.3.2.4 Reference design. The results of the optimi-
zation study led to the selection of a refcrence design
with the characteristics given in Table 3.7. Additional
data on the flux spectrum and the ncutron absorption
by individual fission product nuclides in the reference
design are given in Appendix B. The data given are from
the calculation of the reference design and include
details of the processing and buildup of higher isotopes.
However, another calculation, which differs only in

detail from the reference design calculation, was used
for severa! subsidiary calcuiations, such as the neutron
and gamma heating in the core and the power distri-
bution in the core, and for several of the parameter
surveys given in the following section.

Table 3.7. "haracteristics of the single-fluid

MSBR reference design
A. Description
Identification CCr20
Power
MW(e) 1000
MW(t) 2250
Plant factor 0.8
Dimensions, ft
Core zone 1
Height 13.0
Diameter 44
Region thicknesses
Axial:
Core zone 2 0.75
Plenum 0.25
Reflector 2.0
Radial:
Core zone 2 1.25
Annulus 0.167
Reflector 2.5
Salt fractions
Core zone 1 0.132
Core zone 2 0.37
Plenums 0.85
Annulus 1.0
Reflector 0.01
Salt composition, mole %
UF, 0.232
PuF, 0.0006
ThF, 12
BeF, 16
LiF 72
B. Processing
. . Cycle time
Processing group Nuclides (st full power)
Rare earths Y, La, Ce, Pr, Nd. Pm, 50 days
Sm, Gd
Eu 500 days
Noble metals Se, Nb, Mo, Tc. Ru, Rh, 20 sec
Pd, Ag, Sb, Te
Seminoble metais  Zr, Cd, In, Sn 200 days
Gases Kr, Xe 20 sec
Volatile fluorides Br, 1 60 days
Discard Rb, St, Cs, Ba 3435 days
Salt discard Th, Li, Be, F 3435 days
Protactinium 233h 3 days
Higher nuclides 23"Np, 342p, 16 years




Table 3.7 (continued)

C. Performance
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Conscrvativn coefficien*, [ MW(i)/kg)] 2 14.1
Breeding ratio 1.063
Yield,? % per annum 3.20
Inventory, fissile, kg 1504
Specific power, MW (t)/kg 1.50
Dcubling time, system,? years 22
Peak damage flux, £ > 50 keV,
neutrons cm ~2 sec !
Core zone 1 3.5x 10'*
Refiector 3.7x10'3
Vesael 43x 10"!
Thermal-neutron flux, neutrens cm > sec
Average, core 2.6 x 104
Peak 8.3x 10'*
Fractior: of fissions from thermal ncutrons 0.84
Power density, W/cm3
Core
Average 22.2
Peak 70.4
Core, fue salt
Average 74
Peak 492
Core, graphite (gamma and neuiron heating)
Average 23
Peak 6.3
Fission power fractions by zone
Core zone 1 0.790
Core zone 2 0.150
Annulus and plenums 0.049
Reflector 0.012
Ratio, C/Th/U
Core zone 1 8660/52/1
Core zone 2 2240/52/1
D. Neutron balance
Constituent Concentration®?  Absorptions  Fissions
31qy, 3.75x 1073 09779  0.0030
233p, 3.88x 1077 0.0016
233y 6.64 x 1075 0.9152 0.8163
234y 2.31x 1078 0.0804 0.0004
235y 6.01 x 107° v.0747 0.0609
36y §.21x 107° 0.0085
237Np 8.59x 1077 0.0074
38p, 6.10x 107 0.0074
239p, 1.29x 10”7 0.0073  0.0045
240p, 6.83x 107® 0.0027
41p, 6.21x 1078 0.0027  0.0020
42py 123x 1077 0.0006
S 1.95x 1077 0.0035
TLi 2.24x 1072 0.0157
9Be 5.00x 1073 0.0070  0.0045¢
19g 4.77x 1072 0.0201
Graphitc 0.0513
Fission products 0.0202
Leakage 0.0244
ne 2.2285

Table 3.7 (continued)

E. Fuel-cycle costs?

Item Cost (mills/kWhr)
irventury
Fissile 0.364
Salt 0.077
Replacement salt 0.040
Processing 0.360
Fissile production credit -0.088
Total 0.753

9At 0.80 plar.t factor.
DNuclide concentration in fuel salt (atoms b~ cm ™.
€(n,2n) reaction.

dBases for the fuel-cycle cost estimatc are summarized in
Table D.2.

3.3.3 Effect of Changes in the Fuel-Cycle and
Core Design Parameters

H. F. Bauman

3.33.1 Power density and core life. The power
density of the core affects both the reactor perform-
ance and the core graphite life. As the first step in
selecting the core power density, the core dimensions
(and the salt fraction of zone I) were optimized to
maximize the conservation coefficient. Then several
cases were run in which the maximum permissible
fast-eutron fluence was limited to low values, ..hich
had the effect of increasing the core size, limiting the
peak power density, and increasing the core graphite
life. The results of this study are shown in Fig. 3.14, in
which the performance parameters are plotted as a
function of gra, .iite life. Bo:h the breeding gain and the
fissile inventory increase as the ‘core is made larger, but
the increase in breeding gain flattens out for larger
cores, so t ~i a maximum conservation coefficient is
obtained at a core life of about three years, which
corresponds to about a 13-ft-diam core with a peak
power density of about 160 W/cm®. However, there is
little change in the conservation coefficient as the core
is enlarged to increase the graphite life to about four
years, which corresponds to the reference design core
diameter of about 17 ft and peak power densi‘y of
about 70 W/cm®.

33.3.2 Salt voiume fraction and thorium concentrs-
tion. The function of thorium as the fertile material in
the reactor is to absorb neutrons and thereby produce
fissile 233U. Thorium competes for the availuble
neutrons with fissile material on the --ne hand and
parasitic absorbers such as fissitn p-oaacts and the
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material of the carrier salt and the mcderator on the
other. As a result of this competition there is an
optimum concentration of thorium in the core. If the
thorium concentration is high, the breeding ratio will be
high, but a large amount of fissile material (to compete
with the thorium for neutrons) will be required to make
the reactor critical. If the thorium concentration is low,
the fissile inventory required will be low, but the
breeding ratio will also be low because more neutrons
will be lost to the parasitic absorbers (because of a lack
of competition from thorium and uranium). The
thorium concentration also affects the neutron energy
spectrum, which becomes harder as the thorium is
increased. Hardening the spectrum tends to increase the
resonance absorptions in thorium while decreasing the
relative absorptions in fissile and parasitic materials,
thus reinforcing the competitive effect of thorium
already described.

In the MSBR the core thorium concentration is
determined by the Core salt fraction and the concen-
tration of thorium in the salt. The thorium concen-
tration in the salt determines the ratio of thorium to
most parasitic absorbers, while the concentration and
salt fracticn together determine the thorium-to-uranium
and carbon-to-uranium ratios.

The effect of thorium concertration on performance
of the MSBR is shown in Fig. 3.15. The cases
represented in this figure were calculated before the
reference design was selected and were based on a
slightly smaller external salt inventory. Details of these
cases are given in Table 3.8 and ref. 9. The core
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dimensions and zone | volume fraction were allowed to
optimize. As each case approached an optimum the
cross sections were reweighted to allow for spectrum
changes. The broad maximum in the conservation
coefficient occurs in the vicinity of the 12 mole %
thorium concentration, and this concentration was
selected for the reference design.

One of the principal conclusions rcached in the study
of the MSBR was that the performance of the reactor is
not sensitive to small changes in the thorium concen-
tration in the salt, provided that the salt fraction is
freely adjusted to maintain about the optimum carbon-
to-thorium ratio. The optimum thorium concentration
tends to increase as the core power density is decreased,
but this effect is small over the range of power densities
that give graphite hfetimes in the range of two to four
years.

The effect of allowing the core zone I volume fraction
to change, with all other parameters held fixed as in the
reference design, is shown in Fig. 3.16. There is a broad
optimum in the conservation coefficient at 13 vol % salt
and a very broad optimum in the fuel yield at 14 vol %.
The reference design value of 13.2 vol % salt is the
result of a ROD optimization calculation.

The effect of the core zone II volume fraction was
also studied. With the total volume of fuel salt in zone
Il held fixed at its optimum value, a very broad
outimum in the conservation coefficient was found to
lie between 35 and 60 vol % salt. The salt fraction of
37% in the reference design was chosen to permit the
use of a random-packed ball bed (of 37% void volume)
for zone 11 if desired.
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Table 3.8. Influence of thorium concentration on the
performance of a single-fluid MSBR

Fuvel salt, mole % LiF-BeF,-ThF,4
Cote height 9 ft

Core diametes,” [

Radial blanket thickness? ft
Axial blanket thickness,? ft
Radial reflector thickness, ft
Axial reflectc r thickness, ft
Core salt fraction?®

Radial blanket sait fraction
Axial blanket salt fraction
Reactor power, MW(t)

Average power density, W/cm>
Maximum power density, W/cm
Graphite replacement life, years
Specific fuel inventory, kg/MW(e)
Breeding ratio

Annual fuel yield, %/year
Conservation coefficient

3

74-16-10 72-16-12 70-16-14
9.75 9.8 11.7
11.2 11.1 11.5
2.52 2.20 1.89
1.45 1.19 3.91
3.0 30 3.0
2.0 20 2.0
0.137 0.121 0.114
0.37 0.37 0.37
0.37 ~.37 0.37
2250 <250 2250
29.4 3314 335
97.3 106.3 101.6
2.1 1.9 20
.23 1.26 1.33
1.051 1.055 1.060
3.18 3.35 342
17.19 17.65 17.0s

%Variables allowed to optimize.
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3.3.3.3 Reflector. Both the thickness and the salt
fraction of the reflector are important to the MSBR
design. Increasing the reflector thickness over the range
from 1 to 4 ft was shown to increase the conservation
coefficient of a typical MSBR design.® Much of the
benefit of the reflector stems from its effect in
increasing the neutron fiux in the outer region of the
core, thus giving a more even core power density
dist ™ntion and improving the specific power without
increa. g the peak damage flux in the core. However,
the improvement in performance was slight beyund a

3-ft thickness. On this basis, a 2-ft axial and 2.5-ft radial
reflector thickness were selected for the reference
design.

The sait fraction in the reflector is also important.
Calculations have shown that if all the fuel salt were
eliminated from the reflector region, the conservation
coefficient of the reference design could be improved
by 20% over the reference design, mainly due to a
significant reduction in the neutron leakage from the
reactor. However, the reflector salt fraction of 1%
selected for the reference design was determined by
engineering considerations and is about as low as could
be achieved in a practical design.

3.5.3.4 Processing. The ROD code was set up to
model in detail the reductive extraction processes
described in ref. 1. The various parasitic absorber
groups and the processing cycle times assumed in the
calculation of the reference design are given in Table
3.7. The treatment of the processing appears compli-
cated, but only two of the steps, the protactinium
remcval and the rare-earth removal, control the eco-
nomics and performance of the MSBR. The effect on
the conversion ratio of varying the processing rate of
these two main steps, along with proportionate rate
changes {or subsidiary steps (e.g., seminoble metals with
protactinium removal), is given in Fig. 3.17.

The most obvious conclusion from this study is that
rapid processing is essential to good breeding perform-
ance. Another conclusion is that somewhat less sirin-
gent processing times than were assumed for the
referen~e design, say a 10-day instead of a 3-day
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protactinium cycle and a 100-day instead of a 50-day
rare-earth cycle, can still give fairly good breeding
performance. Further, increasing the prot.:tinium
processing cycle time can be *“‘traded” for a decreased
cycle time for the rare earths. Thus, use of a 10-day
protactinium removal cycle time and a 25-day rare-
earth removal cycle time wouid give about the same
breeding ratio as wonid the processing times assumed
for the reference desigh, that is, about 3 days for
protactinium removal and 59 days for rare-earth re-
-noval. (The processing plant described in Sects. 2.4 and
8 gives a 10-day protactinium cycle time.)

Rapid and inexpensive processing is the potential
advantage of fluid-fueled reactors. However, very long
processing times have been considered in order :o
¢xamine the performance of the MSR at processing
rates more typical of solid-fueled reactors. Foi long
cycle times, wherz the conversion ratio drops below
1.00, three mak=up feed fuels were investigated: 273U,
a plutonnum mixture typical of that from water
reactors, and 93% enriched 235 U. The results are shown
in Fig. 3.17. The calculations show, for example, that
with no protactinium processing and a 500-day rare-
earth cycle (which would correspond to about a
three-year batch-processing interval), tae conversion
ratio is well over 0.90, which is very gecod compared
with solid-fueled converters. The study also shows that

plutonium would be an attractive fuel for converter
operation.

An important parasitic absorber that was not con-
sidered to be removed in the reductive-extraction
processes is 227Np. There are now indications that it
«an be successfully eliminated. If 2 *7Np were removed
on a 200-day cycle, a ROD caicula.ion indicates that
the Jreeding ratio of the reference MSBR would
increase from 1.063 to 1.070 and the conservation
coefficient from 14.1 t0 16.2.

3.3.3.5 Plant size. Neutron leakage is important in
the single-fluid MSBR due to the absence of a blanket.
Furthermore, the undermoderated core zone I, which
substitutes for a blanket, although reasonably effective
in reducing leakage, contains a large volume of fuel salt
and therefore adds heavily to the fissile inventory. The
performance c. the reactor, then, is strongly affected
by factors which affect the leakage; the most impostant
of these is the size of the reactor.

The 1000-MW(e) pl:nt size selected for the reference
MSBR was chosr.n 02 ‘ause this has become a standard
size for comparative studies of reactor plants. No
attenp! was made to revise the plant design for larger
or smaller sizes, but a simple scaling study was made to
indicate the performance that could be expected from
other size plants, particularly larger ones.



The scaling study was siarted by taking the external
fissile inventor, and the volume of core zone I
proportional to plant power and holding fixed the
thicknesses of core zone li, annulus, plenums, and
reflector. The results of this study for reactor plants of
500 to 4000 MW(e) are shown as the dashed curves in
Fig. 3.18. There was considerable spread in the peak
power densities, and therefore the core graphite life, in
this set of cases, and a securn.d set was run in which the
core zone | volumes were adjusted to give about the
same peak power density in each case. The results of
this set are shown as the solid curves in Fig. 3.18 and
are given in Table 3.9. The performance, as measured
by both the conservation cocfficient and th: fuel yield,
increases sharply with increase in plant size. The
single-fluid MSBR, then, is well suited to large plants.
For small plants, reacto: designs less sensitive to
neutron leakage, such as the single fluid MSBR with
fertile blanket, should be considered.

3.3.4 Rexctivity Coefficients
O.L.Smith  J. H. Carswell

A number of isothermal reactivity coefficients were
calculated using the reference reacto: geometry. These
coefficients are suminarized in Table 3.10. The Doppler
coefficient is primarily that of thorium. The salt and
graphite thermal base coefficients are positive because
of the competition between thermal captures in fuel,
which decrease less rapidly than 1/v, and thermal
captures in thorium, 'hich decrease nearly as 1/v, with
increasing temperature. The salt density component
represents all effects of salt expansion, including the
decreasing self-shielding of thurium with decreasing salt
density.
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The graphite density component includes both
changing graphite density and displacement of graphite
surfaces. In calculating the displacements, it was
assumed that the graphite-vessel interface did not move,
that is, the vessel temperature did not change. For
short-teim reactivity eff-cts, this is the most reasonable
assumption, since inlet salt bathes the vessel’s inner
face. In any case, it should be noted that the graphite
density coefficient is a small and essentially negligible
component.

From Table 3.10 it is seen thal the total core
coefficient is negative. But more important, the total
salt coefficient, which is prompt and largely controls

Table 3.9. Performance of single-fluid MSBR's as a fuaction of plant size®

Resctor power (MW(¢)] S00 1000 2000 4000
Core height, ft 9.44 11.0 17.44 23.0
Core diameter, ft 10.42 144 19.36 255
Salt specific volr  _, ft3/MW(e) 1.78 1.68 1.62 1.55
Fuel specifici cntory, kg/MW(e) 1.65 1.47 1.36 1.28
Peak power density, W/cm® 62.2 65.2 66.1 65.9
Peak flux (£ > 5u keV), 10'4 neutrons cm ™ sec™! 3.04 3.20 3.25 3.24
Core life, years at 0.8 plant factor 39 3.7 3.7 3.7
Leakage, neutrons per fissile absorption X 100 3.89 244 1.53 0.96
Breeding ratio 1.043 1.065 1.076 1.083
Annual fuel yieid,? %/year 1.99 3.34 4.28 495
Conservation coefficient 8.0 15.1 210 259

9The thickness of core zone II, annulus, plenums, reflectors, and other parameters not otherwise indicated ware held fixed at the

reference design values indicated in Table 3.1.
5The plant factor is assumed to be 0.80.



Table 3.10. isothermal reactivity coefficients
of the reference reactor

Reactivity coefficient,

Component 1 3 o
k aT (per °C)

x 1075
Doppler -4.37
Salt thermal base +0.27
Salt density +0.82
Total salt -3.22
Graphite thermal base +2.47
Graphite density -0.12
Total g-aphite +2.35
Total core -0.87

the fast transient response of the system, is a relatively
large negative coefficient and affords adequate reactor
stability and controllability.

The salt density coef--~ient is particularly important
with regard to bubbles in the core salt. It is expected
that the salt wili contain a few tenths of a percent oi
xenon bubbles. Under certain circumstances the bub-
bles might expand or decrease in volume withcut
change in cors tempeiature and hence without invoking
the total salt temperature coefficient. Since the salt
density component is positivc, without decreasing
density, bubble expansion would produre a positive
reactivity effect. Using a salt expansion coefficient of
V/V = 2.1 X 107°/°C, an increase in core bubble
fraction from, say, 0.01 to 0.02 would yield a reactivity
change of 5k/k = +0.00039. This is approximately
one-fourth the worth of the delayed neutrons in the
core. Analogously complete instantaneous collapse of a
0.01 bubbie fraction would yield a reactivity change of
Sk/k = —0.00039.

Finally, the equilibrium fuel concentration coeffi-
cient, (6k/k)/(5n/n), where n is atomic density, was
calculated to be 0.42 for 233U and 0.027 for 235U,
and 0.39 for total fissile uranium. (The coefficient for
235 is much smaller because the 23%1J inventory in
the MSBR ‘¢ very low relative to 233U.)

3.3.5 Gamma and Neutror: Heating in the MSBR
O.L.Smith  J. H. Carswell

Gamma and neutron heat sources in the one-flvid
reactor, vessel, and thermal and biologica! shields were
calculated using gamma and reutron transport tech-
niques based on the ANISN transport code.

Results are given here for one axial and two radial
traverses of the reactor and shields. The region thick-

nesses and composition are shown with the results in
Figs. 3.19-3.24. For the redial travers:s, two one-
dimensional infinite-cylinder calculations were per-
formed — the first at the core midplane and the second
in a plane two-thirds of the distance irom the midplane
to the top of the core. In each case the neutron (and
gamma) flux was normalized to the value of the actual
center-line core flux at that elevation. No allowance was
made for axial buckiing. Thus, particularly in the
shields, the calculated heat sources should be con-
sidered as upper limits to the actual heat sources. It is
estimated that the calculated sources inside the reactor
vessel are only a2 few percent high. But because of the
large air gap between the vesc:l and shields, the
calcufated heat sources in the thermal shield aad
concrete should be reduced by about 50% to account
for the actual finite height of the reactor.

In the axial center-line calculation, the system was
represented in slab geometry, irfinite in the radia!
dimension. Again, transverse buckling effects inside the
vessel are small. The resrlts for the thermal and
biological shields are upper limits, but the overesti-
mation is lower in the axial direction since the air gap is
only a few feet.

The calculations were periormed in several linked
stages starting with a one-dimensional ANISN transport
calculation of the neutron space and energy distribution
ir the reactor and shields. From neutron fluxes and
scattering cross sections, the neutron heat distribution
was determined. The neutron heating in the reactor is
shown in Figs. 3.19, 3.21, and 3.23 for the two radial
traverses and one axial traverse. In each figi' 2, curve 4
shows the heat source per unit volume of homogenized
core, blanket, reflector, or plenum. Curves B and C
show, respectively, the heat source per unit volume of
graphite and salt separately in those regions. Curve D
shows the heating in the INOR vessel.

Figures 3.20, 3.22, and 3.24 show the gamma and
neutron heating in the therrial and biological shields.
The thermal shield is trcated as pure iron. The concrete
is a standard grade.

The gamma heat distribu.ion is < milai - presented in
the figures. Three sou: :¢s of gammas were calculate?
from the neutron flux distribution: prompt fissior,
delayed (fission product), znd capture gammas. The
first and last of these had :he spatial distribution of the
neutron flux. The delayed source was assumed uniform
in the circulating salt. Since the salt spends approxi-
mately half its time in the reactor, approximately half
of ine Jdelayed gainmas arc emitted inside the vessel.

These three sources of gammas were combined ir «
fixed-source ANISN gamma transport calculatior ..
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Fig 3.19. Gamma and neutron heating in the core midplane of a 1000-MW(e) MS4R (R = 0 to 1000 cm).

seven gamma energy groups. From the gamma fluxes
the gamma heat sources were th..1 calculated.

From the resu‘ts it should be particularly noted that
neutron thermahration is a major heat source in the
graphite.

3.3.6 Fission Product Heating in the MSBR
R.B. Briggs  J. R. Tallackson

One of the principal design considerations for an
MSBR is the safe disposal of reactor afterheat. The five
major sources of heat .hich remain in the primary
system after shutdown are:

1. fission heat due to decay of flux at shutdown,
including the effect of delayed-neutron precursor
transport by the sait;

2. decay of fission products (and daugliters) dicpersed
in the priinary salt;

3. decay of noble-metal fission products (and daugh-
ters) dcposited on the graphite and Hastelloy N
surfaces;

4. decay of gaseous krypton and xencon (and daughters)
diffused into the graphite;

5. heat storsd in moderator and reflector graphite.

The heat lnads imposed by fission produ.:ts must be
recognized and evaluated in order to dssign cooling
systems for the chemical processing equipment, the
off-gas system, the drain tanks, and the primary salt
circuit. The distribution cf heat producers within the
system devnends on chemical behavior, half-life and
complex _ of dec.y chains, graphite characieristics,
and the effectiveness of the chemical and off-gas
removal systems. The available evidence indicates that
the noble metals (No, Mo, Tc, Ru, Rh, and Te) plate
out on metal and graphite surtaces almost as soon as
they arc formed, collect at liquid-gas interfaces in the
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salt system, or are removed with the off-gas. The
krypton and xenon either diffuse into the graphite or
are removed with the off-gas. The iodine daughters of
the telluriums are assumed to remain with their parents,
and the iodine produced directly by fission remains
dissolved in the salt. The remaining heat producers are
either dissolved in the sult or retained in the chemical
processing plant.

KedlI” has calculated the rates of diffusion of krypton
and xenon from the salt to the graphite and to the gas
bubbles in the salt. The theory and caiculations are
outlined in Appendix A of this report. Briggs, using
MSRE data as a guide, estimated the distribution of
fission products in a typical MSBR design, as sum-
marized in Table 3.11. The estimate indicated that 10%
of the noble-metal production would deposit on sur-
faces of the graphite in the core, 40% wouid deposit on
metal surfaces in the circulacion system, and 50% would
enter the gas bubbles and be transported to the off-gas
system.

Fig. 3.2S, prepared by Tallackson, shows the distni-
bution of afterhea: in the refr,ence MSBR based on the
estimates of distribution by Briggs and Kedl and using
afterheat rates computed with tne FOULBALL anc
CALDRON programs by Carter. Although furibir
experimertal evidence supporting the choice of {if-
fusion coefficients and sticking coefficients is needed
and the throughput to the chemical processing plant is
subject to revicion, the data of Fig. 3.25 probably
would produce a conservative design.

Some of the factors associated with afterheat have
been studied by Furlong,”? including various combi-
nations of magnitude and rate of reactivity insertion,
salt flow rate cnanges, and delay prior to the reactivity
insertion. In an example cited by Furlong,® the case of
flow coastdown, with 1% negative reactivity inserted at
0.1%/sec after a l-sec delay (with 235U fuel), there
would be 3.75 MWhr of energy production in the salt.
Using only the heat capacity of the salt, this would
result in a 113°F rise in the salt temperature after
shutdown. The core graphite heat capacity, which is
twice that of the salt, would become available as a heat
sink after the salt reached an average temperature of
about 1200°F, with the net effect that the salt
temperature could be raised to about 1250°F in 5 min
after shutdown due to the effect of fission heat
production alone (assuming adiabatic conditions).

Most of the heat generated after normal reactor
shutdown will be dispersed by continued circulation of
the fuel and coolant salts and condensation of steam in
the turbine condenser. In event of a fuel-salt drain, the
heat generated in the salt would be dissipated through
the primary drain tank cooling system, as described in
Sect. 6.

3.3.7 Tritium Production and Distribution
P. N. Haubenreich

3.3.7.1 Introduction. Tritium is produced in all
reactors as a fission product and in some as a result of
neutron absorptions in deuterium, lithium, or boron in
the reactor. Because of the abundant lithium in the
MSBR, the tritium production rate is relatively high:
comparable with that in heavv-water reactors, or
roughly 20 to 50 times that in light-water reactors of
equal electrical output. Even though the tritium consti-
tutes only an extremely small fraction of the total
radioactivity that is produced, it stands out as a special
problem because at high temperatures it readily diffuses
through most metals and is difficult to contain.

Tritium in the primary salt, in its off-gas, or in the
secondary salt does not add significantly to the bio-
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logical hazards of these fluids. Neither does diftusion of
tritium from the salt systems into the containment cell
atmosphere present a serious problem, since it should
be simple to extract the tritium from the atmosphere in
a concentrated form. It is very important, however, that
the fraction of the tritium production that reaches the
steam systern be limited to a few percent. Higher
concentrations could require special precautions in
dealing with steam leaks or in handling the condensate,
and, most importantly, unacceptable amounts of
tritium must not be released into the environment in
the normal, unavoidable discharges from the steam
system.

In the reference MSBR design described in this report,
it was assumed that the barriers presented by the tubes
in the primary and secondary heat exchangers were
encugh to limit the tritium reaching the steam system
to a rate that required no special precautions. Recent
developments, however, cast doubt on the validity of

this assumption. One aspect is the xperience with the
MSRE, where a significant fraction of the tritium was
observed to diffuse through the secondary heat ex-
changer tubes into the coolant air. Another aspect is the
new emphasis on reducing releases of radioactivitv from
any source to minimum practicable levels. Some modi-
fications in the MSBR reierence design to deal with
tritiurn are to be anticipated, bu: what they will bz
depends on the outcome of investigations currentiy
under way. The discussion which follows presents some
considerations that will be involved ia specifying the
modifications.

3.3.7.2 Tritium in the MSRE. Disposal of tritium
produced in the MSRE was never a serious problem,
and for the first several years of operation the only
measurements were those necessary for health physics
monitoring of liquid wastes. Then, in 1969, with the
increasing awareness of the importance of tritium in
future molten-salt reactors, a campaign was launched to
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determine the distribution of tritium in the MSRE and
to compare it with calculated production rates.*?

The calculated production of tritium in the MSRE
fuel salt when the reactor was operating at 7.25 MW
with 233U fuel* amounted to 40 Ci/day. Of this, 35
Ci/day was from thermal-neutron absorptions in ®Lji,
which comprised 0.0048% of the lithium, and 5 Ci/day
from fast-neutron reactions with "Li. There was also
some production cf tritium in lithium in the thermal
insulation around the reactor vessel. Because c. the
large uncertainty in the lithium content of the par-
ticular batch of insulation that had been used in the
MSRE, the calculated pioduction from this source
could be anywhere from 0.1 to 6 Ci/day.

Moisture condensed from the containment cell atmos-
phere had, since the beginning of power operation,
carried with it tritium which had been routinely
measured before disposal. Measured rates, which were
averages over collection perinds of several months,

*With 235U fuel the fissile concentration was higher, the
thermal-neutron flux lower, and the tritium production rate 24
Ci/day.

ranged from 4 10 6 Ci/day. Wken the change to 233U
was made, the change in tritium collection_ if any, was
within the scatter of the measurements.

Tritium in the MSRE fue! off-gas at the exit from the
fission product absorbers was measured in Novembc<r
and December 1969 at inervals through a 23-day
shutdown, a startup, and the final 16-day run at full
power. The tritium was collected by fio~mig the gas
through het copper oxide and then trapping out water.
Experiments with the copper oxide at different tem-
peratures indicaied that roughly half of the tritium was
present as hydrocarbons (presumably as a result of
exchange with hydrogen in oil vapors coming from the
fuel pump). Just before the shutdown, after more than
a month of operation at full power, the tritium effluent
in the off-gas was measured to be 23 Ci/day. Nineteen
days after the fuel was d-ained, the effluent rate was
still half as high, indicating tritium holdup somewhere
in the fuel or off-gas systems. During the final run,
several analyses showed tritium graduallv building up in
the fuel off-gas over a two-week period, extrapoiating
to between 25 and 30 Ci/day.

It had been recognized that tritium could diffuse in
atomic form through metal walls, and samples of the
off-gas from the MSRE coclant salt showed 0.6 Ci/day,
clearly more than the 0.0001 Ci/day calculated to be
produced in the coolant-salt system. Much more tritium
was found to be leaving the reactor in the air that had
passed over the coolant radiator. The concentration was
extremely low (<0.1 uCi/m?), and divergent results
were obtained by various methods of sampling and
analysis. The values thought to be most reliable fell at
around 5 Ci/day.

It thus appeared from the measurements that in the
MSRE zbout 60 to 70% of the calculated production in
the fuel salt eventually found its way out through the
fuel off-gas system. About 12 to 15% of the produciion
in the fuel diffused through th heat exchanger tubes,
and about nine-tenths of this went on out through the
radiator tubes into the cooling air. The uncertainty in
the production in the thermal insulaticn clouded the
interpretation of the tritium observed in the reactor
ceil. The rate was 10 to 15% of the production in the
fuel, but the lack of measurable change when the
substitution of 233U nearly doubled the production in
the fuel strongly suggested that a large fraction prob-
ably originated in the insulation. The sum of the most
probable values of the measured effluent rates
amounted to only about 85% of the calculated tc .
production in the reactor. Although the probable ei:ors
in the calculations and measurements amount to at least
this much, the comparison suggested the retention of
tritium somewhere in the system.
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Fig. 3.23. Neutron and gamma heating near the core axis of a 1000-MW(e) MEAR (R = 0 to 436 cm).

An attempt was made to determine whether one
could, with existing data, calculate a distribution of
tritium in the MSRE that agreed with the observed
distribution.** The calculations were based on con-
ventional mass transfer and diffusion equations and
made use of constants obtained from the technical
literature or calculated by conventicnal methods. They
indicated that of the tritium produced in the MSRE
fuel salt, up to 15% should come out of the radiator
tubes, more than 50% should leave in the fuel off-gas,
and up to 40% should appear in the reactor cell
atmosphere. This distribution was in reasonable agree-
ment with that observed, except for the much larger
fraction which would be expected to escape into the
cell atmosphere. The calculations further indicated that
in addition to the hydrocarbons deposited in the off-gas
system from fuel pump oil leakage, graphite in the core
and metal in the salt containers could have been
reservoirs for the tritium that was seen to persist after
shutdown.

3.3.7.3 Production and disiribution in the MSBR.
Kerr and Perry*S estimated that a 1000-MW(e) MSBR
would produce a total of about 2420 Ci per full-power
day from the various sources shown in Table 2.12.

Using the same basic tritium behavior information
applied to the MSRE analysis, Briggs and Korsmeyer' !
calculated the tritium distribution in the reference
MSBR design, as shown in Table 3.13. These calcula-
tions assumed that shortly after birth the tritium would
form either *H, or tritium fluoride, *HF. The sparging
action of the helium bubbles used to strip xenon would
remove virtually all of the 3HF but only a fraction of
the 3H,. The cause of the different behavior is that
3H, which reaches a metal wall would readily dissociate
to form 3H atoms, which can diffuse into the walls,
while 3HF molecules would not dissociate. (There
weuld be some reacticn of *HF with the metal to
release *H, but this was assumed to be negligible.) The
ratio of *H, o *HF would depend on the UF,/UF,
ratio in the fuel salt, assumed to be 0.001 in the
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calculations reported in Table 3.13. A fraction of the
tritium from the fuel salt would pass through the pipe
and vessel walls to the reactor cell atmosphere, but a
major part would diffuse through the relatively large
area and thin walls of the tubes in the primary heat
exchanger into the secondary-salt system. Some of this
tritium would diffuse out through the walls into the
steam cell, a very small fraction would be carried out of
the coolant-salt loop with the cover gas, but the larger
proportion would dissociate and diffuse through the
steam generator tubz walls to f-.m tritiated water in
the heat-power system. In the calculations for Table
3.13 no account was taken of the resistince of the
oxide film on the water side of the heat exchanger
tubes. Some data indicate that this resistance should
appreciatly reduce the transfer to the steam system,
which tends to make the ratc in Table 3.13 a
conservatively high estimate.

3.3.7.4 Concentrations and release rates. The steady-
state tritium concentration that is reached in the steam
system is the ratio of the tritium infusion rate to the
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Fig. 3.25. Afterheat distribution with saturation concentra-
tion of fission products in a 1000-MW(e) single-fluid MSBR
fueled with 2350.

Curve A. Afterheat in core region produced by Kr and Xe
diffused into the graphite plus heating by 10% of the totat
noble metal fission products assumed to be plated on surfaces.

Curve B. Afterheat in the four heat exchangers produced by
40% of total noble metal fission products plated on metal
surfaces.

Curve C. Afterheat in the chemical processing system produced
by protactinium and long-lived fission products.

Curve D. Afterheat in the c!f-gas system produced by Kr and
Xe, plus heating by 50% of the total nobls metal fission
products.

Curve E. Afterheat produced by fission products which remain
dispersed in the primary salt.

Curve F. The sum of all curves, A through E.

In curve A the concentration of Kr + Xe is that which
produces a poison fraction of 0.0056 sk/k and is obtained by
gas sparging on a 30-sec rermioval cycle. Curves A, B, and D are
based on the assumption that the noble metals are either
deposited immediately o: metal and graphite surfaces or enter
the off-gas system immediately. In curves A, B, and D the
afterheat includes that fro.n decay of the daughter products of
the noble metals and gases.

rate of water discharge from the system (leaks, blow-
down, and sampling streams). A reasonable estimate for
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Table 3.12. Rates of tritium productior in the

MSBR at 2250 MW(t)
Production
(Ci/day)
Ternary fission 31
SLi(n,a)°H 1210
"Li(n,an)*H 1170
19F(n. 1 70)3H 9

2420

Source: ref. 45.

the water discharge rate is 1% ot the 2.1 A 106 Ib of
waler in the system per hour. Assuming that 1670
Ci/day does enter the system, the tritium concentration
would levei off in about two weeks of full-power
operation at 7 uCi of *H per gram of water.

In the current Standards for Protection against
Radiation,*® the maximum permissible concentration
of tritium in water for 40 hr/week occupational
exposure is 0.1 pCi/ml. Thus, if the tritiuin in the
MSBR stean is anywhere near as high as the 7 uCi/g
calculated, means would have to be taken to limit
exposure of plant operators. These measures would not
have to be nearly as elaborate as those required around
some heavy.water reactors, where tritium concen-
trations are more than 10 times that predicted for the
MSBR steam,*” but the precautions in the MSBR steam
plant would certainly include tritium monitors, good
ventilation of work areas, restrictions on handling
discharged water, and possibly use of masks in working
on steam leaks. (Air saturated at 100°F with vapor
from the steam system would contain 3 X 10™* uCi of
3H per cubic centimeter, or 70 times the MPC for air
for 40 hr/week exposure.)*®

It would be conrvenient if the water bled from the
MSBR steam system could be released by simply mixing
it with the ~440,000 gpm of condenser cooling water
effluent. If 1670 Ci/day were being discharged, the
concentration in this stream would be 0.7 X 1073
pCi/ml. This is less than the 3 X 10~* uCi/.nl currently
specified as the MPC for water discharged to an
unrestricted area.*®

It thus appears that even if the conservatively high
astimate of tritium transfer to the steam system were
correct, the concentration in the MSBR steam would
not seriousiy hiamper plant operation and maintenance,
and the plant eftlucnt would meet the current standards
for release to unrestricted areas. Expert reviews of the
biological effects of tritium lead to the conclusion that

Table 3.13. Calculated distribution of the tritium
produced in the reference MSBR design

s ate

Percent of  Curies/day
total °H at
production 2250 MW(t)

Removed from primary system with

sparge gas

As>H, 58 140

As >HF 7.0 170
Entering secondary system cover gas 0.1 2
Entering reactor cell atmosphere 8.7 211
Entering steam cell atmosphere 94 227
Entering steain-power system 69.0 1670

100.0 2420

Source: ref. 11.

the currently specified maximum permissible concen-
trations are conservative and limit increased dose to the
population to a negligible fraction of background.*®
Nevertheless, it would be quite unrealistic to assume
that the reference design of the MSBR is satisfactory
with regard to tritium control. Release of a curie of
tritium per megawatt-day of electricity from an MSBR
plant will not be tolerated, especially since other
reactors and fuel-reprocessing plants release far less.
Fortunately, there appear to be several practical ways
to ensure that the tritium release from an MSBR is far
below the values listed in Table 3.13. These are
discussed briefly in Sect. 16.4 of this report.

3.4 THERMAL AND HYDRAULIC DESIGN OF CORE
AND REFLECTOR

W.K. Furlong H. A. McLain
3.4.1 Core

A basic objective for the thermal and hydraulic design
of the core is to reguiate the salt to achieve a uniform
temperature rise of the salt flowing through each of the
channels. From plenum to plenum, this rise is set at
250°F. There are other important factors, however,
which must be minimized or kept within allowable
limits, such as the fuel-salt inventory. ihe pressure drop
due to flow, the graphite temperatures, and the vessel
wall temperatures.

Neutron-induced volume changes in the graphite are
sensitive to temperature, as discussed in Sect. 3.2.3;
thus the temperatures should be minimized in the
regions of high damage-neutron flux (£ > 50 keV) if



the design goal of a fow-year graphite life is to be
achieved. Figure 3.10 gives a graphical representation of
the graphite volume changes as a function of fluence,
with temperature as a parameter. The minimum graph-
ite temperature 1s set by the salt temperature at its
boundary. However, the graphite is heated internally by
neutron scattering and absorpticn of gamma radiation,
raising its temperature above the salt datum and making
it dependent unan the film heat transfer coefficient as
well.

The gamma and neutron he~ting has been calculated
from transport theory, as reported in Sect. 3.3.5. The
radial variation of fission power density, which governs
the radial flow distribution, is shown in Fig. 3.26. The
discontinuity in the curve is between zone 1, having
13 2% salt by volume, and zone II, having 37 vol %
(see Table 3.3 for definition of zones). For the purpose
of temperature caiculations, the axial power density
variation in zone I was approximated by a cosine
function of the form

Q = Qmnax 0s (n1z/H),

where 2 is the distance from the midplane and H is an
extrapolated height of 16.2 ft. (The actual design
height, excluding reflectors, is 15 ft.)
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The choice of prismatic moderator elements with a
central hole was based on a combination of neutronic
and heat transfer considerations. Two alternatives con-
sidered were tangent solid cylinders and spheres. The
cylinders have a less-than-optimum salt fraction of
about 9%. An objection to this geometry is the cusp
formed near the region of contact; the relatively poor
heat transfer in this area could be a problem at the
power densities used in the present design. Also, the
cylinders have only line contact, and the possibility
exists for misalignment or bridging, particularly after
dimensional changes. Spheres which are randomly
packed have a 37% void space. This would give a salt
fraction far too great for the major portion of the core.
Vise of two different sphere sizes would reduce the void
fraction closer to the value needed in zone I for
optimum breeding performance, but pressure drop
considerations made this approach questionable. The
37% void space in the spheres would, however, be about
optimum for the undermoderated portion, or “blanket”
region. The graphite balls would require some sort of
barrier to contain them, however, and the spheres did
not appear to offer any particular advantages over the
graphite element design selected for the under-
moderated region.
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As a result of the above considerations, the selected
moderator element consists of a long prism with a 4-in.
square cross section containing a central hole. Ri*_ on
the faces separate adjacent elerients and form inter-
stitial salt flow channels. The geometry of the cross
section is a compromise between the neutronic, heat
transfer, and fabrication considerations In zone I it is
desirable ‘rom a nuclear viewpoirt to have a more
heterogeneous cell (larger dimensions), but the con-
trolling consideration is heat conductica out of ihe
graphite. In zone II the neutronics favor a smaller
eiement, but buckling and vibration impose a lower
limit. Although nect an optimum dimension, the 4-in.
square appeared to be the best ccinpromise.

The optimized physics calculations indicated that the
volume fraction of salt in zones I and II should be
0.132 and 0.37 respectively. These fractions are ob-
tained by adjusting either the diameter of the center
hole or the rib size (which alters the interstitial channel
size). Minimum dimensions cn both the hole and the
ribs are influenced by fabrication considerations. Spe-
cifically, to achieve relatively low costs of fabrication
by the extrusion method will require that the element
geometry contain no radii of less than about 0.25 ii.
Also, it is believed that the center hole diameier should
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not be less ti:an about 0.6 in. to assure successful
deposition of the pyrolytic graphite coating on the
graphite surfaces.

The graphite moderator eiements are shown in Figs.
3.4 and 3.5. The central part of the core, zone 1-A, will
be comprised of elements of the type shown in Fig.
3.27, while those at a larger radius (lower power
density) will be of the type shown in part b of the
figure and are designated as zone I-B. The salt fraction
is 0.132 in both zones I-A and I-B, but the interstitial
channels have been made smalier and the central hole
larger in zone I-B. The purpose of this arrangement is to
achieve flow control by orificing only the central hole
rather than by complicating the design with orifices for
the interstitial channels as well. The calculations in-
dicate that in the present design the average tempera-
ture rise through each flow channel approximates
250°F. For a given moderator eiement near the reactot
center line the temperature rise for the salt flowing
through the hole is essentially the same as that flowing
through an interstitial passage; away from the center
line the temperature rise through the hole is greater
than 250°F and that in *ie interstitial channel is less
than 250°F. The orificing for the central holes will be
designed so that the salt streams discharging from all
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flow charnels associated with a given element will
combinz to give a butk temperature of 250°F above the
inlet value.

The elements for core zcne II-A are prismatic and are
shown in Fig. 3.5. They are identical to the elements
used in zone I-B except chat the central hole diameter is
2.581 in. to obtain the 0.37 salt fraction needed in the
undermcderated region. The elements for zone IJ-B are
in the form of rectangular slats spaced far i.ough apart
to provide the 0.37 salt fraction. As shown in Fig. 3.3,
the slats are separated by pins and eliiptical rods. The
latter are irtended to minimize the cross flow v/ich
would otherwise occur from zones I and II intc the
annulus due to the annulus being orificed at the boctom
and operating a 2 lower pressure than the core and
reflector regions. (Fhe annulus was orificed in this
manner so that the sali fiow will be predominantly
radially inward through the radial reflector, as will be
described subsequently.)

Since the center of zone I is the region of highest
power and greatest flow requrements, if all the flow
channels at that Jocation could have equal hydraulic
diameters, the pressure drop through the core could be
designed to be a minimum value. Unfortunately, the
restriction or. the minimum hole size through the
elements, mentioried above, dictates that the hole have
a larger hydraulic diameter than the interstitial channels
and that orifices be used for the holes. The penalty is
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not a great one, however, since the total pressuie drop
across the core at rated flow is estiiaated at only 18 psi.
In this cornection j* may be noted that experiments
have been reported*® in which the fiow through
channels formed by closely pucked rods on a triangular
pitch is greater than that predicted by the equivalent
hydraulic d'ameter theory. Further study, and probably
model testing, will be required to verify the calcula-
tions. particularly with regard to the passages formed
by the corners of four adjacent core elements.

The f'ow divisions and various flow paths through the
reactor are shown schematically in Fig. 3.28. The salt
volumes and spproximate power generation for each
region are also shown. The dashed lines in the figure
indicate lines of minimal flow, that is, paths for which
flow is purposely minimized by crificing or for whicl: it
1c unavoidable due to clearances. From Fig. 3.28 it may
be noted that there are three major flow paths: (1)
through zones I and 11, where the bulk of the power is
generated, (2) between the vessel and reflectors and
through the radial reflector pieces to the annulus, and
(3) through the control rod region and lifting-rod holes.
The flow 2nd temperature aspects will reccive further
discussion in the scctions that follow.

Peak and average steady-state temperatures in the
central moderator elements were investigated using the
HEATING code.’® This is based on the relaxation
method and employs constant thermal conductivity.
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The center of the core is the regioa of maximum
damage tlux, but the maximum element centerdine
temperature occurs at an axial position a few feet above
the midplane, as determined from a heat baiance with
appropnate integration of the axial power density
variation. The worst combination of damage flux and
temperature, which will result in minimum graphite life,
is found to occur about 1 ft above the midplane and
along the center line of the core.®' Figure 3.29 shows
the results of the temperatuie calculations at the
midplane and at a plane 1 ft higher. The significant
input parameters used in the calculations are listed in
Table 3.14. The heat transfer coefficients were based on
the Dittus-Boelter .orrelation. Recent investigations

ORNLS®? indicate that in the range of Reynolds
numnbers of interest, heat transfer coefficients for the
fuel salt are slightly lower (about 20%) than those
predicied by the correlation used in the MSBR con-
ceptual study. Even if the lower values are u-ad,
however, it should not make any significant changc in
the temperatures reported here, since the graptute itself
is the major resistance to heat transfer. The effects of
vertical flow and entrained gas on the heat transfer
coefficient remain to he invtstigated. It was assumed in
the calculations tiaat the effect of volumetric heat
sources on heat transfer between graphite and salt was
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Table 3.14. Input parameters for calculating MSBR
moderaror element temperatures using the

HEATING code’
Atlfi
At
midplane above
P midplane
Salt temperature, °F 1178 1200
Heat generation rate. Btu hr ' in. > 290.8 286.1
Graphite thermal conductivity, 1.415 1415
Btshr ! in.”! €F)7!
Heat iransfer coefficient for center 12.26 12.63
hole, Btu hr ! 1n. 72 ¢F)~!
Heat transfer coefficient for outer 12.85 13.22

surface, Btu hr ™! in. 2 CF)”!

“At near the reactor center line, where the temperature rise
through the holes and through the interstitial passages is
esscntially the same. Further out from the center line the rise is
nct equal.

negligible and that there was no heat transfer between
graphite and salt for z uistance of 0.1 in. on either side
of the apex of the ribs on the outer edge of the
moderator elements. The latter assumption is a first
approximation to account for the restricted flow in that
area.

ORNL-DWG 69-6012

{a)}

(h)

Fig. 3.29. Temperature distribution in graphite moderatos element at (¢) midplane of core and (b) 1 ft above midplane.



T'emperatures have not vet been investigated in the
moderator elements at radial positions other than at the
center of the core, nor have they been examined in
zone II. In these areas of lower radial power density and
consequently lower salt flow rates, the heat transfer
coefficients will be less. However, the heat sources
within the graphite are also reduced, as is the damage
flux. Although a more detailed analysis may indicate
higher peak graphite temperatures at locations othar
than those investigated, the redu<tion in damage flux is
expected to be more than compensating. On the basis
of the data presented in Sect. 3.2.3 on damage flux and
graphite life, the MSBR graphite will achieve the design
objective of a four-year life at the temperatures which
would exist in the referencc design.

Preliminary calcuiations indicate that vibration of the
moderator elements should not be a problem. The
magnitude of the vibrations was determined by extrapo-
lating known information about the ampiitude of rod
vibrations associated with parallel flow®> and add ng to
this the rod deflection due to cross flow of salt between
the channels. Assuming the velocity of the sait between
adjacent channels to be ", fps and extrapolating
information on vibration due to cross-flow vortex
shedding,** the sum of the two effects gives a total
calculated amplitude of vibration at the center line of
less than 0.002 in. Model tests will be required for
substantiation, but on this basis it is believed that core
vibrations will not limit the design parameters.

It may be noted that a 12- by 12-in. area has been
assigned for control rods in the center of the reactor.
The salt flow in this region will be in excess of that
needed to cool the rods in order to bring sufficient cool
salt to the top axial reflector. Orificing of the flow in
this central region will also be required to limit
variations in the flow as a function of control rod

position.
3.4.2 Radial Reflector

Determination of reflector temperatures is important
because of their relationship to graphite life, amount
and temperature of coolant required, and stored energy
during afterheat removal. The relaticnship between life,
d~mage flux, and temperature is shown in Fig. 3.10.
For a given nuclear design there is a maximum
allowable temperature for any reflector section which is
intended to remain fixed in position for the design life
o: the reactor. Conversely, a temperature distribution
calculated for zivea reflector geometry and coolant
conditions may dictate a reduction in the incident
damage flux, even though this entails a departure from
optimum nuclear conditions. The amount and tempera-
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ture of coolant are interdependent. The major part of
the coolant temperature rise is due to its own internal
fission heating, and it is desirable to have each unit
volume of salt experience the same plenum-to-plenum
temperature rise. On the other hand, the need for
improved heat transfer ccefficients or lower sink
temperatures may dictate a higher flow rate than that
required to attain this rise.

A reflector design using graphite blocks averaging
about 1 ft> was rejected .hen analysis indicated
excessive temperatures. The principal cause was fission
heat from trapped interstitial salt. This heat had to be
transferred to a cooled surface by conduction, which
required large temperature gradients. A conclusion was
that regions of static salt must be avoided everywhere
within the reactor vessel. Without the presence of
inte.nai fission heat, the sources in the reflectors consist
primarily of photons leaking from adjacent blanket
regions and froin neutron slowing down. These sources
are shown in Fig. 3.30.

The present radial reflector design, skown in Figs.
3.1-33, has been analyzed using the HCATING
code.5 % Boundary temperatures were based on the fluid
temperature required at a given location for an overall
250°F rise and also considered surface temperatures
duc to the volumetric heat source in the fluid. The
vclume fraction of sait in the reference design reflector
is about 1%, but as long as the salt is flowing this
quantity is not important to the temperature distri-
bution estimates in that heat generation within the salt
is carried away by the salt and the fission heating in the
salt far exceeds the heat transferred into it from the
graphite. Hence the conduction problems nave been
treated with fixed boundary conditions rather than
having to couple the salt and graphite by an ene:gy
balance. Heat transfer coefficients were based on
laminar flow of fluid between graphite segments and
between reflector and vessel and on turbulent flow of
the fluid at the reflector-blanket boundary in the
24in.-wide annular space between the reflector and the
removable core assembly. Resulting temperatures at the
axial midplane are shown in Fig. 3.31. This is about the
location of the peak damage flux, which has been
constrained tv about 4 X 10'3 (£ > 50 keV) to achieve
the 30-year design life at the calculated 1250°F surface
temperature. The decrease of damage flux with distance
into the reflector overrides the effect on graphite life of
increasing temperature near the edge of the reflector.

In order to meet the heat-removal requirements and
the other objectives mentioned above, the flow of salt
through the reflector graphite must be in the radial
direction rather than vertically upward, as it is in the
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Fig. 3.30. Heat ources in graphite radial reflector at mid-
plane.

core. In large part this is due to the fact that the
thermal coefficient of expansion of Hastelloy N is
greater than that of the graphite. The reflector graphite
could be restrained into essentially the room-tempera-
ture geometry with littie change in the flow channel
geometry, but the expanding vesse! would draw away
from the reflector and increa. the salt volume in the
annulus between the vessel wall and the graphite. This
would result in an undesirable increase in the primary-
salt inventory. It was therefore decided to restrain the
reflector graphite to maintain its position relative to the
wall and let the flow passages in the graphite open up as
the system is brought up to temperature. With an
increase in the width of the flow channels in the
rciiector graphite, axial flow passages for the reflector
are not fixed. Connecting the reflector flow passages,
the annular space at the vessel wall, and the annular
space between the reflector and the removable core to
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Fig. 3.31. Temperature distribution in graphite radial reflec-
tor at midplane based on heat sources shown in Fig. 3.30.

common plenums located at the upper and lower ends
of the reflector is not satisfactory with axial flow.
There would be inadequate axial flow through the
reflector if the pressure difference was limited to the
amount necessary to get the desired temperature rise
for the salt flow through the annular space. On the
other hand, there would be excessive salt flow through
the annular spaces if this pressure difference was
increased to get the necessary flow through the re-
flector region. However, the use cf radial flow circum-
vents these design difficulties.

The salt in the reflector flows inward toward the core
in order to minimize the vessel wall t2mperature and
because of orificing considerations. The annulus be-
tween the core and reflector is orificed at the bottom
because of mechanical assembly considerations and
because this annulus serves as the collection plenum for
the radial flow through the reflector. Salt flow from the
undermoderated region of the core into the annulus is
restricted by graphite rib seals located between the
graphite slabs in the undermoderated region, zone II.
Axial distributicn in the radial flow through the
reflector is controlled by orifices located at the inlets of
the radial flow passages.

3.4.3 Axial Reflectors

The axial reflectors are subjected to a 66% higher
peak damage flux than the radial reflector. However,
the lower one is replaced with the moderator, and the
upper one must last only half of design life due to the
alternate use of the two heads. Hence, temperature and
damage flux considerations are not as stringent as in the
radial reflector. The heating rate in the upper axial
reflector was analyzed using the HEATING code.®®
The axial behavior of the source is shown in Fig. 3.32.
The radial variation was described by a cosine. The
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inner face was subjected to 1300°F salt, while the other
faces were in contact with somewhat cooler salt, which
is transported from the reactor inlet via the control
region and lifting-rod holes, to provide a low-tempera-
ture fluid coolant sink for the vessel head. On the above
basis, the peak temperature was found to be 1363°F,
and the surface temperature in the region of peak
damage flux was 1265°F.

3.5 REACTOR VESSEL DESIGN

3.5.1 Reactor Vessel Description
E. S. Bettis

The basic features of the reactor vessel are shown in
Figs. 3.1 and 3.2. The vessel has an inside diameter of
22.2 ft, an overall height at the center line of about 20
ft, a wall thickness of 2 in., and a head thickness of 3
in. Major considerations in the design of the vessel
were:

1. The core must be replaceable withcu. undue dif-
ficulty.

2. The holdup of fuel salt in nozzles, plenums, and
other volumes exterior to the core must be a
minimum.

3. The vessel walls and heads must be protected from
excessive temperatures and radiation damage.
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4. The vessel must be designed {or 75 psig and 1 walil
temperature of 1300°F and must meet ASME code
requirements for nuclear vessels.® ¢

5. The vessel must be constructed entire.y of inodified
Hastelloy N.

The reactor vessei is constructed of the following major

pieces:

1. A cylindrical section, 22.5 ft OD X ~13 ft high,
*+ith a wall thickness of 2 in.

2. A transition section, about 4 ft high, with one end
having a diameter of about 18 fi and the other 22.5
ft. This section has four symmetrically spaced salt
outlet nozzles and radial gusset plates attached to it.
The wall thickness is 2 in.

3. Two cylindrical sections about 13, ft high with
2-in.-thick walls. One has an inside dian:eter of 18 ft
and the other an outside diameter of slightly less
than 18 ft, so that one fits inside the other, as showa
in Fig. 3.2. Forged flanges at the top provide the
vessel ciosure.

. Cne upper and one lower dished head, each 3 in.
thick. The upper heau is about 18 ft in diameter and
the lower about 22% ft.

With the exception of the flanged closure at the top,
the vessel is of all-welded conctruction, fabricated of
modified Hastelloy N having the physical properties
listed in Table S.1 and discussed in Sect. 3.2.4.

The design requirement for core replaceability led to
adoption of the cylindrical extension on the vessel and
top head which permits the closure flange to be located
in a relatively lower temperature region and one with
greatly reduced radiation intensity. The flange face is
about 6 in. wide and is machined for two metal ring
gaskets. The space between the two rings will be
continuously evacuated and monitored for fission gases.
The flanges are joined by a clamp which encircles the
outside of the flange and extends upward to the
operating floor le' :1. Thirty-four 1-n. bolts in this
clamp are easily accessible and supply the force which is
transmitted to the flange faces for making the closure.
It may be noted that the weight of the upper layer of
roof plugs rests on the upper flange and reduces the
bolt tension required to maintain the gashet loading.

The transition scction was adopted to conserve
fuelsalt invento.y in the region of the outlet salt
nozzles and to minimize the diameter of the top head
assembly tc be handled during core replacements. The
necking i:: of the vessel at the top prevents top loading
of the fast row of reflector graphite and requires a
spe- 4l shape for two of the blocks, as discussed in Sect.



3.1.2. The transition section also serves as a ccllection
header for tie fuei sait leaving the top of the reactor,
diverting it into the four exit nozzles. These nozzles are
of a special shape, elliptical in cross section at the veisel
end and cylindrical in cross section where joined to the
fuelsalt piping leading to the pump inlei. Reinforcing
webs are used in the construction of the outlet nozzle
to provide needed strength.

Tue cylindrical portion of the vessel is faoricated of
rolled plate, rough machined after heat treatme: t. The
roundness tolerance is probably about *', in. The
dished top head has a forged ring welded around its
circumference for joining it to the upper cvlindrical
extension. The maximium thickness of the ring is about
4in.

The fuel-salt inlet is at the center of the bottom head.
The inlet plenum is a well about 3 ft in diameter and 4
ft high at the center line of the vessel. The four
16-in.diain fuelsalt pipes enter symmetrically around
this well, as indicated in Fig. 3.1. The 6.n. drain
connection is to a nozzle in the bottom head of the
well. Hastelloy N flow diverters, or turning vanes, arc
provided in the plenum to direct the salt flow upward
and to reduce the turbulence in the reactor vessel inlet
nozzle.

The top head of the vessel has an 18-in.-diam nozzle
at the center line for the pipe containing the control
rod assembly. The cylindrical extension of the top head
is provided with lifting lugs into which the spider
carried by the hoisting machine engages to lift the
reactor core assembly from the vessel, as described in
Sects. 3.1.2 and 12.3.

3.5.2 Reactor Vessel Temperatures
W. K. Furlong

The reactor vessel will be heated above the 1000°F
ambient cell temperature by the hot molten salt flowing
on the inside and by neutron and gamma absorptions.
The maximum metal temperature and the temperature
distribution are important because they affect the
calculated and design stress intensities in the walls,
heads, and nozzles.

An analysis of the 2-in.-thick cylindrical wall in-
dicated that the peak metal temperature would be
about 69°F above the interior salt temperature and
would occur close to the outside surface at about
midheight. In making this study it was assumed that the
salt temperature at the inside face was uniform at
1100°F.* A similar study of the 3-in.-thick upper head
gave peak temperatures 20 to 80°F above the inside salt
temperature (again assumed as 1100°F), also occurring
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on the outside surface. The lower head has less incident
gamma flux due to the shielding provided by the
inteinal structures and is cooled bty salt closer to the
1050°F inlet salt temperature and thus will operate
somewhat cooler than the upper head.

The calculated stress intensities in the walls and upper
head are generally within the allowable, or design,
intensity range, since the salt sweeping the inside
surfaces is a bypass stream taken from the reactor iniet
and should not significzntly exceed the assumed average
of 1100°F. However, if the metal were bathed bv salt
closer to the reactor outlet temperature of 1300°F, it is
possible that some metal temperatures would be unac-
ceplably high in that the allowable, or design, stress
intensity would have to be revised downward. The
vessel has not been designed or analyzed in detail, but it
is consideied a possibility that further study would
disctose localized areas, such as the outlet nozzles or the
junction of the tep dished head with the cylindrical
portion (where stresses tend to be high), which would
have to be shielded from the flow of hottest salt.
Although the lower head is iarger in diameter than the
upper head and thus would have higher stress intensities
in withstanding the internal pressure, the temperature is
sufficiently low to keep the stress intensities in this part
of the vessel within the acceptable range.

3.5.3 Reactor Vessel Stresses
C. W. Collins

A preliminary elastic stress analysis was made for the
reactor vessel using an Air Force computer program®$
which has been modified by ORNL. The analysis was
based on the top of the vessel operating at 1300°F and
42 psig and the bottom at 1100°F and 61 psig. The
maximum stress in the removable head due to pressure
alone is 5220 psi. This stress is located in the dished
head near the junction of the head and shell skirt. The
maximum stress in the vessel occurs at the junction of
the lower head and shell and is 16,324 psi. The
cylindrical portions of the vessel are 2 in. thick, and the
dished heads are 3 in. thick.

No analytical work has been done on the nozzles,
closure flanges, thermal stresses, or discontinuity
stresses at the necked-down portion of the vessel

*It is reasonable to assume a 1100°F salt temperature in the
vessel wall coolant passage since the flow through the reflectu.
is radially inward. The analyses assumed laminar flow of salt
and a heat transfer coefficient of 137 Btu hr ™! ft™2 CF)™'.
Heat transfer from the reactor vessel to the cell environment
was neglected, as was the effect of gamma irradiation from the
primary heat exchangers.



because cf the large amount of time .hat woula be
requircd to develop computer programs. As an al-
lowance for the uncertainty, the stresses ware held well
below those allowed by the ASME Boiler and Pressure
Vessel Code for standard Hastelloy N. As described in
Sect. 3.2.4, experimental heats of modified Hastelloy N
are stronger than the standard alloy, and the alloy that
will be used in the MSBR will probably be approved for
higher stresses than the standard alloy. Neutron irradia-
tion to the extent anticipated in the MSBR should not
rcquire a reduction in allowable stress. The graphite
reflector is sufficiently thick to reduce the 30-year
integrated neutron dose (>300 keV) at the wall to
below 1 X 10! neutrons/cm?. At this fluence the
reduction in metal strength is insignificant.

As stated in Sect. 3.2, standard Hastelioy N is
approved for use under Sects. Il (ref. 56) and VIIi (ref.
57) of the ASME Boiler and Pressure Vessel Code. The
desigr. stresses applicable for nuclear vessels at tempera-
tures up to 1300°F were determined through the
following case interpretations.

Case 1315-3 (ref. 3Q) approves use of Hastelloy N for
pressure vessels constructed in accordance with provi-
sions of Sect. VIH, Division 1. Allowable stresses are
given for temperatures to 1300°F.

Case 1345-1 (ref. 31) approves use of Hastelloy N for
class A vessels constructed in accordance with provi-
sicas of Sect. III of the Code. Design stress intensity
values a-: provided only to 800°¥, in common with
other materials approved fcr use under Sect. 1II (ref.
56).

Case 13314 (ref. 58) provides rules for construction
of class A nuclear vessels that are to operate at
temperatures above those provided for in Sect. HI (ref.
56). It permits the use of allowable stresses from
Division 1 of Sect. VIII (ref. 57) and the related Code
Case 1315-3 (ref. 30).

In applying these Code cases, it is found that the
allowable primary stress intensity (S,,) is 3500 psi at
1300°F and 13,000 psi at 1100°F. At the juncture of
the heads and shells, where the maximum stresses
occur, paragraph 5 of Case 1331-4 (ref. 58) establishes
the allowable value of the primary plus secondary stress
intensity as three times the allowable design stress
intensity (S,,) for the metal temperature involved. On
this basis, the allowable stress intensity at 1100°F is
39,000 psi and at 1300°F is 10,500 psi. Stresses in the
preliminary design of the vessel have been held well
below these allowable values.

From these preliminary calculations it appears that
the critical stress regions are at the junction of the head
and shell in the removable head and, most particularly,
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at the outiet nozzles where the highest temperature
occurs and for which no analysis has been attempted.
When a more rigorous analysis is completed, it may be
found necessary to ~Ad a thermal barrier in this region
with cooling from the inlet salt stream or to alter the
vessel design in this region to r:cuce the discontinuity
stresses.

3.6 PRIMARY SYSTEM SALT PIPING
C. W. Collins

Because of the fuel inventory costs, a prime consider-
ation in the design of the primary systcm piping was to
limit the piping volume to the minimum permitted by
reasonable pressure drop and by required piping flex-
ibility. The piping raust accommodate the expansion
associated with the high operating temperatures of
1050 to 1300°F. To provide needed flexibility and low
fuel-salt inventory, the fuel-salt piping must probably
be limited to 16 to 20 in. in diameter.

The support scheme for the primary loop is based
upon anchoring the reactor vessel to the concrete
building structure while the other components are
mounted on flexible supports. The pumps, heat ex-
changer, and piping are positioned radially around the
reactor vessel, with esseniially the only restraint being
the vertical support by hangers mounted to the roof
structure, thus allowing the components to move freely
without developing excessive piping stresses. The layout
of the primary-salt loop is shown in Figs. 13.7 and 13.8.

The piping system was analyzed at operating tempera-
tures using the MEL-21 “Piping Flexibility Analysis™S?
ccmputer program. It was determined that the piping
meets the requirements of USAS B31.7 “Tentative USA
Standard for Nuclear Power Piping™® for stresses due
to thermal expansion, weight, and pressure loading of
the system under the operating conditions. The analysis
is incomplete in that no olf-design conditions were
considered, nor were any localized thermal or dis-
continuity stresses taken into account. This would have
involved considerably more effort than was warranted
for this co1 ceptual design study.

The maximum compuied expansion stress was 5570
psi, occurring at the point where the pump discharge
pipe connects to the heat exchanger. ASME Code Case
1331.4 (ref. 58) establishes the allowable value of the
primary plus secondary stress intensity as the larger of
three times the allowable design stress intensity (S,,)
or, as an alternate, three times the allowable stress
amplitude (S,) at 10° cycles for the metal temperature
involved. The allowable stress intensities at 1300°F are
thus 10,500 psi, based on 3S,,,, or 19,500 psi, based on



3S,, the latter establishing the allowable primary plus
secondary stress intensity. When the ~1500-psi stress
due to pressure is added to the maximum expansion
stress of 5570 psi, the allowable primary plus secondary
stress intensity is not exceeded.

The primary loop is designed to be flexible enough to
accommodate the large thermal expansions due to the
relatively high operating temperatures. Tlis flexibility
must be controlled during an earthquake or after an
accidental break in the piping that tend: to cause
whipping or other movement. Light-water re.ctors use
spring supports and “ydraulic dashpots on eq.iipment
and piping which pcrmit slow movements Cue to
thermal expansions hut dampen the rapid shaking
encounterzd in earthquakes and resist sudden reac.ions
that would occur if a pipe ruptured. Very large support
components are required in water reactors to withstar.d
the reactions that could occvr with pipe failure. Smaller
supports can be used in the molten-salt reactors because
the systems operate at lower pressure and have less
stored energy. The MSBR supports, however, must
operate at the high ambient temperatures in the cells.
This can be done either by designing dashpots which
use gases, molten salts, or pellet beds as the working
medium or by installing insulation and cooling systems
for dashpots using conventional fluids.

An engineering consuitant®’ made a preliminary
review and evaluation of the ability of the MSBR to
withstand seismic disturbances. His findings were based
primarily on engineering judgment and extensive ex-
perience in seismic e 'gineering. No major problem areas
were indicated for the seismic spectra used in current
designs of reactor plants. The shaking of piping and the
sloshing of fluids in the MSBR vessels do not appear to
be of major concern.

3.7 PRIMARY HEAT EXCHANGERS

C. E. Bettis
H. A. Nelms

M. Siman-Tov
W.C. T. Stoddart

3.7.1 Design Requirements

The overall conditions in the MSBR system impose
several specific design requirements on the primary heat
exchangers:

1. The volume of fuel salt in the heat exchanger must
be kept as low as practical to minimize the fuel
doubling time for the reactor.

. The entrance and exit salt temperatures, maximum
(or desired) pressure drops, and the total heat
transfer capacity mus: conform with the overall
system operating conditions.
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. The type of heat exchanger, general location of
nozzles, height of the unit, and minimum tube
diameter must be compatible with various design,
layout, and fabrication considerations.

The heat exchanger must be arranged for relatively
easy tube-bundle replacement by means of remotely
operated tooling.

. All portions of the exchangers in contact with the
faei or coolant salt must be fabricated of Hastelloy
M. As in any heat exchanger, the physical propertics
of the material establish maximum allowable tem-
perature gradients across walls, allowable stresses,
and the degree of flexibility required to accommo-
date differential expansions.

. Flow velocities, baffle thickness, tube clearance, and
baffle spacing shou!d be selected tc minimize pos-
sibilities of vibration.

Within the framework of the above requirements and
guidelines, design procedures®? and a coraputer
program®® were developed to produce an efficient
design with low fuel-salt volume.

3.7.2 General Description

Fcur counterflow vertical shell-and-tube-iype heat
exchangers are used to transfer heat from the fuel salt
to the sodium fluoroborate coolant salt. The units are
almos: 6 ft in diameter and about 24 ft tall, not
including the coolant-salt U-bend piping at the top. A
cross-secticral drawing is shown in Fig. 3.33, and the
pertinent data are given in Table 3.15.

The fuel salt enters the top of each unit at about
1300°F and exi:s at the bottom at about 1050°F after
single-pzss 1iow through the %-in.-OD tubes. The
coolant s:lt enters the shell at the top, flows to the
bottom through a 20-in.-diam central downcomer, turns
and flows upward through modified disk and doughnut
baffling, and exits through a 28-in.-diam pipe concen-
tric with the inlet pipe at the top. 1.ie coolant salt is
heated from 850 to 1150°F in the process.

The 5803 Hastelloy N tubes are arranged in con-
centric rings in the bundle, with a constant radial and
circumferential pitck. The tubes are L-shaped and are
welded into a horizontal tube sheet at the bottom and
into a vertical tube sheet at the top. The toroidal-
shaped top head and tube sheet assembly has a
significant strength advantage, simplifies the arrange-
ment for the coolant-salt flow, and permits the seal
weld for the top closure to be located outside the heat
exchanger. About 4 ft of the upper portion of the
tubing is bent into a sine wave configuration to absorb
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Table 3.15. Primary heat exchanger design data

Type One-pass shell and tubes with disk
and doughnut baffles
Rate of heat transfer per umt
My 556.5
Btu/hr 19 x 10°
Tube-side conditions
Hot fluid Fuel salt?
Entrance temperature, °F 1300
Exit temperature, °F 1050
Entrance pressure, psi 180
Pressure drop across exchanger, psi 130
Mass flow rate, Ib/hr 234 x 10°
Shell-side conditions
Cold fluid Coolnt salt?
Entrance temperature, °F 850
Exit temperature, °F 115G
Exit pressure, psi 34
Pressure drop across exchanger, psi 115.7
Mass flow rate, Ib/hr 17.8 x 12°
Tube material Hastelloy N?
Tube OD, in. 0.375
Tube thickness, in. 0.035
Tube length, ft 244
Tube-sheet-to-tube-sheet distance, ft 23.2
Expansion bend sadius, in. 95
Shell material Hastelloy N
Shell thickness, in. 0.5
Shell ID, in. 67.6
Central tube diameter, OD, in. 20
Tube sheet material Hastelloy N
Tube sheet thickness, in. 4.75
Tube maximum primary (P) stresses, psi 683
Allowed primary stresses, psi® 4232
Tube maximum primary and secondary (P + Q) stresses, psi 12,484
Allowed primary and secondary stresses, psi 12,696
Tube maximum peak (P + Q + F) stresses, psi 13,563
Allowed peak stresses, psi (see ref. 12) 25,000
Number of tubes 5803
Pitch of tubes, in. 0.75
Total heat transfer area, i 13,916
Basis for area calculation Qutside of tubes
Type of baff' Disk and doughnut
Number of baffles, total 21
Baffle spacing, in. 11.23
Disk OD, in. 54.2
Doughnut ID, in. 45.3
Overall heat transfer coefficient, U, Btu ! 12 Rt 784.8
Volume of fuel sals in tubes, 1 7.9

9Salt and Hastelloy N properties are those listed in Table S.1.
PBased on average metal temperature in tube wall of 1244°F.



differential expansion between the tubes and the shell.
Baffles are not used in this bent-tube portion, the tubes
being supported by wire lacing as needed tc minimize
vibration. Without baffles the upper section of the tube
tuncle experiences essentialiy parallel flow and rela-
tively Jower iieat transfer performance.

In the baffled section of the exchanger the tubes have
a helical indentation knurled into the surface to
enhance the film heat transfer coefficients and thus
reduce the fuel-salt inventory in the heat exchanger. No
enhancement was used in the bent-tube portion because
of present uncertainty in the reliability of the tubes if
they were both bent and indented.

The shells of the exchangers are also rabricated of
Hast=lloy N. Disk-and-doughnut baffles, modified for
the central downcomer, are used in the shell to a height
of about 20 ft. The baffles produce cross flow and also
kelp support the tubes to minimize the vibraiion.
Although testing at conditions as near as possible to
desgn values is necessary tc learn what tube vibrations
may occur, use of thick baffles (equal to, or slightly
greater than, the tube OD) and tube-to-baffle diametri-
cal clearances of the order of a few mils would tend
toward creating a “‘fixed-tube” situatior at each baffle
and would be likely to prevent rsoblems due to
vibration.

Tihe upper and lower tube sheets are welded 1w 2
cylinder with a 2% in. wall thickness, which gives
rigidity to the tube bundle for transport, provides a
gamma shield for the shell, and forms a '%-in.-wide
passage between it and the shell for downward flow of a
portion of the fuel salt to cool the wall. The top
extension of this inner cylinder, to which the upper
toroidal header is mounted, rests on a projection near
the top of the heat exchanger shell and supports the
tube bundie. The heat exchanger assembly is supported
from the cell roof structure and is mounted at a point
near the center of gravity by a rimbal-tyne joint that
permits rotation to accommodate unequal thermal
expansions in tne inlet and outlet pipes

Through close material control and inspection the
heat exchangers are expected to have a high degree of
rcliability and to last the 30-year life of the plant. If
maintenance is required, a tube bundie can be removed
and replaced using remotely operated tooling, as dis-
cussed in Sect. 12. No specific arrangements are made
for replacement of the shell, although this could be
accomplished during a more extended shutdown of the
plant. A slip joint is provided at the inlet coolant-salt
connection to perrnit removal of the large U-bend in the
piping at the top. Once this is set aside, the bolting on
the top clamp is loosened ard the clamp removed to
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expose the seal weld. After this is ground away, the
tube bundle can be withdrawn as an assembly.

3.7.3 Design Calculations

The design of the MSBR heat exchanger equipment
has been reported by Bettis et al.62:63 Heat transfer
experience with the primary and secondary salts is
limited. As experimental values for the physical prop-
erties of the salts become more reliable, confidence will
also increase in the heat transfer correlations and in the
overall design. The salt properiies used in the MSBR
reference design heat exchange equipment are those
listed in Table S.1.

Since molten fluoride salts do not wet Hastelloy N, it
was suspected that usual heat transfer correlations,
often based on experiments with water or petroleum
products, might rot b2 valid. MSRE experience®* and
recent experiments by Cox®® showed that basically the
fuel salt behaves ver, similarly to conventional fluids.
His correlations result in heat transfer coefficients
somewhat below those obtained from the Sieder and
Tate correlations for turbulent regions,®® Hansen’s
equation for transition regions,®” and Sieder and Tate’s
correlation for laminar regions.®® The tube-side heat
transfer calculsiions were made on the basis of correla-
tions recommended by McLain,%® which were based on
Cox’s data.®®

No experiments have been performed to date for
correlating the heat transfer behavior of a sodium
fluoroborate coolant salt in the shell side of the heat
exchanger. Bergelin’s correlation®® for the baffle zone
and Donohue’s correlatiun’® for the unbaffled section
were chosen as the most representative available. Since
Bergelin’s correlation is strictly for cross flow situa-
tions, the equation was modified by introducing a
correction factor which depends on the degree of actual
cross flow existing as influenced by the raiio between
the baffle spacing and the shell annular thickness.

The tubes are spirally indented in the baffled zone to
improve the heat transfer performance. Experiments
performed by Lawson et al.”! showed that one can
expect an improvement by a factor of 2 for the
tube-side heat transfer coefficient. Lawson also recom-
mends a factor of 1.3 for the heat transfer coefficient
outside the tube, although no experiments have been
done to substantiate this. Since Lawson’s experiment
was limited to Reynolds numbers greater than 10,000,
there is some uncertainty in the degree of improvement
at numbers less than 10,000. It was assumed that no
improvement can be expected in a truly laminar flow
(Re < 1000). The range in between was extrapolated
usirg a method recommended by McLain.”?



The shell-side pressure drop was calcu'ated by the
procedure suggested by Rergelin ei al ®® The tube-side
prassure drop was calculated by che conventional
friction-factor mcthod. The effect of the spiral in-
denting in the tubes on the piessure drop was assumed
to be in the same proporiion as the effect on the heat
transier performance.

A bypass correction factor due to baffle leakage of
0.5 was used for the pressure drop in the shell side of
the heat 2xchanger, and a factor of 0.8 was applied in
the heat transfer calculations. These leakage factors
were chosea on the bases of recommendations by
Bergelin et al.”3

A computer program ‘was written which accepts the
design restrictions discussed above, takes into accoun.
the differences in the physical properties of the salts as
they move through the exchanger, recognizes varations
in the flow and heat transfer regimes in the various
sections and applies the appropriate correlations and
correction factors, and, by performing a parametric
study, selects the heat exchanger design with the
minimum fuel-salt volume. Bettis et al. have described
the design procedures and the computer program and
its application.62:63 The reliability of the performance
estimates is assessed in Sect. 3.7.4.

A stress analysis subroutine was incorporated in the
main computer program. It performs a preliminary
stress analysis on the basis of the assumption that the
maximum tube stresses will occur in the curved-tube
region. The subroutine considers prassure stresses,
thermal expansion stresses, and stresses resuiting from
thermal gradients across the tube wall. The primary and
s2condary stresses are computed and compared with the
allowable stresses given in the ASME Sect. IIl Code.®®
As additional information becomes available, the stress
analysis subroutine program will be expanded to in-
clude fatigue analysis, tube sheet joints, and the effects
on strength of the tube wall indenting.

3.7.4 Reliability of Design Calculations

It is believed that the use of the MSBR primary heat
exchanger design program results in an efficient and
reliable design.

Among the input data which significantly affect the
heat exchanger design are the physical properties of the
fuel and coolant salts and their variation with tempera-
ture, the heat transfer correlations applied, the enhance-
ment factors assumed for the indented tubes, and the
leakage factors associated with fabrication clearances.
The most notable uacertainties in the salt physical
property values at the present time are the viscosity and
thermal conductivity of the fuel salt. The average

deviation for the fuel-salt heat transfer «orrelatica is
reported®’ as being about 5.7%. The deviation or error
in the use of Bergelin’s correlatior is not certain, but
shell-side heat transfer coeificients might normally have
a deviation of about 25%. Leakage factor deviations
might be about 30% for the pressure drop calculations
and about 10% for the shell-side heat transfer correla-
tion. Tae enhar_ement factor deviation might be about
15%.

Twe extreme cases were examined: one where all the
pessimistic values were used and the other where the
optimistic values veie taken. The result was a deviation
in overall lLieat transfer area (or fuel-salt volume) of
+38% for the pessimistic case and —28% for the
optimistic case.

3.8 SALT CIRCULATION PUMPS

3.8.1 Fuel-Salt Pumps
L. V. Wilson

The MSBR employs four primary-salt pumps and four
secondary-salt pumps, with one of each located in the
four system loops. In addition, there is a small ancillary
salt transfer pump with the dual purpose of filling the
primary-salt systein and pumping the primary salt to
the chemical processing plant. For comparison purposes
the operating requirements for the pumps and tentative
values of some of the pcrtinent dimensions are shown in
Table 3.16. The secondary-alt pump is d.scussed in
Sect. 3.8.2 and the transfer pump in Sect. 3.8.3.

The fuel-salt circulation pump in the MSRE ac-
cumulated over 29,000 hr of successfui operation, the

Table 3.16. Salt pumps for the 1000-MW(e) MSBR

Primary Secondary  Transfer?
Number required 4 4 1
Design temperature, °F 1300 1150 1300
Capacity, gpm, nominal 16,000 20,000 100 (3)
Head, ft 156 300 100 (25)
Speed, rpm 890 1190 1790 (890)
Specific speed, N 2630 2335 560 (140)
NPSH required,? ft 16 20
Brake horsepower, each ~2350 3230 20 (2)
Impeller diameter, in. 34 35Y, 9,
Pump tank diameter,in. 72 72 24
Suztion diameter, in. 21 21 3
Discharge diameter, in. 16 16 2

Where two values are listed, the first applies to filling the
primary-salt system and the second to circvlating the primary
salt to the chemical processing plant.

BNPSH = net positive suction head.



only problem encountered being partial restriction of
the off-gas flow from the pump bowl.”* The pump had
a capaciiy of 1200 gpm and was driven by a 75-hp
motor. The dependability of this pump, a similar pump
in the coolant-salt system, and many others 1un for
thousands of hours in test stands nas given corfidencs
that salt circulation pumps for the MSBP. do not
present a major development problern.

The conceptual layout for the MSBR primary salt
pump is shown in F . 3.34. The lowe:r portion of the
pump (pump tank, impeller, casing, etc.) is located in
the reactor cell, and the d.ive motor is located on the
crane bay floor, that is, sbove the concrele shielding.
The vearing housing is recessed into the concrete
shielding to reduce the shaft overhang. The pumnp shaft
is mounted on two pairs of preloaded o.i 'vhricated ball
bearings, and the impeller is overhiung about 6% ii
below the lower bearing. The first shaft critical speed
will be greater thai 1560 rpm to enable the pump to be
run at 1700 rom when it is to be used for circulating
gas.

Since the reactor is the fixed component in the
system the primaiy-salt pumps are subjected to thermal
expansion displacements of about 2 in. horizontally and
about ! in. vertically at *he pump tank when the systein
is heated up from room temperature to operating
temperature. During operation at temperature the
coupling will accommodate the approximately %-in.
horizontal displacemznts due to thermal cycling. The
design effects of these displacements on the purip are
apparent in the shield configuration, method of pump
support, cell and/cr pump containment, and the
coupling between the motor and the pump. The
shielding around the pump is of the disk-and-doughnut
type and will permit the unhindered displacement of
the pump and also provide adequate shielding of the
lubricant and coolant in the region of the lower bearing
and seal.

A shield plug is provided to protect the lubricant and
other radiation-sensitive elements in the region of the
bearing housing. Appronumately a 1-ft thickness of
Hastelloy N will limit the accumulated dosage at the
lower seal to 10® rads for the anticipated pump life.
The top of the shield plug will be cooled by an organic
liquid, possibly the same as the bearing lubricant.
Additional shielding will be provided to reduce the
nuclear radiation intensity at the crane bay floor to an
acceptable biological level.

The motor is mounted in a fixed position on the
crane bay floor, and the pump is suspended on
spring-mounted rods that are free to pivot at both ends.
The spring constant of the springs is sufficiently low
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that thc forces on the pump tank nozzles are not
eucessive. The coupling beiween the motor and the
pump is a floating shaft gear type which is installed in
the maximum horizontal displacement position. During
system heatup the pump moves into a position where
the pump shaft is nominally aligned with the motor
shatt for normal pump operating conditions.

The pump has a large seal leakage containment
volume to accept the oil in event of a gross failure of
the lower seal. In addition, a Visco seal, adjacent to the
lower seal, will help to pievent oil from entering the salt
system when the shaft is rotating. When the pump is
stopped, a static shutdowr. seal can be actuated by gas
pressure to prevent the flow of oil down the shaft
annulvs. The primary purpose of the static shutdown
see, i to prevent the Jeakage of gas-borne fission
products and thus permit the removal of the bearing
housing assembly without removing the shield plug,
shaft, and impeller from the pump tank.

The purp tank provides a volume to accommodate
the anticipated thermal expansion of the fuel salt at
off-design congitions. It is almost completely decoupled
hydraulically from the flowing salt in the ‘mpeller and
volute passages by (1) labyrinth seals installed in the
pump casing around the pump shaft and on the
periphery of the casing and (2) bridge tubes that
connect the volute to the inlet and outlet nczzles
attached to the pump tank. The bridge wubes also
eliminate structural redunda-icies beiween the pump
tark and the volute and its supporting structure.

The above-mentioned hydraulic decoupling serves to
minimize the changes that may occur in the pump tank
liquid level if one pump stops when several pumps are
being operated in parallel. Assuming that the gas
volumes cf the sait pumps being operated in parallel are
interconnected, that the salt volume in each pump tank
is connected directly to its pump suction, 2nd that all
pumps are being supplied from a common plenum in
the reactors, if one stops, the level of salt in the tank of
the stopped pump would iry to increase by an amount
equai to the velocity head at the pump suction plus the
head loss in the suction line from the common supply
to the pump tank. This change in level would be 10 ft
or more and would represent an undesirable increase in
the pump shaft length. Also, unless there is sufficient
reserve salt volume in the other pump tanks to supply
the increased salt requirement of the storped pump, the
system fluid would in-gas when the salt level in the
tanks of the operating pumps is lowered to ihe level of
the pump suction. However, by connecting the liquid in
the hydraulically decoupled version of the pump tank
to a point in the reactor plenum where the velocity
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changes very little when one pump is stopped and by
rmaking the pressure drop in this connecting line very
low for the salt flow returning from the tank o the
plenum, the level change in the pump tanks probably
can be held to about 2 ft.

The pump tank, its internal structural elements, the
pump shaft, and the lower end of the shield plug are
cooled by a flow of primary salt (at about 1150°F)
which enters a plenum around the inner periphery of
the pump tank and flows upward in an annular liner

(see Fig. 3 34). At the junction of the pump tank and
the outer nump casing the flow splits. with part of it
passing downward between the inner ard outer pump
casings and part of it passing across the lower end cf the
shield plug and into the annulus betweei the shaft and
the shaft sleeve. These fiows and the fountain flow
from the labyrinth seal then combine with the bulk salt
flow in the pump bowl. Filler biocks may be used in the
pump tank to reduce the parasitic volume of fuel salt.

At each pump the primary cell containment is
extended through the concrete shielding above the
reactor cell to contain the pump drive motor. The drive
motcr heat sink is provided by cooling water circulated
through cooling coils attached to the inside of the
motor containment vessel. Internally, a blower attached
to the motor shaft wiil circulate helium through the
motor and over cooiing fins attached to the inside of
the motor coatainment vessel. The motor is mounted
on a ring through which all electrical, instrument, gas,
coolant, and lubricant lines are connected to the pump.
To obtain a speed range from 10 to 110% of design
speed, each coclant-saii pump drive motor will
probably be supplied with variable-frequency power
obtaine< (rom individual solid-stais inverters.

3.8.2 Coolant-Salt Circulation Pumps

The design conditions for the primary- and second-
ary-salt pumps are such that the same impeller and
casing design can be used for both. The secondary
pump will operate at higher speed, however, as shown
in Table 3.16. Except for the drive motor and the pump
tank, the two pump designs will be practically identical.

3.8.3 Salt Transfer Pump

The pump used to transfer fuel salt from the drain
tank, etc., could be an updated version of the PKA-2
pump that was designed for use in the ANP program
and has had several thousand hours of successful
operating experience. It will be nperated at about 1790
rpm when filling the primary-sait system from the drain
tank and at 890 rp:a when circulating salt to the
chemical processing system.
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3.9 BUBBLE GENERATOR AND GAS
SEPARATOR

R. J. Kedl

39.1 Introduction

To enhance the breeding potential of the MSBR, it is
necessary to remove as many neutron-absorbing fission
products as possible from the fuei salt and dispose of
them external to the core. This is particuiarly true for
135Xe. with its very large absorption cross section.
Several mechanisms for removing xenon (and xryptcii)
have been studied. The one chosen for the MSBR
involves reci:culation of helium bubbles. The theory
and calculations pertinent to this mechanism are
presented in Appendix A of this report. Summarizing
briefly, noble gases, because of their extreme in-
solubility in fuel salt, will migrate readily to any
gaseous interface available. Since they form a truc
soiution 1a salt (obey Henry’s law), they will migrate in
accordance with the conventional laws of mass transfer.
If small helium bubbles are circulated with the fuel salt,
they will “soak up” xenon and krypton fissicn
products. The fission-product-rich bubbles may then be
separated from the salt and expelled to the off-gas
system. Xenon migration to the circulating b:ibbles is in
competition with xenon migration to the porous
moderator graphite. The graphite is especially of con-
cern because it absorbs xenon and holds it in the core.
This tendency can be counteracted to a great extent by
sealing the surface pores of the graphite with chemically
deposited carbon as discussed in Sect. 3.2.3. In Ap-
pendix A it is concluded that, with moderate success of
the coated-graphite program, the 0.5% target value for
135Xe poison fraction can be achieved when circulating
helium bubbles 0.020 in. in diameter. (The average void
fraction in the fuel loop would be about 0.2%.) This is
accomplished by bypassing 10% of the fuel salt from
the pump discharge through a bubble separator to
remove the xenon-containing bubbles, then through a
clean helium bubble generator for replenishment of
helium bubbles, and back into the pump sucticn, as
shown in Fig. 2.1. The average residence time of a
bubble in the fuel loop would be ten circuits.

3.9.2 Bubble Generator

In studying bubble generator concepts, essentially no
industrial experience was found, anc very little informa-
tion was available in the literature concerning genera-
tion of bubbles in systems similar to the MSBR. An
exploratory program was therefore undertaken to ex-
amine both mechanical and fluid-powered devices. As a



result, a venturi device was selected for the MSBR, in
whici. gas is injected into the venturi throat and bubbles
are generated by the fluid turbulence in the diffuser
section.

The experimental bubble generatcr and its tust
facility are shown schematically in Fig. 3.35. It con-
sisted of a teardrop shape inside a 1-in.-ID Plexiglas
tube through which water was flowing. Air was injected
into the annular throat through forty-eight % 4-in.-diam
holes around the circumference of the teardrop. The
model was tested under a variety of conditions of air
ard water flow rates. teardrop shapes, and diffe-ent
throat widths. Study of high-speed phocographs of the
bubble action led to the following observations:

I. A continuous plume developed from each hole in
the teardrop and extended into the diffuser region.
The plume was then broken up into bubbles by the
fluid turbulence in this region.

. The bubble size developed was apparently not a
strong function of the hole size nscd for gas
injection, at least over the range cuserved.
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3. The bubble size was independent of the gas flow rate
over the range tested.

4. The bubble size was a mild inverse function of the

water flow rate.

5. The average bubble size was approximately 25% of
the throat width over the range tested. On this basis,
a throat width of about 0.08 in. would provide the
0.02-in. bubble size seiected as desirable for the
MSBR.

A conceptual design for the MSBR bubble generator
is shown in Fig. 3.36. It consists of a system of linear
venturis formed by arranging air foils in parallel. The
throat width would be about 0.08 in., as discussed
above. The fluid velocity through the throat was
established as 40 fps, thus fixing the total throat length.
A conceptual cross section of a single air foil is also
shown in Fig. 3.36. The helium channel is shown as a
“controlled crack™; that is, one of the mating surfaces is
roughened in such a manner that when the two surfaces
bear against each other, a crack of controlled dimension
is formed through which the helium flow can be
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regulated. A crack width of ornly about 0.001 in. will
probably be needed. The helium channel dimension is
kept small to reduce the likelihood that a pressure surge
in the salt system could pusk: salt into the channel and
plug it. Since the fuel salt does not wet Hastelloy N, a
considerable pressure would be required to force the
salt into a 0.001-in.-wide opening. Ar altcinative to the
controlled-crack method would he to install a narrow
graphite diffuser in the throat region of the venturi.

3.9.3 Bubble Separator

A pipeline bubble separator was chosen to remove the
gas-rich bubbles from the fuel salt. This type was
chosen primarily because of its low volume inventory
and high performance. In addition, there has been
considerable experience with this device at ORNL in
connection with the Homogeneous Reactor Test.”® A

device was tested which consists simply of a straight
section of pipe with swirl vanes at the inlet end and
recovery vanes at the outlet end, as shown in Fig. 3.37.
The swirl vanes rotate the fluid and develop an artificial
gravity field. This causes the bubbles to migrate to the
gas-filled core at the center of the pipe. The gas then
flows down the core and into the takeoff line which is
located in the hub of the recovery vanes. The recovery
vanes straighten out the fluid and recover some of its
energy.

3.9.4 Bubble Removal and Addition System

Figure 3.37 shows a schematic of the MSBR bubble
removal and generation equipment installed in a bypass
stream around the fuel pump. The pump head is in
excess of that needed to operate the system; therefore,
load orifices are required. (The piessures listed have



ORNL—-DWG 70 - 1915
FUEL - SALT

PUMP
22
'

227 psi

) 44—

. 10 s 227 psi
. am|ezs LOAD
10 psi ORIFICE
exlen LOAD ,
ORIFICE | oap 169 psi
23 psi

45 psi (NO GAS CORE)
85 psi (2 in. GAS CORE)

5 psig
HELIUM
SUPPLY

Fig. 3.37. Schematic flow diagram of bubbie removal and gen-
eration bypass in MSBR fuel-salt stream.

64

been estimated from the model studies and are only
approximate.) The load orifice downstream of the
bubble generator is sized so that the generator will
induct helium from a 5-psig supply. The load orifice
between the separator and generator is sized so that the
pressure in the center of the separator, when no gas is
present, is sufficient to force salt into the takeoff line
and into the pump bowl. When gas is present at normal
operating conditions, the gas core will build up to about
2 in. in diameter and the pressure will rise. The load
orifice upstream of the bubble separator is provided to
take up the excess head. For maintenance purposes,
both the bubble generator and bubble separator should
be remotely replaceat’s, although one could anticipate
more maintenance for the bubble generator than for the
bubble separator.



4. Coolant-Salt Circulation System

4.1 GENERAL
W.K. Furlong H. A. McLain

An intermediate circulating coolarnt salt is used to
transport the heat generated in the primary system to
the steam-power system rather than to use direct
transfer because:

1. The loop provides an additional barrier for contain-
ing the fission products in the fuel salt in the event
of a heat exchanger tube failure and may provide a
barrier to tritium migration from the fuel salt to the
steam system.

. It links the high-melting-temperature fuel salt
(930°F) to the steam generator inlet feedwater
temperature (700°F) with a salt of relatively low
melting point (725°F), thus reducing the possibility
of freezing the fuel salt.

. The loop isolates the high-pressure steam from the
primary system, making it less likely that the
primarv system could be subjected to high pressure
in the event of a steam generator tube failure.

. It guards against entry of water into the primary
system, which could cause oxidation and precipita-
tion of uranium and thoriun.

. It provides an additional degree of freedom in
control of the system through allowing the second-
ary-salt flow rate to be varied.

One of the design features desired for the MSBR is
that the coolant-salt system have natural circulation
capabilities under decay-heat-removal conditions. Multi-
ple loops are also desirable in order to improve the
reliability of the coolant flow.

The coolant-salt circulation system consists of four
independent loops, each containing a salt circulation
pump, steam generators, steam reheaters, coolant-salt
piping, and the shell side of onc primary heat ex-
changer. The latter was described in Sect. 3.7, and the
coolant-salt circulation pumps were discussed in Sect.
38.2.
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The heat transport fluid selected for the MSBR is
sodium f{luoroborate salt. The various factors involved
in the selection were discussed in Sect. 3.2.2, and ihe
salt physical preperties used in tne design of the system
were listed in Table S.1. In brief, the salt is a eutectic of
NaF and NaBF, , with 4 melting point of about 725°F
and a low vapor pressure at operating conditions. It is
compatible with Hastellcy N, has satisfactory heat
transfer and flow properties, and has a low cost of less
than 59 cents/1b.

4.2 STEAM GENERATORS
T.W.Pickel W.K.Crowley W.C.T.Stoddart

4.2.1 General

The factors influencing the design of the steam
generators are much the same as those for the primary
heat exchangers, as discussed in Sect. 3.7, except that
the inventory of salt held in the unitsis . critical.

The total steam generation requirement, including
that needed for feedwater and reheat steam preheating,
is about 10 X 10® Ib/hr. It was arbitrarily decided to
divide this load between 16 steam generators, 4 to be
served by each of the 4 secondary-salt cire!Zaon loops.
The capacity required of each of the steam generators is
thus about 630,000 Ib/hr, or about 121 MW(t).

The steam generators are operated in parallel with
respect to both the coolant-szlt and steam flows, and
they are identical in operation and design. The feed-
water supplied to the steam generators will be pre-
heated to 700°F and is at a pressure of about 3750 pcia
in the inlet region of the unit. (The feedwater heating
system is described in Sect. 5.) The 700°F feedwater
temperature should eliminate the danger of freezing of
the coolant salt in the inlet region, although this is yet
to be determined experimentally.

The water-steam fluid in the tubes is heated to exit
conditions of 1000°F and 3600 psia. The coolant salt is
cooled from 1150 to 850°F as it flows through the shell
side of the exchangers in a direction that is principally



countercurrent to the steam flow. The steam tempera-
ture delivered to the steam turbine will be controlled by
varying the coolant-salt flow rate through the steam
generators and by using a desuperheater, or attemper-
ator, in the outlet steam mains, as discussed in Sect. S.

The radioactivity induced in the coolant salt in its
passage through the primary heat exchangers will
require biological shielding for the steam generators.
After reactor shutdown and a decay period of about ten
days, however, the generators can be approached for
direct maintenance, as discussed in Sect. 12.

The steam generator conditions analyzed in depth
were those for full-load operation, since this indicates

the size, approximate cost, and general feasibility of the
units. Some of the aspects of pariiai ivad and startup
conditions are discussed in Sect. 10. A computer
program was written to arrive at an efficient design for
the steam generators within the established design
parameters. This program accommodated changes in the
properties of the supercritical-pressure water with tem-
perature as it passed through the unit.

4.2.2 Description

The conceptual design of the steam generators is
shown in Fig. 4.1, and the principal data are listed:in
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Table 4.1. Each unit is a counterflow U-shell, U-tube
heat exchanger mounted horizontally with one leg
above the other. Both shell and tubes are fabricated of
Hastelloy N. There are 393 tubes per unit, each ! in. in
outside diameter and having a tube-sheet-to-tube-sheet
length of about 76 ft. The 18-in.-diam steam-side
hemisgherical plenum chambers are designed for 3800
psia. The coolant salt circulates in counterflow througi
segmental baffles in the shell to improve the heat
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transfer coefficient for the salt film and to minimize
salt stratification. A baffle on the shell side of each tube
‘heet provides a stagnant layer of salt to help reduce
stresses due to temperature gradients across the tube
sheets.

As in any once-through type of steam generator, the
feedwater must have the impurities limited to a few
parts per billion. Buildup of solids would only mean
Jdecreased capacity, however, and would not present

Table 4.1. MSBR steam generstor design data

Type

Number required

Rate of heat transfer
MW
Bru/hr

Sheli-side conditions
Hot fluid
Entrance temperature, °F
Exit temperature, °F
Entrance pressure, psia
Exit pressure, psia
Pressure drop across exchanger, psi
Mass flow rate, Ib/hr

Tube-side conditions
Cold fluid
Entrance temperature, °F
Exit temperature, °F
Entrance pressure, psia
Exit pressure, psia
Pressure drop across exchanger, psi
Mass flow rate, 1b/hr
Mass velocity, Ib hr ! ft™2

Tube material

Tube OD, in.

Tube thickness, in.

Tube length, tube sheet to tube sheet, ft
Shell material

Shell thickness, in.

Shell ID, in.

Tube sheet material

Tube sheet thickness, in.
Number of tubes

Pitch of tubes, in. (triangular)
Total heat transfer area, ft?
Basis for area calculation
Type of baffle

Number of baffles

Baffle spacing, ft

Horizontal U-tube, U-shell exchanger
with cross-flow baffles

16

121
4.13x 10°

Coolant salt
1150

850

233

172.0

61

3.82 x 10°

Supcrcriticat fluid
700

1000

3752

3600

152

6.33x 10°

2.55 x 10°®

Hastelloy N
0.50

0.077

76.4
Hastelloy N
0.375
18.25
Hastelloy N
45

393

0.875

3929
Outside surface
Cross flow
18

4.02




problems of hot spots or burnout. The steara system
flowsheet, Fig. 5.1, follows established practice and
indicates full-flow demineralizers in the feedwater
system.

4.2.3 Design Calculations

Because of the marked changes in the physical
properties of water as its temperature is raised above
the critical point at supercritical pressures, the heat
transfer and pressure drop calculations for the steam
generator were made on the basis of a deteiled spatial
analysis with a computer program written for this
study.®® The program numerically integrates the heat
transfer and pressure drop relationships with respect to
tube length. The calculations establish the number of
tubes, tube length, shell diameter, and number of
baffles which are consistent with the specified thermal
capacity, steam pressure drops, and stress limits.

The heat transfer coefficient for the supercritical-fluid
film on the interior of the tubes was determined from
the relationship presented by Swenson et al.”® The
frictional pressure drop on the inside of the tubes was
calculated by using Fanning’s equation, with the fric-
tion factor defined’” as

f=0.L0140 + 0.125 (4/DG)°-32 .

Values for the specific volume and enthalpy of
supercritical steam as functions of temperature 2nd
pressure were taken from the work of Keenan and
Keyes.”® The thermal conductivity and viscosity as
functions of temperature and pressure were taken from
data reported by Nowak and Grosh.”®

The heat transfer coefficient for the salt film on the
outside surface of the tubes and the shell-side pressure
drop were based on the work of Bergelin et al.®%:73 A
correction factor was applied to the heat transfer
relationships presented in these papers because of the
large ratio of baffle spacing to shell diameter (approx-
imately 2.7) required in this application. This correc-
tion factor is given by

C=0.77(2y/B)°- 138

where

C = ratio of the corrected heat transfer coefficient to
the heat transfer coefficient calculated by Berge-
lin’s relationship,

y =distance from the center line of the shell to the
centroid of the segmental window area,

B = baffle spacing.

The physical properties for the salt used in these
calculations are as listed in Table S.1. The specific heat
and thermal conductivity of the salt were given as
constant values, but the density and viscosity were
functions of temperature. The functional relationships
were included in the computer program.

The ~3750-psia fluid pressure on the inside of the
tubes imposes relatively severe requirements on the
heads and tube sheets. This factor was considered in
selecting the number of steam generator units used in
the MSBR, since the relatively small diameter of 18 in.
selected for the shell allows the stresses to be kept
within more tolerable limits.

A preliminary stress analysis was made to establish
the feasibility of the steam generator design concept.
The analysis was based on the requirements given in
Sect. III of the ASME Boiler and Pressure Vessel
Code.’® A complete stress analysis, however, as re-
quired by this code, has not been made. For example,
fatigue analyses were not made in tiese preliminary
calculations. Additional information on the number and
types of operating cycles and on the effects of transient
conditions is required before a fatigue analysis can be
made. The stresses in the tubes due to steady-state
radial temperature gradients were treated as secondary
stresses rather than as peak stresses. This is the
approach taken in USAS B31.7 (1969) Nuclear Piping
Code? and is more conservative than the method of
ASME Sect. I11.°¢ The results of the stress calculations
are given in Table 4.2. As discussed in Sect. 3.5.3, the
allowable stress values for Hastelloy N were those
prescribed for the standard alloy in the ASME Boiler
and Pressure Vessel Code Cases 1315-3 (ref. 30) and
13314 (1ef. 58).

4.2.4 Reliability of Design Calculations

The heat transfer and pressure drop calculations are
subject to review due to the empirical nature of the
correlations and the uncertainties in the physical
properties used in the computations. Although boti of
these aspects have been applied without safety factors,
it is believed that the preliminary design is a reasonable
one. In any event, the performance data will be
confirmed in test equipment before a final design is
initiated.

The design computer program was modified t» permit
steady-state calcvlations for a specified heat exchanger
design under off-design operating conditions. This
program has been used (o evaluate the performance of
the steam generator for operating conditions ranging
from 20 to 100% of design conditions. The calculations
indicate that the steady-state performance of the steam



Table 4.2. Summary of stress calculations
for an MSBR steam generator

Maximum stress intensity,? psi

Tube
Calculated P, =13,9%0;P,, + Q= 30,900
Allowable® P, =15500;P  +Q = 46,500
Shell
Calculated £, = 5800; P, + 0 =13,200
Allowable€ P, =8800;P,, +Q = 26,400
Maximum tube sheet stress, psi
Calculated <17,000
Allowabled 17,000

%The symbols aie those of Sect. III of the ASME Boiler and
Pressure Vessel Code,56 with P, = primary membrane stress
intensity, Q = secondary stress intensity, and S,,, = allowable
stress intensity.

bBased ona temperature of the inside tube surface of 1038°F,
which represents the worst stress condition.
“Based on the maximum coolant-salt temperature, or 1150°F.

dBased on the steam temperature of 1000°F and use of a
baffle on the salt side.

generator will be satisfactory over this range of operat-
ing conditions.

The problem of stability in the steam generator has
been considered briefly. As indicated by Goldman et
al.®% and by Tong?' instabilities in steam generators
can arise from two sources: (1) a true thermodynamic
instability where, for a given pressure drop across a
tube, the flow rate through the tube may be changed
from one steady-state value to another by a finite
disturbance, and (2) a system instability which is caused
by fluid “resonant” conditions. Krasyakova and
Gluska®? have presented data concerned with the first
type of instability, and Quandt®*® and Shotkin®* have
presented information on the second. A qualitative
evaluation of these data indicates that the mass flow
rate, pressure drop, and heat flux used in the horizontal
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U-tube, U-shell design wil! result in stable operations.
Operation of a test module will provide further infor-
mation about the stability of this design concept.

4.3 STEAM REHEATERS

C.E. Bettis M. Siman-Tov W.C.T. Stoddart

4.3.1 General

The design of the reheaters was influenced by most of
the factor: that applied to design of the steam
generators, as discussed in Sect. 4.2.

The total steam reheating requirement is about 5.1 X
10% Ib/hr. It was decided to divide this load between
eight units, the capacity of each thus being about
641,000 Ib/hr, or 36.6 MW(t). The steam reheaters
operate in parallel both in respect to the coolant salt
and to steam flow. The coolant salt enters at 1150°F
and leaves at 85S0°F. The reheat steam is preheated to
about 650°F, as explained in Sect. 5, before it enters
the tube side of the reheaters at about 580 psia. The
exit steam is at 1000°F, the coolant-salt flow rate being
varied to maintain this temperature within a few
degrees.

The 650°F steam temperature entering the reheaters
is below the 725°F liquidus temperature of the coolant
salt, but a study of the heat transfer relationships leads
to the conclusion that there would be no significant
problem with freezing of the salt. This remains to be
verified experimentally, however.

As for the steam generator, a computer program was
written®3 to arrive at an efficient design for the
reheater on the basis of the designated parameters.
These studies were based only on fuil-load conditions.

4.3.2 Description

As shown in Fig. 4.2, the steam reheater is a
22-in.-diam X 30-ft-long horizontal straight-tube single-
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Table 4.3. Steam reheater design data®

Type

Number required

Rate of heat transfer per unit
MW
Btu/hr

Shell-side conditions
Hct fluia
Entrance temperature, °T"
Exit teinperature, °F
Entrance pressure, psi
Exit pressure, psi
Pressure drop across exchanger, psi
Mass flow rate Ib/hr

Tube-side conditions
Cold fluid
Entrance temperature, °F
Exit temperature, °F
Entrance pressure, psi
Exit pressure, psi
Pressure drop across exchanger, psi
Mass flow rate, Ib/hr

Tube material

Tube OD, in.

Tube thickness, in.

Tube length, tube sheet to tube sheet, ft
Shell matexial

Shell thickness, in.

Shell ID, in.

Tube sheet material

Number of tubes

Pitch of tubes, in. (triangular)
Total heat transfer area, ft?
Basis for area calculation
Type of baffle

Number of baffles

Baffle spacing, in.

Disk OD, in.

Doughnut ID, in.

Overall heat transfer coefficient, U, Btu hr ? ft 2 CF)™!

Maximum stress intensity,b psi
Tube
Calculated
Allowable
Shell
Calculated
Allowable

Straight tube and shell with disk
and doughnut baffles

8

36.6
1.25 x 10°

Coolant salt
1150

850

228

168

59.5

1.16 x 10°

Steam

650

1000

580

550

299

6.41 x 10°

Hastelloy N
0.75

0.035

30.3

Hastelloy N

0.5

21.2

Hastelloy N

400

1.0

2376

Outside of tubes
Disk and doughnut
21 and 21

8.65

17.8

11.6

306

Ppy = 4582;P,,, + Q = 14,080
Py = Sy = 13,000; P,y, + Q = 38, = 39,000

Py = 506; Py + Q = 14,550
Ppy =Sp, — 5500; Ppy + Q = 35, = 28,500

9%alt and Hastelloy N properties are listed in Table S.1.

bThe symbols are those of Sect. Il of the ASME Boiler and Pressure Vesse! Code,s‘5 where Py, = primary
membrane stress intensity, Q = secondary stress intensity, and §,,, = allowable stress intensity.



pass shell-and-tube heat exchanger. There are 400 tubes,
%-in.-OD, in a triangular pitch array. Principal data are
listed in Table 4.3.

The tube surfaces are not indented to enhance heat
transfer, as in the primary heat exchanger. The coolant
salt is in counterflow through the disk-and-doughnut
baffles on the shell side. The units are installed in the
steam generating cells, as indicated in Figs. 13.7 and
13.8.

4.3.3 Design Calculations

A computer program was developed for designing the
reheater by modifying the primary heat exchanger
program as it existed in the eaily stages of development.
The properties of the steam were assumed to be
esseri‘ially constant along the length of the exchanger,
although it was recognized that some gain in the
reliability of the estimates could have been attained by
incorporating the steam properties as a function of
pressure and temperature.

The usual Dittus-Boelter equations were used for the
film heat transfer coefficient on the tube side. Other
procedures used in the heat transfer calculations were
desc.ibed by iettis et al. 67+63

A preliminary stress analysis was made for the
reheaters. This analysis was based on the requirements
of Sect. IIl of the ASME Bciler and Pressure Vessel
Code;’® Luwever, a complete stress analysis, as required
by this code, has not beer made. The calculated stresses
are compared with allowable values in Table 4.3.

4.3.4 Reliability of Design Calculations

The confidence in the steam reheater design cal-
culations is greater than in the primary heat exchanger
because steam i. a more familiar fluid than the fuel sait
and because no enhancement factors are involved.
Vibration problems are not likely to be encountered
because velocities are less than 6.5 fps and the tubes are
supported by baffles with relatively close spacing.

Two extreme cases were examined, one where ail the
pessimistic values of the heat transfer coefficient were
used and the other where the optimistic end of the
range of nossible values was assumed. The maximum
deviation in the overall heat transf.r area, relative to the
reference design, was found to be +23% in the
pessimistic case a:id —13% in the optimistic case.

4.4 COOLANT-SALT SYSTEM PIPING
C. W. Collins

The secondary system piping connects the primary
heat exchangers in the reactor cell with the coolant
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pumps and steam generators and reheaters in the stea:
generating cells. The main piping is 22 in. ir. diamete:,
with branches as small as 12 in. in diameter. The
operating temperatures are frcm 850 to 1150°F, but in
the design it was conseivatively assumed that al! the
rocondary-coolant system piping would operate at
115C°F. This condition could actuzlly exist enly for a
short time, corresponding to removal of the steam
generators and reheaters from service due to loss of
turbine load.

The piping flexibility analysis for the secondary
system piping was included in the calculations for the
primary system piping, siicc the iwo systems are
ronnected and interact with zach othe. ali the way to
the anchor points of the steam generators and reheaters.

The maximum expansion stress of 19,510 psi occurs
in one of the coolant return lines from a steam
generator. The operating temperature of chis line is 850
rather than 1150°F, as assumed in the calculations. The
highest stress in the 1150°F pump suction line is
13,000 psi. Taking the allowal'e primary plus sec-
ondary stress intensity to be three times the allowable
design stress intensity (S,,), the allowable stress in-
tensity at 850°F is 54.000 psi and at 1150°F is 28,500
psi. The maximum stress due .o pressure is approxi-
mately 3600 psi; therefore, the sums of the pressure
stress and the above maximum expansion stresses do
not exceed 3S,,, as specified by the codes.

Both the pump suction and coolant return lines of
each locp penetrate the reactor containment vessels and
cell walls. Beliows seals are used at these penetrations
on both the reactor cell and stearn cell sides to maintain
the containment and pernit about 1 in. of thermal
expansion of the pipiig zlong each of three axes.
Severa! flexibility analyses were made with the piping
fixed at the cell wa.l rather than use of bellows. This
resulted in excessive stresses in both the primary and
secondaiy loops, and since it did not appear that the
stresses could be reduced substantially without increas-
ing the piping lengths excessively, bellows seals at the
walls were adopted for the MSBR conceptual design.

4.5 SECONDARY-SYSTEM RUPTURE DISKS
J. R. McWherter

Each of the four secondary circulating loops will be
provide. with a pressure-relief system to prevent
overpressurization in the event of a failure in the barrier
between the coolant salt and the steam system.

A rupture disk will be located at the secondary-salt
cutlet of each steam generator. A preliminary design,
where the rupture disk assembly is set into a 12-in.
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Fig 4.3. Secondary-salt system rupture disk.

vertical tee. is shown in Fig. 4.3. The elevation of the
disk is well above the normal levei of the secondary salt
in the system. A gas pocket probably can be provided
to further reduce the pcssibility of salt contacting the
disk. The assembly is located in the steam generator
ceil. which is maintained at about 1000°F, and its
downstream face is exposed to the ambient cell
atmosphere, making it improbable “hat the cpening
would be obstructed with frozen salt, even in the
urlikely event that any of the coolant reached the disk
eievation.

The rupture disk will be fabricated from low-carbon
nickel, ASTM B162. This is a relatively pure metal with
adequate physical properties and corrosion resistance
for the service conditions. The disk will be designed to
rupture at 1000°F with 2 differential pressure equal to
the design pressure of the secondary-salt circulation
system (200 psi). A commercially available reverse-
buckling disk®® is proposed because of its accuracy
irupture within *2% of rating) and greater cycle life.
The strength of the metal, and hence the failure
pressuie of the disk, increases as the temperature
decreases. At 900°F the disk would fail at an estimated
pressure differential 10% higher than that at 1000°F.
Protective action, such as isolating the affected steam
generators with block valves, would be taken if the
temperature of the rupture disk falls below some
specified value, say 900°F.
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If one of the Y% -in.-diam tubes in a steam generator
were to fail, the pressure at the coolant-salt outlet of
the steam generator could rise from a normal value of
130 psi to about 200 psi n less than 1 sec. In analyzing
the pressure-containing requirements, it is pcssimisti-
cally assumed that the six tubes surrounding a failed
tube will also fa’' in the estimated 5 sec required to
close the steam-system block valves at the inlet and
outlet of each steam generator. The total steam and
feedw.:ter released to the cell via the rupture disk,
including that trapped between the block valves, is
estimated to be about 1150 Ib, representing a heat
release of about 1.2 X 10° Btu. The steam generator
cell has been designed for 50 psig and will accommo-
date this energy release (see Sect. 13.11).

4.6 COOLANT-SALT DRAIN SYSTEM
W. K. Furlong

Four Hastelloy N tanks, each capable of holding 2100
ft* of sal: with ample freeboard, are connected in series
to store the ~8400 ft3 of coolant salt when it is drained
from the secondary circulation system. Four tanks ‘ere
chosen in order for them to be of a more reasonable
size, and the series arrangement was adopted to
facilitate heat removal if the coolant became contami-
nated with fuel salt. The tanks are located in a cell
directly beneath the sieam generator cells, as shown in
Fig. 13.3. This cell is heated to about 800°F by electric
resistance heaters in order to maintain the salt above its
melting point.

Freeze valves are used to connect the first of the
coolant-salt storage tanks to the ‘“coid” leg of the
coolant-salt circulation loops. When the freeze valves
are thawed, the bulk of the salt in the coolant system
will drain by gravity, but about 730 ft> in each of the
primary heat exchanger shells will not and must be
removed by gas pressurization of the shell. Each heat
exchanger is provided with a l-in. dip line for this
purpose.

Since the coolant salt will undergo volume changes in
excess of the free volume available in the pump bowl.
each bowl has been provided with an overflow line
directed to the first coolant-salt drain tank. The salt will
be returned from the tank to the circulation system by
a jet pump arrangement analogous to the arrangement
in the primary system. Gas pressurization can be used
to transfer salt from the other three tanks into the firsi
tank.

About 400 kW of heat-removal capability is provided
in the first storage tank in the event some fuel salt finds
its way into the coolant by accidental means. Most of



this heat would be transferred by radiation to cooler
surfaces in the cel'. It has been estimated that in event
of tube failures in the primary heat exchangers, about
1370 ft® of coolani salt could be drained ty gravity
from each coolant loop. In this situation, even with
tube failure. the fuel salt would continue to be
circulated to remove afterheat. (The heating due to
noble-metal deposition on the heat exchanger bundle is
the governing heat load ) During the circulation period
there could be considerable mixing between fuel salt
leaking from the primary system and the approximately
730 ft* of coolant salt remaining in a heat exchanger
shell after the coolant drain. If the shell i3 pressurized
after about 100 days and the salt mixtuie transferred tc
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the coolant-salt storage tank, the heat load to be
removed from the tank would be about 400 kW, as
mentioned above. It is recognized that during the
transfer process some of the salt mixture could be
forced back into the primary system through the
accidental opening. This salt would be drained with the
fuel salt into the primary system drain tank, it being
noted that in this type of system malfunction the fuel
salt was probably already contaminated with coolant
salt, since the coolant system normally operates at a
higher pressure than the fuel-salt system. The fuel-salt
drain tank has been provided with extra storage
capacity to acconimodate some of the coola:t salt, as
discussed in Sect. 6.



5. Steam-Power System

Roy C. Robertson

5.1 GENERAL

The thermal energy released in the MSBR is converted
to electric power in a steam cycle employing once-
through steam-generator-superheaters, a  turbine-
generator, and a regenerative feedwater heating system.
The relatively high operating temperatures in the MSBR
salt systems make it possible to generate stcam at
conditions suitable for the most modern and efficient
steam-electric equipment now commonly in use.

Since the steam system components are more or less
conventional, there was no need to study the steam
cycle in any raote detail than was necessary to make
cost and performance estimates for the MSBR plant.
There was thus a strong incentive to select a system for
which costs and thermodynamic data were readily
available, such as that used in the nearby Bull Run
steam station of the TVA. This 950-MW(e) plant
supplies steam at 3500 psia and 1000°F to the turbine
throttle, with reheat to 1000°F, and exhausts at 1% in.
Hg abs. When applied to the MSBR reference Gesign,
the cycle yields an overall net thermal efficiency for the
plant cf 44.4%.

A particular requirement of the MSBR steam system
1% that the feedwater supplied to the steam generator be
at a temperature high enough to avoid probiems of
coolant-salt freezing. The lower limit for the water
temperature has not been established e2xperimentally,
but for purposes of this study it was taken to be 700°F.
Also, for the same reason, it was assumed that the cold
reheat steam must be preheated to 650°F before it
enters the reheaters. These requirements, and the
convenience of using the Bull Run data in the con-
ceptual design study, led to selection of a system in
which the final stage of feedwater heating is by direct
mixing with high-pressure steam. Although the method
is somewhat unconventional and requires use of
pressure-booster pumps in the feedwater supply, the
arrangement appears feasible and allows use of the Bull
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Run information with only minor modifications. This
mixing method would probably be practical only if
supercritical pressures are used.

When detziled optimization studies become war-
ranted, several variations in the steam cycle can be
considered. It seems certain that tandem-compounded
single-shaft turbine-gencrators would be used in futuie
MSBR stations of large capacity rather than the
cross-compounded type at Bull Run.* Use of sub-
critical steam pressures, although less efficient, may
prove desirable from other standpoints. Use of reheat is
optional and would depend upon the steam conditions
selected, the turbine arrangement, etc. Staitup and
partial-load conditions will have an important influence
on the steam cycle design.

The effects on plant performance and costs of use of
wet natural-draft cooling towers rather than the fresh
once-through condensing water supply assumed in the
reference design are discussed in Sect. 16.7 and ex-
plained in Table D.17.

Although reasonably good efficiciicies are attainable
with a variety of arrangements and the feasibility of the
moiten-salt reactor concept is not strongly dependent
upon .he details of the steam system associated with it,
this section recognizes that the steam-electric equip-
ment represents more than one-half the total station
investment, that it occupies a greater portion of the
plant space, and that even small differences in ef-
ficiency have economic value, all of which are of
interest to a plant owner. Some of the factors de-
veloped in the course of making this study which relate
to these aspects will therefore be briefly discussed.

*The cost of a tandem-compounded unit would not be as
great as for a crosscompounded machine, but its turbine
efficiency would be slightly less. Turbine performance data and
costs for a projected tandem unit werc not obtained from a
manufacturer since the information available from the Bull Run
unit appeared adequate.



5.2 DESCRIPTION OF THE REFERENCE DESIGN
MSBR STEAM-POWER SYSTEM

Basic data for full-load conditions in the reference
design steam system are summarized in Table £.1. and a
simplified flowsheet is shown in Fig. 5.1. Superheated
steam leaves the once-through-type steam generators at
about 3600 psia and 1000°F at a rate of about 10 X
10° Ib/hr. Coolant salt at 1150°F is supplied to thc
steam generator at a conirolled rate to hold the steam
outlet temperature to within a few degrees of 1000°F.
A steam attemperator. or desuperheater, supplied with
700°F feedwater assists in holding the steam tempera-
ture to within tolerances. (The steam generator was
described in Sect. 4.2.)

Table 5.1. Reference desizn MSSR steam-power system
and performance data with 700°F feedwater

General performance
Reactor heat input to steam syst=m,* MW(t) 2225
Net electrical output, MW(e¢) 1000
Gross electrical generation, MW(e) 1034.9
Station auxiliary load, MW(e) 25.7
Boiler-fsedwater pressure-booster pump load, MW(e) 9.2
Boiler-feedwater pump steam-turbine power output, 29.3
MW (mechanical)
Fiow to turbine throttle, Ib/hr 7.15 x 10°
Flow frcn superheater, Ib/hr 10.1 x 10°
Gross efficiency, (1034.9 + 29.3)/2225, % 418
Gross heat rate, Btu/kWhr 7136
Net efficiency, station, 1000/2250, % “4
Net heat rate, Btu/kWhr 7687
Steam generators
Number of units 16
Total duty, MW(t) 1932
Total steam capacity, b/hr 10.1 x 10°
Temperature of inlet feedwater, °F 700
Enthalpy of inlet feedwater, Btu/lb 769
Pressure of inlet feedw:.ter, psia 3770
Tempenature of outlet steam, °F 1000
Pressure of outlet steam, psia ~3600
Enthalpy of outlet steam, Btu/fb 1424
Temperature of inlet coolant salt, °F 1150
Temperature of outlet coolant salt, °F 850
Avenge specific heat of coolant salt, Bty prep?! 0.26
Total coolant-sait flow
Po/hr 61.12 x 10°
cfs 145.5
gpm 65,290
Coolant-salt pressure drop, inlet to outlet, psi 61
Steam reheaters
Number of units 8
Total duty, MW(t) 294
Total steam capacity, Ib/hr 5.13 x 10°
Temperature of inlet steam, °F 65)
Pressure of inlet steam, psia ~570
Enthalpy of inlet steam, Btu/Ib 1324
Temperature of outlet steam, °F 1000
Pressure of outlet steam, psia 557
Enthalpy of outlet steam, Btu/Ib 1518
Temperature of inlet coolant salt, °F 1150
Temperature of outlet coolant salt, °F 850
Average specific heat of coolant salt, Bu ™! °F)™! 0.36
Total coolant salt flow
o/hr 9.28 x 10°
cfs 22.1

pm
Coolant-salt pressure drop, inlet to outlet, psi 594
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Table 5.1 (continued)

Reheat-steam preheaters

Number of umts 8
Total duty, MW(t) 100
Total heated steam capacity, Ib/hr 5.13x 10°
Temperature of heated stear:, °F
Inlet 552
Outlet 650
Pressure of heated steam, psia
Inlet 595
Outlet 590
Enthaipy of heated steam, Btu/Ib
Inlet 1257
Outlet 1324
Total heating steam, Ib/hr 292 x 10°
Temperature of heating steam, “F
Inlet 1000
Outlet 869
Pressure of heating steam, psia
Inlet 3600
Outlet 3544
Boiler-feedwater pumps
Number of units 2
Centrifugal pump
Number of stages 6
Feedwater flow rate, total, Ib/hr 7.15 x i0®
Required capacity, gpm 806C
Head, approximate, ft 9380
Speed, rpm 5000
Water inlet temperature, °F 358
Water inlet enthalpy, Btu/ib 330
Water inlet specific volume, ft*/Ib ~0.0181
Steam-turbi..e drive
Power required at rated flow, MW (cach) 14.7
Power, nominal, hp (each) 20,500
Throttle steam conditions, psia/°F 1070/700
Throttle flow, Ib/hr (each) 414,000
Exhaust pressure, approximate, psia m
Number of stages 8
Number of extraction points 3
Boiler-feedwater pressure-booster pumps
Number of units 2
Centrifugal pump .
Feedwater flow rate, total, Ib/hr 10.1 x 10
Required capacity, gpm (each) 18,950
Head, approximate, ft 1413
Water inlet temperature, °F 695
Wates inlet pressure, psia ~3400
Water inlet specific volume, ft>/b ~0.0302
Water outlet temperature, °F ~700
Electric-motor drive
Power required at rated flow, MW(e) (each) 4.6
Power, nominal, hp (each) 6150

#Does not include 25 MW(t) heat losses from reactor system.

Of the steam leaving the steam generator about 2.9 X
10° Ib/hr is diveried for the last stage of feedwater
heating; the remainder enters the 3600-rpm high-
pressure turbine throttle valve at 3500 psia and 1000°F.
After expansion of 1146 psia in the turbine, about 1.5
X 10° Ib/hr is extracted for driving the main boiler
feedwater pump turbines and for the final stage of
regenerative feedwater heating. The remainder of the
steam in the high-pressure turbine expands to about
600 psia and S52°F before exhausting into the two
34-in.-diam cold reheat mains leading to the reheat
steam preheater. A portion of this exhaust steam is also
used for feedwater heating in the No. 2 heaters.

-
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Fig. 5.1. MSBR steam power cycle flowshvet.
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The minimum temperature for the steam entering the
reheaters was assumed to be 650°F. The 552°F
high-pressure turbine exhaust steam is therefore pre
heated, or tempered, in the shell side of a surface heat
exchanger using prime steam at 3600 psia and 1000°F
in the tubes. (The preheater is described in Sect. 5.10.)
The high-pressure steam leaves the tubes at about 3500
psia and 866°F and is used for preheating the feed-
water, as described below. The preheated “cold’ reheat
steam, now at 650°F, then enters eight reheaters, which
are supplied with coolant salt at 1150°F at a controlled
rate to provide 1000°F steam at the exit. (The reheate s
were describ-d in Sect. 4.3.) The reheated steam is
supplied to the double-flow 3600-rpm intermediate-
pressure turbine stop valve at about 540 psia and
1000°F.

There are no extraction points on the intermediate-
pressure turbine. Each cylinder exhausts directly into
the two double-flow 1800-rpm low-pressure turbines at
a rate of about 2.5 X 10° Ib/hr per turbine. St. 1m for
the No. 4 feedwater heateis is also taken from the
intermediate-pressure tu bine exhaust.

Each of the four low-pressure turbine cylinders has
three extraction points for feedwater heating. About
2.1 X 10° Ib/hr is finally exhausted from each pair of
low-pressure turbines into four surface condensers
operating at about 1'%, in. Hg abs. Hot-well pumps
circulate the 92°F condensate through full-flow
demineralizers for the condensate polishing necessary to
obtzin the high-purity water required in a once-t* ugh
steam generator. The feedwater flow then splits i. ‘o
two parallel paths for successive stages of feedwater
heating and deaeration. Booster pumps at the bottom
of the deaerators circulate the water through feedwater
heater 4 and to the two main boiler feed pumps. These
barrel-type six-stage centrifugal units have a capacity of
7500 gpm at 10,800 ft of head. Each is driven by an
cight-stage steam turbine with a brake horsepower
capacity of 21,500. The turbines have three extraction
points for feedwater heating and exhaust at 77 psia into
the deaerating feedwater "eaters. The turbines normally
operate on 1146-psia steam extracted from the main
high-pressure turbine but can also accept 3500-psia
steam during startup or other times when extracuon
steam is not available from the high-pressure turbine.

The feedwater, now at a pressure in excess of 3800
psia, flows through the three top regenerative heaters
and leaves at ~3500 psia and S51°F. Each of the 3.6 X
10° Ib/hr parallel-flow streams then enters a mixing
chamber, where the steam at 3500 psia and 866°F from
the tube side of the reheat steam preheater is mixed
directly with it. (The mixing chamber is discussed in

77

Sect. 5.8.) The resulting mixture, actually compressed
water at about 3475 psia and 695°F, then enters the
boiler feedwater pressure-booster pumps. (Two pump:
are shown on the flowsheet in Fig. 5.1, but as indicated
in Sect. 5.7, more detailed study of the pumps and the
system performance may indicate four or six parallel
units. They are also shown as motor-driven pumps, but
optimization studies would be likely to indicate an
advantage for steam-turbine drives for some of the
units.) The feedwater, now at about 3800 psia and
700°F, is returned to the steam generator at a rate
adjusted to the plant load by controlling the pumping
rate.

5.3 MSBR PLANT THERMAL EFFICIENCY

The stearn system efficiency was estimated by using
performance vilues taken from the TVA Bull Run plant
cycle for the major items, particularly with regard to
pressure an< temperature conditions.®® Bull Run mass
flow rates required adjustment, however, in that the
gross generating capacity of the MSBR is about 1035
MW(e) compared with 950 MW(¢) for the TVA station.

The gross capacity requirement for the MSBR of
1035 MW(e) is based on an assumed plant auxiliary
electric load of 35 MW(e), of which 10 MW(e) would be
required tc drive the boiler feed booster pumps. The
reactor plant would need to supply about 2225 MW(t)
of energy to the steam-power cycle to deliver this
output. Heat losses from the reactor plant, exclusive of
long-range decay heat in off-gases, etc., have been
roughly estimated at 25 MW(t), making the total
required thermal capacity of the reactor about 2250
MW. The heat rejected by the drain tank heat disposal
system in normal operation is about 18 MW(t). This
decay heat has not been included in the thermal
capacity of the reactor (It is reasonable to assume that
in optimized MSBR systems, a portion of this rejected
heat could be usefully applied.)

Based on a net cutput of the plant of 1000 MW(e)
and a reactor capacity of 2250 MW(t), the overall
thermal efficiency of the station is 44.4%.27 The
efficiency based on the 2225 MW(t) of heat input to
the steam system is 44.9%, or a heat rate of 7601
Btu/kWhr.

5.4 SELECTION OF STEAM CONDITIONS FOR THE
MSBR STEAM-POWER CYCLE

If the thermal gradients in the steam generator tubing
walls and the coolant-salt freezing point do indeed
impose the requirements for a high feedwater tempera-
ture of, say, 700°F, the last stage of feedwater heating



in an MSBR plant obviously requires an arrangement
not found in a conventional steam power staticn, and
tenets of performance of the latter would not neces-

sarily apply.

The top temperatures for practical regenerative feed-
water heating could range from about 550 to 575°F in
a supercritical-pressure cycle and from 475 to SO0°F in
a subcritical-pressure cycle. Heating of the water to
700°F can be accomplished in a relatively simple
manner in the supercritical-pressure system by mixing
supercritical-pressure steam with supercritical-pressure
water, as shown in Figs. 5.1 and 5.2. (A mixing
chamber is discussed in Sect. 5.8.) The resulting
mixture is pumped back up to steam generator pressure
by special low-head high-pressure pumps, referred to as
pressure-booster pumps in Sect 5.7. As an alternative, a
high-pressure heat exchanger could be used to heat the
supercritical-pressure feedwater to 700°F, with the exit
high-pressure heating steam reintroduced into the cycle,
possibly by h:zating it to 1000°F in a salt-heated
exchanger, thereby eliminating the pressure-booster
pumps and the 10-MW(e) auxiliary plant load they
imposed. Further study is needed of this alternate
arrangement to determine the extent of the economic
penalty.

Heating the feedwater to 700°F in a subcritical-
pressure cycle by surface heat exchange betweer. steam
aenerator outlet steam and the water would require an
irordinate amount of steam generator throughput and
surface area. In the subcritical-pressure system, heating
is best accomplished in a Loeffler cycle, where steam
from the steam generator outlet is mixed with incoming
feedwater in a separate drum provided with distribution
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nozzles to reduce the sparging effects. In a Loeffler
cycle moditied for the MSBR conditions, as shown in
Fig. 5.3, the water would be converted to superheated
steam in the drum and then compressed and blown into
the *‘steam generator.”” The lacter, in reality, would act
only as a superheater. The steam compressor would
probably be driven by a steam turbine, since the power
requirements could be in excess of 50 MW(e). In this
connection, it may be noted that the higher the initial
pressure of the steam to the compressor inlet, the less
the required compressive work on the steam.

A 3500-psia 1000°F/1000°F cycle with direct mixing
and booster pumps was compared by Robertson®® with
a 2400-psia 1000°F/1000°F Loeffler cycle with steam
compressors. The supercritical-pressure steam cycle
used as a reference was that shown in Fig. 5.1. The
mixing arrangement for the 2400-psia cvcle is that
shown schematically in Fig. 5.3; the regenerative
2400-psia steam system flowsheet used for comparison
is taken from ref. 88. Both cycles include facilities for
preheating the cold reheat steam to abeut 650°F before
it enters the reheaters. As may be seen in Table 5.2, use
of subcritical-pressure steam results in a lower thermal
efficiency; also, the mass flow through the steam
generator would be about twice as great. Since the
specific volume of the steam at 2400 psia is about 1.5
times greater than at 3500 psia, the volumetric flow
rate is two to three times greater for the subcritical-
pressure system. This flow volume would have to be
accommodated by a greater number of tubes in the
steam generator. The expense of the greater number of
tube welds and larger shell diameter probably over-
shadows the cost of the thicker heads and tube sheets
required for the supercritical-pressure system.
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Fig. 5.3. Modified Loeffler cycle for feedwater heating.

Table 5.2. Comparison of performance of
supercritical-pressure direct-mixing cycle
with subcritical Loeffler cycle to attain

Table 5.3. Properties of superheated stea:n at 900°F¢

2400 psia 3500 psia

700°F feedwater
Supercritical Subcritical
cycle cycle
Nominal feed temperature to steam 700 ~700
generator, °F
Mixing pressure, nominal, psia 3500 2600
Booster pump or steam compressor 3800 2900
discharge pressure, psia
Booster pump or steam compressor 7.4 52
power requirement, MWe)
Steam flow through steam generator, 9.5 X 10% 19 x 10
Ib/hr (total)
Overall thermal efficiency of heat- 445 41.1

power cycle, %

Thermal conductivity, Btu hr ! ft 0.052 0.062
P

Viscosity, Ib sec ft > X 10’ 63 67

Specific volume, ft3/lb 0.285 0.176

Specific heat, Btu Ib~! (°F) 1 0.74 0.91

Relative film resistance to heat transfer? 19 1.0

Use of supercritical-pressure stexm also has some
advantages with regard to the heat transfer coefficient
on the steam side of the tubes in the steam generator.
Essentially all the heat transferred is in the superheated
regime, and the steam-side coefficient is largely con-
trolling. The physical properties of steam at 900°F for
3500 and 2400 psia are briefly compared in Table 5.3.
It can be seen that the film coefficient for heat transfer
in the 3500-psia system is about twice that in a
2400-psia system, and the surface area requirement
would therefore be significantly less.

In summary, the supercritical-pressure system pro-
vides a higher thermal efficiency, appears to offer a

91967 ASME steam table values (ref. 78).
bAssuming the same tube diameters and velocities.

more direct means of attaining 700°F feedwater, and
ccuid reguire a less expensive steam generator. The
higher efficiency not only affords a lower electric
power production cost but means less fuel processing,
less accumulation of fission products, and less heat
discharge to the environment.

5.5 UGE OF REHEAT IN THE M3BR
STEAM CYCLE

Reheat would probably be profitable in the MSBR
steam cycle, particularly if plant layouts could be made
having shorter reheat steam lines than those used in the
reference design. More study is needed, however, before
it can be said conclusively that the improved efficiency
gained by use of reheat offsets the added complexity
and cost of the system. In considering reheat vs
nonreheat cycles, it should be noted that if reheat is not



used, external moisture separators are required to
prevent excessive moisture in the last stages of the
low-pressure turbines and that reheating does provide
somewhat better turbine performance than moisture
separation. These factors have not been evaluated
because this would involve obtaining rather precise
comparative information on equipment costs and 1ur-
bine performance, 2 refinement which to data has »ot
been warranted in the MSBR conceptual studies.

It is interesting that a study made for the LMFBR®®
comparing moisture separation with reheat for a 2400-
psig 900°F/900°F steam cycle concluded that the
csonomic gain for reheat (using sodium as the heat
source) was not sufficient to offset the added com-
plexity and reduction in plant reliability. These condi-
tions do not necessarily apply to the MSBR, howevei,
because the MSBR can attain 1000°F top tcinperatures
and does nut require a relativelv cxpensive reheater
design to accommodate exctiiermic reactions, as would
have been required for the LMFBR.

If future economic studies should indicate that reheat
for the MSBR cycle is indeed maiginal, the system
could be simplified by elimination of the reheaters,
reheat steam preheaters, and the flow proportioners
that divide the coolant-salt flow between the steam
generators and reheaters.

5.6 EFFECT OF FEEDWATER TEMPERATURE ON
THE MSBR STEAM-POWER CYCLE

As previously mentioned, a feedwater temperature as
high as 700°F may be required for the steam genera-
tors, and an entering steam temperature of 650°F or
more may be needed for the reheaters. The special
equipment necessary to achieve these teniperatures and,
more importantly, the loss of available energy in the
cycle are distinct disadvantages of the arrangement. In
the unlikely event that an even higher feedwater
temperature would be required, say 800°F, the dis-
advantages would become strikingly greater. It is
therefore of interest to briefly discuss the magnitude of
the cost penalties involved in order to compare them
with possible development costs for an improved
arrangement.

An MSBR steam cycle with 700°F feedwater and
650°F cold reheat steam was compared with one with
580°F feedwater and 552°F rcheat steam in ORNL.-
3996 (ref. 4) and with a cycle with 800°F feedwater
and 650°F cold reheat steam.® The results a.e
summarized in Table 5.4. The 580°F temperature was
selected primarily on the basis that this was about the
highest temperature that could be reasonably attained
by regenerative feedwater heating. In this case no
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Table 5.4. Effect of feedwater temperature on
performance o. M3BR supercritical-pressuie
steam-power cycle?

Nominal Booster Steam Net
feed pump generator plant
temperature work flow -ate efficiency
(°F) IMW(e)] (Ib/hr) (%)
%10
5800 None required 7.4 449
7004 7.4 9.5 44.5
800¢ 87 28 413

4Based on net plant output of 1000 MW(e) and reactor heat
of 2250 MW(t).

bassumes extra stage of regenerative feedwater heating and
no mixing or booster pumps required.

CFeedwater heated by mixing with steam from reheat steam
preheater.

9This case represents the performance now cited in MSBR
literature. Small variations exist due to different steam tables
used in the calculations.

special mixer or booster pump wcuid be required, and
it was assumed that the reheat steam v,ould not require
preheating.

Comparing the 580 and 700°F cases in Table 5.4. the
lower temperature affords a higher efficiency, whick
can amount to about 10 MW(e) of additional output
capacity. An additional higi.-pressurc reedwater heater
is required to obtain the 580°F water, but this cost is
more than offset by the expense of the mixing
chamber, pressure booster pumps, and reheat steam
preheaters need=d in the 700°F cycle. As a resul* the
S8G°F cycle is estimated to have a total construction
cost, including indirect charges, of abor:t half a million
dollars less than for the 700°F system.®® Taking fixed
charges at 13.7% per annum, the saving amourts to
about $68,500 per year. This saving is small, however,
in comparison with the value of a better thermal
efficienc Based on power worth 4 mills/kWhr, the
value of 10 MW(e) at 80% plant factor is about
$280,000 per year. The total yearly saving of the lower
temperature system is thus about $350,000. The
present worth (discounted at 6%) over a 30-year plant
life of this yearly sum is equivalent to roughly $5
million for an MSBR station. In a power economy with

thus be a strong incentive to develop a means for
lowering the required feedwater temperature, either
through use of a different heat transport fluid or
improved steam generator design, or both. (With regard
to use of 1 different secondary coolant, however, it
should be noted that the sodium fluoroberate pro-



nosed in the reference design MSBR has an estimated
cost of less than 50 cents/ib. Since the coolant
mventory is about 900,000 Ib, if a different coolant
costs as much as about $3 per pound, the increased
inv.ntory cost could nullify the cost advartages of the
lower temperature cycle.)

5.7 PRESSURE-BOOSTER PUMPS FOR
MIXING FEEDWATER-HEATING SYSTEM

Atter the feedwater is heated to about 700°F in the
mixing chamber used in the reference design (described
in Sect. 5.8), about 38,000 gpm of the mixture must be
raised to the steam generator inlet pressure of about
3800 psia. Canned-rotor pumps are currently in use
which operate under much the same pressure and

wperature conditions as those required. Preliminary
...ormation obtained from pump vendors indicates that
development may be needed to produce multistage
variable-speed pumps, as may be required for the
MSER, but no major extensions of the technology
appear to be involved.

5.8 MIXING CHAMBER FOR FEEDWATER
HEATING

The reference design provides 700°F feedwater by
direct mixing of supercritical-pressure steam at about
866°F with supercritical-pressure water at about 550°F.
The problems associated with the mixing of steam and
water ai lower temperatures are well known; the rapid
formation and collapse of vapor bubbles causes noise,
vibration, and <rosion similar to those found in pump
cavitation. At supercritical pressure, however, there is
no pnase changz or bubble formation, and the mixing
can be accomplished in a sinirle device.

At the TVA Bull Run steam plant, supercritical-
pressi-- steam and water are mixed in a 42-in.-diam
sphere, with the steam brought in at the top and the
water entering tangentially at the equator. The mixture
leaves at the bottom after passing through a screen with
%-in.-diam holes. The total pressure drop is said to be
less than 25 psi. One sphere handles a flow of over
4,000,000 1b/hr. Other mixing chamber configuraiions
may be possible, such as a simple pige tee. Choice of
this me:hod of feedwater heating for the MSBR cycle
dee. not auppear to imposc major development
problems.

5.9 SUPERHEAT CONTROL BY ATTEMPERATION

Coarse control of the outlet steam temperature from
the steam generators will be by adjustment of the
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coolant salt pumping rate. Fine control, and mcre gross
control under certain loading conditions, will be
achieved by attemperating the steam with 700°F
feedwater injection. The attemperator design has not
been studied in any detail. The possible problem of
moisture in the throttle steam is alleviated to a large
extent because there would e approximately 15C ft of
high-temperature steam piping downstream of the
attemperator before the sieam reached the turbine. A
major steam turbine manufacturer has stated that this
suggested methed of superheat control by attempera-
tion is acceptable in principle.

5.10 REHEAT STEAM PREHEATERS
T. W. Pickel

5.10.1 General Description

The reference design requires that about 5.1 X 10°
Ib/hr of S51°F steam leaving the high-pressure turbine
exhaust be preheated to about 650°r before it enters
the reheaters. The proposc. arrangement is to heat the
steam by heat exchange with steam ai steam generator
exit conditions of 3600 psia and 1000°F. The capacity
required in each of eight preheater units is tks about
630,000 1b/hr, or 12.3 MW(t).

There are eight ‘Scntical preheater units operating in
parallel. The supercriticai-piessure heating steam enters
the tube side at about 26C0 psia and 1000°F and exits
at about 3535 psia and 869°F. The turbine exhaust
steam enters the shell side at about 595 psia and 551°F
and leaves at about 590 psia and 650°F.

A conceptual design for the preheater is snowu o Fi.
5.4, and the prinicipal data are given in Table 5.5. The
units are vertical single-pass U-shell, U-tube, with an
overall height of about 15 ft. The legs of the shell are
about 21 in. in diameter and are surmounted by
25-in-ID spherical plenum chambers for the svner-
critical-pressure heating steam. Each unit has about 600
tubes, % in. in outside diameter, located in a triangular
array There are no flow baffles used on the shell side,
but bypass preventer rings are installed at intervals
around the tube bundle to prevent channeling of flow
in the clearance space between the bundle and the sh=ll.
A baffle plate on the shell side of each tube sheet
provides a stagnant layer to help reduce stresses due to
the temperature gradient across the sheer.

5.10.2 Design Considerations

The preheaters may be constructed of Croloy since
they are not in contact with the fluoride salts. The units
will not be exposed to any radioactivity and will be
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located in the feedwater heating bay, where direct
maintenance can be performed.

The high pressure of the heating steam prompted
sclection of a U-shell rather than a divided cylindrical
shell, since it permits smaller diameters for the heads
and reduces the thicknesses required for the heads and
tube sheets. The same pressure considerations led to
selection of the spherical plenums for the high-pressure
steam.

The preheaters have been skown as vertical units, but
there is no compelling reason why they could not be
used horizontally. Giuvity drainage is not considered
mandatory.

The heat transfer co. «nicient for the supercritical-fluid
film inside the tubes was calculated by using the
Dittus-Boelter equation,

hd:
% = 0.023(Ng )-8 (Vp,)0-4 .

The film heat transfer coefficient for the lower
pressure reheat steam flow. ig outside of and parallel to
the tubes was calculated by a correlation reported by
Short,”° given by

ki’'d G\o¢6 /C 0.33
hy=0.16 —( =2 et )
d,\ Hp k

Pressure drops in the tubes and in the shell were
calculated by using the Darcy equation for the friction
loss; four velocity heads were associated with the inlet,
exit, and reversal losses; a correction factor was used for
changes in kinetic energy between the inlet and exit of
the exchanger.

An analysis was made of the stress intensities in the
tubes, tube sheets, shells, and high-pressure heads and
of the discontinuity-induced stresses at the junction of
the tubes and tube sheets. The resul!s are shown in
Table 5.5. The calculated stresses are within the
allowable values.
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Table 5.5. Design data for the reheat-steam: preheater

Type One-tube-pass, one-shell-pass
U-tube, U-shell exchanger
with no baffles

Number required 8
Rate of heat transfer, earh
MW 1..33
Btu'hr 4.2i x 107
Shell-sidc conditions
Cold fluid Steam
Entrance temperature, "t 551
Exit temperature, °F 650
Entrance pressure, psi 595.4
Exit pressure, psi 590.0
Pressure drop across exchanger, psi 54
Mass flow rate, Ib/hr 6.31 x 10°
Mass velocity Ib hr™* £t 2 3.56 x 10°
Tube-side conditions
Hot fluid Supercritical water
Entrance temperature, - 1000
Exit temperature, °F 869
Entrance pressure, psi 3600
Exi: pressure, psi 3538
Pressure drop across exchanger, psi 65
Mass flow rate, Ib/hr 3.68 x 10°
Mass velocity, Ib hr ! £t~ 1.87 x 10®
Velocity, fps 93.5
Tube material Croloy
Tube OD, in. 0.375
Tube thickness, in. 0.065
Tr.oe length, tube sheet to tube sheet, ft 13.2
Shell material Croloy
Shell thickness, in. /16
Shell ID, in. 20.25
Tube sheet material Croloy
Tube sheet thickness, in. 6.5
Number of tubes 603
Pitch of tubes, in. (triangular) 0.75
Total heat transfer area, ft? 781
Basis for area calculation Tub: OD
Type of baffle None
Overall heat transfer coefficient, U, Btu hr ! ft 2 162
Maximum stress intensity  psi
Tube
Calculated Fpy =10,503; P, + Q = 708C
Allowable Py =S,y = 10,500 at 261°F;
Py, + Q =35, = 31,500
Shell
Czlculated Py, = 14,375; Py + 0 = 33,08i
Allowable Py = Sy = 15,000 at 550°F;
Ppy + Q = 35, = 45,000
Maximum tube sheet stress, psi
Calculated 7800
Allowable 7800 ax 1000°F

“The symbols are those of Sect. 11 of the ASME Boiler and Prcssuze Vessel Cods (ref. 56), where
Ppy = primary membrane stress intensity, Q = secondary stress intensity, and S,,, = allowable stress
intensity.



6. Fuel-Salt Drain Svstem

W. K. Furlong

6.1 GENERAL DESIGN CONSIDERATIONS

The preferred mode of MSBR operation is that the
fuel salt remain in the primary system after reactor
shutdown so that circulation can be continued through
the primary heat exchanger for afterheat removal.
There are some circumstances, however, either planned
or unplanned, which will require that the salt be
drained. Intentional drains are usuallv associated with
mainicnance operations, such as reactor core graphite
replacement and servicing of pumps, heat exchangers,
etc. In these instances the salt circulation can be
continued as long as necessary prior to the drain to
allow the activity to decay to the necessary level for the
maintenance task. There is a low probability of un-
scheduled drains, but thsy must be accommodated in
the design. Examples of unplanned situations are:

1. massive failure of a primary system pipe or vessel,

2. a slow loss of salt from the primary system so that
pumps would eventually be unable to maintain
circulation,

3. loss of heat-removal capacity in the steam system,
4. loss of coolan: or circulation in the secondary loops,

5. loss of power or mechanical failure of primary
pumps,

6. inadvertent thawing of the freeze valve which holds
the fuel salt in the primary loop.

The principal function of the fuel-salt drain system is
to provide a place where the salt can be safely
contained and cooled under any of the accidental or
intentional situations. The drain system must, there-
fore, have a highly reliable cooling system capable of
removing the afterheat even with a sudden drain after
long-term operation at full reactor power. In designing
the cooling system the overali objectives were:

1. It must be able to keep the maximum drain tarx
temperature well within the safe operating range
even under the worst condition of transient heat
leads.

N

. The system must be reliable, with a minimum of
reliance on the electric power supply or operator-
initiated actions.
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. If only a single barrier is provided between the tank
coolant and the fuel salt, leakage of the coolant into
the salt should not require chemical processing to
prevent adverse nuclear or chemical cffects.

4. The cooling system should impo<¢ a minimal risk for
freezing of either the fuel salt or the cooling system
coolant.

Several methods of cooling the drained fuel salt were
considered. One was to store the salt in a long pipe with
radiant heat transfer to cooled plates. Another possible
method was the use of heat pipes o cool fuel-salt-filled
tanks. Since a storage tank with a convective cooling
system was used with good resul's in the MSRE, it was
decided that the above objectives, would be best met by
storage of the salt in a tank having a coolant circulated
by natural convection to a water-cooled heat exchanger.
A variety of heat-transport fluids were studied. The salt
originally selected as having the most promise was
"LiF-BeF,, and a drain system using this salt was
studied in some detail, as described in Sect. 6.3. Late in
the study, however, the apparent advantages of an
NaK-cooled system led to consideration of an aiternate
drain tank cooling system using NaK as the coolant, as
discussed in Sect. 6.4. Unfortunately, the NaK system
study could not be developed in time to be reported as
comprehensively as the salt-cooled system.

Withou: impairing the above-mentioned principal
function of the drain system, the drain tank can be
conveniently used for other purposes, such as a holdup
volume for off-gases to allow about a 2-hr decay time



before the gases are processed. The drain tank cooling
system can continuously remove the decay heat (oad of
these gases angd at the same time provide assu-ance that
the cooling system is operabie and could accommodate
a major drain. With this arrangement, internal surfacas
in the drain tank. part™ ‘I -y ccoled ones, may act as
sites for deposition <1 rnoble merals in the off-gas and
will possibly elimina.e the need for a particle trap in the
off-gas system. The decay heat lozd in the drair tank,
estimatcd to total about 18 MW(t), is discussed .n more
detail in Sect. 6.3.2.

The drain tank also serves usefully as a surge volume
to which salt can be continuously overflowed from the
primary pump bowl. The supply and return connections
to the chemical processing facility will be made at the
drain tank. The same jet pump arrangement used to fill
the primary system from the drain tank can be used to
transfer salt to the chemical facility, eliminating the
need for pressurizing the tank for salt transfer. With this
arrangement, salt can be taken from the tank for
processing independently of reactor operation.

It was also decided that the reference MSBR design
would provide a backup container if the drain tank
should develop a leak. In addition, a second safe storage
tank was provided for the salt to permit the primary
drain tank to be drained for repaiis.

6.2 FUEL-SALT DRAIN LINES

Although draining the fuel salt from the reactor is a
positive shutdown mechanism, it is not necessary to rely
on this as an emergency procedure, and rapid drainage
is not a primary design criterion. The drain tank is
connected to the bottom of the reactor vessel by a 6-in.
drain line equipped with a freeze-plug type of “‘valve”
which can be thawed to allow gravity drainage of the
entire primary circulating system in about 7 min. A
small circulation of fuel salt is normally maintained in
the drain line between the reactor and the freeze valve
to prevent overheating due to stagnant salt, as indicated
in the drain system flowsheet, Fig. 2.3.

During normal operation of the reactor about 150
gpm of fuel salt overflows from each circulating pump
bowl. The gases stripped from the fuel salt at the gas
separator, laden with highly radioactive fission product
gases and particulates, are combined with the overflow
sal ‘rom the pump bowls in a small tank (4 in Fig. 2.3)
be.  .lowing to the draina tank. The 2-in. overflow line
has a 3-in.-diam counterflow cooling jacket supplied
with 10S0°F fuel salt from the reactor inlet. This salt,
in flowing upward through the jacket, also cools the
small mixing tank and the lower portion of the pump
bowl before mixing with the bulk salt flow in the bowl.
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The cverflow gas-salt mixture, which reaches the drain
tank at an estimated temperature of about 1200°F,
enters the top of the drain tank and is first directed
beneath the top head and then downward through a
', -in.-wide anrnulus between the tank wall and an
internal liner (used as a gamma shield) to cool the drain
tank and the internal liner.

6.3 PRIMARY DRAIN TANK WITH SALT-COOLED
HEAT-DISPOSAL SYSTEM

6.3.1 Description

The drain tank is a vertical cylinder about 14 f¢ in
diameter and 22 ft high with torispherical heads and
internal U-tubes. All portions in contact with salt are
constructed of Hastelloy N. Plan and elevation views are
shown in Figs. 6.1 and 6.2, and the principal data are
listed in Table 6.1. The layout of the drain tank and its
cooling system is chown in Fig. 6.3.

The storage volume of the tank is about 2500 fi3
The tank dimensions were based on the following
volume requirements (ft*):

Total fuel-salt volume 1720

Volume of coolant salt that could 730
reach drain tank in event of tube
failure in one primary heat exchanger

Volume occupied by U-tubes and 250
other components in drain tank

After considering various means of cooling the tank
walls and heads, it was decided to use the internal liner
with a continuous fuel-salt flow to remove the heat. A
flow of 150 gpm of fuel salt from each of the primary
circulation pumps, after being cooled to about 1200°F
by a counterflow of “cold”-leg salt, as mentioned
above, will enter the drain tank and flow down the
annulus between the liner and the wall. The annulus is
orificed at the bottom to ensure that it remains full of
salt. The maximum steady-state wall temperature is
estimated to be 1260°F, occurring at the bottom. The
liner is separated from the walls by standoffs to provide
a 0.5-in. radial cooling passage and to make it struc-
turally independent of the tank. The liner also provides
support for internal baffles, which are provided to
impart a circuitous path for the off-gas and also to
stiffen the U-tubes. Since there are no structural
connections between the tank and the inner liner, the
status of the tank as an ASME Code Sect. I, class AS®
vessel is not impaired by this approach.

The 0.75-in.-diam U-tubes through which the cooling
salt circulates to remove the heat generated in the
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Table 6.1, Principal design parameters and data for primary
drain system using salt cooling system?

Drain tank

Outside diameter, ft

Overall height, ft

Wall thickness, in.

Bottom head thickness, in.

Liner thickness, in.

Material

Storage capacity. f 3

Design conditions, psig/°F

Number of internal U-tubes

U-tube OD X wall thickress, in.

Off-gas flow rate, cfm at 10 psig and 1000°F
Flow rate of overflow salt, gpm

Entering temperature of overflow salt, °F

Fraction of total noble metal yield found in off-gas

Off-gas holdup time, hr

Equilibrium heat generation in off-gas and noble metals, MW(t)

Heat absorbed in tank liner and walls, MW(t)

Maximum heat release from salt after sudden drain, MW(t)

Maximum steady-state heat load, MW(t)
Maximum steady-state wall temperaiure, °F
Estimated time for primary system to drain, min

Hasielloy N
~2500
40/1300
~1300
0.75 x 0.042
i8

6Ly

1200

0.5

~2.3

18

2

53

18

~1260

7

Heat disposal system

Drain tank coolant fluid

Coolant composition, mole %

Number of autonomous cooling circuits
Total coolant volume, fid

"LiF-BeF,
67-33

40

~400

For normal steady-state operation at 18 MW{*) heat release in drain tank:2

Temperature of coolant entering drain tank, °F
Temperature of coolant leaving drain tank, °F
Coolant circulation rate, gpm at av temperature

900
1050
714

For conditions after sudden drain of salt, heat release of 53 MW(t):

Temperature of coolant entering drain tank, °F
Temperaturs of coolant leaving drain tank, °F
Coolant circulation rate, gpm at av temperature

Number of salt-to-water heat exchangers

Number of tubes in each exchanger

Tube size, length (ft) X OD (in.)

Area in each exchanger, ft?

Water pressure, psia

Distance of heat exchangers above drain tank midplane, ft

Stack size, height X diam, ft

900

1163

1200

40

333

10 X 0.625
544

100

60

40C X 60

SDue to decay of gases and noble metals only.

stored salt are divided into 40 separate circuits. The
choice of the number of circuits was somewhat arbi-
trary, the primary objective being to have a large
number so that in event of failure, any one of them
would represent only a small loss in capacity. There
were also space limitations in arranging the header
circuits at the top of the drain tank. It may be noted
that all welds for the coolant system tubes and headers
are well above the normal fuel-salt level in the drain
tank.

Salt flows into the drain tank by gravity. It is
transferred from the tank by sait-actuated jet pumps
located in a salt reservoir providec by a depression in
the bottom of the tank. Four jet pumps, one in parallel
across each primary salt pump, return the overflow salt
to the “hot” leg of each primary loop. Some internal
cooling of the drain tank wall can be mairtained even if
three of the four primary salt pumps should fail. An
ancillary salt circulation pump is used in conjunction
with a fifth jet pump in the bottom of the drzin tank to
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transfer salt to the chemical processing facility. By
thawing a freeze valve, indicated as A in Fig. ? 3, this
jet pump can also be used to transfer salt from the drain
tank to fill the primary system.

One feature not shown in Figs. 6.1 and 6.2 is an
external shell around the side walls and bottom of the
drain tank which acts as a backup container in the
unlikely event of a failure of the tank below the salt
levei. This shell, sometimes referred to as a “‘crucible”
in the MSR literature, is made of stainless steel and is
open at the top. The annular space between the shell
and the tank is filled with tightly packed copper rope,
the purpose of which is twofold: to minimize the salt
volume which can occupy the annulus and to provide 2
good conductor for heat to the tank wall.

6.3.2 Heat Sources in Drain Tank

In normal operation the drain tank receives ~11 scfm
of off-gas containing radioactive gases and metals.’
Besides tritium, the gases are primarily Kr and Xe, and
the noble metals are Nb, Rh, Mo, Ru, T¢, and Te. Heat
is also produced by decay of the daughters of Kr and
Xe, notably Ba, La, Cs, Rb, Sr, Y, and Zr. Assuming
that all of the noble metals present in the system
deposit on the U-tube walls and other internal surfaces
of the drain tank, the equilibrium value for the heat
source would be about 9 MW(t). Decay of the radio-
active gases and daughters contributes a maximum of
another 9 MW(t), making a maximum total of about 18
MW(t) generated in the drain tank for a reactor which
has run several weeks at full power.

The heat sources in the tank were asstmed to be
uniformly distributed over the drain tank volume, and
the methods of Rockwell®! were applied to estimate
the source strength in the liner and tank walls. It was
noted that approximately 40% of the off-gas energy is
released as betas and hence is deposited locally.
Similarly, about 40% of the energy due tc the noble
metals is from beta emission.” The gamma source per
unit of homogenized tank volume then becomes 3857
W/ft>. This converts to 2150 W/ft* impinging on the
liner. Close agreement is obtained between cylindrical
and spherical models.

Estimates of the internal energy absorption by the
U-tubes and other internals were based on a linear
energy absorption coefficient of 0.82 in.”', which was
determined for attenuation of reactor spectrum gamma
radiation in the reactor vessel wall using a gamma
transport calculation (ANISN). Assuming the same
absorption coefficient, 56%, or a heat flux of 949
W/ft?, is absorbed in the l-in.-thick liner, leaving 782
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W/ft? to be absorbed in the 1-in.-.hick tank wall from
thiv source. The rest of the encrgy will be absorbed in
the backup vessel in which the druin tank sits. Since the
tank walls an¢ head have about 1000 ft* of surface
area, a heat load of about 2 MW(t) must be accommo-
dated.

The drain tank will be used as a salt repository during
shutdown for core graphite replacement or other
maintenance. The d:-ign basis for such a drain has been
taken as 10° sec, or 11.6 days, after reactor shutdown.
During this interval the salt is circulated with the
primary-salt pumps io remove afterheat, including that
associated with sources adsorbed on and diffused into
the graphite in the reactor. The heat load due to the sait
and noble metals in the drain tank at the end of this
period, and immediately after the drain, is about 4
MW(t).

The most severe heat loads imposed or ile drain tank
would be an inadvertent thaw of the freeze valve or an
emergency shutdown and drain. (Possible causes for
such shutdowns were discussed in Sect. 6.1 above an{
by Furlong.®?) The maximura heat load that could
occur iis such circumstances is estimated to be about 50
MW(t), if about 7 min is allowed for the drainage to
take place. The maximum possible heat release in the
tank, with no credit taken for heat sources retained by
the graphite, is shown in Fig. 6.4. In general, the
afterheat rejection requirements decrease by a factor of
10 during the first day.

6.3.3 Heat Transfer in Drain Tank Walls

During normal operation the tank walls and liner are
cooled by overflow salt from the reactor, as mentioned
above. A value of 15CG gpm per pump was chosen
somewhat arbitrarily for the overflow rate. It was
desirable to have a value l2rge enough to give adequate
cooling and also be large compared with the discharge
rate from chemical processing to assure good mixing of
processed salt as it returns to the reactor. On the other
hand, an upper constraint was the jet pump size. The
mixture of overflow salt and off-gas flows in a 2-in. pipe
located concentrically inside a 3-in. pipe. The annulus
between the pipes is connected to the drain line
upstream of the freeze valve. Cold (1050°F) salt from
this source cools the overflow lines, the mixing chamber
(A ia Fig. 2.3), and the walls of the pump bowl. About
150 gpm will cool the overflow mixture to 1.13°F
(average of four lines) upon entering the drain tank ~nd
will have a temperature range (depending upon the line
length) of 1124 to 1167°F upon entering the mixing
chamber and slightly higher temperatures upon entering
the pump bowl. A higher value may be desirable,
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depending upon the relative importance of the colder
drain tank wall coolant and the ability to keep it cool
with less than four pumps running vs the acceptable salt
temperature impinging on the pump tank walls.

'Nith the heat sources described in Sect. 6.3.2 and
with a total flow of 600 gpm cooled to 1213°F, it is
estimated that the maximum drain tank wall tempera-
ture will be ~1260°F and that the maximum liner
temperature will be about 1300°F during normal
steady-state operation. These temperatures appear to be
acceptable. However. if necessary, they can be lowered
by appropriate adjustments in the flow rates of over-
flow salt and/or counterflow salt.

6.3.4 Heat-Removal System

A qualitative comparison of the coolants considered
for the drain tank heat-removal system is given in Table
6.2. The fused salts, NaK (see Sect. 6.4), and the
steam-water systems were considered to be most
warthy of further consideration. The most likely salt of
the candidates were (1) sodium fluoroborate
(NaBF,-NaF), the same salt used in the MSBR second-
ary system; (2) "LiF-BeF, of the peritectic compo-
sition 66-34 mole %; and (3) Hitec, a commercial
nitrite/nitrate heat transfer salt. The significant physical
properties of these three salts are lisied in Table 6.3,

and each is compared with a steam-wate: system in
Table 6.4.

Although water appears to be a very attractive
coolant, provided a double barrier is used in the drain
tank cooling tubes to avoid thermal shock following a
salt drain and to give better assurance that water could
not re..h the fuel salt, calculations showed that it
would be difficult to fit the requirec number of tubes
into the drain tank head. A comproinise was therefore
reached which employs natural circulation of an
7LiF-BeF, salt mixture through the drain tank tubes
and then cooling of the salt by radiative heat transfer to
boiling water. Heat transfer from the gas in the tank to
the "LiF-BeF, is by conduction and some internal heat
absorption; heat transfer from the salt is by convection,
conduction, and internal absorption. Selection of this
compromise arrangement was motivated largely by the
desire to have chemical compatibility between the
coolant and the fuel salt.

The layout of the drain tank cooling system is
indicated in Fig. 6.3 and in the flowsheet, Fig. 2.3. The
pertinent data are listed in Table 6.1.

The steady-state natural circulation flow rate of the
drain tank coolant salt was calculated as a function of
the heat load on the system. The method of calculation
involved iterating between the calculated thermal driv-
ing head and calculated head losses due to piping and
fittings until a flow rate was obtained which made those
two quantities equal. The coolant inlet temperature was
fixed a: 900°F (freezing point 856°F). The other
system temperatures are functions of flow rate for a
given heat load. Salt density and viscosity were reeval-
uated for each successive value of flow rate (and hence
temperatures) and then used in determining the heads
mentioned above. Figure 6.5 is a plot of fraction of
design flow (that corresponding to design heat load)
and salt temperature at the U-tube outlet as functions
of fraction of design heat load. During normal reactor
operation the heat load on the drain tank due to the
off-gas and noble metals is about 16 MW, or about 25%
of the design value. It is noted from the figure that
about 55% of design flow is obtained at this heat load.
This is particularly advantageous becausc 2 drain will
not require the system to be accelerated from a very
low flow or from a static condition, as would be the
situation if the drain tank were not used for off-gas
holdup.

The drain tank coolant salt is cooled in 40 salt-
to-water heat exchangers located about 60 ft above the
drain tank to provide the thermal driving head for
natural circulation. The heat exchange ic entirely by
radiation from salt tubes to a plate (or tubes) in which
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Table 6.3. Properties of possible fused-salt coolants for drain tank system

NaBF,-NaF LiF-BeF, KNO;-NaNO,-N:NO,
eutectic peritectic eutectic

Composition, mole % 92-8 66-34 5340
Viscosity, Ib ft ™! hr™!

At 900°F 4.1 404 3.1

At 1150°F 26 18.7 25
Liquidus temperature, °F 725 856 228
Density, 1b/ft3

At 900°F 119.4 125.5 108.0

At 1150°F 112.9 121.9 103.0
Specific heat, Btu Ib~! (°F)~! 0.36 0.57 0.37
Thermal conductivity, Btu hr ™! ft ™! (°F)~! 0.27 0.58 0.33

Table 6.4. Evaluation of salt-type coolants and water-steam for primary drain tank cooling system

Coolant

Desirable features

Undesirable features

MNaBi4-Nar

“LiF-BeF,

KNO3-NaNO,-NaNO3

Water-steam

Inexpensive (~$79/ft3)

High mclting point means reduced thermal shock
on drain tank

Relatively low viscosity

No processing of fuel salt is required in event of
leak

Least thermal shock on drain system

Extensive experience with this coolaat in MSRE

Hastelloy N may not be required ix. coolant circuit

No volume change on freezing

Inexpensive

Carbon steel can be used up to 850°F; stainless
steel for higher temperatures

Low melting point

Has least danger of freezing

Lowest cost

Used in MSRE drain tank

Relatively easy to get naturdl circulation

Reactor must be shut down if coclan’ gees mntc
fuel salt, and :he fuel must be proce.sed

High melting point mzkes freezing in .1ack
more likely

Hastelloy N would be required in coclant circust

Very expensive (~$1500/ft3)
High melting ooint
High viscosity

Of doubtful stability at high tempe atures and
in radiation field
Salt processing on leak may be required

R~quires double barrier tubes (e.g., Layonety
Relatively large number of tubes required

Jow-quality steam is produced at abo»t 100 psia. Steam
separators divert the steam to o1 - <~ - .cral air-cooled
condensers located in a natur.’.rs:.. :lack. The con-
densate is returned by gravity to provide a circuit which
operates entirely by natural circulation. (A simila:
system demonstrated satisfactory performance in the
MSRE drain tank.) Preliminary calculations indicate a
stack height of about 400 ft and an average diameter of
about 60 ft. Use of elliptical-shaped tubes and an
increase in longitudinal pitch would possibly permit
reduction in the siack height. During some months it

may be necessary to preheat the air or use ¢th'r
methods to prevent freezing of the condensate in the
coils during periods of light load on the piant. Water-
cooled condensers could obviously be su~stituted for
the aircooled coils and stack if an assv ¢4 scusce of
cooling water were available at a particular site.

In calculating the transient temperaturc. behavsor of
the drain tank and associated cooling system, the
system was divided into a number of aodes, and
appropriate energy and momentum bawances were
written. Allowarce was made for the tire variation of



ORNL-DWG 70 -11957

t Oy 300

} l

! E :

! i <
: 08' ‘2:\: E
< )
x | =
3 a
o | f
< oy
2 N6t- 4 4100 -3
&) [ :—
- E g
8 X =
. | -
Soat 1000
z i =
o ‘ g
- i
(&)
a / 2
'S O 2 — - - - ——————— e —— 4 9.2 :

i o

S
N
0 8C0
[¢] 0.2 (o] [¢X) c8 10

FRACT.ON OF ZESIGN HWIAT LOAD
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the heat sources and of the salt volume in the tank as it
fills. The allowab! stress limiiations on the Hastelloy N
were based on lo* -term creep restrictions. The dura-
‘ion of e transient temperatures exceeding the present
design maximum of 1300°F was found to be only a few
aours due to the rapid decayv of the heat sources in the
salt.

One area of uncertainty in the above analyses is the
heat transfer coefficient between fluid and tubes.
Although the literature contains some work on the
subject of heat transfer with tluids containing sources,
little iaformation is available for the case of open
lactices. This is an area of experimental invesiigation
which remains to be done before reliable temperatures
can be calct lated for the drain tank. Another area of
uncertainty is the amount of notle metals which will
adhere to surfaces in the drain tank. For heating
purposes, it was assumecG that all the noble metals
present n the off-gas remain in the drain tank. When
the .alt is drained, some of these could be washed off
the vertical surfaces ai1.d agglomerate or. the bottom of
ithe tank. If the salt becomes more oxidizing, the noble
metals will go back in solution. Niobium is the first to
be oxidized. After its oxidation is complete, the other
nioble metals will oxidize more or less togethe.. A final
area of uncertainty is th- disposition of the daughters
of the gases which decay in the urain tank. Heat from
the -wcay of daughter products has been included in
calculations. These daughters would be expected to go
back into the salt when 't is drained, and some fraction

aq

should dissolve in the 600 gpm which 1s circulated
through the drain tank for cooling purposes.

Calculations for the salt-to-boiling-water heat ex-
changers indicdle that 0.3 kW of heat per foot of salt
tube can be transferred This assumes surfaces which are
well oxidized to give enussivities of 0.8, a salt tube
surface temperature of 1200°F at maximum heat load,
and a steam tube or piate-cuil surface temperature of
250°F. The salt was assumed to be located inside %;-in.
tubes spaced on a 1.5-in. square pitch. with the plate
coils interspersed between tube rows. Each of the four
heat exchangers would requirc 333 tubes. each 10 ft
long, to handle a total of 40 MW of power. It is
estimaied that under the worst-case transient conditions
a maximum heat load of about 40 MW is all that these
exchangers could experience. This is due to the rapid
Jdecay of the sources during the drain time and the
relatively long transit time of the drain-tank cooling
loops.

Calculations for the natural-draft stack were first
m-~de assuming that the hot fluid was saturated vapor at
atmospheric pressure and using an ambient air inlet (dry
bulb) temperature of 100°F. Size and pressure drop
data were based on the data of Zimmerman®? for
commercial fin-tube neat exchangers. Results indicated
that it was not feasible to use a natural-draft stack of
reasonable height because of the small draft available
from the low temperature differences involved. By
pressurizing the water system to 100 psia, the saturated
vapor temperature was raised t¢ 327.8°F. This resulted
in a stack height of 400 ft, assuming a 100°F inlet
temperature and a maximum heat load of 40 MW. Such
a stack would have to be about 60 ft in diameter to
accommodate the commercial units on which the
calculations were based. Because of the low gas temper-
atures, only a minimum amount of stack insulation
world be needed.

6.4 FUEL-SALT DRAIN TANK WITH
NaK COOLING

6.4.1 Introduction

There are several features which could be improved in
the salt-cooled primary drain tank system described
abovc, such as the general complexity and the need for
a relatively tall natural-draft stack. A restudy of the
conceptual design of the diain tank system led to
favorable consideravion of an alternate arrangement in
which NaK 1s used as the coolant. In addition to
eliminating the stack, the rovised corcept is believed to
provide 2 more dependable emergency cooling system
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and to offer other improvements. There was not
sufficient time. however. to carry the study of the
alternate design to as great a detail as was possible for
the initial system.

NaK can be heated to relatively high temperatures
and can experience significant radiation fluences with-
out problems of dissociationn or high vapor pressure.
Since its density and viscosity variations with tempera-
ture are favorable for natural circulation in the system.
no auxiliary power or action by the plant operators is
required to initiate and maintain circulation. The use of
NaK and placing primary emphasis on radiant heat
transfer (which varies as the fourth power of the
absolute temperature) accommodate the wide ranges of
temperature and heat loads which may be encountered,
such as the factor of 3 difference between the normal
off-gas heating load and the maximum transient after a
sudden salt drain. The NaK is compatible with Croloy
or stainless steel and does not require the more
expensive Hastelloy N used in the salt systems. Since it
has a eutectic temperature of about 10°F, it is liquid 2t
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room tempesature, and no preheating of the NaK
circuits prior to filling is required.

6.4.2 Description

A scheinatic flowsheet for the NaK-cooled system is
shown in Fig. 6.6, and the design data are given in Table
6.5.

The alternate drain 1ank design is for a vessel about
14 ft ;n d.ameter and 20 ft hi_h, with the bottom head
containing a plenum for the jet pumps used tc transfer
the salt. It is constructed of Hastelloy N, and the vessel,
internals, and supports are designed for the reference
earthquake loading referred to in Sect 14. There are
1028 Hastelloy N thimbles extending vertically down-
ward into the tank. Each 2-in.-ID thimble contains a
concentric Croloy 2'/ (or stainless steel) bayonet tube
in which eutectic NaK circulates by natural convection
to a bank of NaK-filled tubes inserted in horizontal
tubes which are immersed in a pool of water at an
elevation about 60 ft above the drain tank. The
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Table 6.5. Dengn data for NaK-cooled drain tank

Saii sapacity, 1t3 2500
Outside diamcizr of vessel, ft 13.8
Overall height, ft 20
Design heat load, MW(t)

Due to off-gas decay 18
Maximum transient after sudden salt druin 53
Emissivity of Hastelloy N surface 0.5
Emissivity of surface coated with iron or .90

calcium titanate
Emissivity of water-tube surface (oxidized 0.75
steel or copper)
Conductivity of nitro?en gas in annuli, 0.026-0.031
Buwhr™! o™ (*F)”
Thimble surface area, based on temperature of 10,700
85C°F under off-gas load conditions, ft?
Thimble ID, in. 2
Number of thimbies required 1028
Average NaK temperature under off-gas load, °F 400
Average NaK temperzture under maximum 640
load, °F
Maximum thimbie teraperature, °F 1400
Number of autonomous NaK circuits selected 10
for this study (number is optional)
NaK flow rate per circuit under off-gas heat 801

load of 18 MW(t), gpm

NaK flow rate per circuit under maximum heat 1081
load of 53 MW(1t), gpm

Hot- and cold-leg temperatures, °F

Under off-gas load of 18 MW(t) 436-350

Under maximum heat load of 53 MW(t) 726-550
NaK circuit pipe size (sched #9), in. 12
Assumed length of each leg of circuit, ft 100

Assumed elevation difference, center of drain 6U
tank to center of water pool, ft

Temperature of receiving surface of thimble in 232
water tank, °F

Heat transfer area of NaK tubes in water 83,1007
tank, f2
Total water boiled from water tank, ft3
2 days after shutdown 24,000
10 days after shutdown 81,000
35 days after shutdown 192,000
Makeup water required for 18 MW(t) heat 126
load, gpm

®Thimbles with internal fins can be considered as 2 means
of reducing the total length required, but fabrication of this

special tubing would probably require development by the
manufacturer.

arrangement provides a double barrier between the fuel
salt and the NaK and between the NaK and the water.

Tke drain tank is surrounded by essentially an
open-topped stainless steel vessel about 14% ft in
diameter and with a 3- to 4-in.-thick wall provided with
two autonomous internal cooling channels for circu! -
tion of NaK. The outsi.e tank serves as a backup in
event 2 <alt leak develops in the drain tank and also as a

gamma shield. Heat transfer by radiation across the
3-in.-wide an ilar space between the vessels cools the
walls and lower head of the drain tank. In event cfa
major leak of fuel salt into the external vessel, the NaK
circulating through its walls would provide the neces-
sary cooling. An advantage of the redesigned drain tank
and use of the cooied outer vessel is that the internal
liner for the drain tank, as was used in the salt-cooled
system, is eliminaicd.

Heat generation in the drain tank due to radioactive
decav oi off-gases and entrained particulates is about 18
MW(t) uuring normal full-load operation of the MSBR,
as discussed 1n Sect. 6.3.2. The maximum transient heat
release is about 53 MW(t), which would occur after a
sudden salt drain. About 80% of the energy release is in
the form of gamma rays. much of which will be
absorbed by the vessel walls or ov the bayonet tubes
and thus be directly transferred intc the NaK. Mcst of
the generated heat is removed by the cooling thimbles.
Heat i transferred from the thimble wall to the
NaK-cooled bayonet tube by radiation, although some
will be conducted by the nitrogen which fills the
0.1-in-wide annular space between the two. The
thermal-radiation-receiving surface on the NaK tubes is
assumed to be coated with iron or calcium titanate to
afford an emissivity factor of about 0.9. Since the
thimbles and bayonet tubes are not in physical contact
either in the drain tank or in the water pool, a leak in
any system is unlikely to contaminate another.

The NaK cooling system is arranged with several
autonomous circulaiing loops, so that failure of one
circuit would not cause a severe loss of cvoling capacity
and necessitate an immediate shutdown of the plant.
Ten separate loops were assumed i~ the preliminary
study reported here. As indicated in Fig. 6.6, an
electromagnetic pump (acting as a brzke) is installed in
each of the NaK circuits to retard or stop the NaK
natura' circulation as necessary to protect against
freezing of the fuel salt in the drain tank. This
arrangement is particularly advantageous during startup
or partial load operation.

The arcangement of the heat transfer surface in the
water pool has not been studied in detail but would
probably be somewhat as indicated in Fig. 6.6. Heat
transfer would be by radiation and gas conduction from
the outside surface of the NaK-filled tubes tu the inner
surface of the concentric tubes which are submerged in
water. The water would boil and require either con-
densation and return or a contiruc.is makeup of about
126 gpm of treated water under normal full-load
reactor power and even larger amounts under con-
ditions of a sudden reactor drain. Its water stora'e



capacity, however, can be made large enough to
accommodate the decay heat for a protracted penod
even without water makeup. This arrangement provides
a reliable heat sink, is not dependent upon a power
source, and may be more earthquake resistant than the
natural-draft stack used with the salt-cooled drain tank
system.

6.5 FUELSALT STORAGE TANK

A storage tank is provided for the fuei salt in event it
is necessary tc carry out repairs on the fuel-salt drain
tank or its associated components or piping. Aithough
the tank is located in the chemical processing cell, it is
not used as a part of the chemical sysiem, since the
tank does not have a heat-removal system capable of
handling the high volumetric heat sources in the
chemical system. The storage tank will be the same
regardless cf the type of cooling used for the primarv
drain tank.

The tank has a storage capacity of about 2500 ft* and
may be constructed of 304L stainless steel rather than
Hastelloy N, since the tank will have a low use factor.*
The tank is connected into the drain tank syste:n as
shown in the flow diagram, Fig. 2.1. Centrifugal and jet
pumps will transfer salt into and out of the storage
tank.

The tank has a heat-removal capacity of about 1
MW(t). which is provided by boiling water in 12-ft-long
U-tubes, with the steam being condensed in an air-
cooled condenser in the same manner as was used in the
MSRE system.?*'®* The heat-removal capacity is based
on allowing about a 100-day decay period for both the
salt and the noble metals.

*To be conservative in the feasibility study, Hastelloy N was
specified for several portions of the MSBR systems where
stainless steel would probably have been acceptable. A test loop
constructed of 304L stainless steel has operated with 1200 to
1300°F fuel salt for more than 60,000 hr with a corrosion rate
of 1 mil/year, or less, and the rate is decreasing ! !



7. Reactor Off-Gas System

A. N. Smith

7.1 GENERAL

The function of the primary off-gas system is to
reduce the concentration of undesirable contaminants
in the primary system off-gas stream to a level low
enough to permit continuous recycle of the helium
carrier gas to the primary system. The term “un-
desirable contaminants™ includes gaseous and gas-borne
fission products, fission product daughters, water,
oxygen, hydrocarbons, etc. The off-gas system also
includes the equipment for handling all the associated
functions, such as dissipation of decay heat, collection
and storage or disposal of stable and long-lived gases,
liquids, and solids, and recompression of the recycle
gas. As shown in Fig. 7.1, the boundaries of the off-gas
system on the upstream side are defined as the outlet of
the particle trap in the gas flow leaving the fuel-sait
drain tank and, on the downstream side, as the outlet of
the accumulator tanks supplying helium to the bubble
generators and the purge flow for the salt-circulation
pat Js.

The fission yields of noble gases (krypton and xenon)
are such that nearly one atom of gas is produced for
every atom of 233U which fissions. Since the fissica of
1 g of uranium is roughly equal to 1 MWd, the MSBR at
2250 MW will produce more than 1 kg of noble-gas
fission products per day. About 15% of the gaseous
fission products are relatively short-lived and will decay
in the fuel-salt system. The remaining 85% are either
stable or have half-lives which are long enough for them
to be removed at the gas separator along with the
helium carrier gas. Continuous decay processes will
produce nonvolatile or slightly volatile daughter
products which may deposit on duct or vessel surfaces
or which may be carried along with the gas stream in
the forin of smokes or mists until removed by filtration
or adsorption. In addition to the kryptons and xenons,
the carrier gas which leaves the gas sep..~tor is expected
to contain tritium, oxygen resuiting from fluorine

burnup, noble metal fission products, and 1 small
amount of entrained fuel salt.

The nonvolatile fission products either will depcsit in
the primary system drain tank or will be removec by
the filter at the outlet of the drain tank, so that the
off-gas stream at the inlet to the off-gas system will
consist primarily of gaseous components. On a volume
basis, the contaminants in the stream are expected to be
on the order of 0.1%, or about 1000 ppm. This number
is based on a flow from the gas separator of 11 scfm,
stable noble-gas yields of 7% for krypton and 21% for
xenon, and a recycle rate of 80% from the 47-hr xenon
holdup system to the bubble generator. As the gas
stream passes through the off-gas system, the decay of
the radioactive noble gases and daughters will continue,
as will also the attendant necessities for heat dissipation
and materials collection and disposal. The amount of
decay heat per unit volume will be high at first but will
drop off rather quickly during the first hour due to the
rapid disappearance of the short-lived isotopes, is
shown in Fig. 7.2.

An estimate was made of the distribution of fission
product decay heat in a 1000-MW(e) MSBR off-gas
system. The calculations were based on the following
model:

1. The flux of krypton and xenon into the off-gas line
was to be as calculated by Kedl for 2 0.56% poison
fraction (see Table A.2). Solid daughters of krypton
and xenon were assumed to plate out at the point of
formation.

2. A 2-hr residence time in the drain tank was assumed
between the outlet of the reactor system and the
inlet to the #7-hr xenon hcidup system.

3. Krypton delay in the charcoal beds was assumed to
be one-twelfth of the xenon delay.

4. The off-gas system was divided into 20 regions in
which the radioactive roble gases were assumed to
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Fig. 7.1. Schematic flow diagram MSBR off-gas system.
decay exponentially in accordance with an assigned ‘.2 BASIC ACSUMPTIONS AND
delay or residence time. The 2-hr volume holdup and DESIGN CRITERIA FOR STEADY-STATE

the 47-hr xenon delay charccal bed were dvided
info compartments with various delay times in an
attempt to obtain approximately equal heat loads.
The delay times for the pipe sections were arbitrarily
set at 18 sec each. The results of this calculation,
shown in Fig. 7.3, were used in estimating heat loads
in the various sections of the off-gas system.

With regard to iodine in the MSBR, the iodine
isotopes produced directly by fissions will remain with
the fuel salt. Much of the tellunum (the precursor of
iodine) will probably deposit or surfaces as noble metal
particulates, but significant araounts could be swept
into the off-gas system. Here, upon decay of the
tellurium, the iodine will be quickly trapped as it
contacts the charcoal in the adsorber beds. Effluent gas
from the beds is normally  :cycled, and none is vented.
(The decay heats from the iodine nuclide~ of concern —
those with half-lives greater than ]0 min — are shown in
Table 7.1.)

OPERATION

The following assumptions were made in the design
study of the off-gas system:

1. Reactor power is 2250 MW(t), and the fuel is
233U.

2. The carrier gas is helium, with a total flow to the
off-gas system of 11 scfm. This total is the combination
of flows from each of the four pump loops, ¢ Insisting
of 2.25 scfm from each of the gas separators and 0.5
scfm of purge 2as for each of the pump shafts. Net flow
of fission products and materials other than helium is
about 0.1%, or 0.01 scfm.

3. The atom flow rates of krypton and xenon into
the off-gas system are based on ca'- lated atom flow
rates at the gas separator dischar_¢, with appropriate
corrections for a 2-hr residence time in the fuel-salt
drain tank. All solids which are gas-borne at the outlet
of the drain tank (including noble metals, salt rist, and
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solid daughters of the noble gases) will be removed by a
filter before the gas stream enters the off-gas system.
The total yield of tritium (*H) from all mechanisms will
be 2400 Ci/day, and ali tritium will remain in the
off-gas stream; that is, for the purpose of studying the

off-gas system, the rate of diffusion of tritium through
vessel and pipe walls is assumed to be zero. (Tritium
diffusion rates are discussed in Sect. 3.3.7))

4. The gas will enter the off-gas system at 15 psig; S
scfm will be returned to the bubble generators at S psig,
and 2 scfm will be returned to the purge gas header at
45 psig.

5. At least two barriers, or containment walls (one of
which is the wall of the gas duct or vessel), will be
provided to guard against leakage of radioactive ~ff-eas.
Shielding will be provided for attenuation of penetra-
ting radiation to permissible levels. Instrumentation will
warn of excessive leakage of gas or penetrating radia-
tion.

6. T target reliability of the system is 100%; that
is, spare units will be provided, and the maintainability
of units will be such that predictable failures in the
off-gas system will not result in shutdown of the reactor
or loss of the contaminants to the environment.

7.3 SUMMARY DESCRIPTION OF
OFF-GAS S YSTEM

The flow of gas in the primary system can be
represented by two recycle loops, a 47-hr xenon holdup
loop and a long-delay (~90-day) xc¢non holdup loop.*
The 47-hr loop circulates through the bubble generator
and gas separator to strip the ! S Xe from the fuel salt;

*These holdup times do not include the 2-hr residence time of
the off-gas stream in flowing through the primary-salt drain
tank.
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Fig. 7.3. Distribution of decay heat in MSBR off-gas system. The residence time for krypton in the charcoal beds is about
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calcuistions, assuming a 2-hr holdup in the primary drain tank, ' :re made by Bell and were based on previously reported values for

1-hr holdup.®
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Table 7.1. Decay heat from iodine nuclides

233
. U. Total heat Fraction Decay
lodine Half-life cumulative per a heat®
isotope? fission yield disintegration & heat MW)
(%) (MeV)
131 8.0 days 290 0.7 0.57 0.23
132 24 hr 4.54 2.7 0.78 1.36
133 20.8 hr 5.78 1 0.51 0.71
134 52.5 min 5.75 33 0.81 2.11
138 6.68 hr 5.05 2.3 0.84 1.29
Total 5.70

90nly those nuclides with half-lives greater than 10 min are included.

dEquilibrium conditions are assumed, that is, the decay rate is equal to the
fission yield. The yield in atoms per day = 6.22 X 1032 Yi, where Yi is the yield
in percent. The deczy ° <at in MW =0.11 YiQ, where Q = MeV/disintegration.

Table 7.2. Flow of principal gaseous components to off-gas system of 2250-MW(t)

single-fluid MSBR
Isotope ‘ Decay Cu'znglzhﬁve Flow x 10 2 (atoms/hr)
Haif-life u Out of Entering Leaving
Mass constant L
Element No (ty,2) e!) fission yield reacter 47-hr Xe 47-hr Xe
. (%) system holdup holdup
H 3 12.26 years 645x10°* 08 0.21 0.21 0.21
Kr 82 Stable 0 0.3 0.3§ 0.35 0.35
83 Stable 0 1.14 1.50 1.50 1.50
84 Stable 0 1.10 1.45 145 145
85 10.76 years 735x10°° 249 3.28 3.28 3.28
86 Stable 0 3.28 4.32 4.32 4.32
87 76 min 0.55 4.50 i.1s 0.63 30x 107
88 2.80 hr 0.2§ 5.70 1.75 1.33 040
89 3.18 min 13 6.23 0.92 1.2x 10712 0
L K 14.7 129 11.3
Xe 128 Stable 0 0.02 0.025 0.025 0.025
129 Stable 0 2.10 2.76 2.76 2.76
130 Liable 0 0.10 0.13 0.13 0.13
131 Stable 0 385 5.05 5.08 5.0
132 Stable 0 548 7.20 7.20 7.20
133 5.27 days s48x 107 6.48 4.30 4.25 3.30
134 Stable 0 6.83 9.00 9.00 9.00
13§ 9.14 hr 0.0753 6.16 1.50 1.29 0.040
136 Stadble 9 7.00 9.20 9.20 9.20
137 4.2 min 9.9 7.16 1.16 s1x 107 (i}
138 17 min 245 6.63 1.45 0.01 0
I Xe 41.7 389 36.7
‘tes:
1. fritium (3H) yield includes yield from lithiun: burnup and assumes zero diffusion through vessel and pipe walls.
2. Isotopes with half-lives of less than 2 min are not shown.
3. A residence time of 2 hr is assumed betweca outlet of reactor system and inlet to 47-hr xenon hnidup system.
4. Fluxes for krypton and xenon are taken from calculations by Kedl and Bell (ref. 9). The stable and long-lived isotones appear

at five times yield due to the 80% recycle stream.



the long-delay loop carries the balance of “‘he gas flow
in che fuel system. The two loops are joined together at
the salt entrainment separator and flow cocurrently
through the primary drain tank and the 47-hr holdup
system, as shown in Fig. 7.1.

The cocurrent stream enters the primary off-gas
systemn at the discharge from the fuel-salt drain tank.
The tank will probably serve as an efficient collector of
particulates in the gas, but if it proves necessary a
particle trap, or filter, can be added, as shown in Fig.
7.1. At this point the gas will have been stnpped of
nongaseous components (noble metals, salt mist, and
ncngaseous daughters of the noble gases), so that the
primary contaminants are Kr, Xe, and *H. About 2 hr
will have elapsed since the gas first left the fuel-salt
system. The gas first passes through the 47-hr xenon
holdup system to provide a residence time for xenon
molecules sufficient to permit the '**Xe to decay to
about 3% of the inlet amount. The 47-hr holdup system
will utilize charcoal for the dynamic adsorption and
holdup of krypton and xenon. The decay heat will be
transferred to boiling water.

At the outlet of the 47-hr system the gas stream is
divided into the two recycle loops. In the 47-hr recycie
loop, 9 scfm, or about 80% of the total flow, passes in
succession through a chemical trap and alarm system, a
compressor, and a surge tank. From the surge tank the
gas is metered to the bubble generators at the four
circulating pumps. In the second recycle gas stream, 2
scfm, or 20% of the total flow, passes first through the
long-delay xenon holdup system, where the residence
times for krypton and xenon are sufficiently long to
allow all radioisotopcs excep! the ten-year ®SKr to
decay to insignificant levels. The gas then passes
through a purification system which reduces the level of
any remaining contaminants (*5Kr, 3H, stable isotopes
of Kr and Xe, water, hydro.arbons, etc.) to an
acceptable level, then through a surge tunk, a com-
pressor, and an accuinulator, and finally is returned to
the primary system.

Table 7.2 shows the flow of tritium and noble-gas
isotopes at the outlet of the reactor system and at the
inlet and outlet of the 47-hr xenon holdup system. The
flow rates at the outlet of the reactor system are based
on calculations by Kedl® assuming a 0.56% xenon
peison fraction. The second and third flow rate
columns in Table 7.1 are based on calculations by Bell®
using the first column as input and assuming: (1) simple
exponential decay, with a 2-hr residence time between
the reactor system outlet and the inlet to the 47-hr
xenon holdup system; (2) a residence time for krypton
one-twelfth that for xenon; and (3) 80% of the flow
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from the 47-hr xenon holdup system to be recycled to
the primary system. (For stable and long-lived isotopes
the effect of the recycle flow is to increase the total
flow by a factor of about 5.)

7.4 THE 47-hr XENON HOLDUP
SYSTEM

The 47-hr xenon holdup system provides residence
time for xenon isotopes to reduce the concentration of
135Xe in the effluent. The design criteria for the
system are as follows:

1. The residence time for xenon is 47 hr. This time is
exclusive of the volume holdup in the primary system
drain tank and other vessels and ducts. A 47-hr delay
time permits 97% of the 9.14-hr ! 22 Xe to decay.

2. The estimated heat loz2d, based on Fig. 7.3, is 2.14
MW, 42% of which is due to daughter-product decay.
The design capacity of the heat-removal system is 125%
of calculated, or 2.7 MW.

3. A dynamic adsorption system is used for delay of
the xenon. The adsorbent is activated charcoal, with
transfer of the decay heat to boiling water. The design
ismperature of the charcoal duct wall is 250°F. The
average temperature of the charcoal is 340°F.

4. The assumed charcoal properties are: bulk density,
30 1b/ft3; thermal conductivity, 0.03 Btu hr™' ft™?
CF)™! ft; and size range, 6 to 14 Tyler sieve series (‘4
to 3‘4 in.).

5. The decay heat distribution is obtained from the
ca'~ulations by Ked! and Bell,® as shown in Fig. 7.2.

6. The efficiency of the bed is assumed to decrease
with time due to accumulation of solid daughters. Spare
capacity is provided, and provision is made for replace-
ment of modules by remote maintenance techniques.

7. Carriergas flow is 11 scfm, and the overall
pressure drop is 5 psi. An estimate of the size of the
charcoal bad is obtained by using the empirical relation-
ship developed by Browning and Bolta:*¢

km

Ih=7‘. (l)

where ¢, is holdvp time, m is mass of charcoal, f is
volume flow rat2 . f carner gas at local conditions, and
k is a propcrtionality factor which is known as the
adsorption coefficient and which varies with the
carrier-gas composition, the adsorbent, the adsorbate,
and the temperature. For typical commercial charcoals,
Ackley and Browning” 7 have determined the following
rclationship between k and temperature for xenon at
temperatures between 32 and 140°F:



880
exp R

k(Xe)=32xX107* f3/1b . )

Equation (1) indicates that the holdup time increases
directly with k. However, an increase in holdup time
increases the heat scueration, which results in an
increase in charcoal temperature and a decrease in X, in
accordance with Eq. (2). Note also that an increase in
temperature causes an increase in f (local flow rate),
which results in a decrease in holdup time. For any
given section of the bed, k and ¢, wili seek equuibrium
values which are a balance between the opposing forces.

For the purpose of this estimate, the assumption was
made that Eq. (2) is valid up to SO0°F and that the
average charcoal temperaiure is 340°F. Equation (2)
indicates that this temperature would be equivalent to
an adsorption coefficient of 0.5 ft*/lb. For a hoidup
time of 48 hr and a flow cf 11 scfm, Eq. (1) indicates
that the required mass of charcoal would be 63,360 Ib.
It should be noted that, within Jimits, the average
charcoal temperature can be adjusted by the pipe
diameter and the heat-removal capability. Due to the
complex interaction of variables, however, the optimum
system would not necestarily be the one with the
smallest mass of charcoal.

The physical concept for the 47-hr charcoal bed
would be similar to that proposed by Burch et al.*®
Hairpin tubes filled with charcoal are suspended in large
tanks. The decay heat is transferred to boiling water.
The steam is passed through an external condenser, and
the condensate is recycled. In an actua! system, one
would use the largest diameter pipe which would permit

EACH UNIT:

12 VERTICAL HAIRPIN SECTIONS
OF 2-in. PIPE 20 ft HIGH (A TOTAL
OF 330 LINEAR 1t PER UNIT)
PACKED WITH CHARCOAL (BULK
DENSITY = 30 ib/ft3)

He FLOW = 0.06 scfm/UNIT

85 ™ 0.01psi/tt PIPE

Ap/UN:T = ~8 pgi

EXCESS CAPACITY = 30%

ficfm FROM
VOLUME HOLDUP
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an acceptable average charcoal temperature. Smaller
diameters may be necessary at the inlet end, where the
decay heat rate is high. For this system, it is estimated
that 1'4-in. pipe may be required for the inlet end, but
that 2-in. and possibly 3-in. pipe would be suitable for a
large portion of the bed. Figures 7.4 and 7.5 show how
the charcoal bed might be arranged, assuming the use of
2-in. pipe throughout and an excess charcoal capacity
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Table 7.3. Accumulation of nonvolatile materials in
the 47-hr xenon holdup system?®

Accumulation rate

Gaseous
latil
parent atoms/hr g-moles/day glyear Nonvolatiic daughter
x 10?2
87k 0.33 0.13 4,015 6.2 10'° year ®'Rb
88Ky 0.65 0.26 8,395 Stable 23sr
133y, 0.97 0.39 18,970 Stable *33Cs
135xe 1.24 0.50 24 820 3 x 10% year '3%¢s

@The accumulation rate of the four isotopes is 56,210 g/year. If this amount is
distributed uniformly over the 30 tons of charcoal, the concentration is 0.002 g

of nonvolatile per gram of charcoal.

of 30%. There are 240 parallel units, arranged in banks
of 60 units each, with each bank containing 530 lin ft
of pipe. The mass of charcoal is 82,400 1b, and the
length of pipe is 127 00 ft. The overall plan area
required is about 32 by 65 ft, and the pipes are
suspended in ceiis about 25 ft deep. The valves and
headers are located in smalier ducts, as shown in Fig.
7.5. A minimum of two contairment barriers zre
provided to guard against leakage of thz radioactive
fission gas into areas which would be hazardous to
personnel. The condenser capacity is 2.7 MW, which is
25% over the maximum estimated hest load. The
estimatea accumulation of nonvolatile matenals is
shown in Table 7.3.

7.5 LONG-DELAY CHARCOAL BEV,

At the outlet of the 47-hr xenon ho!dup system the
off-gas flow is split nto two streams, as shown in Fig.
7.1. One stream of 9 scfm is returned to the primary
system by way of the bubble generator, and the other
stream, of 2 scim, is fed to the long-delay charcoal bed.

The function of the iatter is to provide a relatively long
residence time, so that the heat load and penetrating
radiation in thc ensuing gas cleanup system will be at a
reasonable level. Table 7.4 lists the isotopes which have
the longest lives and hence are controlling in the bed
design. Figures 7.6—7.8 show the activity load and the
heai load in the gas cleanup system as a function of the
holdup time in the long-deloy system. The assumed
-esign residence time is somewhat arbitrary since
whatever load is not handled by the long-delay bed
must be dissipated by the gas cleanup system. The
incentive, however, is to handle as much as possible
with the long-delay bed, since its construction and
operatio.. would probably be more simple than that of
the gas cleanup system. The following criteria were used
in the design of the long-delay charcoal bed.

1. Holdup time for xenon is 90 days.

2. The heat load is 0.25 MW, based on calculations by
Bell and using input data provided by Kedl, as
shown in Fig. 7.2. The average heat load is 2 X 1072
kW per minute of holdup time.

Table 7.4. Longer-ived noble-gas fission products? exclusive of *H and 3* Kr

4verage energy per disentegration
233
Halfife, ;5 Decay v (MeV)
Isotope constant fission

Days Hours ) yield (%) Beta Gamma Total

x1073

13imy, 12.0 288 24 0.023 0 0.15 0.16
133y 5.27 126.5 5.5 5.78 0.12 0.08 0.20
135 xe 0.38 9.13 7.6 6.16 0.50 0.27 0.57
8smy, 0.18 436 159 243 0.23 0.18 0.41
88y 0.12 2.17 250 "4

5.84 0133 2.1 5

3Ircludes only the fission products having significant fra'.tions remaining at the inlet to the gas cleanup system.
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3. The physical properties of the charcoal are the same
as those noied in the description of the 47-hr xenon
holdup system, Sect. 7.4.

4. The gas flow rate is 2 scfm at an inlet pressure of 5
psig, and the design Ap is S psi.

5. The gas composition is 99.9% helium, with trace
quantities of contaminants, as described in Sect. 7.1.
Since noble-gas daughters will be deposited on the
charcoal during ope..tion, there will be gradual
reduction in the effectiveness of the charcoal. About
30% spare capacity is provide’ to offset this loss in
effectiveness.

6. The heat will be transferred to cooling water. The
average temperature of the charcoa’ duct wall is
8C°F.

The size of the long-deiay bed was estimated using a
method similar to that used for the 47-hr xenon holdup
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charcoal bed. The results indicate that 3-in. pipe is a
reasonable duct size, and on this basis the average
charcoal temperature is 125°F, the mass of charcoal is
18.5 tons, thc volume of charcoal is 1234 ft*, the
length of pipe is 24,060 ft, and the average heat flnx is
41 Btu hr™! ft™2. Figare 7.9 shows a | “oposed layout
for the system in an arrangement ihat requires a cell
about €0 ft long, 25 ft wide, and 25 ft desp. The unit
design is '+ :d on a -alculated Ap of 0.005 psi/ft for a
helium flow of N.u7 cfm. Thirty-three percent spare
capacity is provided, and any unit may be isolated from
the rest of the system The estimated charcoal pipe wall
temperature 1s 80°F with the dc.ay heat transferred to
circulating water. The principal nonvolatilcs ac-
cumulating in the long-delay charcoal are the four
isotopes listed in Table 7.5.
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7.6 THE GAS CLEANUP SYSTEM

After leaving the long-delay charcoal bed, the off-gas
stream enters the gas cleanup system. At this point, all
the radioactive fission product gases except the 10-year
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Fig. 7.9. Plan view of long-delay MSBR charcoal bed.

85Kr and the 12-year *H have decayed to negligible
amounts. Thus, if one assumes a delay time of 90 days
for xenon, the longest-lived isotope (12-day '3!™Xe)
would be reduced to 0.6% of its original value. and the
reduction for the slhorter-lived isotcpes would be
proportionally greater. The stable noble gases, as well as
essentially 100% of the 3°Kr and 3H, will be carried
into the gas cleanup system at a rate equal to the rate of
production in the reactor (assuming that no tritium is
lost to other parts of the reactor system by diffusion
through duct and vessel walls).

Tabdle 7.5. Accumulation of nonvolatiles in the long-delay

charcoal Hed?
Accumulation rate
Gaseous Nonvolatile daughter
parent atoms/hr g-moles/day glyear
x 10?2
87Ky 0.075 0.03 952 6.2 x 10'° year ®"Rb
88y 0.51 0.20 6351 Stable 38sr
133y 3.3 1.3 63108 Stable 33¢s
135xe 0.04 0.016 788 3 x 10° year '35¢s

9The cumulative total for the four isotopes is 71,200 g/year. If this quantity is
distributed uniformly over 8.5 tons of charcoal, the concentration is 0.004 g of

isotope per gram of charcoal.



The fur tion of the gas cleanup system is to process
the carrier gas to reduce the residual contaminants to a
level which will permit the effluent carrier gas to be
recycled to the reactor purge-gas system. Design criteria
for the gas cleanup system were as follows:

1. Carrier gas 1s helium at a flow of 2 scfm and an inlet
pressure of 20 psia. The design pressure drop 1s 4 psi.

2. The level of each contaminant in the effluent gas is
not more than 1% of the value at inlet. Table 7.6
shows the calculated isotopic flow rates at inlet for
the stable and very long-lived isotopes.

The gas contains some '3!™Xe, which is negligible
from a mass flow standpoint but which must be
considered in the design of shielding and the heat
dissipation system. The tritium values are based on the
assumpticn that the gas cleawup system receives all the
estimated total yield of 2400 Ci/2ay. This is un-
doubtedly a maximum figu e, <iuce a signifirzin frac-
tior o1 the tritium mav be 'ransferre . .c ~ther parts of
the reactor systcin by diffusion through duct and vessel
walls 45 disensezs 1n Sect. 3.3.7.

Upon euicring the gas cleanur sysiem, as shown in
Fig. 7.10, the off-gas first passes through a preheater,
which raises the gas temperature to 1500°F. It then
passes through an oxidizer, which converts the tritium
to 3H,0, and then through an aftercooler, which
reduces the gas temperature to 100°F. (Both the
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preheater and the aftercoolsr have heat loads of 3 kW
and are designed for negligible Ap due to flow The
function of the aftercoolers is to reduce the heat ioad
on the ensuing components.) The off-gas then passes
through a charcoal-packed adsorber which is maintained
at 0°F. The *H,0 and the kryptons and xenons are
retained on the charcoal, while the carrier gas passes
through the bed. After leaving the refrigerated adsorber,
the carnier gas is recompressed and recycled tc the
reactor purge system. In normal operztion, two ad-
sorbers are alternated on a fixed cycle. A regeneration
process is used to transfer the adsorbed gases in the
off-stream unit to a receiver cylinder for permarent
storage.

The tritium oxidizer is 2 in. in inside diameter and 3
ft long, is packed with 13 Ib f copper oxide, and
operates at 1500°F. The tritium flow is 0.036 ft3/day
with zn allowable Ap of 2 psi. The CuO consum.ption at
break:hrough is 60%, and the operating life of a unit is
estimuted to be 1000 days. Development work will be
iieeded to confirm the cfficiency and pressure drop
estimates, however.

Each adsorber is made up of 16 pieces of charcoal-
packed 8-in. pipe with 1'%-in. interconnections. The
tota: length of 8-in. pipe is 288 ft, arranged in two
branches to provide a Ap of 2 psi. The pipes are closely
stacked inside a 3- to 4-ft-diam pipe with a heated or
cooled fluid circulated in the interstitial spacss to

Table 7.6. Flow of isotopes into gas cleanup system

Isotope

- Yield Flow to gas cleanup Concentration
Mass Halt-life 3 b ]
Element No, (%) atoms/hr g-moles/day ft* /day (ppm, by volume)
x 1023
Kr 83 Stable 1.14 0.029 0.12 0.092 31
84 Stable 1.95 ).049 0.20 0.15 52
85 10.76 years 0.66 0.017 0.068 0.052 18
86 Stable 341 0.085 0.34 _9_&'7_ 04
Total 0.73 0.56 195
Xe 131 Stable 3.39 0.085 0.34 0.27 94
132 Stable 4.54 0.11 0.44 0.36 125
134 Stable 5.94 0.15 0.60 047 163
136 Stable 6.32 0.17 0.68 0.55 191
Total 2.06 1.65 573
H 3 12.26 years 0.8 0.02 0.04 0.032 11
NOTES:

1. Calculations of flow to gas cleanup system based on carrier 5as flow rate of 2 scim.
2. Yield values for Kr and Xe isotopes may differ sligh !y from values shown in Table 7.1.

3. Tritium valucs are based on the assumption that 4 of the 3y production (esumated at 2400 Ci/day) goes to the gas cleanup systewi.

e
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7.10. MSBR off-gas cieanup system.

provide an average on-stream operating temperature of
0°F and a temperature of SG0°F when on the regenera-
tion cycle. Using an adsorption coefficient of 4.8 ft3/lb,
the estimated total charcoal requirement is about 30600
Ib. The operating cycle is eight days — four days on
streara and four days regenerating.

The helium gas used for regeneration is tzken from
the helium purge header, as indicsied in Fig. 7.10.
During regeneration the gas flow is zbout 10% of
normal on-stream flow and moves through the adsorber
unit in the opposite direction. After leaving the heated
adsorber bed, the regenerating gas, now laden with
3H,0, krypton, and xenon, passes through a storage
bottle maintained at a liquid-nitrogen temperature of
—325°F. The water, krypton, and xenon zre trapped in

the bottle, and the purificd efPuent is returned to the
main carrier-ges stream. Assuining 2 storage bottle
similar to a 1.5-ft> high-pres.czz gas cylinder, each
container would be kept on hnv for 12 cycles. or 48
days. About 30 Ib of xenon, 6 Ib of krypton, and 0.1 1b
of tritiated water would be accumulated in each bottle.
Each freshly filled bottle would contain about 240 Ci
of ®*Kr, equivalent to a decay energy of about 0.4 W
per bottle. The bottle pressure after equilibrating to
room temperature would be ~1000 psi. About 230
Sottles would be filled during the 30-year life of an
MSBR swuation. Each filled container would be trans-
ferred to long-term storage, where, after a period of about
100 years, the *H and ®%Kr would decay sufficiently
for the contents to be released or sold without
radiological protection.



7.7 COMPRESSORS

A compressor is used to return the cffluent of the gas
cleanup systemr: tc the purge-gas cycle. The compressor
has a capacity of aboui ¢ scfm of helium, with an inlet
pressure of 14.7 psia and an outlet pressure of 60 psia.
A major requirement for the compressor is to provide
positive scaling for the pumped fluid so that the I:-ghly
purified gas is not recontaminated.

The 47-hr xenon recycle system will be designed to
operate on the availatle pressure drop, so a compressor
probatly will not be required. However. if one is
needed, the flow will be 9 scfm, and the compression
ratio will be fairly low, about 1.£ to 1. Positive sealing
will be essential tc prevent outieakage of the highly
radioactive gas. Other requirements will be radiation
resistance ar.d remote maintainability.

7.8 PIPING AND VALVING

Double centainment, or better, is nrovided i.: all parts
of the system where outleakage could cause a hazard to
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personnel. In especially critical areas, favorable preszure
gradients are provided, for example, by use of a
high-pressure inert gas blanket in an innulus surround-
ing the radioactive gases. The off-jas system layout
recognized the necessity to minimize the effects of
solids accumulations at valve seats, pipe bends, etc.,
where fission product decay heating would tend to
cause hot spots, ard additional study and development
will be required.

All -alves are provided with welded bellows for
positive stem sealing. Positive-sealed end connections,
either buffered O-rings or butt welds, are also used.
Where necessary, provisions are made for remote
maintenance of valving.

Gas system piping and components are provided with
a controlled-circulation ambient air system, which
assures prompt detection of gas leaks and the channel-
ing of such leaks to an absolute filter system.



8. Fuel-Salt Processing System

L. E. McNeese

8.1 GENERAL

The principal objectives of fuel processing are the
isolation of ?33Pa from regions of high neutron flux
during its decay to 233U and the removal of fission
products from the system. It is also necessary to remove
impurities from the reactor fuel salt which may arise
from corrosion or maloperation of the reactor system.

The fuel processing system is an integral part of the
reactor system and will be operated continuously. This
allows processing of the reactor on a short cycle with
acceptably small inventories of salt and :issile materials.
The reactor can continue to operate even if the
processing facility is shut down, however. although at a
gradual decrease in nuclear performance as the poisons
accumulate.

The processing methods are based on reductive
extraciion, which involves the selective distribution of
materiais between salt and bismuth containing reducing
agents such as thor‘um and lithium. The isolation of
protactinium by reductive extraction is relatively
straightforward since there are significant differences in
chemical behavior between protactinium and the other
components of the fuel salt (U, Th, Li, and Be), as is
evidenced by the distribution ratios® of these materials
between fuel salt and bismuth containing a reductant.
Extraction of the protactinium into bismuth requires
the prior and complete removal of uranium from the
fuel salt. Twe methods (described below) are available
for accomplishing this.

In the older protactinium isolation method,’® the sait
stream from the reactor was fed directly into a bismuth
contactor, and sufficient reductant was fed counter-
current to the fuel sali to not only isolate the
protactinium but to also reduce all of the UF, present
in the fuel salt. The UF4 concentration in the fuel salt
is relatively high (0.003 mole fraction), and the
quantity of reductant required (10* gram equivalents
per day) was sufficiently large that its purchase would
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be uneconomical. For this reason a relatively large
electrolytic cell was used to reduce LiF and ThF4 from
the fuel salt to provide the required reductant.

In the preferred protactinium isolation system, only
recently devised, fluurination is used for removing most
of the uranium from the fuel salt prior to protactinium
isolation. With this system, the quantity of reductant
required is such that it can be purchased economically,
and an electrolytic cell (which presents unusual devel-
opment problems) is not required.

The removal of the rare-earth fission products from
the fuel salt is more difficuit because the chemical
behavior of the rare-earth fluorides is similar to that of
thorium fluoride, which is a major component of the
fuel salt. Two rare-earth-removal systems, both based
on reductive extraction, have been considered.

In the older rare-earth-removal system,”® the fuel
carrier salt containing rare-earth fluorides was counter-
currently contacted with bismuth in order to exploit
the small differences in the extent to which thorium
and the rare earths distribute between the fuel carrier
salt and bismuth containing a reductant. Since the
distribution behavior of the rare earths and thorium is
quite similar (i.e., rare-earth—thorium separation factors
near unity),?*® it was necessary to use a large number
of stages in the extraction columns and high metal-to-
salt flow ratios. The system used a large amount of
reductant (about 4.5 X i0* gram equivalents per day)
which was provided by electrolytic reduction of LiF.

The preferred rare-earth-removal method, known as
the metal-transfer process,'! was also devised only
recently. This process exploits the relatively large
differences in the extent to which rare earths ard
thorium distribute between bismuth containing a re duc-
tant and lithium chloride.! * The new process does not
require un electrolytic cell; this is an important ac van-
tage over the earlier process.

The remainder of this section describes a system
incorporating the fluorination—reductive-extraction



process for protactinium isolation and the metal-
transfer process for rare-earth removal.

8.2 PROTACTINIUM ISOI ATION

The fluorination —reductive-extraction sy+tem for iso-
lating protactinium is shown in Fig. 8.1. The salt stream
from the reactor first passes through a fluorinator,
where about 95% of the uranium is removed. The salt
streamn leaving the fluorinator is countercurren.ly con-
tacted with a bismn:th stream containing lithium and
thorium in a multistage contactor in order to remove
the uranium and protactinium from the salt. The
bismuth stream leaving the column, which contains the
extracted uranium and protactinium as well as lithium
and thorium, is contacted with an HF-H, mixture in
the presence of a molten-alt stream in order to remove
these materials from the bismuth. The sait stream which
flows through the hydrofluorinator also circulates
through a fluorin.tor, where about 95% of the uranium.
is removed, and through a tank which ccntains most of
the protactinium. Uranium produced in the tank by
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decay of protactinium is removed by the circulating salt
stream. Reductant (lithium) is added to the bismuth
stream leaving the hydrofluorinator, and the resulting
stream is reiurned to the exiraction column. The salt
stream leaving the column is essentially free of uranium
and protact.nium and is prccessed for removal of rare
earths before being returned to 1he reactor.
Calculations have shown that the system is quite
stable with respect to vasiations as large as 20% for
most of the important parameters: flow rates, reductant
concentration, and number of extraction stages.'°°
The required uranium-removal efficiency in the initial
fluorinator is less than 95%. The number of stages
required in the extraction column is rela-ively low, and
the metal-tosalt flow ratic (about 0.14, is in a range
where the effects of axial mixing in packed column
extractors will be negligible.'?'+!%2 Since the pro*ac-
tinium-removal efficiency is very high and the system: is
quite stable, materials such as 23'Pa, Zr, Ni, and Pu
should accumulate in the protactinium decay tank.
Operating conditions that will yield a ten-day protac-
tinium removal time include a fuel-salt flow raie of 0.58
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Fig. 8.1. Protactinium isolation with uranium removal by fluorination.
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gpm (ten-day processing cycle), a bismuth flow of 0.11
gpm, and five stages in the extraction column. The
required quantity of reguctant is 371 equivalents per
day, wiich will cost $288 per day, or 0.012 mili/kWh,
if 7Li is purchased at $120 per kilogram.

8.3 KARE-EARTH REMOVAL

Rare-earth and alkaline-earth fission producis can be
removed effectively from the fucl salt by the metal-
transfer process. In this process, bismuth containing
thorium and lithium is used to traasport the rare-earth
fission products from the reactor fuel salt to an
acceptor salt. Although LiCl is the preferred accepior
salt, LiBr or LiCl-LiBr mixtures could also be used.

Both thorium and rare earths transfer to the bismuth;
however, because of favorable distribution coefficients,
only a small fraction of the thorium t-cu-fers wit.. the
rare earths from the bismuth to the LiC1. The effective
thorium—rare-earth separation factors for the various
rare earths range from about 10* to about 102. The
final step of the process is removal of the rare earths
from the LiCl by extraction with bismuth containing
0.05 to 0.50 mole fraction lithium.

The conceptual process flowsheet (Fig. 8.2) includes
four extractors that operate at about 640°C. Fuel salt
from the protactinium isolation system, which is free of
uranium and protactinium but contains the rare earths
at the reactor concentration, is countercurrently con-
tacted with bismuth containing approximately 0.002
mole fraction lithium and 0.0025 mole fraction thor-
ium (90% of thorium solubility) in extractor 1. Frac-
tions of the rare earths transfer to the downflowing
metal stream and are carried into extractor 2. Here, the
bismuth stream is contacted countercurrently with
LiCl, and fractions of the rare earths and a trace of the
thorium transfer to the LiCl. The resulting LiCl stream
is routed to extractor 4, where it is contacted with a
bismuth solution having a lithium concentration of 0.05
mole fraction for removal of trivalent rare earths.
About 2% of the LiCl leaving extractor 4 is routed to
extractor 3, where it is contacted with a bismuth
solution having a lithium concentration of 0.5 mole
fraction for removal of divalent rare earths (samarium
and europium) and the alkaline earths (barium and
strontium). The LiCl from extractors 3 and 4 (:till
containing some rare earths) is then returned to
extractor 2.

Calculations were made to identify the important
system parameters.'! It was round that there is
considerable latitude in choosing operating conditions
which will yield a stated removal time. The number of
stages 1equired in the extractors is low: less than six in
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Fig. 8.2. Mass transfer process for removal of rare earths from
a single-fluid MSBR.

extractors 1 and 2, three or less in extractor 3, and one
in extractor 4. The process appears to be essentially
insensitive to minor variations in operating conditions
such as flow ratios, reductant concentrations, and
temperature. The required salt and bismuth tiow rates
depend on the desired rare-carth-removal times.

8.4 INTEGRATED PLANT FLOWSHEET

The flowsheet that has been adopted for the MSBR is
a combination of the processes described in the two
previous sections. Figure 2.4 shows the integrated
flowsheet. A description and analysis follow.

A small stream of fuel salt taken from the reactor
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 uranium are chemically
reduced and extracted into liquid bismuth flowing
countercurrent to the salt. The reducing agent, lithium
and thorium dissolved in bismuth, is introduced at the



top of the extracticn column. The bismuth streum
leaving the column contains the extracted uranium and
protactinium as well as lithium, thorium, and fission
product zirconium. The extracted materials are re-
moved 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 hydrofluori-
nator from the protactinium decay tank. The salt
stream leaving the hydrofluorinator, which contains
UF, and PaF,, passes through a fluornator, where
about 90% of the uranium is rrmoved. The resulting salt
stream then flows through a tank having a volume of
about 130 ft®, where most of the protactinium is held
and where most of the protactinium decay heat is
removed. Uranium produced in the tank by protac-
tinjum decay is removed by circulation of the salt
through the fluorinator. Materials that do not form
volatile fluorides during fluorination wii also accumu-
late in the decay tank; these include fission product
zirconium and corrosion product nickel. These materi-
als are subsequently removed froui the tank by periodic
discard of salt at a rate equivalent to about 0.1 ft3/day.
This salt is withdrawn to a storage tank on a 220-day
cycle (eight 233Pa half-ves) in order to ensure suffi-
ciently complete decay of the protactinium. After this
decay period a baich fluorination of the 22-ft> salt
volume is carried out in the storage vessel for removal
of residual uranium. The salt is then discarded.

The bismuth stream leaving the hydrofluorinator is
then combined with sufficient reductant (lithium) for
opeiation of the protactinium isolation system. Effec-
tively, this stream is fed to the extraction column of the
protactinium isolation system; actually, it first passes
through a captive bismuth phase in the rare-earth-
removal system in order to pur,: uranimn and protac-
tinium from this captive volume.

The salt stream leaving the protactinium extraction
column contains negligible amounts of uranium and
protactinium but contains the rare earths at essentially
the reactor concentration. This stream is fed to the
rare-earth-removal system, where fractions of the rare
earths are removed from the fuel carrier salt by
countercurrent contact with bismuth containing lithium
and thorium. The bismuth stream is contacted with
LiCl, to which the rare ea:ths, along with a negligible
amount of thorium, are transferred. The rare earths are
then removed from the LiCl by contact with bismuth
containing a high concentration of 7Li. Separate extrac-
tors are used for removal of the divalent and trivalent
rare earths in order to minimize the quantity of ’Li
required. Only about 2% of the LiCl leaving the
trivalent-rare-earth extractor is fed to the extractor in
which the divalent materials are removed.
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Calculations have been made'®® for a range of
operating conditions in order to evaluate the flowsheet
just described. In making these calculations the MATA-
DOR code was ased to determine the reactor breeding
satio for each set of processing plant operacing condi-
tions examined. Data are not available on the cost of
processing for this flowsheet cr for the reference
flowsheet fo1 the processing sysicm that uses electro-
lyzers in both the nrotactinium- and ra:=-arth-removal
systenmic  In the absence of these d=ta, processing
conditions were examined which would result in: the
same reactor performance (i ., the same breeding ratio)
as that obtained with the previous reference flowsheet.

Although the optimum operating conditions which
will result in a breeding ratio equal to that of the
reference reactor and processing system (1.063) have
not b-en determined, the following conditions are
believed to be representative. The reactor was processed
on a ten-day cycle, with the complete fuel-salt stream
(0.88 gpm) passing through both the protactinium
isclation syste:n and the rare-earth-romoval system. The
resulting protactinium removal time was ten days, and
reductant requirement was 371 equivalents per day, or
$230 per day, which costs 0.012 mill/kWhr. The
protactinium isolation column is 3 in. in diameter, and
the total number of required <tages is about 5. The
protactinium isolation system also resvits in a ten-day
removal time for materials that are more noble than
thorium but do not have volatiie fluorides. These
include zirconium, 2°!Pa, pivtonium, the seminoble
metals, and corrosion products.

The rare-earth-remcval system consists of three pri-
mary contactors: (1) a 7.1-in.-diam six-stage column in
which the rare earths are transferred from the fuel salt
to a 12.5gpm bismuth s‘ream, (2) a 13-in.-diam
six-stage column in which the rare earths are transferred
from the bismuth to a 33.4gpm LiCl stream, and (3) a
12.3-in.<diam column in which the trivalent rare earths
are transferred from the LiCl to an 8.1-gpm bismuth
stream having a lithium concentration of 0.05 mole
fraction. Two percent of the LiCl (0.69 gpm) leaving
the trivalent-rare-earth extractor is contacted with a
bismuth stream (1.5 cm®/min) having a lithium concen-
tration of 0.5 mole fraction for removal of the divalent
fission producis such as Sm, Eu, Ba, and Sr. The total
lithium consumption rate for the rare-earth system is
119 moles/day, or 381 per day, which cosis 0.0042
mill/kWhr.

The rare-earth-removal times range from 15.5 days for
cerium to 50.4 days for europium. The distribution
data for neodymium, which are believed tc be conserva-
tive, were used for rare earths for which distribution
data were not available (i.e., Y, Pr, and Pm).



The costs for reductant in both the protactinium
isolation system and in the rare-earth-removal system
constitute only a small fraction of the iotal processing
costs; however, they indicate that one can purchase
reductant r«ther than use an electrolytic cell for
producing this material. As data become available on
processing costs, the optimum conditions will be
determined for the most economic operaticn of the
processing plant.

8.5 SALT-BISMUTH CONTACTORS

Salt-matal contaciors are required at several points in
the flowsheets. Where multistage contactors are needed,
packed columns operated with the salt phase con-
tinuous are the preferred type of contactors. In cases
where only a single stage is required, mixer-settlers
cculd be used instead.

Studies have been made of oressure drop, flooding,
dispersed piase holdup, and axial mixing for columns
packed with both solid cylindrical and Raschig ring
packing ranging in size from Y% to % in.!*+102:103 For
most applications the preferred packing is %-in. Raschig
rings. Sufficient data are available for determining the
required column diameter for stated throughputs of salt
and bismuth, but additional data are needed on the
column height equivalent to a theoretical stage (HETS).
The HETS values for the required contactors are
assumed to be 20 to 24 in. The column diameters range
from 3 to 13 in.

8.6 FLUORINATORS

Uranium is removed from the salt streams as UF ¢ by
countercurrently contacting the salt with fluorine gas in
a salt-phase-continuous system. Because this process
involves quite corrosive conditions, it is carried out in
colunine whose walls are protected from corrosion by a
laye- ..:' frozen on all surfaces that potentially
cor .-t both . rorine and salt.?

The fluorinators are envisioned as open columas, and
axial mixing in the salt phase caused by rising gas
bubbles tends to reduce fluorinator performance. Axial
dispersion data have been obtained during counter-
curreni flow of air and water in columns having
diameters of 1.5, 2, 3, and 6 in. These data were
combined with previous data on uranium removal in a
l-in.diam continuous fluorinator in order to predict
the performance of fluorinators having larger diameters.
The two continuous fluorinators used in the processing
system, which remove 95% of the uranium from salt
streams having flow rates of about 170 ft*/day, are 6
in. in diameter and 10 ft high.

114

8.7 FUEL RECONSTITUTION

Uranium is removed as UF4 at two points in the
process, and it is necessary to returi. most of this
uranium to the fuel salt returning io tne reactor. This is
accomplished by absorbing the UF inio the processed
salt and reducing the resulting mixture with H, to
produce UF,. *lthough the overall reaction is straight-
forward,

UF, +H, - UF, +2HF ,

it is believed that intermediate uranium fluorides such
as UF;, which are soluble in the salt and nonvolatile,
are responsible for the yap’ ! absorption reaction which
occurs when UF4 is contacted with salt containing
lower valence uranium fiuorides. The rate at which UF
must be reduced to UF, is about 700 moles/day. It is
believed that the reaction can be carried out continu-
ously with the H, and UF4 added eithe, to the same
vessel or to different vessels between which the sait is
circulated. Conditions in the system are likely to be
corrosive, and frozen wall corrosion protection may be
required.

8.8 SALT CLEANUP

Before the processed salt is returned to the reactor,
the concentration of impurities which may be harmful
to the reactor system must be reduced to safe levels. It
will also be necessary to ensure that the U3*/U** ratio
in the salt has the proper value so that conditions in the
reactor will be noncorrosive to Hastelloy N.

Since nickel is quite soluble in bismuth and Hastelloy
N is a nickel-base alloy, bismuth is the most important
potential impurity in the salt. Bismuth could be
dissolved or entrained in the salt or could be present as
a soluble bismuth compound. Few data are available
with which to assess the magnitude of the bismuth
problem. The solubility of bismuth in the fuel salt is
believed to be no greater than about 2 ppm and may be
much lower. Entrainment is not considered a serious
problem. Also, the bismuth concentration which can be
tolerated in the reactor is not known. Until additional
data are obtained, however, the problem of bismuth
being present in the salt will be regarded as significant.
The concentration of other impurities su-". as FeF, ana
NiF, must also be reduced to low ievels since these
materials will interact with chromium, a constituent of
Hastelloy N.

The presently envisioned salt cleanup system consists
of a 2-in.diam, 50-ft-long vessel packed with nickel
mesh. Salt flowing through the vessel is contacted with



a countercurrent flow of H, at a rate of about 34 scrm.
The salt then pasces thrcugh a porous metal filter prior
to it* return to the reactor.

8.9 PUMPS

Several small pumps will be required for both molten
salt aad bismuth throughout the processing piant. The
capacities for bismuth pumps range from about 0.15 to
12.3 gpm and for salt pumps from about 1 to 33 gpm.

8.10 MATERIALS

The MSBR chemical processes impcse severe limi.a-
tions on coniainment materials. Compatibility with
liquid bismuth anc molten salt fuels at 1200°F (650°C)
is required. Conventionai nickei- and iron-base alloys
are not satisfactory becausc of thew susceptibility to
dissolution and mass transfer in bismnuth. The most
promising materials appear to be molybdenum, tung-
sten, rhenium, tantalum, and graphite. Of these, molyb-
denum, tungsten, rhenium, and graphite are difficult to
fabricate into complex shapes, and tantalum has a high
reactivity with environmenis other than ultrahigh vac-
uums. In additicn, it is necessary to consider the
possible effects of lithium or thorium in bismuth and a
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high fluoride ion concentration in the molten salt on
compatibility. With these factors in mind, it was
concluded that molybdenum has the highest probability
for success in this application.

Molybdenum vessels can be fabricated by the back-
extrusion process, which involves the flow of meta! into
a die and extrusion hacx c¢ver an advancing plunger. The
advantages of this process are that the final diameter is
as large as or larger than the starting blank, the
geomeiry can be changed by relatively simpie changes
in die and mandrel design, and deicrmation can he
accompliched below the recrystailizaticn temperature,
so that a wrought structure having good mechanical
properties is produced. By this technique, vessel heads
can he produced with integral bosses for pipe connec-
tions.

Brazing produces joints in molybdenum systems with
good mechanical properties, but commercially available
brazing alloys for molytdenuin are not compatible witk
both bismuth and fluoride salts. Molybdenum can be
welded by either a gas tungsten-arc process or by an
electron beam technique. Welding has the disadvantage,
howaver, that the recrystallized region is very brittle.
The most satisfactory joint may be a butt weld backed
up by a brazed sleeve which limits the stress on the
brittle zone.



9. Liquid-Waste Disposal System

Radioactive liquid wastes accumulated from decon- systems have not received any conceptual study, but it
tamination operations and other sources will be col- 1s anticipated that the design will be straightforward
lected in the chemical processing facility for treatment. and will not pose major development problems. An
The concentrated waste will be stored for decay and allowance was made in the cost estimate for these
eventual disposal. The waste treztment and storage cilities.
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10.

10.1 GENERAL

Operation of the MSBR power station embraces a'"
phases of startup from either cold or standby con-
ditions, reliable dclivery of electric power at any
demanded load between about 20 and 100% of capac-
ity, and procedures for both scheduled and unplanned
shutdowns. An overriding consideration at all times is
safe operation of the plant to protect the public from
possible radioactive hazards and to prevent injury to
opcrating personnel and major damage to equipment.

The controls system must recognize the different
requirements for the various operating modes and
establish safe and appropriate operating conditions. The
systems must coordinate the reactor, the primary- and
secondary-salt loops, the steam generators and re-
heaters, the turbine-generaior, and the several as-
sociated auxiliary systems .n general, the load czmand
is the primary signal to which the controls subsystems
are subordinate, unless overridden by safety considera-
tions. The controls should minimize temperature fluctu-
ations at critical points. such as at the turbine throttle,
should limit rates of temperature changes o keep
stresses in materials within the acceptable ranges, and
should guard agaust freezing of the fuel and heat-
transport salts in the systems.

It may be noted that the steam conditions to be
maintained at the turbine throttle cannot be realized by
simply controlling the power produced in the reactor,
since the transport lag, or time delay, between a cnange
in reactor power and a corresponding cha:'ze in the heat
transferred to the steam is about 10 sec under most
conditions. A faster adjustment can be made by
controlling the coolant-salt flow to the steam generator.
Salt flow regulation can be accomplished either by
valves in the salt lines or by varying the speed of the
coolant-salt circulating pumps. Sirc2 thé pump rotation
can be varied with sufficient speed of response to
accommodate anticipated load changes, this is the
control method selected for the MSBR reference design.
Although valves for salt service have received relatively
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little development to date, it is to be noted that flow
control valves for salt service are relatively simple in
concept as compared with mechanical-type shutoff
valves,* and the problems in developing the flow
control device are not necessarily great. Fluidic valves
were briefly studied at ORNL and appear to have
considerable promise for proportioning flows in
moiten-salt systems.

To establish the general feasibility of the MSBR
concept, estimates were made of material stresses under
transient conditions to determine whether the allowable
rates of load change would be acceptable. Analog
simulations were carried out to indicate whether the
systems were stable and whether the basic control
conditions and requireinents could reasonab.y be met.
Standby, startup, and shutdown modes were exolcred
sutficiently tc suggest a flowsheet, to outline the special
equipment needed, and to generally evaluate this aspect
of plant operation.

10.2 MSBR REACTIVITY CONTROL
John L. Anderson  S. J. Ditto

Two types of rods are planned for the MSBR core:
(1) control rods, which have both regulating and
shimming functions for normal load following and
shutdown, and (2) safety rods, which are primarily for
backup to assure adequate negative reactivity for
Zmergency situations.

The control rods are movable graphite cylinders about
3% in. in diameter with axial passages througn them for
a cooling flow of fuel salt, as shown in Fig. 2.1.
Wiudrawal of the graphitc ieaves an undermoderated
region at the center of the reactor and causes a
reduction in reactivity. It may be noted that the
graphite has considerable buoyancy in the fuel salt;

*positive shutoff is achieved i the MSBR drain line by a

freeze-plug arrangemeat, a concept proven to be satisfactory in
the MSRE.



118

thus, if a rod shculd break, the gi.phite pieces would
float out of the core and reduce the reactivity. The
total worth of each rod, as calculated by Smith,'" in
moving the full core height from fully inserted to the

fully withdrawn position is about 0.08% 8k/k. Based on
a higher anticipated worth than this, two control rods
and two safety rods were originally planned, as shown
in Fig. 3.1. On the basis of later estimates, however, it
now appears that a total oi four control rods ard two
safety rods may be required to achieve satisfactory
control.

MSBR reactor coutrol simulations reported by
Sides'®* indicai2 that a reactivity rate of change of
about 0 01%/sec 6k/k is adequate for normal control of
the reactor. This would require linear velocities for fou:
rods acting together of 0.4 fps. It is reasorable to
expect that this velocity could be attained with a
relatively simpic rod-drive system using electric motors.

Circumstances could arise which would require a
faster rate of reactivity decrease than the 0.0i%/scc
mentioned above, such as sudden large load reductions
or loss of load. Such transients may require negative
reactivity rates as high as 0.05 to G.1%/sec 6k/k. One
method of attaining the fast rate of conirol rod
withdrawal would be by an air turbine and an electric
motor coupled to the control rod drive through
differentizl gearing. The electric muw.r would be used
to increase the reactivity at a relatively slow rate, a:id
the air turbine would be capable of fast withdrawal.
The inherent unidirectional characteristics of the
turbine would make it impossible for it to mnp
backward to insert reactivity at a fast rate. More study
will be required to arrive at definitive designs, but the
control rod drives appea. to be within established
technology.

Long-term reactivity adjustments will be ac-
ccmplished in the MSBR by varying the fuel concentra-
tion. Initial fuel loading will be done by gradually
increasing the concentration in circulating barren salt.
Subsequent refills of the reactor <vstem may be with
already enriched salt from the dr. - tank. The normal
fuel-addition rates will.be slow and manageable, so that
very modest control of reactivity rates can oversee the
process. The possibilities for misoperation of the
fuel-addition process have not been assessed at this
stage of the MSBR design study, but a reasonable
allowance in shutdown cortrol reactivity will be made
for this eventuality.

Termperature changes in the primary sait will affect
the reactivity. The mean temperature of the salt could
possibly increase about 150°F from startup to full-load
conditions. With a nominal temperature coefficient of

reactivity of ~5 X 107%/°F.'! a net reactivity change
of about 0.675% &k/k must be accommodated. Tem-
perature changes will normally be raade slowly in order
to minimize thermal stresses in the system, but there is
the possibility that on stopping and restarting of a
fuel-sult pump a cooler clug of salt from the heat
exchanger could be carried into the reactor core to
produce a relatively rapid increase in reactivity. The
amount of reactivity involved, however, is 10t likely to
be great because of the improbability ihat all the
primary pumnps would be stopped and then restarted
simultaneousiy.

In normal MSBR operation there is a reactivity loss
due to delayed neutron precursors teing arried cut of
the core by the circulating fuel salt. At the present time
it is planned to operate the MSBR with a constant
circulation rate for the fuel salt, but if the flow rate
were dccreaseg or stopped, this effect would cause an
increase in positive reactivity. It is estimmated that total
flow stoppage would rezult in a reactivity change of
about +0.2% 8k/k.1 %%

Since the amount of gas entrained in the fuel salt
affects the reactivity, changes in the salt circulation
rate, the system pressure, salt chemisiry, and perform-
ance of the stripping gas injection ard removal systeins
could cause relatively rapid insertion or removal of
react.vity. Maximum rates are related to the velocity of
the fuel salt in the core. Extraponlation of MSRE
zxperience to the MSBR indicates that the maximum
total react:viiy effect due to gas entrainment will be less
than G.2% 8k/k. A change in gas entrainmen: from the
expected normal level of 1% to a levei of 2% is
calculated to produce a reactivity change of about
—-0.04% 8k/k.' !

The amount of reactivity needed to override xenon
reactivity transients associated with changes in reactor
power is quite small in the MSBR compared with other
reactor types in that a large fractiLu of the xenon is
continuously removed by the gas purging and stripping
system. The total equilibriurn xenon effect from low
power to full nower is estimated to be about 0.3%
8k/k.! Transient effects can, of course, vary widely,
depending upon the amount and duration of the power
changes.

In summary, although the sum of the reactivity
effects discussed above is about 0.85% Sk/k, all the
effects will not have maximum importance occurring
simultaneously, and sorae will be of opposite sign. A
total of 0.3% 8k/k provided by the graphite control
rods is expected to te adequute to cover short-term
reactivity effects in the MSBR. As previously men-
tioned, long-term effects will be compensated by fuel
concentration changes.



10.3 REACTIVITY CONTROL FOR
EMERGENCY SHUTDOWN

John L. Anderson 5. J. Ditto

Over and above the normal reactivity control needs
discussed above, additional shutdown capacity is neces-
sary to take care of unforeseen situations or emergency
conditions, such as major changes ia salt composition or
temperature effects when filling the primary system,
flow stoppages in the circulating loops, gross tempera-
ture changes, malfunctions in the control rod system,
etc.

Safety rods consisting of boron carbide clad in
Hastelloy N can be used at the center of the core to
furnish an independent shutdown capability. Each of
these absorber rods would have an estimated worth of
about —1.5% Akf/k, and two to four rods would
probably be sufficient.!® The presence of neutron-
absorbing material in the core is undesirable during
ncrmal operation; therefore the rods would be for
safety purposes only and would noraally be fully
withdrawn. Since there would be times, however, when
it might be preferable to operate for short periods with
the absorber rods partially inserted, they should have
full adjustment capability in addition to a fast-insertion
action

10.4 PLANT PROTECTIVE SYSTEM
John L. Anderson  S. J. Ditto

104.1 Genenal

The plant protective system includes those com-
ponents and interconnection devices, frcm sensors
through final actuating mechanisms, which have the
function of limiting the consequences of specified
accidents or e vipment malfunctions. The minimum
requirement of the plant protective system is protection
of the general public. In addition, the protective system
should limit the hazard to operating personnel and
provide protection against major plant damage.

This section briefly cutlines specific protective
actions considered necessary tor the MSBR, together
with some of the requirements for their initiation. The
plant protective system would function by three
primary mechanisms: reactivity reduction, loaa r.duc-
tion, and fuel-salt drain.

10.4.2 Reactivity Reduction

The protective system must be capable of coping with
reactivity disturbances beyond the capability of the
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normal control system. As discussed in Sect. 10.3, such
postulated conditions incli-ie malfunction of the con-
trols system, acciderntal large additions of icactivity,
sudden loss of plant load, gross loss of core cooling
capability, etc.

The safcty rods provided for the MSBR must have a
time response, reliability, and a total worth adequate
for the worst-case accident. A dynamic system analysis
will be necessary to establish the performance required.
The necessary reliability is a function of the estimated
frequency of need and the conscquences of failure to
perform as planned.

10.4.3 Load Reduction

The relatively high melting temperatures of both the
fuel and coolant s2its make freezing of the salt in the
heat exchange:s a concern, since loss or reduction of
salt flow in any loop can lead to over:ccling if
appropriate steps are not taken. In addition, failure -
maintain a proper balance between reactor power and
heat removed by the steam system can lead to sysiem
cooldown. The MSRE, however, demonstrated that
prevention of freezing of salts in a molten-salt reactor is
not a particularly difficult controls problem.

Loss of temperature control through faiiure of the
controls system or by other accidents must be pro-
tected against. The need for protective action will be
sensed by measuring appropriate temperatures, flow
ratcs, and power balances. The action taken will be
dependent upon the type of condition existing and will
probably involve stopping circulation in various salt
loops s well as shedding parts of the load. A particular
problem exists when an emergency shutdown of the
reactor occurs. Immediate reduction of the load to the
afterheat ievel is required so that the salt systems can be
held at acceptable temperature levels.

1044 Fuel Drain

While draining of the fuel salt into the drain tank is an
ultimate shutdown mechanism for the MSBR system, it
is anticipated that sudden drains would be required
only if the integrity of the primary system were lost. In
general, the best place for the fuel salt is within the
primary circulation system, hut if thzough pipe rupture
or other failure circulation within the system cannot be
maintained, the drair n .cchanism will be used. While
the drain system niust be very reliable, it is not
mandatory that " be capable of being initiated rapidly
in the “dumping” sense.



10.5 AVAILABILITY OF INSTRUMENTATION
AND CONTROLS FOR THE REFERENCE
DESIGN MSBR

R. L. Moore

As was reported by Tallackson,'®® the MSRE pro-
vided valuable design and operating experience with
molten-salt reactor nuclear and process instrumenta-
tion. One of the important differences betweer. the
MSRE and the MSBR concept, however, is that the
high-temperature cells planned for the MSBR could
subject some of the instruments to ambient tempera-
tures as high as 1000°F unless they are provided with
special cooling.

Nuclear detectors are not now available which could
ooerale at temperatures in excess of 1000°F. Inasmuch
as Ruble and Hanauer'®’ were of the opinion that
there was a practical upper limit of about 900°F for
electrical insulating materials for ionization chambers
and counters, development work in this area, and in the
location of the detectors, will be needed for an MSBR.
In this cornection, neutron fluctuation analyses may
prove to be a valuable tool for monitoring and
predicting anomalous behavior 198,109

Process instrumentation located inside the MSBR cells
will tend to require deveiopment because of the high
ambient temperatures, as mentioned above. Thermo-
cuuple temperature measurements in the MSRE were
generally satisfactory, although more work was needed
on measurement of small differences at the higher
temperatures. Ceramic-insulated platinum resistance
thermometers and ultrasonic methods of temperature
measurement could have application in the MSBR.

Direct and differential pressure measurements in the
MSBR can probably best be accomplished by NaK-filled
pressure transmitters. In additicn to the venturi-type
flowmeters used in the MSRE, turbine and magnetic-
type flowineters can be considered for the MSBR. The
gas bubblers and the conductivity-type probes''®
used for liquid level indication in the MSRE worked
adequately, but supplementation by floai-type in-
strumentation would be desirable. The pneumatic
weighing system used to determine MSRE tank in-
ventories would require adaptation to th~ higher tem-
peratures in an MSBR. The containment penetration
seals, gas-system control valves, electrical disconnects,
and wiring and insulation associated with all the
above-mentioned devices will also require study and
development.

Effort is needed in many areas to arrive at detailed
designs and specifications for MSBR control system
components,' ! but it may be noted that work being
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accomphshed for otler reactor types will probably have
application in th MSBR.! ' 2

The aspects of the MSBR instrumentation and con-
trols systems requiring significant deveiopment have
been discussed in detail in ORNL-TM-3303.! ' ?

10.6 A _.LOVWABLE RATES OF LOAD
CHANGES

R. B. Briggs

To design the controls system for an MSBR station it
is necessary to know rates of change which should not
normally be exceeded when varying the plant load. A
major consideration is the rate that the temperatures of
the fuel and coolart salts can be allowed to change. The
factor most likely to govern is the thermal stresses
generated in the Hastelloy N in contact with the salts.
Changing the temperature of the salt will cause the
metal surface temperature to change more rapidly than
the interior, resulting in a greater temperature gradient
and increased stresses. The magnitude of the stress will
depend upon the thickness of the metal, the salt-filr
k-at transfer coerficients, the rate of change of tem-
perature, and, for many situations, the total range of
temperature change.

The results of a simple study’!* to provide prelim-
inary information are given in Table 10.1. In this study,
computer calculations were made of stresses induced in
Hastelloy N plates 2 to 4 in. thick, with various heat
transfer coefficients and with varying rates of change of
salt temperature. The latter were selected to represent
the conditions providing maximum stress that would
occur due to load changes of 10, 20, and 40% of full
load, with the reactor inlet temperature held constant
at 1050°F and with full design flow of fuel salt across
one surface of the plate but with no heat flow through
the other surface. The temperature distribution through
the plate was calculated for various times after initiating
changes in the salt temperature, and the corresponding
stresses were determined. The calculated maximum
stresses were compared with an allowable stress value of

Table 10.1. Effect of metal plate thickness
on allowabie rate of change of MSBR plant load

Allowable rate of change (%/mir) for

Pate )
thickness total change in load of —
(in.) 10% 20% 40% 100%
2 >40 40 ~6 4
4 >40 ~2 <1 <1
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18,000 psi, which is based on the assumption that the
MSBR will be designed for combined stresses and will
experience no more than about 10,000 cycles of 20% or
more in power over the plant life. On this basis the
effect of piate thickness on the allowable rate of load
change is as shown in Tablc 10.1. These values are
believed to be conservative in ‘hat the thicker plates
will probably be cooled to some extent from both
surfaces. In addition, the walls of the reactor vessel are
cooled by the inlet flow of salt, so that the heavy
sections do not have to change through the full range of
temperatur¢ when the power changes through the full
range.

Since the estimated allowabie rates of load change,
even when based on these somewhat pessimistic as-
sumptions, are much the same as those presently used
in thermezl power stations, it can be concluded that
operation of the reference design MSBR is not uniquely
restricted in this cznse.

10.7 CONTROL OF FULL AND PARTIAL
LOAD OPERATION

W.H. Sides, Jr.

The power operating range for the 1000-MW(e)
MSBR station is from 20 to 100% of full design load.
Throughout this load swing the steam temperature to
the turbine throttle must be held essentially constant,
the primary- and secondary-salt temperatures and flow
rates must be kept within acceptable limitc, and the
resulting stresses due to induced thermal gradients must
remain within the acceptable ranges. Also, the system
temperature and flow profile at 20% load must be
compatible with the conditions existing in the plant in
the upper portion of the startup range.

A master load programmer would probably be used to
divide the required load demand among the four
primary-coolant loops and among the steam generators
and reheaters associated with each primary-coolant
loop. It should be possible to operate the plant at, say,
75% of full load by operating three of four primary
loops (and their associated secondary-sait loops) at
100% capacity each. Although perhaps not mandatory,
it seems reasonable that all parallel loops should operate
under essentially identical conditions, sharing the exist-
ing load equally. This is, in part, because all parallel
loops always have identical salt conditions at their
inlets.

A scheme for dividing the load should be capable of
making load allotments to the various loops on the basis
of total power demand and number of operable loops.
It should also be capable of recognizing a power

demand exceeding the capability of operable loops and
correcting such conditions, by shedding load, in a way
that does not jeopardize plant operation at its current
maximum capacity. Presuming all operating loops
operate under similar conditinns, closed loop control
can perform normally for the appropriate ;,=rcentage of
design point power as described for full system opera-
tion.

Plant load control may be accomplished by the use of
two basic control loops: a sieam temperature controller
and a reactor outlet temperature contrcller, as indicated
in Fig. 10.1. The steam temperature may be controlled
by varying the secondary-salt flow rate in the steam
generator. For example, if the mass flow rate of the
steam is decreased, the outlet steam temperature tends
to increase. A steam temperature error is generated by
comparing the measured value with its set point of
1000°F. The error reduces the secondary-sult flow rate
and thus the heat input tc the steam generator. This
control loop continues to adjusi the salt flow rate
appropriately to maintain the steam temperature at
1000°F. Results of analog simulations®® have shown
that accurat: steam temperature control may be ac-
complished in this way. A change in plant load from
100 to 50% at a rate of 5%/min produced a maximum
simulated steam temperature error of about 2°F. The
maximum required rate of change in secondary-salt
flow to accomplish this was about 9%/min.

The temperatures and flow rates in the salt system
required to produce 1000°F, 3600-psia steam at part
loads, using the reactor outlet temperature controller
considered here, were determined by specifying the
reactor outlet temperature as a function of load ang the
primary-salt flow rate as constant. The remaining
temperatures and the secondary-salt flow rate were
calculated from heat balance considerations through the
plant.

The reactor outlet temperature controller is similar to
that used successfully on the MSRE.!°® Specifically, a
load demand signal determines the reactor outlet
temperature set point. The measured reactor iniet
temperature is subtracted fiom the reactor outlet
temperature set point, and since the primary-salt flow
rate is constant, a reactor power set point is generated
by multiplying this AT by a proportionality constant.
The measured value of reactor power (from neutron
flux) is compared with the reactor power set point, and
any error is fed to the control rod servc for appropriate
reactivity adjustment. The reacior power set point,
generated from the outlet temperature <st point and the
measured reactor inlet temperature, is a function of the
reactor inlet temperature during a trzient and thus a
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Fig. «0.1, Simulation model of plant and control systeza.

function of dynamic load. Analog simulations of the
plant employing abbreviated models for the reactor
core, primary heat exchanger, and steam generator**$
indicate that plant load control can be accomplished in
this way. The control system also is capable of
canceling small reactivity perturbations.

The small isothermal remperature coefficient of re-
activity in the reactor core implies that only modest
amounts of contr-l reactivity are needed to accomplish
plant load maneuvenng. For a normal load change of
100 to 50% at a rate of 5%/inin. the maximum amount
of reactivity required vas 0.06% &k/k, reduced at a rate
of —0.0053% 8k/% per minute.! ! *

10.8 CONTROL FOR FAST SHUTDOWN
W. H. Sides

A fast-acting load and power reduction system may
be required to enable the plant to remain in operation if
failures occur in the heat transfer system. Such a systein
could avoid total shutdown of the plant and also
facilitate resumption of normal operation when condi-
tions permit.

Upon loss of primary- or secondary-salt flow in a loop
due to the failure of a primary or secondary pump or
due to some failure of piping or components which
necessitates reduction of flow, care must be taken to
prevent undesirably low temperatures of the salts. For
example, if the flow of secondary salt in a loop is
stopped or greatly reduced, the transit time of the salt
through the four steam generators associated with that

loop increases, and the secondary-salt cold leg tempera-
ture decrzases. To prevent freezing of the secondary salt
in the shell of the steam generztor near the feedwater
inlet, the flow of steam through the tubes must be
decreased. A reduction in load by about 25% must take
place apon the loss of flow in a secondary-salt loop at a
rate sufficient to prevent excessively low coolant-salt
temperatures. The fuel-salt temperature in the primary
heat exchanger tends to increase upon loss of second-
ary-salt flow and thus does not approach the freezing
point.

If there is a loss of fuel-salt flow, the temperature of
the salt in the primary heat exchanger decreases to
undesirabiy low values. The freezing point of the
primary salt is approximately 930°F, and the tempera-
ture of the secondary salt entering the primary heat
exchanger at design point is 850°F. Analog simula-
tions' 'S have shown that due to transit *ime of the
secondary salt in the piping from the steam generators
to the primary heat exchanger, a reduction in steam
flow in the steam generators does not reflect rapidly
enough in the primary exchanger to prevent low
temperature of the fuel salt in the tubes. Loss of
primary flow in a loop must therefore be followed by a
reduction in secondary-salt flow, and, as discussed
above, a major reduction in secondary-salt flow requires
a reduction in steam flow through the four steam
generators associated with the particular loop.

In summary, loss of primary or secondary flow in a
loop requires that in the loop a‘fected the reactor
system must be decoupled from the steam system to



vrevent low temperatures from occurring in the salts. 1f
secondary flow is reduced, the associated steam flov:
raust be reduced, bat the associated prumary flow need
not be reduced. If primary flow is reduced, both the
associated secondary-scit and steam 1lows must be
redu-ed to prevent low s:lt temperatures. In any of
these situations the reactor oower must be quickly
lowered in proportion to the net reduction in steam
load. Sirmlarly, upon large or total 'oss of load it may
be necessary to assist the control system by p-oviding
fast power reduction and perhaps fast reduction of
seconde: y-salt flow rate to keep system temperatures
within acceptable bounds.

10.9 STARTUP, STANDBY, AND SHUTDOWN
PROCEDURES

E.C. Hise

10.9.1 General

This >reliminary study of the startup, standby, and
shutdown procedures was carried only to the point of
indicating feasibility. Although they have not had the
benefit of close study or optimization, the arrange-
ments do not appear more complicated or restriclive
than the systems now in use in large supercritical-
pressure steam stations. The procedures would lend
themselves to computerizea prcgram control, as is
presently the trend.

The freezing temperatures of the primary and sec-
ondary salts are such that the salt systems must be filled
and circulating isothermally at 1000°F before power
withdrawal can be initiated by decreasing the ccuiaat-
salt temperature. To avoid freezing of the salt and to
prevent excessive temperature gradients, the minimum
feedwater temperature to the steam generators must
vary between 1000°F at zero load and 700°F in the 8
to 100% power range. In addition, the afterheat load in
the reactor system, which decays essentially as in-
dicated in Fig. 6.4, requires that the feedwater and heat
rejection systems remain in operation following shut-
down of the main steam systemn. Most of the special
systems and equipment needed to handle the startup
and shutdown conditions in an MSBR station are
therefore associated with the steam-power system. The
requirements impose some departure from the equiva-
lent systems used in conventional fossil-fired super-
critical-pressure steam plants and will require further
study.

The proposed general arrangement of the MSBR.
steam system was described in Sect. S, and the overail
steam system flowsheet was shuwn in Fig. 5.1. For
convenience, pertinent aspects of that flowsheet are
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included in the startup, standby, and shutdown flow-
sheet, Fig. 10.2. (The letters used in the following
discussion refer to Fig. 10.2.)

Briefly, steam at 3500 psia and 1000°F is supplied by
16 steam generators SG. Superheat control is partially
by varying the coolant-salt circulation raie and by
vaporizing a small amount of 700°F water into the
outlet steam at the attemperator A. Feedwater at
700°F is normally supplied by mixing steam with the
550°F feedwater leaving the top extraction heater TEH
in a mixing chamber M The steam used for this
feedwater heating is the 8 7°F exit heating steam from
the reheat steam preheater RSP. The heated feedwater
is raisad to about 3800 psia inlet steam generator
pressure by Dpoiler feedwater pressure-booster pumps
PBP. The 552°F exhaust of the high-pressure turbine
HPT is firs: preheated to about 650°F in a heat
exchanger RSP supplied with 3600-psia, 1000°F steam
from the steam geneiator outlet. The reheat steam then
enters the reheaters RH, in which coolant salt is
circulated 0 raise the steam temperature to 1000°F.
Reheat terapera.ure control is by varying the coolant-
salt flow rate. Thr feedwater system contains steam-
driven feedwater pumps BFP, conventional feedwater
heaters, condensers, full-flow demineralizers, de-
aerators, etc.

The equipment necessary for startup, hnt standby,
and h=a’ rejection is also included in the steam system.
Briefly, this consists of an auxiliary startup boiler AB,
either oil or gas fired, which can deliver supercritical-
pressure steam at 1000°F, an associated auxiliary boiler
feed pump A-BFP, a desuperheater DSH, a steam dryer
SD, and various throttling and letdown valves, as will be
discussed below. A standby-power steam turbine-
generator S-TG of about 10 MW(e) capacity, as dis-
cussed in Sect. 11.1, may also be considered in
corjunction with the startup and standby systems.

It may be noted in .1e flowsheet, Fig. 10.2, that the
boiler feed pump drive turbine BFP-T is supplied both
with extracted steam from the high-pressure turbine
and from the dryer SD in the standby system in order
to assure continued operation of ihe feed pumps when
the flow of steam to the main turbines is interrupted
for any reason. Steam for the dryer is obtained by
taking off a small portion of the steam generator outlet
steam at the boiler throttle valve BTV, reducing its
pressure to 1100 psia (860°F) through the boiler
extraction valve BE, and rehcating it to sbout 950°F in
the steam dryer SD by means of heat exchange with
some of the 3600 psia, 1000°F prime steam. Steam
from the drye: also plays an important part in startup,
restart, and shutdown operations, as will be explained
below.
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10.9.2 Startup Procedures

There are two startup procedures to be considered:
(1) cold startup, with all systems cold and empty, and
(2) hot restast from a hot standby condition. As in any
thermal power station, the ability to hold the system in
hot standby and to achieve quick starts from this
condition is desirable to avoid excessive outage times
for the plant.

10.9.2.1 Cold Siart. A normal startup from the
cold-empty condition proceeds as follows: The primary
and secondary cell electric heaters are turned on, and
the primary and secondary circulation pumps are
started to circulate helium in the salt ‘vstems. When the
temperature of the secondary system reaches 850°F,
the loop is filled with coolant salt froin the heated drain
tank, and salt circulation is started. When the primary
system reaches 1000°F, it is filled from the fuel-salt
drain tank, and salt circulation is commenced. Both salt
systems will continue to be circulated isothermally at
1000°F until power escalation is started. The primary-
and secondary-salt flow rates are at the levels required
for the zero-power mode.

The reactor is made critical at essentially zero power
using the methods discussed above. This operation
requires removal of safety rods and further addition of
reactivity by insertion of graphite control rods under

the surveillance of startup instrumentation and a flux
level control system. When the power reaches an
appropriate level, whict: is still below the sensible power
generating range, the automatic neutron flux level
controller is used to control the power.

Concurrently with the salt systems being electrically
heated, the steam system is warmed and brought to
operating conditions by means of an oil- or gas-fired
auxiliary boiler. Deaeration and demineralization of the
feedwater and warmup of piping, feedwater heaters,
turbines, etc., proceed in a conventional manner with
steam taken from this auxiliary boiler. To avoid
excessive thermal gradients in a steam generator, it must
be at nearly full operating conditions of 3600 psia and
1000°F before steam is admitted. As the auxiliary
boiler is being raised to this pressure, steam from it is
throttled through the boiler extraction valve BE and
through the desuperheater LSSH, and is used for
feedwater heating, for warming and rolling the boiler
feed pump drive turbines BFP-T, and for warming the
high-pressure feedwater heaters. When the auxiliary
boiler re:.ches full pressure and temperature, circulation
can be started through the steam generator.

When the steam system is ready to take on load, the
set point of the flux controller is adjusted as required to
maintain the desired salt temperatures as the feedwater
flow is increased. The feedwater temperature to the



steam generator is reduced by tempering the feed steam
with 550°F water in the mixing chamber M. As the
steam load is slowly increased the reactor power is
matched to the load, and salt temperatures are kept at
the desirad level by manipulating the flux set point. ({n
the 2 io 10% power range, temperature changes aie
slow, and contro! should not be difficult.) When the
load reaciies 800,000 Ib/hr, or about 8 to 10% of full
load, the reactor can be put in 2 iemperature control
mode instead of a flux control mode after matching the
temperature set point with the existing outlet tempera-
ture. The load is held essentially constant until the
system comes to equilibrium, at which point the reactor
outlet temperaturz set point is adjusted to meet the
requirements for subsequent load-following control.
The boiler feedw:ter pressure-booster pumps PBP are
then started to raise the steam generator inlet pressure
to about 3800 psia, and the auxiliary boiler and its
feedwater pump can be taken off the line. The system is
now self-supporting at about 8% load.

At this point in the startup procedure, part of the
steam generator output is going to the mixer M via the
reheat steam preheater, and the remaining steam is
going through the boiler extraction valve BE to dnive
the main boiler feed pumps, etc. The main turbines,
which have previously been warmed, can now be
gradually brought up to speed and temperature, first
using stezm from the hot standby equipment and then
switchirg to steam taken directly from the steam
generators.

The load is next increased to about 20%, at which
time the steam tempercture controller i; activated. At
this power level the “normal” contiol system regulates
the reactor outlet temperatur: as a function of load,
and the steam temperatiue controller holds the steam
temperature at 100C°F. To prevent undesirable tran-
sients as the cont.ol system is first activated, the various
system parameters and set points arc adjusted to the
requirements of the existing power demend prios to
switching to fully automatic control.

More exact definition of the conditions at which the
various steps of the startup program are initiated, as
well as allowable rates of change of the variables, was
beyond the scope of the present study.

10.9.2.2 Hot Standby and Startup. On reduction of
the main turbine load and closure of the stop valve SV,
steam will be immediately let down through the boiler
extraction valve BE, through the desuperheater and
heat rejection valve HRTV, and then to the main
turbine condenser. Except for extreme situations of
sudden loss of turbine load, and possibly 1.0t then, the
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boiler pressure-relief valves need not vent steam to the
atmosphere.

A portion of the steam from the steam generator can
be used to drive the boiler feed pump turb.. : BFP-T
and to continue circulation of feedwatsr to ti - steam
generators for heat removal and rejection to the turbing
condensers. Another portion of the steam will continue
to drive the standby steam turbine-generator to supply
standby power (if not available from the electric power
grid through the station service transformer) to drive
the salt circulation pumps, some of the main con-
densing water supply pumps, and the hot well, pressure
booster, and other pumps required to maintain the
feedwater system operative.

Afterheat irom the reactor system will continue to be
transferred tc ihe sieam system and maintain it at
operating temperature for sever:i hours, depending
upon the burden of fission products in the system. As
this heat source decays, the auxnizry boiler can be
started if it is desired 10 mair.taip che system in the hot
standby condition. The time cequired for restart from
this mode would be limited by the acceptable rate of
temperature rise in ihe main turbines, as in con-
ventional steam systems.

10.9.3 Normal Shutdown

The normal shutdown procedure is for the systcn
power to be reduced under control of the operating
circuits (until about 8% of full-load power is reached)
by gradually reducing the flow to the main turbines to
zero and at the same time tiansferring the generated
steam to the hot standby system through the boiler
extraction valve BE and thence to the turbine con-
denser. If it is desired to stay in the hot standby
condition the auxiliary boiler can be started; if not, the
main turbine can be allowed to cool, the rate being
controlled by admitting some steam from the steam
dryer SD through the turbine seals and warmup system.
Feedwater will continue to be supplied to as many of
the steam generators as required (probably one or two)
to remove reactor afterheat and to maintain the desired
salt temperature profiles. After about ten days of
afterheat removal (depending on the operating history
of the reactor) the fuel salt will be transferred to the
drain tank. The cell electric heaters will maintain the
cell temperature high enough for the coolant salt to
remain in the molten condition. With termination of all
steam generation the steam system can be allowed to
cool.



11.

11.1 AUXILIARY ELECTRIC POWER
E. S. Bettis

AAOTY I

Even though the MSBR is designed on the basis that
the safety of the public will not be endangered even if
there were a complete loss of electric power, it is highly
desirable that a small amount of power be available to
operate the controls system and certain other com-
ponents to prevent possible damage to equipment in
particular emerger.y situations.

The MSBR will probably use an auxiliary power
source for instruments and controls the same as that
employed successfully at the MSRE. This was a system
of storage batteries kept charged by an ac-dc motor-
generator (M-G) set. Without the M-G set operative the
batteries can deliver 100 kW of power at 250 V for at
least an hour. In addition to freedom from interruption
of the power supply, use of the batteries also eliminates
concern for any possible transients in voltage, eic., that
could be induced if there were other connected
equipment. A static dc-ac inverter changes the power
from the batteries into the ac required for the instru-
ments and controls circuits.

In addition to the relatively small amount of auxiliary
power needed for instruments and controls, standby
power is also required for the salt circulation pumps,
freeze-valve coolant pumps, cell cooling systems, etc. A
delay of several minutes can be tolerated in restoring
these items to service, however. The total connected
load for this type of equipment cannot be precisely
estimated at this time, but even with ample allowances
for uncertainties, it should not exceed about 10 MW(e).

Several possible methods were considered for pro-
ducing the standby power. It was decided to use
auxiliary steam turbine-generators, although diesel-
driven generators and gas turbines were also likely
candidates. The steam turbines seem a logical choice
because an ample source of steam is always available,
either froin the afterheat-removal system or from the
auxiliary startup boiler. As shown in the flowsheet, Fig.
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Auxiliary Systems

10.2, the auxiliary steai.; turbines take their steam from
the steam dryer in the startup system. These units must
be kept at operating temperature at all times in any
case, since it is part of the heat-rejection system for
nuclear afterheat and would be required in event of a
main turbine trip and loss of plant load. The supply of
steam frora the afterheat disposal system is sufficient to
drive the auxiliary turbines for several hours. Should
the MSBR be isolated from the power grid for a longer
period, the auxiliary startup boiler can be fired to
supply the necessary steam.

11.2 CELL ELECTRIC HEATING SYSTEMS
E. S. Bettis

All the cells containing fuel or coolant salts (except
the chemical processing cell) operate at ambient tem-
peratures of 1000 to 1100°F. Heat losses from the
equipment are sufficient to maintain most of tue celis
at this temperature during normal operation of the
MSBR. During initial warmups, downtime, or possibly
at very low reactor power levels, electric space heaters
are used to heat the cells. The cells can be likened to
low-temperature electrically heated furnaces, with
thermal insulation in the walls to reduce heat losses.
The biological shielding is cooled to prevent the
concrete temperature from exceeding 150°F. The
heater element design is essentially the same as that
used successfully in the MSRE for ove: five vears.

The heaier units consist of two lengths of ¥%-in.-diam
X 0.035-in.-wall-thickness Inconel tubing about 20 ft
long with the two ends welded together at the bottom
to form a hairpin shape, as shown in Fig. 11.1. Each
unit is contained within a thimble of a similar hairpin
shape made from 2-in.-OD stainless steel tubing with
Lavite bushings spaced at 3-ft intervals to center the
heater within the thimble. The heaters are designed for
120-V, three-phase power from a solid-state-controlled
svpply which limits the thimble surface to about
1200°F.
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Fig. 11.1. Electric cell heating unit cluster.

The heater element eles trical leads are copper rods
brazed to the top ends and extending about 1G ft
through the top shielding structure of the cell The exit
cooling gas from the cell liner space passes through the
heater lead penetrations to cool the copper rods. Three
heaters are connected in series to reduce the number of
connector leads and penetrations required. A removable
flanged cover encloses each group of three heaters to

collect the exit cooling g.> and return it to the
circulating system. The clcctrical leads pass through
gas-tight electrically insulated penetrations in these
cover boxes.

The heater thimbles are welded to the inner liner of
the <ell and thus become part of the containment
system. With this arrange.uent the heater elements can
be withdrawn without disturbing the integrity of the
containment. A total of 592 thimbles are arranged
around the periphery of the reactor cell in such a way
as to avoid too close proximity to ceil equipment.
There are eight symmetrical groupings of 74 heaters
each. Heaters in the drain tank and steam-generating
cells are similarly arranged. Some of the heaters in the
cells will be used as spares, thus making it possible t»
postpone a shutdown of the reactor in event a heater
repair becom:s necessary.

The cell heating loads and heater data are given in
Table 11.1.

Table 11.1. Cell heating loads and electric heater date

Reactor Steam Drain tank
cell cell? cell

Heat loss at 1100° cell 413 195 122
temperature, KW

Cell contents heatup load, kWhr 86,000 5900 ~10,000

Heatup power, kW 413 195 112

Approximate heatup time, days 2 i 6

Heater length, ft 40 40 40

Kilowatts per heater 2.66 2.5¢ 2.66

Number heaters required 312 147 93

Number installed 592 147 186
@Each of four.

11.3 RADIOACTIVE MATERIAL DISPOSAL
SYSTEM

E. S. Bettis

Although it is recognized that storage and disposal of
radioactive materials is subject to many regulations and
would affect siting considerations, the reference MSBR
design assumes that it will be possible to retain wicnin
the shielded containment all radioactive debris accumu-
lated over the desiga lifetime of the plant. This v aste
material would include solid fission products from the
chemical processing plant, spent cores taken from the
reactor vessel, failed pieces of equipment which could
not be salvaged, and other radioactive materials.



A waste pit provides the necessary storage space. The
pit is a circular cell about 72 1t in diameter and 30 f1
deep located directly beneath the reactor cell (cee Fig.
i3.3). Calculations of the heat produc:ion in the wasic
materidls give eqguilibr».n values of between 100 and
600 kW. The ceil s cooled by a circulating gas,
probably nitrogen. which passes through the cell and
over a water-cooled coil. The circulating fans and the
heat exchange:s are located in a shielded and sealed ce'l
«am- 2diately adjacent to thc waste storage cell. The hear
exchanger has stop valves 1n the water cystem in event
0: a break or leak in the tubes. It is estimated thar even
it all the water in the coil were to leak intc the cell and
be vaperized, there would be an insignificani rise in the
cell pressure. Rodundancy could be previded in the
cooling system if required.
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It may be practical to containerize the fiss.on
preducts ..om the chemical processing systerm before
depositing them in the storage cell. Residue resulting
from decontamination of the crune bay and other areas
will also be packaged before being stored in the waste
CElL

No specific plans have been made for removal of
wastes from the storage pit after an MSBR station has
been rermanently shut down fer obsolescence or other
reasons ]t may be permissible to pour concrete into the
waste pit to encapsulate the material. The MSBR design
could obviously bc modified to accommodate shipment
of radioactive wastes to disposal sites, shouid this be
required.



12. Maintenance and Repair Systems

E.C. Hise

12.1 GENERAL

It is evident that a practica! method of remote
maintenancc and a method for replacing the core
graphite are essenti2l for the success of the MSBR
conceptual design presented in this report. Since the
size and radioactivity level of some of the items of
MSBR equipment are greater than the present range of
maintenance experience, many of the procedures re-
main to be deveioped. To reach a reasonably valid
judgment as to the feasibility of the maintenance
arrangements, it is necessary to visualize each of the
major steps required.

The plan for raintenance of the MSBR follows the
technology developed for previous fluid-fuel reacters.
All the radioactive MSBR equipment is installed in
containment cells having the overhead shielding ar-
ranged in removable sections to permit access from the
top. The systems will be designed so that each piece of
equipment, its supports, electrical instrumentaiion,
process piping connections, etc., may be viewed from
above and be accessible when using remotely operated
tools. The usual procedure would be to remove and
replace a failed component rather than to make repairs
in place, since the latter would usually result in a longer
plant downtime. The defective unit would be trans-
ported in a shielded carrier to a hot cell within the
reactor complex for examination and be either repaired
or discarded to the waste storage cell.

Some of the MSBR items requiring maintenance will
be comparable in size and type with the equipment
used in the MSRE, for which there is a valuable
background of practical maintenance experience. The
design of the special tools and MSRE maintenance
procedures were described by Biumberg!'*:!'7 and in
MSR progress reports.2:3:5:2 A feas™le method for
remotely cutting and welding radioactive piping is being
developed by Holz.!'®

Since most of the cell areas cannot be reentered once
the reactor has generated neutrons, maintenance proce-
dures must be carefully planned, with much of the
special equipment and fixtwes installed and tested as
th2 plant is constructed. The maintenance system must
thierefore be an integral part of the »lant design.

The investment required for the equipment needed
for majo maintenance operations has been included as
a capital cost for an MSBR station. Relatively small and
routine maintenance operations are considered as a
plant operating cost. The expense of the materials and
special labor required for periodic replacement of the
core graphite is treated as a separate account (see Sect.
15 and Table D.15).

The MSBR maintenance requirements fit into four
general classes:

Class I — permanent equipment. This category con-
tains all those items which should last the design
lifetime of the plant and will normally require no
maintenance. Examples are ihe icactor vessel, the pump
vessels, primary heat exchanger shells, the fuel-salt drain
tank, thermal shielding, thermal insulation, connecting
process piping, etc. Although essentially no provisions
are included with the installation for maintenance of
these items, it would be possible to replace them using
specially prepared facilities and at the expense of a long
plant outage. (All of this equipment, however, does
have built-in provisions for inservice inspection.)

Class 11 — equipment allowing direct maintenance.
This group includes the items which probably can be
approached for direct maintenance once the coolant
salt has been drained and flushed and a decay period of
scveral days has elapsed. The steam generators, re-
heatexs, coolantsalt pumps, and the equipment in the
heat-rejection cell fall into this class. In the unlikely
event that a component did become radioactive, its
removal would be treated as a class III or IV item,
discussed below. Once the source of activity was
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removed from the cell, cleanup and component replace-
ment couid proceed in the normal fashion using direct
maintenance.

Class Il — equipment requiring semidirect mainte
nance. Much cf the equipment in the offgas and
chemical processing cells, such as pumps, blowers,
valves, processing vessels, filters, etc., will become
radioactive. In general, these items are of relatively
small size and are comparable with MSRE equipment
size. The in-cell maintc1ance methods for this class of
equipment will, however, require appropriate changes in
the shielding, etc., to accommodate MSBR radiation
levels, which may be a factor of 10 or more higher than
experienced in the MSRE.

Class IV — large equirment requiring remote mainte-
nance. This group includes itenis which are clearly
beyond present experience because of a combination of
size, radiation level, afterheat removal, and disposal
considerations. Examples are the pump rotary ciement,
the primary heat exchanger bundle, etc. The principal
maintenance operation falling into this classification is
replacement of the reactor core moderator assembly.
Since this operation must be repeated several times
during the lifetime of the plant, the procedures can be
planned in considerable detail.

12.2 SEMIDIRECT MAINTENANCE PROCEDURES

To perform maintenance on class Il items, and those
in class II if the activity level requires it, the roof
section, or piug, immediately above the component is
removed and set aside. A woik shield similar to that
shown in Fig. 12.1 is then placed over ihe opening. The
work shield would have viewing ports and lights,
openings for insertion of periscopes, extension tools,
and other maintenance equipment. Movement of the
slides and eccentrics in the shieid can place any of the
cpenings in the shield over the desired point. The
me:hanical operations of disconnecting and reconnect-
ing components are done with extension tools inserted
thro.gh the work shield. A failed component is drawn
through the work shield into a shielded carrier for
transport to a hot cell for repair or disposal.

12.3 REMOTE MAINTENANCE PROCEDURES

Replacement of the reacior core assembly is one of
the more difficult maintenance operations both because
of the sizc of the equipment and the intensity of the
radioactivity encountered. Special maintenance equip-
ment will be required, the major item being a 20-ft-
diam, 40-ft-high shielded transport cask for the reactor
core assembly. As shown in Fig. 12.2, the cask is an
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integral part of a polar crane which can be rotated to
cover all points in the reactor building. The cask moves
laterally (but not verticaily) and has a 240-tcni-capacity
remotely controlled hoisting mechanism on top to draw
the core assembly up into the cask. The carbon steel
walls of the catk are about 2 in. thick, wiuch is
sufficient to reduce the radiation level on contact with
the outside of the cask to about 1000 R/hr after a
ten-day decay period for the core. (The activity level on
contact with the outside wall of the reactor building
would be less than 100 mR/hr.) After this decay time
the estimated heat generation in the core assembly is
about 0.25 MW, as shown in Fig. 3.25. Conservative
estimates indicate that this amcunt of heat can be
safely dissipated through the cask wall and that no
special cooling system for the cask will be required. The
cask is provided with an adjustable sealing ring and shield
at the bottom to provide a tight connection with the cell
dosure transition pieces described below. The cask can
be closed at the bottom with a twodeaf gate valve, or
shutter.

As shown in Fig. 12.2, 2 domed maintenance contain-
ment vessel is permanently installed over the top of the
reacior cell. It is reiatively thin walled and is designed
primarily to contain airborne contaminants during
mainienance cperations. It is provided with access ports
over the fuel-sali pumps and heai exchangers and has a
central 24-{i-diam cover which can be removed to
provide access to the shield plugs covering the reactor
vessel. This top opening in the maintenance vessel has
an inner extension in the form of a cylinder with a
fourdeaf gate valve at the bottom, termed the reactor
vessc! maintenance closure in Fig. 12.7, which extends
to the top elevation of the roof plugs. The cylinder
serves as a transition piece between the reactor vessel
and the transport cask to provide positive containment
during the core hoisting operation. It is equipped with a
high-capacity exhaust fan :o assure an inward move-
ment of air through the opening. The gate valve
prevents convective circulation of gases from the
reactor cell while the reactor vessel is open.

A reactor work shield wall also be required. It has the
same dimensions as the roof plug covering the reactor
vessel and is installed in its place to provide viewing
ports and tool access for engaging the moderator lifting
rods and other semiremote maintenance operations.

Transition pieces are also provided for temporarilv
wanecting the transport cask to the spent equipment
cells and to the new core replacement cell to prevent
escape of particulates into the iugh-hay area.

A 150-ton conventional hoist, shown in Fig. 12.2,
also travels on the polar crane to handie work shields,
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Fig. 12.1. Portable work shield for MSBR reactor cell.
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Fig. 12.2. MSBR reactor core assembly transport cask and maintenance system.

transition pieces, etc. This hoist, as well as those on the
transport cask, and othcr «quipment such as the polar
crane, the reactor vessel maintenance closure, surveil-
lance television, etc., can be controlled from the
maintenance control room. This room is a protected
area with shiel led windows overlooking the high bay, as
indicated in Fig. 134.

The functions of the equipment can best be explained
by the following brief description of the steps used in
replacing a core moderator assembly.

During the reactor cooldown period, transition pieces
are set up over the new core replacement cell and over
the spent core storage cell (see Fig. 13.5). At the end of

about ten days the central cover in the maintenance
containment vessel is set aside. The high-volume ex-
haust system from the maintenance vessel assures a
controlled movement of air in the working zone.
Through direct and semiremote means the control rod
drive mechanism is disconnected at the elevation of the
top of the shield plug, and the mechanism is drawn up
into a cask, sealed, and stored in the high-bay area
awaiting reinstallation. The control rod tube opening
into the reactor vessel is closed with a blind flange. The
holddown bolts for the reactor vessel top head are
removed, and the shield plug is prepared for lift. The
auxiliary hoist is engaged with the shield plug, and the




hoist is initiated to assure that it is clear. At this
juncture the maintenance crew vacates the high-bay
area.

From the maintenance control room the reactor
vessel shield plug is lifted and set aside. After the
reactor work shield is installed in its place, the
maintenznce crew can return to the high bay. Using
semiremote methods through the work shield, the
moderator assembly lifting rod ports are opened and
the lifting rods are engaged (see Fig. 3.7). The 150-ton
auxiliary hoist is engaged with the work shield and
prepared for lift. The high-bay area is again vacated.

By operating the hoist from the control room, the
work shield is removed and set aside. The transport cask
is positionea aver ihe reactor vessel, and the adjustable
shield is closed to provide a good seal with the
maintenance vessel. The four cask hoists are engaged to
the eight lifting rods, and the core assembly is carefully
hoisted into the transport cask. The valves at the
bottom of the cask and at the top of the cell are then
closed, the adjustable shield at the bottom of the cell is
released, and the cask is moved into position over the
spent storage cell.

The cask is engaged with the transition piece over the
spent core storage cell, the lower valve in the cask is
opened, and the moderator assembly is lowered into the
cell. The assembly is supported by the top head flange
in the same manner as it was installed in the reactor
cell. The cask valve is closed, and the cask is moved to
one side to permit the auxiliary hoist to place a shield
plug over the spent core storage cell and to place the
work shield over the reactor vessel.

After the transport cask has been decontaminated,
the reactor vessel work shield is reinstalled, and the
high-bay area is again made safe for occupancy, the
maintenance crew can return to inspect the reactor
vessel. Optical and ultrasonic equipment is operated
through the work shield to inspect vessel welds, etc.,
and to assure that the vessel is ready tor installation of a
new moderator assembly.

After agiin clearing the high bay of personnel, the
auxiliary hoist is used to sei aside the work shield. The
reactor vessel maintenance valve is closed to maintain
containment as the shield is lifted. The new moderator
assembly, previously made reac'y and standing by in the
new core replacement cell, is then hoisted into the
transport cask and moved into position above the
reactor vessel. After sealing the cask to the maintenance
closure, the maintenance valve is opened, and the new
core is carefully lowered into place inside the reactor
vessel. About a 2-in. radial clearance has been provided
for the assembly, and it is not necessary to observe any

rotational orientation of the moderator with respect (o
the vessel. The auxiliary hoist is then used to replace
the work shield.

Personnel can then return to the high bay to perform
th. semiremote operations of disengaging the lifting
rods and resealing the lifting rod ports in the top head
of the vessel. Operating from the maintenance control
room again, the work shield is removed, and the
permanent reactor shield plug ic installed. Personnel can
then seal the vessel closure by direct approach and also
install the control rod drives. The system can then be
leak tested and prepared for operation.

12.4 GRAPHITE DISPOSAL AND ALTERNATE
REACTOR VESSEL HEAD RECLAMATION

An MSBR reactor core ascembly is estimated to have
a useful full-power life of about four years. During this
operating period the spent core assembly would be
disposed of, and the alternate reactor vessel head, with
its attached reflector graphite and upper cylinder
extension, would be prepared for reuse. The spent core
storage cell would also be cleared to receive the next
core assembly, and a new core would be prepared in the
core replacement cell.

The spent core storage cell is equipped with viewing
windows, manipulators, and tooling for dismantling the
assembly. The graphite moderator sticks are removed
and broken into short lengths and deposited in the
waste storage cell beneath the reactor, as mentioned in
Sect. 13.6. The Hastelloy N support plate for the
graphite will also be cut into smaller pieces and red
in the waste cell.

After an extended decay time the top head and its
attached graphite reflector, which will be reused along
with the head, are decontaminated as much as possible
by wiping and vacuuming.

A new shop-assembled core is brought into the
reactor building througa the air lock shown in Fig. 13.5
and is set into the new core replacement cell. The
alternate top head for the reactor vess-l is then brought
from the spent core storage cell by means of the
transport cask. Using semiremote maintenance proce-
dures through a work shield, the lifting rods are
installed and the reactor vessel closure seal rings on the
head are replaced. The assembly is now ready for
installation when needed.

The spent core storage cell is then decontaminated as
much as possible and cleared for the next maintenance
operation.



12.5 DECONTAMINATION

On the basis of past experience with the MSRE, few
decontamination problems are likely to arise. The
contamination can be almost entirely restricted to the
reactor equipment cells. The tools are bagged on
withdrawal from the cell and, along with the transport
casks, are sent to decontamination. MSRE experience
has been that particulate contamination is readily
removed by scrubbing with high-pressure water jets
alone or with the aid of detergents. Occasionally an
inhibited acid may be required.
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The large transport cask will become contaminated
after it is used to move the reactor core assembly to the
storage cell. It must be decontaminated to a lower
radiation level before the maintenance crew can enter
the high-bay area. It is cleaned in place on the polar
crane by mounting 2 catch pan beneath it, and
high-pressure pumps are used to circulate a decontami-
nating fluid through nozzles which can be manipulated
to clean all portions of the interior.



13. Buildings and Containment

E. S. Bettis

13.1 GENERAL

Plan and elevation layout drawings for the station are
shown in Figs. 13.1 and 13.2. The principal structures
are the cylindrical reactor building, the steam-generator
bay, the steam piping and feedwater heater bay, and the
turbine-generator bay. The reactor and steam-generator
facilities are located on one reinforced concrete pad and
the remaining structures on another. With this arrange-
ment relative dispiacements due to seismic disturbances
would not threaten the integrity of the containment,
since no piping or connections containing radioactive
materials would cross the boundary between the pads.

The plant site is briefly discussed in Sect. 14.

H. L. watts

H. M. Poly

13.2 REACTOR BUILDING

One of the primary functions of the cylindrical
reactor building is to provide containment and biologi-
cai shielding during the maintenance opcration of
removing and replacing the reactor core assembly.
During normal operation the reactor cell is the primary
containment.

The cylindrical portion of the reactor building is
shown in the elevation drawing in Fig. 13.3. Plan views
at the three major levels are shown in Fig. 13.4 (crane
bay), Fig. 13.5 (upper level), and Fig. 13.6 (lower
level). The building is 189 ft high and 134 ft in
diameter. Excavation for the reactor building will be to
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the depth requiced for firm support of the monolithic
concrete pad upon which it rests. Finished grade level
thus depends upon particular site conditions and would
preferably be with about two-thirds of the building
showing above ground. The grade level shown in Fig.
13.2 corresponds to the AEC typical site condition
having the top of the limestone formation about 8 ft
below grade.

The reactor cell is located on the first level of the
reactor building, as shown in Figs. 13.3 and 13.5. The
cell is about 72 ft in inside diameter and 30 ft deep
with about 8 ft of concrete biological shielding on the
sides and top, the latter consisting of two layers of
removable roof plugs which permit access for in-
stallation and maintenance of equipment. The double
containment and other construction features of the
reactor cell are described in more detail in Sect. 13.3.

The first level of the reactor building also contains
cells for processing the fuel salt and for off-gas
handling, instrumentation, and storage of spent reactor
cores and heat exchangers. The lower level has a large
shielded and sealed storage cell for permanent storage
of spent graphite, discarded equipment, and other
radioactive waste from the plant, as shown in Fig. 13.6.
A means for depositing radioactive material into the
storage cell is indicated in Fig. 13.3. The volume of the
cell is based on a reasonable assumption of the amount

of material that would be accumulated over the 30-year
life of the MSBR station.

The lower level also provides cells for the primary
drain tank, miscellaneous auxiliary equipment and work
areas, and hot ceils equipped with remote manipulators
for examination and repair of radioactive equipment,
Space is also included for the lower section of the
60-ft-deep off-gas and chemical processing cells. All the
other cells are approximately 30 ft deep and have
biological shielding with controlled atmospheres where
required.

The building is constructed of a 3-ft thickness of
ordinary corcrete covering a Y -in.-thick carbon steel
shell, or liner. The liner acts as a sealing membrane to
permit the building to meet specifications of less than
0.1/ leakage per 24 hr. All piping and penetrations are
sealed, and an air lock is provided in the upper level for
moving in new reactor core assemblies (see Fig. 13.5).
During routine operation the building is maintained at
slightly below atmospheric pressure by a controlled
ventilation system discharging through filters and up
the stack. This is an extra measure of protection in
addition to that provided by the primary system and
the double containment of the reactor cell. Operating
personnel would have access to the building at all times
except during certain phases of the maintenance oper-
ations, such as when the spent reactor core is being
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drawn up into the transport cask. During these periods
the remotely controlled equipment can be viewed
through shielded windows in the building wall at the
crane bay level, as indicated in Fig. 13.4. (Maintenance
procedures are described in Sect. 12.)

In addition to providing missile protection, the
building serves as sealed containment during mainte-
nance operations and as biological shielding. The 3-ft
thickness of concrete covering the entire structure,
together with the shielding of the transport cask, results
in a reading of less than 100 mR/hr on outside contact
with the reactor building wall as the core assembly is
being removed. Although the building wall thickness
was not optimized, values below 3 ft would require a
corresponding increase in the cask shielding used during
maintenance and increase the weight to near the
maximum load desired for the polar crane.

The concrete shell provides tornado protection, the
building having been designed on the basis of a
300-mph wind with a storm-caused 3-psi negative
pressure differential. It is also designed to withstand
missiles weighing 2500 b, 15 in. in diameter, and
traveling at 150 mph. The assumed seismic design
conditions are more stringent than those specified for
the reference site (see Sect. 14), havire been taken as %
g horizontal and Y, g vertical.

A polar crane is used to service the equipment within
the cylindrical building. The bridge spans the building
and can be rotated to cover essentially all areas. Two
cranes are mounted on the bridge; one is a conventional
hoist of 150 tons capacity, and the other is unique in
that the 20-ft-diam 40-ft-high transport cask is an
integral part of the crane, as indicated in Fig. 12.2. The
cask is fixed as to vertical elevation but can move
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laterally from above the reactor cell to positions over
the spent core storage cell and the core replacement
pickup point. The hoisting mechanism for lifting
equipment into the transport cask and the other
maintenance procedures are described in Sect. 12.

13.3 REACTOR CELL

The reactor cell provides primary containment for the
reactor, the four primary heat exchangers, the four
fuelsalt circulation pumps, and the interconnecting salt

piping. In addition to leak-tightness meeting the speci-
fications for a containment system, the cell walls
provide a minimum thickness of 8 ft of concrete for
biological shielding. Missile protection is provided by
the domed concrete structure of the reactor building, as
mentioned above. Protection against seismic dist arb-
ances is afforded by the monolithic concrete pad upon
which the reactor building rests, as previously discussed,
and by the methods used to mount the equipment, to
be described subsequently.
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The atmosphere of the reactor cell (probably nitrogen
with 3 to 5% oxygen) will normally be operated at
about 13 psia and between 1000 and 1100°F. Under
assumed design basis accident situations the cell pres-
sure could rise *bove atmospheric, however, and the cell
has been designed for 50 psia. During normal operation
the cell atmosphere will become contaminated by
neutron activation and by tritium. In postulate: ac-
cidents involving loss of fuel salt from the circulating
system, the cell atmosphere would, of course, beccme
heavily contaminated. In meeting the shielding, pres-
sure-retention, and leak-tightness requirements, the cell
wall construction must provide both thermal insulation
and gamma shielding to protect the concrete structures

from excessive temperatures. The maximum allox7able
temperature for the concrete was taken as 150°F.

The reactor cell is about 72 ft ID X 30 ft deep and is
located within the reactor building, as shown in Figs.
13.3 and 13.4. The arrangement of equipment in the
cell is as indicated in Figs. 13.7 and 13.8.

The cell wall consists of two con:entric carbon steel
shells, t .1 2 in. thick and separaied by a 6-in.-wide
annular space, as indicated in Fig. 12.10 and listed in
Table 13.1. The same type of double wail construction
is also provided in the roof plugs and in the floor
structure. The total thickness of 4 in. of steel supplies
the necessary gamma shielding and the strength to
withstand the 50-psig design pressure. Some of the
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pressure loading of tiie inner shell is transmitted to the
outer wall by spacers. A minimum of 8 ft of concrete is
provided on the outside for biological shielding.

An irert gas, probably nitrogen, will be circulated
through the space between the inner and outer shells to
remove the heat due to gamma absorptions and the heat
conducted from the cell interior. The circulating gas
will normally operate at a pressuze higher than the
ambient cell pressure tc assure that any lean.ge would
be inward. Heat is removed from the circulating gas
stream by water-cooled coils sealed within a compart-

ment that is an extension of the outer wall of the cell.
Both this gas and the cell atmosphere are provided with
cleanup and disposal systems.

The inner and outer shells will probably operate at
sufficiently different temperatures to require accommo-
dation of relative movement. The outer vessel is
therefore an integral part of the concrete structure,
while the inner one is hung from the top of the cell but
with much of the weight carried by helical coil springs
at the bottom, as shown in Fig. 13.9. The differential
expansion of the shells is also accommodated at the
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Table 13.1. Summary of cell wall construction features

Cell wall constructionb

'/2 in. CS; 36 in. concrete
1/16 in. 8S, 9 in. T1, 2 in. CS, 6 in. AS, 1 in. CS, min 8 ft concrete shielding

for inhabited areas

Cell Heaters?
Reactor confinemer:t building None
Reactor containment cell A
Fuel-salt drain tank cell A
Freeze-valve cell B
Spent equipment cells None
Waste storage cell None
Chemical processing cell A
Off-gas cell B
Steam generator cells A
Coolant-salt drain cell B
Instruments and controls cells None
Hot cells for r2pair and inspection None

Y16 in. S8, 9 in. T1, % in. CS, 6 in. AS, % in. CS concr.

Y16 in. SS, 9 in. T1, % in. CS, 6 in. AS, % in. CS, concr.

Y6 in.SS, 9 in. T1, % in. CS, 6 in. AS, % in. CS, concr.

Y in. CS, concr.

Y6 in.SS, 9in. TI, % in. CS, 6 n. AS, % in. CS, concr.

l/,6 in. 8§, concr.

Y 6 in. SS, 9 in. TI, 1 in. CS (ribbed), 6 in. AS, % in. CS, concr.
l/w in. SS, concr.

Concrete

‘/,6 in. 8§, concr.

“Heaters: A = heated cell; B = trace heating of equipment.

bApplies also to roof and floor structure, except floor may not have 8 ft of concrete in all cases. Listed as going from interior to
exterior of cell. Floors bave l/‘;-in. SS and walls l/“;-in. SS liners. 8S = stainless steel, CS = carbon steel, TI = thermal insulation
(form of firebrick). concr. = ordinary concrete, and AS = air space.

pipe seals, as shown in Fig. 13.10. The coolant-sait
piping is the principal penetration through the cell wall.

A layer of thermal insulation, not yet selected but
probably a rigid block tyne. is provided on the inside
surface of the reactor cell. A thin stainless steei nLiicr
protects the insulation and serves as an effective radiant
heat reflector to lower the heat losses through the wall
structure. Although not hermetically sealed, the liner
presents a smooth surface for the inside of the cell.

The reactor, heat exchangers, pumps, and salt piping
are all suspended from the roof of the reactor cell. This
arrangement allows relative thermal expansion of the
components, provides better seismic protection than
pedestal-type mounts, and also makes it possible to
locate the sealing flange for the reactor vessel in a lower
temperature region. The primary heat exchangers are
suspended by gimbal mounts at about midelevation of
the units. This arrangement permits the differential
expansion between the inlet and outlet salt piping to be
accommodated by rotation of the heat exchangers and
thus avoids excessive stresses at any of the components
in the system. (Piping stresses are discussed in Sect.
3.6.)

The reactor cell is heated by hairpin-type Inconel
electric resistance heating units inserted in thimbles
located around the periphery of the cell, as described in
Sect. 11.2. The heater elements can therefore be
replaced without disturbing the integrity of the contain-
ment. The circulating inert gas used to cool the double

walls of the cell is also arranged to cool the heater leads.

As may be seen in Fig. 13.8, the fuel-salt pumps i.ave
their drive motors mounted above the cell roof plugs in
hermetically sealed covers which are, in effect, part of
the outer wall of the reactor cell. The control rod drives
are canned m a similar fashion. This location for the
drive equipment permits easier access fo: inspection and
maintenance. All the roof-mounted equipment is
covered by a 72-ft-diam dome of % -in.-thick carbon
steel, which provides additional leak protection during
normal operation of the reactor. The dome also is
principal containment during maintenance of the drive
equipment, as discussed in Sect. 12.

A stainless steel catch pan in the bottom of the
reactor cell would collect any spilled salt in the unlikely
event of a leak in the fuel- or coolant-sait systems inside
the reactor cell. This pan is pitched toward a drain
which is connected to the primary-salt drain tank
through two valves in series. The upstream valve is a
special type having a disk punctured by a solenoid-
actuated plunger controlled by a thermal switch. In the
event that hot salt reaches this valve via the catch pan,
the valve would open and permit the spilled salt to flow
by gravity into the drain tank. The valve would be
arranged for replacement using remotely operated
tooling. The second valve is a mechanical bellows-sealed
type that is normally open but can be closed to isolate
the drain tank contents when the first valve is open or is
to be replaced. This catch pan arrangement permits
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more rapid cleanup of a salt spill and, in event of a
major loss of fuel salt such as postulated for the
maximum credible accident, is a feasible method of
taking care of the afterheat in the fuel salt.

The roof of the reactor cell consists of removable
plugs arranged in two layers and with stepped joints, as
best shown in Fig. 12.2. The total thickness is 8 ft, and
with few exceptions each layer is 4 ft thick. The plugs
rest on structural steel supports and have a seal pan to
form a leak-tight structure. As previously mentioned, a
cooling fiow of inert gas passes between the two heavy
steel plates used for gamma shielding.

13.4 PRIMARY DRAIN TANK CELL

The primary drain tank cell houses the 14-ft-diam,
22-ft-high fuel-salt drain tank. The cell is approximately
22 X 22 X 30 ft deep and is located on the lower level
of the reactor building, as shown in Figs. 13.5 and 6.3.
The requirements for this cell are very similar to those
of the reactor cell, and, in fact, the two cells are
interconnected by the duct through which the fuel-salt
drain line passes. The cells thus operate with the same
ambient atmosphere and essentially at the same pres-
sure and temperature. Gamma shielding is not required
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to protect the concrete structure of the drain tank cell,
however, and the double walls consist of %-in.-thick
carbon steel plate. An inert gas is circulated between
these plates for cooling of the wall structure. (The gas
stream is an extension of the reactor cell wall cooling
system.) Thermal insulation and a stainless steel liner
are used on the inside surface, as in the reactor cell.
Removable roof plugs provide access to the drain tank
for maintenance through the new core replacement cell,
as indicated in Fig. 6.3. The cell floor contains
water-cooled coils to carry off the afterheat in the fuel
salt in event of a major spill.

13.5 FREEZE-VALVE CELL

The freeze valve on the fuelsalt drain line and the
valves for the reactor cell catch pan are located in this
cell. The cell space is directly connected to the reactor
and drain tank cell volumes, so that they al! operate
with the same atmosphere and essentially at the same
temperature and pressure. The floor area of the
freeze-valve cell has the shape of a right triangle (see
Fig. 13.6) with legs about 18 ft long. The cell is
approximately 15 ft deep and is located between the
reactor cell and .he drain tank cell and at about
midelevation between the two, as best seen in Fig. 6.3.

Roof plugs are provided for access to the valves. The
cell wall construction is essentially the same as that
used in the drain tank cell. The reactor cell catch pan
drains into a pan in the freeze-vaive cell, and this pan in
turn drains into the previously described valves leading
to the fuel-salt drain tank.

13.6 SPENT REACTOR CORE AND HEAT
EXCHANGER CELLS

A cell is provided in the upper level of the reactor
building adjacent to the reactor cell for storage and
dismantling of reactor core assemblies, as shown in Figs.
13.3 and 13.4. The top access opening is shown in Fig.
134. These drawings also show the similar cell for
handling heat exchangers and other radioactive equip-
ment which has been removed from the system and
requires disposal. After a suitable decay period in the
cells, the equipment is cut up as required and dropped
through chutes into the hot storage, or waste, cell
located beneath the reactor cell. During the storage
period sufficient fission products viill be present on the
equipment to require some cooling, since heat losses
from the cell are low. Both the enclosures therefore
have double walls and use a common inert-gas cooling
system which operates in a closed circuit much in the
same manner as the reactor cell wall cooling system.



A work area is provided adjacent to the above cells
for operation of the remotely controlled equipment
used in the dismantling of the radioactive components,
as indicated in Fig. 13.4. Shielded windows overlooking
the two cells provide visual observation of the proce-
dures. These windows are protected from heat during
the decay period by movable shields.

13.7 WASTE STORAGE CELL

As mentioned above, this waste storage cell is
designed to permanently store waste equipment from
the plant over its useful lifetime, including spent
graohite from the core and radioactive wastes from the
chemical processing ~'ant. It is about the same size as
the reactcr cell, 72 f in diameter and 30 ft deep, and is
1>cated below grade on the lower level directly beneath
the reactor cell. Estimates of the heat generation in the
waste vary over a wide range depending upon the
assumptions used, but the maximum will probably fall
within the 100-to-600-kW range. A closed-circuit inert-
gas cooling system, similar to those previously de-
scribed, will be used to cool the cell.

13.8 CHEMICAL PROCESSING CELL

A relatively large shielded area with 60-ft cell height
has been set aside in the reactor building for the
fuelsalt processing quipment, as indicated in Figs.
13.5 and 13.6. This cell will be heated as a furnace and
will employ ccolers and thermal insulation as required
for individual control elements, etc. The cells will be
heated to thc desired operating temperature by resist-
ance heaters, as described in Sect. 11.2. Remote
maintenance facilities, cell integrity, etc., will be similar
to other cells containing highly radioactive materials.

13.9 OFF-GAS SYSTEM CELL

The cell for treating the offgas is similar to the
chemical processing cell described above. The cell
nouses the charcoal adsorber beds anc¢ other equipment
needed for treatment of the radioactive gases taken
from the primary circulating system.

13.10 MISCELLANEOUS REACTOR BUILDING
CELLS

In addition to the above-mentioned cells, the reactor
building contains hot cells for examination, analysis,
and repair of radioactive equipment and materials, cells
for storage of control rods, storage of new reactor core
assemblies, work areas, and a relatively large cell set
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aside for instrumentation and controls equipment. The
locations of these cells are shown in Figs. 13.3-13.6.

13.11 STEAM-GFNERATOR CELLS AND
SEF.VICE AREAS

There are four stzam-generating cells in the reactor
building, each 30 X 48 X 30 ft deep. The cells are at the
same elevation as the primary heat exchangers in the
reactor cell, and each contains a coolant-salt circulation
pump, four steam generators, two reheaters, and inter-
connecting coolantsalt and steam system piping. The
cells are sealed and provided with biological shielding
because of the induced activity in the coolant salt and
the remote possibility that fuel salt could enter the
steamn cell via the coolantsalt circuit. Tritium might
also find its way into the cell. Since the steam cells will
be heated to about 1000°F to ensure that the coolant
salt remains above its liquidus temperature, thermal
insulation is provided at the walls, and a double wall
with a circulated inertgas cooling system, such as
employed in the reactor building cells, is used to
protect the concrete from excessive temperatures.

A principal consideration in the conceptual design of
the steam cells was selection of the design pressure. A
major possible source of pressure buildup is the
emergency relief of the steam system into the cell via
the rupture disks provided in the coolant-salt circuits.
(In event of a major leakage of steam into the coolant
salt these disks would prevent a pressure buildup on the
primary heat exchanger tubes.) To curtail the amount
of steam that could expanc into the steam cell by this
route, quick-acting stop valves are provided on the
steam generator unit in each cell so that the loss of
steam can be restricted to little more than that
contained in one steam generator. On this basis, a
50-psig design pressure was assumed for the steam cells.

The wall construction is similar to that used in the
reactor cell. The inner wall transmits a portion of the
pressure loading through spacers to the outer wall.
Provisions are made for differential thermal expansion
of the two steel shells.

A cell for th: coolant-salt drain tank is located on the
lower level directly beneath the steam cells. This drain
tank will utilize heater equipment on the tank and
obviate the need for the furnace concept of cell heating.

The reactor building also includes several service
areas, many of which can be conventional building
construction. These include the control rooms, shops,
equipment assembly spaces, instrumentation rooms,
storage spaces, and, at the base of the stack, a cell for
the drain tank and off-gas heat-removal equipment.



13.12 FEEDWATER HEATER AND TURBINE
BUILDINGS

The steam system equipment requires greater building
space than does the reactor system. As shown in Figs.
13.1 and 13.2, there are three buildings, or bays,
associated with the turbine plant: (1) the feedwater
heater and steam piping bay, 112 X 257 X 154 ft high;
(2) the turbine-generator building, 133 X 257 X 124 ft
high; and (3) an unloading and equipment setCown
area, 1bout 50 X 257 X 75 ft high.

The buildings were not studied in any detail and no
optimization studies were mzde, since the structures
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will follow conventional power station practice. The
layout dimensions for the tandem-compounded
1000-MW(e) turbine-geneiator are not exact, bui the
building dimensions are probably representative. A large
building is shown for the feedwater heater space since
this area also included manifolding and large thermal
expansion loops for both the throttle and reheat steam
lines.

It is visualized that these buildings will be of steel
frame construction, with steel roof trusses, precast
concrete roof slabs, concrete fleors with steel gratings
as required, and insulated aluminum or steel panel
walls.



14. Site Description

The site assumed for the MSBR station is the AEC
standard.''® Briefly, this site consists of grass-covered
level terrain adjacent to a river which hac adequate
cooling water conditions to maintain an average 1% in.
Hg abs back pressure for the turbine. The ground
elevation is about 15 ft above the mean river level. A

RIVER FLOW
presaee

limestone formation about 30 ft thick has its top about
8 ft below grade and has a bearing capacity of 18,000
psf.

The general layout of the site is shown in Fig. 14.1.
Intake and discharge structures for cooling water, a
deep well, a water purification plant, and a wazter
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storage tank are provided. The electric switchyard is
adjacent to the plant, and a railway spur serves for
transportation of heavy equipment. An oil tank is
shown for storage of fuel, although natural gas is a more
likely candidate for fueling the startup boiler. The usual
services are provided, including a waste-treatment »lant
for the sanitary discharge.

The standard site assumes the electrical distribution
system to be single-source transmission and would be
subject to occasional outages. An emergency power
source is therefore required in the plant.

The site is assumed to have a sufficient frequency of
tornado occurrences to require class I structure design.
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Seismic disturbauces in the area have ranged 4 to 6 on
the Mercalli scale (equivalent to about 0.007 to 0.07 g
horizontal ground acceleration), and thc site has been
designated as zone 1, that is, an area which is normally
below the threshold of damage.

The site location is satisfactory with respect to
population centers, meteorological conditions, fre-
quency and intensity of earthquakes, heat discharge,
and other environmental factors, so that no special
design conditions or costs are imposed other than those
“normally” expected to meet licensing requirements.



15. Cost Estimates for the MSBR Station

i5.1 CAPTIAL COST ESTIMATE

Roy C. Robertson M. L. Myers
H. 1. Bowers

A capital cost estimate for the reference MSBR
station is given in Table 15.1. Sources of the data are
explained in the footnotes to the table, and the details
of the estimates are included in Appendix D. To give a
frame of reference for the MSBR estimates, the costs
are compared with those for a PWR.

The capitalization costs for the two reactor types are
not greatly different. In a broad sense this can be
explained by the fact that only about one-third of the
total cost is for reactor equipment, the remainder being
for the heat-power system, general facilities, and in-
direct costs, which are expenses that are somewhat
similar for all thermal power plants. Variations in
reactor equipment costs are not of sufficient magnitude
to cause striking differences in the overall capital
requirement because there are rough similarities in costs
of vessels, shielding, etc., and many of the differences
that do exist are offsetting.

Insofar as possible the MSBR and PWR cost estimates
were put on the same basis. In both estimat-~s the cost
of the fuel-processing plant is included in the fuel cost
rather than in the plant capital cost. Both estimates use
the accounts recommended in NUS-531 (ref. 119), are
based on the January 1970 value of the dollar, and
include indirect costs of about 35%. Private ownership
of the plants is assumed, and interest (at 8%) during a
five-year construction period is included. Neither esti-
mate, however, considers escalation of costs during the
construction period.

The Hastelloy N equipment in the MSBR is assvmed
to have a fabricated cost of $8 to $38 per pound,
depending upcn the complexity (see Table D.4). The
reflector graphite is estimated to cost $9 per pound and
the extruded core elements $11 per pound (see Table
D.5).

It is important to note that the MSBR construction
cost estimates are not for a first-of-akind plant but
assume that the station is of a proven design for an
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established molten-salt reactor industry in which de-
velopment costs have bzen largely absorbed and in
which manufacture of materials, plant construction,
and licensing are routine. As recommended in NUS-531
(ref. 119), however, recognition was taken of the fact
that the MSBK cost estimate is based on conceptual
desigus rather than or actual construction experience,
and a 15% contingency allowance vras applied to
reactor materials. A contingency factor of only 3% was
used in the corresponding portion of the PWR estimate.
As indicated in Table 15.}, this difference in con-
tingency factois applied to the reactor materials adds
about $8 mniillion to the total MSBR cost estimate after
indirect costs are included.

One of the distinguishing features of the MSBR
station is the use of initial steam conditions of 1000°F
and 3500 psia, with reheat to 1000°F. As shown in
account 231, Table 15.1, a turbine-generator for these
conditions has a relatively low first cost compared with
the turbine-generator for a PWR. Good utilization of
the available heat in the MSBR is reflected in the
relatively low steam mass flow rates and amount of heat
transfer surface needed. Although no credit was taken
for it in the MSBR cost estimiate, this factor could als..
influence siting and environmental control costs in that
the heat rejected to the MSBR condensing water is only
about one-half that for the PWR.

The alternate reactor vessel head assembly used to
facilitate replacement of the core graphite in the MSBR
is included in the first cost of the plant. The estimate
also includes the special maintenance equipment used
for the replacement operation. The MSBR does not
consider a safeguards cooling system (account 223,
Table 15.1) as such but does require a drain tank with
afterheat-removal capability, as inc’uded in account
225, Table D.1. In several instances, such as the off-gas
cncling system, cell heating and cooling systems, etc.,
the conceptual design werk was not sufficiently de-
taiicd to serve as a basis for a cost study, and the values
uved in Table D.1 are more ‘n the nature of an
allowance than an estimate.
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Table 15.1. Summary of 1000-MW(e) MSBR station
construction costs and comparison with PWK station
rOsts

Expressed in méllions of doll_rs and based on
January 1970 costs

Account No. Item MSBR4 PWR?
20 Land 0.6 0.6
21 Structures and site facilities 28.8 25.6
22 Reactor plant zquipment

221 Reactor equipment 18.0 17.8
222 Main heat transfer systems 25.2 29.2
223 Safegua.ds cooling system 4.1
224 Liquid waste treatment and disposal 0.7 0.7
225 Nuciear fuel storage 4.2 1.3
226 Other reactor systems and e~uipment 9.8 0.5
227 Instruments and controls 4.0 5.1
Contingencies and spare pits 9.0 29
Total account 22 70.9 61.6
23 Turbine plant equipment

231 Turbine-generator 20.8 32.7
232 Condensing ~ater system 2.0 3.1
232 Condersers 2.2 47
234 Feedwater heating system 1.7 6.1
235 Other turbine-plint equipment 5.2 3.9
236 Turbine instruments and contrals 0.5 0.7
Contingencies and spare parts 2.2 2.5
Total account 23 41.6 53.7
24 Electric plant equipment 8.0 8.0
25 Mascellaneous plant equipment 2.0 20

26 Special materials 1.0
Total 'direct construction cost 152.3 150.9
91-94 Indirect costs 50.3 49.2
Total capital investment 2026 200.7

2Details of the MSBR cost estimate are given in Appendix D.

DPWR costs were taken from studies made in connection with the capital cost
computer program being developed at ORNL for the AEC rinder the S*udies and
Evaluation Program (repirt to be published). Costs were escalated from a
mid-1967 basis to January 1970. Some accounts were adjusted to reflect
increased costs due to design changes dictated by more stringent safety
requirements, as discussed in a United Engineers report (ref. 120).

15.2 POWER PRODUCTION COST require plant vutages in addition to those accommo-

dated by the plant factor. The capital cost of the fuel

The estimated cost to produce electric power in the  processing equipment for the MSBR is not known with
reference design MSBR station is shown in. Table 15.2. certainty at this time due to the preliminary nature of
The table is based on 80% plant factor, January 1970 the conceptual designs for the equipment and the use of
conditiuns, and fixed charges of 13.7% on the station  relatively large amounts of molybdenum as a construc-
capital cost and 13.2% on the fuel inventory. ({Jther  (ion naterial, for which there is little background of
assumptions are given in the footnotes to Table 15.2.)  ¢ost experience. The effect of the chemical plant
The cost for p=-iodic core graphite replacement in the  capitalization on the fuel cycle and total power
MSBR is included as a separate production cost in Table production costs is indicated in Fig. 15.1. The MSBR
15 2. It is assumed that the core maintenance does not fuel-cycle cost shown in Tables 15.2 and D.2 is based



on an assum.d expenditure of $13.5 million (including
‘ndirect costs) for the chemical plant equipment.

Two other uncertainiics entening into the MSBR cost
estimates are the cost of graphite and the life of the

Table 15.2. Estimated power production
cost (mills/kWhr) in the MSBR station?

Fixed charges on total plant capital investment at 13.7%2 4.0

Cost of penodically replacing graph:*c¢ 0.2
Euel cycle costd 0.8
Operaiing cost® 03

Total 53

9Based un :nvestor-owned piant and 80% plant factor.

bBased on capital costs shown in Table D.1 and fi~ed charges
of 13.7% on depreciating equipment, as usted in Table D.14,
and 12.8% on land _ as recom:aended in NUS-531 (ref. 119).

“The graphite replacemnt cost is shown in Table D.15.

IMSBR fuel cost. as shown in Table D.2, is based on 13.2%
fixed charges 5a inventory capitalization, on the 1970 value of
the dollar, and a total cost for fuel processing equipment of
$13.5 million.

®Estimated operating costs are shown in Table D.16. These
costs are based on the recommendations in NUS-531 (ref. 119)
and agree reasonably well with those reported bv Susskind and
Raseman (ref. 121).
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reactor core before it would require replacement. The
effects of these two factors on the cost 1v produce
electric power are shown in Figs. 15.2 and 15.3.

Power production costs for the MSBR were hased on
tue present “standard” fuel cost for 223U of $13 per
gram, for 22U of $11.20 per gram, and a correspond-
ing cost for 3?Pu of $9.30 per gram. A comparison of
MSBR production costs with thuse of other reactor
types should take into account the changed price
structure of nuclear fuels tnat will undoubtedly exist by
the time molten-salt reactor power stations are con-
structed in quantity, since these changes in prices and
fuel resources could have a significant effect on the
molten-salt reactor economics. Tne next 30 years could
witness significant changes in the sizes of plants, in
light-water fuelcy:le costs,'22.123 swings in the price
of plutonium, and use of cross-progeny fueling of
reactors.! 24 Also, the higher market value of electric
power will be a feedback into fuel diffusion and
separation plant operating costs and wil! change the
relative costs of fissile fuels. Analysis of these com-
plexities is beyond the scope of this report. It can be
stated here only that the estimated power-generating
costs for the molten-salt reactor appear competitive and
that the concept gives promise of making important
future savings in the nation’s fuel resources.
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16. Uncertainties and Alternatives, and Their Effects

on Feasibility and Performance

E. S. Bettis

16.1 GENERAL

In making this conceptual study it was necessary to
base some of the judgments on preliminary designs. test
results, properties of materials, and other design infor-
mation that will require further study and verification.
While these judgments were made conservatively and i
is reasonable to expect that some aspects will perform
even better than anticipated, a primary concemn is the
effect on MSBR feasibility if one or more of the design
uncertainties prove tc be very difficult or expensive to
resolve or if the behavior falls significantly short of
expectations.

The major uncertainties as now kncwn are in the
aieas of tritium confinement, fuelsalt processing,
gaphite and Hastelloy N behavior, cuitability of the
coolant salt, maintenance procedures, and behavior of
the offgas particulates. This section discusses the
impact of these and other uncertaiaties on MSBR
feasibility in selation to safety, nuclear pesformance,
dependability, and economics of power generation. The
order of discussion is by systems rather than by degree
of uncertainty.

16.2 MATERIALS
16.2.1 Fuel Salt

As discussed in Sect. 3.2.1, the composition of the
MSBR fuel salt was chosen on the basis of neutron cross
sections, wviscosity, chemical stability, and edquidus
temperature. Therc is little uncertainty with regard to
its phase behavior, muuct of its physical properties, its
tekavior under irradiation, and its interactions with the
container and moderaror materials. Less well known are
the effects of the oxidation-reduction siate of the salt
on its surface tension and on the behavior of the noble

P. N. Haubenreich

154

Roy C. Robertson

metal fission products. Significant limitations to use of
the salt are imposed by its rather high liquidus
temperature (930°F). the limited solubility of uranium
oxide (about 40 ppm of the oxide ion), and the
restricted choice of container materiais. The protlem
that looms largest at the present is the production of
relatively large amounts of tritium by neutron inter-
action with the lithium, as will be discussed in Sect.
16.4.

Some variations in the composition of the fue! salt are
possible and may prove desirable to circumvent or to
mitigate some of the above-menuoned limi*ations. The
UF, and ThF4 concentrations can be varied as required
for criticality and optimization cf the breeding per-
formance. The continuous processing of the fue! salt is
expected to keep the oxide concentration icw and to
make a low UQ, solubility acceptable. The oxide
tolerance of the salt can be increased by the addition of
ZsF, (as was dore in the MSRE), although at the
expense of parasitic absorption of neutrons in the
zirconium and complication of the chemical processing.
The constraints of a high liquidus temperature and the
problem of tritium cannot be mitigated, however. If the
molten-salt reactor is to breed with thermal neutrons,
cioss sections limit the choice of diluent salt constit-
uents to the fluorides i beryllium and lithium (with
very low ®Li content).’® In the LiF-BeF,-ThF, systern
(Fig. 3.5a), liquidus temperaturec much below that of
the reference MSBR salt cannot be attained without
reducing the ThF, concentration to the extent that
breeding performance is seriously impaired. The tritium
production in a molten-salt reactor could be cut to little
more than the fission yield if an NaF-ZrF4-ThF4-UF,
fuel salt were used, but neutron absorptions in the
sodium and zrconium would preclude breeding. In
summary, if the molten-salt reactor is to breed, there is



no reasonable alternative to fuel salt of the approximate
composition chosen for the reference study. The
limtations attending its use must therefore be accom-
modated in the design.

The market price of 7Li has a limited effect on the
total fuel-cycle cost. For example. ii the price of
99.99% "Li as lithium hydre- .~ monohydrate were
doubled from the $120 per « _iam assumed in the
reference design, the MSBZ fuel-cvc!s ~osi would be
increased from about 0.76 to 0.82 mill/k Whr.

16.2.2 Secondary Fluid

As stated 1 Sect. 3.2.2, the fzitors determining the
choice of the fluid for the secondary system are
chemucal stability, susceptibility to radiation damage.

transfer and fluid flow properties, and cost. The fluid
chosen for the reference design. sodium fluoroborate,
offers advantages over other fluids in some of these
areas and on the whole promises to be an acceptabie
matciial to use. There are some problems associated
with it. however. and some remaining nncertainties.
These are discussea belew, folicwed by a discussion of
alternative fluids and the influence their use would have
on the design and performance of the MSBR.

Loop tests have shown that if water can be excluded,
the sodium fluoroborate is quite compatible with
Hastelloy N, with corrosion rates of only about C.2
mii/vear at MSBR temperatures. While it is possible to
limit the water intrusion into test loops to very small
amounts, it is not certain tc what limits it will be
practical to restrict entry of water by leakage from. the
steam generators. The corrosion rate to be expected in
an operating MSBR i5 thus somewhat uncertain. Tests
in which steam was deliberatzly added to fluoroborate
systems showed coriosion of Hastelloy N at a rate
above 20 mils;year for 1 week or so after the
addition."? The effect of continuous injection of water
into a fluoroborate system has not been studied, but it
appears that very little continucus leakage can be
perinitted in an MSBR. Whether it will be practical to
guarantee a sufficiently low leakage rate rem.ins to be
determined.

The reaction between water and fluoroborate is not

violeni and should contribute littie it anything ic the
wstage of metal by a high-velocity jet of water from a
leak in >am generator. There has been no experi-
ment of . -~ sort with fluoroborate and w2::;, fiuw-
evey, «0 the requirements fur immediate response tc a
steam ican he specified realistically at the
present time.

cannct
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Processing is likely to be required to hold the
corrosion products and other undesirable contaminants
to low concentrations in the salt. The requirements for
processing have not been established, but no major
technical difficulties are expected to be encountered in
developing a purification process.

The consequences df mi.ing sodium fluoroborate
with the MSBR fuel salt (as through a leak in a primary
heat exchanger) have not been considered in detail.
Wastage and enhaiced corrosion are not likely to be
serious, but the amounts of inleakage must be limited
for other reasons. Boren trifluoride gas is likely io be
evolved as the fluorcborate salt mixes with the fuel salt,
and, depending upon the extent of mixirg, phases with
high melting temperatures may be formed. Although
the iugh-cross-secison beron could be sparged from
the fuel salt as BF; gas, the sodium, unless chemically
removed, would rem:in in the fue! salt and diminish the
breeding performance. Th: sodium from about 100 ft?
ot ccolant salt waald reduce the breeding ratio from
1.063 to 1 556.

The cover gas ior fluoroborate must be the proper
mixture of BF3 and inert gas to prevent changes in the
NaF-NaBF, composition. The off-gas from fluoroborate
loops has been found to contain various condensables
which require special handling. These problems have
been dealt with in a practical manner in development
tesis, but the gas systems for fluoroborate loops tend to
be somewhat more complicated than if some other salts
were used for heat transport.

If the results of further tests of fluoroborate should
indicate that its use in the MSBR would be impractical,
the most assured alternative is the 2LiF-BeF,; mixture
that was used in the MSRE. Its use as the secondary salt
in the MSBR would eliminate prcblems of chemical
compat bility with the fuel salt. (Scparated "Li would
bhave to be used, however, because mixing would
otherwise requirz expensive isotopic purification of the
lithium in the fuel.) The cornosiuit sitnation would be
alleviated, possibly easing the restrictions on moisture
coniamination and widening the possibilities for con-
tainer materials. Constraints and penalties would be
imposed, however, because of the higher meiting point
and much greater cost of ’LiF-BeF, relative to NaF-
NaBF,. The liquidus tempe:ature of LiF-BeF, (66-34
mole %) is 858°F, compared with about 725°F for
NaBF,-NaF (92-8 mole %). This would compiicate the
design by requiring a higher degree i feedwater heating
and/ci special design oi *he steam generators. Eguip-
ment costs and plant tiernial efficiency would be
adversely affz..ed, but the greatest penaity would be in
inventory charges. If the volume of coolant salt were



the same (8400 ft*) the ’LiF-BeF, inventory would
cost $i3 million compared with $0.5 million for
fluoroborate. This difference amounts to ~0.3
mill/kWhr in power costs.

Another candidate for the secondary fluid is a
mixture of potassium and zrconium fluorides of the
composition KF-ZrF, (5842 mole %). This mixture has
received little attention to date because its 750°F
liquidus temperature is higher than tha! of sodium
fluoroborate. It has a low vapor pressure, reasonably
good heat transfer properties, and is relatively inex-
pensive (about $1 per pound). The effects of mixing
with fuel salt and with water are unexplored.

Other alternative coolants are considered inferior or
impractical for various reasons. Nitrate-nitrite mixtures
(Hitec, for example) would be cheap, probably would
block tritium transfer to the steam system, and would
permit design simplifications because of their relatively
low melting points (around 300°F). Their stability and
corrosion behavior above about 1000°F are net well
known, however. The most serious drawback to their
use as a secondary salt is that the nitrate-nitrites would
precipitate UQO, if they leaked into the primary system
and possibly would react violently with the graphite.

Alkzli metals are undesirable because they react with
both fuel sait and steam. Metal coolants such as lead or
bismuth undergo no violent reactions, but they are not
compatible with Hastelloy N or other nickel-base alloys.
Several binary chloride systems have eutectics melting
below 700°F, but the more stable nonvolatile chlorides
are those containing lithium, which would be expensive
if "Li were used. High-pressure gas (possibly containing
moisture io trap tritium) has some advantages as a
secondary coolant, but would open the possibility of
excessively pressurizing the fuel system, and the poorer
heat transfer witii gas would substantially increase the
inventory of fuel salt in the primary heat exchangers.

16.2.3 Hastelloy N

Although additional work is needed on tie use of
Hastelloy N for the container material for the fuel aid
coolant salts, the remaining uncertaintics are not
sufficient 1c ieopardize the feasibility of the MSBR.

Hastelloy N suffers embrittlement in a neutron
environment, and the damage increases wiih the total
fluence and operating temperature. The approach used
in this study has been to limit the temperature and the
neutron expusure of tive more critical portiotis of the
reactor vessel. Since there are to date no approved code
cases for irradiated Hastelloy N upcn which to base a
design criterion, tlie considered judgmient is that the
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irradiation should be limited to the extent that the
creep ductility will not be less than 5%. The standard
alloy of Hastelloy N does not meet this requirement.
The advances described in Sect. 3.2.4 for obtaining a
modified Hastelloy N with adequate resistance to
radiation embrittlement (through use of additives, such
as titanium, hafnium, and niobium) appear very prom-
ising, but further testing is needed to select the best
composition. Large heats must be obtained to show
that the favorable properties are retained in commercial
materials, and the modified alloy must be subjected to
enough testing to have it appruved for pressure vessel
use by the ASME.

In the event that the embrittlement problem imposes
more severe limitations than now expected, the design
can be revised to make more use of the 1050°F inle.
salt to the icactor to cool the higher-temperature
portions of the vessel, such as the outlet nozzles. A
further recourse would be to reduce the outlet salt
temperature from the reactor to 1200—1250°F. Re-
ducing the outlet temperature would require a higher
circulation rate and larger inventory of salt in the
primary system but would not necessarily lower the
steam temperature and the thermal efficiency of the
cycle, as discussed in Sect. 16.7. The effects are not
great enough 10 threaten the feasibility of the MSBR
concept.

In this study the allowable design stress of standard
Hastelloy N was taken to be 3500 psi at 1300°F, a
stress that has received ASME code approval. The
standard alloy consistently shows better strength char-
acteristics than those upon which the code casc wa.
approved. and the additives increase the strength of the
modified Hastelloy N. What adjustments will be made
in the code-approved 2lluwable design stress for Hastel-
loy N are nat certain, bui they may permit higher
stresses and thinner ivetal sections in the reactor vessel.
As mentioned above, this would help to lower the
estimated maximum metal temperature and ameliorate
the radiation damage problem.

The modified alloy is expected to be as resistant to
corrosion by fluoride salts as standard Hastelloy N, but
the behavior must be demonstrated in tests with fuel
and coolant salts under simulated reactor operating
conditions.

Hastelloy N is specified as the material of con-
struction for the steam generators in the reference
design, and, as mentioned in Sect. 3.2.4.2, both the
standard and modified alloys have demonstrated good
resistance to corrosion by supercritical-pressure steam
at 1000°F in tests made in the TVA Bull Run steam
plant. The data were obtained with unetiessed speci-



mens, however. Stressed samples are being tested at Bull
Run, and these results will be important in assessing the
compatibility of Hasteiloy N with steam. If the material
proves unsatisfactory foi service in water and steam, the
probable solution woula be to use tubes of Incoloy 800
clad with nickel on the salt side and to clad the water
side of the vessel Feads cnd tube sheets withi Incoloy or
Inconel.

16.2.4 Graphite

At the present time industry does not have the
facilities for manufacturing the large-sized pieces of the
special grade of graphite needed for a 1000-MW(e)
MSBR. Although there is some confidence that core
elements of the desired length (about 20 ft) can be
extruded, failure to meet this objective would require
that the elcments be assembled from shorter sections.
This wcuid add to the cost and would be inconvenient.

The impcrtant uncertainties with regard to MSBR
graphi.e arc gas permeability, usable life, and the cost
of th: installed material. The gas permeability affects
both the treeding performance and the power produc-
ton cost; the useful life and the graphite price piimariiy
affect the production cost alone. In general, these
aspects are examples of uncertainties where future
development is likely t~ lead to improved situations
rather than worse ones, but, to pursue the objectives of
this section, the consequences of unfavorable develop-
ments will be reviewed.

16.2.4.1 Gas permeability. With the turbulent flow
assrmed through the reactor core, the graphite must
have a gas permeability in th: order of 107 cm?/sec to
keep the xenon poison fraction down to the 0.5% used
as a “target” in the reference MSBR design and as a
basis for the performance estimates. This resistance to
gas diffusion can be achieved only by sealing the
graphite. Small pieces have been successfully sealed to
these standards, and methods for treating the MSBR
core elements can probably te devised, but nevertheless
sealing of the large pieces remains to be demonstrated.

While sealing the graphite to m.nimize xenon absorp-
tion is desirable, it is not essentia!l to the MSBR
concept. Firure A.2 shows the calculaied effects of
coating thickness and permeability on xenon poisoning
when used in conjunction with a reasonably effective
gas sparging system. Even with unsealed graphite
(helium permeability 1075 cm?/sec) the calculated
poison fraction is less than 2%. Allowing the xenon
poisoning to increase from the reference value of 0.5 to
2.0% is estimated to reduce the breeding ratio of the
MSBR from 1.063 to 1.045. Recent measurements
indicate tha: the mass transfer coefficients used in the
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calculations are conservative and that the effects may
not be this great.

As indicated in Fig A.2, a 5-mil surface laver on the
graphite having a permeability of 107® cm?/sec for the
coating is enough to permit the sparging system to hold
the xenon poison level to the target value of 0.5%. This
degree of scaling has been achieved with pyrolytic
carbon, as discussed in Sect. 3.2.3. The serviceability of
sealed graphite and the cost of the sealing are yet to be
resolved. Plugging of the graphite pores by a vacuum-
pulse gas impregnation process produces a tight surface,
but under neutron irradiation the permeability increases
very rapidly, and dimensional changes are apparently
accelerated above the rates obtained with unsealed
graphite. Deposition of pyrolytic carbon on specimens
in a iluidized-bed furnace gave coatings 3 to 5 mils
thick with permeabilities of <10~ ° c¢m?/sec. Irradiation
tests of these specimens are encouraging, but the
coatings are relatively easy to damage by handling.

If the target xenon poison fraction cannot be attained
and a longer doubling time musi be accepted in any
event, consideration can be given to designing the
12actor for laminar flow in the core. The power density
must be reduced considerably, and ihis increases the
doubling time because of the larger core volume, but
the breeding gain is not as dependent upon sealing the
graphite. The lower power density would increase the
graphite life and reduce the frequency of graphite
replacement, although this factor may have limited
importance, as discussed below.

16.2.4.2 Useful life of graphite. The lifetie of the
graphite is limited by the requirement that it be
impzrmeable to the fuel salt. As explained in Sect.
3.2.3, this requirement is readily met when the graphite
1s new, but there is an uncertainty as to how long the
graphite will remain impermeable under fast-neutron
irradiation. In the absence of conclusive measurements,
the useful life of the graphite in the MSBR has been
defined as the point at which the most highly irradiated
graphite in the core expands past its original density.
This appears ic be conservative in that the graphite
probably remains ninpermeable to salt to somewhat
beyond this point. An additional conservatism in the
reference design was the assumption that the MSBR
graphite would last no longer than commercial grades
currently available. Improved graphites wih consider-
ably longer life could result from the development now
in progress, although probably not to the point of
lasting the 30-year life of a plant at the proposed power
density.

Replacement of the core graphite entails not only the
periodic expense for new graphite but also the capital



cost of a reactor design which permits core replace-
ment, the maintenance equipment, and the expenses
attendant to handling the highly radioactive core
material. Once the investment is made in the special
provisions for graphite replacement, however. the elec-
tric power production cost is not very sensitive to the
replacement interval required. As shown in Fig. 15.3,
there would be only modest savings if the graphite were
good for 8, or even 16, years instead of the 4 years
assumed in the reference design. It should be noted,
however, that these costs assume that the core graphite
can be replaced in a time that can be accommodated in
the 0.8 plant factor. If an outage of many months is
required for graphite replacement, the power cost
would of course be more sensitive to the graphite life.

16.2.4.3 Graphite cost. The costs shown in Fig. 15.3
and those given elsewhere in this report are based on an
installed cost of graphite of 39 to $11 per pound. Some
estimators believe that large-scale production of graph-
ite would bring this price down, but others think it is
too low, particularly if special measures to seal the
g-aphite against xenon prove to be expensive. Figure
15.2 shows the effect of the graphite price on the
power production cost, based on a four-year replace-
ment interval. If the graphite proved to cost, say, $20
per pound, the increase in the power cost is about 0.2
mill/kWhr.

16.3 SYSTEMS AND COMPONENTS
16.3.1 Reactor

The conceptual design of the reactor core and vessel
was carried only to the point of indicating feasibility
and performance. A more detailed study would un-
doubtedly disclose some pioblem areas not yet delin-
eated. The basic arrangement appears sound, however,
and it seems certain that an acceptable design can be
made for a molten-salt reactor core and vessel. Perhaps
the largest uncertainties a.e in the procedures for
replacing the core graphite. They will be discussed
separately in Sect. 16.8.

Some of the aspects of the reactor design that will
require particular attention before arriving at a final
design are:

1. A detailed analysis must be made of the temper-
ature and stress distributions, particularly in the high-
temperature regions. As discussed in Sect. 16.2, some
adjustments may be necessary to keep radiation damage
in the graphite and Hastelloy N to within tolerable
limits. The outlet nozzles on the vessel have not yet
been analyzed in detail for stresses.
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2. The zore hydrodynamics needs to be studied,
using models, to check the flow distribution and to
eliminate any tendencies that may exist for flow-
induced vibrations.

3. The methods suggested in the conceptual design
for accommodating dimensional changes in the graphite
will require more detai'ed design.

4. The exact number of control and safety 10ds needs
to be determin~<. The drive mechanisms for the rods
have not been studied in detail, but since a fast-
scramming aci'. . is not neces.ary, the requirements do
not appear * - sizingent. Dimensional changes that
occur in the  atrol r~ * graphite can undoubtedly be
accommodated, bat the cxr2: 2d life of the rods and
the means for repiaceme:s - .0 be studied in more
detaii.

5. The methods proposed in the conceptual study for
mounting the reactor vessel and making the top closure
will require more detailed design. The earthquake
resistance of the reactor support system was indicated
to be satisfactory in preliminary studies, but a more
comprehensive analysis is needed.

16.3.2 Primary Heat Exchangers

Although not a serious factoy in determining the
feasibility of the MSBR concept, an uncertainty in the
primary heat exchanger design presented in this report
is the use of special tubing m certain portions to
enhance the heat transfer. The enhancement consists in
indenting a shallow spiral groove in the tube wall. Tests
with water indicated that the groove improves the heat
transfer coefficient on the inside by a factor of about 2
and on the outside by a factor of atout 1.3. These and
other heat transfer data need to be confirmed with
circulating salt, however, The tubes do not appear to be
weakened by the grooving process, but more informa-
tion is needed, particularly with regard to the effect on
collapsing strength. Tubing manufacturers have indi-
cated a capability for producing the tubing at a
reasonable cost.

The penalty for using plain tubes rather than en-
hanced tubes would be a need for more heat transfer
surface and an increase of about 5% in the total fuel-salt
inventory of the primary system. Although this would
lengthen the doubling time, the feasibility of the MS3R
is not contingent upon preventing this small increase.

16.3.3 Salt Circulation Pumps

The salt circulation pumps used in th2 MSRE and in
test icops have performed well, and the manufacturers
belicve that they can be extrapolated to the capacities



needed in an MSBR with few development difficulties.
The larger size can probably use an overhung shaft and
impeller to eliminate the need for a lower tearing
operating ir the salt, but this remains to be demor-
strated. If the lower bearing is required, salt bearing
development work already accomplished at ORNL
appears promising. A disadvantage of use ol the
salt-lubricated bearing is that the pumps could not be
operated to circulate gas during warmup of the system
before it is filled with salt. In this event the startup
equipment and procedures would have to be revised.

16.3.4 Drain Tank

The primary drain tank approaches the reactor vessel
in complexity and cost, yet in this conceptual study
relatively little effort could be devoted to its optimiza-
tion. The design of the drain tank is strongly influenced
by the drain system flowsheet. The proposed method of
cooling the drain tank head and walls by a continuous
salt overflow from the pump bowls, use of iet pumps to
return the salt to the primary system, and employing
the drain tank for holdup and decay of off-gases are all
aspects of a drain system which represents but one of
many possible arrangements. Study of the drain system
flowsheet is continuing at ORNL, and some revisions
may be necessary, particularly with regard to the
continuous salt letdown and pump-back arrangement.
The modifications are not likely to increase the
complexity and cost, however.

For the drain tank design proposed in this report, it
will be necessary to evaluate the performance of the jet
pumps and possibly to substitute centrifugal pumps;
investigate the radiant heat transfer aspects; carefully
consider the behavior of noble metal fission product
particles brought down with the off-gases; demonstrate
the reliability of the cocling system; and provide the
required means for inspection and maintenance. As
indicated in Sect. 6.4, a NaK cooling system for the
drain tank may be superior to the proposed salt cooling
system. Other imiprovements are likely to result from
more detailed study of the de:ign.

16.3.5 Fuel-Salt Drain Valve

The reference MSBR design proposes that the “valve”
which provides positive shutoff to hold the fuel salt in
the primary circulation system, yet which can be
opened fairly quickly to allow the salt to flow into the
drain tank, be of the freeze type used successfully in
the MSRE. The MSRE “‘valve” consisted of a flattened
section of the Z-in. drain line provided with external
heaters and coolers. It is to be noted, however, that a
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single drain line for the MSBR would be 6 in. in
diaineter, and since the ability to freeze a pipe decreases
rapidly with size, it poses a markedly different problem.

The direction the development of an MSBR freeze
valve will take is not known at this time. One possibility
is that it will have the appearance of a small shell-and-
tube heat exchanger with the salt flowing through the
tubes. A mechanical-type valve with the seat chilled to
provide positive shutoff may also be considered.
Development of a suitable positive shutoff device
appears generally withm present technology and is not a
major uncertainty in the MSBX design.

16.3.6 Gaseous Fission Product Removal System

Fission product gases will be purged from the
circulating fuel salt by introducing helium bubbles in a
side stream and subsequently stripping the gas from the
system. The bubble generator and bubble separator,
described in Sects. 3.9.2 and 3.9.3 have been tested on a
small scale in water, and the concept appears to involve
few major uncertainties. Development of larger size
equipment and testing in salt will be required, however.

16.3.7 Off-Gas System

An off-gas system is proposed for cleaning up the
helium purge gas so that it can be recycled, for holding
up the xenon and krypton to allow decay, for gathering
the fission product particulates, and for trapping the
tritium. Means will have to be provided for disposal of
the collected radioactive materials. Although the MSRE
provided considerable background of experience, addi-
tional development will be needed for the components
in the MSBR off-gas system. The charcoal traps, helium
compressors, particlc traps, etc., must be effectively
cooled to remove decay heat. All areas appear amenable
to further study and development, however.

The conceptual design proposes that the radioactive
gaseous wastes from an MSBR be collected in gas
cylinders for long-term storage and decay. Whether the
bottles are stored at the MSBR plant site or at other
sites, approved equipment and procedures must be
developed for handling them.

16.3.8 Steam Generators

Although there is no specific operating experience
with a once-through salt-heated steam generator of the
type proposed for the MSBR, experience with similar
heat transport fluids and with steam generators de-
veloped for other reactor types leads to the conclusion
that design of the MSBR units is within present



technology. A plan for industrial study and develop-
ment of a molten-salt steam generator has been initiated
by ORNL.

If the ccolant salt accidentally mixes with the steam,
there are no exothermic reactions, although a blowout
disk will be provided to relieve pressure buildup in the
coolant-salt circuits.

The lowest allowable feedwater temperature for the
steam generator remains to be determined exgcri-
mentally. The 700°F value assumed in this design study
probably can be lowered without causing excessive
freezing of coolant salt in the steam generators.

The steam generator tubing must be compatible with
the high-pressure, high-temperature steam on the inside
of the tubes and wiih the coolant salt on the outside.
As discussed in Sect. 16.2.3, the compatibility of
Hastelloy N with sodium fluoroborate salt is excellent,
provided that water is excluded from the secondary
system. The compatibility of the metal with steam also
appears excellent, but testing is not yet complete. In
the unlikely event that the results are unfavorable,
duplex tubing having a proven steam-side material, such
as Incoloy 800,*! could be used.

16.3.9 Instrumentation and Controls

Section 10.5 outlined the development problems
associated with the components in the instrumentation
and ccairols system that must be located in the high
ambient temperatures of the reactor and drain tank
cells. Wiring, connectors, and cell wall penetrations will
require special treatment, and the nuclear detectors
were mentioned as particular problems. While the
specific measures to be taken are uncertain in many
instances, none are judged too severe for reasonable
solution. A “fall back™ position for many of the
components i< to install them in cooled compartments
within the reactor cell.

The stability of the control system during transients
and the procedures for startup, standby, and shutdown
have received only preliminary study. While ‘he need
for detailed investigation is apparent in many areas,
none have been singled out to date as presenting a
major problem.

If reheat is empioyed, as proposed in the reference
design, the coolant flow will need to be proportioned
between the steam generators and the reheaters to
achieve the required exit steam temperatures. Valves for
salt se_vice have received relatively little development.
Since the requirement is for proportioning rather than
positive shutoff, however, development of a mechan-
ical-type valve such as those already in uwe on salt loops
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appears to be within present technology. A fluidic-type
valve may have promise. If valves prove impractical,
separate variable-speed coolant-salt pumps ~an be used.

16.3.10 Piping and Equipment Supports

The piping flexibility analysis for the reference design
was made on the basis that the reactor vessel is
anchored and that the heat exchangers and pumps can
move with the only restraint being the vertical hangers.
However, the flexibility of the system must be con-
trolled during an earthquake or after an accidental
break to prevent whipping or other excessive movement
of the piping. Conventional hydraulic dashpots used to
dampen rapid movements would not be usable because
of the high temperature in the reactor cell. Dashpots
will need to be developed which use gases, molten salts,
or pellet beds as the working medium, or cooling
systems for the conventional dashpots will neea to be
devised. The manufacturers of this type of equipment
have not been consulted to date because this detail of
the design has not appzared to be one cf the major
uncertainties.

The conceptual design calls for the major equipment
to be suspended from the cell roof structure. The
supports have not been designed, but the uncertainties
do not appear to be major ones. A detailed seismic
analysis needs to be made of the entire reactor plant.

16.3.11 Cell Construction

The cell wall construction proposed in the reference -
design represents just one possible arrangement for
satisfying the requirements of protecting the concrete
biological shielding from excessive temperature and
radiation damage while at the same time providing
thermal insulation and a double-walled containment
that can be leak tested and monitored. Subsequent
studies have indicated that the reference design may be
overcautious in this respect. Use of electric resistance
heating elements for bringing the cells up to the high
operating temperatures also may not be the most
efficient arrangement. In general, these design aspects
represent optimization questions rather than major
uncertainties.

16.4 TRITIUM CONFINEMENT

Tritium production and distributicn in the MSBR
were discussed in Sect. 3.3.7. Iheic ic little uncertainty
in the calculated rate of production of 24030 Cijaay, an
amount that is far more than could be permitted to

escape to the plant surroundings. It is not clear at this



time, however, just how much would escape from the
reference design MSBR, how much the release rate must
be reduced to be tolerable, and what is the best way to
modify the systems to effect the reduction.

Even in the reference design, which contains no
special provisions for tritium confinement, the esti-
mated concentration in the condenser cooling water
leaving the plant would be below the current MPC for
release to uncontrolied areas (see Sect. 3.3." . It will
certainly be required, however, that the release rate be
reduced as far as practicable. Added to the “minimum
practicable” criterion will be the compe:iiny require-
ment that the tritium release from an MSBR not be so
great as to offset other advantages that the concept may
have. This iatter requirement probably means that the
tritium release rate from an MSBR be less than 1% of
the production rate.

There are several ways currently under consideration
for holding the tritium release rate to below the value
calculated for the reference design. Until the results of
various measure.nents and tests now under way become
available, however, a decision as to what special tritium
confinement modifications should be incorporate< in
the MSBR cannot be made. Some of the measures ::cing
studied are discussed below.

Gas sparging of the fuel salt reduces the amount of
tritium diffusing into the coolant salt. The sparging is
probably more effective than was described in Sect.
3.7.7 because conservatively high values for the tritium
solubility were assumed in the calculations. Increasing
the helium sparging rate and reducing the U* to U**
ratio would take out more tritium with the primary
system off-gas. Lowering the U** to U** ratio, however,
would iend to increase corrosion, although perhaps not
seriously. In any event, taking these measures in the
primary system may not reduce the tritium release 12te
as much as will be required.

It appears that injection of 1 to 10 cc/sec of HF into
the coolant salt would be quite effective in reducing the
amount of tritium that could transfer into the steam
system. The major uncertainty is the fraction of
kydrogen fluoride (or tritium fluoride) that would react
with the metal wall. The ioss of the metal would be
tolerable, but the reaction could release atomic tritium
that would diffuse thrcugh the wall. If the fraction of
tritium fluoride which reacts with the metal walls is
small, most of the tritium could be taken out by the
coolant salt off-gas system.

Reaciion of tritium with trace constituents in the
cuclant salt is being explored. Consideration has also
bcen givea o changing the heat transport fluid to one
that would positively trap tritium. As explained in Sect.
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16.2.2, however, no other liquid is now known that
would do this and also be compatible with the fuel salt.
Gas coolants that would trap tritium have disadvantages
that discourage their use.

In principle, the most straightforward way of re-
ducing tritium transfer to the steam would be to nse
heat exchanger tubes less permeable to tritium. Few
metals that can ce considered, however, are much less
permeable than Hastelloy N, with perhaps the excen-
tion of tungsten and molybdenum. Althougi usz of
tubes coated with these metals would introduce teck:-
nical difticulties and higher costs, perhaps they should
not be dismissed out of hand. The same might be said
of glass coatings. An oxide layer on the steam generator
tubes would increase their resistance to tritium penetra-
tion, but additional data are needed to evaluate the
effectiveness of such a coating.

A seales ste=am system has been considered, but
tritium would concentrate in it, and the leakage would
have to be held to extremely low levels. This method
appears unattractively complicated and expensive.

One method of blocking tritium transport to the
steam would be to interpose another circulating heat
transport loop between the secondary salt and the
steam generators. This additionai systein would use a
fluid, such as Hitec, that would positively trap the
tritium. Hitec is a commercially avaiiable, widely vsea
heat transfer salt with the composition KNO3;-NaNO; -
NaNO; (44-49-7 mole %) that would chemically react
with the tritium. (If the additional loop is used, an
interesting possibility is to use ’LiF-BeF, as the
secondary salt to transport heat from the primary heat
exchanger to the Hitec, although, as mentioned previ-
ously, the relatively high cost of 7 Li would have to be
taken into consideration.) The Hitec would be circu-
lated through the steam generators and reheaters. The
cost of the extra salt system would be partially offset
tv the fact that the Hitec would allow use of less
expensive materials in the steam equipment, and its
relatively low liquidus temperature of 288°F would
eliminate the need to przheat the feedwater to 700°F
and the reheat steam to 650°F. One uncertainty,
ilowever, is the maximum temperature at which the
Hitec can be operated. It might be necessary to drop
the steam temperature to the turbine to 900°F if the
Hitec system were used to solve the tritivm problem.

In summary, several different methods for reducing
the estimated tritium release from the reference design
MSBR are currently receiving serious study, and there is
reason to expeci that acceptable rates can ve attained
without serious economic penalty. Certainly, use of an
additional heat transport loop would practically elim:-
nate diffusion of the tritium into the steam system.



16.5 CHEMICAL PROCESSING SYSTEM

An essential requirement for breeding with thermal
neutrons in a molten-salt reactor is the rapid processing
of the fluid fuel to remove fission products and
protactinium. Xenon and krypton can be removed by a
physical separation procss (as described in Sect. 3.9),
but the isolation of protactinium and the removal of
rare earths require that the fuel salt be chemically
processed. Neutron losses to rare carths are acceptably
low if their removal cycle is on the order of a month or
s0, but the cycle time for protactinium isolation needs
to be on the order of a few days (see Fig. 16.1).

The chemical processing must be (1) fundamentally
sound, (2) practical, and (3) economical if the MSBR 15
to be successful. On the first point there is little room
for doubt. There are several chemical processes having
cquilibria and rates which are well known and favorable
for M.SBR application. The ones proposed in this MSBR
reference  design  inciude fluorination, hydroflucri-
nation, and various exchange reactions between fuel salt
and liquid bismuth and beiween bismuth and other
salts, sach as lithium chloride. There are sufficient data
at hand to assure that these processes are chemically
sound.

There is less assurance of the practicability of ihe
continucus provessing system described in Sect. 8. Most
of the operaticns involved have to date been carried out
only in small-scale experiments. Development of com-
ponents and instrumeniation is in the earliest stages.
Although the results to date have disclosed no insur-
mountable obstacles, several problem areas have been
identified and are discussed below.
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The most basic probiem is that of materials for
equipment which is exposed to both bismuth and salt.
As explained in Scct. 8, moiyhdenum has quite satis-
factory corrosion resistance and appears to be the best
overal! choice despite the unusual problems of designing
and fabricatirz joints in this metal. Development has
progressed «ar enough to give reasonable assurance that
these problems can be overcome and the required
equipment can be built. The fabrication costs for
molybdenum systems are still uncertain but are sure to
be high. Thus thc, ‘n economic micentive for
eliminating the need f¢ ... ;ybdenum, either by chang-
ing to another process or by dev. loping an alternative
material (possibiy graphite).

The use of bismuth in the salt processing requires
dependable measures to prcvent accidental gross or
chronic small carryover of bismuth in the salt returning
to the reactor. A cleanup device for removing bismuth
exists only in concept. Information is needed both on
the performance of such a device and on the tolerance
limis for bismuth in the fuel salt. If dependable,
adequate cleanup of the returning salt should prove to
be impracticable, it wcuid be necessary to make
substantial changes from the piocess described in this
report.

Corrosion protection in the fluorinator requires a
layer of frozen salt on the wall. Smallscale develop-
ment tests indicate that the 1equisite frozen layer can
be established, although reliable control of the tnick-
ness may be difficult. Therefore occasional loss of the
frozen wall must be anticipated. If the vessel is made of
nickel, formation of an adherent NiF, layer would be
expected to limit corrosion, 50 that occasional failure of
the frozen-wall proteciicn (on the order of once a week
to once a month) could be tolerateq. Therefore the
frozen-wall fluorinator should be practical to build and
operate.

The varying, sometimes intense, sources of decay heat
due to the c(oncentrated protactinium and fission
products in thc processing piant will require carefully
designed cooling systems. In the reference design,
however, the radioactive materials are z2lways in solu-
tion, so there is little or no chance of local hot spots
due to heat-generating sediments. Design of a satis-
factory cooling system should therefore be feasible.

The performance of the MSBR as a breeder is
sensitive to uranium losses in the chemical processing
plant. Although there has been no pilot plant operation
to measure losses in a system like this, some reasonable
judgment is possible. The probable losses are not
directly related to the throughput of salt or uranium,
since nowhere in the process does there appear to be



the potential for gradual, irrecoverable buildup of a
significant fracuon of the uranium passing through.
Instead, one must consider the varicus materials Icaving
the plant and estimate how much uranium (or protac-
tinium) might he carried out with them. The flovechect
(Fig. 2.4) shows three small discard streams: salt from
the Pa decay system, Bi-Li carrying the divalent rare
earths, and Bi-Li carrying the trivalent rare earths. The
amount of uranium in the B: Li discard streams should
be negligible, but if this were not the case, the uranium
could be recovered rather simply by hydrofluorinating
the Bi-Li in the presence of salt from the Pa decay
svstem. The salt discarded from the Pa sysiem wili be
fluorinated to recover uranium in a Latch operation
almost identical to that carried cut successfully in the
MSRE.!'?® The MSRE experience indicates that the
MSBR losses in the discarded salt should be on the
order of 0.2 Iz of U per year. Probably more
significant, znd certaim,; more difficult to predict, are
the amount; of urani:iv thoy wili be discarded in other
ways, such as the replaceinent of NaF absorbers,
bismuth cleanun elements, sait filters, and miscel-
lanevus pieces of equipment.

The chemical processing plant is designed to con-
tinuously ircat a side stream of the fuel salt and return
it to the reactor circulating loop. The chemical plant
and the reactor plant are esseitially independent, so
that malfunctions in one would noi necessarily affect
the other. Chem‘cal plant operation can be interrupted
for several days with only minor effects on reactivity
and nuclear performance, but if there were a prolonged
shutdown of the processing plant, neutron losses to
protactinium would cause the production of *23U to
fall below the consumption rate. 1he reactor would still
perform as a high-gain converter, which, if need be,
could be kept running for several years without
chemical proccssing by adding fissile material (as UF¢
or PuF;) through simple equipment that .nust be
provided for this contingency. Specific information on
the dependability of the processing system will not e
available until pilot plants are operated.

Although the reactivity effects of perturbations in the
chemical plant operation are easily mai -~ :* it is
essential that they be understood. In the &1 - [ will
be necessary to distinguish any truly anomaiour effects
that might occur from the effects of changing concen-
trations of neutron poisons and fissile material in the
circulating fuel due to on-line processing. The results of
a complete interruotion of salt flow between the
reactor and the chemical p.ocessing plant are simple (in
principle) and could he calculated by an on-line
computer. The possibility of variations in the compo-
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sition of the salt continuously flowing back into the
reactor requires that concentrations and inventories in
the processing plant be measured. The chemical analysis
procedures now in use are accurate but are slow.
On.line analvtical techniques that can provide direct
inputs to a computer are needed. If these prove very
difficult to develop, an w.cernative would be to ease the
anailyiical demands by interposing paraliel inc!dup tanks
between the processing plant and the reactor, so that
batches of processed salt coula be sampled and una-
lyzed before being pumpad back into the fuel system.

With regard to the third requisite for the chemical
plant, that it be economical, the capital and operating
costs for the MSBR che'nical processing have nut been
estimate¢ for the currently proposed system The
concept described in this report wo+ adopted because it
promised toc be less expensive to construct than
previous concepts, but as of this writing, detailed
flowsheets and equipment concepts upon which to base
cost estimates have not been completed. The cost
uncertainties are therefore quite large. Conceivably, the
costs could be high enough to make breeding in a
molten-salt breeder reactor (as described ir this report)
economically unattractive. In this case it would bL¢
possible to produce lower-cost power by operating the
reactor as a high-gain converter witl, a much simpler
cheinical processing system. The ultimate goal of an
economical breeder could be realized later when a
lower-cost processing system became available.

Theiz are alternative processes that may have tech-
nical or economic advantages, but only prelimiuary
investigations of basic feasibility have been made.
Perhaps the foremost of these at present is the cxide
precipitation process, which exploits the differences in
oxidation potential required to fonn Pa, O, UO,, and
other oxides. This process would hopefully have lower
capital and operating costs than the fluorination—
reductive-extraction system described in this report.

16.6 FISSION PRODUCT BEHAVIOR

Hew the fission product particulates will distribute
themselvzs in an MSBR is still not known with
certainty. Accumulations of the products are of pri-
mary concern because of the possibility of localized
high temperature due to decay heat. Portions of the
reference uesign thought to be likely deposition sites
have een provided with special cooling systems. After
the fission product distribution has been determined
with more certainty, possibly by operation of a
prototype MSBR, the cooling systems in future designs
will be modified as required.
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The distributi..n of fission products is also cf interest
because the nnsie metals would have an 2ffect on the
breeding ratio f they concentrated in the core graphite.
Fission product behavior was studied in the MSRE ip
some detail,'' however, and although 1t was found thai
the nobie metals deposited cn surfaces, it wis also
evident that they depcsited more heavily on the
Hastelloy than on the graphite. If the examined
specimens were representative of the MSRE coie, about
7% of the ®*Nb and from 2 to 5% of the other nchle
metals were on the core graphite. If it is assumed that
i0% of ihc nuclides with polentially the greatest
poisoning effect remain in the core region of the MSBR,
the effect is still not as great as the credit which could
be taken for the burnout of ! B initially present in the
gaphiie (see Perry and Bauman. ref. 10, pp. 208—219).
Thus, even though it was assumed in the MSBR
performance estimates that no noble metals were
deposited on the graphite, by taking no credit for boron
pumout, the estimates are conservative.

16.7 STEAM CONDITIONS IN THE
THERMAL-POWER CYCLE

Mention has been made elsewhere in this secticn of
lowering the top temper- ‘ures in various systems to
mitigate uncertainties reg- ling some of the material
propertics. Low-ring 1ne iemperatures does not neces-
sarily mean that tre steam temperature in the heat-
power rystem must alsc be reduced. Since this is a
possible effect, however, there is interest in what the
impact would be on MSBR performance.

If the steam system conditions were modified from
the reference design conditions of 3500 psia
1000°F/1000°F to 3500 psia 900°F/900°F,* the ther-
mal efficiency o the cycle weuld be reduced from
about 44 4 to 42.0%.

For a thermal efficiency of 42% the thermal capacity
of the reactor plart would have to be about 2400
MW(t) rather than the 2250 MW(t) used in the
conceptual study. If one assumes that capital costs and
fucl costs are directly proporticnal to the thermal
capacity, the estimated power prcduction cost with the
lower efficivi.cy is about 5.7 mills/kWhr as compared
with 5.4 mills/kWhr with 44.1% efficiency. In a large

*Contrary to what would be expected in conventional cycles,
the 700°F feedwater requirement in the MSBR ju-tifie. the 2 *
of supercritical-pressure st~am even at 900°F. If a 2400-psig
900°F/900°F cycle were used an. a Loeffler cycle weze
empluyed to obtain the 700°F feedwater. the citicieacy of the

ycle would b= about 39.5%.

164

molt i-salt reactor, however, the capitalization and fuel
costs would not increase linearly with capacity, and the
effect of lowering the top temperaiure by 100°F is not
likely to be an overriding censideration.

If an MSBR station must use wet natural-draft cooling
towers for the condenser cooling water supply rather
than the once-through freshwater source assumed in the
reference design, the back pressure on the tuirbine
would be increased to about 2% in. Hg abs and the heat
rate raised to about 7800 Btu/kWh:. The capital cost of
the MSBR station would be increased by about $5
million, and the power production cost would increase
by about 0.13 mill/kWhi, as explained in Table D.17.
These incremental increases due to use of a cooling
tower are substantially less than the impact of use of
towers in the lower-efficiency light-water nuclear sta-
tions, also as shown in Table D.17.

16.8 MAINTENANCE EQUIPMENT AND
PROCEDURES

The MSRE provided valuable experience in the use of
remotely operated :ools and viewing ejuipment for
:naintaining a molten-salt reactor. The MSBR require-
ments for maintenance and inspection (other than core
graphite replacement) can probably be met within the
bounds of reasonable development.

Replacement of the reactor core graphite, however,
involves the handling of a large and intensely radio-
active piece of equipment. Although the frequency with
which the maintepance i~ required /ill encourage
development of detailed procedures and special tools
and equipment, the magnitude of the task and the
potential hazards involved should not be minimized. As
with fuel handling in a solid-fuel reactoer, it is an
undesirable feature that the owner of a molien-sait
breeder reactor may have to accept.

A feasibil‘y study was made (see Sect. 13) of the
maintenance equipment and procecures needed for an
MSBR. The major uncertainties are whether the $4.5
milkon allowance included in the cost estimate for
maintenar.ce equipment is adequate and whether th-
required plant downtime for graphite replacement can
be accommodated within the 80% plant “ictor. With
regard to the latter, the four-year useful life of the
graphite in the MSBR reference design roughly corre-
sponds to the required interval between major steam
turbine overhauls, and there is reason to believe that the
graphite replacement could be accomplished without
adding sigaificantly to the downtime now cxperienced
in most plants.



16 9 SAFETY STUDIES

A comprehensive safety study has not been made of
an MSBR power station. The conceptual design is
believed to be conservative in th» containment provided
for radioactive materials during normal operatiun. but
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detailed safety studies mzy disclose structural or opera-
tional features that will dictate design modifications.
These changes are not expecizd to pose particularly
difficult technical problems, but they could add 1o the
capital cost.
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Appendix A

Theory of Noble-Gas Migration

R.J. Kedl

INTRODUCTION

Noble gase: particularly xenon, have an extremely
low solubility in fuei salt. The amount that does
dissolve forms a true solution; that is, there is no
chemical interaction between the noble gas and salt.
This being the case, one would expect xenon and
krypton to migrate from the fuel salt where they are
born to various sinks in accordance with the laws cf
mass transfer. This implies that the mass transfer
coefficient controls the migration rate. The sinks will be
comprised of any saltgas interfaces available to xenon
and krypton, such as circulating bubbles, the voids in
graphite, and the gas space in the pump bowl. Other
sinks are decay and burnup. An analytical model was
developed for the MSRE based on this concept, as
reported by Kedl and Houtzeel.!?® Another analytical
model, complementary to the above model and specifi-
cally applicable to the very short-lived noble gases, was
reporied by Kedl,'?” and it agrees well with data from
the MSRE. The more general model checked out fairly
well under some operating conditions but not so well
under others. With argon as the cover gas, measured and
computed '3%Xe poison fractions are in substantial
agreement over all ranges of circulating bubble void
fraction. With helium as the cover gas the agreement is
good at high void fractions, L at at low void fractions
the measured value is considerably less than the
calculated value. The analytical model would predict
very little difference, if any, with helium or argon as the
cover gas. This discrepancy seems to be associated with
the difference in solubility of helium and argon and its
interaction in some way with bubble mechanics. Never-
theless, the above analytical model will be used for
MSBR design calculations; if in error, the design should
be conservative as far as '3*Xe is concerned. As the
model is improved, these calculations will be updated.
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THFORY

The steady-state analytical model involves a rate
balance on the no. = gas in fuel salt and a fuel loop
with the characteristics of 4 well=stirred pr:t:

generation rate = decay rate in sait +
burnup rate in salt + migration rate to graphite +

migration rate to circulating bubbles,
where

migration rate to graphite = decay rate in graphite +

burnup rate in graphite
and

migration rate to circulating bubbles = decay rate in
bubbles + burnup rate in bubbles +
stripping rate of bubbles.

A typical migration term can also be representzd as
follows:

migration rate to bubbles = h4(C - C}) ,

where

h = mass transfer coefficient,
A =1otal bubble surface area,

C = concentration of xenon isotope dissolved in bulk
salt,

C; = concentration of xenon isotope in salt of bubble
interface.



These equations are explained in detail and each term
is evaluated (for the MSRE) in ORNL4069.'2% The
mass transfer coefficients have been evaluated from
standard relationships for heat transfer coefficients and
use of the heat-transfer—nass-transfer analogy. In the
first equation, shown above, the term on the left of the
equality sign is a constant at a given power level. All
terms on the right side of the equality sign are functions
of the '3°*Xe concentration dissolved in salt. The
concentration therefore may be solved for. Knowing
this, the rate terms and the '*°Xe poisoning due to
xenon in the salt, bubbles, and graphite can be
computed. The values for '35Xe poisoning are
presented in this report in terms of the *“poison
fraction,” which is defined as the number of neutrons
absorbed by '3*Xe compared with the ¢atal number of
neutrons (fast and thermal) absorbed by 233U. The
reactor parameters used here are listed in Table A.l.
The values may not be exactly the same as those used
elsewhere ir. this report, but they are sufficiently close
and no great error is involved.

Very early in the MSBR conceptual design, it was
decided that hupbles would be injected into the fuel
loop at the core discharge and removed at the core
inlet. The objective was to keep the core nominally free
of bubbles and thus avoid any effects that they might

Table A.1. Reactor parameters used in noble-gas migration

calculations?

Reactor power, MW(t) 2250
Salt volume in fuel loop, £t 1416
Total fuel-salt flow rate, cfm 7710
Total volume of core zones I and I, £ 1851
Total volume of annulus and plenums, £ 502
Graphite surface area in core zones ! and I1, ft* 24,800
Graphite surface area in ann.lus and plenums, ft© 706
Average salt fraction in zones 1 and 11, % 16
Salt fraction in annulus and plenums, % 100
Avergfc thg;ma} neutron flux, neutrons 4.0x 10"

sec ' cm

In zones 1 and I1 40x10'*

In annulus 3.0x 10'3
Average fast-neutron flux, neutrons

sec™! cm?

In zones I and ! 6.3x10'*

In annulus 2.0 x 10'*
Total 231 absorption cross section, b

For thermal neutrons 263.1

I'or fast neutrons 32.5
Effective 233U concentration in fuel salt, 841x 1075

atomst™ cm™
Henry’s law constan? for xenon in fuel salt, 275 x 107

moles of xenon per atmosphere ner cubic
centimeter

@These parameters . v not in all cases be exactly 2qual to
those used in the MSBR ref . ence design, but the differences
would have small effect o.i the overall conceptual design.
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have on reactivity. This was a considerable problem
because bubble generators and separators are normally
fairly high-pressure-drop components, and of course the
main fuel pump would have to generate this head. A
change in ground rules then allowed up to 1% bubbles
by volume of salt in the core. This greatly simplhfied the
problem because it permitted the bubbles to circulatc
many times around the fuel loop and let them approach
saturation. The voluinetric flow rate of belium in the
off-gas system is considerably reduced, and the bubble
generation and remot smponents can be put in a side
stream rather than . the main loop piping. The
quesiion now is how many times bubbles can be
circuiated around the fuel loop before they are almost
saturated with '3%Xe. Calculations pertinent to this
question were made, and the results are shown in Fig.
A.l. Two things apparent from this figure are: (1)
Bub* les can be recirculated about 20 times around the
fuel loop before the back pressure of '35Xe in the
bubble starts to significantly reduce the stripping
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Fig. A.1. Xenon-135 poison fraction s a function of percent
bubbles stripped from fucl loop per cycle.

Parameters:
1000 MW(e)
Unsealed graphite
Rubble diameter = 0.020 in.
Bubble mass transfer coefficient — 2.0 ft/hr
Graphite permeability to He at room temperature ~10-5
cm?/sec
uraphite void availacie to xenon = 10%



efficiency. (This is the basis for the 10% recycle around
the fuel pump specified in the reference design.) (2)
Even with a 1% average volume of bubbles in the fuel
loop and with a graphite permeability of about 107%
cm?/sec, the target value of a ' 3% Xe po.son fraction of
0.5% is not quite attained. Average loop void fractions
as high as 1% are undesirable, because at these
concentrations small bubbles tend to coalesce. It may
be noted that if the average loop void fraction is | %,
the maximum void fraction at the pump suction will be
a few times greater because of the pressure gradient- in
the fuel-salt loop.

Since it is desirable to keep the average loop void
fraction well below 1%, another avenue to attack the
135Xe problera must be found. The most obvious one
is to use a graphite with a niuch lower purmeability, but
this grade could be expensive and difficult to obtain. It
was therefore decided to investigate the effect of a very
thin coating of low-peimeability ca.bon (chemically
deposited) on the surface of higher-permeability bulk
graphite. Figure A.2 shows the results of this calcula-
tion. The parameters were chosen to yield a high poison
fraction (approximately 1.97%). With these parmeters
the calculations were repeated to obtain the effects of
the permeability and thickness of the sealed layer on

ORNL —D0w3 &8~ 13038
DIFFUSION COEFFICIENT OF Xe IN SURFA'E COATING AT 1200°% (n’/ul

© {czpcnuuasu?v OF He AT ROOM TEMPCRATURE WITH UHTS OF cm?/sec)
@ 3\'0!0 FRACT UN IN GRAPHITE AVAILABLE 1D XENON (%)
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Fig. A.2. Xenon-135 poison fraction as a {unction of graphite
»2aling parameters.
Parameters:
1000 MW(e)
Bulk graphite permeability ~10°5 cm?/sec
Average void fraction of bubbles in fuel lcop = 0.2%
Bubble ciameter = 0.020 in.
10% bubbles stripped per pass
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the poison fraction. In this calculation it was assumed
that the void fraction in graphite available to xenon
decreased by one order of magnitude when the per-
meability decreased by two orders of magnitude.

It can be seen that the target poison fraction of 0.5%
is readily obtainable with an average circulating void
fraction of only 0.2% if coatings with permeabilities of
10°® cm?/sec and only a few mils thick can be attained.
Work on the coating of graphite has been promising, as
discussed by Eatherly'® and in Sect. 3.2.3 of this
report. For the purpose of the MSBR design, it was
assumed that coated graphite will be available with
permeabilities of about 10°® cm?/sec and a few mils
thick. The bubble generator and separator will therefore
be designed on the basis of 0.2% average void in the fuel
loop, of bubbles 0.020 in. in diameter, and a recycle
flow rate around the pump of 10%.

Migration calculations have been made for all other
fission product noble gases, of which there are over 30
kryptons and xenons. The results are shown in Table
A.2, and the flux terms are defined in Fig. A.3. The gas
migration parameters used to generate Table A.2 were
chosen to yield an equivalent '3% Xe poison fraction of
0.55%. The fluxes would be about the same for any
rcasonai'e combination of parameters that yield the
same poison fraction. The decay constants and yields
listed in the tabie are not necessarily equal to the
accepted values in the literatuse but were chosen either
because of some peculiarity of the computer code or to
make some aspect of the design conservative. Note that
in the case of longived noble gases, the flux into the
bubbles i~ less than the flux out of the reactor. This is
because the longlived noble gases are recycled back
through the reactor as shown in the figure. In the case
of short-lived noble gases, the flux into the bubbles is
greater than the flux out of the reaccor. This reflects
some decay of gascs during their residence time in the
bubble but before the bubble is stripped from the fuel
salt. For very shortlived noble gases, the wellstirred
pot model is not applicable as pointed out earlier;
nevertheless, the computed results have been included
and are probably a:equate for preliminary designs. The
very shortlived noble gases are not in themselves
significant in the reactor design.

With the above tabulated fluxss of noble gases inio
the graphite, their contribution to afterheat can be
computed. Figure A.4 shows the resu'ts for an equiva-
lent '33Xe poison fraction of 0.56%. It is assumed that
the noblegas flux into graphite is constant and con-
tinues for two vears with the reactor at power. The
total amount of noble gases and their daughters
accumulated in the graphite after this period of time
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Table A.2. Noble-gas migration in th: MSBR

Decay

135, Poison Fraction = 0.56%

Constant Cumulative  Thermal Noble-Gas
Noble-Gas : Yield Cross Noble-Gas Noble-Gas Nobie-Gas Flux to
Isotope Usedin . 233y gection  Flux to Flux to Flux Out Helium
C“C“?l““' (fraction) (barns)  Graphite Bubbies of Reactor  Cleanup
(W) (atoms/hr)  (atomg/hr)  (atoms/hr) System
(atoms/hr)
82ky 1.0x10°5  0.003 450 1.24 x 0% 211 x10%" 1.08 x 103?211 x 10%'
3y 10x107% 00114 0 285 x 10'7 300%10%! 150x10*? 3.00x10%
E4ks 1.0x10° 00110 0.160 281 x10'7 290 x10®' 1.45x10%? 290 x 10*'
8Skr  735x10°  0.0249 009 167x10'7 6.56 x 103" 328 x10%% 6.56 x 10%!
Sexy 10X107° 00328 0060 827x10'7 864 x10*' 4.32x10°% 8.64 x 10*
$7%r 0.547 0.0450  500.0 715 x10'® 110 x 10*? 1.11 x 10** 8.35 x 10'°?
8y, 0.247 0.0570 () 8.81 x 103° 1.40x10%% 1.70 x 102 7.72 x 10%°
dd 3 130 0.0623 ) 949 x 10%° 1.14 x10*? 8.6 x 10*' 0
0, 75.6 0.0555 0 566 x 102° 4.74 x 10*' 1.43x10*' o
gy 249.0 0.0410 0 228 % 10%° 144 x10%' 167%x10%° o
ik, 8320 0.0296 0 6.96 x 10'* 3.53x10%° 1.33x10'° o
%y 12300 0.0142 0 243x 10'% 1.17x10%° 302x10" o
Kr 24960 0.0062 0 s.82x 10'* 257x10'® 332x10'7 9
SKkr 24900 0.0019 0 1.78 x 10'® 7.87x10'®* 102x10'7 0
126,  10x107°  0.0020 150 130x10'7 527 x10%° 263x10% 5§26 x 10*°
1283y,  10x107°  0.0002 250  1.36x10'* 5.0x 0" 250x10*° 499 x10'?°
199 ¢  1.0Xx107° 00210 0 116 X 10'® ss3x 19?2 276 x 10*? 552 x 10*!
130,  10x107° 00010 250  7.38x10%° 271 x 163° 1.35x10®" 271 x10%°
131xe  1.0Xx10 00385 1200 316 x 10" 1.01 X 10°2 508 x 10*? 1.01 x 16*?
132,  10x10°°  0.0548 020 310x10' 144x10* 7.20x10*% (.44 x10%?
1335, $548Xx10™° 00648 1900 868 x 10°° 1.62x10%? 4.21x10** 6.47x 10*
134%c  1.0x107°  0.0683 920 387x10'® 180x10%? 898x10** 1.79x 10%?
133%e. 0.0753 0.0616 105X 10° 1.93x 10*' 1.41x10*°% 143x10** 7.68x 10"
136xe  10x10°  0.0700 015  394x10'* 134x10*% 9.20x 10** 1.84 x 10%?
137%e 9.90 0.0716 0 204 x 10°' 1.34x103% 103x10% o
138y¢ 2446 0.0663 0 202 x 10*! 1.45x10%% 1.35x10%% o
139%¢ 60.85 0.0493 0 201 X 10°® 4.75x10%' 1.66%x10*' 0
140%. 1560 0.0352 0 3.87x10%° 1.80x10%' 3.12x10%° o
141xe 12500 0.0180 0 273x 10" 146x10%° 371x10" o
2y, 16600 0.0163 0 2.60x 10'° 1.00x10*° 194x10'* o
143%e 24900 0.0017 0 1.84 X 10'* 6.96 x 10'®* 9.01x 10'® o
144%c  2490.0 0.0001 0 7.56 x 10" 290x10'7 3.76 x 10'* o0

can then be comput .. The computation assumes that
all daughters rem..a in the graphite. For simplicity, it
also assumes straight chain decay and no branching
decay loops.

There are several areas in the theory and application
of noblegas migration where development is needed.
The most necessary and potentially fruitful area is to
explain the reason for the lower than expected poison
fraction in the MSRE at low void fractions with helium
as the cover gas. As noted in the beginning of this
Appendix, when argon is the cover gas, measured and

computed '35Xe poison fractions are in substantial
agreement over all ranges of ¢’ .alating bubble void
fraction. With helium as the cover gas, the agreement is
good at high void fractions, but at low void frac....s
the measured poison fraction is considerably less than
the calculated value. The analytical model would
predict very little difference, if any, between the two
cover gases. The discrepancy seems to be associated
with the difference in solubility of helium and argon
and the relationship between solubility and bubble
mechanics. To illustrate, suppose helium bubbles 0.020
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Fig. A.3. Flow disgram to A~fine t==ms used in Table A.2.

in. in diameter are injected at the MSBR pump suction.
Further, assume that the fuel salt is saturated with
helium at the pressure and temperature of the pump
suction and that the bubbles go through the pump
where the pressure is raised to over 200 psi. If the
bubbles are allowed to equilibrate with the salt, they
will completely dissclve and disappear. In the cass of
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Fig. A.4. Afterheat contribution by noble gases and their
daughters adsorbed by the graphite in the MSBR core,

argon, the solubility is sufficiently low that the bubble
will not disappear but will only compress in size. Of
course, the bubbles are subjected to these high pressures
only for a few seconds, so the dissolution process must
be quite rapid. (The entire loop cycle time is only about
11 sec ¥ If the helium does dissolve completely, at some
location near the pump suction the bubbles will rapidiy
nucleate and the gas come back out of solution.

A auestionable parameter in noblegas migration
calculations is the mass transfer coefficient to bubbles
suspended in a turbulent fluid. A literature survey and
analysis was made of this parameter by Peebles.! ?® He
concluded that the mass transfer coefficient will fall in
the range of 2 to 13 ft/hr depending on whethe the
bubble has a rigid or mobile interface respectively. A
program is currently under way to determine this
parameter for turbulent flow in a glycerol-water and
helium bubble system. A mass transfer coetficient of
2.0 ft/hr has been used in the design calculations
because the small heliurn bubbles in molten salt are
expected to have a rigid interface. Use of this coef-
ficient also tends to make the ' 3* Xe poisoning calcula-
tions conservative.



Appendix B

Neutron Physics

Table B.1. Concentrations 2nd neutrcn absorptions Table B.2. Neutron flux by energy group at the midpiane
in fission products at equilibrium for the single-fluid of the single-fluid MSBR reference design
MSBR reference design - —_—

Effective processing cycle times are given in Table 3.7-B Energy (10" neu t:):lsxcm 2 N
Nuclide? (:fg;‘::ﬁ‘ia::"‘.l) Absorption® Group L°"V°f( rsr"dafy Center of core cf:enzt:;:t;l
149¢m 45%x 10~ 65x 1073 1 8.2 x 10° 1.22 0.20
1430 24 % 10~7 1.5x 1073 2 3.2x 10‘; 2.61 0.46
151 -8 -3 3 1.2x 10 283 0.58
,,7:: ;i: ig_s :‘; : 13_3 4 4.8x 10! 241 0.56
153 - - . - s 19 x 10° 2.02 0.29

Eu 5.7x 10 7.5% 10 6 7.7x 167! 0.61 0.07
YSSEu 2.7% 107° 70x 107° 7 1.8x 107! 3.25 0.21
148p 13X 107 5.4% 107 8 6.0x 1072 3.33 0.14
154, L7X 1078 49% 107 9 4.7%x 10 1.06 0.04
145Nd 2.1 %1077 42x 107
143p, 1.ex 1077 23x 107

3zr 1.7x 107° 22x 107

90gy 85x107° 21x107°
1506m 46x 1078 12x% 167
147p, 2.0x 1077 58x 107%
13/, s.1x 1077 49x 1078
1391, *1x 1077 33x 1078
1526m 22%x 1078 29%x 1073
1440, 2.6x 1077 29x 1075

7; 46x 1077 28x%1075
140g, 1.0x 1077 24x 1075
Others _S.1x 107
Total 152x 1073

%In decreasing order of neutron ai-<. _ption.
Neutrons absorbed per neutron absorbed in fissile material.



Appendix C

Equivalent Units for English Engineering and liuternational Systems’

. Fnglish incenn Multiph i
— i e

Area ? 0.0929 m?
Density b/t 16.027 kg/m>
Force® b 4.4481 N
Heat load Btu/hr 0.293 w
Heat rate€ BtukW™! hr”! 2928x 1078 JTW! g™

leat transfer coefficient Btuhr! ft™2 CF)~! 5.67 Wm 2 CK)!
Length ft 0.3048 m
“Mass” flow rate Ib/hr 126 x 107¢ kg/sec
Power hp 745.7 w
Pressure psi 6894.6 N/m?
Quantity of heat® Btu 1054.7 J
Specific heat (heat capacity) Bub™ P} 4187 Ik e

/ . 3 3
Specific speed (pumps) ____—(rpm)(gpm‘,"'s 2,027 x 1073 tradians/sec)m’/se) -2
(ft)0-75 (m)0-75

Stress psi 6894.6 N/m?
Thermal corductivity Btuht™ CF)7 £t 1.731 wm™ Kt
Thermal expansion per °F 0.555 per °K
Velocity (linear) fps 0.3048 m/sec
Velocity (angular) pm 0.1047 radians/sec
Viscosity? b hr! 7! 04138 x 1073 Nsec''m™2
Volume £t 0.02832 m3

Volume flow gom 63.1x 107° m3/sec
Weight equivalent b 0.4536 kg
Work it-Ib 1.351 J

“Table S.1 is expressed in English engineering units as commonly used in MSR literature and in the meter-kilogram-second (MKS)

system, which closely follows the International System (SI).

b1 N=10%dynes=1 kg msec™® =1 J/m.
€1J=2.778 x 10™* W-hr = 0.0009482 Btu.

9 Nsecm2=1 kgsec ' m™l,
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Appendix D

Cost Estimates for the MSBR Station

Roy C. Robertson
M. L. Myers

Table D.1. Estimated construction cost for MSBR power station?

Based on January 1970 costs

Account Cost (thousands of dollars)
[tem
No. Materials Labor? Total
20 Land€ (see account 94) 590
21 Structures and site facilities
211 Site improvements 5360 565 1,065
212 Reactor building
212.1 Basic structured 3,358 3,358 6,716
Special materials (see Table D.3)
Stainless steel liner at $1.20/1b 334 143 4717
Carbon steel at $0.60/Ib 1,850 1,240 3,090
Insulation ac $10/t> 321 137 458
212.2 Building services 325 175 500
212.3 Containment structures at $2/Ib 1,900 1,900 3,800
Subtotal for account 212 8,088 6,953 15,041
213 Turbine building® 2,200 1,R00 4,000
214 Intake and discharge structures 540 360 900
218A Feedwater heater bay/ 1,720 1,410 3,130
218B Loading and set-down bay/ 590 480 1,070
218C Offices, control rooms. etc. 450 300 750
218D Warehouses and miscellaneous 36 24 60
Subtotal for account 218 2,796 2,714 5,010
219 Heat rejection stack® 320 480 806
Subtotal for account 21 14,444 12,372 26,816
Contingency: 5% materials, 10% labor 722 1,237 1,959
Spare parts: Y, 76 76
Total for account 21 15,242 13,609 &?S_l
22 Reactor plant equipment
221 Reactor equipment
221.1 Reactor vessel! 9,100 400 9,500
221.2 Control rods ) 1,000 100 1,100
221.3 Graphite (see Table D.5Y 7,200 200 7,400
Subtotal for account 221 17,300 700 18,000
222 Main heat transfer system
222.11 Fuel-salt pumps 3,100 200 3,300
222.12 Primary system salt piping 300 129 429
222.13 P-imary heat exchangers (see Table.D.6) 7,100 200 7,300
222.31 Cooiant-salt pumps 4,200 200 4,400
222.32 Secondary system salt piping 1,330 570 1,900
222.33 Steam generators (see Table D.7) 5,790 480 6,270
Reheaters (see Table D.8) 1,468 200 1,668
Subtotal for account 222 23,288 1,979 25,267
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Table D.1 (continued)

Cost (thousands of dollars)

: Account
Item
No. Materials Labor? Total
224 Radioactive weste treatment and disposal
224.1 Liquid waste 45 15 60
2242 Offgas system 350 150 500
2243 Solid waste disg osal (not fission proc: 75 25 100
Subtotal for account 224 470 190 660
225 Nuclear fuel storage
2254 Primary drain tank (see Table D.9) 2,680 300 2,980
Fuel-salt storage tank (see Table D.10) 643 70 713
Sal: transfer pump and jets 480 20 500
Subtotal for account 225 3,803 390 4,193
226 Other reacter equipment
226.1 Inert gas svetems 280 120 400
226.2 Auxiliary boiler® 2,550 450 3,000
Cell heating systems’ 200 130 330
226.3 Coolant-salt drain tanks (see Table D.11) 765 35 800
226.4 Coolant-s2it kandling 20 5 25
226.5 Coolant-salt rurification system 12§ 25 150
226.6 Leak-detection system 150 100 250
226.7 Cell cooling system 150 150 300
5 226.8 Maintenance equipmen* (sec Table D.12) 3,600 900 4,500
Subtotal for account 226 7,840 1,915 9,755
é 227 Instruments and >ontrols 3,200 800 4,000
: Subtotal for account 22 55,901 5974 61,875
s Contingency: 15% materials, 10% labor™® 8,385 597
Spare parts: 1.5%" 102
Total for account 22 64,388 6.571 70,959
23 Turbine plant equipment
231.1 Turbine-generator® 19,361 1,000 20,261
231.2 Foundations 225 225 450
Subtotal account 231 19,586 1,225 20,811
232.3 Condensing water system 1,100 900 2,000
233 Condensers 1,500 700 2,200
234 Feedwater heating system
234.1 Regenerative feedwater heaters 1,800 100 1,900
234.2 Condensate pumps 180 20 2
Boiler feed pumps 1,890 210 2,100
2343 Piping and miscellaneous
Feedwater and condensate 900 900 1,800
Extraction steam 375 375 750
Drains and vents 125 12§ 250
Mixing chambers 72 8 80
Pressure-booster pumps 585 65 650
Subtotal account 234 5,927 1,803 7,730
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Table D.I (coatinuea)

Account

Cost (thousands of doliars)

{tem
No. Materiais Labor? Total
235 Other turbine plant equipment
2351 Main steam piping? 1,700 1,700 3,400
235.2 Turbine aaxiharies 250 200 450
235.3 Auxiliary cooling systems9q 600 300 900
2354 Makeup and treatmeat 320 160 480
235.5 Condeasate seatment 480 320 300
2286 Central lubrication system 60 30 90
235.7 Reheat steam preheateis (see Table D.13) 110 25 135
Subtotal account 235 3,520 2,735 6,255
236 Turbine plant instruments and controls 330 170 500
Subiotal for account 23 31,963 7,533 39,496
Contingency: 4% materials. 8% labor 1,279 603 1,882
Spare parts 220 220
Total for account 23 33,462 8.136 41,598
24 Electric plant equipment
241 Switchgear
241 Generator circuits 100 30 130
241.2 Station service 1,000 1% 1,100
242 Station service 450 369 810
243 Switchboards 400 70 470
244 Protective equipment 100 100 200
245 lectric structures 150 600 750
246 Wiring 2,000 2,000 4,000
Subtotal for account 24 4,200 3,260 7,460
Contingency: 5% materials, 10% labor 200 300 500
Spare parts: 0.5% 40 40
Total for account 24 4,440 3,560 8,000
25 Miscellaneous plant equipment
251 Turbine plant hoists 333 37 37¢
252 Air and water services 490 330 820
253 Communications 50 50 100
254 Furr:ishing and fixtures 350 2¢ 370 _
Subtotal for account 25 1,223 437 1,660
Contingency: 5% materials, 10% labor 6! 44
Spare parts: 1% 13 .
Total for account 25 1,297 487 1,778
26 Special materials
264 Coolant-salt inventory” 500
265 Miscellaneous special materials 500
Subtotal for account 26 1,000
Total direct construction cost (TDC) 152,305
91 Construction equipment and services at 0.8% TDC* 1,218
921 Reactor engineering? 2,250
922 Engineering, at 5.5% TDCS 8,377
93 Insurance, taxes, etc., at 4.2% TDCS 6,397
94 Interest during construction, at 18.58%% 31,687
942 Land interest during construction” 420
Total indirect costs" 50,349
Total plant capital investment 202,654
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Table D.1 (continued)

“9Estimated costs are not for first-of-a-kind plant but assume an established molten-salt reactor industry. Estimztes are based on
January 1972 oprices. Private ownership is assumed, with a prevailing interest rate of 8% and a five-year construction period.

Contingency factors of up to 15% have been applied. The cost estimate foliows format, account numbers, and procedures
secommended in NUS-531 (ref. 119).

BLabor is for field erection. Shep 2nd fabrication labor are included ir materizcis
“For typiczl site at Atbany, N.Y. Land cost included in indirect cost.

das indicated in Table D.3, basic structures include ali portions of reactor and confinement buildings except dome, which is
included in account 212.3. Estimate is based on installed cost of concrete of $103/yd>.

€Buildiag cost based on $1.00/ft>.

JBuilding cost based on $0.65/ft>.

&Stack is 400 ft nigh. Based on $2000/tt.

FReactor shielding is included with structures, account 212.1.

iAverage cost of Hastelloy N installed is about $14/1b (see Table D.4).

iAverage cost of graphite is about $10/Ib (see Table D.5).

kBoiter capacity ~200,000 Ib/hs.

!Based on 956 cell heaters at $200 each.

MBased on recommendations in NUS-531 (ref. 119). See text, Sect. 15.1.

RDoes not include replacement reactor core.

OBased on tandem-compounded, 6-flow, 3 1-in. unit (Westinghouse price).

PBased on 900 ft of high-pressure mains at 370 Ib/ft and $0.75/1b; and on 700 ft >f reheat piping at 468 ib/ft and 30.75/ib.
9Service water systems.

MBased on 1 X 10° Ib of coolant salt at $0.5C/Ib. Salt inventory is considered to be depreciating capital investment.
“From Fig. C-1, NUS-531, ref. 119,

From Fig. C-2, NUS-531, ref. 119.

MBased on five years construction time -at 8% interest compounded annually and typical cash flow curve shown in Fig. C4,
NUS-531. ref. 119.

VBased on seven years ownership at 8% interest compounded annually.
WIndirect costs amount to about 33% of TDC cost.

Table D.2. Estimated fuel-cycle costs for the MSBR power station

A. Estimated cost of equilibrium inventory in primary circulation system

Total weight of fuel salt in system: 1720 ft> X 208 = 357,760 Ib
Total moles of fuel salt: 357,760/64 = ~5590 Ib-moles

Total
TLiF: 5590 X 0.72 X 26 X $15/Ib@ $ 1,570,000
BeF;: 5590 X 0.16 X 47 X $7.50/Ib 315,000
ThFs: 5590 X 0.12 X 308 X $6.50/Ib 1,343,000
133y, 1223 kg at $13/g 15,900,000
133p,. 7kgat $13/g 94,000
sy, 112 kg at $11.20/g _ 1,252,000

$20.474,000
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Table D.2 (continued)

B. Estim:ted cost of salt inventory in chemical processing plant
Total weight of barren salt in chemical plant: 480 £t % 207 = 99,360 Ib

Total moles of barren salt: 99,360/63.2 = 1572 Ib-moles

TLiF: 1572 X 9.72 X 26 X $15/Ib®
BeF,: 1572 X 0.1€ x 47 X $7.50/Ib
ThF4: 1572 X 0.12 X 308 X $6.50/Ib
233y, 63 kg at $13/g

233 p,. 103 kg at $13/g

C. Makeup salt cost {per year, based on 15 cal-year cycic)

TAF: (1,564,000 + 441,420)/15
BeF,: (315,276 + 88,658)/15
ThF,: (1,342,942 + 377,657)/15

D. Chemical processing plant equipment corts?

Direct construction cost equipment and field labor (cell construction cost is included
in account 21, structures) (allow.)
Indirect costs at 35%¢

Total
E. Operating cos? (per year)
Payroll and overhead directly associated with chemical processing system. Say,

F. Estimated fuel-cycle cost (mills/kWhr)

Fired charges on salt inventory at 13.2%/
Makeup salt

Fixed charges on processing equipment at 13.7%%
Process plant operating costs

Production credit, bzsed on 3.2%/year yield

Total estimated fuel-cycle cost

$ 441,000
89,000
378,000
815,000
1,336,000

$ 3,059,000

"

134,000
27,000
115,000

S 276,000

$10,000,000

3,500,000
$13,500,000

$700,000

0.44
0.04
0.26
010
0.84
0.09

0.76

ZBased on "Li at $55/1b, or $120/kg.
bBased on 233U at $13/g and 235U at $11.20/z.
Based or 233U and 23%Pa at $13/¢.

9The estimated cost of the MSR™. iuel processing equipment is not precise at thiis time. Figure 15.1 shows the

effect of the {uel processing equipment cost on the fuel-cycle and total power producticn costs.

Indirect cost of 35% is approximately the same as for the main plant. See accourt: 91 through 94, Table D.1.
fFixed charge: to be applied to the capital cost of the fuel-salt inventory over th: 30-year life of the plant
cannot be precisely estimated because of the changing fuel-pricing and tax structures, and because of the
uncertainties in the handling and cleanup costs involved in recovering the fuel salt for reus. at the end of the plant
life. The fixed charges would probably lail between the 13.7% used for depreciating equipment (see Table D.14)
and the 12.8% used for nondepreciating items, as recommended by NUS-531 (ref. 119). An ~verage value of 13.2%

has therefore been used.
8Fixed charges on depreciating equipment are explained in Table D.14.
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Table D.3. Summary of special materials in rezctor building

Stainless Ca *on steel’ Concrete [~sulation
steel (Ib) (tons) (yd?) ft>)
Confinement building
Dome (948)° 18,276
Reactor ceill 48,992 955 3,184 11,268
Waste storage cell 153 c
Floors 25,183
Centrol rod storage 8,238 72 c 1,935
Spent core storage cell 12,567 130 c 3,188
Repiacement core cel) 12,574 22 250
Spent heat exchanger cell 9435 1CO 1,929 2,445
Chemical p.ocessing cell 57445 c
Freeze-valve cell 5,028 55 45 1,351
Off-gas cell 28,722 c
Hot cells 2,724 617
Auxiliary equipment cells 333
Drain tank cell 12,571 130 250 2,250
Miscellaneous concrete 32
Reactor building
Floors 4,340
Exterior walls 5,698
Interior walls 4,933
Steam cells 94,423 956 c 23,328
Coolant-salt drain cell 94,423 i c e
Total 397,142 2,573 65,070 45,765

9Carbon steel for containment and shielding only. Does not include reinforcing or structural steel.
PIncluded in account 212.3, Containment Structures.
€Concrete included elsewhere in Table D.3.
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Table D.4. Estimated cost of Hastelloy N in reactor essel?

Weight Cost per pcund Shop iabor Materials and iabor

(Ib) {dollars) (10° dollars) (19 dollars)
Removable upper head assembly
Cylinder extension (18 ft OD, 13 ft high, 2 in. thick) 68,130 10 341 681
Flange (20.66 ft OD, 18 ft ID, 6 in. thick) 22,480 15 225 337
Head? (18 ft diam, 3 in. thick) 40,800 15 401 612
Control rod pipe (18 in. diam, 20 ft high, 0.56 in. thick) 2420 25 48 60
Miscellaneous internals (allow.) 1,000 25 20 25
Reactor vessel, permanently installed
Upper flange, as above 22,480 15 225 337
Cylinder extension, as above 68,120 10 341 681
Portion of top head (22.53 ft OD, 18 ft ID, 2 in. thick) 15,410 15 150 231
Head skirt {22.4 ft av diam, 6 in. high) 3,260 10 16 33
Vessel cylinder (22.4 ft av diam, 13 ft high, 2 in. thick) 84,92C 10 425 849
Bottom head? (22.53 ft diam, 3 in. thick) 63,920 15 639 959
Bottom well (3 f* diam, 4 ft high, 1 in. thick) 1,750 15 18 26
Bottom ring (1 ft 8 ir., 3 in., 17 ft 6 in, ID) 14,003 25 280 350
Topring (1 ft 9in., 3in., 17 ft 8 in. ID) 14,861 25 297 372
Reflector retainer rings (2 in., 4’/2 in., 21 ft diam) 10,208 25 204 255
Bottom ring (3 in., 6 in., 16 ft 2 in. ID 3,627 25 73 91
Nozzles, etc. (allow.) 5,000 38 165 190
Miscellaneous internals (allow.) 2,000 25 40 50
Replaceable core assembly
Internal head? (18 ft diam, 3 in. thick) 40,800 15 401 612
Bottom ring® (92 in.2, 16.3 ft diam av) 18,200 25 364 455
Miscellaneous internals (allow.) 1,000 25 20 25
Alternate removable upper head assembly (see above) 134,830 10--25 1035 1718
8946
Transportation to site 200
Total (dogs not 1xclude field Iabor) 9146

%Estimated weights besed on Hastelioy N density of 57 lb/ft3, and on Figs. 3.1 and 3.2.

b2 1+e
BInside surface area of elhpsoidu nead = na® + % In e = 0.9Dz,
where
a=D]2,

b =3a/11 (for MSBR), and

e =/(a* - b*)/a = 0.962.

€An irregular shape; see Fig. 3.2.
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Table D.5. Estimated cost of graphite for MSBR
Cost
Pounds (thousands of doilars)
Weights of graphite’

Zone 1, 13% salt

Octagon (14.33 ft across flats, 13 ft high) 221,400
Zone 11, 37% salt

Axial (9 in. thick, top and bottom octagon) 18,496

Upper end elements (3 in. thick, top cctagon) 735

Radial (16.83 {* OD, 14.5 ft high) 55,055
Salt inlet, upper partb 880
Radial vessel coolant plcnumb 3360
Radial reflecter, 1.2% salt (22.16 ft OD, 17.16 ft ID, 14.5 ft high) 254 395
Axial reflector, tattom,€ 3% salt (20.2 ft effective diameter) 54 816
Axial reflector, top, 3% salt (s: me as above) 54 816
Outlet passage® 5,400

Suinmary of graphite weights and costs

Extruded elements and shapes (at $11/'b)
Zone I and zone I axizl
Zone I radial

Reflector pieces (at $9/1Ib)
Radial
Axial, top
Axial, bottom
Outlet passage
Coolant plenum
Salt inet

r.)ternate head assembly (a2t $9/Ib)
Axial reflector, t~p

Outlet passage

Total graphite, including alternate head assembly

@ . e core assembly
sonel
Zorell1x 131} at $11/1b
Axia! reflector, bottom
Salt inlet, upper part } at $9/Ib

240,631

55,055

295,686

254,395
54,816
54,816

5,400
3,240

880
373,667

A)

3252

3363

542
7157

3252
501

3753

“Weights based on graphite density of 115 b/t

bFrom estimates by H. L. Watts.

“Rased on volurae of spheroid: V =4/3 nazb, where (for MSBR) 2= 10.1 ftand b =2.3 ft. Thus V' = 1r[13/.‘>2.7 (for one head).

.
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Table D.6. Estimated cost of primary heat exchangers?

Description for each »f four units
Material, Hastellov N

5543 tubes, 0.375 in. OD, 0.035 :n. wall thickness, 22.07 ft
long (each unit)

Total suface, 17,311 ft? X 4 = 48,044 ft’

Shell ID, 66.2 in.

See Fig. 3.33
Weights of Hastelloy N
Tubes (70,800 Ib at § 30/ib) $2,124,000
Cyliuders (192,400 15 at $10/1b) 1,924,000
Heads (7,600 1b at $15/1b) 117,000
Tube sheets, rings, etc. (149,100 1b at $20/1b) 2,982,000
$7,147,000
Installation labor 200,000
$7,347,000

“Time did not permit revising the above cost estimate to agrec
with the latest primary heat exchanger data, as listed in Table
3.15.

bweights are for total of four units.

Table D.7. Estimated cost of steam generators
Total of 16 units

Total surface: 56,432 £t
Material: Hastelloy N
Tubes: 380 tubes, 0.50 in. OD, 0.077 in. wall thickness, 70.9 ft
av length (each unit)
Total weiznt? = 170,609 Ib at $20/Ib $3,400,000
Shelts: 18 in. ID, 0.375 in, wall thickness, 71 ft av length
Total weight = 95,122 Ib at $10/1b 950,000
Spherical heads: 28 in. OD X 4 in. wall thickness, total 32
Total weight = 74,661 Ib at $15/1b 1,120,000
Nozzles, baffles: Weight = 16,000 1b (say) at $20/1b 320,000
Installation 480,000
£6,270,000
“Total weights are for 16 »xaits,
Table D.8. Estimated cost of steam reheaters
Total of eight units
Material: Hastelloy N
Total surface: 7253 X 8 = 18,024 ft?
Tubes: 392 1ubes. 0.75 in. OD, 0.035 in. wall thickness,
29.27 ft long (each unit)
Totai weight? = 27,911 Ib at $30/Ib $ 837,330
Shell: 21 in (D, 0.5 in. wall thickness, 30 ft long
Total weight = 31,352 Ib at $10/1b 310,352
‘Tube sheet: 21 1n. diam, 4 in. thick
Total weight = 7145 1b at $10/1b 71,450
Headas: 10.5 in. radius, 0.75 in. thick (assumed hemispherical)
Total weight = 3215 Ib at $20/Ib 64,090
Baffles: ?1 in. diam, ¥ in. thick, 70% cut; total 36 per unit
Total weight = 8440 1b at $10/1b 84,400
Nozzles, etc., say 4000 Ib at $25/1b 100,000
Installation lator 200,000
Total $£1,668,000

®Total weight is for eight _nits.
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Tabie 1.9, Es<umated cost of fuel-sait drain tank

Description 1311 91n. OD, 21 t 9.1n. high: vee Fig 6.2 and Table 6.1
Maienal: Hastelloy N
Heads: Total uf four. 13 ii 9 in. diam, '/, 1. thick

Aspe-trauo, 7,

Area ot i.2ad, 0.9D? (see facinote b, Table D.4); one head has a 5-ft-diam hole at center line
Weight, 4 X 557 (21.7 f12 — .45 f1*) = 42,800 Ib at $15/1b  642.000
Cylinders: Totalof twe, 13 ft 9an. diam, 16.5 ft high, 1 in. thick = 66,200 Ib at $10/ib
U-tubes Total of 1500. %, m. OD, 0.042 in. wall thickness, average length, 17.5 1t

Wewht = 18,950 1b at $3%/ib
Headers: Total of 30 3-in. pipe inside &-1n. pipe, about 6 ft long
Weight = 7260 Ib 2t $15/1b
Nozzles, barfles, etc. ‘allow.) 2000 1t 2t $25'Ib
Heat-remcval -y-*em cost allowances?
Salt-to-steain exchanger
Steam-to-air exchanger for 40 MW(1)
Piping, etc.

Installation labor
Total

$ 622.000
662,000

567,000

108,300
50,000

$ 200,000
200,000
250.000

$2,679,00C

300,000
$2,980,000

2Capacity = 18 MW(t).

Table D.10. Estiniated cost of fuel-salt storage tank

Description: Tank s essentially same as fuel-salt drain
tank, except that cooling tubes in tank are
salt-to-steam transfer as in MSRE and no
intermediate heat exchang», is required

Material: Stainless steel (o = 495 Ib/ft”)
Tubing: 16,800 b at $5/io = $ 84,000
Cylinders: 58,600 1t at $3/1b = 175.800
Heads 38.000Ib at $5/Ib =
Headers 6500 1b at $5/Ib = } 232,500
Nozzl-s, etc. 2000 b at £5/1b =
Instaliation iaoo 150,000
Heat-removal system cost ... “vance
Steam-to-air exchanger 100,000
Piping 50,002
$642,300
Installation labor 70,000
Total $712,300

Table D.11. Estimated cost of coolant-salt storage tanks

Total of four units. 12 ft diam, 20 ft high, useful storage capacity 2100 ft* each
Material: stainless steel (p = 495 ll:v/ft3 )
Cylinders: 12 ft diam, 20 ft high, 1 in. thick

Total weight = 124 460 Ib at $3/1b $375,000

Heads: 12 ft diam, 1.25 in. thick
A = 1.0D? (assumed aspect ratio for heads)

Total weight = 71,304 Ib at $5/Ib 350,000

Nozzles, ¢tc.. say 8000 Ib at $5/ib =
Installation labor

40,000
35,000

Total $800,000




Table D.12. Estimated cost of maintenance equipment for

the MSDR

Costs tn thousands of dollars

Polar crane
Cask
Hoists
‘Transition piece
Maintenance containment cover
Mazintenance closure
Disassembly and storage ceil equipmen:
Maintenance shields
Long-handled tools
In-cell supports and mechanisms
Transfer cask for miscellaneous components
Maintenance control room equipment
TV viewing equiprent
Decontamination equipment
Remote welding equipment and controls
Hot cell equipment
Miscellaneous

Total

600
125
150

25
120

<
-

500
250
400
250

50
150
150
100

1000

5

30

4500
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Table D.14. Fixed charge rate (percent per annum} used for
investc -owned MSBR power station?

fAeturn on money invested? 1.2
Thirtv-yea- depreciation® 1.02
Interim replac:‘mentsd 0.35
Federal income tax® 2.04
Other taxey 2.4
Insurance other than liability 0.25
13.7

9This table is for depreciating =quipment. For non-
depreciating items, such as land, a fixed charge rate of 12.8%
was assumed, as recommended in NUS-531 (ref. 119). See Table
D.2 for fixed charge r-te on fuel salt.

bReturn based on 52% in bonds at 4.6% return, 48% in
equahty capital at 10%.

CThe sinking-fund nethod was .sed in determining the
depreciation allowance for the 30-year period.

91n acrordance with FPC practice, a 0.35% allowance was
made for replacement of equipment having an anticipated life
shorter than 30 years. (Reactor core graphite is included in a
special replacement cost account — see Table D.15.)

€Federal income tax was based on the ‘“sum-of-the-y:car
digits” method of computing tax deferrals. The sinking-fund
method was used to normalize this to a constant ieturn per
year.

FThe recommended value of 2.84% was used for other taxes.

£A conventional allowance of 0.25% was made for property
damage irsurance. Third-party liability insurance is listed as an
operating cost.

Table D.13. Estimated cost of reheat steam preheaters

Total of eight units

Material: Croloy

Total surface: 781 X 8 = 6248 ft*

Tubes: 603 tubes. 0.375 in. OD, 0.065 in. wall thickness, 13.2 ft long (each unit)

Total weight? = 15,591 b at $2/1b

Shells: 20.25 in ID, 7/, ; in wall thickness, 13.6 ft long

Total weight = 11,880 Ib at $1.50/1b
Spherical heads: About 31 in. OD X 2.5 in. thick

Total weight = 30,000 Ib at $2/Ib

Installation labor

$ 32,000
18,000

60,000
25,000

$135,000

T otal weights are for eight units.



Table D.15. Cost of replacing reactor core assemblies
in the MSBR

In thousands of dnllars

Cost of assembly

Hastelloy N — see Table D.4 1,092
Graphite — see Table D.5 3,752
4,845

Chargeable power revenue loss during core
assembly replacement?
Special labor cost per replacement? 500

Total cost per repl..ement 5,345
Effect on power production cost, milis’kWhe¢  0.17

A1t is assumed that the MSBR core assembly ca~. be
replaced during the plant downtimes for inspection and
repair of other equipment, such as the turbine-generator,
which are accommodated by the 80% plant factor, and
no additional plant outage is chargeable against core
replacement.

®The labor force for making core replacements is
assumed to be in addition to the normal plant operating
and maintenaner crew.

CWhile various methods could be used to estirnate the
cost of future core replacements, a sufficiently represent-
ative and straightforward method is to assume an extra
amount charged per kilowatt-hour, which is set aside, at
8% interest compounded annually, so that at th> end of
four years the total cost of a replacement will have been
accumulated.

Rep. cost
epl. cos $5,345,000 X 10°

7108 X 365 X 24 x 0.80 (1.08% + 1.082 + 1.08 + 1.00)

= 0.17 mill/kWhr

For simplification, this method ignores the small effects
due to no accumulated funds needed the last two years
oi plant operation and the fact that it is unlikely that the
plant would be shut down exactly after 30 years of
operation with 2 years of useful life remaining in the
reactor core,

1

Tatte D.16. Estirnated annual costs for plant operation
and maintenance?

Staft payroll? $ 800,000
Fringe benefits? 8C,000
Subtotal — plani staffing 880,000
Consumable supplies and equipment 400,000
Ourside supvort services 145,000
Miscellancous 33,000
Subtoial 1,590,000
General and adizinistiative 225,000
Coolant-salt makeup® 9,000
Nuclear liability insurance
Commercial coverage (net) 240,000
Federal Government coverage ___ 57500
To1al direct annual cost 2,061,5G0
Fixed charges on operation and mairtenance 38,800
working capital
Total annual cost $2.080,300
Contribution to power cost? 0.30 mil/kWhr

9Based on cost breakdown and computation prescrived in
NUS-531 (ref. 119). The values agree reasonably well with those
reported by Susskind and Raseman (ref. 121). Costs do not
include chemical processing, which is included in the fuzl-cycle
cost, nor special costs associated with periodic replacement of
the core graphite.

bBased on NUS-531 (ref. 119) recommended values for July
2968 escalated 8%.

“Makeup cost assumed to be 2% of inventory.

“Pased on 80% plant factor.
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Table D.17. Cost penalties for use of wet natural-draft cooling tower instead of fresh once-through
condensing water supply in 1000-MW(e) MSBR station as compared with penalties in light-water
nuclear power stations?

MSBR Light-water reactor?®
Increased capital cost of plant due to towers, $4,000,000¢ $6,000,000
pumps, etc.
Estimated loss in generating capacity due to 13,000 kw? 2C 000 kW
heat rate increase from 7690 to 7800 Btu/kWhr
Estimated capital cost of incieasing thermal $1,000,000¢ $1,500,000
capacity of plant to give 1000 MW(e) net output
Annual operating cost fo1 towers $ 150,000’ $150,000
Annual additional fuel cost due to higher hea: rate $71,0008 $165,000
Increases in power production coste.”” mills/kWhr
Capital cost of towers, etc. 0.08 0.12
Capital cost of additional capacity needed 0.02 0.02
Operating cost, of towe: 0.02 0.03
Incre: sed fuel cost due to higher heat rate 0.01 0.02
Total increase 0.13 0.20

9Use of wet natural-draft cooling tower will increase the turbine back pressure irom 1'/; to Zlé in. Hg
abs. Performance and costs of MSBR with cooling tover are taken as proportional to the efiects of adding
a tower on light-water reactor performance, as estimated by Hauser 129

bEstimated by Hauser (ref. 129).

€Capital costs of towers, pumps, etc., taken as proportion of the tower costs for light-water
reactors’ 2% on basis of amount of heat rejected to the condensing water.

dEstimated loss in czpacity (and increase in heat rate) based on ratios of enthalpy drops in steam
turbine to 2% in. Hg abs vs 1% in. Hg abs, and equivalent effect on light-water reactor cycle.! 2%

€Capital cost of increasing reactor plant capacity, flow rates, etc., to achieve 1000 MW(e) net plant
output estimated at $75/kW, as was assumed in ref. 129.

fTower operating costs assumed to be the same as those for light-water reactors.

£Based on same 10 cents/MBtu chargeable to fuel-cycle cost as in MSBR reference design.

hBased on ~14% fixed charges and 0.8 power factor.

129





