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Summary 

Preparation of a conceptual design for a 1000-MW(e) 
single-fluiu HKjiicn-saii reacior power station haj grven 
confidence that such a plant is technically feasible and 
economically attractive. Successful operation o p the 
Molten-Salt Reactor Experiment and the substantial 
amount of research and development already accom
plished on molten-salt reactor materials and processes 
indicate tliat after the technology has been extended in 
a few specific areas, a prototype Molten-Salt Breeder 
Reactor (MSBR) plant could be successfully con
structed and operated. Studies of the fuel-salt chemical 
processing system are not as far advanced, but small-
scale experiments lead to optimism that a practical 
system can be developed. 

The reference MSBR operates on the Th- 2 3 3 U 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-BeF2-ThF4-UF4 (71.7-16.0-^2.0-
0.3 mole %), has a liquidus temperature of 930°F 
(772°K), has good flow and heat transfer properties, 
and has a very low vapor pressure in *he 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 
1300°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 not need to be fast scramming for safety purposes. 
Long-term reactivity control is by adjustment of the 
fuel concentration. 

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

MW(e), which, together with the breeding ratio of 1.06, 
gives an annual fissile yield of 3.3%. The heat-power 
system has a net thermal efficiency 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.l. 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 
16,000-gpm single-stage centrifugal pump and a shell-
and-tube heat 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 1-gpm 
(0.C6 liter/sec) side stream of the primary salt is 
continuously processed to remove 2 3 3 P a , to recover the 
bred 2 3 3 U , 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 to a 
secondary fluid, sodium fluorcborate, having a CCTUJO-
sition of NaBF4-NaF (92-8 mole %) and a liqiidus 
temperature of 725°F (658°K). Each of the four 
secondary circuits has a 20,00G-gpm centrifugal pump 
with variable speed 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, 1035-MW(e) turbine-generator unit 
exhausting at i V2 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. 
Fuel-cycle 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, 
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suitability of the coolant salt, mamtenance procedures, 
and behavior of the fission product particulates. Al
though more study is needed of these aspects, it is 
believed that they can be resolved with reasonable 
difficulty. 

Principal design data fcr the reference MSBR power 
station are listed in Tabe S.l both in English engi
neering units, as commcnry used in the molten-salt 
reactor literature, and in the Internationa! (metric) 
system of units. 

ORNL-OWS 70-H906 

STORAGE ' 8 I 17 K 

CLEAN 
PURGE 

FLOWDMOER 

I ZJ I PR0CESSIN61 

F^. 5.1. Simplified flow diagram 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) Stes**! condenser, (10) 
Feedwater booster pump, (11) Fitd-salt drain tank, (12) Babble generator, (13) Gas separator, (14) Eatratnment separator, (15) 
Holdup tank, (16) 47-hr Xe holdup charcoal bed, (17) Long-deiay charcoal bed, (1 *) C.a* deanco and compressor system. 
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Table S.1. Summary of JatafbrMSBR station 

Engineering units* International system units* 

Genenl 
Thennai capacity of reactor 2250 MW<t) 2250 MW(t) 
Gross electrical generation 1035 MW(e) 1035 MWXe) 
Net electrical output 1000 MW(e) 1000 MW(e) 
Net overall thennai efficiency 44.4% 44.4% 
Net plant heat rate 7690 Btu/kWhr 2252J/kW-sec 

Structures 
Reactor ceu, diameter X height 72 X 42 ft 22.0 X 12.8 m 
Confinement budding, diameter X height 134 X 189 ft 40.8 X 57.6 m 

Reaclot 
Vessel ID 22,2 ft 6.77 m 
Vessel height at center (approx) 20 ft 6.1m 
Vessel waU thickness 2 in. 5.08 c u 
Vessel head thickness 3 m. 7.62 cm 
Vessel design pressure (abs) 75psi 5.2 X 10 s N/m* 
Core height 13 ft 3.96 m 
Number of core elements 1412 1412 
Radial thickness of reflector 30 in. 0.762 m 
Volume frsctirs of salt in central cote zone 0.13 0.13 
Volume traction of salt in outer core zone 0.37 0.37 
Average overall core po«er density 22.2kW/titer 22.2kW/htex 
Peak power density in core 70.4 kW/titer 70.4kw7hter 
Aveng: &c^ni!-«cuiroa tlux 2.6 X 1 0 ' 4 neutrons c m - 2 j e c - 1 2.6 X 1 0 1 4 neutron •** . . - i 
Peak thermal-neutron flux 8.3 X 1 0 1 4 neutrons c m - 1 sec"1 8.3 X 1 0 1 4 neutron t « - « « - « 
Maximum graphite damage flux (>50 keV) 3.5 X 1 0 1 4 neutrons cm" 2 s ec - 1 3.5 x 1 0 1 4 neutron scm^sec* 1 

Damage flux at maximum damage 3.3 X 1 0 1 4 neutrons c m - 1 sec"1 3.3 X 1 0 1 4 neutron acm^aec- 1 

region (approx) 
Graphite temperature at maximum neutron 12d4°F 969*K 

flux region 
Graphite temperature at maximum graphite 130TF 982*K 

damage region 
Estimated useful life of graphite 4 years 4 years 
Total weight of graphite in reactor 669,0001b 304,000 kg 
Maximum flow velocity of salt in core 8.5 ft* 2.6m/sec 
Total fuel salt in reactor vessel 1074 ft3 30.4 ar* 
Total fuel-salt volume in primary system 48,7 8!* 
FissOe-fuel inventory in reactor prhnary 33161b 1504 kg 

system and fuel processing plant 
Thorium inventory 150,0001b 68,100 kg 
Breeding raiic 1.06 1.06 
Yield 3.2%/year 3.2%/year 
Doubting time, compounded continuously, 22 yean 22 yean 

at 80% powa factor 

Primary heat exchangers (fcx carh of 4 units) 
Thermal capacity, each 556.3 MW(t) 55o.3MW(t) 
Tube-r Je conditions (fuel salt) 

TroeOD % in. 0.953 cm 
Z ube length < approx) 22.2 ft 6.8 m 
Number of tubes 5896 5896 
Inlet-outlet conditions 1300-1050*F 978-839*K 
Mast flow rate 23.45 X 10* lo/hr 2955 kg/sec 
Total heat transfer surface 13*000 ft* 1208 nr* 

Shell-ride conditions (coolant Kit) 
Shell ID 68.1m. 1.73 m 
Inlet-outist temperatures 85C-U50TF 727-894*K 
Mass flow rate 17.6 X 10* ro/hr 2218 kg/sec 

Overall heat transfer coefficient (approx) WOBtuhr"1 f t ^ C F ) - ' 4820Wm-»CKr l 
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S.1 

Engineering units* International system units* 

Primary panels (for <«cn of 4 units) 
Pump capacity, nominal 16.000 gpm 1.01 m3/sec 
Rated head ISO ft 45.7 m 
Speed 890 rpm 93.2 radians/sec 
Specific speed 2625 rpiwjpm)*-*^!*)0-75 5.321 radians/sec(m3/3ec)0-5/(m)0'75 

Impeller mpnt power 2350 hp 1752 kW 
Design temperature i300*F 978°K 

Secondary pomps (for each of 4 units) 
hnaj> capacity, noninai 20,0001pm 1.262 m3/sec 
Rated head 30. ft 91.4 m 
Soccv* onBOpsi 1190 rpm 124.6 ndansJ*ec 
Specific speed 2330 rim(gpm>0-5/(ft)0-75 4.73 radians/$ec(m3/sec)0'$/(m)*',s 

Iiapefler input power 3100 hp 2310 kW 
Design temperature 130CTF 978*K 

Fact-nut draia tank (1 unit) 
Outside rtiamf tcr 14 n 4.27 m 
Over*! height 22 ft 6.71m 
Stotage capacity 2500 ft 3 70.8 m 3 

Design pressure 55 pd 3.79 X 10 s N/m2 

Numter of coolant U-tnbes 1500 1500 
Size of tubes, OD %in. 1.91 cat 
Wnanber of separate coolant cacntts 40 40 
Coolant fluid 7UF-BeF2 

7LJF-BeF2 

Under nonuil sesJy-state conditions: 
BfansMun neat load 18 MW;D 18 MW(t) 
Coolant escalation rate 830 gpm 0.0524 m 3 sec 
Cooiant temperatures, in/out 9OO-1OS0°F 755-839*K 
Maximum tank wd! tmseratme ~1260*F ~9S5*K 

Maximum transient heat load 53MW(t) 53MW(t) 
Fad-flak storage tank (1 unit) 

Storage capacity 2500 ft* 70.8 m 3 

Heat-removal capacity lMW(t) lMW(t) 
Coolant fluid Boiling water Boning water 

Coolant-salt storage tanks (4 mots) 
Total volume of coolant salt in systems 8400 ft* 237.9 m 3 

Storage capacity of each tank 2100 ft 3 59.5 m 3 

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 conditiom (steun at 3600-3800 

P * 
TubeOD % in. 1.27 cm 
Tabe-sheet-to-tube-shee; length (approx) 76.4 ft 23.3 m 
Number of tubes 393 393 
Inlet-outlet temperatures 700-1000* F 644-811° K 
Mass flow rate 633,000 tb/hr 79.76 ki/sec 
Total heat transfer surface 3929 fi* 365 ni* 

SbeO-fifc - oodiUons (coolant salt) 
Shea ID 1.5 ft 0.457 m 
Inlet-outlet temperatures 1150-850TF 894-727" K 
Mast flow niti 3.82 X 10* Ib/hr 481.3 kf/scc 

Apparent overall heat jcransfer coefficient 
range 490-530 Btu hr"1 f t - 1 CF)"1 2780-3005 Wm^CK)' 1 



XU1 

Table S.1 

Engineering unttsr International systen? units* 

Steam ieheateis (foe each of 8 units) 
Thermal capacity 36.6 MW(t) 36.6 MWXt) 
Tube-side conditions (steam at 550 f4) 

Tube 3D % i t 1.9 cm 
Tube length 30.3 ft 9.24 m 
Number of tubes 400 400 
Inlet-outlet temperatures 650-1000*F 616-81 m 
Mass flow rate 641,000 Ib/hr 80.77 Sg/sec 
Total heat transfer surface 2381ft2 221.2 m 3 

Shell-side conditions (cootact salt) 
Shell ID 21.2 m. OS4n 
Inlet-outlet temperatures ii50-855rF 894-727*K 
Mass flow rate 1.16 X 10* Ib/hr 146.2 kf/sec 

Overall heat trarsfer coefficient 298Btuhr"1 ft"* CF)"1 1690Wm"2(°K)-1 

Turbiac-genentor plant (see "General" above) 
Nsmber of turbine-generator units 1 1 
Tarbrae throttle conditions 3500 pm, 1000°F 24.lXlO*N/m 3,81l°K 
Turbvae throttle mass flow rate 7.15 X 10* Ib/hr 900.9 kg/sec 
Reheat steam to IP turbine 540p3aa,1000°F 3.72xl0*N/m 2,811°K 
Confessing pressure (abs) L5in.Hg 5,078 N/m2 

Boierfeed pump work 19,700 hp 14,690 kW 
(stesis-tnrbme-drnvn), each of 2 units 

Booster feed patsp work (motor-driven), 6200 hp 4620 kW 
each of 2nnits 

FueHatt inventory, primary system 
Reactor 

Core zone I 290 ft 3 8.2 m 3 

Core zone n 382 ft 3 10.8 m 3 

Plenums, inlets, outlets 218 ft 3 6.2 m 3 

2-in.anmihu 135 ft 3 3.8 m 3 

Reflectors 49 ft 3 1.4 m 3 

Primary heat exchangers 
Tabes 269 ft- 7.6 m 3 

Inlets, outlets 27 ft3 0.8 m 3 

Pump bowls 185 ft3 5.2 m 3 

Piping, including irain line 145 ft3 4.1m 3 

Off-gas bypass loop 10 ft 3 0.3 m 3 

Tank heeb and nriscsSsneous 10 ft 3 0.3 m 3 

Total enriched salt in primary system 1720 ft 3 48.7 m 3 

Plant) 
Inventory of barren salt (Uf-BeF2-ThF4) 
in plant 

Processing rate 
Cycle time for salt inventory 
Heat feneration in salt to processing, plant 

Design properties of fuel salt 
Component* 
Composition 
Molecular weight (approx) 
Melting temperature (approx) 
Vtpo- pressure at U50°F (894.3°K) 
Density:'> (g/cm3)« 3.752 - 6.68 X 10" 

CO; fi (lb/ft3) « 235.0 - 0.02317? <°F) 
Atl30(fF(97riC) 
Atll75°F(908*K) 
At 1050'F (839*K) 

480 ft 3 

lgpm 
10 days 
56 kW/ft3 

7LiF-BeF2-ThF4-UF4 
71.7 16^12-0.3 mole % 
64 
93(fF 
<0.i mm Hg 

204.9 lb/ft3 

207.8 lb/ft3 

210.7 lb/ft3 

13.6 m 3 

63.1 X 10 - * m3/sec 
lOoays 
1980 kW/m3 

7LJF-BeFa-ThF4-UF4 

71.7-16-12-0.3 mole % 
64 
772°K 
<13.3N/ma 

3283.9 kg/m3 

3330 4 kg/m3 

3376.9 kg/m3 



XIV 

TaMeS.1 ( 

units* International system units6 

Viscosity:4 » (centjpoises) = 0.109 
exp 14090,T (T01; M <*> ft"» hr"1) 
= 0.2637 exp (7362/f(*R)I 
Atl30CrF(978*K) 
AtU7rF(908°Kj 
At 1050° F (839° K) 

Heat capacity' (specific heat, c_) 
Tbermai conductivity ( * / 

Atl300"F(978*K) 
Atll75 , F(908*K) 
Atl05O°F(839*K) 

Design properties of coolant salt 
Components 
Composition 
Molecular weight (approx) 
Melting temperature (approx) 

Vapor pressured log P (mm rig) 
= 9 .024- 5920/7* (°K) 
At850°F(72?°K) 
Atll50"F(894°K) 

Density:'7 p (g/cm3) = 2.252 - 7.11 X 10" 
CQ;» (lb/ft3) = 141.4 - 0.0247r (°F) 
Atl l50'F(894 o K) 
Atl000°F(8H°K) 
At 850° F (727° K) 

Viscosity:4 it (centipoises) = 0.0877 
exp J2240/T(°K)1; n ( lb m f t ' 1 hr"1) 
= 0.2121 exp (4032/r(°R)l 
Atll50°F(894°K) 
Atl00(rF(811 o K) 
At850°F(727°K) 

Heat capacity* (specific heat, c_) 
Thermal conductivity (k)' 

Atll50°F(894°K) 
Atl000*F(811°K) 
At850°F(72riC) 

Design properties of graphite' 
Density, at 7C°F (294.3°K) 
Bending strength 
Modulus of eUiticity coefficient 
Poisson's ratio 
Thermal expansion coefficient 
Thermal conductivity at 1200°F, 

unirradiated (tpprox) 
Electrical resistivity 

Specific heat 
At 600°F (588.8°K) 
At 120C* F (922.0* K) 

Hetium permeability at STP with sealed 
surfaces 

17.3 lb hr' 1 ft"1 

23.8 lb hr"1 ft"1 

34.5 lb hr"1 f t ' 1 

0.324 Btu lb" 1 C F T 1 ±4% 

0.69 Btu hr"1 f F ) " 1 ft"1 

0.71 Btu hi"' ( ° F ) - ! f r ! 

0.69 Btu h r - ' C F ) - 1 f t - 1 

NaBF4-NaF 
92-8 mole % 
104 
725°F 

8mm Hg 
252mmHf 

113.0 lb/ft3 

116.7 lb/ft3 

120.4 lb/ft3 

2.6 lb ft"1 hr"1 

3.4 lb ft"1 hr"1 

4.6 lb ft"1 hr"1 

0.360 Btu lb"1 (°FT l ±2% 

0.23 Btu hr"1 (°F)"1 ft"1 

0.23 Btu hr"1 ("FT 1 ft"1 

0.26 Btu hr"1 ("FT 1 ff1 

115!b/ft3 

4000-6000 psi 
1.7 X 10 6 psi 
0.27 
2.3 x 10~*/"F 
ISBtuhr"1 ("F)"1 ft"1 

8.9 X 10^-9 .9 X i0~"' fi-cm 

0:33 Btu lb"1 (°F)" ! 

0.42 Btu lb"1 (°F)"» 
1 X 10"* cm2/sec 

0.007 N sec m~2 

0.010 N sec m~2 

0.015 N s e e m 1 

1 .357Jg- 1 rK)" l ±4% 

1 .19Wm- 1 < 0 Kr I 

i^TfrnT'CK)" 1 

l . l 9 W m " l ( ' K ) ' 1 

NaBF4-NaF 
92-8 mole % 
104 
*S8°K 

1066 N/m 2 

33,580 N/m 2 

1811.1 kg/m3 

1870.4 kg/m3 

1929.7 kg/m3 

0.0011 Nsecm" 2 

0.0014 N sec m"* 
0.0019 Nsecm" 2 

1507 J kg"1 ("K)"1 * 2% 

0.398 W m"1 ('K)' 1 

0.398 Wm"1 ("K)"1 

0.450 W m ' T K ) " 1 

1843 kg/m3 

28 x 1 0 6 - 4 ! X 10* N/m 2 

M.7X 10»N/m 2 

0.27 
1.3 x lO'VK 
31.2* m-1 cmr1 

8.9 vi0"*-9.9 X 10^ fl-cm 

1380 J kg"1 CK)"1 

1760 J kg"1 CK)"1 

1 X 10" 8 cm2/sec 
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TaMeS.1 ( i f n t w i ) 

Engineering units* International systcji oaks* 

Design properties of HssteOoy N* 
Density 

At80°F(300*K) 557 fc/ft3 8927 kg/ra3 

At 1300*F (978"K) 541»/ft 3 8671 kg/m3 

Thermal conductivity 
At 80TF (300°«) 6.0 Bra hr _ 1 f F)"1 f t - 1 10.4 Wm"1 (TC) -1 

Atl3O0*F(97g°K) 12.6Btuhr~' ( 0 F) _ 1 f t - 1 21 8Wm _ l (TO - 1 

Specific heat 
At 80*F (300*K) 0.098 Btu ft-1 (°F)"1 4101kg- 1 (TO"1 

Atl3O0°F(97JTK) 0.136 Btun>~s (^F) - 1 M>* J Kg " 1 *J -

Thermal expansoa 
At80°F(300*K) 5.7 X 10-*/°F 3.2 x 10-»/*K 
At 1300°F (978*K) 9.5 x 10-*rF 5.3 X 10"VK 

Modulus of elasticity coefficient 
At80°F(300°K) 31 X 10* psi 214 X 10* N/m2 

At 1300*F (978*K) 25 X 10 s psi 172 X 10» N/m2 

Tensie strength (approx) 
At80°F<3OO°IC) 115,000 psi 793 X It* N/m2 

At 1300^(978*10 75,000 psi 517 X 10* N/m* 
Maximum allowable design stress 

>t80°F(300°K) 25,000 psi 172 x 10* N/m2 

At;3O0°F(978°K) 3500 psi 24 X 10* N/m2 

Melting temperature 2500TF 1644"K 

*Engtish engineering units as used in MSR literature. 
^eter-kflogram-sec nd system. Table closely foBows International System (SI). See Appendix C for convmiou factors from 

engineering to SI units. 
cSee p. 147, Ffc. 13.6, ORNL-4449 (ref. 1). 
dSee p. 145, Table 13.2, ORNL-444Q (ref. 1). 
eSee p. 163, ORNL-4344 (ref. 2). 
•*See p. 92, Fjg. 9.13, ORNL-4449 (ref. 1). The value of * shown is for salt with *bc^.{ 5* i*s LiF than the reference salt Addition 

of LiF would increase the average value, probably to 0.72-0.74. The esubtished, and conservative, value of 0.71 was used in the 
MSBR calculations. 

'See p. 170, ORNL4254 (ref. 3). 
*See p. 168, ORN1M254 iref. 3). 
%cc p. 92, Ffc. 9.13, ORNL-4449 (ref. 1). 
^Additional 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 (total), 0.35. 
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1. Introduction 

A major objective of the Morten-Salt Reactor Program 
is to achieve a power resctor which wiP produce electric 
energy at low cost ard 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 meeting this objective. This 
report summarizes present information on die design 
characteristics of such a Moften-Salt Breeder Reactor 
(MSBR). 

Molten salts as reactor fuels and as coolants have 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 operation, contributed 
significantly to molten-salt reactor technology. A sur
vey report4 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,5'7 and a 
co*np;chensive report* was written wnich covered the 
status of the design studies as of January 1968. Thes? 
reports considered the two-fluid reactor concept, that 
is, 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 "primary salt" and "fueJ sztt" ait used synony
mously throughout the molten-alt reactor tttenfcne. In the 
case of the nngĴ fluid MSBR describe* hi urn report, the 
primary sah contain* both Hx tod and fertile material. The 
terms "secondary sah" and "coolant sah" ate 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 extraction into 
liquid bismuth. A single salt containing both the 
fissile and fertile materials could 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 achievedinaone-fluid 
reactor with an acceptably low inventory if the 
graphite-to-fuel ratio were reduced in the outer 
regions of the reactor core. Wide the fuel specific 
power fefl short of the performance of a two-fluid 
type, yields of 3 to 4%/year were indicated. 

3. Reactor exposure limitations were found to exist 
relative to use of a graphite moderator, making it 
necessary to design for graphite replacement. In a 
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 grapuite 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 fertile salt streams separated. The 
single-fluid design eliminates this potential problem. 

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

The progress of the single-fluid design study is 
covered in the MSRP semiannual reports,1 •*-3'* and 
the entire February 1970 issue of Nuckar Applications 
and Technology10 was devoted to a review of molten-
salt reactor technology and to a description of a 
conceptual design for an MSBR. Some of the generaJ 
criteria for the single-fluid MSBR design study are: 

^.-w-awv J*, „-
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1. The design study is to establish concept feasibility, 
to serve as a basis for preliminary esiimates of cost 
and performance features, to identify the research 
and development needed to achieve a full-scale 
MSBR. and to guide the design of an experimental 
prototype reactor 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 major 
mentions or technological breakthroughs. Reason
able engineering development is considered permis
sible, however. 

3. The conceptual design is to be based on a plant 
capacity of !0Q0 MW(e). 

4. Cost estimates are to 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 generated 
in the fuel salt in itc passage through the reactor 
vessel is removed in primary heat cchangers; 

2. 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 salt, recover
ing bred 2 3 3 U, 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; 

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

power equipment, waste disposal systems, condens
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 
ihein 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 interest 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 n̂d costs of an MSBR 
station. 

There are many alternatives open to the designer of 
an 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 coolant 
loops and steam generators, use of 700°F feedwater, an 
assumed useful graphite life of four years, etc. The 
reference design described here, therefore, illustrate: 
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, particu
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. Bettis 

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 sa*t, and four pumps that 
circulate the molten fluoride fuel-salt mixture. All of 
this equipment is contained within the reactor cell, as 
shown in Sect. 13. The fuel-salt 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 helium) 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 IS to 20 mils. The 
same bypass loop contains a gas separator, upstream of 
the bubble generator, which removes the inert gas and 
its buiden of fission products with nearly 100% 
stripping efficiency. Downstream vanes kill the swirl 
imparted by the centrifugal gas separator. The removed 
fission products consist principally of xenon, krypton, 
tn'ium, and exceedingly small particles of noble: metals. 
Based on 10% bypass flow, after a bubble is introduced 
't would make an average of ten passes through the 
reactor before being rjmoved by the separator. 

The removed gases, along with a small amount of 
entrained salt, arc taken to a small tank, where the 
off-gas is combined with that purged from the pump 
bowls and from the exit annulus 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 small flow of fuel salt, which is subsequently 
returned to the pump bowl, also assures an open line 
between the drain valve and the reactor vessel. 

Each fuel-salt pump bcwl overflows about 150 gpm 
through the small tank, and this fluid flows with the 
off-gas to the drain tank. The overflow arrangement 
simplifies liquid level control and helps cool the drain 
tank head and walls. Salt-operated jet 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 
afterheat-removal capacity. 

The fuel-salt tliain tank is connected to the bottom of 
the reactor vessel by a drain line having a freeze-plug 
type 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 freeze 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 
in the event a leak develops in the fuel salt circulating 
loop 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-salt circulation is continued to remove fission 
product decay heat via the primary heat exchangers. 

A catch basin is provided at the bottom of the heated 
reactor cell in the unlikely event of a major spill of fuel 
salt from the system. The 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, 
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which would allow the salt 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 requirec maintenance. 
The heat-removal system for the storage tank has less 
stringent requirements and consists uf 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 to the drain tank. 

pumps circulates the coolant through four steam 
generators and two steam reheaters, with the flow 
proportioned so that outlet steam temperatures of 
100C°F are obtained from each. The coolant-salt pumps 
can be operated at variable speed to minimize tempera
ture excursions during power transients, and the 
steady-state temperature can be adjusted to match 
station load. 

23 STEAM-POWER SYSTEM FOR THE 
TURBINE^ENERATOR PLANT 

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 steam generator 
cells. 

The molten sodium fluoroborate coolant salt is 
circulated at a rate of about 71.2 X 106 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-salt 

The steam-power system consists of a single 1035-
MW(e) gross electrical capacity turbine-generator unit, 
condensing system, condensate polishing aiui 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 shewu in Fig. 
2.2, and some of the principal data are summarized in 
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Table S.l. About 7.15 X 106 lb/hr of steam at 3500 
po» and 1000°F is delivered to the turbine throttle. The 
high-pressure turbine exhaust steam is first preheated to 
650°F and then leheated to 1000°F before readmission 
to the intermediate-pressure turbine. The turbine ex
hausts at \ \ in. Hg abs to water-cooled condensers. 
The turbine is indicated on the flowsheet as a cross-
compounded unit, but a tandem-compound machine 
could be used. 

Eight 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, 552°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 
rcixed 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 
pump*, then boost the water from about 3500 to 3800 
peria 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 efficiently 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-psk system. 

2.4 FUEL-SALT DRAIN SYSTEM 

The MSBR drain system consists of the drain tank, 
the drain line and freeze valve, a 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 temperatsue. The 
drain syuem is housed in separate cells apart from the 
,-cictc: cf II. 

The drain tank serve,* several 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 ii is independent of the need 
for mechanical equipment, power supply, or initiating 
action by the 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 
system. Also, the drain tank acts as a sump for the 
overflow stream? from the bowls of the salt-circulation 
pumps. The small stream c f fuel salt which is stilt to 
the fuel-processing cell for removal of fission protittcts, 
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 5G% greater than the 
fuel-salt inventory, permits 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 a* the 
tank wall for about 600 som of overflow salt from tlie 
pump bowls. The salt 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 salt 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 the pump bowl from draining back in the 
event a jet stops operating. The fifth jet pump is 
activated by about 100 gpm from a separate fuel-salt 
pump and is used to transfer salt to the 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, 7LiF-BeF2 

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 
cf reliability. The heat exchangers transfer heat from 
tubes containing the transport salt tc 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 ch^coal beds for absorption and 47-hr holdup 
of the xenon, permitting decay of 97% of the ' l s X e . 
Most uf the gas leaving the charcoal bed s compressed 
for reintroduction into the salt-circulation system at the 
'tMibbSe generators. A small portion of the gas leaving 
the 47-ur charcoal bed enters lint long-delay charcoal 
bed (about 90-day xenon holdup), the outflow of 
which passes through irifium and krypton traps before 
entering a gas storage tank. The gi. from this tank n 
augmented by makeup helium if required and reintro-

duxd into the circulation system as purge gas for the 
c rcuiauon pumps and at other places where clean 
teiium is needed. The accumulated krypton and tritium 
an stored in tanks in the waste .-HI facility. 

2 4 FuEL^ALTPROCESSINCSVSTCM 

L. E. McNeese 

Breeding with thermal neutrons is economically feasi
ble with a molten-salt reactor because it is poespbk to 
process the fluid fuel rapidly enough tc keep the 
neutron losses to protactinium and fission products to a 
very low level. The equipment used to strip gaseous 
fission products from the i let salt was described in 
SecU. 2.1 and 25. The concentrations of protactinium, 
rare earth*, and some other fission products are limited 
by continuously processing z small stream of She fuel 
salt in an on-site processing system, described below. 
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There are several bask processes which could be 
incorporated in a molten-salt reactor i ikidney." The 
effective cycle tines for protactinium and fission 
product removal soumed in the calculations of breed
ing performance (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 
processing plant having equipment that should be 
considerably simpler to develop and operate.1 1 The 
newer, more attractive concept is described here and in 
Sect 8, 

The flowsheet for the continuous salt-processing 
system h shown in Fig. 2.4. In essence, the process 
consists of two parts: (1) removal of uranium and 
protactinium from salt leaving the reactor and reintro-
duction of uranium into salt returning to the reactor and 
(2) removal of rare-earth fission product* from the sail. 

A small (OJftfpm) stream of fuel salt, taken from the 
reactor drain tank, flows through a fluorinator, where 

about 95% of the uranium is removed as gaseous UP*. 
The salt then flows to a reductive extraction column, 
^h«re protactinium a'id 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 extraction column. The bismuth 
stream leaving the column contains the extracted 
uranium and protactinium as wel! as lithium, thorium, 
and fission product zirconium. The extracted materials 
ate removed from the bismuth stream by contacting the 
stream with an HF-H 2 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 U F 4 and 
PaF 4 , passes through a fluorinator, where about 95% of 
the uranium is removed. The resulting salt stream then 
flows through a tank having a volume of about 130 f t 3 , 
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 fcrm volatile fluorides during 
fluorination will also accumulate in the decay tank; 
these include fissic.i 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 3 /day. 

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

The rare earths £?? removed from the alt stream 
leaving the top of the protactinium extractor by 
contacting it with a stream of bismuth that is practi
cally saturated with thorium metal. The 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 to the LiCl in 

this contactor, while the thorium remains with the 
bismuth. Finally, the rare earths are removed from the 
recirculating LiCl by contacting it with bismuth streams 
containing high concentrations of lithium (5 and SO 
mole %). These materials, containing the rare earths, 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 
produce UF4 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, coobnt-
salt storage tanks, and a maintenance and graphite-
replacement facility. The steam-power system will 
require an oil- or gas-fir?d boiler for preheating the 
feedwater and the turbine equipment during startup. 



3. Reactor Primary System 

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 powei cost. A good indicator of the 
performance of a breeder reactor is the total quantity 
of uranium ore that must be mined to fuel the industry 
before it becomes self-sustaining. An index of good 
performance in ? growing reactor industry is GP2, 
where G is the breeding gain and P is the specific power 
in megawatts of thermal power per kilogram of fission
able 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 salUo-griphite ratios, as discussed 
in more detail in Sect. 33.2. (In general, the conditions 
for the highest value of the fuel conservation coefficient 
also corresponded with the lowest fuel-cycle 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 yean. 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 single-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 
HasteUoy 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 

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 sait wiii be maintained 
well above its liquidus temperature of 930°F, and the 
salt flow is upward through the core to promote naturai 
circulation. 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 v.-as designed to facilitate periodic 
replacement of the entire assembly. 

There are, of course, inar.y possible arrangements for 
a molten-salt 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 aiiangement. 

3.1.2 General Description and Design Considerations 

E. S. Bettis 

The principal design data are summarized in Table 
3.1, and 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 HasteUoy 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.-tnick walls 
and 3-in.-thick dished heads at the top and bottom. Salt 
at about 1050°F enters 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 equally spaced nozzles which 
connect to the 20-in.-diam salt-suction lines leading to 
the circulation pumps. The 6-in.-diam fuel-salt 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 designer! 

10 
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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 ih'ckness, in. 3 
Vessel design pressure, psig 75 
Number of core elements 1412 
Length of zone 1 portion of core elements, ft 13 
Overall length of core cements (approx), ft IS 
Distance across flats, zone I,* ft 14 
Outside diameter of undermoderated region, 16.8 

zone II, ft 
Overall height of zone I plus zone II.* ft 18 
Radial distance between reflector and core, 2 

zone II,* in. 
Radial thickness of reflector, in. 30 
Average thickness of axial reflectors (approx), in. 22 
Volume fraction salt in zone I* 0.13 
Volume fraction salt in zone II 6 0.37 
Core power density, kW/liter 

Average 22.2 
Peak 70.4 

Core fuel-salt power density, kW/liter 
Average 74 
Peak 492 

Core graphite power density, kW/liter 
Average 2.3 
Peak 6.3 

Core thermal neutron flux, neutrons c m - 2 sec - 1 

Average 2.6 X 1 0 1 4 

Peak 8.3 X 1 0 1 4 

Maximum graphite damage flux (>S0 keV), 3.5 X 1 0 1 4 

neutrons c m - 2 s ec - 1 

Graphite temperature at maximum graphite damage 1307 
flux region, °F 

Estimated useful life of graphite, years 4 
Total weight of graphite in reactor,c lb 669,000 
Weight of removable core assembly,d lb 600,000 
Maximum flow velocity in core, fps 8.5 
Pressure drop due to salt flow in core, psi 18 
Volume of fuel salt, f t 3 

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 3.3 
Doubling time,* compounded continuously, years 21 

"Does not include upper extension cylinder. 
6See Table 3.3 for definition. 
cDoes not include 60,000 lb ir. alternate head assembly. 

Hoist load to be lifted into transport cask. 
'At 80% piant factor. 

for periodic replacement. The design chosen for the 
reference MSBR has an average core power density of 
yi.2 W/cc, which, based on the irradiation behavior of 
materials presently available, indicates a useful core 

graphite life of about four years. It was decided to re
move and install the core graphite as an assembly rather 
than by individual pieces, since it appeared tnat 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 under shop conditions. 
(Maintenance procedures are described in Sect. 12.) 

The reflector graphite will normally last the 30-year 
life of the plant. The radial reflector pieces are installed 
inside the vessel with no special provisions made for 
replacement. The bottom axial reflector will be re
placed each time a new core is installed, since this is a 
UKJ1C convenient design arrangement. The iCp SXcoi 
reflector is attached to the removable top he?d, 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 fiel 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 
assembly. 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 3.2 and shown in more detail in Figs. 
3 J , 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 .23 . 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. 
3.4. 

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 salt 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 ihe 
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 each end to provide the 
under moderated 37% salt region 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 at the top of the core to direct the salt 
flow to the four exit nozzles of the vessel. Under the 
effects of buoyancy snd drag forces, the 1^,-in.OD 
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TaMe 3.2. Volumes aad weights m the 
MSBR core and teflector 

Percent S * G l ^ t e 

salt volume weight 
( f t 3 ) (lb) 

Core, zone 1114 ft octagon. 13 288 221,400 
13 in. high) 

Lower and upper axial, zone II, 37 •M.5 18.500 
9 in. thick, top and bottom 

Upper plenum, 3 in. thick. 85 3S.2 700 
top only 

Lower plenum, 2*^ in. thick. 100 35.4 
bottom 

Radial, zone II, 16.8 ft. 37 282 55,000 
diam x 14.5 ft high 

AcBobs, !?-2 ft diam X 15 ft iuu £32 
high (2-in. gap) 

Ŝ lt inlet (lower section). 98 11 
3.5 ft diam x 1.2 ft high-

Salt inlet (upper section). 50 9 900 
4 ft diam X 1.2 ft 5»*gh 

Lower vessel coolant 100 8.2 
passage, \ in. 

Radial vessel coolant plenum 62.5 46.5 3,400 
Radial vessel coolant, %-in. gap too 21.2 
Radial reflector, 17.2 ft 1.2 26.9 254,400 

high x 22.2 ft OD 
Axial reflector, ItoUom 3 14.7 54.800 
Axial refketot', top 4 14.7 54,800 
Control rod entrance thimble 2.9 
Outlet passage 42.1 5.400 
Annuhis between upper head 100 8.7 

flange extension and 
vessel. % -in. gap 

1074 Total 1074 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 
bottom of the vessel. 

Four 6- by 6-in. graphite elements with a 4-in.-diam 
hole are shown insulted axially at the center line of the 
reactor in Fig. J.I and 3.2. More rods may be required, 
however, as discussed in Sect. 10.2. Two or more of the 
holes receive relatively simple graphite control rods 
which, on insertion, increase the reactivity by displacing 
some of the fuel Kit. Since these rods have a pro
nounced tendency to float in the salt, they are 
self-ejecting with respect to decreasing the reactivity, 
even if the graphite should fracture. The other two 
holes are for neutron-absorbing rods used only for 
reactor shutdown. These 6- by 6-in. elements are 
retained at the bottom by fitting them into a Hastelloy 
N enclosure in the bottom of the bottom-head salt-
distribution assembly. Sine? the elements are restrained 

in position, they serve as a base around which the core 
elements can be stacked when the core is assembled. A 
jig is used to hold the elements until the entire core is 
assembled and the restraining rings are in place. 

The undermoderated zone with 37% salt, or radial 
"blanket," surrourding the more active portion serves 
to reduce neutron leakage from the core. This zone is 
mad'* up of two kinds of elements: 4-in. X 4-in. X 13-
ft-long elements like those in the core except for a larger 
hole size (2.581 in. ID) (Fig. 3.5), and 2-in.-thick X 
B-ft-long slats arranged radially around the core, as 
shown in Fig. 3.1. The slats average about 10.5 in. ii> 
width, the dimension varying to transform the generally 
oc agonal cross-sec?ional shape of the core element 
array into a circular one. The slats also piovide 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 Jab has a groove 
running axially about 1 % in. from the outside edge to 
accommodate the long elliptical-shaped graphite dowels 
which are inserted between adjacent slabs to isolate the 
slab salt flow from the flow in the previously men
tioned 2-in. annulus. There ar? 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. in 
?one II, one of which is illustrated in Fig. 33. 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 annular space between the removable core 
graphite in zone :I-B and the permanently mounted 
reflector graphite. Ti. is annulus. which k (00^ fttri ss!t. 
provides clearances for moving the core assembly, helps 
absorb she 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 trie reflector graphite is in a position of lower 
new/on flux, it does not have to be sealed to reduce 
xenon penetration. Also, because of the lower neutron 
dose level, it does not have to be desigfied for 
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TaHe 3 3 Terminology used to of reactor 

Term used Region or zone* 

Core 

Zone I* (zone I-A, zone I-B, etc.) 
Zone H r (zone II-A, zone Il-B, etc.) 
Amwlus 

Urn includes the 13,37,85, and 100% salt 
regions out to the inner face of the 
reflector but does nor include tkr reflector 

~13% salt region of core 
~37% salt region of core 
~ 100% sa»* ssauiar region of core between 

zone II and radial reflector 
Lower plenum ~!00% salt region of cote between zone I I 

and lower axial reflector 
Upper pieman "-85% salt region of core between zone I I 

and upper axial reflector 
Radial reflector Graphite region iiiiiounrting COR in radial 

direction 
Upper axial reflector Graphite region above cose 
Lower axial reflector Graphite region below con? 
Radial vessel coolant passage Gap between radial reflector and vessel waM 
Upper vessel coolant f Gap between upper axial reflector and 

Lower vessel coolant | Gap between lower axial reflector and 
lower n » el bead 

Inlet Salt Met passage in lower vessel head and 

Outlet j maji Safe orttet postage in upper axial reflector 

*See Fjgs. 3.1.3 J , and 3.26. 
*I-A, I - * , etc., are used to oVstguale «ficaent estates! shapes in a zone. 
*The tens "radial zone I I . " "upper axial zone U," and "lower axial zone B" sfcaadd 

replacement during the reactor lifetime. The reflector h 
c&sonstd of molded graphite Mocks which require 
only minor machining operations to fabricsJe. The 
<adiai reflector graphite is made ay of sKgftf*y •«*««-
shaped blocks to provide a reflector about 2% ft thick. 
The blocks are about 10 in. wide at the vessel wal, 
about 9 in. wide at the inner end, and about 43 & hajfa 
and are assembled in four layers. HaAefioy N axial tibs, 
indicated in Fig. 33 , provide a %-m. standoff space 
feoss the ss=ef ?sS «sd 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 wag and the outer portion of 
the reflector graphite. 

In addition to the axial flow of aalt for cootssg the 
radial reflector graphite, an inward flow of fuel salt is 
maintained by I«XM)«aphfte ams,or&wek,wtMch 
are inserted in the reflector pieces to hold them apart. 
The salt flow iwtsagt are about OJOS in. wide in the 
cold condition and widen to abort 0.! in. at operating 
temperature. Slotted Hasteloy H orifice plates are set 

into the reflector graphite at the outer waltodnrtiwte 
the radial flow of salt between the top and bottom 
pnutage* to provide snore isstfnrm Hints*, in the 
reflector. About I % of the reflector uilumr is fuel salt. 
AI the radial now dsssask wx^ downward toward the 

wal to afiow the salt to drain who 

Since grxofaate has about caesura* the 
fkaent of cypiminn of rlasteloy N, the 
between blocks wal (end to increase as the 

to operating tenaperature. Even watftxbsf&m of 
r4n^^nnTftsnw*afVK ^ 2 smhnVsnmn^manmnlhm' wmV vatm^sT^unOmTanV 

sntftmg of the grantutr. Each reflector block 
bottom layer of granhntr has a shalow 

tor about 18 m. m the bottom 
fit over radial webs wehfted to me bed smte on 

which ate wtOedor Hodu wt HadoeL The webs 
mtfTTtTfn each block at a given pnsjtion reaatac to she 
metal bed plate at the plate expanats. The upper layers 
of radial reflector blocks ate farced to nmtsrritm stfhnry 
with the bottom keyed block by fhe prevlouah 
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Hastefc* N axial rib*, which abo profide 
the rn tiling gap between the Mocks and the vessel wal. 
The radial rtSkcUx blocks are pushed outward against 
the spacer ribs as dae weasel expands by Haateioy N 
hoops inserted m ekamdetemtai slots at each layer of 
Mocks cs the reflector as iadicated at Fig- 32. The rina* 
or hoops expand at the same rate as the msef and keep 
the feflector Mocks punW outward to M o w the < 

Since the radiaf Mocks oa the top layer are wedge 
duped and these is sot room to lower the last Mock 
iato place from afeoue, two of the top4ayer Mocks are 
annnnnn* "S^w^wnnna^w vv^vnuinnB v^^^snuv o s nw^sj'nnnnuwApunions svajnasuĵ ajF nanns^^ nwBssnn™n 

a Mock caa he awed bteraly to complete die 
After all reflector pieces have been put m 

», a separated snetal retainer plate is put on top of 
ate top layer and boked to gussets which are attached 
to the oMfwhaagiag vessel watt. This retainer plate 

; the sefleaor from floating when die reactor is 

The axial reflectors at top aad bottom r e made up of 
wedgê diaped pieces of graphite, die mcer end being 
about 2 in. wide and tbe end at die outer ckctmrfereaec 
being about 16 hi. wide, u ad&ioa, because of die 
mdird heads on die wmd, the wedge-shaped pieces are 
sU^t JO ML thick at Use center and about 15 in thick at 
the outer edge. The top head of die w n d (and its 
alternate) contains a permanently taatsMed axial reflec-
n\i^^ A^ut^bnnnnnHHU nfnannnBae^vuY^Brifl ann dSkna nanua nane^ein? nan^Bn^mMta^na ana auTant 

3.2. The lower axial reflector graphite is renewed with 
each core, since it forms the base upon which a new 
cjre is aatembied. A support structure around the 
bottom inlet supports the bottom graphite, and tfe* 
txiaJ reflector anfinhly is prevented from floating in 

nBunsuj'W swuâ uansi n^uAawjnjf •P'^awuanjpn) a> awaxunHar w Unta* wa^nnnnjnm uv> una csn«njnananannî n># 

A flow oi fuel ante is provided for cooling rhe axial 
reflectors in nave* me same msnner as lor die radial 
feflector graphite, awat tot dae lower reflector taken 
from the reactor inlet flow m used to cool bodi die 
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lower head of the vessel, the inner head (core support 
pUi«), 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 flew upward 
through passages between the bottom «xial reflector 
pieces. The lower passage between the- bottom heads 
also supplies the salt which flows upward at the wall to 
cool the vessel and the radial reflector graphite. Fuc-i 
salt for cooling the top head 2nd upper axial reflector 
flows upward through the control rod region at the 
center of the core and through the core lifting rod holes 
in Aone I I , as shown in Fit. 3.1 and described below. 
This * i ! * is initially at near the inlet salt temperature of 
abou* 10S0°F, «M, after absorbing the heat in the 
upper head and graphite, ii leaves the reactor with, the 

exit salt flow. 

The top head of the reactor vessel is flanged to 
facilitate access to the core. T ie flange is located several 
feet above the top dished head for better accessibility 
send a 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-weMed flanged openings in 
the top head of the reactor vessel sjjve access to vertical 
holes in the graphite core structure for insertion of 
2%-in.«diam molybdenum lifting rods which attach by 
a ball latch to the forged support ring at the bottom of 
the reactor o r e , as shown in Figs. 3.6 and 3.7. 
Molybdenum wis selected for the rod material because 
of its strength at elevated temperatures, it being 
anticipated that the core temperature would increase 
above its average 1100°F operating temperature during 
the transfer operation. The ball latch mechanism is 
activated (10m above by a push rod running inside the 
length c the lifting rods. An enlarged section at the top 
of each rod engages the top head to damp 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 mute cell. The core assembly is 
2*K>ut 16 ft in diameter and weighs about 240 tons. 

The reactor vessel is supported from the top by an 
extension of the outer wn'.i which carries a large flange 
at the top (see Figs. 3.2 and J 2.1) that rests on the 
reinforced concrete roof structure. This cylindrical 
piece extends about 1S 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-

OMH.-OW TO-H9M 

GRAPHITE ItAOIAL 
REFLECTOR 

TYWCAL-8 PLACES 

GRAPHITE AXIAL 
REFLECTOR 

Ha» 3«6» CcHV-Hnnfj rod 1 

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 that with this arrangement 
the weight of the roof plugs augments the bolting in 
clamping the flanges together. 
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Kg 3.7. Reactor corfrtiftug rod aaembiy. 

As previously mentioned, a second reactor vessel top 
head and its cylindrical extension piece will be required 
in order to assemble a new reactor core prior to the 
core replacement. After each use and a suitable decay 
time, the top head wiii be reclaimed for the next con 
replacement operation. The new core w"l be- assembled 
under shop conditions in a "clean room" located 
outsid- the MSBR containment. Th; core will be 

erected on a new Hasteiloy N' suppxt 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 and bottom to hold them in place, 
as indicated in Fig. 32. After assembly of the core is 
complete, it is moved through the gas lock into the 
containment. The reactor top head and top axial 
reflector assembly, which has been cleaned and in
spected after previous use, is now attached to the new 
core with the previously mentioned tie rods. After the 
spent reactor core is removed from the vessel, as 
described above, the replacement assembly can be 
lowered into place, the tie rods removed, and the rod 
access port and top head flanges sealed. Maintenance 
operations are described in more detail in Sect. 13. 

3.2 SPECIAL MATERIALS 

The fuel and coolant salts, the reactor graphite, and 
the modified Hasteiloy N are special MSBR materiils 
which have been studied and developed at ORNL in a 
program that started over 1S years ago. The backgrount 
information and documentation supporting this area ot 
the MSBR design study are far too extensive to be 
reviewed here. In general, each cf 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 cf the 
four materials are listed in Table S.l, and some genera) 
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 
7UF-BeF2-ThF4-UFt (71.7-16-12-03 mole %). The 
lithium is enriched to 99.995% 7Li. In brief, the fuel 
salt melts at about 930°F and has a low vapor pressure 
at operating temperatures. It has low thermal-neutron 
capture cross sections 2nd is stable throughout the 
proposed range of application.10 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 characteristics9 and a reasonable 
pressure drop due to flow.12 It is compatible with the 
materials in the system.13 

In selecting a fuel salt for the MSBR it was recognized 
that the fuel salt must consist of elements having low 
capture cross sections for neutrom typical of the 
chosen energy spectrum. The fuel must dissolve more 
than the critical concentrations of fissionable material 
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(* 3 $ U, 2 3 3 U , or a 3 , P u * ) and nigh concentrations of 
fertile material ("'Th) at *.emp*r»iures weD below 
10S0°F. The mixture must be thermally stable, and its 
vapor pressure needs to be lot: in the operating 
temperature range of 1050 to 1300°F. It must possess 
heat transfer and hydrodynamic properties adequate for 
service as a hcst-exchange fluid. It must be nonaggres-
sive toward the material? 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 piutonjum, and 
must tolerate fission product accumulation withcut 
serious deterioration o" its useful properties. It must be 

'Plutonium, as 3 3 ' P u F 3 , could ' * used tasted of a 3 3 U or 
2 3 S U for the initial fissie loadinf and there may be economic 
advantages to doing to for the nuclear startup and shakedown 
runs on an MSBR station. (The molten-salt reactor could not 
breed on bie 2 3 * U - 2 3 , P u cyck, however, because of Pluto
nium's low value of TJ for thermal neutrons.) 

capable of being processed for turnaround of unburned 
fissile material, effective recovery of bred fissile ma
teria!, and removal of fission product poisons, all with 
sufficient economy to assure a low fuel-cycle cost. 

As discussed by Grimes,1* 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 
(ThF4) are sufficiently stable, and, fortunatelyr their 
relatively high melting temperatures are markedly de
pressed by use of diluent fluorides. The preferred 
diluents are BeFa and 7LiF. The phase behavior of 
systems based on these diluents has been examined in 
detail, , 4 and the system liF-3eF8-ThF4 is shown is 
Fig. 3.8. 

Successful operation of the MSRE lent confidence 
that oxide contamination of the fuel system can be 
kept to adequately k>w levels and that ZrF4 (5 mde %), 
used as a constituent of the fuel in the experimental 

TM^ HM 

P 4 » £360 

Fig. 3A. Tm tystam LiF-BaFrThF4. 
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reactor to preclude inadvertent precipitation of UOj, 
would not be needed in the MSBR. 

The stage-fluid MSBR requires a concentration of 
ThF 4 near 12 mole %, and criticality studies indicate 
that the a 3 , U F 4 concentration should be about <D3 
mole %. The ratio of 7 LiF to BeF, should be high to 
keep the viscosity low. To maintain the liqiridus 
temperature below about 932*F (for a melt with 12% 
ThF 4), the BeFa concentration must be in the range of 
16 to 25%, The most likely choice for the MSBR fuel 
salt composition was thus 7LiF-BeF,-ThF44JF4 

(7i.7-16-12-0.3 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 
reference design is about S13 per pound for the 
7UF-BeF, carrier salt; about $9 per pound for the 
7UF-BeF 2-ThF 4 barren salt, and about S57 per pound 
for the enriched fuel salt, based on a fissie material cost 
of S13 per gram. The total cost of the primary salt 
inventory in the MSBR reactor and chemical treatment 
plant systems is thus about S23 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 stable tt «ii 
temperatures up to 1300*F, must not be damaged by 
radiation (ird'xHng the delay*'-seutron emmiora m 
the primary heat exchangers), wast be compatible with 
o*htr asterisk, ssss h«c acceptable heat transfer and 
hydraulic properties, and, beet** of the relatively large 
volume required, mast be reasonable ia cost. The 
coolant sefcc:<d for the reference de*gn is a eutectk 
sodium fluoroborate salt having the composition 
NaBF«-NaF (92-8 mole %). Pertinent physical prop
erties are listed in Table S.l. 

The NaBF4-NaF system is shown in Fig. 3.9. The 
eutectk has a vapor pressure at 1I50*F of about 2S2 
mm Hg and could opera's with a dilute mixture of BF, 
in helium as the cover gas. it has a melting temperature 
of about 7?5*F and t x a viscosity, volumetric heat 
capacity, and thermal conductivity properties dose to 
thc*e 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 HasleUoy N at the reactor 
system conditions will probably be less than 0.2 
mil/year. Commercial grades may have acceptable 
purity and wouk' have a modest cost of less than SO 
cenU/lb. 
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The choice of sodium fluoroborate was based on a 
survey of possible motten-sait reactor ccdants by 
McDuffie el. a l . l s Consideration of a number of 
coolants has been previously reported1 a'* and sum
marized by Grimes.1* 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 w would have 
on the MSBR design. 

3.23 Reactw Graphite 

W.P.Eatherfy C. R. Kennedy 

3X3.1 Introduction. Graphite is the principal ma
terial otter than sah in the core of a molten-salt 
reactor. As such, its behavior under radiation damage is 
of considerable significance. Prior to 1966, data on 
graphite behavior at elevated temperatures and high 
fluences were scattered, and there was good reason to 
believe the effecu of radiation damage hi graphite were 
self-limiting and would saturate at exposures of the 
ordfr 2 X 1 0 " neutrons/cm* at 700°C. 

Duting 1966-1967. BriJfch dam. , c quickly con
firmed in this country,17 demonstrated that the dimen
sions: Ganges induced by radiation did not saturate but 
eventually resulted in yoss 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 gjaphite in the core would not last the life of the 
reactor and would have to be replaced at rather 
frequent intervals. 
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In view of this situation, two studies were imme
diately initiated: (1) to ascertain the effect of the 
graphite on reactor performance'0 and (2) to estimate 
the probability of improving existing graphites.19 The 
general results of these studies were as follows: 

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

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

3. There is a reasonable probability that better graph
ites can be developed. 

Subsequent events have justified these conclusions. 

3.23.2 Structural aad dhncnnnnsl 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 obvioudy also lead to uncertaiities in the react Gt 
fuel inventory and dynamic reactor behavior. Since the 
salt is nomvetting to the graphite, this requires only 
that the graphite be free of gross structural defects and 
that the pore structure be largely confined to diameter; 
less than lj i . Both requirements can be met by 
currently available commercial graphites. 

Xcnon-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. 
Calculations3 indicate that with graphite havmg a gas 
permeability of the order of 10"* cm1/sec STP hetium, 
a reasonably effective gas stripping system can reduce 
the poisoning to a negfigMe level. The best com
mercially avaiabk graphites have gas permeabilities rt» 
the 10" 3 to 10~* cm2/sec range/although experimental 
materials have achieved levels of 10"5 to 10"* cm2/sec. 
These values seem to be the achievable limit relative to 
closure of pores by repeated carbonaceous impregna
tion and graphitizatjon of bulk graphite. 

It is obvious that the structural deterioration of 
graphite under radiation damage will lead to eventual 
lost 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 curves29 

for isotropic graphite are shown in Fig. 3.10.* From 
these curves and the presumed temperature dislribu-

0NNL-0V6 <»-S2C1 

FLUENCE • X tt22 f£ >«0 htvl 

Ha. 3.1ft, ntannrfnnw taTaanmof gmjlili as a Iwacicn -* 

tiom in the core, the changes in core configuration have 
been calculated.3**3 • It b concluded U\~t changes in 
reactor performance due to strictly geometrical changes 
are not significant.1* 

For lack of a better definition, H has been assumed 
that penneabflity 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 
returns to its original density defines its useful life. This 
leads to the conclusion29 that the graphite can absorb a 
fluence of 3 X 1 0 2 2 neutrons/cm2 ( f > 50 keV) before 
deteriorating ngnuVantry or, equfvalently, that it will 
have to be replaced in the core about every four years 
in the present design. The associated operating cost 
penalty for replacing graphite is estimated to be 
between 0.1 aid 0.2 rraU/kWhr. 

'Subsequent data indicate that the temperature effects may 
be test than those ahown in Ffc. 3.10. Graphite now under 
development nicy also have better daneaaioeal stabfjty. 
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Recent results obtained from irradiations in the High 
Flux isotope Reactor (HF1R) at ORNL indicate that 
the definition of lifetime based on return to original 
dsssty •« indeed conservative for almost «il graphites 
examined. The observed changes in microstructure 
represent an increased generation of extremely small 
pores at the expense of reduction in the uze of the 
larger pores 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 IISBR applications. 

Other than the common comruerctal technique of 
repeated liquid impregnation of graphite, severs! other 
alternatives exist: ( I ) metallic or carbide costing, (2) 
pyrorytic carbon coating, (3) eneous imprepwuion and 
decomposition (pyrofytic impregnation), and (4) liquid 
or sobd salt impregnation. The use of metal<ontainmg 
coatings has been uvestigated, and successfni coatings 
were demonstrated. The useful metals and coating 
tai-kftHtfi required lead to a significant lots of 
neutrons, however, and this approach has been aband
oned, at least temporarily. Of the pyroh/tic techniques, 
the impregnation approach was autiaBy preferred over 
coating because cf the less fragile nature of the 
impregnated surface. An apparatus has been designed23 

which peuuitt gaseous impregnation of graph*** accom
panied by ftyrorytic decomposition. Tha leads to filing 
of the pores near the surface with pyrotytic carbon and 
graphite, and permeaoOities of I 0 ~ , # cm2/sec have 
been eaafly achieved. Various samples of such impreg
nated materials have been irradiated, however, and they 
have withstood fluences only to about 1.5 X 1 0 " 
neutrons/an1 (£ > 50 keV).*' Such result* are to be 
anticipated, became bcih the base graphite and pyro
rytic material undergo dimensional changes under irra-
dntsoa. A variety of behavior of pyroh/tic materials can 
be obtained by altering die hydrocarbon gas used as the 

source of carbon, the temperature of decomposition, 
and partial pressures of hydrocarbon and other inert 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 hose stock. The program 
is actively proceeding and looks both technically 
feasible and ecoriomicaBy attractive. 

Fyroh/tic coating, on the other hand, is a much more 
tractable process and requires less process control. 
Coatings only 3 to 5 rails thick readiy yield perme
abilities in the range !0~* to 10** cm1/sec. These have 
survived irradsttons to 2 X I O " neutrons/cm2 with 
negligible loss in permeabuity and heece look very 
attractive. However, the samples must He protected 
against chipping due to external rntrhasricai stressing, it 
is probable th&t a combination of impregnation and 
coating wffl Mm out to be the preferred technique. 

on these e: 
been curtaied on studying the feasmttty of Squid or 
solid satt tnapreuaation. 

mai conduct vity of the graphite becomes irnpoiliiH 
only as it affects the internal temperature of the 
material due to gamma and neutron heating. For the 

design of the MSBR, this beat is quale 
tt, up to 8 J W/cm3. The temperature gradients 

thus developed lead not only to thermal stresses but 
also to radiation induced streams generated by the 
temperature dependence of the dasnagc. VaCuas of the 
relevsat proper ties of a fnu>^aaaed uotropic graphite 
nave neen estimated rrom properties of various graors 
of graphite sjven in the literature. The estimates are 
gpven in Table 3J4. Although some of these valuer such 
as the thermal conductivity, wu§ change during nradia-
tkm, the changes wffl probably not seiiousty afreet the 
calculated sU< 

IA. 

TWfia^ conductivity.*Wan"' f C T ' 

YOVflf iMOOnMU, PS 

UMHMMI umih iwmnih« p* 
Poueon't ratio 
Creep coaaant, p»i"' neutron""' CM 3 

Anuotrapy 
Density, g/an3' 
Pwmeabtfty. cm*(STP He)/sec 
AcctnnMe void volume, % 

j i i j m ^ . i u i r - ' K 
542 X I 0 - 1 * 1.0 x 10^7 
1.9 x 10* 
5000 
0.27 
(S.J - 1.4$ X l O ^ f * 1.4 X 10"*7*>X 10" 1* 
<o.os% 
- l . v 
< l x 10"* 
< I0 

*A)1 temperatures axpteawd e, 
*Umm4iaM4: radiator may 

centigrade, except at 
conductivity. 
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Const H«xi«? foaatiom for the graphite 
beeaset upaadsorved****1 to obtaai ihe theraal aad 
radtttiotHaduced stresses. Theeouatiofts include the elas
tic response as wei as primary and secondary creep.2 J 

the important contribution being that of *Mo«dary 
creep. Despite the fed that *fec radiation-Maced 
strains far exceed the twtximairt teasae strain of 
graphite at tajrure, the relaxation due to creep largely 
keeps pace wtt> these strains and reduces the indnced 
stresses to relatively low leveb. A cane of stress n time 
for MSBR graphite is shown in Rg. 9.11. The initial 
thermal stresses anneal owl in a lev weeks' 
there is a gradual bad Jap of the 

in no case do the ttitnwt exceed €00 pat, 
is ovate tfTfpiiHf in view of the anticipated 

SOOOpai ajtitaat* tenant strength. 
it is concluded, therefore, that the aahjeed m i m i in 

the graphite do not oonttran. tSe icfeitact USSR 
aesajaor penoranmce. 

303.4 lawwuii grnjahn. Before coaadrting the 
nrocnhnttv of iuaaroveaant of the araahite. it is 
•nw^v^nn^w^va w v*^ •a»^M*v*^^^**"^va"»*"»"i «***> u*"w» BHr*ava>*"j^w v v*» "w 

to rerfew briefly rt» auxhaniaa of 
On the average, sac* ration nentron w» 
500 to 1000 irawiiiitiLtaaifcmtjf pahs in the 

a J 
f u m racre* i«.» 

graphite. At the temperatures under consMkr?tioa 
in the MSBR, the interstitiab are higfeh/ mobde. 
and the vacancies are slightly mobik. Although 
direct ituwnbination of 
does occur, enough survive to generate both inter-
siitiai and vacancy aggregates. The vacancy aggre» 
gates coaatae to lead to a shrinkage of the crystaStesia 
the **JDS dnedion, whereas the interstitial aggregate* 
grow into new planes leading to crystaSte growth in 
the c-axn awectwu. Rather fortaRoaaY. the act growth 
leads to vktMsiy no changr in crysuuH«e 
although the shape change b 

There is aeaeral ameease 
exataaatioa. bat detaaed attesaots to onaatirV the 
mode! have not led to sathaactory 
work2* demonstrated (at low teasaeosares) a i 
ship between ridhti m ana 
Later work at General Atonac" on pyroh/tio has 

eiseci or crysraanc star 
work at ORNL las 

n _ ^ _ ^ - _ m _ _* _ «a«««»fc^«w^^«fc Bat 

srii auuaaiiii and do not haply tfci the brhaajw of 
mwta 

too>eaneiyaaof< 
by 1^3.10, type AXO •• jliTi* 

stated in the HFIR at ORNL.1 

of the order 
of C.I to 

• t i l l . 

for an K3ML Thaw 
atetiaar at the awa 
^•a nujr^Ba ^^^aangm^ wawaaa^aa) aanaia^BmBaan(̂ gx> a> UJBJBBBB} j 

O^aaaVkwhr. 
2. Early staaws of L 

stsattd the capmlUy of waiting the 
<I0~* ocfut that woahj be i iansl i to l 
tat l > 9 X e ntatfon •amintioa h niajiai to be 

OB ay Htm 
•fCi 

•TL1 
Tt*. 
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1%. J. 12. Mtorior of type AXQ jr l̂iiffi at 71S"C am-
fcassaA io> nYe aranane4 bofcamw of Ac testncnce anpfctSt tnai 

demonstrated that such impregnated materials will 
satisfactorily withstand radiation damage. 

3. Geometrical restrictions introduced by require
ments of fabricability do not restrict reactor per
formance. 

4. Sufficient data now exist to imply that improved 
graphites for MSBR usage can be developed. However, 
these improvements will most probably be incremental 
relative to the best graphites 'ested to date. 

3.2.4 HarteloyN 

H. E. McCoy 

In this reference design of the MSBR, the material 
that is specified for nearly all of the metal surfaces 
contacting the fuel and coolant salts is an alloy which is 
a slight modification of the present commercial Haste!-
loy N. (The only exceptions are parts of the chemical 
processing system, which are made of molybdenum, 
and the infrequently used fuel storage tank, which is of 
stainless steel.) As described below, the modified 
Hastel'oy N ac.ticipated in the MSBR design is currency 
in an advanced stage of development. It is very similar 
b composition and .most physical properties to stan
dard Hastelloy N, which has been fuUy developed an J 
approved for ASNIE Code COM:ruction and was used 

successfully in the MSRE. The modified attoy is 
superior to standard HasteBoy N. however, in that it 
suffers much less loss of ductility under neutron 
irradiation. The design of the MSBR reactor vessel 
counts on this improvement, and throughout the 
description of t^e design m this report **Haste*oy N" 
means the modified attoy unless otherwise stated. The 
consequences of failure tv commercialy produce an 
approved alloy with the desired properties are discussed 
in Sect. 16.2.3. 

3.2.4.1 friswary system. The metal in the reactor 
vessel and in the primary piping will be exposed to 
molten fuel salt at temperatures up to 1300°F on one 
side and to the celt atmosphere (95% N z -5% O,) at 
1000°F on the other. The anticipated service life is 30 
years, owing which time the most highSy irradiated 
portions of the reactor vestd watt be exposed to * 
fast-pcutroa (t > 0.1 MeV) flueace of leas than I X 
10*' neutrous/cm3 and a thermal-neutron flueace of 
about 5 X 1 0 " rteutrons/cm*. 

Hastelloy N is an alloy developed specifically for use 
in molten fluoride systems,** with the composition 
Mtcnrn in Tabic 33 . Among the major coAststueatt, 
chromium is the least resistant to attack by the 
fluorides. The chromium content oi HasteBoy N is low 
enough for the aBoy to have excefieat corrosion 
resistance trturd the sahs. (The leaching of chromium 
is limited by the rate at which it can diffuse to the 
surface.) The chromium is high enough, on the other 

Concern-noon <wi %r* 
Element . . . . — 

?faRdanJ alloy ifcas&tf alloy 

Nickel Balance Balance 
Molybdenum 15.0 11,0 11.0-13.0 
Chromium 6.0-8.0 tJb-SjQ 
Iron SJO SJO 
Carbon 0.04-0.0* QM-QM 
Maacanrte 1.0 0.2 
Silicon 1.0 0.1 
Tuns>:<ir 0.5 0.) 
Ahuntoum 01 
Titanium J.5 2.0 
Copper 0M 0.1 
Cobalt 0.20 0 2 
Phoapbonif 0.015 0055 
Sulfur 0.020 0.0 i 5 
Boron 0.010 OJOOIO 
Other, total 030 
Hafnium 1.0 
Niobium 2A 

'Single values *r* maximum coacentrstioM. 
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hand, to impart good oxidation resistance toward the 
ceil atmosphere. The molybdenum content was ad-
jutted t > give good strength without an embrittling 
second-phase formation. The resulting alloy has very 
good physical and mechanical properties.27"2* 

Standard HasteBoy N was approved by the ASHE 
Boiler and tJnfked Pressure Vend Code Committee 
uader Case 1315-3 (ref. 30) and Cast 1345-1 (ref. 31) 
tor nuclear vessel construction and was the primary 
^mctural material in the MSRE. in the fuel system of 
this reactor, HasteBoy N was exposed to salt at about 
I200°F for 22.000 far. Cjnouoa was tery moderate. 
with chfonaum leaching equivalent to compiete re
moval from a layer oniy 0.2 mM deep. (Surveslance 
speciflyas showed a chromium gradient to a depth of 2 
mils.) Onidxtkm on surfaces evosed to the cell 
atmosphere amounted «o ontv 2 mils. However, surved 
lance specimens exposed just outside the reactor vessel 
and at the center of the core showed marked reduction 
in fracture strain and stress-rupture life due to neutron 
irradiation.32"34 

In the fctSBR reference design the metal m the vessel 
watts is protected by a thj-ca; graphite reflector and sees 
a fast-neutron fk«eace only on the order of 1 X 10 s * 
neutr<jns/cm2 (actu?9y lesu than was received by core 
specimens in the MSBJE). This Cast-neutron flueoce is 
too low to produce the tweBiag or void formation that 
n associated with the metal u*ed for daddmg the fud m 
fast reactors.35 Thfc major concern in developing an 
improved aBoy for use m the MSB* was therefore mat 
fast-neutron damage but die production of heutun in 
the metal, primarily due to the thermal-neutron trans
mutation of '*B to'Heand 7Li. Boron is an impurity 
of Haste&oy N that comes from the refractories used in 
meltifig the alloy. Careful commercial practice makes it 
possmte to produce attoys containing 1 to 5 ppm boron 
(18.2% of natural boron is **B). Irradiation teats, 
however, show that the amount of LeBum (and thus 
boron) required to cause: embritfJement is so low that 
even aHoys containing 0.1 ppm of boron are badly 
damaged in this respect.34 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 on the fracture behavior. It 
was thus concluded that the problem of kradiation-
mduced enmrittiemeirt could not be solved by reducing 
the boron levd. 

The embrittlement problem ww* approached by 
adding attoying metals, such as titanium, ruobium, 
zirconium, and hafnium, so as to form boridos that 
would be dispersed as ixecipitate* and not p*iicvtot\y 
segregated at the grain boundaries. This approach 

proved successfJ, » tii ;% fme dispersion of MC-type 
carbides giving the most deckabk properties.3'7 The 
postirradiation fracture strains of several promising 
aBoys are shown in Fig. 313. (Although the flueace 
received by these specimens is low compared with tJ*si 
expected in the MSift, over one-half of *z nor on wil 
have been transmuted at tbr 5 X I0 2 * -neutron/cm2 

ftu?&ce level, an* £ere is relatively litde change in 
d£d2«iy Beyond this point.) 

To obtain i~x desised structure and uirlding prop
erties of the modified aBoy, dose control is requited of 
the concentrations of titanium, niobium, and bafmtm. 
Successful highly restrained teat wdss have been made 
in % -in .-thick plate using aBoys confining 1.2% tita
nium, 0.5% hafnium, combined 0.75% hafnium and 
0.75% Utattrum, and coMbmed 0.5% UiMtmm and 2% 
niobium, tfirrnnium induced severe weld mMai cndt-
ing and is no longer considered as a constMueut.) The 
composition of the ttastfgo) W for the USUI has not 
been optimized, bat the asAkzp&ei values fjt fgmm in 
Table 3.5. 

O.OCH OOf QA * «0 KX> 
STRAIN AAT€ <%/>*) 

mg. ui. ********* u m\y*mMk**+mrc. 
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The conouao trmtmct of the muddied material has 
been tested, and rprriewar have been exposed in the 
MSff£ coee. The Metis used to date h»*~ <£. i * von and 
have nuan lowMf c^iw^oo rates than observed for the 
Handera anoy with 4 u> 5% koa. iron does ooc seme a 
critical role m the unoy and could be amoved to gn* a 
tower corrosioc rate in sodium fluorohorate should this 
prose to be nrrmiry. The presence of titanium and the 
other uacuw metai» will not contribute anpredafaty to 
A t corrosion rale at the antictftud concentra
tions.** •** The molybdenum was dropped (torn 16? in 
the standard material to about 12% in the moid** 
aloy to obtain the desired cafbmV. 

grarraiy better than those of standard Histettuy X and 
are conainVirably better than those of the ear**' fieat 
nscd in emmviddng the aJlowablf destno stiesfcs tinder 
the AStm Code. For the purposes of this lefcreuce 
HSMt demja, however, the anpronrd stresses, lined m 
Tata; S i . were need. 

in tiiwnn ry. the reference mm deanjp mtmyr that 
mitrm mmajg stecng$ acd C^MOSSUB resktancf canal 
to standard Mastetoy 3 wil be atwlabk. The reactor 
icmeJ ir^uisns, in addition, that the postkiaumtion 
ductility 4* much better dun diat of die standard 
alloy. blany ea^erinatotnt heats of madiM H~**hy *i 
meet these retinkesnents. These anneasa to be no rrsson 
why a selected alloy cannot be produced commercially 
•nJ ferf ansizoMed for code tfonsssuction 

M * • * fnesmdnsy system The cooiam sate in the 
H i l l * *5 «^ys? feggrehogtff. Talis does not present a 
basKahV dattnM** ?«*:«£&& situation from tfeet tor 
other fluoride sates, fiioce the rtementr p&acnt as 
fluorider nre more stjMe than are the fluorides of -he 
metafe present w the Heeteioy N. fmptiritirs in the Mite, 
howewer. may present mrrimmm tor corrosion. 

Sialic oonotiosi tests showrd injisjnifwant M*uk of 
Hnaumov Si by fciaflf 4-hlaf mi«j&£» t« to 8 mot* * 
!&F) on Hastfioy *» wkfc low amounts of oxygen and 
water pteeeat .*• Increased amount* of oxysjen and 
water may accelerate the corrosion rate. 

Dynamic oktosion test experience with Haceticy N 
is sodium ftiioroborate incltujet several ther«aJ connec
tion 'oops and a single forced<irc»Jatk» system. 
RfSMttr indicMe that metal wdl br wmmt Uom the 
hotter portions of me loop and deposited on tht cooler 
sections. For the thermal comcctioR loops the » a j -
mnm r#Se of metal remoral tvas about 0.2 uAlyw over 
jbont 10*100 hr of operation. Accelfratfd ".orrosion is 
assoctated »' : ' >**f*i lends of H^O and 0 2 Purging the 
system with a gaseous mixture of hydrogen fluoride. 
i F * , Md helium appears to be an effcam method of 

purifyaig the coolant salt of moisture and oxygra. 
houcwr. In general, the cosffs^jtjmiy of HnstcMoy N 
with scditmi flnoroborate appears acceptable. If online 
methods for removing corrosice producu and moisture 
are inruded in the system, the corrosion rate is Isxcty 
to be bss than about 0.2 mwVyenr. 

The jiiinpaiibniiy of Hmtrioy N with supercrttkal> 
pressure steam ims bean tested by exposing tpfrimeai 
in the TV A Butt tun steam statioo In oner J0000 hr 
the corrosion rate has bnan km dma % mUtytrf.*( a 
.Mi that by m£mtry standards would certainly be 
acceptable in the oteam asniffltor tubtsif. (There is no 
sicnitlcanft dsfXecence between the standurd and modi* 
uce iimumw m in this mfscij Mtsmt oi continued 
testirn^ but with strewed specimens, we man ytt 
awsnaaie> 

IS ^ t f t ff /let fff iff + /TT*tffT*f* 

JJ.I fmsxamnnfbmnmCnmlQmnjn 

M F laumaa 

w mn» np̂ mnsv n̂a> m a * nmm^^mnv^VVnmĵ P n^na^nmns*, w ^ m p u m a p *^^ ••wnjs* 

;umes: a weM moderated mow lone ( i j <me table i I 
for dnfinition at **>*-£ SmH*m4*A by an entWnauj • 
erased outer tme {Hi The seme tod sale. ffiiMasning 
both tmnk and turtilc mMnrml, is used m both m m 
and duuiunhaui the teaetne. The Anns«aa mnetriisa ia 
each zone is controlled by aa%ussjusj tbe proportMn of 
salt lo pt^biu, Uom a sate <ract«oc of about IPX in 
zone i to about J?% in zone hi. The owt/att spnetrtna) is 
adjusted Cor the beat "performaarr" ati<>«ntid wteh a 
hsah hfeedine ratio 2nd a low fissile iaMtniiW ^taatisai. 
wn^nw* '̂ p^^^^^^p^^^^pj w ip^^^^^ I*"^^^PT v w^^^^ v v ^ p w P p^^^p^^^^^^^w*» ^ P̂̂ p̂ ppjwanar 

niiflii tif the aire is discussed in DaHaunne tii*lir>i»t 
w^^^^^^r^^^^ ^̂ ^̂  ^̂ ^̂ p̂ ^̂ ^̂ ^̂ ^̂ ^ P̂ ^ â̂ ^̂ ^̂ p̂ ^̂ ^̂ ^̂ ^̂ p. P W ^̂ p̂eip̂ p̂ p̂̂ v̂ ^̂ nh •B^P^P^^W^^^TUPP* 

The snectrunf in /one U is umde ^"^^^^ io aenaanee nW 
w ^^^ ap^ap^par^w p a ^ ^ *ap> BIP^ I»^P» WP* app BB^HBBBPPP PPBBBR^BBBPP # apar p̂ BPBBBBPPapaap> aaaav 

rate of tnofium reinsuapre capture #nk<>nr to the l«pan 
rate thus ̂ caweaciaM she SttM. in aW dulaf CMMM. xn/»c m^A. 
ww^^^* § •^w^p*p ^p»̂ ^p^p^^^wn^p^nj ^ m ^ ^v^p^w ^^^ I^MW ^^npTî ^p ^w^^*^* P ' ^ P P _^^vm 
• • w w * ^^^^P ^*^^ ^p^^a^^^'^^™ e^^mpw^^mw'* 

Fa/jifff M6wn> dnsmns acsm̂ uad exspwJnnt np f̂ormiuice 
<jood breeding fatio and lew famjz imnntufy) by 
i iwiwnwiiM luaaW and leetde naaueuds in tun iaaMtfai4 
^^^•^•^P W*^^^^P*^^^mj ^ ^ ^ P ^ ^ ^ ^ I^^^Par ^^^P ^W^^ PvnJWW'WBW^F ^^V • P** ̂  ^ P ^ ^ W ^ ^ W ^ ^ 

fluids4 Moth fluids iuf*p*H by graphite wufcty were 
present in the core, whJcte - -»lurrounnad by a Matdtet 
of (twfc inte. The inirjniaaei of dns iwo-fluid detigft 
were low fnailc mientory (because the fiaimt msterns 
was con/iocd to a raiainarty amad Mdume of fun) ante) 
*idcafe of s»<>cestmg (becausr the fua< sate was free of 
fertde material and «V ferOr s ^ was practicaiy fret 
of fission nrmtufiial The anun s)iaak4Mantaa£ """ UW 
coaaniex Manhsie ***"«•*"*» r^uAtg+d in ^mmt*it she two 
^̂ ^̂ ^̂ ppA^̂ ^̂ ** nw'jp^^^*^^*^^ 1^^^ w^^*^w^p^ ^^^pgi^^^^^w *^p sî ^npn^^ nr*^ * P ^ ^ W^W'^P 

fluids, a structure that would hew to be rtphn^d at 
intcrvait because of neutron demejkt to 'J»s maprnte. 
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A *tfajB munmAmit beia/at* lb* ivo*Jt»ia mi lb* 
rtfecact ungk-Atud dtfiga* a lb* najt fluid cart with 
ttpanu bbflfc*(' Tb* car* is • BOJI mudtriUd rtgiaa 
Hu tone t af tb* i rmjjr fluid taigft. tofrooadctf by • 
bbafcct o$ ibm NMrbear wc adt separated from lb* cor* 
by i dim writ of H*rt*#oy N (or oaeriBty freeeot*) Tb* 
core ufa fmNoioi bofb funk end fertile microti aed 
tkm offer* m> ptox*m$ aaWt*£* over lb* oju^tH&d 

bof tb* pfiimar of die abater coot/oh aeoHon 
wtfbooi iovufriag • tarf* Aotia amotory in ibr 

bbjatri ng»ua to/ retcfet in t bar total reactor fi***> 
imwMory. Eaflattatory cekofriioai tew tboww dial 
tbf ocrfofioifir- of :b» detaja iforoorWi fa*J of Uh* 

SJ-I 

H.f. 

.». - -

MOT. I U 
w n a ; » lb* mctm*y tat • 4moMg **§ belowa lb* 
cor* «od lb* bbMfctf, » wall da* BMIMBJ beat to W 
rrytJi'od joraidiotty (ekwg witb lb* a m gneb**) 

of ta£*«*»iroa «VMM§V. 
• • NtabT'tiote deeeja wim • 

for lb* eiuoibli oMRoa* 
toed m u»r wfwani of 

At raactor. PraliNonory caWy£iiMMB> aW» SMS* T^** s 
a b*ge «ort (oa ifct order of JO ft 

r| **d ibot an oaaarai»>r»i*d too* H » a« 
teduajr » iaajtrtBdy fcj» fam nail • 

baft oar*. Tb* w4*m*ap of tb« deiajft » riftfcrily of 
wmlfartiaa end dor Hjajjaaliar. of «»re ,tyfa>innfti. 
its A ^ M i i M | n M I ffc» At^tfifMBtf U a b laMttt k i M i a i v 

Tb* #*rfor*aM*» of fyfiol eaoaylr* of dam <oor 
poMPp**^*) 9 M ^ P I B ) I P VaPovaoooVvlaaHP f l v # BIBVJBT JmBt w BBOT < 

l b i « | i b * ifeMAbdMMt tOMktta* a i o ^ ^ a M 
^^^OP a^a^*v^B'*' • * • • •OJWB^B^P^»WB'WBJ WW^^F^IP^^^WP w^Bv^aajo^Bjaav 
^MMMtga^Mk COOOk^ ^O^B^BH*al^ao) ^Lgtf ^ ^ a ^ ^ ^ f L ^ J B r n H L d g A f 1 A JbW^O B f a a M t t l 

^B^pajH^aav^ ^^^p^F •BOO^^^P^WB^O' B^O^T ^Baŷ aâ BjBMa/ ap^^^Ba^y^a» ^a^ aa^aaaj B^BJ^^B^BB^ 

•wf^BFy B•1BaP•'Bp^,*, W Bjf/JFfJWS rH^r^PaW^B^By ya^anV B ^ B W P I H 

{BJrfor amipY •• • iwajri tiM «NI •* boil wHb oaly • 

Tb* ROD (Reactor OpiiaMm D*i^i) code, tatd lo 
o^oautf ibe cor* or*** for lb* ria|>t ffaiid MSM. 
coao>?ts of tbrot aaa)of XCIJOBJS.' 

V » * ^ F ^B%^B»oa^^PBj^(BP> BoYO^B^B^9^B^Ba>oa^BBaj*MBjB^P BOvOV^WO^af BJBBv B B^B^BMBBV 

cokobjtioii W«d on lb* coaa MOMUC wiib • rfotia* 
«id*d to «̂ atb*̂ 4a* s two^batoajoaal cakoMioa) io 
cybodrica) fjaoajaHfy. 

I. Aa maifbriaiB r«acior latcaaHioii aaanl M dw 
coat Wbt. To* aajBda>f*«a) coocomnM t̂otof oaio250 
oacbdts O)OW4BJ toaioa arodocft niay at cakahHea' 
lor vuuiitri* luiiiwanar f«d oruc»*did • ^ *P to 

ian*> la* B*OBBOBJ wwio. IOOI 700?. aojoajaa oYvvir 
torici. M 4 fotl^ydt «ow wr okooioi w lb* atctkni. 

J. An i^taidsttioa BWCO<MI*. baad on dwajaiiapj 
Bfafomw^ BV&34 m "•mbad of «^«oi tact*." far 
loatiat ibt BMMiaaiw of • ipartnad ra>»« ^ writ 
ojbaa b^^i ftacfor aafaaattt̂ f tat dataMMj i# •ary. Tbt 
nf?& sf ss-*«* 9»v ^ »*y dtabad fwaatbia of tb* 
bMadfcoi olio. dM aaicafic Jotl MMtaiarv. aat faaWriilt 

^Bajav BTwBa*aj(̂ Boa/̂  ooaw ^a*^a^o •P^Mft^a 

PitafWPtttf tMfWjrt w t^KiniK Ikvilfe •• liw w?4nni 

I J X i Caao II m m CrotMOtnoo tttt1m m in 
o)Md aabai XSORN.Mt s 

fiowiral oadt lot dd pmtubw • / 

di* I X » odi aant, d» V* BJH aatv. fat Ittftttfc 
|B». tad dai aafttcaof. la ojcb O M • "cti ditKtBnT 

TtMaiA 

*m r>naja«*4i *m Cc*a**a0Mi too* Aaaadojd 
ia oiooHtaf *rtoj *• I'wapbiByi coidSBbar4 aaSBHUiar tmmmmn tbjaf 

| W B 3 U J % ; J 

w - y ^ w t a ^ ^ »ts ^.* rv«- w ^ WP M I »«ma>^ ,M« jnr JB»I.^VH 
daj; t§iy*5*i 

vabbcaar f Ida Dig U 
Bo^dalaV iao>toa* looboMBBi mm i t loa I M u uabtaavMSMl 
BBiaja4nBl *OJK ofaa i mjmm abaatt at iJBt 9Bf f d 

»a»«ajBjM*»a;oj* 
T««4boi«JMaM»M MBofaol n \m I ta M 

#AaM*»» *«* BO*B. A* aoHaMoji *ai fjv i n n few 1.1x1. 
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was set tip to describe a part of the particular regiom. 
The cross sections were then flux weighted over the 
ceh\ The input data for XSORN were taken from the 
tl)-f /»*p XSDUN master now) tape. This 12>group 
fltactur* was reduced to a Otteur? structure in the 
XSDRN calculations: this broad group structure con
tain* of $ fast groups and 4 thermal groups. N«ct*k 
coucentraiMM* for these cakulaiions *-»re obtatoed 
oowaaaaj a> '^*#*a*a*»' w>aBBaB>aBaaa/a;aajBaa)v F ^ T T •oeaa> f T a a v r W a v v uasaaH^aî B^a aoaaaj n * 

:Js- reactor phts four l/r "nuclides'* were considered in 
each region so that four sets of crosi sections were used 
to deicribe the entire reacto*. 

i i j . 2 ri i i i i ir iH.i i %JigBtfiat. The f****e of mnt 
aiwued for iniimiiBiiH* . / •?_: *s^*S~d USSS* «•» 
been named f*» "junanniiioa coetTkierit.** defined as 
iSe hfoadina M M limes the tnaaee of the snectfW power 
*"*̂ a> w^a»^^^ux^*m» asanravY a v t f f a * wa^v «^Bj^Baaw ^PT * . • • • * «BJM%OV• •> • • ^ • ^ • • ^ T 

m thermal megawatt* per k&graut of ft*ak material 
(%hk*4 fc proportional to the inter* of the prod*:; of 
Cttnaenution coetTkienl « refctod to the opability of a 
breeder rearttr ayytert. » contra fnaue material in a 
nuclear ajuwer economy exfiandine linearly with time 
For t*»» ptfuw g/owth jimdiiion, maKfewtting the 

utai aBaaaatf of u n t i a i thai aaaii be ninrf ^ imk* 
mont when die bamder system beconjes self•soafainuui 
ILe,. ismtamulent of an* exieiaul sunmV of faafeauabt? 
aUBakJt^UBn^eaTft 

t t ^ l QMammmlBuftloML T k u f < M ( I M a J M « l M tttif l imt I M C * 
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detail from the reference design catcubtton, was used 
for several subsidiary calcubtkms, such as the neutron 
and gamma healing in the core and the power distri-
buticn m &e core, and for several of the parameter 
surwys gmr. in the ^ollowirig section. 
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Table 3.7 (continued) 

C ItoforaMSice 

Conservation coefficient, f MW(t)/kg)i2 

Breeding ratio 
Yield,* % pes mwa 
inventory, fissnV, kg 
Specific po*«r, Mwiu/kg 
PooMing time system.* years 
Peak damage flux. £ > 50 keV, 
net Iron* cm ~' 
Core zone I 

Vemtl 

14.1 
1.063 
3.20 
1504 
1.50 
22 

. - I 
14 

Average, ccic 
-2 . _ - ! 

Fraction of fofera ftom thermal nattrcna 
Power density. W/cm* 

Cote 
Avenge 
Peak 

Cote, foe* salt 

3.5 x 10 
3.7 x 1013 

4.3 x 101' 

Core, frapfcHe (gamma and neutron 

Fauna* oov/er fractions by 
Core tone I 
Core tone 2 

Ratio. C/Ta/U 

2.6 x 10 
8.3 x 10 
0.84 

22.2 
70.4 

74 
492 

2.3 
6.3 

0.790 
0.150 
0.049 
0.012 

14 
14 

Core zone 1 
Cote wot 2 

8660/52/1 
2240/52/! 

D. Neutron tufa 

Constituent Concentration* Absorptions Fissions 

m T u 3.75 x 10'* 0.9779 0.0030 
a " P * 3.88 x 10"' 0.0016 
»>u 6.64 x 10"* 0.9152 0.8163 
»<u 2.31 X 10"5 0.0804 0.0004 
JJSy 6.01 X 10"* 0,0747 0.0609 
1 1 * . . . . . . . - * « < W M ( 

V « . « • A »'-» 
" 7 N p 8.5* x JO"7 0.0074 
»»rV eiox io"* 0,0074 
"•r* 1.29 x 10" 7 0.0073 0.0045 
*«*Pu 6.83 x 10"* 0.0027 
U i H 6.21 x 10"* 0,0027 00020 
*°Pu 1.23 x 10 " 7 0.0006 
•w I.9S x 10" 7 0.0035 
7 U 2.24 x 10"a 0.0157 
'Be 5.00 x 10"* 0.0070 0.0045' 
, f F 4.77 x 10"* 0.0201 
Ccaphite 0.0513 
Fission products 0.0202 
Leakage 0.0244 

Table 3.7 (couiuued) 

E. Fuel-cycle costs* 

Item Cost (nuDs/kWhr) 

Inventory 
Fissile 
Salt 

Replacement salt 
Proteasing 
Fissae production credit 

Total 

0.364 
0.077 
0.040 
0.360 

-0.088 
0.753 

'At 0.80 plant factor 
SUSSSSi in *w& Sfiit vatOius w c u i / . 

c(n,2n) reaction. 
''Bases for the Aid-cycle cost estimate are summarized in 

Tabic D.2. 

o* 2.2285 

3 3 3 Effect of Oiaiif^m the Fwl-Cyck and 
Core Design Paixsnetets 

H. F. Bauman 

333.1 Power density and core life. The power 
density of the core affects both the reactor perform
ance and the core graphite life. As the firs; 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 seven] 
cases were run in which the maximum perrm ŝibie 
fast-neutron fiuence was limited to low values, which 
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 graphite life. Both 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 that a maximum conservation coefficient is 
obtained at a core life of about three years, which 
corresponds to about a 15-fi-diam core with a peak, 
power ucuaity c!" *b*ut 100 W/cin?. However, there is 
little change in the conservation coefficient z* the core 
is enlarged to increase the graphite life to about four 
yc-ars, which corresponds to the reference design core 
diameter of about i7 ft and peak power density of 
about 70 W/cm3. 

333 .2 Salt vohune fraction and thorium conctutn-
tion. The function of thorium as the fertile material in 
the reactor is to absorb neutrons and thereby produce 
fissile 2 3 H T . Thorium competes for the available 
neutrons with fissile material on the one hand and 
parasitic absorbers such as fission products and the 
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Fig. 3.i4. Fwformance of 100C-MW(e) MSBR as a function 
of core ife (ai IS plant factor). 

material of the carrier salt and the moderator on fie 
other. As a result of this competition there is in 
optimum concentration of thorium in the core. If the 
thoriu n concentration is high, the breeding ratio will bo 
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 b° low because more neutrons 
wili be lost to the parasitic absorbers (becau*^ of a lack 
of competition from thorium and i ..i_m). The 
thorium concentration also affects the :-.u«ron energy 
spectrum, which becomes harder as the tho?iuin is 
increased. Hardening the spectrum tends to inertia .re 
resonance absorptions in thorium while decrease •_, \t 
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 fraction together determine the thoriuni-to-uranium 
and carbon-to-uranium ratios. 

The effect of thorium concentration on performance 
of the MSBR is shown in Fig. 3.15. The case? 
represented >n this figure were calculated before the 
reference design was selected and were based OA a 
slightly smaller externa) salt inventory. Details of these 
case": are given in Table 3.8 and ref. 9. The core 

10 11 12 13 14 15 
THORIUM CONCENTRATION (mole % ) 

Fig. 3.15. Influence of thorium concentration on the per-
fotnusce of a angle-fluid MSBR. 

dimensions and zone I 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 reached 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
ic-thorium ratio. The optimum thorium concentration 
tends to increase as the core power density is decreased, 
but this effect is smuli over the range of power densities 
that give graphite lifetimes in the range of two to four 
ye^rs. 

The effect of allowing the core zor.e 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 
cotimum in the conservation coefficient at 13 vol % salt 
and a very broad optimum La 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 1? volume fraction was 
also studied. With the total vol's .me of fuel salt i:i zone 
II held fixed at its optimum value, a very broad 
optimum in the conservation coefficient was found to 
lift 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 j 7% void volume) 
for zone II if desired. 



33 

Table 3.8. Influence of tnormn concentrsiion on the 
performance of a am&t-r«a& MSBR 

Fud salt, mole % LiF-BeFj-TtiF* 74-16-10 72-16-12 70-16-14 
Core height* ft 9.75 9.8 11.7 
Cote diameter* ft 11.2 11.1 11.5 
Radial blanket thkkness,* ft 2 2.20 1.89 
Axial blanket thickness,' ft 1A- 1.19 0.?1 
Radial reflector thickness, ft 3.0 3.0 3.0 
Axial reflector thickness, ft 2.0 2.0 2.0 
Core salt fraction* 0.137 0.121 0.114 
Radial blanket salt fraction 0.37 0.37 0.37 
Axiai blanket "ait fraction 0.37 0.3? 0.37 
KSSCtCT p O - v t , O * « I \ I J 2250 2250 2250 
Average power density. W/ctn3 29.4 33.14 33.5 
Maximum power density, W/crn3 97.3 106.3 101.6 
Graphhr replacement life, years 2.1 1.9 2.0 
Specific fuel inventory, kf/MWfe) 1.23 2.26 1.33 
Breeding ratio 1.051 1.055 1060 
Annual fuel yield, %/year 3.18 3.35 3.42 
Conservation coefficient 17.19 17.65 17.05 

Variables allowed to optimize. 

TO-* ! * * 

tZ 13 M IS 
CORE V0UMC FRACTION SALT (%J 

Fig. 3.16. Effect of core zone I votante fraction of salt on 
MSBR performance. (Other parameters are held fixed at 
leference design values.) 

3.3 J 3 Reflector. Both the thickness and the salt 
fraction of the reflector ire important to the MSBR 
design. Increasing the reflector thickness ovti the unge 
from 1 to 4 ft was shown to increase the conservation 
coefficient o! a typical MSBR design.9 Much of the 
benefit of thr reflector stems from its effect in 
increasing the neutron flux in the outer region of the 
core, thus giving a more even core power density 
distribution and improving the specific power without 
inc casing the peak damage flux in the core. However, 
the improvement in performance was slight beyond a 

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

The salt fraction in the rel lector is abo 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. 

333.4 frofesnag. The ROD code was set up to 
moUel 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 compti-
csted, but only two of ?Jie steps, the protactinium 
removal 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 for subsidiary s.eps (e.g., seminoble metols with 
protactinium removal), is given in 7ig. 3.17. 

The most obvious conclusion from this study is ?hat 
rapid processing is es>enliai to good breeding perform
ance. Another concl'ision is that somewhat less strin
gent processing tin.es than were assumed for the 
reference design, say a 10-day instead of a 3-day 

http://tin.es
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was assumed to be "»Po - 60%, , 4 0 P u « 24%, * 4 , P u * 12%, and 2 4 2 P u « 4%. Other parameters were held fixed 
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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 protactinium 
processing cycle time can be "traded" ••* a decreased 
cycle time for the rare earths. Thus, • - ; of a 10-day 
protactinium removal cycle time and . 25-day rare-
earth removal cycle time would give about the same 
breeding ratio as would the processing times assumed 
for the reference design, that is, about 3 days for 
protactinium removal and 50 days for rare-earth re
moval. (The processing plant described in Sects. 2.6 and 
8 gives a 10 lay protactinium cycle time.) 

Rapid and inexpensive processing is the potential 
advantage of fluid-fueled reactors. How-wer, very long 
processing times have been considered in order to 
examine the performance of the MSR at processing 
rates more typical of solid-fueled reactors. For long 
cycle times, where the conversion ratio drops below 
1.00, three makeup feed fuels were investigated: 2 3 3 U , 
a plutonium mixture typical of that from water 
reactors, and 93% enriched 2 3 s 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 wouid correspond to about a 
three year batch-processing interval), the conversion 
ratio is well over 0.90, which is very good compared 
wf.th solid-fueled converters. The study aiso 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 2 3 7 N p . There are now indications that it 
can be successfully eliminated. If 2 3 7 N p were removed 
on a 200-day cycle, a ROD calculation indicates that 
the breeding ratio of the reference MSBR would 
increase from 1.063 to 1.070 and the conservation 
coefficient from H.l to 16.2. 

333.5 Plant size. Neutron leakage U important in 
the single-fluid MSBR due to the absence of a blanket. 
Furthermore, the undermoderated core zone II, 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 of the reactor, then, is strongly affected 
by factors which affect the leakage; the most important 
of these is the size of the reactor. 

Th- 1000-MW(e) plant size selected for the reference 
MSBR was chosen because this has become a standard 
size for comparative studies of reactor plants. No 
attempt was made to revise the plant design for larger 
or smaller sizes, but a simple scaling study was made to 
indicate the petforrnance that could be expected from 
other size plants, particularly larger ones. 
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'.'he scaling study was started by taking the external 
fi»sile inventory and the volume of core zone 1 
proportional to plant power and holding fixed the 
thicknesses of core zone II, annulus, plenums, and 
reflector. The results of this study for reactor plants of 
500 to 4000 MW(i) 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 second set was run in which the 
core zone I volumes were adjusted to give about the 
zssxz peak power density in each case. The results of 
this set are shown as the solid curves in Fig. 3.18 and 
are erven in Table 3.9. The nerfnrmanr* a« "measured 
by both the conservation coefficient and the fuel yield, 
increases sharply with increase in plant size. The 
single-fluk! MSBR, then, is well suited to large plants. 
For small plants, reactor designs less sensitive to 
neutron leakage, such as the single fluid MSBR with 
fertile blanket, should be considered. 

33.4 Reactivity Coefficients 

O. L. Smith J. H. Carswell 

A number of isothermal reactivity coefficients were 
calculated using the reference reactor geometry. These 
coefficients are summarized 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, which decrease nearly as 1/v, with 
increasing temperature. The salt density component 
represents all effects of salt expansion, including the 
decreasing self-shielding of thorium with decreasing salt 
density. 

Table 3.9. Performance of sragte-fhiid MSBR's as a function of plant size0 

Reactor power [MW(e)| 500 1000 2000 4000 

Core height, ft 9.44 11.0 17.44 23.0 
Core diameter, ft 10.42 14.4 19.36 25.5 
Salt specific volume, ft3/MW(e) 1.75 1.68 1.62 1.55 
Fuel specific inventory, kg/MW(e) 1.65 1.47 1.36 1.28 
Peak power density, W/cm3 62.2 65.2 66.1 65.9 
Peak flux (E > 50 keV), 1 0 1 4 neutrons cm"2 sec"1 3.04 3.20 3.25 3.24 
Core lifr, years at G.8 plant factor 3.9 3.7 3.7 3.7 
Leakage, neutrons per fisiile absorption X 100 3.89 2.44 1.53 0.96 
breeding »atk> 1.043 1.065 1.076 1.083 
Annual fuel yield,6 %/year 1.99 3.34 4.28 4.95 
Conservation coefficient 8.0 15.1 21.0 25.9 

"The thickness of core zone II, annulus, plenums, reflectors, and other paremeters not otherwise indicated were held fixed at the 
reference design values indicated in Table 3.1. 

*The plant factor is assumed to be 0.80. 
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Fig. 3.18. Effect of plant «ze on MSBR performance. 

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-term reactivity effects, 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 that the total core 
coefficient is negative. But more important, the total 
salt coefficient, which is prompt and largely controls 
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Table 3.10. iaothtrmat wactmty ceeflicieats 
of the reference reactor 

Reactivity coeftVknl, 
Component 1 »*, 0~„ 

— — (per C) 
k bT 

x 10"$ 

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 graphite +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 coefficient is particularly important 
with regard to bubbles in the core salt, it is expected 
tliat the salt will contain a few tenths of a percent of 
xenon bubbles. Under certain circumstances the bub
bles might expand or decrease in volume without 
cnange in core temperature and hence without invoking 
the total salt temperature coefficient. Since the salt 
density component is positive, without decreasing 
density, bubble expansion would produce a positive 
reactivity effect. Using a salt expansion coefficient of 
hVfV - 2.1 X 10~*/X an increase in core bubble 
fraction from, say, 0.01 to 0.02 would yield a reactivity 
change of bk/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 bubble fraction would yield a reactivity change of 
Sk/k = -0.00039. 

Finally, the equilibrium fuel concentration coeffi
cient, {8k/k)l(6n/n), where n is atomic density, was 
calculated to be 0.42 for 2 3 3 U and 0.027 for 2 3 $ U , 
and 0.39 for total fissile uranium. (The coefficient for 
2 3 5 U is much smaller because the 2 3 S U inventory in 
the MSBR is very low relative to 2 3 3 U . ) 

33.5 Gamma and Neutron Heating in the MSBR 

O. L. Smith J. H. Carswell 

Gamma and neutron heat sources in the one-fluid 
reactor, vessel, and thermal and biological shields were 
calculated using gamma and neutron transport tech
niques based on the AN1SN 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 radial traverses, two one-
dimsnsiorul infinite-cylinder calculations were per
formed - the first at the core midptane and the second 
in a plane two-thirds of the distance from the midpbne 
to the top of the cure. In each case the neutron (aud 
gamma) flux was normalized to the value of the actual 
center-line core flux at that elevation. No allowance w*« 
made for axial buckling. 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 a few percent high. But because of the 
large air gap between the vessel and shields, the 
calculated heat sources in the thermal shield and 
concrete should be reduced by about 50% to account 
for the actual finite heigh; of the reactor. 

In the axial center-line calculation, the system was 
represented in slab geometry, infinite in the radial 
dimension Again, transverse buckling effects inside the 
vessel are small. The results for the thermal and 
biological snields are upper limits, but the overesii-
nation is lower in the axial direction since the air p p is 
only a few feet. 

The calculations were performed in several linked 
stages starting with a one-dimensional ANISN transport 
calculation of the neutron space and energy distribution 
in the reactor and shields. From neutron fluxes and 
scattering cross sections, the neutron heat -iistnbution 
was determined. The neutron heating in the -eactor is 
shown in Figs, 3.19, 3.21, and 3.23 for the two radial 
traverses 2nd one axial traverse. In each figure, curve A 
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 thermal and biological shieids. 
The thermal shield is treated as pure iron. The concrete 
is a standard grade. 

The ganma heat distribution is similarly presented in 
the figures. Three sources of gammas were calculated 
from the neutron flux distribution: prompt fission, 
delayed (fission product), and capture gammas. The 
first and last of these had the 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 the delayed gammas are emitted inside the vessel. 

These three sources of gammas were combined in a 
fixed-source ANISN gamma transport calculation using 
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seven gamma energy group* f lorn the gamms 3uxes 
the gamma heal source* were then waktsated. 

Fwm the results i: should bt peeticutafty noted thai 
neutron trttrmaiitation » a major hoi source to the 
graphite. 

I J J FiMtoi iho«iciH««R»M^MS8ft 

One of the principal design c**Mfde?»iiott for MI 
MSB* ts the safe disposal of reactor efterheai. The Cm 
major sources of heal which remain in the prumry 
system after shutdown are. 

1. fission heat due to decay of flux at thotdoum. 
indudmg the effect of detsyed*neutron precursor 
transport by the salt; 

2. decay of fission products (and daughters) dispersed 
in the primary salt; 

i. deary of mbk metal few** products land 
ters) da pruned on tm? graphite ana Haafetfcoy N 
atflacvs; 

4. decay of guseous feryplun and aewoniand 
diffused info law graphrTe: 

5. heat stored m moderator and reflector gMphitr 

T«* heal ioad* impuiii by fame* products smwi be 
recognised and evafeefed «n order to desejri cooling 
systems for the chemical peoctsaang cujotpment. the 
ofY«g«s system. Hat drain t#**u> and the primary suta 
circuit. The ibtriovston of heal producers arithin die 
svssem draesids on <tMma£ai behavior IkaH-life and 
* y wu • w f ^wnjav#*^ar* *â w> % ^ V f e v w n w «^»»»w woa^o» **a^w ^a* • m'̂ ^m1 

^wtmolettilv of decsv CHHBSL nraofcjtfe (harn*ier sulci 
and the ef7ect*r*es% n4 the chemical and *rff«fa* 
Muaoval ttnieia* The avulahla evideofw rJ^tcMt% thai 
the noMe mtfab (Nb. Mo. Tc. It*. Kb. and Te) pane 
oat on metal and graphite surface* amvou at soon as 
they *re tvfmrd. cohWi a! h^mi^m* mi*rface\ m the 
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Fig. 3.20. Gamma an' neutron heating in the core midpbne 
of a 1000-MW(e) MSBR (R = 1000 to 1160 cm). 

salt system, or are renoved with the off-gas. The 
krypton and xenon either diffuse into the graphite or 
are removed with the off-gas. The iodine daughters o( 
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 salt or retained in the chemical 
processing plant. 

Kedl7 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 calculations 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-
marked in Table 3.1 J. The estimate indicated that 10% 
of the noble-metai production would deposit on sur
faces of the graphite in the core, 40% would deposit on 
metal surfaces in the circulation system, and 50% would 
enter the gas bubbles and be transported to the off-gas 
system. 

Fig. 3.25, prepared by TaUackson, shows the distri
bution of afterheat in the reference MSBR based on the 
estimates of distribution by Briggs and Kedl and using 
afterheat rates computed with the FOULBALL and 
CALDRON piognuns by Colter. Although further 
experimental evidence supporting the choice of dif
fusion coefficients and sticking coefficients is needed 
and the throughput to the chemical processing plant is 
subject to revision, the date of Fig. 3.25 probably 
would produce a conservative design. 

Some of the factors associated with afterheat have 
been studied by Fuilong,92 including various combi
nations of magnitude an I rite of reactivity insert'jn, 
salt flow rate changes, and delay prior to the reactivity 
insertion. In an example cited by Furlong,9 the case of 
flow coastdown, with 1% negative reactivity inserted at 
0.1%/sec after a 1-sec delay (with 2 3 s l T fuel), there 
would be 3.75 MWhr of energy production in the salt. 
Using only the hear capacity of the- salt, this would 
result in a 113°F rise in the saU temperature after 
shutdown. The core graphite heat iap&ciiy, 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 ?.nd 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. 

33.7 Tritium Production and Distribution 

P. N. Haubenreich 

33.7.1 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 heavy-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 doe> not add significantly to the bio-

x 
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Fig. 3.21. Gamma and neutron heating in a radial plane two-thirds of the distance from the midphae to the top of the core of a 
1000-MWXe) MS8R (R = 0 to 1000 cm). 

logical hazards of these fluids. Neither does diffusion 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 system 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 
enough 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 experience 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 radioactivity from 
any source to minimum practicable levels. Some modi
fications in the MS3R reference design to deal with 
tritium are to be anticipated, but what they will be 
depends on the outcome of investigations currently 
under way. The discussion which follows presents some 
considerations that will be involved in specifying the 
modifications. 

33.7.2 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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fig. 3.22. Gamma and neutron hearing in a radial plane 
two-thirds of die distance from the midpbne to the top of toe 
core of a lG00-MW(e) MSBR (/? = 1000 to 1160 cm). 

determine the distribution of tritium in the MSRE and 
to compare it with calculated production rates.43 

The calculated production of tritium in the MSRE 
fuel s?it when the reactor was operating at 7.7-5 MW 
with 2 3 3 U fuel* amounted to 40 Ci/day. Of this, 35 
Ci/day was from thermal-neutron absorptions in 6Li, 
which comprised 0.0048% of the iithium, and 5 Ci/day 
from fast-neutron reactions with 7Li. There was also 
some production of tritium in lithium in the thermal 
insulation around the reactor vessel. Because of the 
large uncertainty in the lithium content of the par
ticular batch of insulation that hid been used in the 
MSRE, the calculated production frovn 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 periods cf several months, 

•With 2 3 5 U fuel the fissile concentration was higher, the 
thermal-neutron flux lower, and the tri'.ium production rate 24 
Ci/day. 

ranged irom 4 to 6 Ci/day. When the change to 2 3 3 U 
was made, the change in tritium collection, if any, was 
within the scatter of the measurements. 

Tritium in the MSRE fuel off-gas at the exit from the 
fission product absorbers was measured in November 
and December 1969 at intervals through a 23-day 
shutdown, a startup, and the final 16-day r.'n at full 
power. The tritium was collected by flowing the gas 
through hot copper oxide and then trapping out water. 
Experimeiits with the copper oxide at different tem
peratures indicated ihat 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 ct full power, the tritium effluent 
in the off-gas was measured to be 23 Ci/day. Nineteen 
days after the fuel was u:aiiied, the effluent rate was 
still half as high, indicating triiium holdup somewhere 
in the fuel or off-gas systems. Durin* the fmal run, 
several analyses showed tritium gradually building up in 
the fuel off-gas over a two-week period, extrapolating 
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 coolant 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 aL' that had 
passed over the coolant radiator. The concentration was 
extremely low (<0.1 //Ci/m3), and divergent results 
were obtained by various methods of sampling and 
analysis. The values thought to be most reliable fell at 
around 5 C;/day. 

It thus appeared from the measurements that in the 
MSRE about 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 production 
in the fuel diffused through the heat exchanger tubes, 
and about nine-tenths cf this went on out through the 
radintor tubes into the cooling air. The uncertainty in 
the production in the thermal insulation clouded the 
interpretation of the tritium observed in the reactor 
cell. The rave was 10 to 15% ot the production in the 
fuel, but the Izdc of measurable change when the 
substitution of 2 3 3 U nearly doubled the production in 
the fuel strongly suggested that a large fraction prob
ably originated in the insulation. The sum of the most 
prcMble values of the measured effluent rates 
amounted to only about 85% of the calculated total 
production in the reactor. Although the probable errors 
in the calculations and measurements amount to at least 
this much, the comparison suggested the retention o( 

tritium somewhere in the system. 
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Fig. 3.23. Neutron and gamma heating near die cote axis of a 1000-MW(e) MSBR (if = 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. 4 4 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 conventional methods. They 
indicated tliat of the tritium produced in the MSRE 
fuel salt, vp to 15% should come out o f the radiator 
tubes, more thar. 50% should leave in the fuel off-gas, 
and up to 40% should appear in the reactor cell 
atmosphere. This distribution was in leasonable 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 distribution in the MSBR. 
Kerr and Perry 4 s estimated that a 1000-MW(e) MSBR 
would produce a total o f about 2 4 2 0 Ci per full-power 
day from the various sources shown in Table 3 . 1 2 . 

Using the same basic tritium behavior information 
applied t o the MSRE analysis, Briggs and K o r s m e y e r 1 l 

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 3 H 2 or tritium fluoride, 3 H F . The sparging 
action of the helium bubbles used to strip xenon would 
remove virtually all of the 3 H F but only a fraction of 
the 3 H j . The cause of the different behavior is that 
3 H 2 which reaches a metal wall would readily dissociate 
to form 3 H atoms, which can diffuse into the walls, 
while 3 H F molecules would not dissociate. (There 
would be some reaction o f 3 H F with the metal to 
release 3 H , but this was assumed to be negligible.) The 
ratio of 3 H 2 to 3 H F would depend on the U F 3 / U F 4 

ratio in the fuel salt, «. umed to be 0.001 in the 
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calculations reported in Table 3. 3. A fraction of the 
tritium from the fuel salt would irass through the pipe 
and vessel walls to the reactor all 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 thi« 
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 tube walls to form tritiated water in 
the heat-cower system. In the calculations for Table 
3.13 no account was taken of the resistance of the 
cxide film on the water ade of the heat exchange; 
tubes. Some data indicate that this resistance s'.ould 
appreciably reduce the transfer to the steam system, 
which tends to make the rate 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 
svstem is the ratio of the tritium infusion rate to the 

o 2 K? » 4 «* ±f tf 
ELAPSED TNE (sec) 

Fg. 3.25. A/eeraeat dfauMwHiuu with 
tioa of fatna prodaefs • a 1000-MW<e) 
faded w.tk 3 3 5 U . 
Cui/e A. Afterheat in core region produced by Kr and Xe 
diffused into the graphite phis heating by 10% of the total 
noble metal fission products assumed to be piatei on surfaces. 
Curve B. Afterheat in the four beat 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 off-gas system produced by Ki and 
Xe, plus heating by 50% cf the total noble metal fission 
products. 

Curve £. Afterheat produced by fission products whrch remain 
dispersed in the primary salt 

Curve F. The sum of all curves, A through £. 
In curve A the concentration of Kr + Xe is that wh;th 

produces a poison fraction of 0.0056 tkfk and is obtained by 
gas sparging on a ?0-sec removal cycle. Curves A, B, and D are 
bi id on the assumption that the noble metals are either 
deposited immediately on metal ani graphite surfaces or enter 
the off-gas system immediately. In curves A, B, and D the 
afte.heat includes that from decay of the daughter products of 
the noble metals and gat s. 

rate of water discharge from die system (leaks, blow-
down, and sampling streams). A reasonable estimate for 
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TaWe3.t2. Sates of tntim prodactMM a the 
MSBR at 2250 MV#(t) 

TiUe3.13. Ctfcwateddis&imtMMoftltttntaMi 
prodaced • the reference MSBR < 

Production 
(Ci/day) 

Ternary fission 

7LiC«.«w>3H 

31 
1210 
1170 

9 
2420 

Source: ref- 45. 

the water discharge rate is 1% of the 2.1 X 10 6 lb of 
water in the system per hour. Assuming that 1670 
Ci/day does enter the system, the tritium concentration 
would level off in about two weeks of full-power 
operation at 7 jiCi of 3 H per gram of water. 

In the current Standards for Protection against 
Radiation*6 the maximum permissible concentration 
of tritium in witer for 40 hr/week occupational 
exposure is 0.1 /iC:/ml. Thus, if the tritium in the 
MSBR steam is anywhere near as high as the 7 /xCi/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-wa'er reactors, where tritium concen
trations are more than 10 3 times that predicted for the 
MSBR steam,47 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 ?t 100°F with vapor 
from the steam system would contain 3 X 10"4 pCi of 
3 H per cubic centimeter, or 70 times the MFC for air 
for 40 hr/week exposure.)46 

It would be convenient if the water bled from the 
MSBR steam system could be released by simpiy mixing 
it with the ~44O,0C0 gpm of condenser cooling water 
effluent. If 1670 Ci/day were being discharged, the 
concentration in this stream would be 0.7 X 10"3 

/iCi/ml. This is less than the 3 X 10 3 /uCi/ml currently 
specified as the MFC fcr water discharged to an 
unrestricted area.4 6 

It thus appears that even if the conservatively high 
estimate of tritium transfer to the steam syscem were 
correct, the concentration in the MSBR steam would 
not seriously hamper plant operation and maintenance, 
and the piant effluent would meet the current standards 
for release to unrestricted areas. Expert reviews of the 
biological effects of tritium lead to the conclusion that 

Rate 

Removed from primary system with 
sparge gas 

3 H 2 
As 
As 3 HF 

Entering secondary system cover gas 
Entering reactor ccii atmosphere 
Entering steam cell atmosphere 
Entering steam-power system 

Percent of Curias/day 
total 3 H at 

production 22SO MW(t) 

5.8 140 
7.0 170 
0.1 2 

2 i i 
S.4 227 

69.0 1670 

100.0 2420 

Source: ref. 11. 

the currently specified maximum permissible concen
trations are conservative and Unit increased dose to the 
population to a negligible fraction of background.48 

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 fuei-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 briely 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 regulate 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, the pressure drop 
dne 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-neutrcn flux (E > 50 k> V) if 
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the design goal of a four-year graphite life is to I1 
achieved. Figure 3.10 gives a graphical representation of 
the graphite voiume changes as a function of fluence, 
with temperature as a parameter. The minimum graph
ite temperature is set by the salt temperature ai its 
boundary. However, the graphite is heated internally by 
neutron scattering and absorption of gamma radtar'on, 
raising its temperature above the salt datum and making 
it dependent upon the film heat transfer coefficient as 
well. 

The gamma and neutron heating 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 -n the curve is between zone I, having 
13.2% salt by volume, and vone II, having 37 vol % 
'see Table 3.3 fcr definition of zones). For the purpose 
of temperature calculations, the axial power density 
variation in zone I wss approximated by a cosine 
function of the form 

where z 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.) 

TIie choice of prismatic moderator elements with a 
central hole was ba??d on a combination cf neutronic 
&nd iieat transfer considerations. Two alternatives con
sidered were tangent s îid cylinders and spheres. The 
cylirders have a less-than-optimum salt fraction of 
about 9%. An objection to this geometry is the cusp 
formed i.ear the region of contact; the relatively poor 
heat transfer in his area could be a problem at the 
power densities used in the present design. Abo, the 
cylinders have only line contact, and the possibrity 
exists for misalignment or bridging, particularly af.er 
dimensional changes- Spheres which are randomly 
packed have a 37% void space. Thii would give a salt 
fraction fir: too great for the major portion of the core. 
Use 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 res'Jit cf the above censid ations, the selected 
moderator element consists of a long prism with a 4-in. 
square cross action containing a cci.tral hole. Ribs on 
the faces separate s^.cent elements and form inter
stitial salt flow channels. The geometry of the cross 
section is a compromise between the neutronic, heat 
transfer, and fabrication considerations. L> zone I it is 
desirable from a nudear viewpoint to have a more 
heterogeneous cell (larger dimensions), but the con* 
trolling consideration is heat conduction out of the 
graphite. In zone !I the neutromes favor a smaller 
element, but buckling and vibration impose a lower 
limit. Although not an optimum dimension, the 4-in. 
square appeared to be the bert compromise. 

The optimized phyaii« ode olations indicated that the 
volume fraction of salt in zones I and H should be 
0.132 and 037 respectively. These fractions are ob
tained by adjusting either the diameter of the center 
" ole or the rib size (which alters the interstitial channel 
size). Minimum dimensions on 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 ihe element 
geometry contain no radii of less than about 0.25 in. 
Abo, it is believed that the center hole diameter should 

not be less than about 0.6 in. to assure successful 
deposition of the pyrolytic graphite coating on the 
graphite surfaces. 

The graphite moderator elements 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 shovm 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 1-A and I-B, but the interstitial 
channels have been made smaller and the central hole 
larger in zone I-B. The purpose of this arrangement is to 
achieve flow control by oriiicing 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 element near the reactor 
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 fhe temperzture rise through the hole is greater 
than 250°F and that in the interstitial channel is less 
than 250°F. The orifidng for the central hole-; will be 
designed so that the salt streams discharging from all 
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flow channels associated with a given element will 
combine to give a bulk temperature of 250°F above the 
inlet value. 

The elements for core zone II-A are prismatic and are 
shown in Fig. 3.5. They are identical to the elements 
used in zone 1-B except that the central hole diameter is 
2-581 in. to obtain the 0.37 salt fraction needed in the 
undermoderated region. The elements for zone II-B are 
in the form of rectangular slats spaced far enough apart 
to provide the 037 salt fraction. As shown in Fig. 3.3, 
the slats are separated by pins and elliptical rods. Tte 
latter are intended to minimize the cross flow which 
would otherwise occu: from ZOIKA i and ii into the 
annulus due to the annulus being orificed at the bo^jm 
and operating at a lower pressure than the core and 
reflector regions. (The annulus was orificed ir this 
manner so that the salt flow will be predorraiujitry 
radially inward through the radial ief>ctor, as will be 
described subsequently.) 

Since the center of zone I c the region of highest 
power and greatest flow requirements, if all the flow 
channels at that location could have equal hydraulic 
diameters, the pressure drop through the core could be 
designed to be a minimum value. Unfortunately, the 
restriction on the minimum hole size through the 
elements, mentioned 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 

not a great one, however, since the totx1 ptess-jue drop 
across th? core at rated flow is *.<tim»ted at only 18 ps>. 
In the connection it may be noted that experiments 
have jeen reported4* in which the flow through 
channels formed by dosefy packed rods on a triangular 
pitch is greater han that predicted by the equivalent 
hydraulic diameter theory. Further study, jnd probably 
model testing, will be required to reify the calcula
tions, particularly with regard to the passages formed 
by the corners of four adjacent core elements. 

The flow divisions and various flow paths through the 
reactor are shown schematically in Fig. 3.28. The salt 
volumes and approximate 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 orifidng or for which it 
is unavoidable due to clearances. From Fig. 3.28 it may 
be noted that there are three major flow paths: (1) 
through zones I and ii, where the bulk of the power is 
generated, (2) between the vessel and re.lectors and 
through the radial reflector pieces to the annulus, and 
(3) through the control rod region and lifting-rod holes. 
The flow and temperature aspects will receive further 
discussion in the sections that follow. 

Peak aid average steady-state temperatures in the 
central moderator elements were investigated using the 
HEATING code. 5 0 This is based on the relaxation 
method and employs constant thermal conductivity. 
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The center of the core is the region of maximum 
damage flux, but the maximum element center-line 
temperature occurs at an axial position a few feet above 
the midplane, as determined from a heat balance with 
appropriate 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 rmdplane an(! 

along the center line of the core. 5' Figue 3.29 shows 
the results of the temperature calculations at the 
midplane and at a planf 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 DiituS'Boelter correlation. Recent investigations at 
ORNL 5 2 indicate that in the range of Reynolds 
numbers of interest, heat transfer coefficients for the 
fuel salt are slightly lower (about 20%) than those 
predicted by the correlation used in the MSBR con
ceptual study. Even if the lower values are used, 
howevrr, it should not make any significant change in 
the temperatures reported here, since the graphite itself 
is the major resistance to heat transfer. The effects of 
vertical flow and entrained gas on the heat transfer 
coefficient remain to be investigated. It was assumed in 
the calculations that the effect of volumetric heat 
sources on heat transfer between graphite and salt was 

Table 3.14. Input parameters foe cak«lat«g MSBR 
moderator element temperatures wing the 

HEATING 5ode* 

At 
midplane 

At 1ft 
above 

midpiane 

Salt temperature, °F 1175 1200 
Heat generation rate, Btu hr - 1 i n . - 3 290.8 286.1 

Graphite thermal conductivity, 
Htuhr"1 in."1 ( °F) _ I 

1.4 IS 1.415 

Heat transfer coeu jcient for center 
hofc. Bra hi"1 i s . - 2 CT)~l 

12.26 12.63 

Heat transfer coefficient for outer 
surface, Btuhr"1 in."* (°F) _ I 

12.85 13.22 

'At near the reactor center line, where the temperature rise 
through the holes and through the interstitial passages is 
essentially the same. Further out from the center line the rise is 
not equal. 

negligible and that there was no heat transfer between 
graphite and salt for a distance of 0.1 in. on eitJr ide 
of the apex of the ribs on the outer ed f f the 
moderator elements. The latter assumption is a first 
approximation to account for the restricted flow in that 
area. 

0RNL-DWG 6 9 - 6 0 1 2 

Fig, 3.29. Temperature distribution in graphite moderator element at (a) midplane of core and (£>) 1 ft above midpiane. 
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Temperatures have not yet 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 other 
than those investigated, the reduction in damage flux is 
expected to be more than compensating. On the basis 
of the data presented in Sect. 323 on damage flux arid 
graphite lite, the MSBR graphite will achieve the design 
objective of a four-year life at the temperatures which 
would exist in the reference design. 

Preliminary calculations indicate that vibration of the 
moderator elements shouM not be a problem. The 
magnitude of the vibrations was determined by extrapo
lating known information about the amplitude of rod 
vibrations associated with parallel flow 5 3 and adding to 
this the rod deflection due to cross flow of salt between 
the channels. Assuming the velocity of the salt between 
adjacent channels to be % fps and extrapolal ig 
information on vibration due to cross-flow vortex 
shedding,54 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 t j graphite life, amount 
and temperature of coolant required, and stored energy 
during afierheat removal. The relationship between life, 
damage flux, and temperature is shown in Fig. 3.10. 
For z 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 
of the reactor. Conversely, a temperature distribution 
calculated for given 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

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 hv« each unit 
volume of salt experience the same plenum-to-plenum 
temperature rise. Or, the other hand, the need for 
improved heat transfer coefficients 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 ft3 was rejected when 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 iarge temperature gradients. A conclusion was 
that regions of static salt must be avoided everywhere 
within the reactor vessel, without the presence of 
internal fission heat, the sources in the reflectors consist 
primarily of photons leaking from adjacent blanket 
regions and from neutron slowing down. The*? sources 
are shown in Fig. 3.30. 

The present radial reflector design, shown in Figs. 
3 .1-33, has been analyzed using the HEATING 
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 
due to the volumetric heat source in the fluid. The 
volume fraction of salt 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 have been 
treated with fixed boundary conditions rather than 
having to couple the salt and graphite by an energy 
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 
2-in.-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 to about 4 X 1 0 1 3 (jE> 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 e^ge 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. Hot sources in graphite radial reflector at and-
pia&e. 

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 graohite 
could be restrained into essentially the room-tempera
ture geometry with little change in the flow channel 
geometry, but the expanding vessel would draw away 
from the reflector and increase 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 
reflector 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 

1200 O 0.5 1.0 1.5 2.0 2.5 3.0 
RADIAL OISTANCE THROUGH REFLECTOR ( f t ) 

Fig, 3.31. Temperature distribution in graphite radial reflec
tor at ntidphne 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 of radial flow circum
vents these design difficulties. 

The salt in the reflector flows inward toward the core 
in order to minimize the vessel wall temperature 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 distribution in the radial flow through the 
reflector is controlled by orifice?, 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 ^ode.5 0 

The 3Xial 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 io be 1363°F, 
and the curface 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 without 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. 

4. The vessel must be designed for 75 psig and a wall 
temperature of 1300°F and must meet ASME code 
requii ements for nuclear vessels.5 6 

5. The vessel must be constructed entirely of modified 
Hastel'.oy N. 

The reactor vessel is constructed of the following major 
pieces: 
1. A cylindrical section 223 ft OD X ~13 ft high, 

with a wall thickness of 2 in. 
2. A transition section, about 4 ft high, with one end 

having a diameter of about 18 ft and the other 22.5 
ft. This section has four symmetrically spaced sait 
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 diameter of 18 ft 
and the other an outside diameter of slightly less 
than 18 ft, so that one fits inside the other, as shown 
in Fig. 3.2. Forged flanges at the top provide the 
vessel closure. 

4. One upper and one lower dished head, each 3 in. 
thick. The upper head is about 18 ft in diameter and 
the lower about 2 2 \ ft. 

With the exception of the flanged closure at the top, 
the vessel is of all-welded construction, fabricated of 
modified Hastelloy N having the physical properties 
listed in Table S-l 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 level. Thirty-four 1-in. bolts in this 
chiap are easily iccessible and supply the force which is 
transmitted to the flange faces for making the closure. 
It rvay 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 gasket loading. 

The transition section was adopted to conserve 
fuel-salt inventory in the region of the outlet salt 
nozzles and to minimize the diameter of the top head 
assembly to be handled during core replacements. The 
necking in of the vessel at the top prevents top loading 
of the last row of reflector graphite 2nd requires a 
special shape for two of the blocks, af discussed in Sect. 
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3.1.2. The transition section <dso serves as a collection 
header for the fuel salt 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 vessel 
end and cylindrical in cross section where joined to the 
fuel-salt piping leading to the pump inlet. Reinforcing 
webs are used in the construction of the outlet nozzle 
to provide needed strength. 

The cylindrical portion of the vessel is fabricated of 
rolled plate, rough machined after heat treatment. 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 cylindrical 
extension. The maximum thickness of the ring is about 
4 in. 

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.-diam fuel-salt pipes enter symmetrically around 
this well, as indicated in Fig. 3.1. The 6-in. drain 
connection is to a nozzle ir: the bottom head of the 
well, Kastelloy N flow diverters, or turning vanes, are 
provided in the plenum to direct the salt flow upward 
and to reduce the turbulence in the reictor 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 maximun metal temperature and the temperature 
distribution are important because they affect the 
calculated and design stress intensities in the walls, 
heads, and norzles. 

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 apper head 
gave peak temperatures 20 to 80°F above the inside salt 
temperature (again assumed z& 1100°F), also occurring 

on the outside surface. The lower head has less incident 
gamma flux due to the shielding provided by the 
internal structures and is cooled by 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 inlet 
and should not significantly exceed the assumed average 
of 1100°F. However, if the metal were bathed by salt 
closer to the reactor outlet temperature of 1300°F, it is 
possible that some metal temperatures would be unac-
ctptably high in that the allowable, or design, stress 
intensity would have to r». revised downward. The 
vessel has not been designed or analyzed in detail, but it 
is considered a possibility that further study would 
disclost localized areas, such as the outlet nozzles or the 
junction of the top 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 larger 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. 

3.53 Reactor Vessel Stresses 

C W. Collins 

A preliminary elastic stress analysis was made for the 
reactor vessel using an Air Force computer program5 s 

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 

*!! is reasonable to assume a 1100° F salt temperature in the 
vessel wall coolant passage since the flow through the reflector 
is radially inward. The analyses assumed laminar flow of salt 
and a heat transfer coefficient of 137 Btu hr"1 ft-* f F ) - 1 . 
Heat transfer fro: i the reactor vessel to the cell environment 
was neglected, as was the effect of gamma irradiation from the 
primary heat exchangers. 
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because of the large amount of time that would be 
required to develop computer programs. As an al
lowance for the uncertainty, the stresses were held well 
below these 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 wi'l probably be approved for 
higher stresses than the standard alloy. Neutron irradia
tion to the extent anticipated in ihe MSBR should not 
require a reduction in allowable stress. The graphite 
reflector is sufficiently thick to reduce the 30-year 
integrated neutron dose (>300 keY) at the wall to 
below 1 X 10 2 1 neutrons/cm2. At this fluence the 
reduction in metal strength is insignificant. 

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

Case 1315-3 (ref. 30) approves use of Hastelloy N for 
pressure vessels constructed in accordance with provi
sions of Sect. VIII, 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
sions of Sect. Ill of the Code. Design stress intensity 
values are provided only to 800° F, in common with 
other materials approved for use under Sect. Ill (ref. 
56). 

Case 1331-4 (ref. 58) provides rules for construction 
of class A nuclear vessels that arc to operate at 
temperatures above those provided for in Sect. Ill (ref. 
56). It permits the use of allowable stresses from 
Division 1 of Sect VT*I (ref. 57) and th* related Code 
Case 1315-3 (ref. 30). 

In applying these Code i&<es. it is found that the 
allowable primary stress intensity (Sm) 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 yalue of the primary plus secondary stress 
intensity as three times the allowable design stress 
intensity (Sm) for the metal temperature involved. Or. 
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, 

at the outlet 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 add a thermal barrier in this region 
with cooling from the inlet salt stream or to alter the 
vessel design in this region to reduce 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 system piping was to 
limit the piping volume to the minimum permitted by 
reasonable pressure drop and by required piping flex
ibility. The piping must 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 essentially 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"59 

u.i.puter program. It was determined that the piping 
meets the requirements of USAS B31.7 "Tentative USA 
Standard for Nuclear Power Piping" 6 0 for stresses due 
to thermal expansion, weight, and pressure loading of 
the system under the operating conditions. The analysis 
is incomplete in that no off-design condition? were 
considered, nor were any localized thermal or dis
continuity stresses taken into account. This would have 
involved considerably more effort ihan was warranted 
for this conceptual design study. 

The maximum computed 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 (Sm) 
or, as an alternate, three times the allowable stress 
amplitude (Sa) at 10* cycles for the metal temperature 
involved. The allowable stress intensities at 1300°F are 
thus 10,500 psi, based on 3 5 - , or 19,500 psi, based on 
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3Sg, the latter establishing tiie 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. This flexibility 
must be controlled during an earthquake or after an 
accidental break in the piping that tends to cause 
whipping or other movement. Light-water reactors use 
spring supports and hydraulic dashpots on equipment 
and piping which permit slow movements due to 
thermal expansions but dampen the rapid shaking 
encountered in earthquakes and resist sudden reactions 
that would occur if a pipe ruptured. Very large support 
components are required in water reactors to withstand 
the reactions that could occur 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 consultant61 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 engineering. 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 niajor concern. 

3.7 PRIMARY HEAT EXCHANGERS 
C. E. Bettis M. Siman-Tov 
H. A. Nelms W. C. T. Stoddart 

3.7.1 Design Requirement-

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. 

2. The entrance and exit salt temperatures, maximum 
(or desired) pressure drops, and the total heat 
transfer capacity must conform with the overall 
system operating conditions. 

3. The type of heat exchanger, general location of 
nozzles, height of the unit, and minimum tube 
diameter must be compatible with various design, 
layout, sid fabrication considerations. 

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

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

6. Flow velocities, baffle thickness, tube clearance, and 
baffle spacing should be selected to minimize pos
sibilities of vibration. 

Within the framework of the above requirements and 
guidelines, design procedures63 and a computer 
program63 were developed to produce an efficient 
design with low fuel-salt volume. 

3.7.2 General Description 

Four counterflow vertical shell-and-tube-type heat 
exchangers are used to transfer heat from the fuel salt 
to the sodium fluoroborate coolant salt. The units are 
almost 6 ft in diameter and about 24 ft tall, not 
including the coolant-salt U-bend piping at the top. A 
cross-sectional 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 exits at the bottom at about 1050°F after 
single-pass flow through the %-in.-OD tubes. The 
coolant salt 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. The coolant salt is 
heated from 850 to 1150°F in the process. 

The 5803 Hastelloy N tubes arc arranged in con
centric rings in the bundle, with a constant radial and 
circumferential pitch. The tubes are L-shaped and are 
wt-ded 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. Primaiy heat exchanger design data 

Type 

Rate of beat transfer per unit 

One-pass shell 13d tubes with disk 
and doughnut baffles 

MW 
Btu/hr 

556 5 
1.9 X 10* 

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

Fuel salt* 
1300 
1050 
180 
130 
23.4 X 10* 

Sheii-side conditio ts 
Coid fluid 
Entrance temperature, °F 
Exit temperature, ° F 
Exit pressure, psi 
Pressure drop across exchanger, psi 
Mass flow rate, Ib/hr 

Coolant salt" 
850 
1150 
34 
115.7 
17.8 X 10* 

Tube material HasteDoyN* 
Tube OD, in. 0.375 
Tube thickness, in. 0.035 

Tube length, ft 24.4 

Tube-sheet-to-tube-sheet distance, ft 23.2 

Expansion bend radius, in. 9.5 
SheD material HasteUoyN 
Shell thickness, in. 0.5 
Shell ID, in. 67.6 
Central tube diameter, OD, in. 20 
Tube sheet material HasteOoyN 
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, ft 3 13,916 
Basis for area calculation Outside of tubes 
Type of baffle 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 hr ' ft VF)"' 784.8 
Volume of fuel salt in tubes, ft 3 71.9 

•Salt and HasteOoy N properties are those listed in Table S.l. 
*Based on average metal temperature in tube wall of 1244*F. 
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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 to minimize 
vibration. Without baffles the upper section of the tube 
bundle experiences essentially parallel flow and rela
tively lower heat 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 fabricated of 
Hastelloy 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 
help support the tubes to minimize the vibration. 
Although testing at conditions as near as possible to 
design values is necessary to learn what tube vibrations 
may occur, use of thick baffles (equal to, or slightly 
greater than, the tube OD) 2 id tube-to-baffle diametri
cal clearances of the order of a few mils would tend 
toward creating a "fixed-tube" situation at each baffle 
and would be likely to prevent pioblems due to 
vibration. 

The upper and lower tube sheets are welded to a 
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 bundle. The heat exchanger assembly is supported 
from the cell roof structure and is mounted at a point 
near the center of gravity by a gimbal-type joint that 
permits rotation to accommodate unequal thermal 
expansions in the inlet and outlet pipes. 

Through close material control and inspection the 
heat exchangers are expected to have a high degree of 
reliability and to last the 30-year life of the plant. If 
main.enance is required, a tube bundle 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 permit 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 and the clamp removed to 

expose the seal weld. After this is ground away, the 
tube bundle can be withdrawn as an assembly. 

3.73 Design Calculations 

The design of the MSBR heat exchanger equipment 
has been reported by Bettis et a l . 6 2 » 6 3 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 properties used in the MSBR 
reference design heat exchange equipment are those 
listed in Table S.l. 

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 
pioducts, might not be valid. MSRE experience64 and 
recent experiments by Cox 6 S showed that basically the 
fuel salt behaves very similarly to comentional fluids. 
His correlations result in heat transfer coefficients 
somewhat beiow those obtained from the Sieder and 
Tate correlations for turbulent regions,66 Hansen's 
equation for transition regions,67 and Sieder and Tate's 
correlation for laminar regions.66 The tube-side heat 
transfer calculations were made on the basis of correla
tions recommended by McLain,68 which were based on 
Cox's data.6 s 

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 correlation69 for the baffle zone 
and Donohue's correlation70 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 ratio between 
the baffle spacing and the shell annular thickness. 

The tubes are spirally indented in ihe baffled zone to 
improve the heat transfer performance. Experiments 
performed by Lawson et a l 7 I 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 
using a method recommended by McLain.72 
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The shell-side pressure drop was calculated by the 
procedure suggested by Bergelin et al. 6 9 The tube-s:de 
pressure drop was calculated by the conventional 
friction-factor method. The effect of the spiral in
denting in the tubes on the pressure drop was assumed 
to be in the same proportion as the effect on the heat 
transfer performance. 

A bypass correction factor due to baffle leakage of 
0.S was used for the pressure drop in the shell :»iue of 
the heat exchanger, and a factor of 0.8 was applied in 
the heat transfer calculations. These leakage factor; 
were chosen on the bases of recommendations by 
Bergelin etal . 7 3 

A computer program was written which accepts the 
design restrictions discussed above, takes into account 
the differences in the physical properties of the salts as 
they move through the exchanger, recognizes variations 
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 pciibrms 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 pressure stresses, 
thermal expansion stresses, and stresses resulting from 
thermal gradients across the tube wall. The primary and 
secondary stresses are computed and compared with the 
allowable stresses given in the ASME Sect. Ill Code.s 6 

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 uncertainties 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 correlation is 
reported6s as being about 5.7%. The deviation or error 
in the use of Bergeiin's correlation is not certain, but 
shell-side heat transfer coefficients 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. The enhancement factor deviation might be about 
15%. 

Two extreme cases were examined: one where all the 
pessimistic values were used and the other where the 
optimistic values were taken. The result was a deviation 
in overall heat 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. WUson 

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 system 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 pertinent dimensions are shown in 
Table 3.16. The secondary-salt pump is discussed 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 successful 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 ISO 300 100 (25) 
Speed, rpm 890 1190 1790 (890) 
Specific speed, Ns 2630 2335 560 (140) 
NPSH required,6 ft 16 20 
Brake hoisepower, each -2350 3230 20(3) 
Impeller diameter, in. 34 35% 9% 
Pump cank diameter, in. 72 72 24 
Suet .on diameter, in. 21 21 3 
Di*charge diameter, in. 16 16 2 

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

*NPSH = net positive suction head. 
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only problem encountered being partial restriction of 
the off-gas flow from the pump bowl. 7 4 The pump had 
a capacity 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 run for 
thousands of hours in test stands has given confidence 
that salt circulation pumps for the MSBR do not 
present a major development problem. 

The conceptual layout fcr the MSBR primary salt 
pump is shown in Fig. 3.34. The lower portion of the 
pump (pump tank, impeller, casing, etc.) is located in 
the reactor cell, and the drive motor is located on the 
crane bey floor, that is, above the concrete shielding. 
The bearing housing is recessed into the concrete 
shielding to reduce the shaft overhang. The pump shaft 
is mounted on two pairs of preload^ oil-lubricated ball 
bearings, and the impeller is overhung about 6V2 ft 
below the lower bearing. The first shaft critical speed 
will be greater than 1500 rpm to enable the pump to be 
run at 1200 rpm when it is to be used for circulating 
gas. 

Since the reactor is the fixed component in the 
system, the primary-salt pumps are subjected to thermal 
expansion displacements of about 2 in. horizontally and 
about 1 in. vertically at the pump tank when the system 
is heated up from room temperature to operating 
temperature. During operation at temperature the 
coupling will accommodate the approximately %-in. 
horizontal displacements due to thermal cycling. The 
design effects of these displacements on the pump are 
apparent in the shield configuration, method of pump 
support, cell and/or 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 elenents in the region of the 
bearing housing. Approximately 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 

that :he forces on the pump tank nozzles are not 
excessive. The coupling between 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 
shaft 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 prevent oil from entering the salt 
system when the shaft is rotating. When the pump is 
stopped, a static shutdown seal can be actuated by gas 
pressure to prevent the flow of oil down the shaft 
annulus. The primary purpose of the static shutdown 
seal is to prevent the leakage 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 pump tank provides a volume to accommodate 
the anticipated thermal expansion of the fuel salt at 
off-design conditions It is almost completely decoupled 
hydraulically from the flowing salt in the impeller 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 nozzles 
attached to the pump tank. The bridge tubes also 
eliminate structural redundancies between the pump 
tank 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 whe , several pumps are 
being operated in parallel. Assuming that the gas 
volumes of the salt pumps being operated in parallel are 
interconnected, that the salt volume in each pump tank 
is connected directly to its pump suction, and 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 try to increase by an amount 
equal 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 stopped pump, the 
system fluid would ir.-gas when the salt level in the 
tanks of the operating pumps is lowered to the 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 
making the pressure drop in this connecting line very 
low for the salt flow retaining from the tank to tne 
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 115G°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 pump casing the flow splits, with part of it 
passing downward between the inner and outer pump-
casings and part of it passing across the lower end of the 
shield plug and into the annulus between the shaft and 
the shaft sleeve. These flows and the fountain flow 
from the labyrinth seal then combine with the bulk salt 
flow in the pump bowl. Filler blocks may be used in the 
pump tank to reduce t*.e 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 
motor 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 will circulate helium through the 
motor and over cooling fins attached to the inside of 
the motor containment 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 coolant-salt pump drive motor will 
probably be supplied with variable-frequency power 
obtained from individual solid-state 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, ?s shown 
in Table 3.16. Except for the drive motor and ths 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 operated at about 1790 
rpm when filling the primary-salt system from the drain 
tank and at 890 rpm when circulating salt to the 
chemical processing system. 

3.9 BUBBLE GENERATOR AND GAS 
SEPARATOR 

R. J. Kedl 

3.9.1 Introduction 

To enhance the breeding potential of the MSBR, it is 
necessary to remove as many neutron-absorbing fission 
products as possible from the fuel salt and dispose of 
them external to the core. This is particularly trae for 
, 3 5 X e , with its very large absorption cross section. 
Several mechanisms for removing xenon (and krypton) 
have been studied. The one chosen for the MSBR 
involves recirculation 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 true 
solution in 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 fission 
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 bubbles 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 
1 3 S Xe 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 suction, 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, and 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 
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result, a venturi device was selected for the MSBR, in 
which gas is injected into the venturi throat and bubbles 
are generated by the fluid turbulence in the diffuser 
section. 

The experimental bubble generator and its tv,st 
facility are shown schematically in Fig. 3.3S. It con
sisted of a teardrop shape inside a l-in.-lD Plexiglas 
tube through which water was flowing. Air was injected 
into the annular throat through forty-eight V64-in.-diam 
holes around the circumference of the teardrop. The 
model was tested under a variety of conditions of air 
and water flow rates, teardrop shapes, and different 
throat widths. Study of high-speed photographs of the 
bubble action led to the following observations: 

1. 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. 

2. The bubble size developed was apparently not a 
strong function of the hole size used for g<a 
injection, at least over the range observed. 

3. The bubble size was independent of the gas flow rate 
over the range t»-sted. 

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 cf about 0.08 in. would provide the 
0.02-in. bubble size selected 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 Toils 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 shewn as a 
"controlled ciack"; 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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Fig. 3.36. fieUmiamy concept of MS8R babbie generator. 

regulated. A crack width of only 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 push salt into the channel and 
plug it. Since the fuel salt does not wet Hastelloy N, a 
considerable pressure would be required to ibrce the 
salt into a O.OOl-in.-wide opening. An alternative to the 
cont rolled-crack method would be to install a narrow 
graphite diffuser in the throat region of the venturi. 

3.93 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 
consid3rable experience with this device at ORNL in 
connection with the Homogeneous Reactor Test. 7 5 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 seme of its 
energy. 

3.9.4 Bubble Removal and Addition System 

Figure 3.37 shows a schematic of the MSBR buhbie 
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 pressures listed have 
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oiifice upstream of th? bubble separator is provided to 
iake up the excess head. For maintenance purposes, 
both the bubble generator and bubble separator should 
be rcsnorely replaceable, slthough one could anticipate 
more maintenance for the bubble generator than for the 
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4. Coolant-Salt Circulation System 

4.1 GENERAL 

W. K. Furlong H. A. McLain 

An intermediate circulating coolant salt is used to 
transport the heat generated in the primary system to 
the steam-power system rather than to use direct 
transfer because: 
i. The loop provides an additional barrier for contain

ing the fission products in the fud 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. 

2. It links the high-rnelting-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. 

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

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

5. 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 arf 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, 3team generators, steam reheaters, coolant-salt 
piping, and the shell side of one primary heat ex
changer. The latter was described in Sect. 3.7, and the 
coolant-salt circulation pumps were discussed in Sect. 
3.8.?. 

The heat transport fluid selected for the MSBR is 
sodium fluoroborate salt. The various factors involved 
in the selection were discussed in Sect. 3.2.2, and the 
salt physical properties used in the design of the system 
were listed in Table S. 1. In brief, the salt is a eutectic of 
NaF and NaBF4, with a melting point of about 725°F 
and a low vapor pressure at operating conditions. It is 
compatible with HasteUoy N, has satisfactory heat 
transfer end flow properties, and has a low cost of less 
than SO cents/lb. 

4.2 STEAM GENERATORS 

T.W.Pickd W.K. Crowley W. C. T. Stoddart 

4.2.1 Geaeral 

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 units is not critical. 

The total steam generation requirement, including 
that needed for feedwater and reheat steam preheating, 
is about 10 X 10* lb/hi. It was arbitrarily decided to 
divide this load between 16 steam generators, 4 to be 
served by each of the 4 secondary-salt circulation 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-salt and sieam flows, and 
they are identical in operation and design. The feed-
water supplied to the steam generators wfll be pre
heated to 700° F and is at a pressure of about 37S0 psia 
in the inlet region of the unit. (The feedwater heating 
system is described in Sect. 5.) The 700°F teedwater 
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 tubrs is heated to exit 
conditions of 1000T 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 
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covntercurrent to the steam flow. The steam tempera
ture delivered to the steam turbine w2! be controlled by 
varying the coolant-salt flow rate thiough the steam 
generators and by using a desuperheater, or attemper-
ator, in the outlet stum nums, as discussed in Sect 5. 

The radioactivity inivxe in the coolant salt in its 
passage through the pzirary 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 feasmility of the 
units. Some of ihe aspects of partial load and startup 
condifions are discussed in Sect. 10. A computer 
program was written to anrve 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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Fig, 4.1. MSBR steam gESSntor. 
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Table 4.1. Each unit is a counterflow U-shefl, U-tube 
heat exchanger mounted horizontally with one leg 
above the other. Both shell and tubes are fabricated of 
HasteDoy N. There are 393 tubes per unit, tz-.h % in. in 
outside diameter and hairing a tube-sheet-to-tube-sheet 
length of about 76 ft. The 18-tn.-diam steam-side 
hemispherical plenum chambers are designed for 3800 
p-ia. The coolant salt circulates in counterflow through 
segmental baffles in the shell to improve the heat 

transfer coefficient for the salt fftm and to Muumrze 
salt stratification. A baffle on the shell side of eadh tube 
sheet provides a stagnant layer of sah 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 
decreased capacity, however, and would not present 

4.1. 

Type 

Number 
Rat* of heat transfer 

MW 
Bta/hx 

Sbefl-9de( 
Hot! 

•F 
Fjtit temperature, *F 
Entrance pressure, psia 
Exit pressure, p n 
Pic HUM drop across exchanger, pa 
Mass flow rate, m/hr 

Tube-ade conditions 
CoWtkrid 
Entrance temperature, *F 
Exit temperature, "F 
Entrance pressnre, psia 
Exit pressure, psia 
Pressore drop across exchanger, pa 
Mass flow rate, Ib/hr 
Mas velocity, lb hr"1 ft"3 

Tabe material 
Tube OD, in. 

Tube thickness, in. 

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

Shea thickness, in. 
Shell ID, in. 
Tube sheet material 
Tube sheet thickness, in. 
Number of tubes 
Pitch cf tubes, in. (triangular) 
Total heat transfer area, ft2 

Basis for area calculation 
Type of baffle 

Number of baffles 
Baffle {pacing, ft 

Horizontal U-tube, 
with cross-flow 

16 

121 
4.13X10* 

CoofanUsafe 
1150 
850 
233 
1724 
61 
3.82 X 10* 

Supercritical fluid 
700 
1000 
3752 
3600 
152 
6.33 X 10 5 

2.55 X 10* 
HasteSoy N 

oso 
0.07** 
76.4 
HasteBoyN 

0.375 
18.25 
HasteOoy N 
4.5 
393 

0.875 
3929 
Outside surface 
Cross flow 

18 
4.02 
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pfobkaa of hot spots or burnout. The steam system 
flowsheet, Fig. 5 1, follows established practice and 
indicates fui-flow demineralizers in the feedwater 
system. 

421 DestmC^cubtioatt 

Because of the marked changes in the physical 
properties of water as its temperature 0 raised above 
the critics! point at supercritical pressures, the heat 
t*aaster and pressure drop calculations for the steam 
generator were made on the basis of a detaled spatial 
analysis with a computer program written for this 
study-*3 The program numericaBy integrates the heat 
transfe and pressure drop iebtionships 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 
fata on the interior of the tubes was determined from 
die relationship presented by Swenson et al.7-* The 
frictional pressure drop on the inside of the tubes was 
calculated by using Fanmng's equation, with the fric
tion factor defined77 as 

/ « 0.00140 + 0.125 (p/DGf*2 • 

Values for the specific volume and enthalpy of 
supercritical steam as functions of temperature and 
pressure were taken from the work of Keenan and 
Keyes.7* The thermal conductivity and viscosity as 
functions of temperature and pressure were taken fron. 
data reported by Nowak ana Gtcz...1* 

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 vork of Bergetin 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 . 7 7 ( 2 ^ / B ) 0 1 3 8 , 

where 
C 3 ratio of the corrected heat transfer coefficient to 

the heat transfer coefficient ca'-ulated 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.l. The specific heat 
and thermal conductivity of the salt were given as 
constant values, but tiie dem*ty and viscosity were 
functions of temperature. The functional re'atknships 
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 ii» 
the MSBR, since the relatively small diameter of !8 in-
selected for die shell aDows the stresses to be kept 
within more tolerable limits. 

A preliminary stress analysis was made to establish 
the feasviity of the steam generator design concept. 
The analysis was based on the requirements given in 
Sect HI of the ASME Boiler and Pressure Vessel 
Code.5* A complete stress analysis, however, as re
quired by this code, has not been made. For example, 
fatigue analyses were not made in •bese 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 b the 
approach tafem in USAS B31.7 (1969) Nuclear Piping 
Code** and is more conservative than the method of 
ASME Sect. III." The results of the stress calculations 
are given in Table 4.2. As discussed in Sect. 3.53, the 
allowable stress values for HasteOoy N were those 
prescribed for the standard alky in the ASME Boiler 
and Pressure Vessel Code Cases 1315-3 (ref. 30) and 
133 M (ref. 58). 

4.2.4 Relial)why of Design Calcaiation 

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 both of 
these aspects have been applied without safety factors, 
it is beloved that the preliminary design a 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 to permit 
steady-state calculations for a specified heat exchanger 
design under off-design operating conditions. This 
program has been used to 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 
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TaMe4.2. 
fori 

M H i—m stress mtemsky* P» 
T«be 

Cakabtcd *•„, = 13,900;/^ • <? « 30.900 
JUMJWJUM. Pm = \SJ5O0;rm *Q = 46,500 
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Cafcatsted Pm = 5800;/^ • f? = 13.200 
t i i j i i i i i ' ' Pm = S800;/„ • <? = 26,400 

MixiaHnB tobe sheet stress. P" 
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AlowsbU* 17.000 

symbols are those of Sect. III of the ASHE Boier awl 
Vessel Code, villi Pm = puuuiy sscsshcaae sties 
, (? = secondary stress isrteasity, aad5- = 

of the aside tabe sufece of 103T F, 
stress Loaditiue-

of II50*F 
of 100QTF as* «se of a 
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tvpicseBts the 

ontbe 
OB the 
the salt 

generator wnl be satisfactory over tms range of operat
ing conditions. 

The problem of stability in the steam generator has 
been considered briefly. As indicated by Goldman et 
at** and by Tong,8' 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 
Quska*2 have presented dat? concerned with the first 
type of instability, and Qu?4dt*3 and Shotkin*4 have 
presented information '.*i the second. A qualitative 
evaluation of these data indicates that the mass flow 
rate, pressure drop, and heat flux used in the horizontal 

U-tube, U-sheO design wfll result in stable operations. 
Operation of a test asodide w»D provide farther infer-
mation about the stability of this design concept. 

4 3 STEAM REHEATERS 

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

43.1 General 

The design of the reheaters was influenced by most of 
the factors that applied to design of the steam 
generators, as dsscuaed is Sect 4.2. 

The total steam reheating requirement is about 5.1 X 
1C* lb/hr. It was decided to divide this load between 
eight units, the capacity of each thus being about 
641,000 ftVhr, or 36.6 MW(t). The steam reheaters 
operate in parallel bom in respect to the coolant salt 
and to steam flow. The coolant salt enters at 1150* F 
and leaves at 850°F. The reheat steam is preheated to 
about 650°F, as explained in Sect. 5, before it enters 
the tube side of the reheateis at about 580 pssa. 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 computet 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 full-load conditions. 

43.2 Description 

As shown in Fig. 4.2, the steam reheater is a 
22-in.-dam X 30-ft4ong horizontal straight-tube single-
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SALT INLET INSULATION BAFFLE 

F%>4J. Steam 
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Table 4 3 . 

Type Straight tsbe and sheS with disk 
and doughnut baffles 

Number reqaared 8 
Rate of beat transfer per twit 

MW 
Bta/hr 

36.6 
1.25 X 10 8 

Hot find 
Entrance ttan prcatare, *F 
Eutteauperatarc,°F 
Eatnace premie, pss 
Exit pressure, psi 
Pressure drop atioss exf haagei 
Mass flow rate, tb/hr 

r.psi 

Coolant salt 
1150 
850 
228 
168 
59.5 
1.16 X 10* 

Tube^ide conditions 
Col* Said 
Earaace trnaprratare, °F 
Ex&teaaperatare,*F 
Entrance miiiaa, psi 
Exit pressure, psi 
Pressure drop across exchange 
Mass flow rate, m/hr 

r,psi 

Steam 
650 
1000 
580 
550 
29.9 
6.41 X 10 s 

Tube material HasteBoyN 

TubeOD.ia. 0.75 

Tube thickness, in. 0.035 
Tube length, tube sheet to tube sheet, ft 30.3 

ShcB material Hast*flo>N 

Shell thickness, in. 0.5 
Shell ID, in. 21.2 
Tube sheet material Hastelloy N 
Number of tubes 400 
Pitch of tubes, in. (triaogntar) 1.0 
Total heat transfer area, ft 2 2376 
Basis for area calculation Outside of tubes 
Type of baffle Disk and doughnut 

Number of baffles 21 and 21 
Baffle spacing, in. 8.65 
Disk OD, in 17.8 
Doaghnut ID, in. 

*t o . . . v "I «.-2 ^ r V l 
11.6 

306 vTverall neat transfer coeument, v, o\u m u \ r j 

11.6 

306 
Maximum stress intensity ,* psi 

Tube 
Calculated 
Allowable 

Shell 
Calculated 
Allowable 

1»OT = 4582;/' ) B + G» 14,090 
Pm*Sm= 1 3 , 0 0 0 ; ^ + (? = 3 5 m » 39,000 

/>„» 5016;/% • Q =14450 
?m *Sm - 9500;* m • Q = 3 5 m = 28,500 

fSalt and HasteUoy N properties are listed in Tablr S 1. 
*The symbols are those of Sect. HI of the ASME Berl r and Pressure Vessel Code,5* where Pm - primary 

membrane stress intensity, Q » secondary stress inteavtj, and Sm - allowable stress intensity. 
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pass shell-and-tube Sat 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 b in counterflow through the disk-aad-doughnut 
baffles on the shell side. The units are installed in the 
steam generating cells, as indicated in Figs. 13.7 and 
13.8. 

453 Desga Czfcabrioa* 
A computer program was developed for designing the 

refefate? by modifying the '•sisary heat sxchanger 
program as it existed in the early stages of development. 
The properties of the steam were assumed to be 
essentially 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-Bodter equations were used for the 
fim heat transfer coefficient on the tube side. Other 
procedures used in the heat transfer calculations were 
described by Bettis et a l . 6 2 > 3 

A preliminary stress analysis war made for the 
reheaters. This analysis was based on the requirements 
of Sect III of the ASME Bofler and Pressure Vessel 
Code;5* however, a complete stress analysis, as required 
by this code, has not been made. The calcinated stresses 
are compared with allowable values in Table 4 3 . 

43.4 Pt l id i i r j of Design Calculations 

The confidence in the steam reheater design cal
culations is greater than in the primary heat exchanger 
because steam is a more familiar fluid than the fuel salt 
and because no enhancement factors are involved. 
Vibration problems are not likely to be encountered 
because velocities are less than 65 fps and the tubes are 
supported by baffles with relatively dose spacing. 

Two extreme cases were examined, one where all the 
pessimistic values of the heat transfer coefficient were 
used and Uir other where the optimistic end of the 
range of possmle values was assumed. The maximum 
deviation in the overall heat transfer area, relative to the 
reference design, was found to be -(-23% in the 
pessimistic case and -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 

pumps and steam generators and reheaters in 'he steam 
geieiating cefls. The main piping ts 22 in. m diameter, 
with branches as small as 12 in. in diameter. The 
operating temperatures are from 850 to 1150°F. but ii: 
Lie design it was conservatively assumed that all tne 
secondary-coolant system piping would operate at 
11S0°F. This condition could actually exist only for a 
short time, corresponding to removal of the steam 
generators and reheaters from service due to loss of 
turbine load. 

The piping flexf>3ity analysis for the secondary 
system piping was included in the calculations for the 
primary system piping, since the two systems are 
connected and interact with each other aD the way to 
the anchor points of the steam generators and reheaters. 

The onxinaiai expansion stress of 19,510 psi occurs 
in one of the coolant return lines from a steam 
generator. The operating temperature of this line is 850 
rather than 1 ISCfF, as assumed m the calculations. The 
highest stress in the 1150°F pump suction line is 
13,000 psL Taking the allowable primary plus sec
ondary stress intensity to be three times the allowable 
design stress intensity (Sm), the allowable stress in
tensity at 850°F is 54,000 psi and at 1150°F is 28,500 
psi The nawJmum stress due to pressure is approxi
mately 3600 psi; therefore, the sums of the pressure 
stress and the above maximum expansion stresses do 
not exceed 3 5 M , as specified by the codes 

Both the pump suction and coolant return lines of 
each loop penetrate the reactor containment vessels and 
cell wafts. bVflows scab are used at these penetrations 
on both the leactor ceO and steam cefl sides to maintain 
the containment and permit about 1 in. of thermal 
expansion of the piping along each of three axes. 
Several flexibflrty analyses were made with the piping 
fixed at the cefl wall rather than use of bellows. This 
resulted in excessive stresses in both the primary and 
secondary loops, and since it did not appear that the 
stresses could be reduced substantially without increas
ing the piping lengths execssrvdy, bellows seals at the 
walk 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 
provided 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 luprore disk will be located at the secondary-salt 
outlet o\ each steam generator. A preliminary design, 
where the rupture disk 9^embly is vet into a 12-in. 
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ORWL-OWG TO-«9S2 

RUPTURE DISC 
ASSEMBLY 

COOLANT 
SALT OUTLET 

NORMAL SALT 
L E V E L 

STEAM GENERATOR 

Fig. 4.3. Secoads*y-alt system raptare disk. 

vertical tee, is shown in Fig. 4.3. The elevation of the 
disk is well above the normal level of the secondary salt 
in the system. A gas pocket probably can be provided 
to further redv.ce the possibility o$ sa!t contacting the 
disk. The assembly is located in the steain generator 
cell, which a maintained at about 1000°F, and its 
''twnstream face is exposed to the ambient cell 
Lnosphere, making it improbable that the opening 

would oe obstructed with frozen salt, even in the 
Ui'ikely event that any of the coolant reached the disk 
elevation. 

The rupture disk will be fabricated from low-carbon 
rucke), 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 a differential pressure equal to 
the design pressure of the secondary-salt circulation 
system (200 psi). A commercially available reverse-
buckling disk*5 is proposed because of if) accuracy 
(rupture within ±2% of rating) and greater cycle life. 
The strength of the metal, and hence the failure 
pressure 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 tiken if the 
temperature of the rupture disk falls below some 
ipecified value, say 900° F. 

If one of the '̂ -in.-diam .'ubes 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 in l*ss than 1 sec. In analyzing 
the pressure-containing requirements, it is pessimisti
cally assumed that the six tubes sunounding a failed 
tube will also fail in the estimated 5 sec required to 
close the steam-system blo<*k valves at the inlet and 
outlet of each steam generator. The total steam and 
feedwater released to the cell via the rupture disk, 
including that trapped between the block valves, is 
estimated to be about 1150 lb, representing a heat 
Hease of about 1.2 X 10* Btu. The steam generator 
eel! has been designed for 50 psig and wiii accommo
date this energy release (see Sect. 13.11). 

4.6 COOLANT-SALT DRAIN SYSTEM 

W. K. Furlong 

Four Hsstelloy N tanks, each capable of holding 2100 
ft3 of salt 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 were 
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 steam 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 "cold" 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 ft3 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 1-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 first 
tank. 

About 400 kW of heat-removal capability is provided 
in the first storage tank in the eve a some fuel salt finds 
its way into the coolant by accidental means. Most of 
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this heat would be transferred by radiation to cooler 
surfaces in the cell. It has been estimated that in event 
of tube failures in the primary heat exchangers, about 
137C ft3 of coolant salt could be drained by 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 ft3 of coolant salt remaining in a heat exchanger 
shell after the coolant drain. If the shell is pressurized 
after about J00 days and the salt mixture transferred to 

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 
dra;n tank has been provided with extra storage 
capacity to accommodate some of the coolant salt, as 
discussed in Sect. 6. 



5. Steam-Power System 
RoyC. Robertson 

5.1 GENERAL 

The thermal energy released in the MSBR is converted 
to electric power in a steam cycle employing once-
thrcugh 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 steam at 
conditions suitable for the most modern and efficient 
stesm-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 more 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 design, 
the cycle yields an overall net thermal efficiency for the 
plant of 44.4%. 

A particular requirement of the MSBR steam system 
is that the feedwater supplied to the steam generator be 
at a temperature high enough to avoid problems of 
coolant-salt freezing. The lower limit for the water 
temperature has not been established experimentally, 
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 

Run information with only minor modifications. This 
mixing method would probably be practical only if 
supercritical pressures are used. 

When detailed optimization studies become war
ranted, several variations in the steam cycle can be 
considered. It seems certain that tandem-compounded 
single-shaft turbine-generators would be used in future 
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. Startup 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 naiurai-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 0.17. 

Although reasonably good efficiencies are attainable 
with a variety of arrangements and the feasibility of the 
molten-salt reactor concept is not strongly dependent 
upon th i 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 cross-compounded machine, but its turbine 
efficiency would be slightly less. Turbine performance data and 
costs for a projected tandem unit were not obtained from a 
manufacturer since the information avaiUble from the Bull Run 
unit appeared adequate. 
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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 5.1, and a 
simplified flowsheet is shown in Fig. S.l. 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 the 
stearr. generator at a controlled 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 S.l. Reference design MSBR stem-power system 
and performance data with 700° 1* feedwater 

Table 5.1 (coatimned) 

General performance 
Reactor beat input to steam system,' MW(t) 2225 
Net electrical output, MW(e) 10U0 
Gross electrical feneration, MW(e) 1034.9 
Stiffen auxiliary load, MW(e) 25.7 
tloier-feedwater pressure-booster pump load, MW(e) 9.2 
Boier-feedwater pump steam-turbine power output. 29.3 

MW (mechanical) 
Flow to turbine throttle, Eb/hr 7.15 X 10* 
Flow from superheater, ft/ar 10.1 X 10* 
Gross efficiency, (1034.9 + 29.3)/2225, % 47.8 
Gross heat rate, Btu/kWhr 7136 
Net efliciency, station, 1000/2250, % 44.4 
Net beat rate, Btn/kWbr 7687 

Steam fenerators 
Number of units 16 
Total daty, MW(t) 1932 
Total steam capacity, sb/hr 10.1 X 10* 
Temperature of Met feedwater, * F 700 
Enthalpy of islet feedwatet, Btu/I> 769 
Pressure of uiiet feedwater, psia 3770 
Temperature of outlet steam, °F 1000 
Pressure of outlet steam, psia -3600 
Enthalpy of outlet steam, Btu/1> 1424 
Temperature of mtet coolant salt,*F 1150 
Temperature of outlet coolant salt, *F 850 
Average specific beat of coolant salt, Btu •>' ' (°F)~' 0.36 
Total coolant-salt flow 

Ib/hr 61.*>2 X 10* 
cfs 145.5 
gpm 65.290 

Coolant-salt pressure drop, inlet to outlet, psi 61 
Steam rebeaters 

Number of units 8 
Total duty, MW(t) 294 
Tola! steam capacity, Ib/br 5.13 X 10* 
Temperature of Met steam, # F 650 
Pressure of Met steam, psia -570 
Enthalpy of Met steam, Btu/m 1324 
Temperature of outlet sterm, "F 1000 
Preston of outlet steam, pea 557 
Enthalpy of outlet steam, Bta/sb 1518 
Ttetperaturc of Met coouat salt. *F 1150 
Temperature of outlet cooUat salt, "F 850 
Averw specific beat of coolaiitstit.BtuBj'' Cfi'1 0.36 
Total coolant stH flow 

Ib/hr 9.28 x 10* 
cfs 22.1 
gP» 9913 

Coo teat-salt pressure drop. Met to outlet, psi 59.4 

Reheat-steam preheaters 
Number of units 
Total duty, MW(t) 
Total heated steam capacity, fc/hr 
Temperature of heated steam, *F 

Inlet 
Outlet 

Pressure of heated steam, psia 
aiiaSi 

Outlet 
Enthalpy of heated steam, Bta/m 

Inlet 
Outlet 

Total beating steam, Ib/hr 
Temperature of heating steam, *F 

inlet 
Oadet 

Pressure of heating steam, psia 
Inlet 
Outlet 

BoBer-feedwater pumps 
Number of units 
Centrifagal pump 

Vumberof stages 
Feedwater flow rase, total, fc/hr 
Reauared capacity, gpm 
llead, approximate, ft 
Speed, mm 
Water Met temperature, *F 
Water Met enthalpy, Btu/m 
Water Met specific volume, ftJ/R> 

I at rated flow. MW (each) 
hp(esch) 

Throttle steam conditions, pak/*F 
lexottJe flow, BVM-(each) 
rraauit ptesaare, i 
Namncroi stages 
Nearer of extraction points 

BoOer-feedwater | 
Number of units 
Ceatra^sgal pump 

Feedwater flow rate, total, ftWhr 
Required capacity, gpm (each) 
Head, appi o j Mw \t, ft 
Water Met temperatmr. '¥ 
Water awet premves, psia 
Water Met tpedfic volume, ft'/fc 
Water outlet teatperatare, F 

Electric-motor drive 
Power r e n t a l at rated flow, MW(e) (each) 

hp(each) 

8 
100 
5.13 X 10* 

552 
650 

595 
590 

1257 
i324 
2.92 X 10* 

1000 
869 

3600 
3544 

6 
7.!5 X 10* 
8060 
9380 
5000 
358 
330 
-0.0181 

14.7 
2t)J)00 
1070,100 
414,000 
77 

10.1 X 10* 
18.950 
1413 
695 
-34*0 
-04302 
-700 

4 4 
6150 

*Does not iadrjde 25 MW(t) beat town from reactor system. 

Of the ".team leaving the steam generator about 2.9 X 
10* Ib/hr is diverted for the .as! 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 psii» in the turbine, about i .5 
X 10* Ib/hr h 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 552°F before exhausting into rite 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. 

A a a H l i M l m m m 
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0 M U . - O K 70-11*93 

LOAD 
NET OUTPUT 1000 Mm 
ELEC POWFR FOR AUX 257 Mwt 
SF PRESSURE-BOOSTER PUMP', 92 Mwt 
GROSS GEN OUTPUT 1034.9 Mwt 
BF PUMPS 29.3 Mw 
REACTOR *Zl f INPUT TO CYCLE 2225 Mwt 
GuOSS EFF OF CYCLE 47.8 % 
NET EFF OF PLANT 44.4 % 
NET HEAT RATE 7687 Btu/kf.tl 
REACTOR HF.AT OUTPUT 2250 Mwt 

bower cyd* flomtoet 

L 
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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 reheatcrc, 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 described 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-flov. 1800-rpm low-pressure turbines at 
a rate of about 2.5 X 106 lb/hr per turbine. Steam for 
the No. 4 feedwaisr heaters is also taken from the 
intermediate-pressure tuibine exhaust. 

Each of the four low-pressure turbine cylinders has 
three extraction points for feedwater heating. About 
2.1 X 106 lb/hr is finally exhausted from each pair of 
low-pressure turbines into four surface condensers 
operating at about l7 2 in. Hg abs Hot-well pumps 
circulate the 92° F condensate through full-flow 
demineralizers for the condensate polishing necessary to 
obtain the high-purity water required in a once-t*~ jugh 
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 
eight-stage steam turbine with a brake horsepower 
capacity of 21,500. The turbines have diree extraction 
points for feedwater heating and exhaust at 77 psia into 
the deaeraiing feedwater heaters. The turbines normally 
operate on 1146-psia steam extracted from the main 
high-pressure turbine but can aiso accept 3500-psia 
steam during startup or other times when extraction 
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 551°F. Each of the 3.6 X 
106 Ib/hr parallel-flow streams then enters a mixing 
chamber, where th*; 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 

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 pumps 
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 steam system efficiency was estimated by using 
performance values taken from the TV A Bull Run plant 
cycle for the major items, particularly with regard to 
pressure and temperature conditions.86 Bull Run mass 
flow rates required adjustment, however, in that the 
gross generating capacity of the MSBR is about 103S 
MW(e) compared with 950 MW(e) for theTVA station. 

The gross capacity requirement for the MSBR of 
1035 MW(e) is based on an assumed plant auxiliary 
electric lead of 35 MW(e), of which 10 MW(e) would be 
required tc drive the boiler feed booster pumps. The 
reactor plan J would need to supply about 2225 MDM(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 output 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%. 8 7 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 
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in an MSBR plan! obviously requires an arrangement 
not found in a conventional steam power station, 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 SOO°F in 
a subcritical-pressure cycle. Keating of the water to 
700°F can be accomplished ?n 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 heating 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 su6critical-
pressure cycle by surface heat exchange between steam 
generator outlet steam and the water would require an 
inordinate 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 
feeuwater in a separate drum provided with distribution 

nozzles to reduce the sparging effects. In a Loeffler 
cycle modified 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 latter, 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 en the steam. 

A 3500-psia 1000°F/1000°F cycle with direct mixing 
and booster pumps was compared by Robertson8* with 
a 2400-psia 10G0°F/I000oF 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 cycle is that 
shown schematically in Fig. 5.3; the regenerative 
2400-psia steam system flowsheet used for comparison 
if taken from ref. 88. Both cycles include facilities for 
preheating the cold reheat steam to about 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. 

0RNL-DWG 70-11954 

3500 pskl, 1000T 

1150°F-

850°F« 

PRESSURE 
BOOSTER 
PUMP 

TO IP TURBINE 

HP TURBINE 

'PREHEATER 

•MIXER 

55I»F FEEOWATER 

Fig. 5.2. Sepercritkal-frafOR cycle with feeJwater heated by mixing. 
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0RNL-0WG 70-U955 

2400 ps»g, 1000T 

TO IP TURBINE 

I HP TURBINE 

STEAM COMPRESSOR 

MIXING DRUM AND SUPERHEATER 

FEEDWATER 

Ffc.5.3. Modified Loeffler cycle for feedwater heating. 

Table 5.2. Conmariaon of perfi Table 5.3. Properties of saperheated steam at 900 F* 

with sabcritkai Loefffcr cyde to attaai 
700° F feed water 

rcnticsl Subcritica! 
cyde cyde 

Nominal feed temperature to steam 700 ~700 
generator, °F 

Mixing pressure, nominal, psia 3500 2600 
Booster pump or steam compressor 3800 2900 

dischaige pressure, psia 
Booster pump or steam compressor 7.4 52 

power requirement, MW(e) 
Steam flow through steam generator, 9.5 X 10 6 19 X 10* 

Ib/hr (total) 
Overall thermal efficiency of heat- 44.5 41.1 

power cycle, % 

Use of supercritical-pressure ste?m 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 S.3. 
11 can be seen that the film coefficient for heat transfer 
in the 3500-psia system is about twice that in a 
24G*Vpsia 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 

2400 psia 35(kv psia 

Thermal conductivity, Btu hr~' 

^ X 10 7 

f t ' 
/OfO-i 

Viscosity, lb sec ft 
Specific volume, ft 3/lb 
Specific heat, Btu lb" 1 ("FT1 

Relative film resistance to heat transfer* 

0.052 

63 
0.285 
0.74 
1.9 

0.062 

67 
0.176 
0.91 
1.0 

a1967 ASME steam table values (ref. 78). 
* Assuming the same tube diameters and vdocities. 

more direct means of attaining 700°F feedwater, and 
could require 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 USE OF REHEAT IN THE MSBR 
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 
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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 or. equipment costs and <.u;-
bine performance, * refinement which to data has not 
been warranted in the MSBR conceptual studies. 

It is interesting that a study made for the LMFBR89 

comparing moisture separation with reheat for a 2400-
psig 900°F/900°F steam cycle concluded that the 
economic 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, however, 
because the MSBR can attain 1000°F top temperatures 
and does not require a relatively expensive reheater 
design to accommodate exothermic reactions, as would 
have been required for the LMFBR. 

If future economic studies should indicate that reheat 
for the MSBR cycle is indeed marginal, the system 
could be simplified by elimination of the reheaters, 
reheat steam preheaters, and the flow proportioned 
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 temperatures 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 reheat steam in ORNL-
3996 (ref. 4) ami with a cycle with 800° F feedwater 
and 650° F cold reheat steam.* * The results are 
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 

Table 5.4. Effect of feedwater temperature <M 
perfotmaace of MSBR supeicriticai-pressare 

hpower cycle* 

Nominal Boostei Steam Net 
feed pump generator plant 

temperature work flow rate efficieacy 
TF) |MW(e)) (lb/hi) (%) 

X10* 

580* None required 7.4 44.9 
7 0 0 c d 7.4 9.5 44.5 
800° 87 28 41.3 

'Based on net plant output of 1000 MW(e) and reactor heat 
of2250MW(t). 

6Assumes extra stage of regenerative feedwater heating and 
no mixing or booster pumps required. 

Teedwater heated by mixing with steam from reheat steam 
preheater. 

<*rhi* esse 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 would be required, and 
it was assumed that the reheat steam would not require 
preheating. 

Comparing the 580 and 700°F cases in Table S.4, the 
lower temperature affords a higher efficiency, which 
can amount to about 10 MW(e) of additional output 
capacity. An additional high-pressure feedwater 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 needed in the 700° F cycle. As a result, the 
580°F cycle is estimated to have a total construction 
cost, including indirect charges, of about half a million 
dollars less than for the 700°F system.8* Taking fixed 
charges at 13.7% per annum, the saving amounts to 
about $68,500 per year. Tliis saving is small, however, 
in comparison with the value of a better thermal 
efficiency. 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 S5 
million for an MSBR station. In a power economy with 
many molten-salt reactors in operation, there wcirid 
thus be a strong incentive to develop a means for 
lowering the required feedwater temperature, either 
through use of a different neat transport fluid or 
improved steam generator design, or both. (With regard 
to use of a different secondary coolant, however, it 
should be noted that the sodhim ftuoroborate pro-
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posed in the reference design MSBR has an estimated 
cost of less than 50 cents/lb. Since the coobn* 
inventory is about 900,000 lb, if a different coolant 
costs as much as about S3 per pound, the increased 
inventory cost could nullify the cost advantages of the 
lower temperature cycle.) 

5.7 PRESSURE-BOOSTER PUMPS FOR 
MIXING FEEWWATER-HEATING SYSTEM 

After 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 roust be 
raised to the steam generator inlet pressure of about 
3800 psia. Canned-rotor pumps are currently in u*e 
which operate under much the same pressure and 
temperature conditions as those required. Preliminary 
information obtained from pump vendors indicates that 
development may be needed to produce multistage 
variable-speed pumps, as may be required for the 
MSBR, 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 5S0°F. 
The problems associated with the mixing of steam and 
water at lower temperatures are well known; the rapid 
formation and collapse of vapcr bubbles causes noise, 
vibration, and erosion similar to those found in pump 
cavitation. At supercritical pressure, however, there is 
no phase change or bubble formation, and the mixing 
can be accomplished in a simple device. 

At the TVA Bull Run steam plant, supercritical-
pressure steam and water are mixed in a 42-in.-diam 
sphere, with the steam brought in at the top and the 
water entering tangentiauy at the equator. The mixture 
leaves at the bottom after passing through a screen with 
%-iit-diam holes. The total pressure drop is said to be 
less than 25 psi. One sphere handles a flow of over 
4,000,000 Ib/hr. Other mixing chamber configurations 
may be possmte, such as a simple pipe tee. Choice of 
this method of feedwater heating for the MSBR cycle 
does not appear to impose 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 

coolant-salt pumping rate. Fine control, and more gross 
control under certain loading conditions, will be 
achieved by attemperating the 'team with 700°F 
feedwater injection. The attemperator design has not 
been studied in »ny detail. The possible problem of 
moisture in the throttle steam is alleviated to a large 
extent because there would be approximately 150 ft of 
high-temperature steam piping downstream of the 
attemperator before tiie steam reached the turbine. A 
major steam turbine nunufacturei has stated that this 
suggested method of superheat control by attempera-
tion is acceptable in principle. 

5.10 REHEAT STEAM PREHEATERS 

T. W. Pickd 

5.10.1 General Deseriftioa 

The reference design requires that about 5.1 X 10* 
Ib/hr of 551°F steam leaving the high-pressure turbine 
exhaust be preheated to about 650°F before it enters 
the reheaters. The proposed arrangement is to heat the 
steam by heat exchange with steam at steam generator 
exit conditions of 3600 psia and 1000°F. The capacity 
required in each of eight preheater units is thus about 
630,000 Ib/hr, or 12 J MWTt). 

There are eight identical preheatei units operating in 
parallel. The supercritical-pressure heating steam enters 
the tube side at about 3600 psia and 1000°F and exits 
at about 3S35 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 prebeater is shown m Fig 
5.4, and the principal data are given in Table 55. The 
units are vertical single-pass U-sheU, 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-iiL-ID spherical pieruim chambers for the super-
critical-pressure heating *t< jm. 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 shell. 
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 sheet. 

9.iw.£ ueajgn %jammmtntatm 

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 ** 
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6. Fuel-Salt Drain System 
W. K. Furlong 

6.1 GENERAL DESIGN 0Q*58»SL4T!QN5 

The preferred mode of MSBR operation is that the 
fad sah remain m the primary system alter reactor 
shutdown so that circulation can be commued through 
the primary beat exchanger for afterbeat removal. 

or unplanned, which wal require that the saU be 
drained. Intentional drains are usuaHy associated with 
maintenance operations, such as reactor core graphite 
v'6DVasC8mVm>vH SflO 9SWtCtRK 0 1 BHVipjL nCBt CX/CQ^MlmjBVS« 

etc In these instances the salt arcubtiott can be 
w^awajsajB^paB^MBj nam * ^ ^ * ^ ^ B ^ ^ ^ ewaesjim>̂ BBjBBBj w ami e^pri %ea* UjB)wa> wajuesjowe; v ^ ^ 

alow the activity to decay to tl«e necessary level for the 
•mmtenawee task. There is a low probabltty of un» 
aaipajn^B^BBaBjmmaB waajesuwenaQ ejpmiSi i f r v Y • a a ' i a ) ^ . vpre> SBnĵ ^pwejBsjBaHĵ nesjBSjVî ^wa w ? 

the desam. Examnles of ni*a«attnad sitttationt are: 
• W ^ F ^•^^•PP_J«^P» ^ P n V W V V l ^ V ^ P * ^ P ^ ••WIPBPPWPPWPBp' ^ P / ^ ^ P a p I ^ W ^ P ^ P P J ^PP ̂ P * 

1. Maarive faatac of a orimarv system nine or veasd 
• • f/^aajiwaw^W' f i n f f w f v w ^ a* grvaajavai* w i f f i a i w w^w^^ ^ ^ e,w*eaapa>Tf. 

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

3. torn of heai*removal capacity in the steam system. 

4. loss of fflflhfH or circulation ia the secondary loons. V^P^PPJ ^p» ^"^P^PJWBPW^ ^p^ w v v ^ ' w w ^ ' v f wy * • • • ^^PTW^P^^PP^P^P w T^P'^P^P^PJJ 

si primary 
pumps. 

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

The principal function of the f u e M f drain system is 
to provide a place where the salt can be safety 
contained and *aaftd ssder sgy of :kc i*u:&w**i m 
intntMioml sitteiion*. The dram system must, there
fore, have a ha£!y rehabCc cooling wystem capable of 
rtmjovmg the afterhest even with a sodden drain after 
lung term operation at fad) reactor power, in designing 
the cooling system the ovcreft objectives were: 

!. It must be abk :c keep the jnasiniuiii drain tank 
temperature wefl within the safe operating range 
even under the worst condition of transient beat 
loads. 

2. The system must be reliable, with a nummum of 
reliance on the electric power supply or operator-

3. I f only a single barrier is provided between the tank 
coolant «nd the fad salt, leakage of the coolant into 
the sdt mntdrl not raouire *• I**—**1 «i nraceariaa to 
^W^^^ ^PPPP v ^^^^^PF^P^^^Pi P^^PF^ w ^^^PJ^p^pp ^ p ^PV^^^^P^P^^^^PJP U ^ ' ^P^P^^^P^PJ^^^PAm * ^ P 

prevent adverse nuclear or chenucd effects. 
4 The ^^wiii— cytteai «̂ *«—M ninoae a w«»«*"l risk for V V^^V ^P^V^P^PPW^PPA ^P^V ^P^^^^PPP/ V l ^ v v P ' PWPPVPRr^P^P^P ^P P^^^^WPPP^PPv V w^P^V v ^ ^ v 

freezing of either the fud sdt or the cooling system 
coolant. 

Several methods of cooimg the drained fud salt were 
considered. One was to store the sdt in a long pipe with 
radiant heat \r->. ê â 'û û  J^P^ ^B^P^^P^W5W5 ^jJ^fc4^K^p# ê wê ^̂ P^̂ î ^̂ P'O^ ^^PCP^PP5PJP^^^P 

method was ;bt \a* of heat pipes to cod fudsdt^tmed 
tanks. Since a storage tank with a convective cooling 
system was used with good results in tbettSRE. it was 
decided that theabowobjactivawoutdbebejtmetby 
storage of the salt in a tank having a coolant circulated 
by natural convection to a water-cooled beat exchanger. 
A variety of heamaniport Quids were studied. The sdt 
(MiaJnaBv seftcted as havint the most promise was 
'L i f -BeF, . and a dram system using this sdt was 
studied in some He*ail. as described in Sect. 6 J . Late in 
the study, towever, the apparent advantages of an 
NaK<oHed system led to consideration of an dtemate 
• * • ) eajauiBi aappemv a>%ja*i#fawaaai # w majeswaa SBJSUSVOBK e/vsms% awp a e>em> s^a^^Sjevas)a#s # ewe 

diwuwed in Sect. 6.4. Unfortunately, the NaK system 
aiavjy ( O M not be developed in :ime to be reported as 
comprehensively as the saH crowd sj fem. 

Without irnoairina the abewe-okantioned nr^ieind 
• • f f f f w w t *V*VW^W^P# *vvmk ••^•a* w a F w ^ w ^ v v 9 f v * v w v r w a i grf Tve^reu^upf 

function of the dram system, the dram lank can be 
conveniently vntd for other purposes, such as a holdup 
vedume for ofT-gases to attow about a 2-hr decay time 

•4 



85 

before the gases are processed. The drain tank cooling 
system can continuously remove the decay heat load of 
these gases and at the same time provide assurance that 
the cooling system is operable and could accommodate 
a major drain. With this arrangement, internal surface 
in the drain tank, pirlkusariy cooled ones, msy act as 
sites for deposition of noble metals in the otT-gss and 
will possibly eliminate the need for a particle trap in the 
off-gas system. The decay heat load in the drain tank, 
estimated to total about 18 afW{t), is discussed in more 
detai in Sect. 6.3.2. 

The drain tank also serves usefuBy 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 faciity will be made at the 
drain tank. The same jet pump amnfement used to fii 
the primary system from the drain tank can be used to 
transfer «*•• *c Ha Cnemicai facslitv, eliminating the 
need for pressurizing the tank for salt transfer. With this 
arrangement, salt can be taken from the tank for 
pfoccssmg mcepfnoenuy oi reactor operation. 

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

6.2 FUEL-SALT DRAIN LINES 

Although draining the fed salt from the reactor is a 
positive shutdown mechanism, it is not necessary to rely 
on Urn as an emergency procedure, and rapid drainage 
is not a primary desejA criterion. The dram tank is 
connected to the bottom of the reactor vessel hf a 6*in. 
drain line equipped with a freeze-ptug type of "valve" 
which can be thawed to attow gravity drainage of the 
entire primary circulating system in about 7 min. A 
small circulation of fuel salt b normally maintained in 
the drain line between the reactor and the freeze valve 
to prevent overheating due to stagnant salt, as indicated 
in the dram system flowsheet. Fig. 2 3 . 

During normal operation of the reactor *bout 150 
gpm of fuel salt overflows from each cJrcttbtmg pump 
bowl. The gases stripped from the fuel salt at the gas 
separator, laden with highly radioactive Osston product 
gases and particulates, arc combined with the overflow 
salt from the pump bowls in a small unfc(>4 in Fig. 2.3) 
before flowing to the drain tank. The 2-m. overflow Sine 
has a 3-*n.-diam counterflow cooling jacket supplied 
with lOSf/F fuel salt from the reactor inlet. This salt, 
in flowing upward through the jacket, also cools the 
smaH mixing tank and the lower portion of the pump 
bow) before mixing with the bum salt flow in the bowl. 

The overflow 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 * 
%-m.-v/ide anculus between the tank wal and an 
internal liner (used as a gamma 'JueJd) to cool the C%*M 
tank and the internal liner. 

6 J !!U]«ARYDiUINT/4r^w1TrJSALT-C00L€D 
HEAT-DBTOSAL SYSTEM 

6J . I DeecriptJe* 

The drain tank is a vertical cylinder aboui i4 ft in 
diameter and 22 ft high with torisf aerica! heads and 
internal U-tubes. All portions in contact with salt are 
constructed cf KssUuuy H. flan 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 shown in Fsj. 63. 

The storage volume of the tank is about 2500 ft3* 
The tank dimensions were based on the following 
volume requirements (ft 1): 

Total IM^ahvohMC 1720 
VoftM of cewtant salt ttatf coaM 730 

nee* ana* tank in event of ur*»e 
fs&rc is esc pKAiiy =s« exctaaaar 

Vohaac orraplilby IMateaaai 250 
other coaaponaafi iadnaw laak 

After considering various means of cooling the tank 
watts and heads, it was decided to us* the internal liner 
with a continuous fuel-sali flow to remove the heat. A 
flow of ISO gpm of fuel salt from each of the primary 
circulation pumps, after beinf, cooled to about 1200*F 
by a eounterflow of "coViT-leg salt, as mentioned 
ibov., wnl enter the dram tank and flow down the 
aftnuhis between the liner and the wall. The annuhis is 
orificed at the bottom to ensure that it remains rufl of 
salt. The maximum steady-state wall temperature is 
estimated to be I260f F, occurring at the bottom. The 
liner is separated from the watts by standoffs to provide 
a 0.5-irt. radial cooling pssragr 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-tubet Since there are no structural 
connections between the tank and the inner liner, the 
status of the tank as an ASME Code Sect III, class .V* 
vend is not impaired by this approach. 

The 0.75-in-diam U-tubet through which the cooling 
salt circulates to remove the heat generated in the 
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Table 6.1. tad data for 

Outside diameter, ft 
Octal height, ft 

Bottom head 

MWft) 

in. 

afaterml 
Storage capacity, ft3 

Design conditions, pshj/°F 
Number of internal U-tubes 
U-tabeODx iraO thickness, in. 
Off-gas f#:w rate, dim at 10 pug aad 10O0°F 
Flow rate of ovuQtrn salt, gpm 
Ecwdag iemperaoue of omfluai sail, ®F 
Fraction of total K lbk metal yield found m off-gas 
OtT-gm holdup tane, at 
Equnmraun heat generation m off-fas aad aohk metals, MW(t) 
Heat absorbed m task finer sod wafts, *iW(t) 
Maxmmm heat release from salt after suddea 

i steady-state heat load, afw(t) 
i steady-state wail temperature, °F 

for primary system to dram, i 
Heat 

coobmtfmid 
Coolant coamootion, mote % 
Number of aatoaomous cooling circuits 
Total coohmt volume, ft3 

For normal steady-state operatioe s: It Mw(t) heat 
Teajperatare of cootaat catering dram tank, °F 
TcmperatBie of cooiaat leaving dram tank, °F 
Coolant drcalation rate, gpm at av temperature 

For condition* after mddea dram of salt, heat release of 53 MW(t): 
Temperature of coolant catering dram tank, °F 
Temperature of cootaat leaving dram tank, °F 
Coolant escalation rate, gpm mt ar temperature 

Number of mlt-to-water heat exchangers 
Number of tabes m each exchanger 
Tube size, length (ft) X CD (in.) 
Area m each exchanger, ft 3 

Water pressure, psia 
Distance of heat exchangns above drain tank midplane, ft 
Stack sire, height X dmm, ft 

• d i m 

14 
22 
I 
"'4 
1 
HastcfioyN 
-2500 
40/1300 
-•500 
0.75 x 0.042 
18 
600 
1200 
0.5 
-2.3 
18 
2 
53 
18 
-1260 
7 

TUF-BeF2 

67-33 
40 
-400 

900 
1050 
714 

900 
1163 
1200 
40 
333 
10 X 0.625 
544 
100 
60 
400X60 

•Due to decay of gases aad nook 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 z large 
number so that in event of failure, any one of them 
would represent only a small loss in capacity. There 
were also sp«ce 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-alt level in the drain 
tank. 

Salt flows into the drain tank by gravity. It is 
transferred from the tank by salt-actuated jet pumps 
located in a salt reservoir provided 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 maintained even if 
three of ihe 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 drain tank to 
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transfer salt to the chemical processing facility. By 
thawing a freeze valve, indicated as H in Fig. 23 , 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 walk and bottom of the 
drain tank which acts as a backup container in the 
unulety event of a failure of the tank below the salt 
level This shell, sometimes referred to as a "crurible" 
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 annurus and to provide a 
good conductor fc; heat to the tank wall. 

43.2 Heat Sources it Draa Tank 

In normal operation the drain tank receives ~11 scfm 
of off-gas containing radioactive gases and metals.9 

Besides tritium, the gases are primariy Kr and Xe, and 
the noble metals are Nb, Rh, Mo, Ru, Tc, and Te. Heat 
is also produced by decay of the daughters of Kx 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 eqiuUbrium 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 IS 
MW(t) generated in the drain t/_ak for a reactor which 
has run several weeks at full power. 

The heat sources in the tank were assumed 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 he.ice is deposited locally. 
Simuarty, about 40% of the energy due to the noble 
ntetab is from beta emission.9 The gamma source per 
unit of homogenized tank volume then becomes 3857 
W/ft3. This convent to 2ISO W/ft2 impinging on the 
liner. Close agreement is obtained between cylindrical 
and spherical models. 

Estimates of the interna: energy absorption by the 
U-tubes and other internals were based on a linear 
energy absorption coefficient of 0.82 in.' 1 , which was 
determined for attenuation of reactor spectrum gamma 
radiation in the reactor vessel wall using a gamma 
transport calculation (AN1SN). Assuming the same 
absorption coefficient, 56%, or a heat flux of 949 
W/ft3. is absorbed in the lin.-thick liner, leaving 782 

W/ft2 to be absorbed in the 1-in-thick tanV wall from 
this source. The rest of the energy will be absorbed in 
the backup vessel in which the drain tank sits. Since the 
tank walk and head have about 1000 ft7 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 design basis for a. ha 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 to remove afterheat, including that 
associated with sources adsorbed on and diffused into 
the graphite in the reactor. The heat load due to the salt 
and noble met ak 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 on the 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 and 
by Furlong.*2) The naximum heat load that could 
occur in such circumstances is estimated to be about 50 
MW(t), if about 7 min is allowed tor 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 Best Transfer « D I M Tank Walt 

During normal operation the tank wafls and liner are 
cooled by overflow salt from the reactor, as mentioned 
above. A value of 150 gpm per pump was chosen 
somewhat arbitrarily for the overflow rate. It was 
desirable to have a value large 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 s 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 in Fig. 23), and the walk of the pump bowl About 
150 gpm will cool the overflow mixture to 1213°F 
(average of four lines) upon entering the drain tank and 
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. 

Vith 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. 

63.4 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 
worthy of further consklerption. The most likely salt of 
the candidates were (1) sodium fluoroborate 
(NaBF4-NaF), the same salt used in the MSBR second
ary system; (2) 7LiF-BeF2 of the peritectk compo
sition 66-34 moie %; and (3) Hitec, a commercial 
nitrite/nitrate heat transfer salt. The significant physical 
properties of these three salts are listed in Table 6.3, 

and each is compared with a steam-water 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 reach the fuel salt, cavitations showed that it 
would be difficult tc fit the required number of tubes 
into the drain tank head. A compromise was therefore 
reached which employs natural circuia**on of an 
7LiF-BeF2 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 7LiF-BeF2 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 die 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-stats 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 at 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 6JS is a plot of fraction of 
design flow (that cc responding to design heat load) 
and salt temperature at the U-tube outlet as functions 
of fraction of design heat load. During nonnal 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 because a drain will 
not require the system to be accelerated from a vevy 
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 salf-
to-water heat exchangers located about 60 ft above the 
drain tank to provide the thermal driving head for 
natural circulation. The heat exchange is entirely by 
radiation from salt tubes to a plat* (or tubes) in which 
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TaMtlkJ. 
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725 
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125-5 
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DM*,, ft/ft* 
At*UTl-
AlUStTF 
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725 
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404 
lt.7 
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:2I9 
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223 

1*34 
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F^OOP^W^pFBBBF FFp OBB^O'MBjBJ Oî ^OOFOOBT ^F^OMO' O F ^ ^ F O ^"P/ *•» 

Hot ifpovje? by faoojctoo ado* the 
Wtwoto tot ptoops coob tot 

- * * J * * * * » * * *o) kiwr had of d * oVoiit took. In tocoi of a 
^ ^ •*«!»*. ft M i Mojotlto* of foot ofe otfodM«*t«fp4 rati. U« Haftl 
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capacity, however, ran be made lame enough to 
accommodate the decay heal for a protracted period 
even without water makeup. This arrangement provides 
a rename heat sink, is not dependent upon a power 
source, and may be more earthquake resistant than the 
natnraMraft stack tmad with the salt-cooled drain tank 

4.5 FUEL-SALT STORAGE TANK 

A storage tank is provided for the fuel salt m event it 
at mm-fmmrj tn £any tmt ffygir; nm ttg# ft**Ltt)f ^ * t n 
tank or its awociaud components or piping. Although 
ô*v̂ s* • W M M ow O^^^B^BP^^^BV VOV ô v̂ a* W^YO^WV#V^̂ V*OBB ĝ w ̂ â ô oponpapueâ  ^p^^v o a» am 

not aaad n a pari of the chemical system, since the 
lank dots not have a b«ai-?es»*at system capable of 
handhng the haA volumetric heat sources in the 
rhtimctJ system. The storage unk wall be the same 
regMdhns of the type of cooling mad tor ike primary 
m)#mmm} *jmBBjp»* 

The tank has a storage capacity of about 2500 ft 1 and 
may he constructed of 304L stainless strd rather than 
HasteNoy N. since the tank wit have a low use factor.* 
The tank is connected into the dram Sank system as 
shown in the flow diagram. Fig. 2.1. Centrifeaal and jet 
pumps wiH transfer salt into and out of the storage 
tank. 

Tbe tank has a heat-removal capacity of afcuu* ! 
hfw<i). which b provided by boding water m 12-ft-long 
U-tubes, with the stemi being condensed in an air-
cooled condenser in the same mume? as was used m the 
MSRE system.*4 *** The heat-removal capacity is based 
on awowing about a 100-day decay period for both the 
salt and the noble metals. 

To a* rommtnn in aw f i - l M p itwJy, Umt+oy N was 
MNdOei for ***** portion of the ftfJSR »jil—Ji wbsw 
cjBjmjjmmjjBjK fxaam mjmjsjgmji mmrjmjmjmjir mjmw? • 4*mj mDnmmjjmmjBjm. m •mmr —awaa 
•^•••mOWOIW O M ^ P W ^ v ^ M W l B^WVP^^WIW^^B/ • • • * ^-^m^9 ^MPVPWgnVJW^HV* ra F̂Ô JM ^^^Wgr 

coastmessdof )04L atataton « N ) has op«at«d «fch 1200 to 
l)OlfFIM<riiforaMmtlM(rf>jOOOItfwidi«coatMfaMin^ 
of I aril/roar, or ta. m i the rtat b daawjsfuc.11 



7. Reactor Off-Gas System 

A. N. Smith 

7.1 GENERAL 

The function of the primary off-fas system is to 
reduce the concentration of undesirable contaminants 
in the primary system off-gas stream to a level low 
enough to perruu 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 
sys' an on the upstream side are defined as the outlet of 
the particle trap in the gas flow leaving the fuel-salt 
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 
pumps. 

The fission yields of noble gases (krypton and xenon) 
are such that nearly one atom of gas is produced for 
every atom of a i 3 U which fissions. Since the fission 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 systein. The remaining 85% are either 
stable or have half-live* which are long enough for them 
to be removed at the gas separator Jong 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 form of smokes or mists until removed by filtration 
or adsorption. In addition to the kryptons and xenons, 
the carrier gas which leaves the gas separator is expected 
to contain tritium, oxygen resulting from fluorine 

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

The nonvolatile fission products either will deposit in 
the primary system drain tank or will be removed 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 krypron 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-ga* 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 isotojjes, z» 
shown in Fig. 7.2. 

An estimate was made of the distribution of fusion 
product decay heat in a 1000-MW(e) MSBR jff-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 a 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 47-hr xenon holdup system. 

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

4. The off-gas system was divided into 20 regions in 
which the radioactive noble gases were assumed to 
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decay exponentially in accordance with an assigned 
delay or residence time. The 2-hr volume holdup and 
the 47-hr xenon delay charcoal bed were divided 
into 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 tellurium (the precursor of 
iodine) will probably deposit on surfaces as noble metal 
particulates, but significant amounts 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 recycled, and none is vented. 
(The decay heats from the iodine nuclides of concern -
those with half-lives greater than 10 min - are shown in 
Table 7.1.) 

7,2 BASIC ASSUMPTIONS AND 
DESIGN CRITERIA FOR STEADY-STATE 

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 h 
5 , , U . 

2. The carrier ga» i* Uiium, with a total flow tc the 
off-gas system of 11 sefm. This total is the combination 
of flows from each of the four pump loops, consisting 
of 2.25 icfm from each of the gas separators and 0.5 
scfm of purge gas (o each of the pump shaft*, 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 calculated atom flow 
rates at the gas separator discharge, with appropriate 
corrections for a 2-hr residence time in the fuel-salt 
drain tank. All solids which are jsj-borne at the outlet 
of the drain tank (including noble metals, salt mist, ami 
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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 ?1 rnechanisms will 
be 2400 Ci/day, and all tritium w*U 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 watts is assumed to be zero. (Tritium 
diffusion rates are discussed in Sect. 33.7.) 

4 . T h e gas wi l l enter the off-gas system at IS psig:9 
scfn. wi l l be returned to the bubble generators at S psig. 
and I scfm wi l l be returned to the purge gas header at 
* S p $ i g . 

5. A t least t w o barriers, or containment watts (one o f 
which is the wal l o f the gas duct or vessel), wi l l be 
provided to guard against leakage o f radioactive off-gas. 
Shielding wi l l be provided for attenuation o f penetra
ting radiation to permissmle levels. Instrumentat ion wi l l 
warn o f excessive leakage o f eajt or penetrating radia
t ion, 

6. The target reliability of the system is 100%; Uut 
is spare units will be provided, and the maintainabiity 
j f 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. 

73 SUIOelAJtYDESCIUrnONOF 
OFF-GAS SYSTUi 

The flow of gas in the primary system can be 
represerted by two recycle loops-, a 47-hr xenon holdup 
loop and a lonfdday (M"90'day> xenon holdup loop.* 
The 47-hr loop circulates throuf.h the bubble geneutor 
and gas separator to strip the ' : ' $ Xe from the fuel salt; 

the off-fas stream m flowing through the 
tank. 
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the long-delay loop carries the balance of the gas flow 
ta tfcr fuel system. The two loops are joined together at 
the salt ^traanraeot separator and flow cocurrentty 
through . - primary drain t«nk and the 47-hr holdup 
system, as shown in Fig. 7.1. 

The oucurrent stream enters the jirimary off~ms 
system at the discharge from the f> d-salt drain tank. 
The tank wil probabty serve as an efficient collector of 
particulates in the gas, hut if it prove* necessary a 
particle trap, or fihet, can be added, as shown in Fig. 
7.1. A that point the gas wil have been stripped of 
nongai'mn components (noble metals, salt mist, and 
nongaseous daughters of the noble gases), so that the 
primary contaminants are Kr, Xe, and *H . About 2 hi 
wnl 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 ittidence time for xenon 
mokcuki sufficient to permit the " * X e to decay Co 
about 3% of the inlet amount. The 47-hr bokrap systeri 
wil utihxe charcoal for the dywamir adsorption and 
holdup of krypton and xenon. The decay heat wut be 
transferred to bomnx water. 

At the outlet of the 47-hr system the gsr Jtreara is 
grided into the two recycle loops. In the 47-** recycle 
loop, 9 scfcu. or about 80% of the total flow, punts in 

thiouak a chemical trap and alarm system, a 
at* a surge tank. From the surge tank ihe 

gas is metered to the bubble generator at the tour 
carcumtmn. DUMBS. In the second recycle am struma. 2 
^P^V^P^B^B^Bvv^^^BBK BP'^^^^^^BB^Br* W ̂ 9 ^^P^TW ^^^P^P'^B^^B^BP W ̂ ^^P^r ^BH^^» a U " ^ " ^ F * ^ ^B^BBBBBBh ^B> 

terns, or 20% of the total ftow, passes fr t tiuowaa the 
kmcdenry xenon hpfttp system, whaur mt residence 
times for krypton and xenon are sufaV**ntry long to 
awou? aB radioisotopts except the ten-year Kr to 
decay to mnjuirtcant levels. The aa> then passes 
through a purification system which ttwaves th» level of 
any ttwumwag contaminants \ Kr, H> stable uotopcs 
of KM and Xc, water, hydrocarbons, eK.) to an 
acceptable level, men through a surge tank, a com-
• u A a a a k B • * • • • £ • atBkk ^^^jMfeaBBBBAfcaFBfcSt*&Bh < ^ S B ^ B B W S B B M B ^ B B B B * liW •BBhaM^jflBB^Bh^Bl S W k 

•esssov, anu an accomunjiwr»awa rmany n revucneu to 

w wmawmj • >m\ waajvav^Bvaj uwam> uw v̂aFwv vjaw, u^aje'iammum eaanwaj ew^pwawmj^mmmj 

ujofopat at me oucan ot mt rauctot system am at me 
nuei awa uuwrt oi ww^f^nt xvwau wawMns4*rem int 
•vow vavm m war wewet wi war vsacvor sysvam ate uuara 
_ _ *pMmmfwammw^wavhmt uVwi m?mmm^ a i e m m m m u l m ! • wamm^ mwmmvmm 
w^mj wMvwetwnwes%wavwwn) w#^^ ew>w/wno ^p*muwawawawwa> wj w^wva^W'^w ^nw^wweswa 

i utiiiTi l^cttai(^ Thu I K Q M I mdl twititf ftowt i«ttt 
£tmmmmmmm* m% Ymmmm) 'at 1 malm) W _ _ ^ g _ umm •Jmms^wammftimmmm' m\m> mmmW^ 
w^B""w^^^W"Jw wmJ *> *aW«wewr, u uwxwj, uawamumjg Vjwmj v^r|mw^vaumaajaamwaaj vgjyv Mwewan 

ftflttflttft A f t wamml vfvmmmmmml emt flhMfli 4hmml ^MMmmkmjty- f | - dgWm*|fe 
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from the 47-hr xenon holdup system to be recycled to 
ihe primary system. (For stable and long-̂ ved isotopes 
the effect of the recycle flow is to increase the total 
flow by a factor of about S.) 

7.4 I B I 47-hr XENON HOLDUP 
SYSTEM 

The 47-hr xenon holdup system provides residence 
time for xenon isotopes to reduce the concentration of 
" * X e m the effluent. The desajn criteria fo.- the 
system are as folows: 

1. The residence time for xenon is 47 hr. This time is 
fvr ius* of the voh""* LJ&sp as the praaary s> tea 
dram tank and other vessels and ducts. A 47-hr delay 
time permits 97% of the 9.14-hr« 3 $Xe to decay. 

2. The estimated heat load, based on Fig. 73 , is 2.14 
IIW, 42% o> which is due to daughter-product decay. 
The desvjn capacity of the heat-removal system is 125% 
ofcarSW«ted,orZ7lfW. 

3. A dynamic adsorption system is used for delay of 
the xenon. The adsorbent is activated dmrcoal, with 
transfer of the decay heat to bonmg water. The design 
teeaperature of the charcoal duct waR is 25fjTF. The 
•vefaeetenuw4tuireofthechaict)alK34()l,'F. 

4. The a»umtid charcoal properties are: beak density, 
30 aa/ft*; tberaaal conductivity, a03 Btu hr~» f t a 

CF)'% ft; and site range, 6 to 14 Tyler sieve series (% 
t o \ « in.). 

5. The decay heat distribution is obtained from the 
calcubtionsby ttedt and teB,* as shown in Fig. 7 X 

6. The e&ciency of the had is aswmed to decrease 
with time due to acxuanulttion of solid diightitv Spare 
canucitv is oravided. and provision uauave for reomce-

B ^ B B B ^ B W V ^ M B^B ^ ^ W V ^ B I ^ ^ f ^BB^^BB) BB^^BF^^VPBrvV^V *BP BBBBBBnBT^B ^ ^ P ^ V ^ P B B ^ P B B ^ ^ 

7. Carriet-gas flour is I I scfm, and the overaB 
pressure drop is 5 nsi An tstwattt of the sat of the 
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vwamw www rave ui carrair an at vocat omamvwus. ana 
* is a BtwBQitvawBiNy sacvor which vi known as the 
ewawnttttu tueffltyWrt and which varies with the 
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_« 5880 
A(Xe) = 3.2X 10"*exp 7°R 

ft3/lb (2) 

Equation (1) indicates that the holdup time increases 
directly with it However, an increase in holdup time 
increases the heat generation, which results in an 
increase in charcoal temperature and a decrease in A:, in 
accordance with Eq. (2). Note also that an increase in 
temperature causes an increase in / (local flow rate), 
which results in a decrease in holdup time. For any 
given section of the bed. k and th will seek equiUbrium 
values which are a balance between the opposing forces. 

For the purpose of this estimate, the assumption was 
UMIK u u i KM(. yj.) a vauu up iv JW r afKi u u i uic 
average charcoal temperature is 340°F. Equation (2) 
indicates that this temperature would be equivalent to 
an adsorption coefficient of OS ft3/R>. For a holdup 
time of 48 hi and a flow of 11 scfin, E<,. (1) indicates 
that the required mass of charcoal would be 63,360 lb. 
It should be noted that, within limits, 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 necessarily 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.9* 
Hairpin tubes fitted with charcoal are suspended in large 
tanks. The decay heat is transferred to Soiling water. 
The steam is passed through an external condenser, and 
the condensate is recycled. In an actual system, one 
would use the largest diameter pipe which would permit 

an acceptable average charcosl temperature. Smaller 
diameters may tc necessary at the inlet end, where the 
decay heat rate is high. For this system, it is estimated 
that 1 '^-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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7J . 
d * 47-hr 

• 7 1 
" l 
133 
13S 

Xe 
Xe 

X l©" 
033 
0.65 
0.97 
1.24 

0.13 
0.2* 
<U9 
0-50 

4J15 
• 3 5 
itsn 
MJ2* 

13x It) t« • * • 

• • * 
133, 

3x iV «3S, 

•n* of the foe* 
the 30 tons of 

• 3121* aVveat M\ 
*#Jtt2f 

of 30%. There are 240 parallel units, arranged in banks 
of 60 units each, with each bank containing 530 lin rt 
of pipe. The mass of charcoal is 82,400 lb, and the 
length of pipe is 127,200 ft. The overall plan area 
required is about 32 by 65 ft, and the pipes are 
suspended in cells about 25 ft deep. The valves and 
headers are located in smaller ducts, as shown in Fig. 
IS. A minimum of two containment barriers are 
provided to guard against leakage of the 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 heat load. The 
estimated accumulation of nonvolatile materials is 
shown in Table 7.3. 

7.5 LONG-DELAY CHARCOAL BED 

At the outlet of the 47-hr xenon holdup system the 
off-gas flow is split into 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 scfm, is fed *o the long-delay charcoal bed. 

The function of the httcr a to p * o ^ a Niativeiy song 
residence tine, so that the heat toad aad piiw wiring 
radiation in the ensnang gas ckawnp system « * he at a 
reasonable level Table 7.4 tests the isotopes which have 
the longest lives and hence arc condoling in the bed 
design. Figures 7.6-7JI show the activity toad and the 
he toad m the gasdean^systeMasahtncttonof the 
hc«up time in the longevity system. The 
oesam resilience uane is yomewwat amtnty 
whatever toad is not handkJ by the tongdrtay bed 
must be dissipated by the gas cwmuB system. The 
incentive, however, is to handk as rnnch as poasMe 
with the long-delay bed, sauce its coastrvctioa and 
operation would probably be more simple than that of 
the gas cleanup system. The fofcmmg criteria wore 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 calculation* by 

Bell and using input dati. provided by £edl, as 
shown in Fig. 7.2. The average heat toad is \ X 10~* 
kW per minute of holdup time. 

Table 7,4, Longer-lived aobtfrgps finkw products' exdntive of 3 H i i t s Kf 

Isotope 
Half-life, / 1/2 

Decay 
constant 
(h i" 1 ) 

« 3u 
fission 

yield (%) 

Average ea 
(ftfeV) 

Isotope 
Days Hours 

Decay 
constant 
(h i" 1 ) 

« 3u 
fission 

yield (%) Beta Ganm. Total 

Xl0~ 3 

l 3 l m X e 12.0 288 2.4 0.023 0 a 16 014 
, 3 3 X e 5.27 126.S 5.5 5.78 0.12 0.0t 0.20 
l 3 5 X e 0.38 9.13 7.6 6.16 0.30 0.27 0,57 
* S m K r 0.18 4.36 159 2.43 0.23 0.18 0.41 
" K r 0.12 2.77 250 5.84 0.33 2.1 144 

"Includes only the fission products having significant fractions remainisg at the inlet to the get cleanup system. 
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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 

EACH UNIT: 
20 VERTICAL HAlRP N 
SECTIONS OF 3-ir.. PIPE 
20 ft HIGH (A TOTAL OF 
800 LINEAR ft PER UNIT) 
PACKED WITH CHARCOAL 
(BULK OENSITY - 30 l b / f t 3 

A TOTAL Or 1233 lb/UNIT). 
He rLOW IS 0.07 scfm/UNIT. 
TOTAL A^ / l 'N l " » 0 psi 
EXCESS CAPACITY = 30 I t 

zzn 
L. 
I 
I 

TOTAL OF 20 j 
PARALLEL I 
UNITS PER I 
BANK 

•-WATER 

BANK NO 1 

: t 

FROM 47-hr X* 
HOLDUP SYSTEM 2 scfm 

r-tXJ-

—I 

tl 
---WATER 

—TO GAS 
CLEAN-UP 

SYSTEM 

V i * * WATER 
BASED ON ADSORPTION 
COEFFICIENT OF 
17 f t 3 / » - « t m 

OVERALL CHARCOAL 
BEO DIMENSIONS: 
~ 2 5 * 6 0 * 25 ft DEEP 

ELEVATION VIEW IS 
SIMILAR TO FIG. 75 

HEAT REMOVAL 
CAPACITY ~ ~0.25 Mw(t) 

Z* TOTAL OF 20 
PARALLEL I 
UNITS PER I 

I 
I BANK 

31 

BANK NO. 2 
(IDENTICAL 

TO HOI) 

—WATER 

Fa> 7.9. i view of loaf-delay MSBR charcoal bed. 

8 5 K J and the 12-year 3 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 i m X e ) 
would be reduced to 0.6% of its original value, and the 
reduction for the shorter-lived isotopes would be 
proportionally greater. The stable noble gases, as well as 
essentially 100% of the 8 5 K r and 3 H , 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). 

Table 7.5. Accumulation of nonvolatiles in the long-delay 
charcoal bed0 

Gaseous 
parent 

Accumulation rate 
atoms/hr g-moles/day g/year 

Nonvolatile daughter 

X 10 ,« 
8 7 Kr 0.075 0.03 952 
"Kr 0.51 0.20 6351 
1 3 3 X e 3.3 1.3 63108 
, 3 5 X e 0.04 0.016 788 

6.2 X 10 , 0year 8 7 Rb 
Stable 8 8 Sr 
Stable 1 3 3 C s 
3x 10*year , : year , 3 5Cs 

The cumulative total for the four isotopes is 71,200 g/year. If this quantity is 
distributed unifonnly over 18.5 tons of charcoal, the concentration is 0.004 g of 
isotope per gram of charcoal. 
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The function of the gas cleanup system is to process 
the carrier p s to reduce the residual contaminants to a 
level which will permit the etTluent carrier gas to be 
recycled to the reactor purge-gas system. Design criteria 
for the gas cir^nup system were as follows: 

1. Carrier gas is helium at a flow of 2 scfm and an inlet 
pressure of 20 psia. The design pressure drop is 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 1 3 1 m X e , 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 
assumption that the gas cleanup system receives all the 
estimated total yield of 2400 Ci/day. This is un
doubtedly a maximum figure, since a significant frac
tion of the tritium may be transferred to other parts of 
the reactor system by diffusion through duct and vcrsd 
walls, as discussed in Sect. 33.7. 

Upon enterip; the gas cleanup system, as shown in 
Fig. 7.10, the off-gas first passes through a preheater, 
which raises the gas temperature to 1S00°F. It then 
passes through an oxidizer, which converts the tritium 
to 3 h 2 0 , and then through an aftercooler, which 
reduces the gas temperature to 100°F. (Both the 

preheater and the aftercooler have heat loads of 3 kW 
and are designed for negligible 6p due to flow. The 
function of the aftercoolers is to reduce the heat load 
on the ensuing components.) The off-gas then passes 
through a charcoal-packed adsorber which is maintained 
at 0°F. The 3 H 2 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 carrier gas is recompressed and recycled to the 
reactor purge system. In normal operation, 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 permanent 
storage. 

The tritium oxidizer is 2 in. in inside diameter and 3 
ft iong, is packed with 13 lb of copper oxide, and 
operates at 1500°F. The tritium flow is 0.036 ft3 /day 
with an allowable Ap of 2 psi. The CuO consumption at 
breakthrough is 60%, and the operating life of a unit is 
estimated to be 1000 days. Development work will be 
needed to confirm the efficiency and pressure drop 
estimates, however. 

Each adsorber is made up of 16 pieces of charcoal-
packed 8-in. pipe with 1*4-in. interconnections. The 
total 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 spaces to 

Table 7.6. Flow of isotopes iato gas deasmp system 

Isotope 
Yield Row «o S*» cleanup Concentration Yield Row «o S*» cleanup Concentration 

Element M No. w atoms/hr g-moles/day ft3/day (ppm, by volume) 

Kr 

Total 

Xe 

Total 

X 10 ,23 

H 

83 stable 1.14 0.029 
84 Stable 1.95 0.049 
85 10.76 years 0.66 0.017 
86 Stable 3.41 0.085 

131 Stable 3.39 0.08S 
132 Stable 4.54 0.11 
134 Stable 5.94 0.15 
136 Stable 6.89 0.17 

3 12.26 yean 0.8 0.02 

0.73 
0.34 
0.44 
0.60 
0.68 
2.06 
0.04 

31 
52 
18 
94 

195 
94 

125 
1C3 
191 
573 

11 

NOTES: 
1. Calculations of flow to gas cleanup jystem based on carrier gas flow rate of 2 scfm. 
2. Yield values for Kr and Xe isotopes may differ slightly from values shown in Table 7.1. 
3. Tritium values are based on the assumption mat all of the 3H produrtion (estimated at 2400 Ci/day) goes to the gas cleanup system. 
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provide an average on-stream operating temperature of 
0°F and a temperature of 500°F when on the regenera
tion cycle. Using an adsorption coefficient of 4.8 ft 3 /lb, 
the estimated total charcoal requirement is about 3000 
lb. The operating cycle is eight days — four days on 
stream and four days regenerating. 

The helium gas used for regeneration is taken from 
the helium purge header, as indicated in Fig. 7.10. 
During regeneration the gas flow is about 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 
3 H}0, krypton, and xenon, passes through a storage 
bottle maintained at a liquid-nitrogen temperature of 
-325°F. The water, krypton, and xenon are trapped in 

the bottle, and the purified effluent is returned to the 
main carrier-yes stream. Assuming a storage bottle 
similar to a 1.5-ft3 high-pressure gas cylinder, each 
container would be kept on line for 12 cycles, or 48 
days. About 30 lb of xenon, 6 lb of krypton, and 0.1 lb 
of tritiated water would be accumulated in each bottle. 
Each freshly filled bottle would contain about 240 Ci 
of S 5 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 
bottles would be filled during the 30-year life of an 
MSBR station. Each filled container would be trans
ferred to long-term storage, where, after a period of about 
100 years, the 3 H and $ s K r would decay sufficiently 
for tf.t; contents to be released or sold without 
radiological protection. 

•mmm^ 
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7.7 COMPRESSORS 

A compressor is used to return the effluent of the gas 
cleanup system to the purge-gas cycle. The compressor 
has a capacity of about 2 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 sealing for the pumped fluid so that the highly 
purified gas is not recontaminated. 

The 47-hr xenon recycle system will be designed to 
operate on the available pressure drop, so a compressor 
probably will not be required. However, if one is 
needed, the flow will be 9 scfm, and the compression 
ratio will be fairly low, about 1.4 to 1. Positive sealing 
will be essential to prevent outtekage of the highly 
radioactive gas. Other requirements will be radiation 
resistance and remote maintainability. 

7.8 PIPING AND VALVING 

Double containment, or better, is provided in all parts 
of the system where outleakage could cause a hazard to 

personnel. In especially critical areas, favorable pressure 
gradients are provided, for example, by use of a 
iiigh-pressure inert gas blanket in an annulus surround
ing the radioactive gases. The off-gas 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, and additional study and development 
will be required. 

All valves are provided with welded bellows for 
positive stem sealing. Positive-sealed end connections, 
either buffered O-rings or butt welds, are also used. 
Where necessaiy, 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 2 3 3 P a from regions of high neutron flux 
during its decay to 2 3 3 U and the removal of fission 
product; 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 fissile 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 
extraction, which involves the selective distribution of 
materials between salt and bismuth containing reducing 
agents such as thorium and lithium. The isolation of 
protactinium l>y 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 ratios9 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. Two methods (described below) are available 
for accomplishing this. 

In the older protactinium isolation method," the salt 
stream from the reactor was fed directly into a bismuth 
contactor, and sufficient reductant was fed counter-
current to the fuel salt to not only isolate the 
protactinium but to also reduce all of the UF4 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 (104 gram equivalents 
per day) was sufficiently large that its purchase would 

be uneconomical. For this reason a relatively large 
electrolytic ceil wat used to reduce LiF and ThF4 from 
the fuel salt to provide the required reductant. 

In the preferred protactinium isolation system, only 
recently devised, flucrination is used for removir.g 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 difficult 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),3 *9 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 104 gram equivalents per day) 
which was provided by electrolytic reduction of LiF. 

The preferred rare-earth-removal method, known as 
the metal-transfer process,11 was also devised only 
recently. This process exploits the relatively large 
differences in the extent to which rare earths and 
thorium distribute between bismuth containing a reduc
tant and lithium chloride.1' The new process does not 
require an electrolytic cell; this is an important advan
tage over the earlier process. 

The remainder of this sect; ,i describes a system 
incorporating the fluorination-reductive-extraction 
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process for protactinium isolation and the meial-
tractfrr process for rare-earth removal. 

8.2 PROTAimNIUM ISOLATION 

The fluoriration-reductive-extraction system for iso
lating protactinium is shown in Fig. 8.1. The salt stream 
from the reactor first passes through a fluorinato*., 
where about 95% of the uranium is removed. The salt 
stream leaving the fluorrutcr is coutitercurrentiy con
tacted with a bismuth stream containing lithium and 
thorium in a multistage contactor in order to remove 
the uranium rad protactinium from the salt. The 
bismuih stream leaving the column, which contains the 
extracted uranium and protactinium as well as lithium 
and thorium, is contacted with an HFH 2 mixture in 
the presence of a molten-salt stream in order to remove 
these materials from the bismuth. The salt stream which 
flows through the hydrofluorinator also circulates 
through a fluorinator, where about 95% of the uranium 
is removed, and through a tank which contains most of 
the protactinium. Uranium produced in the tank by 

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 returned to the extraction column. The salt 
stream leaving the column is essentially free of uranium 
and protactinium and is processed for removal of rare 
earths before being returned to the reactor. 

Calculations have shown that the system is quae 
stable with respect to variations as large as 20% foi 
most of the important parameters: flow rates, reductant 
concentration, and number of extraction stages.19* 
The required uranium-removal efficiency in the initial 
fluorinator is less than 95%. The number of stages 
required in the extraction column is relatively low, and 
the metal-to-salt flow ratio (about 0.14) is in a range 
where the effects of axial mixing in packed column 
extractors will be negligible. 1 0 1' 1 0 2 Since the protac
tinium-removal efficiency b very high and the system is 
quite stable, materials such as 2 3 , P a , Zr, Ni, and Pa 
should accumulate in the protactinium decay tank. 

Operating conditions that will yield a ten-day protac
tinium removal time include a fuel-salt flow rate of 0-88 
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gpm (ten-day processing cycle), » bismuth flow of 0.11 
gpm, and five stages in the extraction column. The 
required quantity of ieductant is 371 equivalents per 
day, which will cost $288 per day, or 0.022 mll/kWh,, 
if 7 I i is purchased at $120 per kflogram. 

8 3 RARE-EARTH REMOVAL 

Rare-earth and alkaline-earth fission products can be 
removed effectively from the fuel salt by the metal-
transfer process. In this process, bismuth containing 
thorium and lithium is used to transport tl» tare-earth 
fission products from the reactor fuel »Jt to an 
acceptor salt. Although LiCl is the preferred acceptor 
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 transfers with the 
rare earths from the bismuth to the LiCl. The effective 
thorium—rare-earth separation factors for the various 
rare earths range from about 10 4 to about 10*. The 
final step of the process is removal of the rare earths 
from the LiCl by extraction with bismuth containing 
0J05 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 3 lithium concentration of 05 mole 
fraction for removal of divalent rare earths (samarium 
and europium) and the alkaline earths (barium and 
strontium). The LiCl frow extractors 3 and 4 (still 
containing some rare earths) is then returned to 
extractor 2. 

Calculations were made to identify the important 
system parameters.11 It was found that there is 
considerable latitude in choosing operating conditions 
which will yield a stated removal time. The number of 
stages required in the extractors is low: less than six in 
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extractors 1 and 2, three or less in extractor 3, and one 
in extractor 4. T. e 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 flow rates 
depend on the desired rare-earth-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 6 . The 
salt then flows to a reductive-extraction column, where 
protactinium and the remaining uranium are chemically 
reduced and extracted ir to liquid bismuth flowing 
countercurren! to the salt. The reducing agent, lithium 
and thorium dissolved ir. bismuth. i.« introduced a! the 
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top of the extraction column. The bismuth stream 
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 tlte bismuth stream by contacting the 
stream with an HF-H2 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 hydroiluorinato., which contains 
UF 4 and PaF4, passes through a flucrinator, where 
about 90% of the unnium is removed. The resulting salt 
stream then flows through a tank having a volume of 
about 130 ft 3 , where most of the protactinium is held 
and where most of the protactinium decay heat is 
removed. Uranium produced in the tank by protac
tinium decay is removed by circulation of the salt 
through the fluorinator. Materials that do not form 
volatile fluorides during fluorination will also accumu
late in the decay tank; these include fission product 
zirconium and corrorion product nickel. These materi
als are subsequently removed from 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 " 3 P a half-lives) in order to ensure suffi
ciently complete decay of the protactinium. After this 
decay period a batch fluorination of the 22-ft3 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 
operation 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 purge uranium 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 sah by 
countercurrent contact with bismuth containing lithium 
and thorium. The bismuth stream is contacted with 
LiCl, to which the rare earths, 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 7Lt. Separate extrac
tors are used for removal of the divalent and trivalent 
rare earths in order to minimize the quantity of 7Li 
required. Only abotf 2% of the LiCl leaving the 
trivaler.t rare-rirth extractor is fed to tht extf ado* in 
which the divalent materials are removed. 

Calculations have been made1** for a range of 
operating conditions in ord*r to evaluate the flowsheet 
jus; described. In making these calculations the MATA
DOR code was used to determine the reacior breeding 
ratio fjr eacn set of processing pant operating condi
tions examined. Data are not available on the cost of 
processing for this flowsheet or for the reference 
flowsheet for the processing system that uses electro-
lyzers in both the protactinium- and rare-earth-removal 
system?. In the absence of these data, processing 
conditions were examined which would result in the 
same reactor performance (ije., 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 (1J063) have 
not been 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 bom the protactinium 
isolation system and the rare-earth-removal 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 mffl/kWhr. The 
protactinium isolation column is 3 in. in diameter, and 
the total number of required stages is about 5. The 
protactinium isolation system abo results in a ten-day 
removal time for materials that are more noble than 
thorium but do not have volatile fluorides. These 
include zirconium, 2 3 1 P a , plutomum, the seminoble 
metals, and corrosion products. 

The rare-earth-removal 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 12.5-gpm bismuth stream, (2) a 13-in.-diam 
six-stage column in which the rare earths are transferred 
from the bismuth to a 33.4-gpm 1X3 stream, and (3) a 
123-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 IXt (0.69 gpm) leaving 
the trivalent-rare-earth extractor is contacted with a 
bismuth stream (1.5 cm3/min) having a lithium concen
tration of 0.5 mole fraction for removal of the divalent 
fission products such as Sm, Eu, Ba, and ST. The total 
lithium consumption rate for the rare-earth system is 
119 moles/day, or $81 per day, which costs 0.0042 
mUl/kWhr. 

The rare-earth-removal times range from 153 days for 
cerium to 50.4 days for europium. The distribution 
data for neodymium, which are believed to be conserva
tive, were used for rare earths for which distribution 
data were not available (i.e., Y, Pr, and Pm). 
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The costs for reductant in both the protactinium 
isolation system and in the rare-ear Jwemoval system 
constitute only a small fraction of the total processing 
costs; however, they indicate that one can purchase 
reductant rather than use an electrolytic cefl for 
producing this material. As data become available on 
processing costs, the optimum conditions- will be 
determined for the most economic operation of the 
processing plant. 

8.5 SALT-BBMUTH CONTACTORS 

Salt-metal contactors 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 
could be used instead. 

Studies have been made of pressure drop, flooding, 
dispersed phase holdup, and axial mixing for columns 
packed with both solid cylindrical and Raschig ring 
packing ranging in size from % to \ m .»i .»•••»•* For 
most applications the prefened packing is %-in. Raschig 
rings. Sufficient data are available for determining the 
required column diameter for stated throughputs of sah 
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 

Urauium is removed from the salt streams as UF* by 
countercurrenth/ contacting the salt with fluorine gas in 
a saft-phase-continuous system. Because this process 
involves quite corrosive conditions, it is carried out in 
columns whose walls are protected from corrosion by a 
layer of salt frozen on all surfaces that potentially 
contact both fluorine and salt.2 

The fluorinators are envisioned as open columns, and 
axial mixing in the salt phase caused by rising ga> 
bubbles tends to reduce fluorinator performance. Axial 
dispersion data have been obtained during counter-
current 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 
sit earns having now rates of about 170 ft 3 /day, are 6 
in. in diameter and 10 ft high. 

8.7 FTJELRECONSTTTUTION 

Uranium is removed as UF« at two points in the 
process, and it is necessary to return most of this 
uranium to the fuel salt returning to the reactor. This is 
accomplished by absorbing the UF 6 into the processed 
salt and reducing the resulting mixture with H 2 to 
produce UF 4 . Although the overall reaction is straight
forward, 

U F 4 + H 2 - » U F 4 + 2HF, 

it is believed that intermediate uranium fluorides such 
as UF S , which are soluble in the salt and nonvolatile, 
are responsible for the rapid absorption reaction which 
occun when UF« is contacted with salt containing 
lower valence uranium fluorides. The rate at which UF« 
must be reduced to UF 4 is about 700 moles/day. It is 
believed that the reaction can be carried out continu
ously with the Ha and UF* added either to the same 
vessel or to different vessels between which the salt 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 concentiation of impurities which may be harmful 
to the reactor system mutt be reduced to safe Irveb. It 
will also be necessary to ensure that the U 3 + / U * + ratio 
in the salt has the proper value so that conditions in the 
reactor wiD be noncorrosivc 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. Entrainrnent 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 such as FeF2 and 
NiF2 must also be reduced to low levels 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 
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a countercurrent flow of H 2 at a rate of about 34 scfin. 
The salt then passes through a porous metal filter prior 
to its return to the reactor. 

8.9 PUMPS 

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

8.10 MATERIALS 

The MSBR chemical processes impose severe limita
tions on containment materials. Compatibility with 
liquid bismuth and molten salt fuels at 1200°F (6S0°C) 
is required. Conventional nickel- and iron-base alloys 
are not satisfactory because of their susceptibflity to 
dissolution and mass transfer in bismuth. 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 environments other than ultrahigh vac
uums. In addition, it is necessary to consider the 
possible effects of lithium or thorium in bismuth and a 

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 proons, which involves the flow of metal into 
a die and extrusion back over an advancing plunger. The 
advantages of this process are that the final diameter is 
as large as or larger than the starting blank, the 
geometry can be changed by relatively simple changes 
in die and mandrel design, ana deformation can be 
accomplished below the recryrtallization temperature, 
so that a wrought structure having good mechanical 
properties is produced. By this technique, vessel heads 
can be produced with integral bosses for pipe connec
tions. 

Brazing produces joints in molybdenum systems with 
good mechanical properties, but commercially available 
brazing alloys for molybdenum are not compatible with 
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, 
however, that the reaystaflizcl 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
tamination operations and other sources will be col
lected in the chemical processing facility for treatment. 
The concentrated waste will be stored for decay and 
eventual disposal. The waste treatment and storage 

systems have not received any conceptual study, but it 
is anticipated thai the design will be straightforward 
and will not pose major development problems. An 
allowance was made in the cost estimate for these 
facilities 
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10. Plant Operation, Control, and Instrumentation 

10.1 GENERAL 

Operation of the MSBR power station embraces all 
phases of startup from either cold or standby con
ditions, reliable delivery of electric power at any 
demanded load between about:") 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 
operating 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-generator, and the several as
sociated auxiliary systems. In general, the load demand 
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 tei/perature changes to keep 
stresses in materials within the acceptable ranges, and 
should guard against 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 change 
in reactor power and a corresponding change 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. Since the pump rotation 
can be varied with efficient 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 

tittle 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 a*e noi necessarily great. Fluidic valves 
were briefly studied at ORNL and appear to have 
considerable promise for proportioning flows in 
molten-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 requirements could reasonably be met. 
Standby, startup, and shutdown modes were explored 
sufficiently to 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 
emergency situations. 

The control rods are movable graphite cylinders about 
3% in. in diameter with axial passages through them for 
a cooling flow of fuel salt, as shown in Fig. 3.1. 
withdrawal of the graphite leaves 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 nduend in the MSBR drain line by a 
freeze-plng arrangement, a concept proven to Denrtafrctory in 
theMSRE. 
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thus, if a rod should break, the graphite pieces wouki 
float out of the core and reduce the reactivity. The 
total worth of each rod, as calculated by Smith,1' in 
moving the full core height from fully inserted to the 
fully withdrawn position is about 0.08% 5*/*. 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 of four control rods and two 
safety rods may be required to achieve satisfactory 
control. 

MSBR reactor control ^huuiations reported by-
Sides1 0 4 indicate that a reactivity rate of change of 
about 0.01%/sec Sk/k is adequate for normal control of 
the reactor. This would require linear velocities for four 
rods acting together of 0.4 fps. It is reasonable to 
expect that this velocity could be attained with a 
relatively simple rod-drive s.ystem using electric motors. 

Circumstances could arise which would require a 
faster rate of reactivity decrease than the 0.01%/sec 
mentioned above, such as sudden large load reductions 
or loss of load. Such transients may require negative 
reactivity rates as high as O.OS to 0.1%/sec 6*/*- One 
method of attaining the fast rate of control rod 
withdrawal would be by an air turbine and an electric 
motor coupled to the control rod drive through 
differential gearing. The electric motor would be used 
to increase the reactivity at a relatively slow rate, and 
the air turbine would be capable of fast withdrawal. 
The inherent unidirectional characteristics of the 
turbine would make it impossible for it to run 
backward to insert reactivity at a fast rate. More study 
will be required to arrive at definitive designs, but the 
control rod drives appear to be within established 
technology. 

Long-term reactivity adjustments will be ac
complished 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 system may be with 
already enriched *alt from the drain tank. The normal 
fuel-addition rates wfll.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 control reactivity will be made 
for this eventuality. 

Temperature clianges in the primary salt 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 10"*/°F,1' a net reactivity change 
of about 0.075% Sk/k must be accommodated. Tem
perature changes will normally be made slowly in order 
to minimize thermal stresses in the system, but there is 
the possibility that on stopping and restarting of a 
fuel-salt pump a cooler slug 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 not likely to 
be great because of the improbability that all the 
primary pum^s would be stopped and then restarted 
simultaneously. 

In normal MSBR operation there is a reactivity loss 
due to delayed neutron precursors being carried out 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 decreased or stopped, this effect would cause an 
increase in positive reactivity. It is estimated that total 
flow stoppage would result in a reactivity change of 
about +0.2% Sk/k.105 

Since the amount of gas entrained in the fuel salt 
affects the reactivity, changes in the salt circulation 
rate, the system pressure, salt chemistry, and perform
ance of the stripping gas injection and removal systems 
could cause relatively rapid insertion or removal of 
reactivity. Maximum rates are related to the velocity of 
the fuel salt in the core. Extrapolation of MSRE 
experience to the MSBR indicates that the maximum 
total reactivity effect due to gas entrainment will be less 
than 0.2% Sk/k. A change in gas entrainment from the 
expected normal level of 1% to a level of 2% is 
calculated to produce a reactivity change of abou? 
~0.04%6*/fc1 ! 

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 fraction of the xenon is 
continuously removed by the gas purging and stripping 
system. The total equilibrium xenon effect from low 
power to fuD power is estimated to be about 03% 
hk/k.x 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 some will be of opposite sign. /» 
total of 0.3% Sk/k provided by the graphite control 
rods is expected to be adequate to cover short term 
reactivity effects in the MSBR. As previously men
tioned, long-term effects will be compensated by fuel 
concentration changes. 

http://wfll.be


119 

103 REACTIVITY CONTROL FOR 
EMERGENCY SHUTDOWN 

John L. Anderson S. 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 in salt composition or 
temperature effects when filling the primary system, 
flow stoppages in the circulating loops, gross tempera
ture enrages, malfunctions in the control rod system, 
etc. 

Safety rods consisting of boron carbide dad in 
HasteOoy 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% Ak/k, and iwo to four rods would 
probably be sufficient.105 The presence of neutron-
absorbing material in the core is undesirable during 
normal operation; therefore the rods would be for 
safety purposes only and would normally 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 PROACTIVE SYSTEM 

John L. Anderson S. J. Ditto 

10.4.1 General 

The plant protective system includes those com
ponents and interconnection devices, from sensors 
through final actuating mechaiu*u», which have the 
function of limiting the consequences of specified 
accidents or equipment 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 outlines specific protective 
actions considered necessary for the MSBR, together 
with some of the requirements for their initiation. The 
plant protective system would function by three 
primary mechanisms: reactivity reduction, load reduc
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 

normal control system. As discussed in Sect. 103, such 
postulated conditions include malfunction of the con
trols system, accidental large additions of reactivity, 
sudden loss of plant load, gross loss of core cooling 
capability, etc. 

The safety rods provided for ihe 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 consequences of failure to 
perform as planned. 

10.43 Load Reduction 

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

Loss of temperature control through failure of the 
controls system or by other accidents must be pro
tected against. The need for protective action wiD be 
sensed by measuring appropriate temperatures, flow 
rates, and power balances. The action taken wiD be 
dependent upon the type of condition existing and will 
probably involve stopping circulation in various salt 
loops as 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 level is required so that the salt systems can be 
held at acceptable temperature levels. 

10.4.4 Fuel Dram 

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, but if through pipe rupture 
or other failure circulation within the system cannot be 
maintained, the drain mechanism will be used. While 
the drain system must be very reliable, it is not 
mandatory that it be capable of being initiated rapidly 
in the "dumping" sense. 
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10.5 AYAILAimJlTOFINSTRUMEOTATlON 
AND CONTROLS FOR THE REFERENCE 

DESIGN MSBR 
R. L. Moore 

As WK reported by Tallackson,1 0* the MSRE pro
vided valuable design and operating experience with 
molten-salt reactor t m ? w ^ pro*;*** umrumer.ta-
tkm. One of the important differences between the 
MSRE and the MSBR concept, however, is that the 
high-temperature cells planned for the MSBR could 
subject sGine of the instruments to ambient tempera
tures as high as 1000°F uiiiess they are provided with 
special cooling. 

Nuclear detectors are not now available which could 
operate at temperatures in excess of 1000°F. Inasmuch 
as Ruble and Hanauer 1 0 7 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 MSSR. 
In this connection, neutron fluctuation analyses may 
prove to be a valuable too! for m/»utoring and 
predicting anomalous behavior, • ot, i o» 

Process instrumentation located inside the MSBR cells 
will tend to require development because of the high 
ambient temperatures, as mentioned above. Thermo
couple 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 addition to the venturi-type 
flowmeters used in the MSRE, turbine and magnetic-
type flowmeters can be considered for the MSBR The 
gas bubblers and the conductivity-type probes 1 1 0 

used for liquid level indication in the MSRE worked 
adequately, but supplementation by float-type in
strumentation would be desirable. The pneumatic 
weighing system used to determine MSRE tank in
ventories would require adaptation to the 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 fur MSSR control system 
components, 1 l l but it may be noted that work being 

accomplished for other reactor types will probably have 
application in the MSBR. 1 ! 2 

The aspects of the MSBR instrumentation and con
trols systems requiring significant development have 
been discussed in detail in ORNL-TM 3303. ! * 3 

10.6 ALLOWABLE 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 
majoi consideration is the rate that the temperatures of 
the fuel and coolant 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-film 
heat transfer coefficients, the rate of change of tem
perature, and, for many situations, the total range of 
temperature change. 

The results of a simple s tudy 1 1 4 to provide prelim
inary information are given in Table 10.1. In this study, 
computer cafculations 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 tiroes after initiating 
changes in the *sk temperature, and the corresponding 
stresses we»e determined. The calculated maximum 
stresses were compared with an allowable stress value of 

TaMelO.1. Effect of M M M flate tftfckacai 
oa aluwaUt ate of rlii^r of JCMt stoat km* 

Plate Allowable rate of change (%/min) for 
thkknen total change in load of -

(in.) 10% 20% 40% 100% 

2 >40 40 ~6 4 
3 X u 4 ~2 ~1 
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 plate thickness on the allowable rate of load 
change is as shown in Table 10.1. These values are 
believed to be conservative in that the thicker plates 
will probably bo 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 
temperature when the power changes through the full 
range. 

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

10.7 CONTROL OF FULL AND PARTIAL 
LOADOPIBRAHON 

W.H. Sides, Jr. 

The power operating range for the lOOO-MwXe) 
MSBR station is from 20 to 100% cf 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 limits, 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 «unong 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-salt loops) at 
100% cani ty each. Although perhaps not mandatory, 
ii 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 conditions, closed loop control 
can perform normally for the appropriate percentage 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 steam temperature controller 
and a reactor outlet temperature controller, 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-salt flow rate 
and thus the heat input to the steam generator. This 
control loop continues to adjust the salt flow rate 
appropriately to maintain the steam temperature at 
1000°F. Results of analog simulations** have shown 
that accurate 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 and 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. 1 0' Specifically, a 
load demand signal determines the reactor outlet 
temperature set point. The measured reactor inlet 
temperature is subtracted from 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 ui~ reactor power (from neutron 
flux) is compared with the reactor power set point, and 
any error is fed to the control rod servo for appropriate 
reactivity adjustment. The reactor power set point, 
generated from the outlet temperature set point and the 
measured reactor inlet temperature, is a function of the 
reactor inlet temperature during a transient and thus a 
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function of dynamic load. Analog simulations of the 
plant employing abbreviated models for the reactor 
core, primary heat exchanger, and steam generator1 , 5 

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 temperature coefficient of re
activity in the reactor core implies that only modest 
amounts of control reactivity are needed to accomplish 
plant load maneuvering. For a normal load change of 
100 to 50% at a rate of 5%/min, the maximum amount 
of reactivity required was 0.06% bkfk, reduced at a rate 
of -0.0053% 5*/* per minute.1 * s 

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 system 
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 steai.i generators associated with that 

loop increases, and the secondary-salt cold leg tempera
ture decreases. To prevent freezing of the secondary salt 
in the shell of the steem generator near the feedwater 
inlet, the flow of steam through the tubes must be 
decreased. A reduction in load by about 25% must take 
place upon 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 
undesirably low values. The freezing point of the 
primary salt is approximately 93(f F, and the tempera
ture of the secondary salt entering the primary heat 
exchanger at design point is 850°F. Analog simula
tions1 ' s have shown that due to transit time 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 stsam 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 lcop affected the reactor 
system must be decoupled from the steam system to 
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prevent low temfieratures from occurring in the salts. If 
secondary flow is reduced, the associated steam How 
must be reduced, but the associated primary flow need 
not be reduced. If primary flow is reduced, both the 
associated secondary-salt and steam flows must be 
reduced to prevent low salt temperatures. In any of 
these situations the reactor power must rx quickly 
lowered in proportion to the net reduction in steam 
load. Similarly, upon large or total loss of load, it may 
be necessary to assist the control system hy providing 
fast power reduction and perhaps fast reduction of 
secondary-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 preliminary 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 restrictive 
than the systems now in use in large supercritical-
pressure steam stations. The procedures would lend 
themselves to computerized program control, as is 
presently the trend. 

The freezing temperatures of the primary and sec
ondary salts are .• ich that the salt systems must be filled 
and circulating isothermally at 1000° F before power 
withdrawal can be initiated by decreasing the coolant-
falt temperature. To avoid freezing of the salt and to 
prevent excessive temperature gradients, the minimum 
feedwater temperature to the steam generators must 
vary between lOOCf F at zero load and 70<f 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 system. 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 «jme departure from the equiva
lent systems used in conventional fossil-fired super
critical-pressure steam plants and will require ifurther 
study. 

The proposed general arrangement of the MSBR 
steam system was described in Sect. 5, and the overall 
steam system flowsheet was sh'iwn in Fig. S.l. For 
convenience, pertinent aspects of that flowsheet are 

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 st 3500 psia and lOOXf F is supplied by 
16 steam generators SG. Superheat control is partially 
by varying the coolant-salt circulation rate 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 A£ The steam used for this 
feedwater heating is the 867°F exit heating steam from 
the reheat steam preheater RSP. The heated feedwater 
is raised to about 3800 psia inlet steam generator 
pressure by boiler feedwater pressure-booster pumps 
PBP. The 552° F exhaust of the high-pressure turbine 
HPT is fust preheated to about 650°F in a heat 
exchanger RSP supplied with 3600-psia, lOOXf F steam 
from the steam generator outlet. The reheat steam then 
enters the reheaters RH, in which coolant salt is 
circulated to raise the steam temperature to J000°F. 
Reheat temperature control is by varying the coolant-
salt flow rate. The feedwater system contains steam-
driven feedwater pumps BFP, conventional feedwater 
heaters, condensers, full-flow demineralizers, de-
aerators, etc. 

The equipment necessary for startup, hot standby, 
and heat 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 turbme-
generator S-TG of about 10 lfW(e) capacity, as dis
cussed in Sect 11.1, may also be considered in 
conjunction with the startup and standby systems. 

It may be noted in the 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 the 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 reheating it to about 95<PF in 
the steam dryer SD by mean* of heat exchange with 
some of the 3600 psia, 1000°F prime steam. Steam 
from the dryer also plays an important part in startup, 
restart, and shutdown operations, as wfll be explained 
below. 
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10.9.2 

There are two startup procedures to be considered: 
(1) cold startup, with all systems cold and empty, and 
(2) hot restart 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 Start 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 systems. When the 
temperature of the secondary system reaches 85f/F, 
the loop is filled with coolant salt from the heated drain 
tank, and salt circulation is started. When the primary 
system reaches lOOCfF, it is filled from the fuel-salt 
drain tank, and salt circulation is commenced. Both salt 
systems will continue to be circulated isothermaliy at 
lOOtf 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 rod* 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, which is still below the sensible power 
generating range, the automatic neutron flux level 
controller is used to control the power. 

Concurrently with the suit 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 DSH, 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 reaches full pressure and temperature, circulation 
can be started through the steam generator. 

When the st«2m 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 feedwatei 
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 desired level by manipulating the flux set point. (In 
the 2 to 10% power range, temperature changes are 
slow, and control should not be difficult.) When the 
load reaches 800,000 Ib/hr, or about 8 to 10% of full 
load, the reactor can be put in a temperature 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 temperature set point is adjusted to meet the 
requirements for subsequent load-following control. 
The boiler feedwater pressure-booster pumps PBP are 
then started to raise the steam generator inlet pressure 
to about 3800 psia, and the auxiliary bofler 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 bofler extraction valve BE to drive 
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 steam from the hot standby equipment and then 
switching to steam taken directly from the steam 
generators. 

The load is next increased to about 20%, at which 
time the steam temperature controller is activated. At 
this power level the "normal" control system regulates 
the reactor outlet temperature as a function of load, 
and the steam temperature controller holds the steam 
temperature at 1000°F. To prevent undesirable tran
sients as the control system is first activated, the various 
system parameters and set points are adjusted to the 
requirements of the existing power demand prior 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 \ei 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 not then, the 

boiler pressure-relief valves need not vent steam to th 
atmosphere 

A portion of the steam from the steam generator can 
be used to drive the boiler feed pump turbine BFP-T 
and to continue circulation of feedwater to the steam 
generators for heat removal and rejection to the turbine 
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 from the reactor system will continue to be 
transferred to the steam system and maintain it at 
operating temperature for several hours, depending 
upon the burden of fission products in the system. As 
this heat source decays, the auxiliary boiler can be 
started if it is desired to maintain the system in the hot 
standby condition. The time required for restart from 
this mode would be limited by the acceptable rate of 
temperature rise in the main turbines, as in con
ventional steam systems. 

10.93 Normal Shutdown 

The normal shutdown procedure is for the system 
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 transferring the generated 
stsam 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 wfll continue to be supplied to as many of 
the steam generators as required (probably one or two) 
to remove reactor afterheat and to maintain \bt desired 
salt temperature profiles. After about ten days of 
afterheat removal (depending on the operating hiriory 
of the reactor) the fuel salt will be transferred tc 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. Auxiliary Systems 

11.1 AUXILIARY ELECTRIC POWER 

E. S. Betas 

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 emergency 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, etc., 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-varve 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 from the afterheat-iemoval system or from the 
auxiliary startup boiler. As shown in the flowsheet, Fig. 

10.2, the auxiliary steam 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 from 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 roost of the cells 
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 over five years. 

The heater units consist of two lengths of %-in.-diam 
X 0.03S-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 
supply which limits the thimble surface to about 
1200°F. 

126 



127 

Ott-L-Omi TO-HM« 

I*IC> 1 1 . 1 . EtauUIC C M Meauag M M CSMMttt. 

The heater element electrical, leads are copper rods 
brazed to the top ends and extending about 10 ft 
through the top shidding structure of the cells. 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 ead: group of three heaters to 

collect the exit cooKog gas aad return it to the 
circulating system. The electrical leads pass through 
gas-tight decticaUy insulated penetrations in these 
cover boxes. 

The heater thimbles ate welded to the inner liner of 
the cell and thus become part of the containment 
system, with this arrangement »he healer dements can 
be withdrawn without disturbing the integrity of the 
containment. A total of 592 thimbles are arranged 
around the periphery of the reactor cefi in such a way 
as to amid too dose proximity to cefl equipment 
There are eight symmetrical groupings of 74 beaten 
each. Heaters in the dratn lank and steamgenr riling 
cdls are sunuarly arranged. Some of the heaters in the 
edb will be used as spares, thus making it possmk to 
postpone a shutdown of the reactor in event a heater 
repair becomes necessary. 

The cdl heating loads and heater data are given m 
Table 11.1. 

Reactor Steam Draft task 
eel eel* oefl 

Heat loss at HOOF cef 413 195 122 
teaapeiataie, kW 

CJI contests heatap load, kwkr 86,000 5000 -10,000 

UriHp power, kW 413 I * 122 
Approximate heatap tone , * y s 9 1 6 
Heater length, ft 40 40 40 
Kiowatts per heater 166 2.66 2.66 

Number heaters teqbtfsd 312 147 93 
Number instafled 592 147 186 

'Each off oar. 

113 RADIOACnVEIfATI3UALDBrOSAL 
SYSTEM 
. 5. Betas 

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 within 
the shidded containment all radioactive d^hris accumu
lated over the design lifetime of the plant. Tins waste 
material would indude 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. 
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A waste pit provides the necessary storage space. The 
pit is a circu'ir cell about 72 ft in diameter and 30 ft 
deep located directly beneath the reactor cell (see Fig. 
13.3). Calculations of the heat production in the waste 
materials give equilibrium values of between 100 and 
600 kW. The cell is cooled by a circulating gas, 
probably nitrogen, which passes through the cell and 
over a water-cooled coil. The circulating fans and the 
heat exchangers are located in a shielded and sealed cell 
immediately adjacent to the waste storage cell. The heat 
exchanger has stop valves in the water system in event 
of a break or leak in the tubes. It is estimated that even 
if all the water in the coil were to leak into the cell and 
be vaporized, there would be an insignificant rise in the 
cell pressure. Redundancy could be provided in the 
cooling system if required. 

It may be practical to containerize me fission 
products from the chemical processing system before 
depositing them in the storage cell. Residue resulting 
from decontamination of the crane 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 permanently shut down for obsolescence or other 
reasons. It may be permissible to pour concrete into the 
waste pit to encapsulate the materia!. The MSBR design 
could obviously be modified to accommodate shipment 
of radioactive wastes to disposal sites, should this be 
required. 



12. Maintenance and Repair Systems 
E.C.Hise 

12.1 GENERAL 

It is evident that a practical method of remote 
maintenance and a method for replacing the core 
graphite are essential for the success of the MSBR 
conceptual design presented in this report. Since the 
size and radioactivity level cf some of the items of 
MSBR equipment are greater than the present range of 
maintenance experience, many of the procedures re
main to be developed. 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 maintenance of the MSBR follows the 
technology developed for previous fluid-fuel reactors. 
All the radioactive MSBR equipment is installed in 
containment cells hiving the overhead shielding ar
ranged in removable sections to permit access from the 
top. The systems wiD be designed so that each piece of 
equipment, its supports, electrical instrumentation, 
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 mr.'ntenance 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 Blumberg 1 1 6 ' i 1 7 and in 
MSR progress reports. 3 , 3 , s> 9 A feasible method for 
remotely cutting and welding radioactive piping is being 
developed by Holz. 1 1 8 

Since most of ihe 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 fixtures installed and tested as 
the plant is constructed. The maintenance system must 
therefore be an integral part of the plant design. 

The investment required for the equipment needed 
for major maintenance operations has been included as 
a capital cost for an MSBR station. Retttnery small and 
routine maintenance operations are considered as a 
plant operating cost. The expense of the n jteriab and 
special labor required for periodic replacement of the 
core graphite is treated as a separate account (see Sect. 
15 and Table D.l5). v 

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 the reactor vessel, the pump 
vessels, primary heat exchanger shells, the fuel-salt dram 
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 tc 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 in-service inspection.) 

Class II - 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 
several days has elapsed. The steam generators, re-
heaters, coolant-salt 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 could proceed in the nonnal fashion using direct 
maintenance. 

Class III - equipment requiring umdwect mainte
nance. Much of the equipment in the off-gas and 
chemical processing ecus, 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 maintenance 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. 

Ckss IV - large equipment requiring remote mainte
nance. This group includes items which are clearly 
beyond present experience because of a combination of 
sue, radiation level, afterheat removal, and disposal 
considerations. Examples are the pump rotary element, 
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 SEMIIMRECT MAINTENANCE PROCEDURES 

To perform maintenance on class III items, and those 
in class II if the activity level requires it, the roof 
section, or plug, immediately above the component is 
removed and set aside. A work shield similar to that 
shown in Fig-12.1 is then placed over the opening. The 
work shield would have viewing ports and tights, 
openings for insertion of periscopes, extension tools, 
and other maintenance equipment. Movement of the 
slides and eccentrics in the shield can place any of the 
openings in the shield over the desired point. The 
mechanical operations of disconnecting and reconnect
ing components are done with extension tools inserted 
through 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 reactor core assembly is one of 
the more difficult maintenance operations both because 
of the size 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 

integral part of a polar crane which can be rotated to 
cover all points in the reactor buflding. The cask moves 
laterally (but not vertically) and has a 240-ton-capacity 
remotely controlled hoisting mechanism on top to draw 
the core assembly up into the cask. The carbon steel 
walls of the cask are about 2 in. thick, which is 
sufficient to rea.*ce 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. 325. Conservative 
estimates indicate that this amount 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 
closure transition pieces described below. The cask can 
be closed at the bottom with a two-leaf gate valve, or 
shutter. 

As shown in Fig. 12.2, a domed maintenance contain
ment vessel is permanently installed over the top of the 
reactor cell. It is relatively thin walled and is designed 
primarily to contain airborne contaminants during 
maintenance operations. It is provided with access ports 
over the fuel-salt pumps and heat exchangers and has a 
central 24-ft-diam cover which can be removed to 
provide access to the shield plugs covering the reactor 
vew? This top opening in the maintenance vessel has 
an inner extension in the form of a cylinder with a 
four-ieaf gate valve at the bottom, termed the reactor 
vessel maintenance closure in Fig. 12.2, 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 to assure an inward move
ment oi 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 will 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 foT engaging the moderator lifting 
rods and other semiremote maintenance operations. 

Transition pieces are also provided for temporarily 
connecting the transport cask to the spent equipment 
cells and to the new core replacement cell to prevent 
escape of particulates into the high-bay area. 

A 150-ton conventional hoist, shown in Fig. 12.2, 
also travels on the polar aane to handle work shields, 
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transition pieces, etc. Tl» hoin, as wefi as those cs &s 
transport cask, and other equiggwst such as the polar 
crane, the reactor vessel maintenance dosure, surveaV 
lance television, etc., can be coatroned from the 
nsstenance control room. This roos i§ « protected 
area with sh&uc*i s^knvs overlooking the high bay, as 
r#**ics«dinF!g.S3.4. 

The functions of the equipment can best be explained 
by the following brief description of the steps used in 
replacing a core moderator aeeabiy. 

Daring the rfsfior cooMown period, transition pieces 
sr« set up over the new core replacement ceB and over 
the spent core storage ceQ (see Pig. 135). At the end of 

about ten days die central cover in the 
containment vessel is set aside. The hsjfHPolume ex
haust system from the maintenance vessel assures a 
vontro&ed movement of air in the working .'one. 
Throcgk fee* «w s*uriremote means die control rod 
drive tirrtnauam is disconnected at d>e deration of the 
top of me shield plug, and the mechanism is drawn up 
FKO a cask, sealed, and stored in the high-bay area 
awaiting reimtalation. The control rod tube opening 
into the reactor vessel is closed with a blind flange. The 
hoiddVwn bolts for The reactor vessel top head are 
removed, and the shfcld plug is prepared for lift. The 
auxiliary hoist is engaged with the shield plug, and the 



133 

host it initiated to assure that it it dear. At this 
juncture the maintenance crew vacates the high-bay 

From the mamtrnsnrr control room the reactor 
vend shield ping it lifted and set aside. After the 
reactor work shidd it instated hi its place, the 
maintenance crew can retorn to the high bay. Using 
semhemote methods through the work shield, die 
moderator assembly lifting rod ports ate opened and 
the lifting rods are engaged (see Fig. 3.7). The 150-ton 
auxmary hoist is engaged with the work shield and 
prepared for fift. The high-bay area is again vacated. 

By operating the hoist from the control room, the 
work shidd is removed and set aside. The transport cask 
is positioned over the reactor vessel, and the adjustable 
shield is closed to provide a good seal with the 
rjuautenance vessel. The tour cask hoists are engaged to 
the eight lifting rods, and the core assembly is carefuly 
hoisted into the transport cask. The varies at the 
bottom of the cask and at the top of the cekl are then 
dosed, the adjustable shield at the bottom of ?he eel is 
released, and the cask is moved into position Tver the 
wwwt storage ceu. 

The cask is engaged with the transition piece over the 
spent core storage eel, the lower vatve in the cask is 
opened, and the moderator assembly is lowered into the 
eel. The atwmbty is supported by the top head flange 
in the same manner at it was iostaled m the reactor 
eel. The cask vntve is dosed, and the cask is moved to 
one side to permit the auxmary hoist to place a shield 
ptag over the spent core storage c d and to place die 
work shield over the reactor vessel. 

After the transport cask has been decontanunated, 
the reactor vessd work shield is irmltflrd, and the 
high-bay area it again made safe for occupancy, the 
insinteiiance crew can return to inspect tbc reactor 
vessel. Optical and idliatonic equipment is operated 
through the work shield to inspect vessel welds, etc, 
and to assure that the vessel is ready forinttanationofa 
new moderator assembly. 

After again clearing the high bay of personnel, the 
anxliary hoist is used to set aside the work shield. The 
reactor vessel maintenance valve h dosed to maintain 
containment as the shield is lifted. The new moderator 
assembly, previously made ready and standing by in the 
new core repUcemen: eel, is then hoisted into the 
transport cask and moved into position above the 
reactor vessel. After sealing the cask to the mamtenance 
dosure, the maintenance valve is opened, and the new 
core is carefully lowered into place inside the reactor 
vessd. About a 2-in. radial dearance has been provided 
for the assembly, and it it not necessary to observe any 

rotational orientation of the moderator with respect to 
the vessel. The auxamry hoist is then used to replace 
the work shidd. 

lYisuanel can then return to the high bay to perform 
the senuremote operations nf iliragnan the Eftmg 
rods and reseating the lifting rod ports in the top head 
of the vessel. Operating from the avmteuance control 
room again, the work shield is removed, and the 
permanent reactor shield plug is inrttnVd. Fvi sound can 
then seal the vessd dosure by direct approach and also 
instal the control rod drives. The system can then be 
leak tested and prepared for operation. 

12.4 GkUraiTEIXSrOSALAfroALTOtNATE 
UACTORVESSaiSADREajUlATION 

An MSBR reactor core aauamty is estimated to have 
a useful fahVpowei ife of about tour years. Dm ing this 
operatssg period the spent core assembly would be 
ûnumâ B̂Bû a* van y auawaa* um̂ u* mnaw^m>m' HVUJUWUIM Û *v^mvv annBuneuy. W B H S 

its attached reflector graphite and upper cyaasder 
extennon, would be prepared tor reuse. The spent core 
storage eel would abo be cleared to receive the next 
core assembly, and a new core would be ptepased m the 
core replacement ecu. 

The spent core storage eel it equipped with viewing 
nsail , •••napnuilnii. snil liinMngfnr ffiiamntrnigIhi 
assembly. The graphite nsodemtor sticks are removed 
and broken into short lengths and deposited in the 
waste storage eel beneath the reactor, as nuationfd in 
Sect. 13.6. The Hastefloy N support plate tor the 
yaphitc w 9 also be cut into srnsBer pseces and stored 
• the waste eel. 

After an extended decay time the top head and its 
attached graphite reflector, which was be reused along 
whh the head, are decontanunated as much as posriblr 
by vrpmg and vacua^sng, 

A new shop-assembled core is brought into the 
reactor bissomg through the ak k>ck shown mFn> 13.5 
and is set into the new core replacement eel. The 
alternate top head for the reactor vessel is then brought 
from the spent core storage eel by means of the 
transport cask. Using serauemote muntenance proce* 
dues thioftgh • work shield, the rifting rods are 
installed and the reactor vessel dosure seal rings on the 
head are repbeed. The assembly is now ready for 
installation when needed. 

The spent core storage cefl is then decontaminated as 
much as possible and cleared for the next maintenance 
operation. 
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Ofe the bam of past experience with the MSRE, few 
aViriMilwiwiatinn problem are tikeh/ to arise. The 
crmtsnaastiijn cw be almost entirely restricted to the 
reactor eqaapment eels. ,ue took are K*flfjr̂  on 
withdrawal from the crl ind, along with the transport 
casks, are sent to deca:taimnation. MSRE experience 
hat been that partkufctf contamination is ieaduy 
fensoved by scrubbing with high-pressure water jets 
alone or with the aid of detergents. Occasionally an 
inhabited acid may be required. 

The larss trans|crt cask wffl become contaminated 
after it is wed to raowj the reactor core assembly to the 
storage eel. It roost be decontaminated to a lower 
radiation lerel hifore the nauntenance crew can enter 
the high-bay area. It is cleaned in place on the polar 
crane by mounting a catch pan beneath it, and 
high-pressure pumps are used to circulate a decontami
nating fluid through nozzles which can be manipulated 
to dean afi portions of the interior. 



13. Buildings and Containment 
E.S.Bettis H.L. Watts H.M.Pory 

13.1 GENERAL 

Han and elevation layout drawings for the station are 
shown in Figs. 13.1 and 13.2. The principal stiuaiBcs 
are the cylindrical reactor building, the steam generator 
bay, the steam {aping and feedwater heater bay, and die 
turbine-generator bay. The reactor and steam-generator 
faci'jtiesarekxatedonowreinfoicedconaetepadand 
the rcmuning structures on another. With tins arrange
ment relative displacements due to seismic disturbances 
would not threaten the integrity of the containment, 
smce no piping or connections containing radioactive 
materials would cross the boundary between the pads. 

The plant site is briefly discussed in Sect. 14. 

13.2 REACTOR BUILDING 

One of the primary functions of the cylindrical 
reactor buSding is to provide containment and 
cat Uiirlding during the maJntmai 
removing and replacing the reactor core assembly. 
During normal operation the reactor eel is the primary 

operation of 

The cylindrical portion of the reactor 
shown in the elevation drawing in F%. 133. Plan 
at the three major levels are shown in Fig. 13.4 (c 
bay), Fig. 13.5 (upper level), and Fig. 13.6 (tower 
level). The bunding is 189 ft high and 134 ft in 
diameter. Excavation for the reactor hiulftjugwal be to 

Ffc.13.1. OvsmlfaMfieworMStlt 
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the depth required for firm support of the monolithic 
concrete pad upon which it rests. Finished grade level 

preferably be 
showing above ground. The grade 
13.2 oonesponds to the AEC 
having the top of the 

of the bunVbag 
level shown in Rjg. 

8ft 

The reactor eel is located on the first level of the 
reactor bonding, as showc in Rgi. 13 J and 133. The 
eel is about 72 ft m inside diameter and 30 ft deep 
vm*abott8ftofcoeKretebiobgicalsi^ 
sides and top, the latter comhting of two layers of 
removable roof phis which permit access for in
stallation and nauntenance of equipment. The double 
containment and other construction features of the 
reactor eel are described in more detal in Sect. 133. 

The first level of the reactor buSding also contains 
eels for pwceasing the fuel salt and for off-gas 
handling, jnstrumentation, and storage of spent reactor 
cotes and heat exchangers. The lower level has a large 
shielded and sealed storage eel 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 materia] into the 
storage cefl is indicated in Fig. 13 J. The volume of the 
ceO is based on a reasonable assumption of the amount 

of material that would be iminvalili il over the 30-year 
ife of the MSBR station. 

The lower level also provides cess for the primary 

and hot eels equipped with remote nssnqralators 
for exanunalion and repair of radioactive equipment. 
Space is abo included for the lower section of the 
60-ft-deep off-gas and chemical processing eels. All the 
other cent are approxnnitefy 30 ft deep and have 

The budding is constructed of a 3-ft thickness of 
ordinary concrete covering a ^-m .-thick carbon steel 
shell, or liner. The finer acta as a sealing membrane to 
permit the bunmng to meet specifications of leas than 
0.1 % leakage per 24 hr. Afl piping and penetrations are 
sealed, and an air lock is provided in the upper level for 
moving in new reactor core assemblies (see Fig. 133). 
During routine operation the budding is maintained at 
slightly below atmospheric pleasure by a controaVd 
ventilation system dakhargjng through fitters 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 eel. Operating 
personnel would have access to the building at a l times 
except during certain phases of the maintenance oper* 
ations, such as when the spent reactor core is being 
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drawn op into the transport c*a?. During these periods 
die remotely controlled equipment can be viewed 
through shielded windows in the budding wal at the 
crane bay level, as indicated in fig-134. (Maintenance 
procedures are described in Sect. 12.) 

In addition to providing mtsrie protection, the 
building serves as sealed containment during mainte
nance operations and as biological ducldmg The 3-ft 
thickness of concrete covering the entire structure, 
together with the shielding of the transport cask, results 
m a reading of less than 100 mR/hr on outside contact 
with the reactor boaVBug wall as the core assembly is 
being removed. Ahhough the bunding wal thickness 
was not optimized, values below 3 ft would require a 

mamteasnee and increase the weight to near the 
maximum load desired for the polar crane. 

The concrete she! provides tornado protection, die 
bunding having been designed on die basis of a 
300-mph wind with a storm-caused 3*pfi negative 
pressure differential. It is also designed to withstand 
nustilff weighing 2500 lb, IS in. in diameter, and 
traveling at ISO mph. The assumed seismic design 
conditions are more stringent than those specified for 
die reference site (see Sect. 14X hating been taken as ^ 
g horizontal and % g vertical. 

A polar crane is used to service the equipment within 
die cylindrical holding. The bridge spam dae binldmg 
and can be rotated to cover eaaentiaOy al areas. Two 

are mounted on die bridge; one is a umvenUonal 
of ISO tons capacity, and die outer is unique in 

that die 20-ft-diam 40-ft-fugh transport cask is an 
integral part of die crane, vindicated in fig. 12.2. The 
cask is fixed as to vertical elevation but can 
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laterally from above the reactor eel to positions over 
the spent core storage cefl and the core replacement 
pickup point. The hoisting mechaninn for lifting 
equipment into the transport cask and the other 
nuntenance procedures are described in Sect. 12. 

13 J REACTOR CELL 
The reactor eel provides primary containment for the 

reactor, the four primary heat exchangers, the four 
fad-salt circulation pumps, and the interconnecting salt 

piping. In addition to leak-tightness meeting the speci
fications for a containment sysfetn, the cefl wafts 
provide a muumum thickness of 8 ft of concrete for 
biological shielding. Missile protection is provided by 
the domed concrete structure of the reactor budding, as 
mentioned above. Protection against seismic disturb
ances is afforded by the monobthic concrete pad upon 
which the reactor budding 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 eel (probably 1 
with 3 to 5% oxygen) wffl noraadfy be operated at 
about 13 pna and between 1000 and U00°F. Under 
aaramed design bass accident situations the eel pres
sure coiaVlrneabo^ atmosplierkTlMweter, and the cHI 
has been designed for 50 pea. During Dornal operation 
the eel atmosphere w9 become contaminated by 
neutron actrtution and by tritium, b postulated ac
cidents iu writing loss of fuel salt from the cumulating 
system, the eel atmosphere would, of course, become 
hearfy contaminated, b meeting the shstfumg, pres-
sure-retention, and leakHightness requirenssnts, the eel 
wal eonstruetioo must profide both thermal awtdation 
and gamma shielding to protect the concrete structures 

for the concrete was taken as 150*F. 
The reactor eel is about 72 ft ID X 30 ft deep and is 

located within the reactor bunmng, as shown in figs. 
13.3 and 134. The uimajrmral of equipment in the 
eel is as nuficated m fins. 13.7 and 13.8. 

Tlse eel wal consists of two conientric carbon steel 
sheas, both 2 in. thick and separated by a 6-sa-wide 
annular space, as indicated in fig. 13.10 and listed in 
Table 13.1. The same type of double wal construction 
is also profided in the roof plugs and m the floor 
structure. The total thickness of 4 in. of steel supplies 
the neceastry gamut ihirlamg and the strength to 
withstand the 50-pug design pressure. Some of the 
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pressure loading of the 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 inert 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 pressure higher than the 
ambient cell pressure to assure that any leakage 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 cefi but 
with much of the weight carried by helical cofl 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. Snaamry of catV 

Cci Heaters* CfeB wall construction 

Reactor confinement building None 
Reactor containment cell A 

Fuel-salt drain tank csB A 
Fieeze-valve ceO B 
Spent equipment cells None 
Waste storage cell None 
Chemical processing eel A 
Off-gas cell B 
Steam generator cells A 
Coolant-salt drain ce3 B 
Instruments and controls cells None 
Hot cefls for repair and inspection None 

% in. CS; 36 in. concrete 
Vi« in. SS, 9 in. n , 2 in. CS, 6 in. AS, 1 in. CS, mat * ft concrete 

for inhabited areas 
%« in. SS, 9 in. TI, \ in. CS, 6 in. AS, % m. CS, coacr. 
% t, in. SS, 9 in. Tl, \ in. CS, 6 in. AS, % in. CS, cone*. 
Vi« in. SS, 9 in. TI, % la. C*. 6 in. AS, \ m. CS, 
*i in. CS, concr. 
V,6 in. SS, 9 in. TI, % in. CS, 6 in. AS, \ m. CS, 
Vt6 in. SS, concr. 
Vt6 in. SS, 9 m. TI, 1 m. CS (ribbed), 6 m. AS, % m. CS, 
%«in. SS, concr. 
Concrete 
V,6 in. SS, 

aHeaters: A = ferted eel; B = trace heating of equipment 
Applies auo to roof and floor structore, except floor may not have 8 ft of concrete in all cases. Listed as going from 

steeLTI' exterior of cefl. Floots have %-in. SS and walls V^-in. SS finer*. SS * stainless steel, CS * 
(form of firebrick), concr. = ordinary concrete, and AS = air space. 

pipe seals, as shown in Fig. 13.10. The coolant-salt 
piping is the principal penetration 'through the ceO wall. 

A layer of thermal insulation, not yet selected but 
probably a rigid block type, is provided on the inside 
surface of the reactor cefl. A thin stainless steel liner 
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 cefl. 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 f&age for the reactor vessel in a lower 
temperature region. The primary heat exchangers are 
suspended by gunbal 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 cefl, as described in 
Sect. 11.2. The heater elements can therefore be 
replaced without disturbing the integrity of the contain
ment. The orciaV.ting inert jjas used to cool the double 

walls o f the cell is also arranged to cool the healer leads. 
As may be seen in Fig. 13.8, the fuel-salt pumps have 

their drive motors mounted above the cefl roof plugs in 
numerically sealed covers which are, in effect, put of 
the outer wall of the reactor cell. The control rod drives 
are canned in a similar fashion. This location for the 
drive equipment permits easier access for inspection and 
maintenance. All the roof-mounted equipment is 
covered by a 72-ft-diam dome of ^-in.-tluck carbon 
steel, which provides additional teak protection during 
normal operation of the reactor. The dome abo 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 cefl would collect any spiled salt in the unfikery 
event of a teak in the fuel- or coolant-salt systems inside 
the reactor cell. This pan is pitched toward a drain 
which it connected to the Drimary-satt drain tank 
through two valves in series. The upsUeam valve is a 
special type having a disk punctured by a arbnoid-
actuated plunger controlled by a thermal flitch. In the 
event that hot salt reaches this valve via the catch pan, 
the valve would open and permit the spiled salt to flow 
by gravity into the drain tank. The valve would be 
arranged for replacement using remotely operated 
toohng. The second valve fe a mechanical befowt-seafed 
type that is normally open but can be closed toisofece 
the drain tank contents when the first valve is open or is 
to be replaced. This catch pan aiTangement permits 
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more rapid daaaup of • salt spll and, in event of a 
major lose of fuel eah such at postulated for the 
meyhnom credMe accident, * a feaaMe method of 
taking care of the afterheat in the rod salt. 

The roof of the reactor eel consist* of lemovabk 
prop snanged in two bryera and with stepped joints, as 
best shown to Fig. 12XThetotnlthictaft»»»8ft,and 
with few exceptions each layer is 4 ft thick. The atop 
rest on structural steel supports and haw a sea) panto 
form a leak-tight structure. As previously n*ntioned, a 
coohng flow of inert p a pete* between the two heavy 

13.4 HUMAKY DRAIN TANK CELL 

The primary drain tank cefi houses the 14-rVdsMn, 
22-ft-tugh fuel-salt drain tank. The eel * approximately 
22 X 22 X 30 ft deep and if located on the lower level 
of the reactor building, at shown in Ftp . 135 and 6 3 . 
The requirements for thai caB are nary sunttar to those 
of the reactor eel , and, » fact, the two colt are 
interconnected by the duct through which the! 
drain line passes. The celt that operate with the 
ambient atmosphere and eeeent»9y at the aiiae pre* 
sure ana ternperature. uawaui tntfwnaj si not renuwufl 
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to protect the concrete structure of the drain tank eel, 
however, and the doable watts consist of ^-in.-thkk 
carbon steel plate. An inert gas is chcuiatfd between 
these plates for cooting of the wall structure. (The gas 
it item is an nrlfiniion of the reactor ceB wail cooling 
system.) Therms! insolation and a Mf'1****? steel liner 
are used on the inside surface, as in the reactor eel. 
KemswjDie root pnjgs provtac access to tne aram tanK 
for maintenance through the new core replacement eel, 
as indicated in fig. 63 . The eel floor contains 
water-cooled cons to carry off the afterhcat in the rod 
ash in event of a major spell. 

13 3 FREEZE-VALVECELL 

The freeze wjh«e ca the fnetVsalt dram line aad the 
wives for the reactor eel catch pan are located in this 
eel. The ceU space is directly connected to the reactor 
and dram tank eel volumes, so that they a l operate 

temperature and pressure. The floor area of the 
frcese*valve eel has the shape of a right triangle (see 
fig. 13.6) with legi about 18 ft long. The cell is 
approximately 1$ ft deep and is located between the 
reactor eel and the drain tank cet and at about 
nvoeleYStion between the two, as best seen m fig. 63 . 

Roof plugs are provided for access to the varies. The 
eel wal construction is essentialy the same as mat 
used in die dram tank eel. The reactor eel catch pan 
drains into a pan in the freeze-* alve eel, and mis pan in 
turn drams into the previously (lescribed varies leading 
to the fueUatt dram tank. 

13.6 SPerT REACTOR CORE AND HEAT 
EXCHANGER CELLS 

A eel is provided in the upper level of the reactor 
budding adjacent to the reactor eel for storage and 
demanding of reactor core aarmblfci, as shown in Figs. 
133 and 13.4. The top secac opening is shown in fig. 
!3.4. These drawings also show the similar eel for 
hesdting heat exchangers and other radioactive ccjuip-
ment which has been removed from the system and 
requires dfeposal. After a sum*'.* decay period in the 
eels, the '̂ uspment is cut up as required and dropped 
through chutes into the hot storage, or «este, eel 
located beneath the reactor eel. During the storage 
period sufficient fission products witt be present on the 
equipment to require some cooling, since heat losses 
from the eel are low. Both the enclosures therefore 
have double watts and use a common inert-gas cooling 
system which operates in a closed circuit much in the 
same manner as the reactor cell watt cooling system. 

http://l%13.lt
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A work area is provided adjacent to the above ceOs 
for operation of the remotely controlled equipment 
used in die dismantling of the radioactive components, 
as indicated in Fig. 13.4. Shielded windows overlooking 
the two cefls provide visual observation of the proce
dures. These window* are protected from heat during 
the decay period by movable shields. 

15.7 WASTE STORAGE CELL 

As mentioned above, this waste storage cefl is 
dffignfd to permanently store waste equipment from 
the plant over its useful lifetime, including spent 
graphite from the core and radioactive wastes from the 
chemical processing plant. It is about the same size as 
the reactor eel, 72 ft in diameter and 30 ft deep, and is 
located below grade on the lower levM directly beneath 
die 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. 

13J8 CHEMCALntOCESSINGCELL 

A relatively large shielded area with 60-ft ceo height 
has been set aside in the reactcr building for the 
fuel-alt processing equipment, as indicated in Figs. 
13.5 and 13.6. This cell will be heated as a furnace and 
wut employ coolers and thermal insulation as required 
for individual control elements, etc. The cells will be 
heated to the desired operating temperature by resist
ance heaters, as described in Sect. 11,2. Remote 
maintenance facilities, cefl integrity, etc., will be similar 
to other cells containing highly radioactive materials. 

135 OFF-GAS SYSTEM CELL 

The cell for treating the off-gas is similar to the 
chemical processing cell described above. The cell 
homes the charcoal adsorber beds and other equipment 
needed for treatment of the radioactive gases taken 
from the ptiLAiy circulating system. 

13.10 MISCELLANEO* IS REACTOR BUlLDiNG 
CELLS 

In addition to the above-mentioned cells, the reactor 
building contains hot cells for examination, analysis, 
and repair of radioactive equipment and materials, ceDs 
for storage of control rods, storage of new reactor core 
assemblies, work areas, and a relatively large cell set 

aside for instrumentation and controls equipment. The 
locations of these ceDs are shown in Figs. 133-13.6. 

13.11 STEAM-GENERATOR CELLS AND 
SERVICE AREAS 

There are four steam-generating cells in the reactor 
building, each 30 X 4g 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 coolant-salt and steam system piping. The 
cefls are sealed and provided with biological shielding 
because of the induced activity in the coohmt sail and 
the remote possibility that fuel salt could enter the 
steam cell VP the coolant-salt circuit. Tritium might 
also find its way into the cefl. Since the steam cells will 
be heated to about 1000°F to ensure that the coolant 
salt remains above its bquidus temperature, thermal 
insulation is provided at the walls, and a double wall 
with a circulated inert-gas cooling system, such as 
employed in the reactor building cells, is used to 
protect t v e 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 
die 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 expand into the steam cefl 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 siesni ceils. 

The wall construction is similar to that used in the 
reactor cefl. 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 the 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 cefl 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 cefl for 
the drain tank and eft-gas heat-removal equipment. 
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13.12 FEEUWATER HEATER AND TURBINE 
BUILDINGS 

The steam sjrstem 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 setdown 
area, about 50 X 257 X 75 ft high. 

The buildings were not studied in any detail and no 
optimization studies were made, since the structures 

will follow conventional power station practice. The 
layout dimensions for the tandem-compounded 
I000-MW(e) turbine-generator are not exact, but 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 floors with steel gratings 
as required, and insulated aluminum or steel panel 
walls. 



14. Site Description 

The site assumed for the MSBR station is the ABC 
standard.1 ' * Briefly, ttus site consists of pass-covered 
level terrain adjacent to a river which has adequate 
coobng water conditions to maintain an average 1*4 in. 
Hg abs back pressure for the turbine. The 
devafton is about IS ft above the mean nver level. A 

limestone formation about 30 ft thick has its top about 
8 ft bdow arade and has a bearing capacity of 18,000 

The general layout of the site is shown in Fig. 14.1. 
Intake and discharge structures for cooling water, a 
deep weE, a water purification plant, and a water 

Hh-nm 
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storage tank are provided. The electric switchyard is 
adjacent to the pleat, and a raiway spw serves for 
transportation of heavy equipment An o i tank is 
shown for storage of fad, although natural gas i* a more 
hkdy candidate for fueling tlw startup bofe. The usual 
services ate provided, including a w>wte*tceatmettt plant 
for the sanitary discharge. 

The star dard site aananes the electrical distribution 
system to oe singpe-source naaaaesaon ana wonta oe 
subject to occwional outages. An emergency power 
soa*«e is therefore requited in the plant. 

The site is assumed to have a sufficient frequency of 
tornado occurrences to require ctast I structure design. 

the Mercati scale (itpaviltnt to about OJ007 to 007 g 
horizontal ground acceleration), and the ate has been 
designated as zone I, that ayanaieawnichisnnimsl| 
DCSOW tae tntesnoai oi aaaaagje. 

The site location is mtanactory with respect to 
population centers, aneteoroianical conditions, fre-
quency m& intensity of earthquakes, heat uuaaanje, 
and other fnvitnnmfiitsl motors, so that no special 
deagn conditions or costs ape aapoaadotlMvtiaa those 
"nornsaMy" nrprrted to meet licensing reojuireaaeats. 



IS. Cost Estimates for the MSBR Station 

15.1 CAPTULC06TE5TWATE 

RoyC. Robertson M.L. Myers 
H I . Bowers 

A capital cost annate for the refcaegee MSBR 
station is gwea hi Table 15.1. Soarces of the data are 
isnlasnd m the footnotes to the table, aad thedetafls 
of the estimates ate nadnded a Apprndhr D. To give a 
fraaee of reforcace for the MSBR rithaites, the coats 
are coaapared with thoae foe a PWR. 

The rap* aliiilioa costs for the two reactor types are 
aot greatly daffcreat. la a broad seaae this caa be 
i iplnarl by the tact that oary aboat oae-tiord of the 
total cost it for reactor i tmnjmw at, the reaaaaakrbejag 
for da? beat-power system, genets! tarawW, aad hv-

sammr for a l thrraiil power tdaafs. Variations ia 
icactor eojasjaaaat costs are aot of safficient nnamnnde 
to caase striking dwjeacacis = «he overs! capital 
leoanreaneat becaase there are roams asnaanties ai costs 
of teasels, shieMmf, etc, aad awry of the differences 
that do exist are ofnertiag 

laaotar as poaawfe the MSBR aad FWR cost cstaantes 
were pat oa the sane baas, la both cstirnstes the cost 
of the fori |worr wing plaat is aaAafad ia the tad cost 
rather than in the plant capital cost. Both estimates ase 
the accoeats nronancndfd ia NUS-531 (tcf. 119), are 
based oa the Jaaaary 1970 wJae of the doflar, aad 
iachsde indirect coats of abovt 35%. Private ownership 
of theplaatsbaaaBneu;aawhalewat(at»)awringa 
five-year coasts action period is inchakd. Neither esti-
mate, however, considers escalation of costs daring the 

The Hasteloy N cqaipaoeat in the MSBR is aaaoaed 
to have a fabricated cost of S8 to $38 per poaad, 
depending npoa the conspkxity (see Table D.4). The 
reflector sjrapkrte a estimated to cost $9 per poand and 
the extsvdedcore elements $11 per pound (see Table 
DS). 

It is aaportant to note that the MSBR coaatsactioa 
cost estimates are not for a first-of-a kind pbnt bat 
assume that the station is of a proven dcrisa for aa 

established molten-salt reactor Badastry in which de-
wlniaiifnt costs have been largely absorbed aad in 
iMhirh M ^ f i i inn of aaatesmk. nfamt coaatiinakm. 
aai aceaamg are roatiac. As iwotiaaradrd in NUS-531 
(ref. 119), Isowem, recoamasoa was taken of the tact 
that the MSBR cost estimate abased on conceptual 
designs rather tans oa actasJ constraction experience, 
aad a 15% toatmgrniy aBuwaace was appied to 
reactor asateriak. A coatiageocy factor of only 3% was 
ased ia the corresponding portion of tlw PWR estimate. 
As aadkated ia Table 15.1, this diflereace in con
tingency *af*«TT apphed to the reactor assteriah adds 
aboat S8 aattoe to the total MSBR cost esthnate after 
mdsrect cows are messded. 

One of the f i t igii * iig featares of the MSBR 
station is the ase of initial steam conditions of lOOr/F 
afid 3500 pass, with reheat to 1OO0TF. As showa in 
accowat 231, Table 15.1, a tarbmc-geaetator for these 
€9aaw îoas has a relatively low first coat conspired with 
tke taibimis/nfratoi for a FWR. Good attention of 
the wraisblf heat in the MSBR is reflected in the 
relatively low steaaansass flow rates and arnoant of heat 

for it hi the MSBR cost estinrtir, this factor coald also 

the heat rejected to the MSBR cossneassagwater hoary 
aboat one-half that for the PWR. 

The alternate reactor vessel head asscasbty ased to 
tacnatate replacement of thecoiepaphalehtthellSBR 
is snessded in the first cost of the plant. The estimate 
w a w v v sawApaWanBww} anlPw* wB*a^ iaaaa BaaWBawwwwaaaava^w' VMBVawjMaaWwBaW* wsmwnjg 

for the rrplacrawnt operatiocL The MSBR does not 
consider a safeguards ronling system (aoeoaat 223, 
Table 15.1) as aach bat does reqaire a dram tank with 
afterbeat-femoval capabaaty, as inchidrd ia account 
225, Table D.l. In several snstancea, sach as tbeorTgas 
cooling system, c d beatiag aad rnnliag syirrga, etc., 
the conceptual design work was aot safficaeatfy de-
tafled to sera as a baas tor a cost study, aad trie *ames 
ased in Table D.l are more in the natare of aa 
alowance than aa esthnate. 
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15.2 fOmRMXXKTwG&am 

The fiiaiuled coat to produce electric power in the 
reference design USBR station it shown in Table 15.2. 
The table n based on 80% plant factor, January 1970 
conditions, and fixed charges of 13.7% on the station 
capital cost and 13.2% on the fad inventory. (Other 
aaniinptiont are given in the footnotes to Table 15.2.) 

The -sost for pti iodic core gmplwM leplacenient in the 
hffffP ir inrliiird as i ttwarttf nrfflhHtkm cost in TtM* 
^^••P^PFPP*. siv p»ppjpwwî ^r^p w VJ ^ ^ V S ^ P J W W n^P^^PJ^P^^P^PPP ^ ^ P P ^ PPP • ^ ^ T P V 

15.2. It is aanmwd that the core 

ieojure puni onrnaes m aunruou IO 
dated by the plant factor. The capital coat of the fed 
piouwp»jtqBi|)n»tnt for thepgWinnrt 
certainty at this tan* dne to the rrrlpnjnary natnre of 
the conceptual ocngaa for the i'pipwinlandthenaeof 
relatively large ansonnts of Hkotybfeupjn as a construe-
tioo nsatciial, for which there is little bodqprownd of 
cost experience. The effect of the chcnncel plant 
capitalisation on the fed cyde and total power 
production costs is indicated in Fig. 15.1. The MSB* 
fad-cycle cost shown in Tables 15.2 and D.2 is based 
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on an assumed expenditure of $133 nuffion(sKludmg 
indirect com) for the dienical plant equipment. 

Two other tw~r!£intfes entering into the MSBR cost 
estimates are the cost of graphite and the life of the 

Taiat 13 J . EBBBUIB s o w BMBBUJOB 
cmHmU4k**)kiilmmVl*mk*' 
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reactor core before it would require replacement. The 
effects of these two factors on the cost to 
electric power are shown in Figs. 15.2 and IS J . 

Power production costs for the MSBR weae based on 
the present "standard** fad cost for " * U of $13 per 
gram, for ***U of Si 1.20 per gram, and a correspond-
in? cost for 2 3 9 P u of S9J0pergram. Acontparbcoof 
MSBR production costs with those of other reactor 
types should take into account the changed price 
structure of nuclear fuels that wil undotmtedly exist by 
the time mohea-sah reactor power stations are con
structed in quantity, since these changes in prices and 
fuel resources could have a significant effect on the 
moften-salt reactor mtoouaki. The next 30 years could 

hght-water fuekycie c o s t s . 1 " 1 " swmgs in the price 
of pmlnnium, wl use of cto» progeny fueling of 
reactors.1a4 Abo, the higher markei value of electric 
power wul be a feedback into fuel diffusion and 
separation plant operating coats and wall change the 
relative costs of funfe fuels. Analysis of these com* 
UBWOBBBOBBBBjIOB BBB UVBP^B B J B B B B B P OOBBBF O B O ^ B B B B B B ) BjpOJ VBBBJBB UW^OBPOBB U * UOi BjpBBBB U*BJF 

statwJ hoe only that the 
costs for dieaaortee-sstt n 

future savings in the nation's f u d » 

290 
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10 * 20 
uttAtttfTf COST C«A»} 
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16. Uncertainties and Alternatives, and Their Effects 
on Feasibility and Performance 
E. S. nettis t. N. Ihubenrrich Roy C. Robertson 

16.1 GENERAL 

hi neskhej this conceptual study it was neceanry to 
oese eosue ot tne nnxejueuts OR iwetiininary oeeiuns, test 

properties of maesrialt, and other design mfor-
that wul require further study and verification. 

hate judgments were made coiMcmtivcly and it 
is reasonable to expect that tome aspects wii perform 
even better than anticipated, a primary concern is the 
ttTactonJa^RftaamMtyifoneormomoftiiedemm 
unceitnimiri prow to be •try aifficvlt or expensive to 

or if the behavior fate ifcenfflctntfy short of 

The 
of tritium 

coolant salt, 
she off-gut 

of 
M uen) e^^^pevee^sswv/ 

order of 

n now known are in the 
confmtment. fuetaalt ntocesssnt. 

H behavior, suitability of the 
procedures, and behavior of 
This section JMKU—i the 

and other uncertainties on 
to safety, nudoii 

economics of power nmeration. The 
it by systems rather then by degree 

16.2 MATERIALS 

16.2.1 

Ae emcuued in Sect. 3.2.1, the composition of the 

vananaitv chumlcul rtAtslitv and tknuidut 
^^npy^^v^p^yvĵ r A vvv^v^v^pveu^e^ îv 49vBwv^^pvjî w^pj f nv^^^Bv v̂ ^Btŷ ^̂ ^B^̂ v̂ r̂ 

w ^BV^PV* e w t ^ m n n W fJsmmpm* • t m n P J n y m T W e m P w ^ H n W PAP 

itt phase btswidor, most of its physical properties, its 
irradiation, and itt mteractkms with the 

itw^erator materials. Lets weH known are 
•w eflectt of the fffrtdethm rtduction state of the salt 

metal fission products. Sgnificant limitations to use of 
the salt are imposed by itt rather high bquidus 
temperatme (930*F), die boated solubility of uranium 
oxide (about 40 ppm of the oxide ion), and the 
rrttricted choice of container materials. The problem 
diet looms largest at the present it the production of 
relatively large amounts of tri&um by neutron inter
action with the lithium, at wal be discussed in Sect. 
16.4. 

Some variations in the composition of the fuel salt arr 
poesmle and may prove deniable to circumvent or to 
mJofete some of the above mentioned lirnitartons The 
UF 4 and TTiF4 concentrations can be varied at required 
for critkahty and optmnxation of the breeding per-
formanca. Tne con tumour mocming of the fuel salt is 
expected to keep *J>,> a»dde concentration low and to 
make a low IX\ tofubility acceptable. Tne oxide 
totem** of the salt can be increesed by the addition of 
ZrF 4 (m wm done m the MSRE), although at the 

4XMvUvwVtwl tnwJQ COfnnwSCnfCGSS O f t H Y C9WfOJCM twPOtTemmnmv 

The constraints of a high liquidus temperature and the 
problem af tritium cense* be ndtiteted, however. If die 
ntolttn-eatt reactor it to bmed with thermal neutrons, 
cross sec^mt Kndt the choice of diluent salt constit
uents to the fluorides of beryumm and lithium (wim 
very tew * Li content).'* In the UFBrF ,TnF 4 system 
CBf. 3.SeX bquidui temperatures much below that of 
the reference MSBR salt cannot be attained without 
reducing the ThF 4 concentration to the extent that 
britdmg performance it seriously impaired. The tritium 
production in a moiteu-saJt reactor could be cut to tittle 
most than the fiunou yield if an NeF'ZrF 441iF 4-UF 4 

fuel salt were used, but neutron absorptions in the 
id ivcoaium nuuid nmcludt beaedme. In 
^ ^ ^^^ ^ ^ ^ ^ ^ » » w ^ w ^ » * F ^ W I ^ P • p v > ^ p m w n m w B^u^PB^Bswwvsnjp • » • 

U if the nudttfvealt reactor it to breed, then is 
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no irasonabk alternative to fuel salt of the approximate 
composition chosen for the reference study. The 
limitations attending its use must therefore be accom
modated in the design. 

The market price of 7 Li has a limited effect on the 
total foet-cyck cost. For example, if the price of 
99.99% 7 Li as lithium hydroxide monohydrate were 
doubled from the $120 per kilogram assumed in the 
reference design, the MSBR fuel-cycle cose would be 
increased from about 0.76 to 0.82 mikVkWhr. 

1&2.2 Secondary FMd 

As stated in Sect 3 2 X the factors determining the 
choke of the fluid for the secondary system are 
chemical stability, susceptibility to radiation damage, 
compatibility with materials of construction, heat 
transfer and fluid flow properties, and cost. The fluid 
chosen for the reference design, sodium fluoroborate, 
offers advantages over other fluids is 3>me of these 
areas and on the whole promises to be an acceptable 
material to use. There are some problems issocisted 
with it, however, and some regaining uncertainties. 
These are dimmed below, followed by a discussion of 
alternative fluids and the influence their use would have 
on the dest** and performance of the MSBR. 

Loop tests have shown that if water can be excluded, 
the sodium fluoroborate is quite compatible with 
HssteUoy N, with corrosion rates of only about 0.2 
ml/year at MSBR temperatures. Wide it is possible to 
limit the water intrusion into test loops to very small 
amounts, it is not certain to what Urate it w i be 
practical to restrict entry of water by leakage from the 
rteam generators. The corrosion rate to be expected in 
t« operating MSBR is thus somewhat uncertain. Tests 
in winch steam was ieliberately added to fluoroborate 
jystenvs showed corrc^on of HasteSoy N at a rate 
above 20 mils/year for a week or so after the 
addition.1' The effect of continuous injection of water 
into a fluoroborate system has not been studied, but it 
appears that very little continuous leakage can be 
permitted in an MSBR. whether it wiB be practical to 
guarantee a sufficiently low leakage rate remains to be 
fWftfaVflwnlwfifi 

The reaction between water and fluorobcvsie is not 
violent and should contribute little if anything to the 
wastage of metal by a ttgh-vriodty jet of water from a 
leak in a steam generator. There has been no experi
ment of this sort with fluoroborate and water, how
ever, so the requirements for imtnedUte response to a 
steam leak cannot be specified realistically at the 
pretest time. 

Pioocuing is Marty to be required to hold the 
corrosion products and other undesirable contaaatnants 
to low concentrations in the salt The requirements for 
processing have not been established, but no major 
technical dtfficurrjes are expected to be encountered m 
developing a purification process. 

The consequences of mixing sodrum fluoroborate 
with the MSBR fuel salt (at through a leak in a primary 
heat exchanger) have not been r maiden J hi detail. 
Wastage and enhanced cmrosion a « not Mealy to be 
serious, but the amounts of inlrairajr must be limited 
for other reasons. Boson aifluoride gas is Moery to be 
evolved as the fluoroborate salt mixes with the fuel salt, 
and, depending upon the extent of mixing, phraes with 
mgh raetttng temperatures may bw formed. Although 
the high-cross-section boron could be sparged from 
the fuel salt as BF, gas, the sodium, unless cbeaacafcy 
removed, would remain m the fuel salt and (ammah the 
breeding performance. The sodhua from about 100ft 5 

of coolant salt would reduce the breeding ratio from 
1.063 to 1.056. 

The cover gas for flooroborate must be the proper 
mixture of BF« and inert gas to prevent changes hi the 
NaF-KaSF, composition. The offfts '.torn fluoroborate 
loops has been found to contain ntkmt fosdrffMhles 
wmen rcqinie sprgai mawing. irese proosems nave 
been dealt with in a practical mrimer m development 
tests, but the gas systems for f!ss79b<wate loops tend to 
be somewhat more complicated than if some other salts 
were used for heat transport. 

If the results of further tests of fhtoroborate should 
indicate that in use in the MSBR would be impractical, 
the most assured alternative n the 2UF~BeF2 mixture 
that was used in the MSRE. Its use as die secondary salt 
in the MSBR would dinunate problems of chemical 
compatibility with the fuel salt (Separated 7 U would 
have to be used, however, because mixing would 
otherwise require expensive isotonic purification of the 
lithium in the fuei.) The corrosion situation would be 
alleviated, possibly earing the restrictions on moisture 
contamination aid widening the possibilities for con
tainer materiris. Constraints and penalties would be 
imposed, however, because of the higher melting point 
and modi emit*- cost of TiiF-B?F- «lt!*vt to MsF-
NaBF4. The liouidus temperature of UF-BsF, (66-34 
mole * ) b 858°F, compared with about 725*F for 
NaBF«-NaF (9 *8 mote %). This would complicate the 
design by requiring a higher degree of feedwater heating 
and/or special design of the steam generators. Equip
ment costs and ptant thermal efficiency would be 
adversely affected, but the greatest penalty would be in 
inventory charges. If the volume of coolant salt were 
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the sane (MOO ft*) the 7LiF-a*F, inventory would 
c«et $13 nutton cosaaared with UkS Britten for 
fluoeobonte. Thie dmereacw antounts to ""03 
tsnl/kWar in power costs. 

Another caadkfnie tor the secoadary fluid is e 
•ixtwe of pot annual aad xtoouiuat fluorides of the 
conuxaition KF-ZrF« (5*42 note %\ Has nature het 
received little attention to date because its 750*F 
Bqmaus temgwatare it higher then thtt of sodium 
nMorooorese. it nit e low vapor pressure, reaaonaoty 
good heat transfer properties, and it relatively inex
pensive (about SI per pound). The effects of robting 
with fad sett and with water are unexplored. 

Oner alternative coolants are axa&util inferior or 
MBPracwai lor various reeeoas. Patraa? nitrite naxturcs 
(Htec, for example) would be cheap, probably would 
block tritium transfer to the steam system, and would 
permit daagn riinpBficaficas because of their relatively 
low melti" points (arouad 300*F). Their stability aad 
eonoaioa behavior above about 1000°F aee aot weJi 
known, however. The most serious drawback to tn?-ir 
nee at a secondary salt it that the nitrate-nitrites would 
precipitate UOj if they leaked into the primary system 
and postibty would react violently »4m the graphite. 

Alkali metals are uadetirable becaaee they react with 
both fuel salt and steam, hiatal coolants each at lead or 

compatible with HatteloY N or other nickel-bats eUcvr 
Several binary chloride systems hive eutectics nssrting 
below 700*F, bat the more stable nonvolatile chlorides 
an those contenting Kt&um, which would be expensive 
if 7 Li were used. lifliiifesstiietttCpoiisU^contsining 
moisture to trap tritium) has some advantage* at a 
secondary coolant, but would open the possibility of 
excessively pressurizing the fuel system, and the poorer 
heat transfer with gat would substantially increase the 
inventory of fuel salt in the primary heat excsantgers. 

H.Z3 Ihrtrloy N 

Although additional work is needed on the use of 
HatfcOoy N Jet the container material for the fuel and 
coolant salts, the remaining uncertainties are not 
sufficient to jeopardize the fettHiiHty of the MSBR 

Hastdky N suffers crnbrittieroeni in a neutron 
environment, and the damage increases with the total 
fluence aid operating temperature. The approach used 
to tins stuffy has been to limit the temperature and foe 
neutron exposure of the more critical portions of the 
reactor vessel. Since there are to date no approved code 
cases for inadiated KasteUoy N upon which to base a 
ds#;n criterion, the considered judgment if that the 

biaiatina asoald be Kuritad to the extent that the 
omen dactaatv wal ont he has than 5%L The standard 
vjp*vn>aF vjruunrvasasv>w w a a n -*u# i> nan* aujaas uenaaau v ^ w * n a m anaapsanusnua 

aloy of laataBuy N doss aot asset this ranuaeatnt. 
The advances atatiibid in Sect 3.2 4 fa obtaining a 
uuunned Haanaoy N with adequate nmataace to 
mdmtfcm esnttttleanaBt (through use of additives, such 
m titanium, hnfahaB, sad Biowum) appear very pronv 
mag, but further testing is needed to select the best 
GDBBaYJnaBHlBJBH. L X B T B B B aaBHamX BBHBBBIK D K O f H a n T f l B f l E O aaaTJfJr 

mni me lavomsse utupsiinearsreraraMi m conanernai 
naneriabt and the wtftdiftH aaov naat be lubiaclrd to 
enough lest'ng to have it epptovud for prrreurr vessel 
usebytheASME. 

In the event that the cuuxttttement problem imposes 
flnWf'6 aVV^VS i H B i S S o O a a t U H M O O V f v33Q9tCV0Vn 1 0 0 Mn^awflR 

C M be revised to snake more use of the IOS0*F hdet 
salt to the reactor to cool the hignw4eauperature 
pontons of the vessel, such at the outlet nozries. A 
rarther recourse would be to reduce the outlet salt 
tenmeratu/e from the res,** to 1200-1250* F. Re
ducing the outlet temperature would require a higher 
circulation rate aad larger inventory of salt in the 
primary system but would not neoessarSy lower the 
steam temperature and the thermal efficiency of the 
cycle, as dhtfuterd in Sect 1677. The effects are not 
great enough to thrcauu* !hs feasibility of the MSBR 

In this study the aRowable deafen stress of standard 
HesteQoy N was taken to be 3500 pri at 130f/F, a 
stress that has received ASME code approval. The 
standard ahoy coraistentiy shows better strength char-
approved, and the additives increuse the strength of the 
modified Had dloy N. What adjustments wnl be made 
in the codWpproved suowabie design stress for Hastei-
toy N are not certain, but they may permit higher 
stiesses and thinner metal sections in the reactor vessel. 
A§ 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 ftsstelloy K, but 
the behavior must be demonstrated in tests wi'Jt fuel 
and coolant salts under simulated reactor operating 
conditions. 

HasteUoy N is specified as the materh! of con
struction for the steam generiton 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 Mipercritica'.'preasure steam 
at 1000'F in tests made in the TVA Bull Run steam 
plant The data were obtained with unstressed sped-
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mens, however. Stressed samples are being tested at Bull 
Run, and these results will be important in aaer aing the 
compatibility of Hastdloy N Mth steam. If & t material 
proves unsatisfactory for service in water aifj steam, the 
probable solution would bv to use tubes o' locoloy 800 
dad with nickel on the '.alt side and to dad the water 
side of the vwel head* and tube sheer, with incoloy or 
lnconel. 

U.X4 GrstrtY* 

At the presrnt time radiroy does not hate the 
facilities for ramuracturing te brge-siard pieces of the 
special graft of graphite needed for a IOOO-MW{e) 
MSBR. Although there s some confidence that core 
dements of the desire j length (about 20 ft) can be 
extiudtd, failure to Meet this objective would require 
that Che elements *t assembled from shorter sections. 
Ihfc would add tr the cost and would be inconvenient. 

Khs importan. uncertainties with regard to MSBR 
ttaptrite are fs permeability, usable life, and the cost 
of the instated material. The gas permeabiity affects 
both the b .ceding performance and the power produc
tion cost' the useful life and the graphite price primarily 
affect J K production cost alone. In general, these 
aspec> are rxsmpW of uncertainties where future 
dewx>prnent is Hoary to lead to improved situations 
W MI than worse ones, but, to pursue the objectives of 
M* secnon, use consequences or umtvoraoie oeveiop-

ments wifl be reviewed. 
16.14.1 G » srrniribgry. With the turbulent flow 

astumrd through the reactor core, the graphite must 
have a gas permeability in the order of 10~* 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 peuermaDce estimates. Taa fesstance to 
gas diffusion can be achieved only by sealing the 
graphite. Small piece? have been successfully sealed to 
these standards, am? methods for treating the MSBR 
core dements can probably be devised, but nevertheless 
sealing of the large pieces remains to be demonstrated. 

While sealing the graphite to minimrae xenon absorp
tion is desirable, it is not essential to the MSBR 
concept. Figure A.2 shows the calculated 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 10~s cm*/s*c) the calculated 
poison fraction is Jess than 2%. Allowing the xenon 
pc'tAHiing 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 that the mass transfer coefficients used in the 

calculations are conservative and that die effects may 
not be this great. 

As indicated in Fig. A.2, a 5-mti surface layer on the 
graphite having a permeability of I0~* cm*/sec for the 
coating is enough to permit the sparging system to hold 
the xenon poison kevd to the target value of 0 5%. This 
degree of sealing has been achieved with pyrorytjc 
carbon, as discussed in Sect. 3.23. The serviceability of 
sealed graphite and the cost of the seating are yet to be 
resolved. Plugging of the graphite pores by a vactram-
pube gas irnpregnatJon process produces a tight surface, 
but under neutron irradiation the permeability increases 
very rapidly, and dimensionai changes are apparently 
accelerated above the rates obtained with unsralrd 
graphite. Deposition of pyrotytic carbon on tnrciinfin 
in a flukfaed-bed furnace gave coatings 3 to 5 mils 
thick with permeabilities of <10~* cm* /sec Irradiation 
tests of these specimens are encouraging, but the 
coatings are relatively easy to damage by lumdhng 

I f the target xenon poison fraction cannot be attained 
and a longer doubling time must be accepted in any 
event, consideration can be given to de?a> *̂** the 
reactor for laminar flow in the core. The po ver density 
must be reduced considerably, and this increases the 
doubirog time because of the larger core volume, but 
the bleeding gain is not as dependent upon scaling the 
graphite. The lower power density would increase the 
graphite life ar.d reduce the frequency of graphite 
replacement, although this fact'* may have limited 
importance, as dcrosad below. 

16.2.4.2 Useful Efc of grant *e. The lifetime of the 
graphite is limited by the requirement that it be 
insperraeable to the fuel salt. As explained in Sect. 
3.2 J , this requirement is rea Jily met when the graphite 
i» new, but there is an uoc jtainty §§ io how long the 
graphite •/ill remain imp* Tneebie under fast-neutron 
irradiation. In the absence of conducive measurements, 
the usefjl life of the graphite in the MSBR has been 
defined as the point at w/uch the most highly irradi ited 
graphfte in the core expands past its original density, 
'iris jppears to be censervative in that the graphite 
probiUy remains impermeable to salt to someiyhat 
beyond tins point, /in additional conservatism in the 
reference design vm the assumption that the MSBR 
grrjptute would last no longer than commercial grades 
cjrrently available, improved graphites with consider-
tb\y longer hfe cr-uld result from the development now 
in progress, altfovgh probably not to this point of 
lasting the 30-yar life of a plant at the proposed power 
density. 

Replacement of the core graphite entails not only the 
periodic ex feme for new graphite but also the capital 
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coat of a reactor design which permits core replace
ment, the maintenance equipment, and the expenses 
attend an! to handrjog the highly radioactive core 
material. Once die investment is made in the special 
provisions for graphite replacement, however, the elec
tric power production cost is not very sensitive to the 
lephgessesi interval required. As shown in fig. 153, 
ftere 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 mat can be accommodated in 
the 0.8 pt*nt factor, if as outage of many months is 
required for graphite replacement, the power cost 
would of course be more sensitive to the graphite life. 

163.43 dapaist cost. The costs shown in Fig. 153 
and those given fjarohere in this report are based on an 
instafled cost of graphite of S9 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 
graphite against xenon prove to be expensive. Figure 
15.2 shows the effect of the graphite price on the 
power production cost, based en 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 
mS/klfhr. 

163 SYSTO^ AND COMPONENTS 

163.1 Reactor 

Hie conceptual design of die reactor core and vessel 
was carried only to the point of indicating feasibility 
and performance. A more detailed study would un
doubtedly disclose some problem 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 are in the procedures for 
replacing the core graphite. They will be discussed 
separately in Sect 16.$. 

Some of the aspects of the reactor design that will 
require particular attention before arriving at a final 
design are: 

i. 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 damsge 
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. 

2. The core hydrodynamics needs to be studied, 
using models, to check the flow distribution and to 
eMmmate any tendencies that may exist for flow-
induced vibrations. 

3. The methods suggested in the conceptual design 
for accommodating duscssiofiaa changes in the graphite 
will require more detailed design. 

4. The exact number of control and safety rods needs 
to be determined. The drive mechanisms for die rods 
have not been studied in detail, but since a fast-
scramming action is not necessary, the requirements do 
not appear to be stringent. Dimensional changes that 
occur in the control rod graphite can undoubtedly be 
accommodated, but the expected life of the rods and 
the means for replacement need to be studied in more 
detail. 

5. The methods proposed in the conceptual study for 
mounting the reactor vessel and making the top closure 
will require more detaOed design. The earthquake 
resistance of the reactor support system was indicated 
to be satisfactory in preliminary stores, tut a more 
comprehensive analysis is needed. 

163.2 Praaury Beat Exchangers 

Although not a serious factor, 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 in 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 about 13. 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 ?tss would 
lengthen the doubling time, the feasibility of the MSBR 
is not contingent upon preventing this smaH increase. 

1633 Sett Grcalatioa taps 

The salt circulation pumps used in the MSRE and in 
test loops have perfonned well, and thw manufacturers 
believe that they can be extrapolated to the capacities 
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needed in ar. MSBR with few development difficulties. 
The larger'ize can probably use an overhung shaft and 
impeller to efcrinate the need for a lower bearing 
operating in the salt, but this remains to be demon
strated. !f the lower bearing is required, salt bearing 
development work already accomplished at OKNL 
appears promising. A disadvantage of use of the 
salt-'.ubricated bearing is that the pumps could not be 
opf.rated to circulate gas during warmup of the system 
before it is filled with sait. In this event the startup 
equipment and procedures would have to be revised. 

16.3.4 Drain Tank 

The primary drain tank approaches die 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 die pump bowls, use of jet pumps to 
return the salt to the primary system, and employing 
die drain tank for holdup and decay of offgases are afl 
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 sait letdown and pump-back arrangement 
The modificatioas are not likely to increase the 
complexity and cost, however. 

For the drain tank design proposed in this report, it 
wul be necessary to evaluate the performance of the jet 
pumps and possibly to substitute centrifugal pumps; 
investigate the radiant heat transfer aspects; carefctty 
consider the behavior of nobk metal fission product 
particles brought down with the off-gases; demonstrate 
die reliability of the coding system; and provide the 
required mean* for inspection and maintenance. As 
indicated in Sect. 6.4, a NaK cooling system for the 
drain tank may be superior to die proposed salt cooting 
system. Otfier improvements are likely to result from 
more detailed study of the design. 

16.3.5 FueJ-Saft Drain Valve 

The reference MSBR design proposes that the "valve" 
which provides positive shutoff to hold the fuel salt ir 
die primary circulation system, yet which can b; 
opened fairly qukldy to allow the salt to flow into tt« 
drain tank, be of the freeze type used successfully in 
me MSRE. The MSRE "valve" consisted of a Tatter *d 
section of the 2-in. drain line provided with extend 
heaters and coolers. It is to be noted, however, tirat a 

single drain boe for the MSBR would be 6 in. in 
dameter, and since the ability to freeze a pipe decreases 
rapidry with size, it poses a markedly different problem. 

The direction the development of an MSBR freeze 
vafcw will take is not known at this time. One possiburty 
is that it wfll have the appearance of a smal sheft-aad-
tube heat exchanger with the salt flowing through the 
tubes. A mechanical-type valve rrith the seat chined to 
provide positive sbutoff may also be considered. 
Development of a suitable positive shutoff device 
appears generally within present technology and is not a 
major uncertainty in die MSBR design. 

163.6 GaKO«rmml^«4act Removal System 

Fission product gases wul be purged from the 
circulating fuel salt by mtrodudng hefaum bobbles in a 
side stream and subsequenfly suipping the gas from the 
system. The bubble generator and bubble separator, 
described in Sects. 3.9.2 and 333, have been tested on a 
small scale in water, and die concept appeais to involve 
few major uncertainties. Development of lamer size 
equipment and testing in salt w 9 be required, however. 

163 7 OtT-Gss System 

An off-grs system is proposed for cleaning up the 
helium purge gas so that it can be recycled, foi holdmg 
up the xenon and krypton to alow decay, for gathering 
the fission product particulates, and for trapping the 
tritium, Vleans wffl have to be provided for doposal of 
the coifceted ramoaenve nnterials. Although me MSRE 
provided considerable background of experience, addi
tional ievelopment vnH be needed for «he components 
in the MSBR off-gas system. The ctarcoiJ traf*, heanm 
compressors, particle traps, etc, must be effectively 
cooled io remove decay heat Al areas appear arnenabir 
to 'urther study and development, however. 

The conceptual design propose* that the iadknctive 
f neons wastes from an MSBR be collected in gas 
cylinders for long-term savage and decay. Whether the 
bottles are stored at the MSBR plant site or at other 
sites, approved equipment and procedures most be 
developed for handling them. 

163.8 Steam Generators 

Although there is no specific operating experience 
with a once-through salt-heated steam generator of the 
type proposed for the MSBR, experiea^ with swmar 
heat transport fluid* and with stein: ae»»er-tors de
veloped for other reactor types lead* to the cooebsion 
that design of the MSBR units is within present 
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tecaawtogy. A plan for ammtiial study and develop-

by OKNL 
If me coohmt salt accidentally nixes win me steam, 

mete sse no ntriUnmm reactions, although a blowout 
dak ami be provided to relieve pnaimi buidup in the 
coomat-satt circuits. 

Ike lowest auViwable feedwater temperature for the 
steam generator semsma to be detenmned cxperi-
meataly. The 700°F value assuwcd in this design sudy 
pvouaaiy cm ue lowercu wuuoui. cammg exfiiuvc 
freezing of coolant salt m the steam geaerators. 

The steam generator tubmgmust be compatible vim 
f^e •Mh-wc^BMK. •Mfe-e^BM^n^BBe SBMM <w the aMde 
of the tubes and with the coolant salt on the outside. 
As JmuauJ m Sect. 16.23, the coaumtibmty of 
llaili In / N with sodium fiuoroborate salt is exceaeat, 
provided that water is excluded from the secondary 
system. The compatimtry of the metal witA steam also 
apatmi excdfcat, but testing is not yet complete. In 
the unHoery event that u e results are unfavorable, 

as mccvoy 800*' could be used. 

163.9 ImtimvmmmmiaadCmmvjb 

Section 10L5 outlined the development problems 

and controls system that must be located m the high 
ambient temperatures of the reactor md dram tank 
com. Wiring, connectors, and ceB waM pecetrations wS 
seqaire special treatment, and the nuclear detectors 
were mrntioned s porticfflar problems. While the 
specific meawuo to be taken me uncertam in many 
jurtanm, ncue are judged too severe far reasonable 
solution. A MnD beck" position for many of the 
components is to install mem fn cooled compartments 
within the reactor cell. 

The stability of the control system during transients 
and the procedures for startup, standby, and shutdown 
have leceived only purliiiuimry study. While the need 
for detailed investigation is apparent in many areas, 
none have been singled out to date at presenting a 
major prowem. 

ff reheat is employed, as proposed in the reference 
design, the coolant flow wnl need to be proportioned 
between the steam generators and the rebeaters to 
achieve the required exit steam temperatures. Valves for 
mH service have received relatively little development 
Sac* the requirement is for proportioning rather than 
positive shutofT, however, development of a mechan-
kaMype valve such m those already in me on salt loops 

appears to be within present techaokgy. A ftm&Mype 
valve amy have premise, if valves prove unpractical, 
separate variame-speed coolant-salt pmops can be used. 

Ifc3.lt t^mg and Emu>n»em Supports 

The piping flexibility analysis for the reference design 
was made on the baas mat the reactor vessel is 
anchored and that the heat cxihaagcu .Jid pumps can 
move with the only restraint being the vertical hangers. 
However, the flexuaniy of the system must be con-
troled daring an earthquake or after an accidental 
break to prevent wlupping or other excessive movement 
of the piling. Comvatkunl hydraulic dmhpots used to 
il^mfii rapid BKvemeaU would not be usable because 
of the mgh temperature in the reactor cell. Dumpots 
vmt need to be developed which use gases, molten salts, 
or pefiet beds as the working medium, or cooling 
systems for the conventional dampots vna need to be 
devised. The maaifaimm of this type of equipment 
have not been consulted to date because this detail of 
the design has not appear"! to be one of the major 

The coacrc*irJ design cam for the major equipment 
to be atipendrd from the cell roof structure. The 
suppmls have not been designed, but the uncertainties 
do not appear to be mqor ones. A detailed seismic 
analysis needs to be made of the entire reactor plant 

163.11 GelGeastructioa 

The cell wal construction proposed in the reference 
design represents jusi one possible arrangement for 
satisfying the requirements of protecting the concrete 
biological sluekang from excessive temperature and 
radmnon damage while at the same time providing, 
thermal insulation and a doume-waDed containment 
that can ue leak tested and monitored. Subsequent 
studies have mutated that the reference design may be 
overcautious in das respect Use of electric resistance 
heating elements for bringing the cefls up to the high 
operating temperatures also may not be the most 
efficient arrangement fn general, these design aspects 
represent optimization questions rather man major 
uncertainties. 

16.4 TRITIUM CONFINEMENT 

Tritium production and distribution in the MSBR 
were discussed in Sect. 33.7. There is little uncertainty 
in the calculated rate of production oV2400Ci/day,an 
amount that is far more than could be permitted to 
escape to the plant surroundings. It is not dear at this 

http://Ifc3.lt
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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 piowkms for tritium confinement, the esti
mated concentration in the condenser cooling water 
felting the plant wovM be below the current MFC for 
release to uncontrolled areas (see Sect. 3.3.7). It will 
certainly be required, however, that the release rate he 
reduced as far as practicable. Added to the "minimum 
practicable" criterion will be the compelling require
ment that the tritium release from an MSBR not be so 
gieat as to offset other advantages that the concept may 
have. This latter 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 ccnsidention 
for holding the tritium release rate to below the value 
calculated for die reference design. Until the results of 
various measurements and tests now under way become 
available, however, a decision as to what special tritium 
confinement modifications should be incorporated in 
the MSBR cannot be made. Some of the measures being 
studied are discussed below. 

Gas spvging 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 
sohibuity were assumed in the calculations. Increasing 
the helium sparging rate and reducing the U** to U4* 
ratio would take out more tritium with the primary 
system off-gas. Lowering the U** to If* ratio, however, 
would tend to increase corrosion, although perhaps not 
seriously. In any event, taking these measures in the 
primary system may not reduce the tritium release rate 
as much as wiD be required. 

It appears that injection of 1 to 10 cc/sec of HF into 
the coolant salt would be quite effective in reducing Che 
amount of tritium that could transfer h.to the steam 
system. The major uncertainty is the fraction of 
hydrogen fluoride (or tritium fluoride) that would react 
with the metal wall. The loss of the metal would be 
tolerable, but the reaction could release atomic tritium 
mat would diffuse through the wall. If th<? 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. 

Reaction of tritium v/ith trace constituents in the 
coolant salt is being explored. Consideration has also 
been given to changing the heat transport fluid to one 
that wotsld positively trap tritium. As explained in Sect. 

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 
tint discourage their use. 

In principle, the most straightforward way of re
ducing tritium transfer to the stem would be to use 
heat exchanger tubes less permea.ile to tritium. Few 
metals tint can be considered, however, are msch less 
permeable than HasteUoy N, with perhaps the excep
tion of tungsten and molybdenum. Although use of 
tubes coated with these metals would introduce tech
nical difficulties 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 sealed steam 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 additional system wouid use a 
fluid, such as If tec, that would positively trap the 
tritium. Hitec is a commercially available, widely used 
heat transfer salt with the composition KNO -̂NaNO?-
NaN03 (4449-7 mole %) that would chemically react 
with the tritium. (If the additional loop is used, an 
interesting possibility is to use 7liF-BeFj 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 7Li 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 
by 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 wouid 
eliminate the need to preheat the feedwater to 700°F 
and the reheat steam to 6S0°F. One uncertainty, 
however, 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 tritium 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 expect that acceptable rates can be attained 
without serious economic penalty. Certainly, use of an 
additional heat transport loop would practically elimi
nate diffusion of the tritium into the steam system. 
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1&5 CBEMCAL PROCESSING SYSTEM 

A g -Uana^aftft^ul f^kjuaanjpn*ana^kak# mruaT lananMannnmV *mTmtfa n^af**vmmnl 

aeatiuna in a inolten-salt reactor is the rapid piouasag 
of the Awl M to remove fiscjoa products and 
protnr tiniMMi. Xeaoa aad krypton CM be rawed by a 
physical separation process (as described is Sect 3.9), 
bat the isolation of protactioma aid the removal of 
me earths require that the fuel salt be chemicaty 
processed. Neutron kaaes to rare earths are acceptably 
low if their removal cycle is on the order of a month or 
so, bat the cycle time fox protactinium isolation needs 
ID be oa the order of a few days (see Fig. 16.1). 

The chemical processing mast be (1) fandatnentaHy 
sound, (2) practical, aad (3)ecoaosakal if the htSBRs 
to be successful. On the first point there is little room 
for doubt. There are several chemical processes having 
equmtiria and rates which ase wefl known add favorable 
for MSBR application. The ones proposed is ! ^ MSttR 
reference design include fluormation, rrydrofhaori-
nation, and various exchange reactions between fuel salt 
and liquid bismuth and between bismuth and other 
salts, such as tithium chloride. There are sufficient data 
at hand to assure that these processes are chenncaBy 
sound. 

There is less assurance of the practkabflity of the 
contmuow processing system described in Sect 8. Ilort 
of the operations involved have to date been carried out 
only in small-scale experiments. Development of com
ponents and iiistrunientatics r in the earliest stages. 
Although the re. .-,•$ to date have dbdosed no insur
mountable obstacles, several problem areas have been 
identified and are discussed below. 

T - P» moccsME c jjumr* 
MOO 900 WO SO » 5 1 

»0"» 10-* W Kfi 

n»«CTKM OF *"P» ftCMOVCD K » 0»T 

Ffc. 16.1. Effect of * 3 3 P * caprare n proccMiflg rate aad fa« 
mtcific POVMT. 

The most banc problem is that of materials for 
equipment which is exposed to both teanath and salt. 
As iiplaimJ in Sect. 8, nvorybdtnum has qurte satis
factory coiicaaun icuilaacf and appeass to be the best 
overai choice despite the anasaal uiotjauuA of designing 
and fabricating joints in tins metal. Development has 
progressed far enoagh to give reasoaable astarance that 
these problems can be overcome and the remaned 
equipment can be bait. The fabrication costs for 
molybdenum systems are stiB uncertain bat are sure to 
be high. Thus there is an ctcwomk incentive for 
eammatiag the need for airily bdf nam. earner by rtrag 
mg to another process or by ckvekmiag an ahei native 
material (poeahly graphite). 

The use of hiiiaaih in the salt pi nulling requires 
depeadabk measure* to prevent accidental gross or 
chronic smaB caiiyovci of btsmath in the salt returning 
to the reactor. A clrawap device for removing hiimath 
exists onfy in concept. Inforanmon is needed both oa 
the prifnimamr of such a device and on the tolerance 
hnais for bismuth m the fuel sah. If dependable, 
adequate cleanup of the lermmng salt should prove to 
be impracticable, it would be accessary to ante* 
substantial changes from the process Ascribed in this 
report. 

Corrosion protection in the flaorinaior lequau a 
layer of frozen salt on the wait Smaftecale develop
ment tests aaficate that the requisite frozen layer can 
be cttahlrshrd, akLcugh rehable control of the thick
ness may be dtftkah. Therefore orcasJOMl loss of the 
frozen wall must be anticipated. If the vessd B made of 
mckd, formation of an adherent NF* layer would be 
expected to famt corrosion, so that occarioial faihni of 
the frozen-waD protection (on theorderof oncea week 
to once a month) could be tolerated. Therefore the 
frozen-waD floorinator mould be practical to bafldaad 
operate. 

The varying, sometimes intense, sources of decay beat 
due to the concentrated protactinium and fission 
products in the processing plant wii manse caiefaly 
designed coating systems. In the reference design, 
however, the radioactive materials are always in solu
tion, so there is little or no chance of focal hot spots 
due to beat-generating sediments. Design of a satis
factory cooling system should therefore be frariblc. 

The performance of the MSBR as a bveeder is 
sensitive to uranium losses in the identical proorWns 
plant. Although there has been no pilot plant operation 
to measure losses in • rjnirm lilt thir. mini inmnnibh 
judgment is possible. The probable leases ate not 
directly rebted to the throughput of salt or uranium, 
since nowhere in the process does there appear to be 
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the poteatial for grades!, irrecoverable bafldap of a 
it fraction of the nra&iam passing throagh. 

ant coasidei the various materials leaving 
the plant and niiasatr boar saach maniam (or profac* 
tawem) neght be carried oat with them. The flowsheet 
(Ftg. 2.4) shows three saa# ftcard streams: salt from 
the Fa decay system. H i carryiag the diwfcat rare 
earths, and aVLi canyiag the trivalent rare earths. The 
amoaat of eramnm in the aVLi discard streams should 
In aisjsjjlililiwi if llai si I ihi i m llir lasniaai 
coeJd be recoveied rather simply by IrydioflBortitstmg 
the bVLi in the preseace of salt from the fa decay 
system. The salt discarded from the Pa system wsr be 
••w^w^awaaaawa^n ^ a ^ ww^fc^w^"v^*n w^Bovjnonwaav^p ^wa aa aevnovjiew ^^^w' * OOVVJ^PW^^O 

almost identical to that carried oat sacccssfafly in me 
a B R E . , , $ The MSRE experience indicates that the 
MSBR losses in the ducatded salt shoald be on the 
order of 0.2 kg of U per year, ftobebry more 
sajpefkaai. and certainly aaore dURcalt to predict, are 
theamoaatsafaraartaathalwabedfcKard 

as the replacement of t%F 

The 
treat a 

it to the 
and the 

to eon-
of the feel safe and retarn 

the other. Cheta/caS aamt operation can be i 
for stasia! days arith only aanor effects on reactivity 

maace, bat if tbemarareaoioloaaed 

aoald caaae the prcwecoor J * " U to 
fan below the consanvatJon rate. Tm? reacim wooM son 
^FeT#e*eWoe»' vTJo* • a>a^BpT^*flaarav a«^Ba«*^aT#v7cW» •AYrmrwsTo* 99 vr^aaaaoTt vT-a> v 

ccntd be kept rennmg fbt atvital years arithovt 

or FaF)) Usfoanh simple attainment that asast be 
provided for this neneonaij Sparine iafornaniua on 

of the peocenneg system wm not be 

AHhoagh the reactivity effects of es*tarbetp9ntmme 
naaVm aar eaaiy aeaeeeaaett. it is 

that they be laidtinniil m the a g o * it whT 
be aaosmary to ammejamt any tralj 

occar faam the cfVeco of < 

foal dae to an ami evataiinej. The usahi of 
a coommte aetsrneaeJon of a * flow between the 

t) and coaU be talcaaiul by aa 
the aoeoemty of wjrmttons m the 

ntioa of the salt contmaoasly flowing back iato the 
reactor rcqeires that concentrations and in* 
the processing plant be aseasared. The cheanc 
pioccdaici now in ase are accarate bat 
On-one analytical icihaiaoci that 
inpats to a luntpnier are needed. If 
dlfrkoli to develop, m alternative vAndd be to ease the 
analytical demands by interporing paraaVI lejldnp tanks 
between the pirursiam pmnt and the reactor, so that 
batches of processed salt coald be sanssted and ana
lysed before beam pmaped back into the fad 

With regard to the third reqamtt for the 
plant, that H be economical, the capital and 
costs for the MSB* cheana 
estimated for the canently 

it 

bat as of this writing. detaaVd 
winch to base 

The cost 
are therefore mate bane. Conceivably, the 

Cm descsmed m tiut mwart) 
anatiractiw. la tins cane it wonV be 

to prodace towrr uat power by 
a lamVajam coaaimi with a 

The aMmatt ami of 
coam ae leanaeo aner wnen a 

of dam at present is the 
wakh exploits ihi dhTtainiii in 
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Appendix A 
Theory of Nobie-Gas Migration 

R.J.Kedl 

INTRODUCTION 

Noble gases, particularly xenon, have an extremely 
low solubility in fuel salt. The araount that does 
dissolve form a true solution; that is, there is no 
chemical interaction between the noble gas and salt. 
Trot being the case, one would expect £cnon and 
krypton to migrate from the fuel salt where they are 
bom to various sinks in accordance with the laws of 
mass transfer. Tim implies that the mess transfer 
coefficient controls the migration rate. The ssaks will be 
comprised of any salt-gas interfaces available to xenon 
and krypton, such as circulating bubbles, the voids in 
graphite, and the gas S}«ce in the pump bowl. Other 
sinn are demy and burnup. An analytical model was 
developed for tte MSRE based on this concept, as 
reported by Kedl and Hwitteei. , , i Another analytical 
model, complementary to the above model and specifi
cally applicable to the vary shortlived noble gases, was 
reported by Kedl,1 * 7 and it agrees well with data from 
the MSRE. The more general modal checked out fairly 
well under some operating conditions but not so well 
under others. With argon as the cover gas, measured and 
computed m X t poison fractions are in substantial 
tgreemes: ovir all ranges of circulating bubble void 
fraction. With helium as the cover gas the agreement is 
good at high void fractions, but at low void fractions 
the •newsured value is considerably less than the 
calculated value. The analytical model would predict 
wry little difference, if eny, with helium or arson as the 
'x>ver gat. This discrepancy seems to be associated with 
the difference in *olubihty of helium and mrgon and its 
interaction in some way with bubble mechanics. Never* 
theleet, the abovi analytical model will be used for 
MSBR design calculations; if in error, the design should 
be consenative as far as > S 9 X e is concerned. As the 
model is improved, these calculations will be updated-

THEORY 

The steady<cttte analytical model involves a rate 
balance oa the noble gas m fuel salt and a fuei loop 
with the characteristics of a wesVctimd pot: 

generation r«ic * decay rate in salt • 

butnup rate in salt • rasjration rate to graphite • 

migration rate to arcutabag bubbles, 

wnere 

migration rate to graphite • dstsy rate i.i graphite + 

burnup rate in graphite 

end 

migration rate to circulating bubbles » dacay rate in 

bubbles+burnup rate in bubbles + 

stripping rat? of bubbles. 

A typical migration term can also be represented as 
follows: 

migration rate to bubbles • hA{C - Cj), 

where 

h • mass transfer coefficient, 

A * total bubble surface area, 
C • concentration cf xenon isotope dissolved in bull; 

sal., 

Cf • concentration of xenon isotope in salt of bubbtr 
interface. 
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These equations ire exrmiaed ia detal tnd each term 
is collated (for the MSRE) m ORNL-4U9. 1" The 
mass traatfer cuvftscssts haw bees evaharted from 
itindaid rcntfcmshipt for heat transfer coefftcteots aad 
as* of the heaUiaiiff r-iaaa tumftr analogy, la the 
first tqoation. -bsvaabow, UK term oa the left of the 
eqadity aga n a coastaat at a gr*en power ami. AM 
t«nmo^^ri|Rtsidcofthee({tafitycit^«refaoctioas 
of the , , $ X e concentration dfeofted ia salt. Tat 
coaoeatratioa therefore *sy be sohtd for. Kaowiag 
this, the rate tens aad the , , s X e poisoamg due to 
xeaoa in tin sah, babbits, aad graphite can be 
rsaapated. The wjlaes for l , s X e pcmoamg art 
presetted ia this report ia tanas of the **poisua 
iiacuoa, which is dcfmed as tht aatastr of atatroas 
abtorbtdby '"Xeccmamadwrth tat total Maahtr of 
««acroat (fast aad thtnaal) absorbed by * " U . Tht 
reactor paraaatttri used here art Esttd ia Table A.1. 
The wJuss assy not be exactly tht suae as those astd 
elsewhere ia this report, bat they are svfficitatly dost 
aad ao great trior is hwoNtd. 

Very early * tht MSB* coactptaal amlga* it was 
dtcidtd that babbles woatd be iajccitd iato At rati 
loop at tht core discharge aad rtawwjd at tht core 
mitt. Tat obytctm was to keep the cort aoaaaaay free 
of babban aad that awjid aay eflscts that they aright 

TBweA.1. 

.awjW 
hi aMHeap.fr 

haw oa reactivity. 

I* 
tol 
«.gx I t 1 * 

4*X i t * 4 

MX i t 1 * 

•Jx ia* 4 

; • * i t 1 4 

m\ 
as 
M I x i t * ' 

11$ x !•"* 

thirty high p t f an drop auaajioaiati.aad or coarse tht 
axua fad pasap woaM haw to gtat?sss this head. A 
chaxgt ia gioaad rates thta afovad ap to 1% babblw 
by wjlamt of salt ia tht cort. Tab* greeny saapafiad tht 
proasesa oecaase a penaniea on oaoases to caxaane 
astay thats aroaad the fad loop aad let then approach 
mtantio*. Tat wjsaawtric flow rate of heaam ia tht 
oii'<gBS sysnsa n coaaweraocy reaacaa. aaa an aaaan 
gaaeratioa aad rtmowJ ccaapoaaats caa be pat ia a salt 
stream rather than ia tht nam loop pxamt, Tht 
flwuttnw BOW is how amav taaas bahalet caa at 
csfcvJattd aroaad tat fad loop baton they an ahaost 
satanttd with ' " X t . fdcamtioai palatial to thJs 
oistsiioa wan msdt, am) tat seaato art showa ia Rg-
A.I. Two Uaags ippanat from thJs figan an: ( I ) 
aafebtet can be ncarcatatad aboat 20 taaas aroaad tht 

to aawincaatly redact tat ttramaxt 

s J 

i 

it 
W.VOT 

SI 

Fb>A.i 

Lit tfBtaaca 
lM»etB CVCti 

ma 

Qaajhaa » * < • * • 
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eflacsnacy. ( I l k k tfec htak for At 10% recycle; 
tke fed patap opacified in 'UM itfcraact deaapa.) (2) 
Been with 1% ewjeaat wjkaaw of bobbin ia tkt fael 
loop aad wok t papkitt petavjabttty of aboot 1<T* 
en*Jaac, tkt target wiat of a • M X e poena fraction of 

at kick at 1% at* eawMakk, bjcmw* at tkeet 
coacantrttfes; aval bobbin land to -joakice. It aaay 
at aotod tkat a tkt aearajt loop void fraction at 1%, 
Ike awjoawjai wjid ftactioo at tlwawaw/taction walbt 
a law thwet patter bacatw of tkt ei ittaaI padianti in 
tkt IwnVtafc loop. 

it k deafeebk to bwp tkt average loop wjid 
alow I f * aaotktr atenot to attack tkt 

•*»Xt aroaaaaa maai bt lowed, flit woat ototoai oat 
ktoam«paaajiiwitkaawac^lo^atfpiiaaaaija^y,b»> 

coatd bt txaaenree end dtfkw* to obtain. H 

of aDâ aafaaaaMkv *—a*>̂  fc 
I) on tkt eortect of Waksr̂ aoraaaaMI 

Rgjart K2 aWac tkt itanjl* of tkk 
that* Tkt Bataawteci wait ckoeen to yiaW a eagh pokoa 
fraction taaaeoaknatahr l£HV. Ukk tkaat •aruwatn 
^^na^^^w^^v wĵ ae^w^w^^ '̂aw^wjw^^eAT * * ^ ^ ^ ^ ^ ^»^^^w ^ ^ ^ ^ ^ ^ ^ g^».^^^^^^^»^w 

akt cakaavloaa watt repotted to obtaki tkt tfatctc of 
ako) ptinwejeAty aad tMckntw of tkt aeawd lay*? c^ 

tkt poiaoai factnau la tbk calcaaetioa it was 
dan tkt void fraction k. papkitt awjawhle to nenos 

by oat oiafer gf nmcniliiilr wbea the per. 
daci Bawd by tw© orders nfmaipiiniiir 

It can bt aaaa tkat tke taiatt pokoa fraction of 05% 
k itadfly obtaiaable witk aa average carcahtiag void 
fiactmi of oaky 0.2% if orttinas with penaaabBitki of 
ICT* » * ^ art oee> a few awfetkkkcw^ attained. 
Work on the coating of asphalt has beta pfnnaiiag.ai 
dkcavjad by Batkar|y,v ssd ia Sect. 323 of 
report. For tkt ataouec of tkt MSBR deaam. it 
•^^•^F^P^ * * V ^ P * ^•^P»> B T ^ » J^^WP*P ^P« ^^^PW V^PAV^PPVi^ ^Pf^PV^PBfPtfi • • 

ooattd grenwjte wan bt awjnblt with 
of afcwat 10* oa*/ttc and a ftw oak 

wnctu ina C)WJBW (RBsator ̂ 88 sepaitxts war *8crssc«£ 
bt dttjgntd on tkt beak of 0,2% average void ia tke fwri 
loop, of bobbeee OJOQ0 ia. ia dbuatttr, aad a racyde 

thtyjaapoflO%. 
kaw/ brui aaade for U otkar 

atrt art over 30 
art akowa ia Taker 

A«2» aael tkt Haot tanas art dtfheed aa t^tj. A3. Tkt gat 
to aeewrate Tabet A^ watt 

to yeaM am e^wiwiait 1 , sXtpoa«m ftactioa of 
OiSfeV Tkt 9aaet waaid bt aboajt tkt saaat for aery 

owkkiatiBa of paiaawim tkat yield tke 
frtrttntt The aeiaj maataau aad ywkk 

la tkt Iktestwjt hot wart choeea tkkar 
of »«aat patwawJtyoc tktê aw êjfeer oodtor to 

awt aaaaet wf wardeaatifloaaeTwitTft.Hfftittlatt 
ia tkt caat of loea>kwjd »ottt aaaav tkt Has latotke 
fjakbltt k lata uaw tke tan ejot or tkt reactor. Tak k 

tkt itaetar aa akowa la tkt kaata. la tkt caat 
TeW wPWwWti^tww'kWef tjae^BBaaaj ^HBa^aea% wewtj aaaaaja^ aaaaajep twaaaj aB̂ BBBBBBw B̂BB aja} 

eke H n wat of tke reactor. Tkk rafjeccs 
«f paw darkaj gkak raeidaact tkat ki tks 

^_^^ 11̂ ^̂  ^I^B^ ^^ •̂dftjâ ^ â ^M^^^^ ^^^^>A ^^^^ ^̂ d̂̂ ^̂ kfâ ^̂ a aaa> ^^ar ^v&y a n v ^ ^ e w ^ w eaw^^ w^e ^ M W H U ^ W 
pot oaaaW k aot 

eke 

art ajat ta 

ej f tk t 
tkt 

witajakerf 
let two Ike 
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TaMeJLZ. Noble-gas i itiMMOttMSBR 

Decay 

1 3 S X e FtoisoB Fraction -- 036% 
Decay NoWe-Gas 

Noble-Gas Coastaat YieM Groat NobfeCas NobfeCas NobleCas Flux to 
Isotope Used i t fiw»M3U Sectioa F l u to Flax to Flax Oat Hcfimn 

41»_.™1^ (fractioa) dans) GnphHe Babbles of Reactor Cleamtp 
(•t *) (atoms/hr) (atons/hr) (atoms/inr) System 

(atoms/br) 

• 2 K r UOXIO" 5 0.003 4S.0 1.24 X I O 1 " 1!1 X 10 2 1 1.05 X 1 0 2 2 111 X 10 2 1 

M f c 1J0 X 10"* 04114 0 245 XlO 1 * 1 3.00 X 10* ' 1.50 X 1 0 2 2 340 X 10 2 1 

M K r 1J0 X 10" 5 00110 0.160 181 X 1 0 n 190 X 1 0 2 1 1.45 X 1 0 2 2 190 X 1 0 2 1 

• 5 « r 7 J5 X 10"* 0.0249 0.096 4J67 X 1 0 " 6.56 X 10** 3 J8 X 13 2 2 6.56 X 10 2 1 

* * & ! 4 X 10" 5 0.0328 0.060 8.27 X 1 0 1 1 844 X I O 2 1 4.32 X 10 2 2 • 4 * X 10 2 1 

• 7 b 0547 OJMSO 500.0 7.15 X 1 0 " 1.10 X 1 0 2 2 1.11 X 10 2 2 8-35 X 10 1 * 
M K i 0J41 04570 0 841 X 10*' 1-40 X 1 0 2 2 1.70 X 1 0 2 2 7.72 X 10 2 * 
• • & n i l 04623 0 9.49 X I O 2 * 1.14 X 1 0 2 5 8.16 X I O 2 ' 0 
»*Ki 75* 04555 0 5.66 X 10 2* 4.74 X 1 0 2 1 1.43 X 10 2 1 0 
• ' & 2494 0.0410 0 128 X 1 0 2 ' 1.44 X 1 0 2 1 147 X 10 2 * 0 
• * * •310 0.02% 0 6.96 X 10 1 * 3.53 X 10 2 * 1.33 X 10 1 * 0 
M f c 1230.0 00142 0 143 X 1 0 " 1.17 X 10 2 * 3.02 X 1 0 , § 0 
~ K i 249*4 0.0062 0 5 4 2 X 1 0 1 - 157 X 10 1 * 3.32 X I O 1 7 0 
* * & 24904 QL0019 0 L78X10 1 " 7.87 X 10 1 * 1.02 X 1 0 1 7 0 

" * * 1J0X1O"5 0.0020 1.50 1.30 X I O 1 1 5.27 X 10 2 * 243 X 10 2 1 5.26 X 10 2 * 
' **Xs 14 X I O - 5 04002 ISO 1.36 X 1 0 1 4 540 X 10 1 * 150 X 10 2 * 4.99 X 10 1 * 
«*»X. 14 X IO" 4 OJ0210 0 1.16 X I 0 1 " 5.53 X 10 2 1 176 X 1 0 2 2 5.52 X 10 2 1 

l * * J U 14 X IO" 5 04010 150 7.38 X i d * ' 171 X I O 2 * 1.35 X 10 2 1 171 X 10 2 * 
» ' X t 14 X IO" 5 00303 120JO 3.16X10" 1.01 X 1 0 2 2 545 X 10* 2 1.01 X 10** 
, M * 1 4 X 1 0 " 5 04548 0J0 3.10 X10 1 " 1.44 X 1 0 2 2 7 J 0 X 1 0 2 2 1.44 X I O 2 2 

, M X e S.48X10 - 5 04648 1904 8 4 8 X 1 0 * ' 142 X I O 2 2 4.21 X 10* 2 6.47 X i d " 
, M 3 U 14 X W " 5 04683 020 347 X l O 1 1 140 X I O 2 * 8.98 X 1 0 2 2 1.79 X 10 2 2 

, * * X t §4753 04616 1.05 X10 4 i L 9 3 X 1 0 2 1 1.41 X 1 0 2 2 1.43X10** 748 X 10 1 * 
»>*X. 1 4 X 1 0 " 5 00700 0.15 3.94 X 1 0 1 1 144 X 1 0 2 2 9JO X 10* 2 144 X 10 2 2 

"*x. t J t • 4 7 1 * 0 104 X I O 2 ' 1.34 X 10** 143 X 10** 0 
» * • * 1446 04663 0 2 4 2 x 1 0 " 1.45 X 10** 1.35 X I O * 2 0 
I S S ^ 6045 04493 0 9J81X i d " 1 4 . 7 5 X 1 0 " 146 X 10 2 1 0 
"•x. I S M 0*352 0 187X10** ' 1 .80X10" 3.12 X 10** 0 
• « » * 12S0JS 04180 9 3.73X10" * 1 .46X10** 3.71 X 10** 0 
» « * * 16604 04163 • 240 X I O " ' 140X10* * 154 X l o " 0 
• • » » 24904 •4817 • 144 X I O " 6.96 X 10 1 * 941 X l O 1 ' 0 
, 4 « x t 24944 •J091 0 746 X 1 0 " 190 X I O 1 7 3.76 X I O 1 5 0 

lot tha ninn than 
M8KE*tom**i 

is the cover gas. 

ooinpnted , 3 5 X e poison fiactkns are in substantial 
ayeeinent over all ranges of circulating bubble void 
fraction. With hefamn as the coter gas, the agreement is 
good at high mid fractions, bat at low ?oid fractions 
the ineasMcd poison fraction is considerably less than 
the calcnhtfd value. The analytical model would 
predict very little difference, if any, between the two 
coner gases. The discrepancy seen* to be associated 
with the difference in sorubSrty of hetituu and argon 
and the relationship between sohsbXty and bobble 

To nrostrate, usppvse hefivm babbies 0XX20 
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todefiae ia Table AJ . 

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 pri. If the 
bubbles are allowed to equilibrate with the salt, they 
will complete^ dissolve and disappear. In the case of 

f o ' P 

V 

5 * 

T«0 

n4*n i 

F%. AA 

«• «o* IO 5 

TIME MFTdl NC*CT<* SHUT! 

argon, the solubiity is sufBcieatiy low mat the bebble 
will not disappear but wii only compete* « sot. Of 
course, the bubbles are subjected to these keg* 
onlj x a few seconds, so the dissolution process i 
be quite rapid. (The entire loop cycle time is only, 
11 sec.) If the helium does dig live rnenpteMly. at i 
location near the pump suction the bobbles wilnnk&y 
nucleate and the gas come back out of solution. 

A questionable parameter in nobtfrges mjgritinn 
calculations is the mms transfer coefficient to bubbtw 
suspended in a turbulent fluid. A literature survey and 
analysis was made of this parameter by PeabSea ' " H i 
concluded that the mast transfer coefficient wil fal in 
the range of 2 to 13 ft/hr depending on whether the 
bubble has a rigid or mobile interface respectively. A 
program is currently under way to dataimine tMs 
parameter for turbulent flow in a glycerol wj.et sad 
helium bubbie system, A mam trosfer coefficv«nt of 
2.0 ft/hr has been used in the design ctfouVtiocs 
because the smaO helium bubbles in molten «lt aft 
expected to have a rigid interface. Use of this coef
ficient abo tends to make the• " X e poisoning cakntor 
tions conservative. 
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Appendix C 

Equivalent Units for English Engineering and International Systems' 

Quantity English engineering 
units 

Multiplier to 
obtain SI units 

International 
system (SI) units' 

Area ft 2 0.0929 m 2 

Density •>/ft3 16.027 kg/m3 

Force* t> 4.4481 N 
Heat load Btu/hr 0.29J W 
Heat rate* BtukW^hr - 1 292.8 X 10"* J W ^ s e c ' 1 

Heat transfer coefficient Btuhr"1 fi~2CF)~l 5.67 W m ^ f K ) " 1 

Length It 0.3048 m 
"Mass" flow rate l>/hr 126 X 10^* kg/sec 
Power hp 745.7 W 
Pressure pa 6894.6 N/m 2 

Quantity of heat* Btu 1054.7 J 
Specific heat (heat rapacity) Btu B)" 1 ( ° F ) " ! 4187 J k f - V K ) " 1 

Specific speed (pumps) ( r p m X g p m ) 0 5 

(ft)° 7 5 
2.027 X 10~ 3 

(radians/secKm3/sec)os 

On)*7* 
Stress P» 6*94.6 N/m 2 

Thermal conductivity Btu hr"1 ( F)" 1 ft"1 1.731 W m ' ' ^ ) " 1 

Thermal expansion per°F 0.555 per'K 
Velocity (linear) fps 0.3048 m/sec 
Velocity (angular) 
Viscosity" 

rpm 
lb hr"1 ft"1 

0.1047 
0.4138 X 10" 3 

radians/sec 
N secern" 2 

Volume ft 3 0.02832 tn 
Volume flow «P»»» 63.1 X 10"* m3/sec 
Weight equivalent t> 0.4536 kg 
Work ft-Ib 1.351 J 

Table S.l 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). 

= IA« -a _ '1 N = 10' dynes = 1 kg m sec * = 1 J/m. 
:1 J = 2.778 X io"* W-hr = 0.0009482 Btu. 
l l N s e c m " 2 = lkgsec" 1 m - 1 . 
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Appendix D 

Cost Estimates for the MSBR Station 
Roy C. Robertson 

M. L. Myers 

Table D.l. Estantedcoustractkm coat for MSBR power static*" 
Based on January 1970 costs 

Account 
No. Item 

Cost (thousands of dollars) 
Materials Labor* Total 

20 Land0 (see account 94) 
21 Structures and site faculties 

211 Site improvements 
212 Reactor bidding 

212.1 Basic structure* 
Special materials (see Table D.3) 

Stainless steel liner at $1.20/Ib 
Carbon steel at $0J60/R> 
Insulation at $ 10/ft3 

111.1 Building services 
212.3 Containment structures at $2/R> 

213 
214 
218A 
218B 
218C 
218D 

219 

22 

Subtotal for account 212 
Turbine building' 
Intake and discharge structures 
Feedwater beater bayS 
Loading and set-down bay/ 
Offices, control rooms, etc. 
Warehouses and miscelaneous 

Subtotal for account 218 
Heat rejection stack' 

Subtotal for account 21 
Contingency: 5% materials, 10% labor 
Spare parts: %% 

Total for account 21 
Reactor plant equipment 

221 Reactor equipment* 
221.1 Reactor vessel' 
221.2 Control rods 
221.3 Graphite (see Table D.5y 

Subtotal for account 221 
222 Main heat transfer system 

222.11 Fuel-salt pumps 
222.12 Primary system salt piping 
222.13 Primary heat exchangers (see Table-D.6) 
222.31 Coolant-salt pumps 
222.32 Secondary system salt piping 
222.33 Steam generators (see Table D.7) 

Reheaters (see Table D.8) 

500 

3.3S8 

334 
1.850 
32! 
325 
1,900 
8,088 
2,200 
540 
1,720 
590 
450 
36 
2,796 
320 
14,444 
722 
76 
15,242 

565 

3,358 

143 
1,240 
137 
175 
1.900 
6,953 
1,800 
360 
1,410 
480 
300 
24 
2,214 
480 
12,372 
1,237 

13,609 

590 

1,065 

6,716 

477 
3,090 
458 
500 
3,800 
15,041 
4,000 
900 
3,130 
1,070 
750 
60 
5,010 
800 
26316 
1,959 
76 
28,851 

9,100 400 9,500 
1,000 100 1,100 
7,200 ivO 7,400 
17,300 700 18,000 

3,100 200 3,300 
300 129 429 
7,100 200 7,300 
4,200 200 4,400 
1,330 570 1,900 
5,790 480 6,270 
1,468 200 1,668 

Subtotal for account 222 23,288 1,979 25,267 
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TabfcD.1 (continued) 

Account 
No. Item 

Cost (thousands of dollais) 

Materials Labor* Tots! 

224 
224.1 
124.2 
224.3 

225 
225.4 

226 
226.1 
226.2 

2263 
226.4 
2263 
226.6 
226.7 
226.8 

227 

23 

Radioactive waste treatment and disposal 
Liquid waste 
Off-fas system 
Solid waste disposal (not fission products; 

Subtotal for account 224 
Nuclear fuel stones 
Primary dram tank (see Table D.9) 
Fuel-salt storage tank (see Table D.10) 
Salt transfer pump and jets 

Subtotal for account 225 
Other reactor equipment 
Inert gas systems 
Aiurihary boner* 
Cei heating systems' 
Coolant-salt drain tanks (see Table D. i ! ) 
Coolant-salt handling 
Coolant-salt purification system 
Leak-detection system 
Cefl coohng system 
Maintenance equipment (see Table D.12) 

Subtotal for account 226 
Instruments and controls 

Subtotal for account 22 
Contingency: 15% materials, 10% labor"1 

Spare parts: 1.5%" 
Total for account 22 

Turbine plant equipment 
231.1 Turbine-generator0 

231.2 Foundations 

Subtotal account 231 
232.3 Condensing water system 
233 Condensers 
234 Feedwater heating system 

234.1 Regenerative feedwater heaters 
234.2 Condensate pumps 

Boiler feed pumps 
234.3 Piping and miscellaneous 

Feedwater and condensate 
Extraction steam 
Drains and vents 
Mixing chambers 
Pressure-booster pumps 

Subtotal account 234 

45 IS 60 
350 150 500 
75 25 100 
470 190 660 

2,680 300 2,980 
643 70 713 
480 20 500 
3,803 390 4,193 

280 120 400 
2,550 450 3,000 
200 130 330 
765 35 800 
20 5 25 
125 25 150 
150 100 250 
150 150 300 
3,600 900 4300 
7^40 1,915 9,755 
3,200 800 4,000 
55,901 5,974 61,875 
8,385 597 
102 
64,388 6371 70,959 

19361 1,000 20,361 
225 225 450 
19,586 1,225 20,811 
1,100 900 2,000 
1300 700 2,200 

1,800 100 1,900 
180 20 200 
1,890 210 2,100 

900 900 1,800 
375 375 750 
125 125 250 
72 8 80 
585 65 650 
5,927 1,803 7,730 



179 

Table D.1 (coatntcd) 

Account Item 
Cost (thousands of dollars) 

No. Item 
Materials Labor* Total 

235 Other turbine plan* equipment 
235.1 Main steam piping? 1,700 1,700 3.400 
235.2 Turbine auxiliaries 250 200 450 
235.3 Auxiliary cooling systems9 600 300 900 
235.4 Makeup and treatment 320 160 4*0 
235.5 Condensate treatment 480 320 800 
235.6 Central lubrication system 60 30 90 
235.7 Reheat steam preheaters (see Table 0.13) 110 .25 135 

Subtotal account 235 3,520 2,735 6,255 
236 Turbine plant instruments and controls 330 170 500 

Subtotal for account 23 31,963 7433 39,496 
Contingency: 4% materials, 8% labor 1,279 603 1,882 
Spare parts 

Total for account 23 
220 

33,462 
220 Spare parts 

Total for account 23 
220 

33,462 8,136 41,598 

24 Electric plant equipment 
241 Swrrchgear 

2vl.l Generator circuits 100 30 130 
241.2 Station service 1.000 100 1,100 

242 Station service 450 360 810 
243 Switchboards 400 70 470 
244 Protective equipment 100 100 200 
245 Electric 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% 

Total for account 24 
Miscellaneous plant equipment 

40 
4.440 

40 Spare parts: 0.5% 
Total for account 24 

Miscellaneous plant equipment 

40 
4.440 3,560 8.000 

25 

Spare parts: 0.5% 
Total for account 24 

Miscellaneous plant equipment 

40 
4.440 

251 Turbine plant hoists 333 37 370 
252 Air and water services 490 330 820 
253 Communications 50 50 100 
254 Furnishing and fixtures 350 20 370 

Subtotal for account 25 1,223 437 1.660 
Contingency: 5% materials, 10% labor 
Spare parts: 1% 

Total for account 25 
Special materials 

61 
13 
1,297 

44 Contingency: 5% materials, 10% labor 
Spare parts: 1% 

Total for account 25 
Special materials 

61 
13 
1,297 487 1,778 

26 

Contingency: 5% materials, 10% labor 
Spare parts: 1% 

Total for account 25 
Special materials 

264 Coolant-salt inventory'' 500 
265 Miscellaneous special materials 

Subtotal for account 26 
Total direct construction cost (TDC) 

500 
1,000 
152,305 

91 Construction equipment and services at 0.8% TDC* 1,218 

921 Reactor engineering' 2,250 

922 Engineering, at 5.5% TDC* 8,377 

93 Insurance, taxes, r.tc., at 4.2% TDC* 6,397 

94 Interest during construction, at 18.58%*' 31,687 
942 Land interest during construction 

Total indirect costsw 

420 

50,349 
Total plant capital investment 202,654 



180 

TabkD.l (< 

"Estimated costs ire aot for first-of-a-kind plant bat assume aa fstaUwhrd moltea-salt reactor iidustry. Estimates are based on 
1970 prices. Private ownership is assumed, with a prevaiing interest rate of 8% aad a five-year construction period, 

factors of ap to 15% have been applied. The cost estimate follows format, accoaat numbers, aad procedures 
in NUS-531 (icf. 119). 

*Labor is for field erection. Shop and fabrication labor are included in materials. 
*For typical site at Amany, N.Y. Land cost included m indirect cost 
**As indicated in Table D.3, basic structures include al portions of teactor and coofinemerit buildings except dome, which is 

included in account 2123. Estimate is based on instafted cost of concrete of Sl03/yd3. 
*Bunuiag cost based on SLOO/ft3. 
/Bauumg cost based on $0.65/ft3. 
*Stackb400fth«h.BajedonS2000/ft. 
"Reactor shirtding is included with structures, account 212.1. 
'Average cost of Hasteloy N instated is about $ 14/fc (see Table D.4). 
'Average cost of graphite is about $ 10/» (see Table D.5). 
*Bott«caf»city-200^)00 i)/hr. 
feased on 9S0 cell heaters at $200 each. 
""Based on recommendations in NUS-531 (ref. 119). See text, Sect 15.1. 
"Does not include reptacemeut reactor core. 
"Based on tanden»<ompoiinded, 64km, 31-in. unit (Westinghouse price). 
PBased on 900 ft of hgh-pressure mains at 370 A/ft and $0.75/l>; and on 700 ft of reheat piping at 468 m/ft and $0.75/l>. 
'Service water systems. 
'Based on 1X 10* R> of coohnt salt at $030/fj. Salt inventory is considered to be depreciating capital investment. 
'From F«. C-i, NUS-S31, ref. 119. 
'From Fig. C-2, NUS-531, ref. 119. 
"Based on five years construction time-at 8% interest compounded annualy and typical cash flow curve shown in Fig. C-4, 

NUS-531, ief. 119. 
*Baacd on seven years ownership at 8% interest compounded annually. 
"Indirect costs amount to about 33% of TDC cost 

TaUeD.2. estimated fuel-cycle costs for the MSBR power station 

A. Estimated cost of ea^amimmimrentorywprinr^ 
Total weight of fuel salt in system: 1720 ft 3 X 208 = 357,760 lb 

Total moles of fuel salt: 357,760/64 « -5590 lb-moles 

Total 
7LiF: 5590 X 0.72 X 26 X $15/B>tf 

BeFa: 5590 X 0.16 X 47 X $7.50/Ib 
J M ^ 5590 X 0.12 X 308 X $6.50/0) 
» J U : 1223kgat$13/g 
3 3 3 Pa: 7kgat$13/g 
3 3 S U : 112kgat$11.20/g 

$ 1470,000 
315,000 

1,343,000 
15,900,000 

94,000 
1,252,000 

$20,474,000 
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TaWeDJ << 

7Lff 
BeF, 
ThF4 

2 3 3 . . 

costofsaK 
Total weight of banea salt in chemical pbat: 4St ft3 X 207 = 99,360 lb 

Total motes of barren salt: 99,3*0/63.2 = 1572 P>moIes 

1572 X 0.72 X 26 X $15/»« 
1572 X a 16 X 47 X SlSOIlb 
1572 x 0.12 X 308 X S&SO/fc 
63kgat$13/g 
103kgat$13/g 

J 441,000 
89,000 

378,000 
815,000 

1,336,000 
S 3,059,000 

on 15 

LiF: 
BeF2: 
TI1F4: 

(1,564,000 + 441,4 20)/15 
(315,276 + 88,658)/15 
(1342,942 + 3T7,657)/15 

D. 

Direct constractjoa cost equipment and field labor (eel construction cost is inchwfcd 
in account 21, structures) (alow.) 

Indirect costs at 35%' 

Total 

E. Operating cost (per year) 

Tij rnf nnl mrnhr MT Utritlj) iTmriiifd Willi ihi nk d|iinu ninnj. I J I un "ijr. 

S 134J00O 
27,000 

115,000 
S 276,000 

$10,0004)00 

3,500,000 
$13,500,000 

$700,000 

Fixed charges on salt inventory af 13.29/ 
Makeup salt 
Fixed charges on processing equipment at !3.7%* 
Process plant operating costs 

Production credit, based on 3.2%/year yield 
Total estimated fuel-cycle cost 

0.44 
0.04 
0J6 
aio 
0L84 
0.09 
O7o~ 

•Based on 7 Li at $55/Ib, or $120/kg. 
*Based on 2 3 3 U at $13/gand 2 3 5 U at $1120/g. 
'Based on a 3 3 U and 2 3 3 P a at $13/g, 
•The estimated cost of die MSBR fuel processing equipment is not precise at dus time. Fanne 15.1 

effect of die fuel processing equiproent cost on die radicle and total power prodnction costs. 
'Indirect cost of 35% is approximately die same as for die mam paint. See accounts 91 duough 94, Table D.l. 
'Fixed charges to be applied to die capital cost of UK fuel-salt nwcnlory over das 30-year life of das plant 

cannot be precisely estimated becaose of die changing fiiel-prking and tax structures, and becanse of the 
oncertair.ties in die handliog and cleanup costs inrohed in recovering die fnel sah for reuse at dat end of me phnt 
life. The fixed charges would probably fall between die 13.7% used for depreciating equipment (see Table D.14) 
and the 12.8% used for MMdepreaating items, m lecommended by NUS-531 (ref. 119). An amage value of 13.2% 
has tiKtefore been used. 

'Fixed charges on depreciating equipment are explained in Table D.14. 
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DJ. 

Omtnito* 
etk 

Fi 
O 
Hoc 

Floon 

Ob) 

48J92 

8,238 
12^67 
12374 
9,435 

57,445 
5,028 

28.722 
12,724 

12371 

ToM 

94,423 
94,423 

397,142 

Itms) 

(948)" 
955 
153 

72 
130 
22 

100 

55 

130 

956 

2373 

Concrete 
Or*3) 

18,27* 
3,184 

c 
25,103 

e 
c 

250 
1 3 » 

c 
45 

e 
617 
333 
250 

32 

4340 
5,698 
4,933 

65,070 

(ft 3) 

11,268 

1335 
3,188 

2,445 

1351 

2050 

23328 

45,765 

tfedfor 
12123, 

• Table DJ. 

Docsaot 
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Table D.4. tiri—ted coat of Hastetoy N in reactor 

Weight Cost per pound Shop labor 
(lb) (dollars) (10 3 doBars) 

Materials and hbor 
(103 dollars) 

Removable upper head assembly 
Cylinder extension (18 ft OD, 13 ft high, 2 in. thick) 
Flange (20.66 ft OD, 18 ft ID, 6 in. thick) 
Head* (18 ft dam, 3 in. thkk) 
Control rod pipe (18 in. dam, 20 ft high, 0.56 in. thick) 
Miscebneous internals (allow.) 

Reactor vessel, permanently instated 
Upper flange, as above 
Cylinder extension, as above 
Fortion of top bead (22.53 ft OD, 18 ft ID, 2 in. thick) 
Head skirt (22.4 ft av diam, 6 in. high) 
Vessd cylinder (22.4 ft avdiam, 13 ft high, 2 in. thkk) 
Bottom bead* (2253 ft diam, 3 in. thick) 
Bottom v d (3 ft diam, 4 ft high, 1 in. thick) 
Bottom ring (1 ft 8 hu, ? ht, 17 ft 6 in. ID) 
Top ring (1 ft 9 OL, 3 iiu, 17 ft 8 in. ID) 
Reflector retainer rings (2 in., 4% in., 21 ft diam) 
Bottom ring (3 ML, 6 UL, 16 ft 2 in. ID 
Nozzles, etc. (alow.) 
Mirrlnmuiis internals (alow.) 

Replaceable core assembly 
Internal head* (18 ft dam, 3 in. thick) 
Bottom ring* (92 in. 2,16 J ft diam av) 
Miscetancous internab (alow.) 

Alternate removable upper head 

Transportation to site 

Total (does not include field labor) 

tbh/ (see above) 

68,130 10 341 681 
22,480 15 225 337 
40,800 15 401 612 
2,420 25 48 60 
i.000 25 20 25 

22,480 IS 225 337 
68,130 10 341 681 
15,410 15 150 231 
3,260 10 16 33 

84.920 10 425 849 
63,920 15 639 959 
1,750 15 18 26 
14,003 25 280 350 
14,861 25 297 372 
10,208 25 204 255 
3,627 25 73 91 
5,000 38 165 190 
2,000 25 40 so 

40,800 IS 401 612 
18,200 25 364 455 
1,000 25 20 25 

34,830 10-25 103S 1715 

8946 
200 

9146 

'Estimated weights based on Hasteuoy N density of 557 lb/ft3, and on Figs. 3.1 and 3.2. 

*Inside surface area of empsotdal head = •»* *^- to ^ - = 0.9D2, 
2e 1 -e 

where 
« = IV2, 
* = 3a/ll(forMSBR), and 
e = >/(«*-»*)/« = 0.962. 

cAn irregular shape; see Fk. 3.2. 



184 

TabfcD.5. Etfknated cost nfgr*?&te for MSSR 

Pounds Cost 
(thousands of dollars) 

of 

Zone I, 13% salt 
Octagon (1433 ft across flats, 13 ft lugh) 

Zone II, 37% salt 
Axial (9 in. thick, top and bottom octagon) 
Upper end elements i3 in. thick, top octagon) 
Radial (16.83 ft OD, 143 ft high) 

Salt inlet, upper pat* 
Radial vessel coolant piemen* 
Radial reflector, \J% salt (22.14 ft OD, 17.16 ft ID, 14.5 ft lugh) 
Axial reflector, bottom,- 3% salt (20.2 ft effective diameter) 
Axial reflector, top, 3 * salt (same as above) 
Outlet passage* 

Extruded elements and 
Zone I and zone U axial 
Zone II radial 

Reflector pieces (at $9/R>) 
Radial 
Axial, top 
Axial, bottom 
Outlet] 

(at Jll/fc) 

Salt inlet 

Alternate head assembly (at $9/l>) 
Axial reflector, top 
Outlet 

Total graphite, indnding alternate bead assembly 
Replaceable core assembly' 

££!i«i«i} "Mi* 
Axial reflector, bottom 1 
Salt inlet, upper part J atS9/Ib 

221.400 

18,4% 
735 

55,055 
880 

3^60 
254395 
54,816 
54,816 
5,400 

240,631 
55,055 

29538 > 

254395 
54^16 
54316 
5,400 
3,360 

880 
373367 

54,816 
5,400 

60;!16 
729,569 

240331 
55,055 
54,816 

880 
351,382 

} 
} 

3252 

3363 

542 
7157 

3252 

501 

3753 

'Weights based on graphite density of 115 lb/ft3. 
*Froro estimates by H. L. Watts. 
cBased on volume of spheroid: V = 4/3 *a2b, where (for MSBR) a » 10.1 ft and b = 23 ft Thus V = *Z>3/52.7 (for one head). 
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TaMefe*. cost of 

Description for each of foar ante 
Material, HasteBoy N 

5543 tabes, 0.37S in. OD.« 035 in. vafi thickness, 22.07 ft 
long (each unit) 

Total surface, 12,011 ft* X 4 = 4i».044 f t 2 

Shell ID, 66.2 in. 
See F* . 3.33 

We«hts of HastelJoy N * 
Tabes (70.800 lb at $30/lb) 
Cylinders (192,400 •> at $ 10/B>) 
Heads (7,800 lb at $15 / * ) 
Tube sheets, rings, etc (149,100 lb at $20/l>) 

Instanation labor 

$2,124,000 
1,924,000 

117.000 
2,982,000 

$7,147,000 
200,000 

$7,347,000 

T i n e did not permit miiim, the above cost 
with the latest primary heat exchanger data, as 
3.15. 

^Weights are for total of four units. 

to; 
m Table 

DL7. Estimated cost of 

Total of 16 Brits 

Total surface: 
Material: 
Tabes: 

Shells: 

Spherical beads: 

Nozzles, baffles: 
Installation 

56,432 f t 2 

HasteBoyN 
380 tubes. O50 in. OD, 0X77 h 

wr length (each unit) 
Total weight" = 170,609 t> at S20/l> 
18 in. ID, 0.375 in. wall thickness, 71 ft *r 
Total weight = 95,122 •> at $10/1) 
28 in. OD X 4 in. wall thickness, total 32 
Total weight = 74,661 fc at $15/1) 
We%ht = 16,000 t> (say) at $20/fc 

7a9ft 

$3,400,000 

950.000 

1,120,000 
320,000 
480.000 

$6,270,000 

Tota l weights are for 16 units. 

Table D A Estimated cost of 

Total of e|ght units 

Material: 
Total surface: 
Tubes: 

Shell: 

Tube sheet: 

Heads: 

Baffles: 

Nozzles, etc, say 
Installation labor 

HastcDoyN 
2253 X 8 = 18,024 f t 2 

392 tubes. 0.75 in. OD, 0.035 in. waD thickness, 
29.27 ft long (each unit) 

Total weight* « 27,911 •> at $30/R> 
21 in. ID, 0.5 in. waD thickness, 30 ft long 
Total weight = 31.352 lb at $10/Ib 
21 in. diam, 4 in. thick 
Total weight = 7145 lb at $I0/R> 
10.5 in. radios, 0.75 in, thick (assumed hemispherical) 
Toi.̂ 1 weight = 3215 •> at $20/fc 
21 in. diam, \ in. thick, 70% cut; total 36 per unit 
Total weight = 8440 •> at $10/R> 

4000 lb at $25/lb 

Total 

$ 837.S30 

310,352 

7»,450 

64,000 

84,400 
100,000 
200.000 

$1,668,000 

Tota l weight is for eight units. 
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Table D.9. cost of faal-catt < 

Description: 13 ft 9 in. OD, 21 ft 9 in. high; sec Fig. 6.2 and Table 6.! 
Material: HasteOoyN 
Heads: Total of four. 13 ft 9 in. diam. 1% in. thick 

Aspect ratio, % 
Area of head, 0.9D2 (see footnote b. Table D.4); one head has a 5-ft-diam hole at center line 
Weight, 4 X 557 (21.7 f t 3 - 2.45 f t 1 ) = 42,800 lb at $ I5/Ib 642,000 

Cylinders: Totalof two. 13 ft 9 in. diam. 16.6 ft high, 1 in. thick « 66,200 lb at JlO/fo 
U-tubes: Tots! of 1500. % in. OD, 0.042 in. waH thickness, average length, 17.S ft 

Weight = 18,950 lb at $30/lb 
Headers: Total of 40. 3-in. pipe inside 6-in. pipe, about 6 ft long 

Weijht * 7260 lb at J15/lb 
Nozzles, baffles, etc (allow.) 2000 M> at S25/t> 
Heat-remoral system cost allowances* 

Salt-to-steam exchanger 
Steam-to*ir exchanger for 40 MW(t) 
Piping, etc 

Instalation labor 

Total 

$ 642,000 
662,000 

567,000 

108,900 
50,000 

$ 200,000 
2CC,00U 
250,000 

$2,679,000 
300,000 

$2,980,000 
•Capacity * 18 MW(t). 

Table D.10. Estvaaied cost of fucl4arts&>«age tank 

Description: Tank b 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 exchanger is required 

Material: Stainless sted (p = 495 fc/ft3) 
Tubing: 16,800 lb at $5/H> = $ 84,000 
Cylinders: 58,600 lb at $3/Ib = 175,800 
Heads 38,000 lb at $5flb = |̂ 
Headers 6500lbat$5/Ib= > 232,500 
Nozzles, etc 2000Ibat$5/Ib = J 
Installation labor 150,000 
Heat-removal system cost allowance 

Steam-to air exchanger 100,000 
Piping 50,000 

$642,300 
Installation labor 70,000 

Total $712,300 

TableD.i l . Estimated coat 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 lb/ft 3) 
Cylinders: 12 ft diam, 20 ft high, 1 in. thick 

Total weight - 124,460 lb at $3/lb 
Heads: 12 ft diam, 1.25 in. thick 

A = 1.0D2 (assumed aspect ratio for heads) 
Total weight = 71,304 lb at $5/0) 

Nozzles, etc, say 8000 ;b at $5/ib « 
Installation labor 

$375,000 

350,000 
40,000 
35,000 

Total $800,000 

http://TableD.il


187 

Table a i l Estimated cost of aa^ateaance equjpanat fog 
the MSB* 

Costs in thousands of dollais 

TiMeD.14. Fixed casta? rate (petceat per M H O I ) wed fot 
MSBR power station * 

Polar crane 
Cask 
Hoists 
Transition piece 
Maintenance containment cover 
Maintenance closure 
Disassembly and storage cell equipment 
Maintenance shields 
Lonf-handled tools 
ln-ccC supports and mechanisms 
Transfer cask for miscellaneous components 
Maintenance control room equipment 
TV viewing equipment 
Decontamination equipment 
Remote welding equipment and controls 
Hot cefl equipment 

Total 

600 
125 
150 
25 

120 
75 
500 
250 
400 
250 
50 
150 
ISO 
100 
1000 
50 
50 

4500 

Return on money invested* 
Thirty-year depreciation0 

Interim replacements^ 
Federal income tax e 

Other taxes/ 
Insurance other man babdity* 

7.2 
1.02 
0.35 
2.04 
2.84 
0.25 

13.7 

This table is for depreciating equipment 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 rate on fuel salt 

^Return based on 52% in bonds at 4.6% return, 48% in 
equality capital at 10%. 

T h e smking-rund method was used in determining me 
depreciation allowance for die 30-year period. 

Tn accordance with FIC practice, a 0.35% allowance was 
made for replacement of equipment having an anticipated life 
shorter ten 30 years. (Reactor core graphite is included in a 
special replacement cost account - see Table D.15.) 

'Federal income tax was based on the usum-of-the-year 
dferts" method of computing tax deferrals. The smkmg-fund 
method was used to normalize this to a constant return per 
year. 

/The recommended value of 2.84% was used for other taxes. 
' A conventional allowance of 0.25% was nude for property 

damage insurance. Third-party babihty insurance is listed as an 
operating cost 

Table D.13. Estimated cost of rebeat 

Total of eight units 

Material: Croloy 
Total surface: 781 X 8 = 6248 ft 3 

Tubes: 603 tubes. 0.375 in. OD, 0.065 in. wall thickness, 13.2 ft long (each unit) 
Total weight" = 15,591 lb at $2/Ib 

Shells: 20.25 in. ID, \ , in. wall thickness, 13.6 ft long 
Total weight = 11,880 lb at $l.S0/lb 

Spherical heads: About 31 in. OD X 2.5 in. thick 
Total weight = 30,000 lb at $2/Ib 

Installation labor 

$ 32,000 

18,000 

60,000 
25,000 

$135,000 
Total weights are for eight units. 
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TaMelXlS. Cot of MfJariag reactor cote 
in the USSR 

In thousands of dollars 

Cost of assembly 
HasteBoy N - see Tabk D.4 
Graphite - see Table D.5 

Chargeable power revenue loss during core 
assembly replacement* 

Special labor cost per replacement* 
Total cost per replacement 
Effect on power production cost, nuDs/kWhr* 

TaMeD.16. Estnnstod costs for plant operation 

4.845 

500 

I t is assumed that the MSBR core assembly can be 
replaced during the plant downtimes for inspection and 
repair of other equipment, such as die tuibme-generator, 
which are accommodated by the 80% plant factor, and 
no additional plant outage is changeable against core 

labor force for making core replacements is 
to be in addition to the normal plant operating 

*Whik various metnods could be used to estimate 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 mat at the end of 
four years out total cost of a lepkacement wsl have been 

$5,345,000 X 10 3 
RepLcost 

10* X 365 X 24 X 0.80 (1.08 3 + 1.08* + 1.08 + 1.00) 

= 0.17 nuB/kWhr 

For stmptifkation, mis method ignores the small effects 
due to no accumulated funds needed die last two years 
of plant operation and the fact Oat it is unlatch/ mat the 
plant would be shut down exactly after 30 years of 
operation with 2 years of useful life renaming in the 
reactor core. 

Staff payroll6 

Fringe benefits* 
$ 800,000 

80,000 
Subtotal - plant staffing 

Consumable supplies and equipment 
Outside support services 
Miscellaneous 

880.000 
400,000 
140,000 
80,000 

Subtotal 
Genera! and administrative 
Coolant-salt makeup0 

Nuclear liability insurance 
Commercial coverage (net) 
Federal Government coverage 

1,500,000 
225,000 

9,000 

240,000 
67.500 

Total direct annual cost 
Fixed chaiges on operation and maintenance 

working capital 

2,061,500 
38,800 

Total annual cost $2,080,300 
Contribution to power cost*' 0.30 maVkWhr 

'Based on cost breakdown and computation prescribed in 
NUS-531 (ref. Ii9). The values agree reasonably weO with those 
reported by Susskind and Raseman (ref. 121). Costs do not 
include chemical processing, which is included in the fuel-cycle 
cost, nor special costs associated with periodic replacement of 
the cote graphite. 

*Based on NUS-531 (ref. 119) recommended values for July 
1968 escalated 8%. 

^Makeup cost assumed to be 2% of inventory. 
'Based on 80% plant factor. 
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Table DJ7 . Cost 
[water 

for use of wet aatarakbaf» 
in IO0O-MW(e) MSBR statioa i t 

of fresh 

MSBR Light-water reactor6 

Increased capital cost of plant due to towers, 
pumps, etc 

Estimated loss in generating capacity due to 
heat rate increase from 7690 to 7800 Btu/kW!u 

Estimated capital cost of increasing thermal 
capacity of plant to give 1000 MW(e) net output 

Annual operating cost for towers 
Annual additional fuel cost due to higher heat rate 
Increases in power production costs,* mffls/kWhr 
Capital cost of towers, etc 
Capital cost of additional capacity needed 
Operating costs of tower 
Increased fuel cost due to higher heat rate 

Total 

$4,000,000c S6.000.000 

13T000kWd 20,000 kW 

$1,000,000* $1,500,000 

$150,000 / 

$7i,oeo* 
$150,000 
$165,000 

0.08 
0.02 
0.02 
0.01 

0.12 
0.02 
0.03 
0.02 

0.13 a 20 

•Use of wet natural-draft cooling tower wal increase the turbine backpressure from 1 % to 2% in. Hg 
abs. Performance and costs of MSBR with cooling tower are taken as proportional to the effects of adding 
a tower on tight-water reactor performance, as estimated by Hauser. 1 7 9 

^Estimated by Hanser (ref. 129). 
'Capital costs of towers, pumps, etc, taken as proportion of the tower costs for aght-water 

reactors 9 on basis of amount of heat rejected to me condenwng water. 
''Estimated loss in capacity (and increase in heat rate) based on ratios of eamaftpy drops in steam 

turbine to 2 ^ in. Hg abs vs 1 % m. Hg abs, and equivalent effect on bght-water reactor cycle. 1 2 9 

'Capital cost of increasing reactor plant capacity, flow rates, etc, to arte ie 1000 MW(e) net plant 
output estimated at $75/kW, as was assumed in ref. 129. 

'Tower operating costs assumed to be the same as those for hght-water reactors.1 1* 
'Based on same 10 cents/MBtu chargeable to fuel-cycle cost as in MSBR reference < 
*Based on ~14% fixed charge, and 0.8 power factor. 


