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Summary

Preparation of a conceptual design for a 1000-M'¥(e)
singlc-Nud molien-sait reacior power siation has g'ven
confidence that such a plant is technically feasible and
economically attractive. Successful operation of the
Molten-Salt Reactor Experiment and the subst:ntial
amount of research and development already accom-
plished on molten-salt reactor materials and processes
indicate that 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-23U cycle,
with both fissile and fertile materials incorporated in
a single molten-salt mixture of the fluoriass of lith-
ium, beryllium, thorium, and uranium. This sa't, with
the ~omposition LiF-BeF,-ThF,-UF, (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 the operating
temperature range. It is also nonwetting and virtually
noncorrosive to graphite and the Hastelloy N container
material.

The 22-ft-diam by 20-ft-high reactor vessel contains
graphite for neutron moderation and reflection, with
the moderating region divided into zones of different
fuel-to-graphite ratios. As the salt flows upward through
the passages in and between the bare graphite bars,
fission energy heats it from about 1050°F (839°K) to
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
dc 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 inveniory of the plant, including
the p. ‘cessing system, is 1.47 kg of fissile material per

ix

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.1. The primary salt is circulated outside the
reactor vessel through four loops. (For simplicity, only
one loop is shown in the figure.) Each circuit contains a
16,000gpm singlestage centrifugal pump and a shell-
and-tube heat exchanger. Triitium, xenon, and krypton
are sparged from the circulating primary salt by helium
introduced in a side stream by a bubble generator and
subsequently removed by a gas separator. A 1gpm
(0.C6 liter/sec) side stream of the primary salt is
continuously processed to remove 233Pa, to recover the
bred 223U, 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 ccmno-
sition of NaBF,-NaF (52-8 mole %) and a lig.idus
temperature of 725°F (658°K). Each of the four
secondarv circuits has & 20,000-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 suppliel to a single 3500-psia,
1000°F/1000°F, 1035-MW(e) turbine-generator unit
exhausting at i, 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, fuelsalt processing,
graphite and Hastelloy N behavior vnder irradiaticn,
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suitability of the cnclant salt, maintenance procedures,
and bekzvior of the fission product particulates. Al-
though more study is needed of these aspects, it is
believed that they can be rescived with reasonahie
difticulty.

Principal design data fer the reference MSBR power
station sre listed in Tabie S.1 both in English engi-
neering units, as commenly used in the moltensah
reactor literstuje, and in the International (metric)
system of units.
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Tabile S.1. Summary of principel 2ata for MSBR power station

Engineering units® Internationat system units®
General
Thermal capacity of reactor 2250 M¥ 1) 2250 MW(1)
Gross electrical generation 1035 MW{e) 1035 MW(e)
Net electrical output 1000 MW(e) 1000 MW(e)
Net overall thermal efficiency’ 44 4% 44 4%
Net plant heat rate 7690 Btu/kWhr 2252 3/kW-sec
Structures
Reactor cell, diameter X height 2x42ft 220x 128 m
Coafinement building, diameter X height 1242189 £r 408X 576 m
Reactos
Vel iD 2221t 67TTm
Vessel height at center (approx) 20 ft 6.1m
Vessel wall thickaess iin 5.08 cua
Vessel head thickness 3im. 7.62 cm
Vessel design pressure (abs) 75 psi 5.2 x 105 N/m?
Core height 13 ft 396m
Number of core elements 1412 1412
Radial thickness of reflector 30in 0.762 m
Volume fracticn of salt in central core zone 0.13 0.13
Yolume fraction of salt in outer corc zone 0.37 0.37
Average overall core pover density 22.2 kW/liter 22.2 kW/kitex
Peak power density in ore 70.4 kW/liter 70.4 kW/liter
Averses *:oo st veuiron 1hux 2.6 X 10"* ncutrons cm ™2 goc ! 2.6 X 10'® pewtrons cm ™" !
Peak thermal-neutron flux 3.3 X 10'* neutroas cm ™2 sec ™! 8.3 X 10'* mewtrons cmv 2 sec™?
Maximum grzphite damage flux (>50 keV) 3.5 X 10'* neutrons cm™ sec™! 3.5 X 10** neutrons cm™3 sec™!
Damage flux at maximum damage 3.3 X 10'* neutroas cm ™2 sec™? 3.3 % 10'* acutrons cm™2 sec™?
region (apgrox) i
Graphite temperature at maxiinum neutron 1284°F 9%69°K
flux region
Graphite temperature at maximum graphite 1307°F 987°K
damage region
Estimated useful life of graphite 4 years 4 years :
Total weight of graphite in reactor 669,000 b 304,000 kg !
Maximum fiow velucity of salt in core 8.5 fps 2.6 mfsec ;
Total fuel salt in reactor vessel 1074 13 30.4 o’
Total fuel-sait volume in primaty sysicin 17203 87w
Fissile-fuel inventory in reactor primary 3316 b 1504 kg !
system and fuel processing plant
Thorium inventory 150,000 5» 68,100 kg
Breeding niic 1.06 1.06
Yield 3.2 %/year 3.2 %fyent
Doubting time, compounded continuously, 22 years 22 years
at 80% pow s factor
Primary heat exchangers (for cach of 4 units)
Thermal apacity, each 556.3 MW(1) 556.3 MW(1) %
Tube-s de conditions (fuel salt) ?
Troe OD % in 0.953 cm
" ube length (approx) 22,2 ft 68m
Number of tubes 5896 5896
Inlet-outlet coaditions 1300-1050"F 978-839°K
Mass flow rate 23.45 X 10% /e 29SS kg/sec
Total heat transfer surface 13,001 12 1208 m?
Shell-side conditions (coolant s31t)
Shell ID 68.1 in. .73 m
Inlet-outict temperatures 850-11S0°F 727-894°K
iass flow nate 17.6 X 10° P/hr 2218 kg/sec

Overall heat transfer coefficient (approx)

%50Btu ke 113 (°F))

4820 Wm™ (°k)"?



Table S.1 (continued)

Engineering units® International system units?
Primacy pumps (for ::ach of 4 units)
Pamp capacity, nominal 16,000 gpm 1.01 m3/sec
Rated head 150 fe 45Tm
Speed §90 rpm 93.2 radians/sec
Specific speed 2625 rpod(gpm) S /(f1)°- 73 5.321 radians/sec(m>/sec)®-% /(m)®- 7S
Impeller input power 2350 hp 1752 kW
Desiza temperature i300°F 978°K
Secondary pumps (for each of 4 units)
Pump capacity, nominas! 20,000 gpm 1.262 m3/sec
Rated head 30 91.4 m
Speed, principe! 1190 ipm 124.6 radians/sec
Specific speed 2330 rpm(gpm®-3 /(f)°- 7% 4.73 radians/sec(m® /sec)®5 /(m)?-7$
Impeller input power 3100 bp 2310 kW
Desiga temperature 1300°F 978°K
Fuel-salt drsin tank (1 unit)
Owutside diameter i3n 427m
Overall height 2ft 6.7l m
Storage capacity 2509 fi3 70.8 m*
Design pressure SS psi 3.79 X 10% N/m?
Numb=r of coolant U-tubes 1500 1500
Size of tubes, OD % in. 1.91 e
Numbex of seperate coolant circuits 40 40
Coolant fluid TLiF-BeF, TLiF-BeF;
Under normais Sieadv-atate conditions:
Maximum heat losd 18 MW3) 18 MW(t)
Coolant circulation rate 830 gpm 0.0524 m®/sec
Coount temperatures, in/out 900--10S0°F 755-839°K
Maximum tank w=11 t*nperature ~1260°F ~955°K
Maximum transient heat losd 53 MW(t) 53 MW(t)
Fuel-salt storage tank {3 cait)
Stosage capecity 2500 ft® 70.8 m®
Heat-removal capacity 1 MW(1) 1 MW(t)
Coolant fluid Boiling water Boiling water
Coolant-salt storage tanks (4 units)
Tota! volume of coolant salt i1 systems 8400 i3 237.9 m?
Stosage capacity of each tank 2100 3 59.5 m®
Heat-removal capacity, first tank in series 400 kW 400 kW
Steam generators (for esch of 16 units)
Thermal capacity 120.7 MW(1) 120.7 MW(¢)
Tube-side conditions (steam at 3600-3800
pa
Tube OD Yin 1.27 cm
Tube-sheet-to-tube-shee: length (approx) 76.4 ft 23.3m
Number of tubes 393 393
inlet-outlet temperatures 700-1000°F 644-811°K
Mass flow rate 633,000 Ib/hr 79.76 ¥g/sec
Total heat transfer surface 3929 f:2 365 n/?
Shell-siéz  onditions (ccolant salt)
Shell ID 1.5 0457 m
inlet-outiet temper:tures 1150-850°F 894-727°K
Mass flow rutc 3.82 x 10° b/hr 481.3 key/scc

Apparent overall heat transfer coetficient
nnge

490-530Bru ™! 3 P!

2780-3205 W m 2 (°K)"!




o e e

-

Table S.1 (comtinsed}

Engineering units® International sster waits?
Steam reheaters (for each of 8 units)
‘Thermal capacity 36.6 MW(1) 36.6 MW(t)
Tube-side conditions (steam at 550 30
Tube DD Y ic 19cm
Tube length 30.3 it 3.24m
Numbes of tuves 400 400
icist-ontlet temperatures 650-1000"F 616-811°K
Mass flow rate 641,000 Ib/br $0.77 kgfsec
Total heat transfer surface 2381 f¢* 221.2 m?
Shell-side conditions (coolast salt)
Shell ID 21.2in 0.54 m
Inlet-outlet temneratures ii50-850°F 8M-727°K
Mass flow rate 1.16 X 10® /i 146.2 kg/sec
Overall heat trarsfer coefficient 298 Btu lr”! 172 (°F) ! 1690 Wm™2 (°K) !
Turbiac-generator plant (see “Generzl™ above)
Number of turbine-generator units 1 1
Tadive throttle conditions 3500 psia, 1000°F 24.1 x 10° N/m?, 811°K
Turbine throttle flow rate 7.15 X 10® b/lx 900.9 kg/sec
Xeheat steam to [P turbine 540 psia, 1000°F 3.72 x 10° N/m3, 811°K
Condensing uressure (abs) 1.5 in. Hg 5,078 N/m?
Boiler feed pump work 19,760 hp 14,690 kW
(steai-turbine-driven), each of 2 units
Boostes feed pus:p work (motor-driven), 6200 hp 4620 xW
each of 2 units
Fuel salt inventory, primary system
Reactor
Core zone | 290 13 8.2 m?
Core zone 1 82 M 10.8 m?
Plenums, inlets, outlets 218 ft? 6.2m?
2-in. annulus 135 3 3.8 m?
Reflectors 49 1} 14 m?
Primary heat exchangers
Tubes wBs i 7.6 m®
Inlets, outlets 27 i 0.8 m*
Pump bowis 185 3 5.2m?
Piping, including dr=in line 145 3 4.1’
OfY-gas bypass loop 10 1 0.3 m®
Tank heeis and miscel'sneous 10 0.3 m?
Total enriched salt in primary system 1720 f® 48.7 m?
Fuel-processing system (Chemical Treatment
Plant)
Inventory of barren salt (L¥-BeF,-ThF) 480 3 13.6 m?
in plant
Processing rate 1 gpm 63.1 X 107® m3/sec
Cycle time for salt inventory 10 days 10 aays
Heat generation in salt to processing plant 56 kw/fe3 1980 kW/m?
Design properties of fuel salt
Components TLiF-BeF3-ThF 4-UF 4 TLiF-BeF;-ThF 4-UF 4
Composition 71.7-15-12.0.3 mole % 71.7-16-120.3 mole %
Molecular weight (spprox) 64 64
Melting temperature (spprox) 930°F 712°K
Vapo: pressure at 1150°F (894.3°K) <0.i mm Hg <13.3 N/m?
Density:€ o (g/cm?) = 3.752 — 6.68 X 107+
CO); p (1b/ft3) = 235.0 - 0.023177 CF)
At 1300°F (978°K) 204.9 m/fe 3283.9 kg/m>
At 1175°F (908°K) 207.8 /13 3330 4 kg/m?
At 1050°F (839°K) 210.7 /e 3376.9 kg/m?




Table S.1 (coatineed)

Enginecring units® International system units?
Viscosity:9 p (centipoises) = 0.109
exp [4090/T (“K)}; u (B ft 1 hr7t)
=0.2637 exp [7362/T ("R)]
At 1300°F (978°K) 1731 he? £} 0.007 N sec m™2
At 1175°F (908° X, 238! 17! 0010 N secm™2
At 1050°F (839°K) M5! ! 0.015 N sec m™2

Heat capacity® (specific heat, ¢ )
Thermal conductivity (k)/

At 1300°F (978°K)

At 1175°F (908°K)

At 1050°F (839°K)

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

Vapor pressure:$ log P (mm Hg)
=9,024 — 5920/T (°K)
At 850°F (127°K)
At 1150°F {894°K)
Density:“ p (g/cm®) =2.252 - 7.11 X 10™%
CO); o (Ib/ft3) = 141.4 — 0.0247¢ (°F)
At 1150°F (894°K)
At 1000°F (811°K)
At 850°F (7127°K)
Viscasity:? u (centipoises) = 0.0877
exp [2240/T (°K)); u (b, f2 7 Be™?)
= (.2121 exp {4032/T (°R)}
At 1150°F (894°K)
At 1000°F (811°K)
At850°F (127°K)
Heat capaclty" (specific heat, cp)
Thermal conductivity (k)
At 1150°F (894°K)
At 1000°F (811°K)
At 850°F (127°K)

Design properties of graphite/
Density, at 7C°F (294.3°K)
Bending strength
Modulus of elasticity coefTicient
Poisson’s ratio
Thermal expansion coefTicient
Thermal conductivity at 1200°F,

unirradiated (approx)
Electrical resistivity
Specific heat

At 600°F (588.8°K)

At 120C°F (922.0°K)

: Helium permeability at STP with sealed
; surfaces

0.324Bu b~ CF) ! ¢+ 4%

0.69Btubhr™! CH 7!

B R S g |
S7MiBWw O i

0.69Btube™! CH! 17!

NaBF 4-NaF
92-8 mole %
104

7125°F

8 mmHg
252 mm Hg

113.0 b/f3
116.7 b/f3
120.4 b/f3

26Mbft™! pe!
34 ft”! pe?
46bft ! pr!
0.360Btub™! (°F) " 2%

0.23Btu hr™! (°F)~1 117!
0.23 Btu hr! °H) ! 117!
0.26 Btuhr™! °P)7! 17}

115 b/ft3

40006000 psi

1.7 % 10% psi

0.27

23X 107¢PF

1 8tuhr! °F)7t i}

89%x10%-99X i2™ Gi-cm
0:33Breib”? (°F) 7}

042Btubb! (°F)!
1X 1078 em?/sec

1.3573g7 ' CK) ! £ 4%

LIYWm™ CK)?
i3wm™ CK)!
LI9Wm™ °K)™!

NaBF 4-NaF
928 mole %
104

58K

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

1811.1 kg/m?
1870.4 kg/m?
1929.7 kg/m?

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

15073 kg™ (°K)7! £ 2%

0.398Wm™ (°K)™!
0.398Wm™ (°K)!
0450 Wm™! (°K)?

1843 kg/m3

28 X 104-41 x 10° N/m?
21.7 x 10% N/m?

0.27

1.3 X 107%/°K
31.2wm™! CK)!?

89:10%-99x10™* o-cm
1380 ) kg! (°K)™!

17601} kg" K
1 X 1078 cm?/sec
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Table S.1 (contmued)

Engineering units® International syste.» units?
Design properties of Hastelloy NX

Density

At 80°F (300°K) 557 /e 8927 xg/m?

At 1300°F (978°K) 541 p/fe 8671 g/m?
Thermal conductivity

At 80°F (300°2) 60Bruhr™ CF)! 61 104Wm™? (°K)?

At 1300°F (978°K) 126 Btubr™ °H ! e} 218Wm™? (°K)?
Specific heat

At 80°F (300°K) 0098 Bub! °H! 410ixgt )}

At 1300°F (978°K) tivBum ™ P 565ig (o
Thermal expantica

At 80°F (300°K) 57X 107*PF 32x 107¢/K

At 1300°F (978°K) 9.5 x 107*F $.3x 10°¢K
Modulus of elasticity cox fficient

At 80°F (300°K) 31 x 10 psi 214 x 10° N/m?

At 1300°F (978°K) 25 x 10° psi 172 X 10° N/m?
Tensile strength (approx)

At 80°F (300°K) 115,000 psi 793 x 1(* N/m?

At 1300°F (978°K) 75,000 psi 517 X 10 N/m#
Maximum allowable design stress

At 80°F (300°K) 25,000 psi 172 % 10°* N/m?

At :300°F (978°K) 3500 psi 24 x 10° N/m?
Melting temperature 2500°F 1635°K

“English engineering units as used in MSR literature.

Meter-kilogram-sec. nd system. Table closely follows International System (SI). See Appendix C for comversion iactors from
engineering to SI units.

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

9See p. 145, Table 13.2, ORNL 4440 (ref. 1).

“See p. 163, ORNL4344 (ref. 2).

ISee p. 92, Fig. 9.13, ORNL4449 (ref. 1). The value of k shown is for salt with 35c:.; 3% iss LiF than the reference salt. Addition
of LiF would increase the average value, probably to 0.72—0.74. T esizblished, and conservative, value of 0.71 was used in the
MSBR calculations.

£See p. 170, ORNL4254 (ref. 3).

RSee p. 168, ORNI 4254 (ref. 3).

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

’,‘Additioml 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 Molten-Salt Reactor Program
is to achieve a2 power rezctor which will produce electric
energy 2t low cost ard at the same time extend the
nation’s tow-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 the design
characteristics of such a Molten-Sait Breeder Reactor
(MSBR).

Moiten salts as reactor fuels and as coolants have been
under study and development for over 20 years, and
their chemical, physics, and iradiation properties are
excellent. The Molten-Salt Reactor Experiment (MSRE)
at ORNL, which was recently shut down after about
five years of very successful operation. cimtributed
significantly to molten-salt reactor technology. A sur-
vey report® was published in August 1966 which
summarized the potential of moiten-salt thermal
breeds: reactors and described preliminary designs and
fuel processing facilities for a 1000-MW(e) power
station. More detailed design studies followed,*™” and 2
corpichensive 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 camried 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 sei aside and a
design study of the single-fluid system commenced.
Some of the factors involved were:

*The terms “primary salt™ and “iwel salt™ are used synony-
mously throughoutr the moiten-salt reactor literature. In the
case of the single-fluid MSER described n this report, the
primary salt contains both tl.c fuel and fertile material. The
terms “secondary salt” and “coolant salt” are also used syn-
onymously.

e e .

1. Research in the processing of the molten-sait fuels
showed that protactinium and other fission products
couid be sepaiaicd ficim the s3lis containing both
uramum 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 difiiculty than if separate fuel
and fertile salts were used.

2. Nuclear calculations indicated that a conversion
ratio greater than 1.0 couid be ackieved in 2 one-fluid
reactor with an acceptably low inventory if the
graphite-to-fuel ratio were reduced in the outer
regions of the reactor core. While the fuel specific
power fell 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 grapi.ite 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 desigi eliminates this pctential problem.

S. Radiation damage to graphite during reactor ex-
posure leads to dimensional chianges in graphite
which are more easily accommodated in a single-
fluid MSBR than in 2 two-fluid design.

The progress of the single-fluid design study is
covered in the MSRP semiannual reports,?-2-3.% and
the entire February 1970 issue of Nuclear Applications
and Technology'® was devoted to a review of molten-
salt reactor technology and to a description of a
conceptual design for an MSBR. Some of the gzeneral
criteria for the single-fluid MSBR design study are:

e e
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1. The design study is to establish concept feasibility,
to serve 3s a basis for preliminary estimates of cost
and performaiice features, to identify thc research
and dcvelopment needed to achieve a full-scale
MSBR. and to guide the design of an experimental
pratotype reactor that will test the featurcs 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
inventions 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 1000 MW(e).

4. Cosi estimates are io 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 reacior system, in which fission heat generated
in the fuel salt in itc passage through the reactor
vessel is removed in primary heat . <changers;

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

3. a chemical processing facility for coatinuously re-
moving fission products from the fuel salt, recover-
ing bred 2*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 instruinentation, maintenance tools, auxiliary

[ o

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

The above categories are not always separate and are
closcly interdependent, but it is convenient to discuss
thein separately. The reactor and its related structures
and maintenanc2 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
gencral facilities are more or less conventional and are
discussed only to the extent necessary to complete the
overall picture as to feasibility znd 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 thic number of coolant
loops and sieam generators, use of 700°F feedwater, an
assumed useful graphite life of four years, etc. The
reference design described here, therefore, illustrates
that an MSBR power station is practical and feasible,
hut it does not represent a design which has been
optimized for best perfermances and costs.

An eftort has been made to revise and a.notate 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 werc cstablished much
earlier, generally on the basis of information available in
late 1969 and early 1970.
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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 {uel 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 fuelsalt c¢rain tank and
afterheat-removal equipment are considered to be a
separai¢ sysicm 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 tiic 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 15 to 20 mils. The
same bypass loop contains a gas separator, 1zpstream of
the bubble generator, which removes the inert gas and
its buiden of fission procucts 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 nobl: metals.
Based or. 10% bypass flow, after a bubble is introduced
it would make an average of ten passes through the
reactor before being r:moved by the separator.

T T v S T e T

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 annuius 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 sait, which is subsequently
returned to the pump bowl, also assures an open line
between the drain valve and the rzactor vessel.

Each fuel-salt pump bcwi 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 heips cool the drain
tank bcad and walls. Salt-operated jet pumps at the
bottom of the drain tank continuously return the
molten salt to the circulaticn systems, as described in
Sect. 2.4. The drain tank is provided with ample
afterheat-removal capacity.

The fuel-salt diain 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 sait 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 taks 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) Rzactor core, (B) Fuel-salt cizculating pumps, (C) Primary heat exchangers,
(D) Bubble generators, (E) Gas separators, (F) Off-gas combiner tank, (G) Fuelsalt drain tank and gas holdup volume, (H) Particle
traps, (I} Charcoal beds for Xe and Kr holdup, (J) Off-gas cleanup and storage system, (K) Coolant-salt circulating pumps, (L) Steam
generators, (M) Steam reheaters.
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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 requirez maintenance.
The heat-removal system for the storage tank has less
stringent requirements and consists vi simpic U-tubec
immersed ir. the salt. Water is boiled in the tubes and
the stzam condensed in a closed system by air-cooled
coils located in the base of the natural-draft stack. A jet
pump in this tark is used to return the fuel salt to the
circulation system or to the drain tank.

2.2 SECONDARY-SALT CIRCULATION SYSTEM

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

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

pumps circulates the coolant through fuur steam
generators and two steam reheaters, with the fiow
proporticiied 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 vower transients, and the
steady-state temperature can be adjusted to match
station load.

2.3 STEAM-POWER SYSTEM FOR THE
TURBINE-GENERAFOR PLANT

The steam-power system consists of 2 single 1035-
MW{e} gross electrical capacity turbine-generator unit,
condensing system, condensate polishing ar.l regener-
ative feedwater heating systems, steam-turbine-driven
main feedwater pumps, feedwater and reheai steam
preheating equipinent, 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 i detail.

A simplified steam system flowshe=t is shcwu in Fig.
2.2, and some of the grincipal data are summarized in

OiNL—~0WS TO-- 11907

530 psia  '000°F  Sivi0Pm/iw
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Fig 2.2. Simwlified MSBR stcam sysiem flowsheet.




Table S_1. Aboui 7.15 X 10° Ibjhr of steam at 3500
psi» and 1000°F is delivered to the turbine throttle. The
high-pressure turbine exhaust steam is first preheated to
650°F and then 1cheated to 1000°F before readmission
to the intermediate-pressure turbine. The turbine ex-
hausts at 1% in. Hg abs to watercooled condensers.
The turbine is indicated on the flowsheet as a cross-
compounded unit, but a tandem-compound machine
could be used.

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

A supercritical-pressure steam system was chosen for
the MSBR because the 700°F feedwater needed for the
sieam generator because of the coolant-salt character-
istics can be conveniently and efficiently attained
through miaing of the supercritical-pressure steam with
high-pressuce fecdwater. 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-pressurz system for the MSBR is judged to
be about the same as, and possibly less than, the cost of
the 2400-psiz 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 offgas heat disposal system, an
afterneat disposal system, and heater equipment which
maintains the salt above s liquidus temperatuce. The
drain sysiem is housed in separate cells apart from the

ssacior cell

The drain tank serve; scveral functions, the chief one
being a safe storage volume for ihe fuel salt when it is
dnaired from the circulation loop. A critical mass
cannot exist in the tank bacause of insufficiem neutron

moderziion, and the afterheatvemoval system has
assured relizbility in that iv 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 remaia above the salt
liquidus temperature of about 935°F.

The drain ank 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
systemm. Also, the dnain tank acts as a sump for the
overflow stream: irom the bowls of the salt-circulation
pumps. The small stream ¢f fuel salt which is s2at to
the fuel-processing cell for removal of fission prog:cts,
protactinium, excess bred material, and impuritie; s
taken from thc diain tank and returned to it after
treatment and adjustment of the uranium corcentra-
tion. An sdditional use of the drain tank is that its
siorage volume, which is about 5C% greater than the
fuel-salt inventory, permits accommaodation of some of
the coolant salt in the unlikely event that a heat
exchzngei tube failure and pressure differential reversal
permét coolant leakage into the primary system.

The fuel-salt drain iank contains a Liner to absord
gamma heat and to form an annular flow passage a: the
tank wall for about 600 gom of overflow salt from the
puinp bowls. The salt siream passes along the bottom
surface of the top head and dowi the sides to maintain
metal temperatures within the design limits.

A well in the bottom head of the drain tank contains
five salt-actuated ict pumps. Four of the jets are
provided with sait from the primary puinp discharges to
actuate the jets and return the overilow 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 dnain tank is removed by a
natural convectior system employing an inicrmediate
heat transport fluid. As shown in Fig. 2.3, "LiF-BeF,
coolant salt circulaies 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-
dznt natural-convection circuits to afford a high degree
cf reliability. The heat exchangers transfer Leat from
ubes containing the transport salt tc water-cooled
plates which make no physical contact with the sait
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 iime 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 ch2:coai beds for absorption and 47-hr holdup
of the xenon, permitting decay of 97% of the '**Xe.
Most f the gas leaving the charcoal bed is compressed
for reintroduction nto the salt-circulation system at the
vuttle geneidtors. A small portion of the gas leaving
the 47-.r charcox! bed enters tie long-delay charcoal
bed (about 90-day xenca holdup), the outflow of
which passes through witium and krypton traps before
entering a gas storage tank. The gas {rom this tank is
augmented by makeup helium if required and reintro-

du:ed into the circulation system as purge gas for the
c'rcuistion pumps and at other places where clean
tedium is needed. The accumulated krypton and tritium
are stored in tanks in the waste =l facility.

2.6 FUEL-SALT PROCESSING SYSTEM
L. E. McNeese

B.zeding with thermal neutrons is economically f2as:-
ble with a moiten-sait reactor because it is possible to
process the fluid fuel rapidly enough tc keep the
neutzon losses to protactinium and fission products to a
very low level. The equipment used to strip gaseous
fission products from the 11el nit was described in
Sects. 2.1 and 2.5. The concentrations of protactinium,
rare earths, and some other fission products are limited
by continuously processing 2 srull stream of (he fuel
salt in an on-site processing system, described below.
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There are scveral basic processes which could be
incorporated in a molten-salt reactor “kidney.” The
effective cycle times for protactinium and fission
product removal zssumed in the calculations of breed-
ing performance (Table 3.7) were based on the use of
the system described in ref. 1. Recent developments
Mave showii that it is possible (0 attain the same
breeding performance by using a somewhat different
processing plant having equipment that should be
considerably simpler 10 develop and operate.'' The
newer, more attractive concept is described here and in
Sect. 8.

The flowsheet for the continuous salt-processing
system s shown in Fig 2.4. In essence, the process
cousists of two parts: (1) removal of uranium and
protactinium from salt leaving the reactor and reintro-
duction of uranium into salt returning to the rea-tor and
(2) removal of rare-eanth fission pioducis from the sait.

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

about 95% of the uranium is removed as gaseous UF,.
The salt then flows to a reductive extraction column,
vhire protactinium a'«d the remaining urarium 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 extnciion column. The bismuth
streamn leaving the column contains the extracted
uranium and protactinium as wel! as lithium, thorium,
and fission product zirconium. The extracted materials
ate removed from i:¢ bismuth stream by contacting the
stream with an HF-H, mixture in the presence of a
waste salt which is circulated through the hydrofluorin-
ator from the protactinium decay tank. The salt stream
leaving the hydrofluorinator, which contains UF, and
PaF,, passes through a fluorinator, where abuut 95% of
the uranium is removed. The resulting salt stream then
flows through a tank having 2 volume of about 130 ft?,
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 circulatior. of the salt through a fluorinator.

Materials that do not fcrm volatile fluorides during
fluorination will also accuraulate in the decay tank;
these include fissic1 produst zirconium and corrosion
product nickel. These materials are subsequently re-
mowved from the tank by periodic discard of salt at a
rate equivalent to about 0.1 ft3/day.

In summary, ir. 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 exiraction column carries
fission products but no uranivm or protactinium.

The rare earthe 2r2 removed from the =alt dream
leaving the top of the protaclinium extractor by
contacting i with a stream of bismuth that is practi-
cally satursied with thorium metal. This bismuth
stream. with the extracted rare earths, is contacted with
an “acceotor 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. Firally, the rare earths are removed from the
recirculating LiCl by contacting it with bismuth streams
containing high concentrations of lithium (5 and 50
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 UFs and hydrogen to
produce UF, in the sait 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, coolant-
salt storage tanks, and a maintenance and graphite-
replacement facility. The steam-power system will
require afni oil- or gasfired boiler for preheating the
feedwater and the turbinc squipment during startup.

¥
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3. Reactor Primary System

3.1 GENERAL DESCRIPTION

3.1.1 Design Objectives

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

The basicc 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 powe: 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 selfsustaining. An index of good
performance in a growing reactor industry is GP?,
where G is the breeding gain and 7 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 salttographite ratios, as discussed
in more detail in Sect. 3.3.2. (In general, the conditions
for the highest value of the fuel conservation coefficient
also coiiesponded with the lowest fuelcycle cost and
lowest overall cost *0 produce power.)

Neutron fluences and maximum graphite tempera-
tures were kept low enough to provide an estimated
core graphite life of about four years. The salt flow
through the core passages was designed for each stream
to have abzut 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
Hastelloy N is about three times vhat of the core
graphite, that the graphite experiences dimensional
changes with irradiation, and that the graphite has
considerable buoyancy in the fuei salt, were all
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accommodated in such 2 manner as to maintain the
core internals in a compact array without significant
changes in the fueltographite ratios and salt velocities,
and io pievent vibraiions. The sait wiii be maintained
well abowe its liquidus temperature of 930°F, and the
salt flow is upward through the core to promote natural
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 »xpected to last the life of the
plant, but the core was designed to facilitate periodic
replacement of the entire assembly.

There are, of course, mmasy possible arrangements for
a molten=salt breeder reactor and power station. The
concept described here represents one design that
appeared feasible; i:ie detailed study and optimization
would probably produce a better aiangement.

.1.2 Ceneral 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 Hastelloy N vessel
material and the moderator and reflector graphite are
described in Sects. 3.2.3 and 3.2.4.

The reactor vessel is about 22 ft in diameter and 20 ft
high and is designed for 75 psig. It has 2-in.-thick walls
and 3-in.-thick dished heads at the top and bottom. Sait
at about 1050°F enters the central manifcld 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.-diara fuelsalt drain
line connects to the bottom of the reactor vessel inlet
manifold.

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



Table 3.1. Principal reactor design data

Reactor vessel inside diameter, ft 22.2
Vessel height at center.,® ft 20
Vessel wall thickness, in. 2
Vessel head thickness, in. 3
Vessel design pressure, psig 75
Number of core elements 412
Length of zone | por:ion of core elements, ft 13
Overail length of core cicments (approx), ft 15
Distance across flats, 20ne 1,2 ft 14
Outside diameter of undermoderated region, 16.8
zone 11, ft
Overall height of zone I plus zone I1,2 ft 18
Radial distance between reflector and core, 2
zone 11,2 in.

Radial thickness of reflector, in. 30
Average thickness of axial reflectors (approx),in. 22
Volume fraction salt in zone 1® 0.13
Volume fraction salt in zone 112 0.37
Core power density, kW/liter

Average 222

Peak 70.4
Core fucksalt power density, kW/liter

Average 74

Peak 492
Core graphite power density, kW/liter

Average 23

Peak 6.3

Core thermal neutron flux, neutrons cm~2 sec™!

Average 2.6 x 1014
Peak 8.3x 1014
Maximum graphite damage flux (>50 keV), 3.5x 1014

neutrons cm 2 sec ™!

Graphite temperature at maximum graphite damage 1307

flux region, °F
Estimated useful life of graphite, years 4
Total weight of graphite in reactor,€ Ib 669,000
Weight of removable core assembly,d b 600,000
Maximum flow velocity in core, fps 85
Pressure drop due to salt flow in core, psi I8
Volume of fuel salt, ft3
Total in core (see Table 3.2) 1074
Total in primary system 1720
Fissile-fuel inventory of reactor plant and fuel 1470
processing plant, kg
Thorium inventory, kg 68,000
Breeding ratio 1.06
Yield,® %/year 33

Doubling time,® compounded continuously, years 21

“Does not inc.ude upper extension cylinder.

bSec Table 3.3 for definition.

“Does not include 60,000 ib ir. alternate head assembly.
Hoist load to be iified into transport cask.

‘At 80% pi:ant factor.

for periodic replacement. The design chosen for the
reference MSBR has an average core power density of
¥2.2 W/cc, which, based on the irradiation behavior of
materials presently available, indicates a useful core
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graphite life of about four years. 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 instalied
inside the vessel with no special provisions made for
replacement. The bottom axial reflector will be re-
placed each time a new core is installed, since this is a
morc convenient design ammangement. The top axisl
reflector is attached to the removatle top hea2d, 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
33, 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-ftlong graphite elements, as indicated
in Figs. 3.1 and 3.2 and shown in more detail in Figs.
3.3, 3.4, and 3.27. The elements will be manufactured
by an extrusion process and will require only relatively
minor machining. After fabrication, the pieces may be
treated with a sealing process to increase the resistance
to gas permeation, as discussed in Sect. 3.2.3. Holes
through the centers and ridges on the sides of the
graphite elements separate the pieces, furnish flow
passages, and provide the requisite salt-to-graphite
ratios. The interstitial flow passages have hydraulic
diameters approximately equal to the central hole. A
more detailed discussion of the thermal and hydraulic
considerations in design of the elements is given in Sect.
34.

The fission energy release in the reactor is highest at
the center of the core, with the power density (in
kilowatts per liter) falling off approximately as a cosine
function of the core radius. By varying the salt velocity
from 8 fps at the center to about 2 fps near the
periphery, a uniform temperature rise of 250°F is

»
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Fig. 3.1. Plan view of MSBR vessel.

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 seiected for ine 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
undermoderated 37% salt regioa at the 1op 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 znd drag forces, the 1%-in.OD
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Table 3.2. Volumes and weights in the

MSBR core and reflector
Percent Sait Gn\?l!ip
<alt volume weight
(f13) (Ib)
Core, zone 1 14 ft octagon, 13 288 221,400

13 in. high)
Lower and npper axial, zone H, 37 9i.s 18,500
9 in. thick, top and botiem

Upper plenum, 3 in. thick, 85 3.2 700
top only
Lower plenum, 2% in. thick, 100 354
bottom
Radial, zone 11, 16.8 ft. 37 282 55,000
diam X 14.5 ft high
Annubis 1720 dEm X 151t 109 {32
high (2-in. gap)
Salt inlet (lower section), 98 I
3.5 ft diam X 1.2 ft high.
Salt inlet (upper sc.tion), 50 9 900
4 ftdiam X 1.2 ft hgh
Lower vessel coolant 100 82
passage, 3 in.
Radial vessel coolan! plenum 62.5 4.5 3400
Radial vessel coolant, Y4-in. gap 100 212
Radial reflector, 17.2 f1 1.2 269 254400
highx 22.2 ftOD
Axial reflector, bottom 3 14.7 54,800
Axial reflector, top 4 14.7 54,800
Control rod entrance thimble 29
Qutlet passage 420 5400
Annulus between upper head 100 8.7
flange extension and
vessel, ' -in. gap
Total 1074 669.00C

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

Four 6- by 6-in. graphite elements with a 4-in.-diam
hole are shown installed axially at the center line of the
reactor in ¥ig. ..l and 3.2. More rods nay be required,
however, as Jiscussed in Sect. 10.2. Two or more of the
holes receive relatively simple graphite control rods
which, on inseriion, increase the reactivity by displacing
some of the fuel sclt. 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 iwo
holes are for neutron-absorbing rods used only for
reactor shutdown. These 6- by 6-in. elements are
retained at the bottom by fitting ihem into a Hastelloy
N enclosure in the bottom of the bottom-head sali-
distribution assembly. Sinc: the elements are restrained
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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,” surrour ding the more active portion serves
to reduce neution ieakage from the core. This zone is
made up of two kinds of elements: 4-in. X 4-in. X 13-
ft-long elements like those in the core except fora larger
hole size (2.581 in. ID) (Fig. 3.5). and 2-in.-thick X
13-ftlong slats arranged radiaily around the core, as
showr: in Fig. 3.1. The slats average about 10.5 in. ir
vadth, the dimension varying to transforni the generally
oc-agonal crosssectional shape of the core element
array into a circular one. The slats also provide stiffness
to hold the inner core elements in a compact array as
dimensional changes occus i the graphite. Dowel pins
separate the slats to provide flow passages, and vertical
elliptical graphite sealing pins at the outer periphery of
th: 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. Eac): .iab has a groove
running axially about 1% in. from the outside edge to
accommodate the long ellipticalshaped grsphite dowels
which are inserted between adjacent slabs to isolate the
slab salt flow from the flow in the previously men-
tioned 2-n. annulus. There ar> similar elliptical-shaped
dowels running axially between the prisms of the outer
rew 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
zone 1, one of which is illustrated in Fig. 3.3. The holes
running through the centers are for the core lifting rods
used during the core replacement operations mentioned
above. These holes also allow a portion of the fuel salt
at essentially the reactor inlet temperature of 1050°F
to flow to the top of the vessel for cooling the top head
and axial reflector.

Figure 3.3 also shows the pnreviously mentioned
2-in.-wide annular space between the removable core
araphite in zone :I-B and the permunently mounted
reflector giaphite. T s annulus. which i« 100% fual eale
provides clearances for moving the core assembly, helps
absorb :he out-of-roundness dimensicns of the reactor
vessel, and serves to reduce the damage flux arriving at
the surface of the graphite reflecior biocks.

Since the reflector graphite is in 2 position of iower
neuj.on flux, it does not have to be seaied te r2duce
xenon pernetration. Also. because of the jower neutron
dosc level, it does not have to be designed for
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Table 3.3 Terminology used 0 designate regions and zones of rez:tor

Term used

Region or zone*

Core

Zone I? (zone -4, zone I-B, etc.)
Zone [1€ (zone 11-A, zone [1-B, eic))

Asnalus

Lower plenum
Upper picnum
Radial reflector
Upper axial reflector

Lower axial reflector
Radial vessel coolant passage

This includes the 13, 37, 85, and 100% salt
rgions out to the inner face of the
reflector but does not inclade th~ reflectos

~13% sa't region of core
~37% salt region of core

~100% salt 2z5aiar region of core betwren
zone [l and radial reflector

~:00% sait region of core between zoune I
and lower axial reflector

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

Graphite region survownding core in radial
lirects

Graphite region above cose

Graphite regios below cose

Gap between radial reflector and vessel wall

Upper vessel coolant passage
Lower vessel coolant passage

Inlet

Outlet passage

Gap betweea uwpper axial reflector and
upper vessel head

Gap betweea lower axial sefiecton aad
fowes vesie! head

Salt inlet passage im lower veseel head and
lowes axial refiector

Salt ortict passage in spper axial seflector

“See Figs. 3.1, 3.3, and 3.26.

ﬁ*l&,m,mdm%m“”*iam.
“The terms “radial zome I1,” “wpper axial zowe 11,” and “Sower axisl zoae 1™ should

be used as necessary.

replacement during the reactor lifetime. The reflector is
onmorised of molded graphite blocks which require
only minor machining operations to fabriczte. The
sadial reflector graphste 8 made up of sghtly wedee-
shaped blocks to provide a reflector about 274 ft thick.
The blocks are about 10 in. wide at the vessel wall,
about 9 in. wide at the inner end, 20d about 43 iz. high
and are aszmblied in four layers. Hasteboy N axial 135,
indicated in Fig. 3.3, provide a Y -4n. standoff space
from the wessel =28 52d 350 align the reflector biocks
together in the vertical direction. Fuel salt from the
reactor inlet plenum flows upward through this vertical
zpace t0 cool the vessel wall and the cuter portion of
the reflector graphite.

In addition to the axial flow of salt for caoliag the
radial refiecior graphite, an inward flow of fuel salt s
meintained by 100D graphite pics, or dowels, which
are inscried in the reflector picces to bold them apart.
The sait flow passas=s are about 0.05 m. wide in the
coid condition and widea to abott 0.1 in. at operating
temaperaturs. Slotted Hastelloy N orifice plates ase set

into the reflector graphite at the outer wall to distribute
the radial flow of sat between the top aad bottom
pessages {0 provide more wmiform cooling m the
reflector. About 1% of the reflector volume is fuel salt.
All the radial fiow clizznele doge downwand toward the
vessel wall to 280w the salt 10 drain whes the sysiem i
emptied.

Since graphite kas sbowt onc-third the thermal coef-
ficiemt of expamsion of Hastelloy N, the ciearamces
betweer blocks will tead (0 increase a5 the sysiem s
keated to operating temperature. Fven distribviiin of
these dearances i mpistained by restrainiog lateral
shifting of the graphite. Each refiecior block i the
bottom kayer of graphite has 2 shallow radisl groowe
milled for sbowt 18 in. in the bottom .emter. These
grooves fit over radial webs welded to the bed plste on
which the seflecior blocks ase stacked. The webs
maictain each block 2t 2 gives position refative 10 the
metal bed plate as the piste cxpands. The upgper layers
of radisl reflecior blocks ace forced 10 meiniain segistry
with the botiom keyed block by the previoudy
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Fig. 3.3. Demiled plan view of graphite c>flector snd mederitor

being sbout 16 in. wide, In adlision, becavse of the
ech core, since it forns the sase wpoa which 3 new
A flow of fuel mit is provided for cooling the sxial
seflecior graghite. 35t for the lower reflecior taken
from the rcactor islet flow is wed (o cool both the

oxe is amembled. A support structwe around the
hottom islet supports the bottom graphit2, and ke

the fuel selt by the weight of the 3-in.4hick Hastelloy N

tor amembly supported in the suaner indicated in Fig.
3.2. The lower axial reflector graphite is renewed with

it 30 in. thics at the center and about 1§ . thick at

Siace the radial blocks om the top layer ase wedge
thaped 2ad there is not room to lower the last block
iato place from abowe, two of the topdayer blocks are

the cooling gap betweea the blocks and the vessef wall.  wedgeshaped pieces of graphite, the incer end being
split wedges which form 3 rectangdar space into which

The radial reflector blocks are pushed outward against  about 2 ia. wide and the ead at the outer circumference
hoops inserted im ciccumiferential siots at ecach layer of  dished heads on the vesmsed, the wedge-shaped pieces ase

the reflector blocks pushed outward 10 follow the vessel slternate) containg 3 permancatly nstalled axisl reflec-
3 block can be mowd laterally to complete the  axisl reflector amembly is prevented from flosting in

meationed Hastelloy N axial ribs, which also provide The axial reflectors at top aad bottom ° ¢ mede up of
e

or hoops expand 2t the same rate as the vemel aad keep  the outer edge. The top head of the vemel (and its

glace, 2 sepmenied metal setainer plate s puwt on topof  inner head (core . pport plate) Lo which it is attached.

to the overhanpag wmel wall. This retainer plate  reflectors im much the same maaner 28 for the radial

the spaces ribs as the vessel expands by Hastelloy N
pecvents the seflecior from flosting when the reactor is

the top layer and bolted 10 gusscts which are stiached
flied with ssit.

blocks in the reflector as indicated in Fig. 3.2. The ri
menbly. After all reflector picces have been put in

wall.
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lower head of the vessel, the inner head (cure support
plaie), and the axial reflector graphite. The inner hesd
is provided with standoffs tc permit salt to fiow
between it and the bottom head of the wessel. Holes
through the inner head allow some sait to flcw upward
through passages beiween the botiom sxial reflector
pieces. The lower passage between thz bottom heads
also supplies the salt which flows upward at the wall to
cool the vessel and the radial refiector grarhiie. Fuci
salt for covling the top hexd znd upper axial reflector
flows upward through ihe control rod region at the
center of the core and through the core lifting rod holes
in zone [, as shown i Fig. 3.1 and described below.
This »3!* is initially 2t near the inlet salt temperature of
sbow 1050°F, xnd, after absorbing the heat in the
upper head ani 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. The flange is located several
fee: above the top dished head for better accessibility
znd a lower radiation and tempenature environment.
For the core removal and replacement operations, the
core is temporarily attached to the top Liead and axial
reflecto; and the entire assembly moved as a unit. To
accomplish this, eight seal-welded flanged openings in
the top head of tiie reactor vessel give access to vertical
holes in the graphite core structure for insertion of
2% in.diam molybdenum lifting rods which attach by
a ball latch :o the forged support ring at the bottom of
the reactor core, as shown in Figs. 3.6 and 3.7.
Molybdenum was selected for the rod material becavse
of its strength at elevated temperatures, it being
anticipated that the core temperature ‘would increase
above its average 100°F operating temperature during
the transfer operation. The ball latch mechanism is
activated from above by a push rod running inside the
length «: the lifting rods. An enlarged section at the top
of exch rd engages the top head to clamp the core and
head together. The rods are used to lift the entire core
assembly into the transport cask, in which it is then
moved to the sicrage cell for ¢ventual core disassembly
and discard into the waste cell. The core assembly is
zhout 16 ft in diameter and weighs about 240 tons.

The reactos vessel is supported from the top by an
extension of the outer w~i which carries a large flange
at the top (see Figs. 3.2 and 12.27) that rests on the
reinforced concretz soof structure. This cylindrical
piece extends about 15 ft above the top of the reactor
vessel and has walls 2 in. thick. The top head of the
reactor vess~i slso carries a cylindricsi citension with a
flange at (he top to mate with the vessel flange. The
flanged joint is thus located outside the high-
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temperainre region of the reactor cell, is elevated above
the maximum salt level, and is not subjected to iigh
temperaiure gradients or strong irradiation levels. Dou-
ble metal gaskets with a lesk 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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Fig. 3.7. Reactor core-lifting rod assembly.

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 corz
replacement operation. The new core w*'l bz assembled
under shop conditions in a “clean rcom” located
outsid- the MSBR containment. Th: core will be

erected on a new Hasteiioy i support piate which has
been provided with new graphite lower axial reflector
blocks. When all the elemems 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. 3.2. 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 previvusly 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
Sp<rations are described in more detail in Sect. 13.

3.2 SPECIAL MATERIALS

The fuel and coolant salts, the reactor graphite, arid
the modified Hastelioy N are speciai MSBR materials
which have been studied and developed at ORNL in: a
progiam that started over 15 years ago. The backgrounc
information and documentation suppo:ting this ares of
the MSBR design study are far too extensive to be
reviewed here. In general, each oi the materials has been
investigated safficiently to give confidence that their
usc, within the limits prescribed, is feasible and prac-
tical in the MSBR. Selected physical properties cf the
four materials are listed in Table S.1, and some general
characteristics, as specifically related to the MSBR
design study, are brieflv discussed below.

3.2.1 Fuel Salt

The fuel salt selected for use in the MSBR is
TLiF-BeF,-ThF,-UF; (71.7-16120.3 mole %). The
lithium is enriched i0 99.995% "Li. 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.’® With a viscosity about
twice that of kerosene, a volumetric heat capacity
aoout the same as that of water, and a thermal
conductivity more than twice that of water, it has
adequ~ie heat transfer characteristics® and a reasonable
pressure drop due to flow.'? It is compatible with the
rmaterials in the system.'?

In selecting a fuel salt for the MSBR it was recognized
that the fuel salt must consist of elemenis having low
capture cross sections for neutrons typical of the
chosen energy spectrum. The fuel must dissolve more
than the critical concuntrations of fissionable mater:al



(25U, 233U, or 23°Pu*) and high concentrations of
fertile material (332Th) at temperaicres well below
1050°F. The mixture must be thermally stable, and its

2)

wpor pressure needs to be lov in the operating -

temperature range of 1050 to 1300°F. It must possess
heat transfer and hydrodynamic properties adequate for
service as a hecst-exchange fluid. It must be nonaggres-
sive toward the materials of corstruction, notably the
Hastelloy N and the graphite. The fuel salt must be
stable toward reactor irradiation, must be able to
survive fissioning of the uraniuvm or plutonium, and
must tolerate fission product accumulation withcut
sericus deterioration o its useful properties. It must be

*Plutonium, as 23%PuF,, could "¢ used iastea: of 233U or
235U for the initial fissile loading and there may be cconomic
advantages to doing 0 for the nuclear startur and shakedown
runs on an MSBR station. (The moilten-salt reactor could no?
breed on e 23%3U-23%9Py cycle, however, because of pluto-
nium’s low value of n for thermal neutronx.)

capable of being processed for tumaround of unburned
fissile material, effective recovery of bred fissiic ma-
teria!, and removal of fissii-n preduct poisons, all with
sufficient economy to assure a low fuel-cycle cost.

As discussed by Grimes,'® fluorides are the only salts
with acceptable absorption cross sections and the
requisite stability and melting temperatures. Both vra-
nium: tetrafluoride (UF,) and thorium tetrafluoride
(ThF,) are sufficiently stable, and, fortunately. their
relatively high melting temperatuces are markedly ce-
pressed by use of diluent fluorides. The preferred
diluents are BeF, and "LiF. The phase behavior of
systems based on these diluents has been examined in
det2il ' 3nd the systern LiF-BeF,-ThF, is shown ia
Fig. 38.

Successful operation of the MSRE lent confidence
that oxide contamination of the fuci system can be
kept to adzquately iow levels and that ZrF, (5 mcle %),
used as a constituent of the fuel in the experimental
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reactor to preclude inadvertent precipitation of UO,,
wouid not be needed in the MSBR.

The singlzfluid MSBR requires 2 concentration of
ThF, near 12 mole %, and criticality studie; indicate
that the 233UF, concentration should be about <D.3
mole %. The ratio of LiF to BeF, should be high to
keep the viscogity low. To maintain the liquidus
temperature below about 932°F (for a melt with 12%
ThF, ), the BeF, concentration must be in the range of
16 to 25%. The most likely choice for the MSBR fuel
st mﬁ“‘ was thus ’UF&FQ‘“F“‘,F4
(7:..7-16-120.3 mole %). This sait is undamaged by
radiation and is completcly stable at operating condi-
aons.

As indicated in Table D2 of Appendix D, the
estimated cost of the primary salt for the MSBR
reference design is about $13 per pound for the
TLiF-BeF, carrier salt; about $9 per pound for the
TLiF-BeF,-ThF, barren salt, and about $57 per pound
for the enriched fuel salt, based on a fisside material cost
of $13 per gram. The total cost of the primary salt
inventory in the MSBR reactor and chemical treatment
plant systems s thus about $23 million.

322 Coolant Selt

The MSBR uses a circulating secondary fluid to
transport hest from the fuel salt to the steam generators
and reheaters. This coolant must be stable 22 &ii
temperatures up to 1300°F, must ot ve damaged by
radiation (incinding the delave ’Geutzon emissicns
the primary heat exchangers), ot be compatible with
asher mstaricls) must hive 2cceptable hoat transfer and
wolume required, muist be reasonabi: i1 cost. The
coolant selected for the reference dewgn is a eutectic
sodium fluoroborate salt having the commosition
NaBF, NaF (928 mole %). Pertinent physical prop-
wties are listed in Table S.1.

The NaBF,NaF system is shown in Fig. 39. The
euteccic has a vapor pressure at 1150°F of about 252
mm Hg and could opers’ ¢ with a dilute mixture of BF,
in helium as the cover gas. It has a mciting temperature
of sbout 725°F and "as a viscosity. volumetric heat
capacity, and thertmai conductivity properties close to
thost of water. The salt mixture is stable in the system
environment. If the sodiumn fluosoborate is free of
contaminants and water, test loop experience indicates
that the corrosion rate of Hastelloy N at the reactor
system conditions will probably be less than 0.2
mil/year. Commercial [rades may have acceplable
purity and woul! have a inodest cost of less than 50
cents/ib.
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Fig. 3.9. MSBR coolent mit — The system NaF-NalF,.

The choice of sodium fluoroborat: was based on a
suwvey of posible moltensalt reactor coclants by
McDuffie ei. al.'® Consideration of z number of
coolants has been previously reposted’ ?+* and sum-
marized by Grimes.'® The remaining uncertainties and
problems in the wse of sodium fluoroborate are de-
scribed in Chap. 14, along with a discussion of
altermative coolants and the efiect their st wounld have
on the MSBR design.

323 Reactor Graphite
W.P.Eathely  C.R.Kennedy

3.23.1 Introduction. Graphite is the principsl ma-
terial othir than salt in the core of a molten-salt
reactor. As such, its behavior under radiation danmge is
of considersble significance. Prior to 1966, data on
graphite behavior at elevated temperatures and high
fluences were scattered, and there was good reason to
beliewe the effects of radiation damage in graphite were
seif dimiting and would satusate at exposures of the
order 2 X 10%2 neutrons/cm? at 700°C.

Dwing 1966-1967, Brith data' guickly con-
firmed in this country,'? demonstraced that the dimen-
sions” changes induced by radiation did not saturate but
eventually resulted in soss expansion of the graphite
accompanied with structural deterioration. Under the
fluences and temperatures existing within proposed
high-performance molten-salt reactors, this meant that
the graphite in the core would not last the life of the
reactor and would have (0 be replsced 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'® and (2) to estimate
the probability of improving existing graphites.'® The
geaeral results of these studies were as follows:

1. The behavior of existing graphites can be tolerated
from the standpoint oi both desygn 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.

3232 Structural aad dimensional stability. There
are two owemriding requirements on the graphite,
namely, that both molten salt and xenon be excluded
from the open pore volume. Any significant penetratior:
of the graphite by the fuel-bearing salt would generzte a
local hot spot, leadivg t0 enhanced radiation damage to
the graphite and perhaps local boiling of the salt. It
would cbviously also fead to uncertaiaties ir the reacts:
fuel inventory and dynamic reactor behavior. Since the
sait is nonwetting 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 1p. Both requirements can be met bty
currently available commercial graphites.

Xenon-135 is a serious poison to the reactor and
could cost several percent in breeding ratio if not
stripped from the salt or exciuded from the graphite.
Calculations? indicate that with graphite having a gas
permesbility of the order of 10~* cm? jsec STP heiivm,
a reasonably effective gas stripping system can reduce
the poisoning to a negligible level. The best com-
the 1072 to 10™* cm? fsec range,-although experimental
materials have achieved levels of 1075 to 107¢ cm? fsec.
These values seem to be the achievable imit relative to
closure of pores by repeated carbonaceous impregna-
tion and graphitization of bulk graphite.

It is obvious that the structural deterionation of
graphite under radiation damage will lead to eventual
loss of impermeability and hence to a defizable 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 grashite
behavior were analyzed, and 2 set of curves was
established representing the expected behavior of the
graphite obtainable at that time. The resultant curves?®
for isotropic graphite are shown in Fig. 3.10.* From
these curves and the presumed temperature distiribu-
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tions in the core, the changes in core coudisuration have
been calculated 2®-2* It is concluded .t changes in
rezctor performance due to strictly geometrical changes
are not significant.'®

For lack of a better definition, it has been assumed
that permeability will improve or remain unaffected
during the peviod of time the graphite is in a contracted
phase, and hence the poimt at which the graphite
returns to its ociginal density defines its useful life. This
leads to the conclusion?? that the graphite can absorb a
fluence of 3 X 10?2 neutroas/cm? (£ >> 50 keV) before
deteriorating significantly or, equivalently, that it will
have to be replaced in the core about every four years
in the present design. The amociated operating cost
penalty for replacing graphite is estimated to be
between 0.1 an.d 0.2 mill/kWhr.

*Subsequent, data indicate that the ter<cature effects may
be less than those shown in Fig. 3.10. Graphite now under
development mzy also have bette: dimensioral stability.

LAY NPEOR R Y LTI

TSupreT e

- - T P PN

Nl TR WA s sir e s mr i in Pk o aa w .y PR RS vt B A - o e




"y

Recent results obtained from irradiations in the High
Flux Isotope Reactor (HFIR) at ORNL indicate that
the definition of lifetime based on return to original
density e indeed conservative for almost zii graphites
examined. The observed changes in microstructure
represent an increased generation of extremely small
pores at the expense of reduction in the size of the
larger 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 avcided
for MSBR applications.

Other than the common commercial technique of
repeated Jiquid impregnation of graphite, seversl other
alterastives exist: (1) metallic or carbide costins (2)
pyrolytic carbon coating, (3) grseous impregnetion and
decomposition (pyrolytic impregnation), and (¢) liquid
or solid salt impregnation. The use of metal-containing
coatings has been investigated, and successfid coatings
were demonstrated. The useful metals and coating
thi-knesses required lead to a significnt loss of
pewrons, however, and this approach has been aband-
oned, at least temporarily. Of the pyrolytic techniqaes,
costing because cf the less fragile nature of the
impregmated surface. An apparatus has been designed®?
which pauits gaseous impregnation of graphitz accom-
panied by pyrolytic decomposition. This leads to filling
of the pores sear the surface with pyrolytic carbos: and
gpaphite, an¢ permeabilities of 107'® cm?fsec have
been easily achieved. Various samples of such impreg-
mated materials have been irradiated . however, and they
have withstood fluences only to about 1.5 X 10?2
neutrons/cm?® (£ > 50 ke¥%').2! Such results are to be
anticipated, becavse bcih the base graphite and pyro-
lytic matzrial undetgo dimensional changes unde: irma-
diation. A variety of behavior of pyrolytic materials can
k¢ obusined by altening the hydrocarbon g»2 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 ior a given base graphite, and such a
process may be unique to each bose stock. The program
is actively proceeding and looks both technically
feasible and economically attractive.

Pyrolytic coating, on the other hand, is a much more
tractable process and requires less process comtrol.
Coatings only 3 t0 5 mils thick readily vield perme-
abilities in the range 107 to 10 cm? fsec. These have
survived imadistions to 2 X10?? newtrons/cm® with
negligible loss in permeability and hence lock wery
attractive. Howevzr, the samples must he protected
against chipping due (0 external mechanical stressing. it
is probable thit 3 combinstion of impregaation and
coating will turn out to be the preferred technique.
Pending more 1esults on these experiments, work has
been aurtailed on studying the feasibility of hquid or
solid salt impregastion.

3.23.3 Thermal and mechanical properties. The ther-
mal conduct'vity of the graphite becomes important
only as it affects the nternsl ‘emperature of the
material due to gamem and newtron heating. For the
reference design of the MSBR, this hest is quite
significant, up to 8.3 W/cm® . The temperature gradieats
thus dewveloped lead not only to thermal stresses bwt
also to radistion-induced stresses gemerated by the
temperature dependence of the damage. Values of the
relevant properties of a {ime-grained isotropic graphite
have been estimated from properties of various grad=s
of graphite given in the literature. The estimmies are
given in Table 3.4. Although some of these valwes, such
23 the thermal conductivity, will change during irradis-
tion, the changes will probebly not seriously affect the
calculated stzesses.

Table 3A4. Estimeted design graphite progesties of bass graphite for 3n M3BR*

Ticrmal conductivity. > W cm ™! O
Thermal expeasion, "C) ™!

Young's modulus, psi

Ultimate tensile streagth, psi

Poisson’s ratio

Creep constant, psi~' newtron™' cm?
Anisotropy

Density. g/cm®

Parmeability, cm> (STP He)/sec
Accessidle void volume, %

3767 % where T=°K

552

x10%+10x 10°T

1.9x 100
5000

0.27
3.3

- 145X 1027+ 14% 107%7%) x 107??

<0.05%
~19
<ix 107

<io

An temperatures expressed = degrees cratigrade, except as noted.
SUnuradinted; radintinz may decreass conductivity.



Constitmis eoustions for the graphite prisms hawe
been set up and solved?®2' 1o obtain ihe thermal and
radiation-induced stresses. The equatioas include the elas-
tic response as well as primary and secondary creep.?’
the important comtribution being that of *=omdary
caeep. Despite the fact they th: radistion-induced
strains far exceed the omxisnum temsile straim of
graphite at failure, the relaxation dwe to creep largely
stresses (o relatively low levels. A curve of stres w time
for MSBR graphite is shown in Fig. 3.11. The imitial
thermal stresses anneal owt i 2 few weelks’ time, aad
theve s 3 gradusl buildup of the radiction-induced
stresses. in B0 case do the stremes exceed 600 pui,
which is quite acceptable in view of the anticipsted
SO00-psi witimate tensile strength.

It is concluded, ther~iore, that tist nduced stresees in
the graphite do aot comstras: the reference MSBR
design or performance.

3.2.3.4 Improved graphites. Before comsidering the
probebility of improvemest of the graphite, it is
advantageows 10 rediew briefly 122 mechamism of
produce SO0 to 1005 imterstiticl-vacancy peirs in the

SUNVACE STRESE o) OR & (pus)

e

3 3
Taeg AT SO ML.ANY FOLTOR ()

Mg )11, Maximum oo perduced ln KFBR swacter suve
Pwhits s o u:ction of Gme.

p.3

graphite. Ai the temperatures umder consioir>tion
in the MSBR, the interstitials are highly mobile,
ﬂt&mmsﬁnﬂym M!Wm

aithough the shape change is marked.

There is general agreement oa the showe quslitstive
explanation. but detailed attempts to quantify the
modet have not led to satisfactory results. The British
M"W(ﬂbﬂtm)am

demonstates some amprovemest i behavios, as shows
n Fg. 3.12, and setisfies many of the deived roquire-
wents, bt it s a2 molded meicrinl ad canmot e
fabricated 10 the required shapes. Al pressst. both
ORNL ad the wendor are studying methods to form
the material.

3.2.3.5 Conclusions. On the basis of the sarwey of the
capabilites of the gaphitz industry, coupled with
ciivemt programs o dietion damage and Sbrication,
the following conchesivss have been made

1. Covem stateof-theert waietish are adoquate o
ments for an M3IBR. These graphites will have 3 cose
lfstime ot the sefevence MSBR fiux levels of the crder
I fous yesrs. which introduces 2 cost pemalty of C.) s0
0.2 milt/kxWhe.

2. Early siudiss of gassous impeegnation hawe demon-
sirated the capability of mesting the perwnsbility of
<107™* ociszc thet would be desinable to help mimissae
the '?*Xe mewtron sisorption. B rewsing to be

*Supplind by Pce Gouphise, tnc.. 2 sbuidinry of Unisa OR
Cumpeny of Callfosnia. Deotatus, Tex.'
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Fig. 3.12. Behavios of type AXQ guphite st 715°C cum-
trasted 00 the presumed bobavics of de refesence graphite wsed
in MSDE. design caiculstion:

demonstrated that such impregnated materials will
satisfactorily withstand radiation damage.

3. Geometrical restrictions ntroduced by requirse-
ments of fabricability do not restrict reactor per-
formance.

4. Sufficient data now exist to imaply that improved
graphites for MSBR usage csii be devel~ped. However,
these improvements will most probably be incremental
refative to the best graphites ‘ested to date.

3.2.4 Hastelloy N
H. E. McCoy

In this reference design of the MSBR, the maierial
that is specified for nearly all of the metal surfaces
contacting the {uel and coolant saits is 2n alloy which is
a slight modification of the present commercial Hastel-
loy N. (The only exceptions are parts of the chemical
processing system, which are made of molybderum,
and the infrequently used fuel storage tank, which is of
stainless steel.) As cdescribed below, the moditied
Hastel'oy N a:.ticipated in the MSBR design is curren:ly
in an advanced stage of development. It is very simlar
in composition and most physical properties to stan-
dard Hastelloy N, which has been fuliy developed and
approved for ASME Code cors:-uction and was used

successfully in the MSRE. The modified alloy i
superior to standard Hastelloy N, however, in that u
suffers much less loss of ductdity under neutron
irradiation. The design of the MSBR reactor vessel
counts on this improvement, and throughout the
description of t.2 design in this report “Hasteloy N”
means the modified alloy uniess otherwise siated. The
consequences of faillure to commercially produce an
approved alloy with the desired properties are discussed
n Sect. 16.2.3.

3.24.1 Primary system. The metal in the reactor
vessel and in the prirmary piping will be exposed to
molten fuel salt at temperstures up t¢ 1300°F on one
side and to the cell atmosphere (95% N, —5% O,) at
1000°F on the other. The anticipated service life is 30
years, auring which time the most highly wradiated
norticas of the reactor vessel will be exposed to »
fast-ncutron (£ > 0.1 MeV) fluence of less than 1 X
10?' aevtrow/cm?® and 3 thermal-neutron fluence of
about 5 X 10*? reutrons/cm? .

Hastelloy N is an alloy developed specifically for use
in molten flucride systems,?® with the composition
mwwn I 1abic 35. Among the mejor coastifuents,
chromium is the least resistant to sttack by the
fluorides. The chromium conient of Hastelloy N is low
enough for the alloy to hawe excelleat corrosion
resistance tceard the salts. (The leaching of chromium
is limited by the rate a1 which it can diffuse to the
surface.) The chromium is high enough, on the other

Table 3.5. Chemical compositios. of medificd Hastelloy N

Concentration (wt %)*

Element
Standard alloy Mcdified alloy

Nickel Balaace Balance
Molybdenum 15.0-18.0 116-130
Chromium 6.0-80 6.0-80
fson 50 50
Carbon 0.06-0.08 0.04-0.08
Manganese 1.0 0.2
Silicon 1.0 0.
Tuagen ns 0.}
Aluminum 0.i
Titaniun ).s 20
Copper 0.3s 0.}
Cobalit 0.20 0.2
Phosphorur 0.015 0453S
Sulfur 0.020 00158
Boron 0.010 04010
Dther:.. 1otal 050
Hafnwm 10
Niobjum 20

—

“Single values o> maximum concentrations,



hand. 10 imparnt good oxidation resistance toward the
cell atmosphere. The molybdenum content was ad-
justed 1) give good strength without an embrittling
second-phase formation. The resulting alioy has wery
good physical and mechanical properties.? 7 2°

Standard Hastefloy N was approved by the ASME
Boiler and Unfired Pressure Vewel Code Committee
under Case 1315-3 (ref. 30) and Case 1345-1 (ref. 31)
17 nudear vessel construction and was the primary
ructural material in the MSKE. in the fuel system of
this reactor, Hastelloy N was exposed 10 salt at about
1200°F for 22000 hr. Comosion was very modesate,
wiii cwomiem icaching equivaient 10 compiete fe-
moval from a lbayer oniy 0.2 mil deep. (Survediance
specimens showed a chromium g adient to a depih of 2
mils.) Oxidation on swurfaces eagosed to the cell
atmosphere amounted to onlv 2 mils. However, surveil.
lance specimess exposed just outside the reactor vessel
and at the center of the core showed marked reduiction
m fraciwre sirain and stressruptuse life due 1o neutron
irradiation 22734

In the MSBR reference design the metal in the vessel
walls is protected by 2 théck graphite reflector and sees
a fast-neutron flneace onty on the order of ) X 107}
neutrons/cm? (actusddy less than was recesved by cose
specimens in the MSRE). This {ast-neutson fluence is
too low to pioduce the swelliag or void formation that
is associated with the metal vied for dadding the fuel ic
fast reactors.>® Thi major concern in developing an
imncoved akoy for use in the MSBR was theseiore not
fast-neutron damage 0wt the production of helium in
the metai, primarily due to the thermal-aeutson trans-
matation of '“B to “He and "Li. Boron is an impurity
of Hastelioy N thar comes from the refractories used in
meftizg the alloy. Caseful commercial practice makes it
posssble to produce alloys containing 1 to 5 ppm boron
(18.2% of natural boron is '®B). lsradiation tests,
however, show that the amount of Lelium (and thus
boson) required G caus: embrittiement is 50 low that
even aloys containing 0.1 ppm of boron ase badly
damaged in this respect.?® The stroeg influence of such
2 small quantity of boron is due to the segregation of
boron at the grain boundaries, where helium production
can have a profound erfect on the fracture behavior. It
was thus concluded that the problem of isradiation-
induceéd embrittiement could not be solved by reducing
the boron jevel.

The embrittiement problem was approached by
zisconium, and hafnium, 50 2¢ to form boridos that
would be dispersed as precipitates and ot particulardy
segregated at the grain boundaries. This approach

proved successful, w2l 2 fine dispersion of MC4ype
carbides giving the most desirable properties.’” The
posturadiation fraciuse strains of scveral promisieg
alloys are shown in Fig. 3.13. (Although the flueace
received by these specimens s low compared with th-:
expected in the MSBR, over one-half of < eoros will
have been transmuted at the 5 X 107° -gewtron/cm’
fluscce level, and Zcre is relatively little change is
ductisiy Deyond this point.)

Yo obtain ¢ desised structwe and welding prop-
erties of the modified alloy, close contsol is requized of
mmmdmmum

40 thick plate wsing alfoys conziming 1.2% tits-
nium. 0.5% hatnium, combioed 0.75% hafeium and
0.75% titaniven, and combined 0.5% tisniva sod 2%
niobium. (Zizconium mnduced severe weld mtal orack-
ing and & no longer coasidered as 2 comsttucnt.) The
composition of the Hastelloy N for the MEBR has sot
been optimized, byt the a3ntizpaied values 7o given in
Tsble 3.5.
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The corsosion resistance of the modificd meterial has
bees tested, 2ad specimens have been exposed in the
MSRE core. The melts used 10 date boo: <51 % won and
howe evem lower o5 0ion rates than observed for the
standecd alloy with 4 i0o 5% uon. Loa does not serve 3
critical tole in the slloy and could be removed Lo give 3
jowes corroeios rale in sodives flucroborate should this
psove 10 be aeceasary . The presence of titasiuem and the
other teactive mietaic will not costsibute eppreciably to
the comosion rate 2t the aalicirsied concenira-
tions.>* >? The molybdenum was dsopped from 16% in
the staadad material 10 sbowt 12% in the molined

alloy 10 oblain the desised carbidr.
!_‘-' ane sbrosmincl e onertise 3{ q“. —AJ:I'% .-ll....i sic

peaerally beites chan those of standasd Hisielloy N and
xe comsidergbly better thas those of the eardy Lieat
wed in cotsblishing the aowgble design stresses under
the ASME Code. Foc the pusposes of this seference
MEBR design, howewver, the approved stzesses, lisied in
Table 8.1, wese vecd.

is summury. the refesence MESR design sssumes that
to sandacd Mastelicy X will be anaidsble. The ceacror
wvessel seovises, ia addition, that the postisradistion
duciility be much beiter than that of the siandad
slioy. Slany exgesimental ieats of modified Haatsllny N
amees these (equisements. These appeass *0 be 0o season
why 2 sclecied alloy canmot be poduced commercially
and L apgoved {or code consiruction.

3242 Secondesy sywem. The coolan: salt in the
MEBR = zodinm Rucichonsis. Tius duss aol posent »
basically diflecens corension situation fioms st for
other fiuoride salts, since the clements prosent a5
fluodides aie moce sigble thaa ae the fluorides of he
metpls presont in L2 Hastelloy N. impurities in the sidi.
howeser, ey preseal mechanisms [0 cossusion.

Sistic cosjosics tests showed imsignificant a4 sck of
Hostelloy « by NallF, MaF mimtizcs ¢ 0 8 moke %
Vi) on thastelloy W wik low amounts of oxygen and
water prosent *® lncessed amounts of orygen and
waier mey accelerate the corsosion rale.

Dysamic cusiosion test experience with Harleticy N
in sodinm Suorsborate includes seseral thecwal convec-
iion 'cops and a single forced-ciucviation sysiem.
Results odicate that metal will b~ renoved fiom the
botter postions of the loop and deposited on the couler
sections. For the thermal convection loops the mini-
mum 7.c of meial cemoval was stoul 0.2 mil/year owr
bout 10000 hr of operation. Acceleraied ~orrosion is
associated v ugh levels of H;0 and O, . Puging the
system with 2 gaseovs mixture of hydsogen fluoride,
BF,, and helium appears 10 be an effective method of

pwifyiig the coolsmt ©alt of moistwe aad oxyges,
boweser. In geoeral, the competibility of Hastelloy N
with s divem fluocoborate appears accepiabie. §f online
methods for removiag corrosics products snd Mmoistwse
ase incuded ia the system, the corrasion raie i likely
10 be beos than sbout 0.2 mil/yess.

The ompatibiisty of Hastelloy N with supescritical-
pressine sicam s besa (osied by exposing specimens
in the TVA Bull Rua sicam siation. is over ;3000 b
the corrosion rate hes boes less thas ¥, mil/yers.*’ »
is2 thal by iacustsy standards would cerisisidy be
sccepiable in the oleam gemersio: tubisg. (Thase is a0
fscd ifwsicBoy % ie iinis resmecs ) RKepiits of conlimued
testing, but with sisesred spccimens, e aol yel
svailble.

35 NUCLEAR CHARACTERISTICS

313.) Sdection of MEBR Coss Design
H.F. Boumsa

The coe of the siagle-fluid MEBR cnavsis of 1wo

rones: 3 well-modesmied innes zone () Lese Takie 5.5
ior definition of rones) Sunadel by wn wadermod
oraied owies zume (J)). The ame (el salt, conisining
both fusile and festile matesied. is wnd in both 20nes
and thaoughowt the ssacior. The aswison speciium is
esch zone i conisolied by sdjvsting e propostion of
a1 (0 graghite, f1om 3 sl fiactioc of sbowi 1Y% s
zoae § W sbowt 37% is zone §. The owiall specirnn ¥
adjusied for the best ~performence™ psiczipied wich »
high bresding satio 2ad » low fissile imeaiory (oplami
zation of the cote i discunsed in foliownng sclions).
The specunm in zone tl is made hasdss, Lo enhonce the
raie of thorium tesonance captuse calgln Lo the lmsion
rale, thus Jepeessing the Bux in the ovier cote 2a0c o
scduning ax nenlson ieskage.
(good brecding salic snd low fismsiiz imveniory) by
Nuids® Both fliids (separried by graphile walls) wese
paesent in the core, which —.s sucsounded by 5 blsakel
of fertile sgit. The advantages of this ‘wo-flcid devige
wese low {uside inveniory (becaise the lisils mplerml
w3 confined L0 3 ceistively small valusme of fusl sii)
»d ease of peocessing (becaes the fusl sald wes ltee of
festile mptesial pad the Lestile bisi wis peaciically (soe
of fision producis). The mein diso'vanlags wis the
complex gaphuie ssuctuie taguined Lo sepwais the iwv
fluids. 3 ssucte thot would have e be ccpleced »
intesvals because of neuicon dameye Lo ae gaphils.



A Acsign inlermedinte botween the 1wo-fluxd end the
refesence single-fluid detigns is the single-fiuid core with
separaie blasket.' The core i 3 well-moderated region
Mke zome @ f e single-Nuid design. wrrounded by »
bhywaket of thoriuarbesring wit s2parsied from ihe core
by » thin wall of Hastelloy N (o somibly graphite). The
core wil conlains both fissile and festile materials and
thus uifers mo prosessing advasiage over the single-ivid
desigs. but the prosence of the blanket conisals atwitos
leskage withow! involviag 3 large Niméic inveniory in the
bluaket region 39/ resclis in 3 low total rexclior fisile
wwesiory. Exrdursiory calcvistions hew shown Ui
umwd:ﬁ-wmudm
ive-tieil fmcior wwwioned seove. its mejor disad-
vanlage is the necessity for 3 dividing wall between the
core ad the blusket, 5 wall el would hewe to b¢
reslsced periodically (slorg with Un cure graghite)
Secauer of fac:-neuiion dumngy'.

Another acedibility 5 » sugiefluid desgn wii a
power densily low enough for the sliowbis damage
Buox iz M oois V5 el b sheveded in e iidenms of
the rescies. Prelisninory calcubbiion s 555 a5t ¢
reactes should hove 5 lurge cwe (on Tie ander of 30 1t
in dinsueisr) and thel sa undermeSovies sone i is ot
nended bocaum leskage is inbsently low {rom sxch »
lnrge cxee. The sdwmaiage of this Sesign is simplicity of
consiraciion snd the ciminntios. of core seplsRsai.
fis dimbdvaniagss are e scotivsly high Tiedie inventery
snd the lergs sav of the reacias vemit.

The perfarmunce of iypicat examples of them low
reacio; devighs s summariaad in Toble 3.4, The scund
one lisied, the single-fivid twe-2ome mplecesble cor
design, weo sslecried For doiniled snalysvis in this detign
dudy beconi: i offers medarvisly guod bresding
per{oemaace i » design thel b be built with only »
mudesi ciionsi: of Llodey's lechnalegy .

3 3.2 Cpeenizstion of Corv Danign
. F. Bowrma

The ROD (Reactor Oplimum Dexgin) code. aned to
oMimize the core desige for the single-Nuid MSBR,
conuxs of thret major sections:

1. A sveltiggoup, anedimensionsl acwtron dfTusion
colcuintion bowd on the code MODRIC with » rwatine
sided 0 synlhesizs > two-dimensionsl calculation in
cylindeical gsomelry.

3. An equilibrium rescior calowistion besed oa Uwe
cobde ERC. The squilibvinzm concenirations of up to 250
suclides incloling fasion groducts mey be culculesod
for considesing continuous el proonsing with wp 1o
ten remowsl modes. eoch with i individusl proceming
tories, and fuel-cycle custs arv calculnted i This siction.

3. An uptimizsiion proceduse. besed on the gradient
projection Fiidod o “methed of socpem secent,” for
buyting \he maximum of o Jpocified igiis of merit
whea give saacter paromsiess e diiewed (o vry. The
g =f mend swy L2 sy desinnd function of the
Sreuding ratie, the apeciiic ‘el inveniory. the fusl<ycie
cuits, o smiles fxcrens. while such parsmeters us oo
mit fraction. the cve 2ue dimensinon, reflecter thic:-
s, and proceming cycle Umes mey be verishles
Punmeter surwrys ot specifisd levels of Lhe vavisbles
(wishout eptimisstion) mey diso be performed.

33.2.1 Cros stioms. Crossesction wie fir wr in
MEBK cricolotions were Gevaluped wiing XSORN.‘® &
dinrele endinnies spacinl code for the gemerviion: «f
auden Suithyuup conrtants in the fast, resenunce. snd
termmiization swergy cgions. C:avs-enction sets wree
e e auch of the fuwr mujor scagions of the mecter:
the 1).2% ol asone, the 375 alt 20me, the 1005 sl
9. it the reflecton. 1n sach coit & "ol dretiun”™
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was 3ol up o descride 3 part of the perticuler regions.
The crom sections were then flux weighted owr the
otll. Tae input deta for XSDRN were taken fzom the
12)-group XSDRN master kibiary tape. This | 23-group
sirvctiure wai reduond 1o 3 FSgour siructiure in the
XSDRN culculstions. this broed group structure con-
st of S (st groups and 4 thermal groups. Nuclide
couceninulions for thewe calculations were oblaiacd
from 2 ROD calculation. AH the nuclides appeating in
the resctor plus fout 1y “puchides™ were considercd in
exch ivpon i (aat four sets of cross sections were used
10 describe the entire rexcios.
mzmm ‘nnﬁ_gmldm'u
mm&rwm defined =
¢ breading gein Umes the squsre of the specific power
» thermel megerwetts por kidogrsm of finile material
(rvhich & proportions] to the inverse of the produ:: of
the doubling time and the fuel specific mventory). The
corservation corfficiont & relcied (o the cpubility of 3
brasder reuctan sysiess. i conserwe fimile materinl n »
mucien? puwer economy exganding lineutly with (ime.
For ths gower growth coadiiion, marimicing te
comsirwtion. conificient fesulls i 3 mviciem i The
otal amount of wisniem thel must be mined up to the
poini when the bxeder sysiem Becomes seif sustaining
(L., independent of any exiersal sepply of flasionebl:
muieriel).

33.123 Optimisation. The oplamizstion of the rexc:
tie deeign, whilt bused on xwximizing the conservation
caefficient. was subject i+ several ecomomix cunsireints,
ncinding limits a the power density (and henct the
paphiie lile) snd e overall rencicn vessdl dimensions.
in sddiiion. the rareenrth and 22273 proceaing raies
weng .3 a roles found ressonable for the reduciive
MILCH N proosaing methnd concidered hore. Fuel
Syche oo wite Zompuivsl 33 puti of he core cakwia
tans, 3 thons i Tabie 3.7 Alihough nol uerd as the
Punss 10 ilee cptimizuiion, § terned out Thet iy
s WeP” RO wesivxm v sthecied oplimwm
figretinng

3.3.24 Relavoree donign. The teselin of i oplin
eatbon sindy iod 1o the sihectoon of o reference dougn
with the cherscirisiicr given w Table 3.7, Additional
oty on Hae Casx pocirom aied i nouiton ARwarpisnn
by lividusl fusion product auclades i1 Une reference
desgr wre gen in Appundin 8. Tha dats gven sev from
the cakulstion of the rrfstence dnign and include
detalls of vhe proveming and duddun of Righer satapus.
Howewer  smsther calculation, ahich dilfers anly in

detsil from the reference desigr calculstion, was used
for several subsdisry calculativns, such as the neutron
and gamma heating in the core and the power distn-
butica in the core, and for several of the parameter
surveys giver: in the following section.

Teble 3.7. Cherscterintics of the single-fluid

MSSR seturence design
A. Dusxiption
ideatification cCl
Power
MWe) 1000
Loy 4} 232¢
Plant (acion ¥ |
Ymenvions, N
Cere pone |
Height 130
Diometer 144
Astyl:
Core 2oec 2 0.7%
Moswm 0.25
Relexing 20
Radit:
Caor tone 2 128
Aanules 0.16?
ReRectior 23
S5 Fractions
Cors sone | 6.132
Coot sond 2 0.)?
Foroms 083
yve 1.0
Refexcto 0.0}
Sobi compaitiva, el 3
¥, 025
PoF, 0.0006
™F, 12
Be¥y ié
¥ n
8. Prosssing
Pruceming goevep MNeocihles L0t full power)
Rare ourthn Y. 4a.Ce. v a = v SHYS
3m, Ud
| 300 deys
Nt metnis Se, Mb, X, Tc, Re. RA, 20 wx
N Ay R Te
Somninably swisds . Cd. in, S0 200 dusys
Cmes B, Xa W
Vitolite Romtdes 0. 3 60 duys
Discurd "y, S, Co e )8 dmys
St dinced nlu.u.r M8 duys
PyrRariniem g, 3 duys
Haghres muctides "'ﬁp. 1y I8 yeun
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Table 3.7 (comtinwed)
C. Performrixe
Conservation coefficient. [ MW(1)/kg)} 4.1
Broeding ratio 1.063
Yield.® % per ansum 3.20
{aventory, (issi~, kg 1504
Specific pow=:, Twit)/kg 1.50
Dovubling time, system.® years 22
Peak damage fux, £ > SO keV,
seatrons cm 3 sec !
Core zone | 3.5x 10"
Reflector 3.7 i9'3
Vessel 43x 10"
Thermael-neutr o flux asntrnne rem
Average, core 26 x10'*
Peak 83x 10"
Fraction of (iscions fiom thermal neutsoni 0.84
Powes density. Wjcem?®
Core
Average 22.2
Peak 704
Core, fuel salt
Avernage 74
Pexk 492
Core, graphite (gamma ind acutron heating)
Averge 2.3
Penk 6.3
Fission powes {ractions by zone
Core zone | 0.790
Core zone 2 0.150
Ansulus and plenums 0.049
Reflector 0.012
Ratio, C/TWU
Core 2o | )/$2/1
Cove zone 2 2240/52;?
D. Neutson balance
Constituent Concentration®  Absorptions  Fissions
i 1) 375 x 1072 0.9779 0.0030
13, 3.88x 10”7 0.0016
3y 6.64 x 107° 0.9152 0.8163
2y 23t x 1078 0.0804 0.0004
iy 6.01x 107* 0.0747 0.0609
at® i a s nonec
BNp 8.sex 30”7 0.0074
sy, £10x 107 0.0074
iad 1.9 x 1077 0.0073 0.004$
140y, 683x 107" 0.0027
1y, 6.21 x 107 0.0027 0.0020
142y, 1.3x 1077 9.0006
O 1.9 x 10”7 0.0035
U 2.4x 1072 0.0157
' be 500x 107? 0.0070 0.0045¢
19y 4.77x 1072 0.0201
Geaphite 0.0513
Fiasion products 0.0202
Laakage 0.0244
ne 2.2285%

Table 3.7 (com'inved)
E. Fuel-cycle costsd
item Cost (mills/kWhr)
bventory
Fissile 0.364
Sait 0.077
Replacement salt 0.040
Processing 0.360
Fissme production credit -).088
Totai 0.753
€At 0.80 plant faclor.
bructize conconization in fuct salt (atoms b cm ).
€(n,2n) reaction.
dRases for the fuelcycle cost estimate are summarized in

Table D.2.

333 Effect of Changes in the Fuel-Cycle and
Core Design Parammeters

H. F. Bauman

333.1 Power density and core life. The power
Jensity 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
maxumize the cnnservation coefficient. Then severa
cases were run in which the maximum permissibie
fast-neutron fluence was limited to low values, which
had the effect of increasing th: 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 ‘he performance narameters are plotted as a
function oi 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 3 maximum conservation coefficient is
obtained at 3 core life ¢f about three yeass, which
corresponds to about a 15-fi-diam core with a peak
power deusiiy <f 2hout 100 W/em® . However, there is
little change in the conse:vation coefiiciciit 2¢ the core
is enlarged to increase the graphite life to about four
years, which corresponds to the reference design core
diameter of about i7 ft and peak power density of
about 70 W/em3.

333.2 Selt volume fraction and thorium conceatra-
tion. The function of thorium as the fertile material in
the reactor is to absorb neutrons and thereby produce
fissile 2230 Thorium competes for the available
neutrons with fissile material on the one hand and
parasitic absorbers such as fission products and the

-

P I L

rawrnie o

T e AR g e e PN, WY

e e et

6 by e ASE R B A S e

1
3
[
v
§
?:
¥
v
!
3:
i
;
}
!



BT

ORNL —ONG 69— 73974

) ! i !
' ‘ i
{
| { o
: I1(x40) o
' i
G {x 100) &=
z ! £3
L. i
§ £2
‘ l:l)
L Sz
3 4 45 -
w o35
> _ { y §2
| | £
2 ——1 + e —icw
| ! | N 2
REFERENCE DESIGN l Nee ©
| !
2 3 4 5 6 7 8

GRAPHITE CORE LIFE (vr)

Fig 3.i14. Ferdormance of 100G-MW(e) MSBR as a function
of core life (31 0.8 plant factor).

material of the carrier salt and the moderator on te
other. As a result of this competition there is an
optimum concentration of thorium in the core. If the
thoriu. 1 concentration is high, the breeding ratio will bs
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 cenccatration is low,
the fissile inventory required will be low, but the
breeding ratio will also 52 low because more neutrons
wili e lost to the parasitic absorbers (hecave= of a lack
of competition from thorium and : .u.m). The
thorium concentration also affects the :-uiron energy
spectrum, which becomes harder as the thoziuin is
iacreased. Hardening the spectrum tends to incre--. .ie
resonance apsorptions in thorium while decreas,: ; -2
relative absorptions in fissile and parasitic materials,
thus reinforcing the competitive effesi of thorium
already described.

In the MSBR the core thurium concentration is
determine:] by the core salt fraction and the caacen-
tration of thorium in the salt. The thorium concen-
tration in the salt determines the ratio of thorium io
most parasitic absorbers, while the concentration and
salt fraction together determine the thoriumi-to-uranium
and carbon-tc-uraniuim iatics.

The effect of thorium concentration on performance
of the MSBR is shown in Fig. 3.15. The cases
represented ‘n this figure wcre calculated before the
reference design was selected and were based ¢ a
sligntly smaller externai salt inventory. Details of these
casec are giver in Table 3.5 and ref. 9. The core
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formsz.ce of a single-fiuid 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 maximury in the conservation
coefficient occurs in the vicinity of the 12 mole %
thoriam concentration, and this conczntration was
sclerted for the reference design.

One of the principal conclusions reached in the study
of the MEBK was that the performunce of the reactor is
not sensitive to small changes ini the thorium concen-
tration in the salt, provided that the salt fraction is
freely adjusted to maintain about the optimum carbon-
te-thorium ratic. 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
years.

The effect of allowing the core zor.e | 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 cons:rvation coefficient at 13 vol % sait
and 2 very broad optimum in ihe fuel yield at 14 vol %.
The reference design valur of 13.2 vol % salt is the
result of a ROD optimization caiculation.

The effect of the core zone 1} volume fraction was
also studied. With the total vci:.me of fuel salt i.i zone
Il held fixed at its optiiaum value, a very broad
optimum in the conservation coefficient was found to
lic between 35 and A9 vol % salt. The salt fraction of
37% in the refer:nce design was chos:n to permit the
use of a random-packed bali bed (of 37% void volume)
tor zone 11 if desired.



Table 3.8. influence of thoriem coacenlrzioa on the
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perfocmance of a single-Tuid MSBR

Fuel salt, mole ¥ LiF-BeF;-TaFy  74-16-10 72-16-12 70-16-14
Core height * 9.75 9.8 11.7
Cose diameter S ft 11.2 Il.1 IL.S
Radial blanke! thickness.2 fi 2 2.20 1.89
Axial blanket thickness,* ft | R 1.19 0.21
Radial refiector thickness. fi 30 30 30
Axial reflector thickness, ft 2.0 20 20
Core salt fraction® 0.137 g.1zi C.114
Radial blanke1 salt fraction 0.37 9.37 0.37
Axiai blanket it fraciion 0.37 0.37 0.37
Resctor g, MWii) 2250 2250 2250
Average power density. W/em® 294 33.14 33.5
Maximum power dersity, Wem?® 97.3 106.3 101.6
Graphiic replacement life, years 2.1 19 20
Specific fuel inventory, kg/MW(e} 1.23 .26 1.33
Breeding ratio 1.051 1.08$ 1.060
Annual fud yield, %/yeat 3.18 3.35 342
Conservation coefficient 17.19 17.65 17.05

€Variables allowed to opiimize.
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3.3.33 Reflector. Both the thickness and the sait
fraction of the reflector are important to the MSBR
design. Increasing the reflector thickness over the range
from 1 to 4 1t was shown to increase the conservation
coefficient of a typical MSBR design.® Much of the
benefit of the reflector stems from iis effect in
incteasing 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.zasing the peak damage flux in the core. However,
the improvemant in performance was slight beyond a

3-ft thickness. On this basis, a 2-ft axial and 2.5-11 radial
reflector thickress were selected for the reference
design.

The slt fraction in the reflector is also important.
Calculations have shown that ii all the fuel salt were
eliminated from the refiector region, the consecvation
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
engineeriag considerations and is about as low as could
be achieved in a practical design.

3334 Procossing. The ROD oxde was set up to
model in detail the reductiw: extraction processes
duscribed 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 trcatment of the processing appears compli-
ceted, but only two of the steps, the protactinium
removal and the rare-earth removal, conirol the eco-
nomics and performance of the MSBR. The efiect on
the conversion ratio of 7arving the processing rate of
these two main steps, along with proportionate rate
changes for subsidiary s.eps (e.g., seminoble metals with
nrotactinium removal). is given in "ig 3.17.

The most obvious conclusion from this study is that
rapid processing is essentiai to good breeding perferm-
ance. Another conclusion is that somewhat less strin-
pent processing times than were assumed for the
reference design, say a 10-day instead of a 3-day
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psctactinium cycle and a 100-day instcad of a 50-day
rare-carth cycle, can still give fairly good breeding
performance. Further, increasing the protactinium
processing cycle time can be “traded” *-x a decreased
cycle time for the rare earths. Thus, u-: of a2 10-day
prowuctinum removel cycle time and . 25-day rare-
earth removal cycle time would give shout the same
breeding ratio as would the processing times assumed
for the reference design, that is, about 3 days for
protaciinium removal and 50 days for rare-earth re-
moval. (The processing plant described in Sects. 2.6 and
8 gives a 10-1ay protactinium cycle time.)

Rapid and inexpensive processing is the potential
advartage of fluid-fueied reactors. Howsver, very long
processing times dave been considered in order to
examine the perfornance of the MSR at processing
rates more typical of solid-fueled reactors. For long
cycie times, where the conversion ratio drops below
1.00, three makeup feed fue's were invesiigated: >33 U,
a plutonium mixture typica! of that from water
reactors, and %3% enriched **3U. The results ars 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
thre=-year batch-piocessing interval), the conversion
ratio 18 well over 0.90, which is very good compared
with solid-fueled converiers. 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 23"Np. Therz are now indications that it
can be successfully elimirated. 1f 237 Np were removed
on a2 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 14.! to 16.C.

333.5 Plant size. Neutron leakage is important in
the single-fluid MSBR due to the absence of a blanket.
Furthermore, the undermoderated core zone 11, 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 import2nit
of these is the size of the reactor.

The 1000-MW(e) plant size selected for the reference
MSBR was choser oecause this has become a standard
size for comiparative studies of reactor plants. No
attempt was made to revise the plant design for larger
o7 smaller sizes, but a simple scaling study was made to
indicate the perfermance that could be expected from
other size plants, particularly larger ones.



-

“'he scaling study was started by taking the external
fissile inventory and the volume of core zone |
groportional to plant power and holding fixed the
thicknesses of core zone I, annulus, plenums, and
reflector. The results of this study for reactor pianis of
500 to 4000 MW(.; are shown as the dashed curves in
Fig. 3.18. There was considerable spread in the pezk
power densities, and herefore 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
ame poak pOWET Gcnsily i cach case. The resuits of
this set are shown as the solid curves in Fig. 3.18 and
are given in Table 39. The periormance, as measured
by both the conservation coefficient and the fuel yield,
increases sharply with increase in plant size. The
single-fluil 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.

3.3.4 Reactivity Coefficients
O.L.Smith . H. Carswell

A number of isothermal reactivity coefficients were
calculated using the reference reacter geometry. These
coefficients are summarized in Table 3.10. The Doppier
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/, with
increasing temperature. The salt density component
represents all effects of salt expansion, including the
decreasing self-shielding of thorium with decreasing salt
density.
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Fig. 3.18. Effect of plant size on MSBR performance.

The pgraphite 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 rcasonable
assurngpiion, 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 essenticily negligible
component.

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

Table 3.9. Performance of single-fluid MSBR’s as a function of plant size?

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 (K > 50 keV), 104 neutrons cm 2 sec™! 3.04 3.20 3.25 3.24
Cors life, vears at .8 piant factor 39 3.7 3.7 3.7
Leakage, neutrons per fissile absorption X 100 3.89 244 1.53 0.96
I'reeding iatio 1.043 1.065 1.076 1.083
Annual fuel yield,? %/year 1.99 3.34 4.28 4.95
Conservation coefficient 8.0 15.1 21.0 259

%The thickness of core zone II, annulus, plenums, reflectors, and other parzmeters not otherwise indicated were held fixed at the

reference design values indicated in Table 3.1.
'DThe plant factor is assumed to be 0.80.
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Table 3.10. Isothermal reactivity coefficiests

of the reference reactor
Reactivity coefficient,
Componen |
‘ — — (pet °C)

k oT
x 1073
Doppler -4.37
Salt thermal base +0.27
Salt density +0.82
Total salt -3.22
Graphite therm.al base +2.47
Graphite density -9.12
Total graphite +2.3§
Totai core -0.87

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

The sait density coefficient is particularly important
with regard to bubbles in the core salt. it is expected
that the salt will contain a few tenths of a perceni of
xenon tubbles. Under certain circumstances the bub-
bles might expand or decrease in volume without
cnange in core temperature and hence without invoking
the tota: salt temperature coefficient. Since the salt
d=nsity component is positive, without decreasing
density, bubble expansion would produce a positive
reactivity effect. Using a salt expansion coefficient of
SV/V = 2.1 X 107*/°C, 2n increase in core bubble
fraction from, say, 0.01 to 0.02 would yield a reactivity
change of 8k/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
dk/k = —0.00039.

Finally, the equilibrium fuel concentration coeffi-
cient, (8k/k)/(8n/n), where n is atomic density, was
calculated to pe 0.42 for 223U and 0.027 for 2*°U,
and 0.39 for total fissile uranium. (Th: coefficient for
235U is much smaller because the 23*U inventory in
the MSBR is very low relative to 233U.)

3.3.5 Gamma ar.d Neutron Heating in the MSBR
O.L.Smith 3. 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 ANISN transport code.

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

nesses and composition are shown with the results in
Figs. 3.19-3.24. For the radial traverses, two one-
dimeensional infinitecylinder calculations were per-
formed — the first at the core midplane and the second
in a plane two-thirds of the distance from the midplane
to the top of the cure. in cach case the neutron (and
gamma) flux was nommalized to the value of the actual
center-line core fiux at that elevation. No allowance wz+
made for axial buckling. Thus, particularly in the
shields. the calculated heat sources shculd be con-
sidered as upper limits to the actual heat sources. it i3
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% 10 account
for the actual finite heighi of the reactor.

In the axial centerline calculation, the system was
represented n slab geometry, infinite in the radiai
dimension. Again, transverse buckling effects inside the
vessel are small. The results for the thermal and
biological shields are upper limits, but the overesti-
mation is lower in the axial direction since the air gap is
only a few fee?.

The calcuiations 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 neutror fluxes and
scattering cross sections, the neutron heat :istribution
was determined. The reutron heating in the -eactor is
shown in Figs. 5.19, 3.21, and 3.23 for the iwo radial
traverses 2nd one axial traverse. In each figure, carve 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 sait separately in those regions. Curve D
shows the heating in the INOR ves:el.

Figures 3.20, 3.22, and 3.24 show the gamma and
neutron heating ir. the thermal and biological shieids.
The thermal shield is treated as pure iron. The concrete
is a standard grade.

The garima heat distribution is simiiarly presented in
the figures. Three sources of gainmas were calculated
from the neutron {lux distribution: prompt fission,
delayed (fission product), and capture gammas. The
first and last of thess 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 gamina transport calculaticn using
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Fig 1.19. Camma ind nevtun hestie; e B core midplens of a 1000-3(We) MEBR (X = 0 1l am).

scven gamma energy groups. From 1he grawrz Tuxes
the gammz heat sources were then ceicuiated.

From the results it should be perticularly noted thai
neutren thermolization s » mejor heat source in the
gaphite.

3.3.6 Fimion Product Hestizg in the MSEP.
R.B.Brgg ). R Talhckson

One of the principal design cumiiderstions (or an
MSBR ix the ssle dispotal of reacior afterheat. The five
mejor sources of heat which remain in the primary
system siter shuidown are:

1. fission heat due 1o decay of flux at thuidown,
including the effect of delayed-neviron precurs
transport by the sali;

2. decay of fission products (and daughiers) dispersed

in the primary salt;

3. decay of soblemwial fisuna prudects (sad ducgh-
ters) depasited oa the graphite and Hasiclioy N
sefpors;

4. decay of gescows kryptoa and 2enve {30d doughiers)
$fTumd nto the graphise;

$. heat siored in moderaior and refiecion graphic.

The heat oeds imposnd by fismon prodacts wust be
recognized ané cvalapted m order fo desgn cooling
systeme for the chemical procevang cysipment, the
off-ges sysiem, e drain lanks, 3nd ihe pomary neit
ciccuil. The distribuiion of heat producers within the
system depends on chemical bebiavios, holl-life a0
complexily of decay creims, graphite characierstion,
ad the effectivees: of the chemical snd 7% gas
removel sysicrs. [he available evidency adates \hat
the noble metab (Nb. Mo, Tc. Re. Rh. and Te) plute
oul on swisl snd graphite swefoces ammost 3 soun 2
they st womd, collect at bsuil-gas wierfacns m Che
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Fig. 3.20. Gamma ar’ neutron heating in the core midplane
of 2 1000-MW(e) MSBR (R = 1000 to 1160 cm).

salt system, or are removed with the off-gas. The
krypton and xenon either diffuse into the graphite or
are removed with the off-gas. The iodine daughters of
the telluriums are assumed to remain with their pare:its,
and the iodine produced directly by fission remains
dissolved in the salt. The remaining heat producers are
eithes dissolved in the salt or retained in the chemical
processing plant.

Kedl” 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 :his report. Briggs, using
MSRE data as a guide, estimated the distribution of
fissiors products in a typical MSBR design, as sum-
marized in Table 3.1!. 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 Tailackson, shows the distri-
bution of afterheat in the reference MSBR based on the
estimates of distribution by briggs and Kedl and using
afterheat rates ccmputed with the FOULBALL and
CALDRON piograiis by Catter. Although further
experimental evidence supporting the choice of dif-
fusion c~efficients and sticking coefficients is needed
and the th:oughput to the chemical processing plant 1s
subject to revision, the datz of Fig. 3.25 probably
would produce a conservative design.

Some of the factors associated with afterheat have
been studied by Fuiiong,’? including various combs-
nations of magnitude anl rate of reactivity insertion,
salt flow rate changes, and delay prior to the reacvity
insertion. In an example cited by Furlong,” the case of
flow coastdown, witn 1% negative reactivity inserted at
0.1%(sec after a 1-sec delay (with 235U fuel), there
would be 3.75 MWhr of energy production in the salt.
Using only the hcat capacity of th: salt, this would
result in a !13°F rise in the saic teinperaiure after
shutdown. The core graphite bzat apacity, which is
twice that of the salt, would become available as a heat
sink after the salt rezched an average temperature of
about 1200°F, with the net effect that the salt
temperacure could be iaised to about 1250°F in 5 min
after shutdown cue to the effect of fission heat
prcueuction alone (assuming adiabatic conditions).

Most of thc heat generated after normal reactor
shutdown will be dispersed by continued circulation of
the fuel 2ad coolant salts and condensation of steam in
the turbine condenser. In event of a fuel-salt drain, the
heat generated in the salt would be dissipated through
the primary drain tank cooling system, as described in
Sect. 6.

3.3.7 Tritium Production and Distribution
P. N. Haubenreich

3.3.7.1 Introduction. Tritium is produced in all
reactors as a fission product and in some as a result of
neutron absorptions in deuterium, hithium, or boron ir
the reactor. Because of thc abundant lithium in the
MSBR, the tritium pioduction rate is relatively high:
comparable with that in heavy-water reactors, or
roughly 20 to 50 times that in light-water reactors cf
equal electrical ouiput. 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 teinperatures it readily diffuses
through most metals and is difficult to contain.

Tritium in the primary salt, in its off-gas, or in the
secondary salt does not add significantly 1o the bio-
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Fig 3.21. Gamma and neutron hezting in 2 radial plane two-thirds of the distance from the midplane to the top of the core of 2

1000-MW(e) M52R (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 ¢xtract the tritium from the atmosphere in
a concentrated form. It is very important, however, that
the fraction of the tritium production tnat reaches the
steam: system be limited to a few percent. Higher
coiicentrations 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 normzl, 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. Recert
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 wastcs. Then, in 1969, with the
increasing awareness of the importance of tritium in
future molten-salt reactors, a campaign was launched to
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determine thc distribution of tritium in the MSRE and
to compare it with calculated production rates.*?

The calculated production of tritium in the JASRE
fuel s:it when the reac:or was operating at 7..5 MW
with 233U fuel* amounted to 40 Ci/day. Of this, 35
Ci/day was from thermal-neutron absorptions in °Li,
whichi comprised 0.0048% of the lithium, and 5 Ci/day
from fast-neutron reactions with ’Li. Therz 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 had beea used in the
MSRE, the calculated production fromn this source
could e anywhere from 0.1 to 6 Ci/day.

Moisture condensed from the contain'nent cell atmos-
phere tad, since the beginning of power oneration,
carr'ed with it tritium which had bzen routinely
measured before disposal. Measured rates, which were
averages over collection periods cf several months,

*With 235U fuel the fissile concentiation was higher, the
thermal-neutron flux lower, and the tri‘ium production rate 24
Ci/day.
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ranged rom 4 to 6 Ci/day. When the change to 233U
was made, the change in tritium coilection, if any, was
within the scaiter 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 iniervals through a 23-day
shutdown, a startup, and the final 16-day ron at full
power. The tritium was collected by flowing the gas
through hot copper oxide and then trapping out water.
Experiments with the copper oxide at different tem-
peratures indicuted 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 beiore the sliutdown, after more than
a month of operation ¢t full power, the tritium effluent
in the off-gas was measured to be 23 Ci/day. Nineteen
days after the fuel was d.aned, the effiuent rate was
still half as high, indicating tiiiium holdup somewhere
in the fiei or ofi-gas systems. Durine the final 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 recogni:2d 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 air that had
passed over tlie coolant radiator. The concentration was
extremely low (<0.1 xCi/m?), and divergent results
were obtained by various methods of sampling and
anaiysis. 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 fusl diffused through the heat exchanger tubes,
and about nine-tenths cf this went on out through the
radiator 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 raie was 10 to 15% ot the production in the
fuel, but the lack of measurable change when the
substitution of 233U nearly doubled the production in
the fuel strongly suggested that i large fraction prob-
ably originated in the insulation. The sum of the most
prcable values of the measured eftluent rates
amounted to ouiy 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 of
tritium somewhere in the system.
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Fig. 3.23. Neutron and gamma heating near the core axis of a 1000-MW(e) MSBR (R =0 to 436 cm).

An atternpt was mace to determine whether one
could, with existing data, calculate a distribution of
tritium in the MSRE that agreed with the observed
distribution.** The calculations were based on con-
ventional mass transfer and diffusion equations and
made use of constants obtained from the technical
literature or calculated by conventional methods. They
indicated tirat of the tritium produced in the MSRE
fuel salt, up to 15% should come out of 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 1easonable 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 tritivum that was seen to persist after
shutdcwn.

3.3.7.3 Production and distribution in the MSBR.
Kerr and Perry*S estimated that a 1060-MW(e) M3BR
would produce a total of about 2420 Ci per full-power
day from the various sources shown in Table 3.12.

Using the same basic tritium behavior information
applied to the MSRE analysis, Briggs and Korsmeyer' !
calculated the tritium distnbution in the reference
MSBR design, as shown in Tzble 3.13. These calcula-
tions assumed that shortly after birth the tritium would
forra either 3H, or tritima fluoride, *HF. The sparging
action of the helium bubbles used to strip xenon would
remove virtually all of the 3HF but only a iraction of
the 3H,. The cause of the different behavior is that
31, which reaches a metal wall would readily dissociate
to form 2H atoms, which can diffuse into the walls,
while *HF molecules would not discociate. (There
would be some reaction of *HF with the metal to
release H, but this was assumed to be negligible.) The
ratio of >H, to 3HF would depend on the UF,;/UF,
ratio in the fuel salt, . umed to be 0.001 in the
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Fig 3.24. Neutron and gamma heating near the core axis of 3
1000-MW(e) MSBR (R = 400 to 720 cm).

caiculations reported in Table 3..3. A fraction of the
tritium from the fuel salt would pass through the pipc
and vessei walls to the reactor cell atmosphere, but a
major part would diffuse through the relatively large
area and thin walls of the tubes in the primary heat
exchanger into the secor.dary-salt systern. Some of thie
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 or the water side of the heat exchange:
tubes. Some data indicate that this resistance s'.ould
appreciably reduce the transfer to the stzam 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 concentzation that is reached in the steam
svstem is the ratio of the tritium infusion rate to the

43

S ‘ |

o2l !

T
|
I
~0 o ©

ELAPSED TIME (sec)

Fg 3.25. Afterheat distribution with sataration comceatra-
tion of fissica products in 2 1000-MW(e) single-finid MSBR
fueled with 235U.

Cuise A. Aftesheat in core region produced by Kr and Xe
diffused into the graphive plus heating by 10% of the total
nobie metal fission products assumed to be plated on surfaces.

Curve B. Afterheat in the four heat exchangers produced by
40% of total notle 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 ofigas sysiem produced by Ki snd
Xe, plus heating by 50% cf the total noble metal fission
products.

Curve E. Afterheat produced by fission products which remain
dispersed in the primary salt.
Curve F. The sum of all curves, A through E.

In curva A the cencen.cation of Kr + Xe is that which
produces a peison iraction of 0.00556 £k/k and is obtained by
gas sparging on a 20-sec removal cycle. Curves A, B, and D are
ba :d on the assumption that the noble metals are either
deposited immediately on meta! ar.d graphite surfaces or enter
the off-gas system immediately. In curves A, B, and D the
afte heat incluc s that from decay of the daughter products of
the noble metals and gas 5.

rate of -vater discharge from ihe system (leaks, blow-
dewn, and sampling streamne). A reasonable estimate for
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Table 3.12. Rates of tritiem production in the

MSBR 2t 2250 MW(t)
Production
(Cyéay)
Temary fission 31
$Lin.a)’H 1210
7L in,any>H 1170
2420
Source: ref. 45.

the water discharge rate is 1% of the 2.1 X 10° Ib of
water in the system per hour. Assuming that 1670
Ci/day does enter the system, ihe tritium concentration
would level off in about two weeks of full-power
operation at 7 uCi of *H per zram of water.

In the curmrent Standards for Protection against
Radiation*® the maximum permissible concentration
of tritium in water for 40 hr/week occupational
exposure is 0.1 pC°/ml. Thus, ii the tritium in the
MSBR steam is anywhere near as high as the 7 uCifg
calculated, means would have to be taken to limit
exposure of plant operators. These measures would not
have to be nearly as elaburate as those required around
some heavy-water reactors, where tritium concen-
trations are more than 10® times that predicted for the
MSBR steam,*” but the precautions in the MSBR steam
plant would certainly include tritium monitors, good
ventilation of work areas, restrictions on handling
discharged water, and possibly use of masks in working
on steam leaks. (Air saturated 2t 100°F with vapor
from the steam system would contain 3 X 10™* uCi of
3H per cubic centimeter. or 70 times the MPC for air
for 40 hr/week 2xposie.)*¢

It would be convenient if the water bled from the
MSBR stea.n system could be released by simpiy mixing
it with the ~440,0C0 gpm of condenser cooling water
effluent. If 1670 Ci/day were being discharged, the
concentration in this stream would be 0.7 X 107?
uCi/ml. This is less than the 3 X 103 uCi/ml currently
specified as the MIC for water discharged to an
unrestricted area.*$

It thus appears that even if the conservatively high
estimate of tritium transfer to the steam sysiem were
correct, the concentration ir the MSBR steam would
not seriously haniper 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

Table 3.13. Caiculated distisbution of the tritium
produced in the reference MSBR design

Rate
Perceat of Curies/day
total ’H at
production 2250 MWw(1)

Removed from primary system wth

spage gas

As3H, 5.8 140
As *HF 70 170
Entering secondary system cover gas 0.1 2
Enicring reactor ceii aimosphere 8.7 Zii
Entering steam cell ati >sphere $14 227
Entering sicam-power system _69.0 1670
100.0 2420

Source: ref. 11.

the currently specified mximum permissible concen-
trations are conservative and linet increased dose to the
population to a negligible fraction of background *®
Nevertheless, it would be quite unrealistic to assume
that the reference design of the MSBR is satisfactorv
with regard to tritium control. Release of a curie of
tritium per megawatt-day of electricity from an MSBR
plant will not be tolerated, especally sirce other
reactors and fuei-reprocessing plants release far less.
Fortunatelv, 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 brie Ty 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 fuelsalt inventory, the pressure drop
dne to flow, the graphite temperatures, and the vessel
w2ll temperatures.

Heutron-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 damzge-neutren flux (£ > 50 - V) if



the design goal of a four-year graphite life is to L2
achieved. Figure 3.10 gives a graphi.al representation of
the grapaite voiurne changes as a function of fluence,
with temperature as a parameter. The minimum graph-
ite temperature 1s set by the salt temperature ai its
houndary. Hcwever, the graphite is heated internally by
neutron scattering and absorption of gamma rad-aiion,
raising i's 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. 33.S_ The
radial variation of fission power density, which goverrs
the radial flow G.stribution, is shown in Fig. 3.26. The
discontinuity ‘n the curve is between zone I, having
13.2% salt by vo'ume, and =ome II, having 37 vol %
‘see Table 3.3 for defiuition of zones). For the purpose
of temperature calculations, the axial power density
variation in zone 1 wss approximated by a cosine
function of the form

Q= Qrnax 0s (az/H) .

where z is the distance from the midplane and H is an
extrapolated height of 16.2 ft. (The actual design
neight, excluding reflectors, is 15 ft.)

Tue choice of prismatic moderator slements with a
central hole was based on a conbination of nettronic
and neat transfer considerations. Two alternatives con-
sidered were tangent suiid cylinders and spheres. The
cylirders have a less-than-optimum salt fraction of
about 9%. An objection to this geometry is the cusp
formed 1.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. Also, the
cylinders have only line contact, and th: possib.’ity

exists for misalignment or bridging, particularly at.er
dimensional changes. Spheres which are randomly
packed have a 37% woid space. This would give a salt
fraction f:: 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 1 for
optimum breeding performance, but pressure drop
considerations made this approach quesiionable. 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. ard the spheres did
not appear to offer any particular advantages over the
graphite eclement design selected for the under-
moderated region.
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As a result of the above ccnsad-  ations, the selected
moder~tor element consists of a long prism with a 4-in.
square cross 2*cthion containing a ~cidral hole. Ribs on
the faces separate :Fiacent elemeats and form in:er-
stitial salt flow channcls. The zevimetry of the cross
section is a2 compromise between the neutronic, heat
transfer, and fabricat:cn considerations. [» zone I it is
desirable frem a nudeatr viewpoini to have a more
heterogeneous cell (larger dimensions), but the con-
trolling conmsideratior: is heat conduction out of the
graphite. In zoune Il the neutronmics favor a smaller
clement, but buckling ara vibration impose a lower
limit. Although not an optimurm dimiension, the 4-in.
snuare appe2ied 1o U= the bert compromise.

The optimized priysic ¢ calc slations indicated that the
volume fraction of salt ir zones | and U should be
0.132 and 0.37 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-
dfically, to achieve relativeiy low costs of fabricat:on
by the extrusion method will require that the element
geometry contain no radii of less than about 0.25 in.
Also, it is believed that the center hole diameter should

A4

e C.302
.’.
/ 1.849 —»y
ALL DIMENSIONS
IN INCHES

(o)

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

The graphite moderator elements are shown in Figs.
34 and 3.5. The central part of the core, zone 1-A, will
be comprised of elements of the type shown in Fig.
3.27, while those at a larger radius (lower power
density) will be of the type shown in part b of the
figure and are designated as zone I-B. The salt fraction
is 0.132 in both zones I-A and I-B, but the interstitial
channels have been made smaller and the central kole
targer in zone [-B. The purpose of this arrangement is to
achiev= flow control by oriiicing only the centrai hole
rather than by complicating; the design with orifices for
the interstitial channels a: wetl. 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 the temperature rise through the hole is greater
than 250°F and that in the interstitial channel is less
than 250°F. The orificing for the central holes will be
designed sc 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 valuve.

The elements for core zone 11-A are prisimatic and are
shown in Fig. 3.5. They are ideniical to the elements
used in zone [-B except that the central hole diameter is
2.581 in. to obtain the 0.37 salt {raction needed in the
undermoderated region. The elements for zone II-B are
in the form of rectangular slats spaced far cnough apari
to provide the 0.37 salt fraction. As shown in Fig. 3.3,
the slats are separated by pins and ellipticai rods. The
latter are intended to minimize the cross flow which
would otherwise occu: from zones I and ii into the
annulus due to the annulus being orificed at the boi.om
and operating at a lower pressure than the core and
reflector regions. (The annulus was orificed ir this
manner so that the sali flow will be predominaintly
radially iaward through the radial ieflrctor, as will be
described subsequently.)

Since the center of zone I ic the region of highest
power and greatest flow requirements, if all the flow
channels at that location couid have equal hydraulic
diameters, the pressure drop through the core could be
designed to be a minimum value. Unfortunately, the
restriction on the rinimum 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 gizat one, howeves, since the total pressuie drop
across the core at rated flow 1s <stimateg at only 18 psi.
In thic connectioa it may be noted that exgeriments
have >een reported*® in which the flow through
<hanneis fonmed by closely nazcke:d rods on a triangular
pitch is greater "han that predicted by the equivalent
hydraulic diameter theory. Further study. 4nd probably
model testing, will be required to verify the calcula-
tions, particularly with regard to the passages formed
by the comers of four adjacent core elements.

The flow divisions an2 various flow paths :hrough the
reactor are shown schenutically in Fig. 3.28. The sait
voiumes 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 orificing or for which it
is tnavoidable due to deararices. From Fig. 3.28 it may
be noted that there are three major flow paths: (1)
through zones I and il, where the bulk of the power is
generated, (2) between the vessel and relectors and
through the radial reflector pieces to the annulus, and
(3) through the control rod region and listing-rod holes.
Ths flow and temperature aspects will receive further
discussion in the s2ctions that follow.

Peak and average steady-state temperatures in the
central moderator elements were investigated using the
HEATING code’® This is based on the relaxatior
method and employs constant thernal conductivity.
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The center of the core is the region of maximum
damage flux, but the maximum element centerdine
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 midplane ané
along the center line of the core.>' Figu-e 3.29 shows
the results of the temperature calculations at the
midplane and at a plane 1 ft higher. The significant
input parameters used in the calculations are listed in
Table 3.14. The heat transfer coefficients were based on
the Tittus-Boelter correlation. Recent investigations at
ORNL’? indicate that in the range of Reynolds
numbers of interest. heat transfer coefficients for the
fuel salt are slighily lower (about 20%) than those
predicted by the correlatici used in the MSBR con-
ceptual study. Even if ‘he lowver values are used,
however, it should not make any significant change in
the temperatures reported here, since the graphite itself
is the major resistance to heat transfer. The eftects 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 for calculating MSBR
modesator ciement temperatures using the

HEATIRG ~0de®
At lft
At
. above
midplane midplane
Salt temperature, °F 1175 1200
Heat generation rate, Btu hr ! in. > 290.8 286.1
Graphite thermal conductivity, 1.415 1415
Btuhs ! in.”?! CF)”!
Heat transfer coei.icient for center 12.26 12.63
tok, Btu hi ! in 2 CF) !
Heat transfer coeflicient for outer 12.85 13.22

surface, Buhr ' in.”2 CP)!

“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 2qual.

negligible and that there was no heat transfer between
graphite and salt for a distance of 0.1 in. on eith- 1de
of the apex of the ribs on the outer ed, f the
moderator elements. The latter assumption is a first
approximation to account for the restricted flow in that
area.
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(2)

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




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 examincd in
zone {I. 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. 3.2.3 on damage flux 2nd
graphite lite, the MSBR graphite wili 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 snou’! not be a problem. The
magnitude of the vibrations was determired by extrapo-
lating known information about the amplitude of rod
vibrations associated with parallsl flow®* and adding to
this the rod deflection due to cross flow of salt between
the channels. Assuming the velocity of the salt betwe n
adjacent channels to be Y fps and extrapolat ag
information on vibration due to cross-flow vortex
shedding,’* the sum of the two effects gives a total
calculated amplitude of vibration at the center line of
less than 0.002 in. Model tests will be required for
substantiation, but on this basis it is believed that core
vibrations will not limit the design parameters.

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

3.4.2 Radial Reflector

Determination of reflector temperatures is important
because of their relationship to graphite life, amount
and temperature of coolant required, and stored energy
during afterheat removal. The relationship between life,
damage flux, and temperature is shown in Fig. 3.10.
For 2 given nuclear design there is a2 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
cziculated for given reflector geometry and coolant
conditions may dictate a reduction in the incident
damage flux, even though this entails a departure from
optimum ruclear conditions. The amount and tempera-
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ture of coolant are interdependent. The major part of
the cooiant temperature rise is due to its own internal
fission heating, and it is desirable to La7e 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 ft® was rejected when analysis indicated
excessive temperatures. The principal cause was fission
heat from trapped interstitial sait. 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 averywhere
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. Thes= sources
are shown in Fig. 3.30.

The present radial reflector design, <tiown in Figs.
3.1-33, has been analyzed using the HEATING
code.5® Boundary temperatures were base on the fiuid
temperature required at a given location for an overall
250°F rise and also considered surface temperatures
due to the wolumetric heat source in the fluid. The
volume fraction of salt in the reference design reflector
is about 1%, but as long as the sa’t is flowing this
guantity is not important to the temperature .istri-
butior 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 voundary 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 10'3 (£ > 50 keV) tc 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 eifect on graphite life of
increasing temperature near the ¢rge of the reflector.

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

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 grachite
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 systsm 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 vesse! wall, and the annular
space between the reflector and tlie removable core to
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Fig. 3.31. Temperature distribution in graphite radial reflec-
tor at midplane based on heat sources shown in Fig. 3.30.

commor. 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 thie 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 orifices located at the inlets of
the radial flow passages.

3.4.3 Axial Reflectors

The axial reflectors are subjected to a 66% higher
peak damage flux than the radial reflector. However,
the lower one is replaced with the moderator, and the
upper one must last only half of design life due to the
alternate use of the two heads. Hence, temperature and
damage flux considerations are not as stringent as in the
radial reflector. The heating rate in the upper axial
reflector was analyzed using the HEATING code.5®
The axial behavior of the source is shown in Fig 3.32.
The radial variation was described by a cosine The
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inner face was subjected to 1300°F salt, while the other
faces were in contact with somewhat cooler salt, which
is transported from the reactor inlet via the control
region and liftingrod holes, to provide a low-tempera-
ture fluid coolant sink for the vessel head. On the above
basis, the peak temperature was found {0 be 1363°F,
and the :curface temperature in :ne 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 vesse! 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 walis and heads must be protected from
excessive temperatures and radiation damage.
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4. The vessel must be designed for 75 psig and a wall
temperature of 1300°F and must meet ASME code
requi ements for nuclear vessels. ¢

S. The wessel must be constructed entirely of modified
Hastel'oy N.

The reacier vessel is constructed of the following major

picces:

1. A cylindrical section 225 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 symmetricaliy 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 ~utside diameter of slightly less
than 18 fi, 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 atout 18 ft in diameter and
the lower about 22, ft.

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

The design requirement for core replaceability led to
acoption 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 radiat.on 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 14n. bolts in this
claap are easily 1ccessible and supply the force which is
transriitted to the flange faces for making the closure.
It rray be noted that the weight of the upper layer of
roof plugs rests on the upper flange and reduces the
bolt tension required to rmaintain the gasket loading.

The transition secticn was adopted to conserve
fuel-salt invertory 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 10p prevents top loading
of the last row of reflector graphite 208 icquires a
special shape for two of ne blocks, a¢ discussed in Sect.
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3.1.2. The transition section aiso serws as a collection
header for the fuel salt leaving the top of the reactor,
diverting it into the four exit nozzles. These nozz'es are
of a special shape, elliptical in cross seciion at the vessel
end and cylindrical in cross section where jr:ned 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 probatly about % in. The
dished top head has a forged ring welded around its
crcumference for joining it to the upper cylindrical
extension. The maximum thickness of the ring is about
4in.

The fuelsalt inlet is at the center of the bottom head.
The inlet pienum is a well about 3 ft in diameter and 4
ft high at w:e center line of the vessel. The four
164n.-diam fuei-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. Hastellcy N flow diverters, or tuming vanes, are
provided in the plerum to dircct the salt flow upward
and to reduce the turbulence in ths reactor vessel inlet
nozzle.

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

3.5.2 Reactor Vessel Temperatures
W. K. Furlong

The reactor vesse! 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 teinperature
distribution are important because they affect the
calculated and design stress intensities in the walls,
heads, and no7zles.

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 assizmed that the
salt temperature at the inside face was uniform at
1100°F.* A similar study of the 3-in.-thick upper head
gave peak temperatures 20 to 80°F above the inside salt
temperature (again assumed 2s 1100°F), also occurring

on the outside surface. The lower head has less incident
gamma flux due to the shielding provided oy the
internal structures and is cooled by salt closer to the
1050°F inlet salt temperature and thus will operate
seméwhat cooler than the upper head.

The calculated stress intensities in the walls and upper
head are generally within the ailowable, or design,
intensity range, since the salt sweeping the inside
suriaces is a bypass stream taken from the reactor inlet
and should not significantly exceed the assumed average
of 1100°F. However, if the meta) were bathed by salt
closer to the reactor outlet temperature of 1300°F, it is
possible that some nietal ternperatures would be unac-
ceptably high in that the allowable, or design, stress
intensity would have to b: revised downward. The
vessel has not been designed or analyzed in detalil, but it
is considered a possibili'y that further study would
disclose 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 strsss intensities in this part
of the vecsel within the acceptable range.

3.5.3 Reactor Vessel Stresses
C. W. Collins

A preliminary elastic stress analysis was made for the
reactor vessel nsing an Air Force computer program®*
which has been modified by ORNL. The analysis was
based on the top of the vessel operating at 1300°F and
42 psig and the bottom at 1100°F and 61 psig. The
maximum stress in the removable head due to pressure
alone is 5220 psi. This stress is located in the dished
head near the junction of the head and shell skirt. The
maximuin 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

*1t is reasonable to assume a 1100°F salt teqmperature in the
vessel wall coolant passage since the flow through the reflecior
is radially inward. The analyses assumed laminar flow of salt
and a heat transfer coefficient of 137 Btu hr! £t > CF)™.
Heat transfer fro:1 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 uncertsiniy, the siresses were held well
below thcse 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. Neuiron irradia-
tion to the ext=nt anticipated ir: ihe MSBR shcould not
require a reduction in allowable stress. The graphite
reflector is sufficiently thick to reduce the 30-year
integrated nentron dose (>300 keV) at the wall to
below 1 X 10?! neutrons/cm®. At this fluerce the
reduction in metal strength is insignificant.

As stated in Sect. 3.2, standard Hastelloy N is
approved for use under Sects. I11 (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. Il of the Code. Design stress intensity
values are provided only to 800°F, in common with
other materials approved for use under Sect. Il (ref.
56).

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

In applying these Code (uses, it is found that the
allowable primary stress intensity (S,,) is 3500 psi at
1300°F and 13,000 psi at 1100°F. At the juncture of
the heads and shells, wher: the maximum stresses
occur, paragraph 5 of Case 13314 (ref. 58) establishes
the aliowable value of the primary plus secondary stress
intensity as three times the allowable design stress
intensity (S,,) for the metal temperature involved. On
inis basis, the ailowable 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 allowabl: values.

From these preliminary calculations it appears that
the critical stress regions are at tne junction of the head
and shell in the remorablc head and, most particularly,
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at the outlet nozzies where the highest temperature
occurs and for which no analysis has becn 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. Coliins

Because of the fuel inventory costs, a prime consider-
ation in the design of the primary system piping was tc
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 vessei, with essentially the only restraint being
the verticai 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 ir: Figs. 13.7 and 13.8.

The piping system was analyzed at operating tempera-
rures using the MEL-21 “Piping Flexibility Analysis™?
cumputer program. It was determined that the piping
meets the requirements of USAS B31.7 “Tentative USA
Standard for Nuclear Power Piping™®® for stresses due
to thermal expansion, weight. and pressure loading of
the system under the operating conditions. The analysis
is incomplete in that no off-design conditior.s 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 comiputed expansion stress was 5570
psi, occurring at the point where the pump diecharge
pipe ccanects to the heat exchanger. ASME Code Case
1531.4 (ref. 58) establishes the allowable value of the
primary plus secondary stress intengsity as the larger of
three times the allowable design stress intensity (S,,)
or, as an alternate, three times the allowable stress
amplitude (S,) at 10° cycles for the metal temperature
involved. The allowable stress intensities at 1300°F are
thus 10,500 psi, based on 35, , or 19,500 psi, based on
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3S,. the latter establishing tire allowable primary plus
secondary stress intensity. When the ~1500-psi stress
due to pressure is acded 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 hvdraulic 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 iarge 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
thc systems operate at lower pressure and have less
stored energy. The MSBR supports, Lowsver, 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 couventional fluids.

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

3.7 PRIMARY HEAT EXCHANGERS

C. E. Bettis 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 voiume 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 rnust conform with the overall
system operzting conditions.

3. The type of heat exchanger, general location of
nozzles, height of the unit, and minimum tube
diameter must be compatible with various desigr,
layout, 2nd fabrication considerations.

4. The heat exchanger must be arranged for relatively
easy tube-bundle replacement by means of remotely
cperated 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 th: 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 procedures®? and a computer
program®® were developed to produce an efficient
design with low fuel-sait volume.

3.7.2 General Description

Four counterflow vertical shell-and-tube-type heat
exchargers 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 Ui-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 cach unit at about
1300°F and exits at the bottom 2t 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
bafflirg, 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 Hastellov N tubes 3:1¢ afiainged in con-
centric rings in the bundle, with a constant radial and
circumferential pitch. The tutes are L-shaped and are
we-ded into a horizonta! 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 porticn: of the
tubing is bent into a sine wave configuration to absorb
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Table 3.15. Primary heat exchanger design data

Type One-pass shell aad tubes with disk
and doughnut baflles
Rate of heat transfer per unit
MW 556 S
Btu/hr 19 x 10°
Tude-side conditions
Hot flusd Fuel salt®
Entrance temperature, °F 1300
Exit temperature, °F 1050
Entrance pressure, psi 180
Pressure drop across exchanger. psi 130
Mass flow rate, Ib/hr 234 x 10*
Shell-side conditiors
Coid fiui} Coolant sait®
Entrance temperature, °F 850
Exit tempenature, °F 1150
Exit pressure, psi 34
Pressure drop across exchanger, psi 115.7
Mass flow rate, Ib/hr 17.8 x 10*
Tube material Hastelloy N®
Tube OD, in. 0.375
Tube thickness, in. 0.035
Tube length, ft 2%.4
Tube-sheet-to-tube-sheet distance, ft 23.2
Expansion bend radius, in. 95
Sheill material Hastelloy N
Shell thickness, in. 05
Shell ID, in. 67.6
Tentral tube diameter, OD, in. 20
Tube sheet material Hastelloy N
Tube sheet thickness, in. 4.75
Tube maximum primary (P) stresses, psi 683
Allowed primary stresses, pﬂ’ 4232
Tube maximum primary and secondary (P + Q) stresses, psi 12,484
Allowed primary and secondary stresses, nsi 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? 13916
Basis for area calculation Outside of tubes
Type of baille Disk and doughnut
Number of baffles, total 21
Baffle spacing, in. 11.23
Disk OD, in. 54.2
Doughnut ID, in. 45.3
Overal! heat transfer coefficient, U, Btu hs~* ft -2 (°F)! 784.8
Volume of fuel st in tubes, ft’ 719

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




differential expansion between the tubes and the shell.
Baffles are not used in this bent-tube portion, the iubes
being supported by wire lacing as needed {0 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
enkance the film heat transfer coefficients and thus
reduce the fuel-salt inventory in the heat exchangci. 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 dcwncomer, 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) 21d 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 <ould 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
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expose the seal weld. After this is ground away, the
tube bundle can be withdrawn as an assembly.

3.7.3 Design Calculations

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

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

No experiments have been performed to date for
correlating the heat transfer behavior of a sodium
fluoroborate coolant salt in the shell side of the heat
exchanger. Bergelin’s correlation®® for the baffle zone
and Donohue’s correlation’® 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 \he baffled zone to
improve the heat transfer performance. Experiments
performed by Lawson et al”! showed that one can
expect an improvement by a factor of 2 for the
tube-side heat transfer coefficient. Lawson also recom-
mends a factor of 1.3 for the heat transfer coefficient
outside the tube, although no experiments have been
done to substantiate this. Since Lawson’s experiment
was limited to Reynolds numbers greater than 10,000,
there is some uncertainty in the degree of improvement
at numbers less than 10,000. It was assumed that no
improvement can be expected in a truly laminar flow
(Re < 1000). The range in between was extrapolated
using a method recommended by McLain.”?
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The shell-side pressure drop was calculated by the
procedure suggested by Bergelir et al.®? The tube-side
pressure drop was calculated by the conventicnal
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
0.5 was used for the pressure drop in the sheil sice of
the heat exchanger, and a factor of 0.8 was applied in
the heat transfer calculations. These leakage factors
were chosen on the bases of recommendations by
Bergelinet al.”?

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 iransfer regimes in the various
sections ard 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 peisorms 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. III Code.’ ¢
As additional information becoies 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 appiied, 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
reported®’ as being about 5.7%. The deviation or error
in the use of Bergelin’s correlation is not certain, but
shell-side heat transfer coefficients might normally have
a deviation of about 25%. Leakage factor deviaticas
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 fuelsalt volume) of
+38% for the pessimistic case and —28% for the
optimistic case.

3.8 SALT CIRCULATION PUMPS

3.8.1 Fuel-Salt Pumps
L. V. Wilson

The MSBR employs four primary-salt pumps and four
secondary-salt pumps, with one of each located in the
four system loops. In addition, there is a small ancillary
salt transfer pump with the dual purpose of filling the
primary-salt 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 fucl-calt 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 150 300 100 (25)
Speed, rpm 890 1190 1790 (890)
Specific speed, N, 2630 2335 560 (140)
NPSH required,? ft 16 20
Brake hoisepower, each  ~2350 3230 20 (3)
Impeller diameter, in. 34 35, 9Y,
Pump cank diameter,in. 72 72 24
Suct’on diameter, in. 21 21 3
Discharge diameter, in. 16 16 2

SWhere 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.

ONPSH = net positive suction head.



only problem encountered being partial restriction of
the off-gas flow from the pump bowl.”* 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 sait 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
punip (pump tank, impeller, casing, etc.) is located in
the reactor cell and the drive miotor is 1ocated on the
crane b:y floor, that is, above the concrete shielding.
vhe bearing housing is recessed into the concrete
shielding to reduce the shaft overhang. The pump shaft
is mounted on two pairs of prelvad2d oil-lubricated ball
bearings, and the impeller is overhung about 6'; 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 | in. vertically at the pump tank when the system
is heated up from room temperature to operating
temperature. Puring operation at temperature the
coupling will accommodate the approximately Y%-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/for pump containment, and the
coupling between the motor and the pump. The
shielding around the pump is of the disk-and-doughnut
type and will permit the unhindered displacement of
the pump and also provide adequate shielding of the
lubricant and coolant in the region of the lower bearing
and seal.

A shield plug is provided to protect the lubricant and
other radiation-sensitive elements in the region of the
bearing housing. 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
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that the forces on the pump tank nozzles are 10t
excessive. The coupling between the motor and the
pump is a floating shaft gear type which is installed in
the maximum horizontal displacemcnt positicn. Durning
svatem 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 faiiure of
the lower seal. In addition. a Visco seal, adjacent to the
lower seal, wil; help to prevent oil from entering the salt
system when the shaft is rotaiting. When the pump s
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 lezkage of gas-borme fission
products and thus permit the removal of the bearing
housing assembly without removing the shield piug,
shaft, and impeller from the pump tank.

The pump tank provides a volume to accommodate
the anticipated thermal expansion of the fuel zalt at
off-design conditions [t is almost comgletely decoupled
hydraulically from the flowing <alt 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 nonzzles
attached to the pump tank. The bridge tubes also
eliminate structural redundancies between the pump
tank and the volute and its s1pporting 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 i :everal pumps are
being operated in parallel. A~suming that the gas
volumes of the salt pumps being operated in parallel are
interconnected, that the salt voluaie 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 >f salt in the tank of
the stopped pump would try to increase by an amount
equal to the velocity head at the pump sucticn plus the
head loss in the suction line from the common supply
to the pump tar.:. This change in level would be 10 ft
or more and would represent an undesirable increase in
the pump shaft length. Alsc, unless there is suffi-ient
reserve salt volume in the other pump tanks to supply
the increased salt requirement of the stopped pump, the
system fluid would in-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 poini in the reactor plenum where the velocity
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changes very little when cne pump is stopped and by
making the pressure drop in this connecting line very
low for the salt flow retuining 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 1150°F)
which enters a plenum around the inner periphery of
the pump tank and flows upward in an annular liner

(see Fig. 3.34). At the junction of the pump tank and
the outer pump casing the flow splits, with part of it
passing downward between the inner and outer pump
casings and part of 1t 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 thie 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. Internaily, 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 coolantsalt 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 sucii that the same impeller and
casing design can be used for both. The secondary
pump will operaie at higher speed, however, 2s shown
in Table 3.16. Except for the drive motor and th> 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
chesiical processing system.
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3.9 BUBBLE GENERATOR AND GAS
SEPARATOR

R. J. Kedl

3.9.1 Introduction

To enhance the breeding potentia! 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 true for
'35Xe, with its very large absorption cross section.
Sevcral mechanisms for removing xenon (and Krypton)
iave been siudied. The one chosen for the MSBR
involves recirculation of helium bubbles. The theory
and calculations pertinert to this mechanism are
presented in Appendix A of this report. Summarizing
briefly, ncble 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 te the circulating bubbles is in
competition with xenon migration to the porous
moderator graphite. The graphite is especiaily of con-
cein because it absorbs xenon and holds it in the core.
This tendency can be counteracted io 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
135 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 replenishmeut 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 gene:ator 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 mechanica! 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 tust
facility are shown schematically in Fig. 3.35. It con-
sisted of a teardrop shape inside a 1-in.-1D Plexiglas
tube through which water was flowing. Air was injected
into the annular throat through forty-eight Y 4 -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 fiom 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 acs
injection, at least over the range observed.

TWO 90° GLASS ELBOWS

11-ft 1-in.- ID GLASS PIPE
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3. The bubble size was indzpendent of the gas flow rate
over the range tested.

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

S. The average bubble size was approximately 25% of
the th.oat 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 oils in parallel. The
throatc width wouid de about 0.08 n., 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 shcwn as a
“controlled crack”; that is, one of the mating surfaces is
roughened in such a manner that when the two surfaces
bear against each other, a crack of controlled dimension
is formed through which the helium flow can be
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Fig. 3.36. Preliminary concept of MSBR bubbie 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 iorce the
salt into a 0.001-in.-wide opening. An alternative to the
controlled-crack method would be to install a narrow
graphite diffuser in the throat region of the venturi.

3.9.3 Bubble Separator

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

device was tested which consists simply of a straight
section of pipe with swirl vanes at the inlet end and
recovery vanes at the outlet end, as shown ix 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 ihe 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 scme of its
energy.

3.9.4 Bubble Removal and Addition System

Figure 3.37 shows a schematic of the MSBR buhtie
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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Fig. 3.37. Schen:stic fiow diagram of bubble removal and ges-
exation bypass in MSBR fuel-alt stream.

ocer estimated from the model studies and are only
approximate) The load orifice downstream of the
bubble generais; s wzed so that the generator will
induct helium from a S~ _;uiy. 1ne load orifice
oetween the separator and generator is sized so that the
pressure in the center of the separator, when no gas is
present, is sufficient to force sili into the takeoff t.ae
and into the pump bowl. When gas is present at normal
openating conditions, the gas core will build up to about
2 in. in diameter and the piessure will rise. The lcaa
odifice upstream of the bubbic separator is provided to
iaxe up the cxcess bead. For mainsciance purposes,
both the bibbie generator and tubble separator should
be rmorely replaceable. zithough one could anticipate
more maintenance for the bubble generator than for the
bubble separzior.
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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 fuel salt in the event
of a heat exchanger tsbe failure and may provide a
barrier to tritium migration irom the fuel salt to the
steam system.

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

3. The loop isolaies 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 ar= also desirable in order to improve the
reliability of the coolant flow.

The coolant-salt circulation system consists of four
independent loops, each containing a salt circulation
pump, steam generators, steam rcheaters, coolant-sait
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.
38.2.
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The heat tranenort fluid selected for the MSBR 5
sodium fluorcborate salt. The various factors involved
in the sclection were discusse” in Sect. 3.2.2, and the
salt physical properties used in the design of the system
were listed in Table S_1. In brie”, the salt is a eutectic of
NaF and NaBF,, with a2 melting point of about 725°F
and 2 low vapor pressure at operating conditions. It is
compatibie with Hastelloy N, has satisfactory heat
transfer 2nd flow properties, and has a low zost of less
than 50 cents/Ib.

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

4.2.1 Gemeral

The factors influencing the design of the steam
generators are much the sasue az 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° Ibjhr. 1t was arbitrarily decided to
divide this load between 16 steam generators, 4 to be
served by each of the 4 sccondary-salt circulation loops.
The capacity required of eack of the steam generators is
thus about 630,000 Ib/hr, or about 121 MW(t).

The steam gererators 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 generaturz will be pre-
heated to 700°F and is at a pressure of about 3750 psia
in the inlet region of the unit. (The feedwater heating
system is described in Sect. 5.) The 700°F tcedwater
temperature should eliminate the danger of freezing of
the coolant salt in the inlet region, although this is yet
to be determined experimentally

The water-steam fluid in the tubes is heated to exit
conditions of 1000°F and 3600 psia. The coolant salt is
cooled from 1150 to 850°F as it flows through the shell
side of thz exchangers in a direction that is principally
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countercurrent to the steam flow. The steam tempera-
ture delivered to the steam turbiae wil! be controlled by
varying the coolant-salt flow rate thiough the steam
generators and by using a desuperheater, or attempe:-
ator, in the outlet stzam p.ains, as discussed in Sect. 5.

The radioaciivity inlved in the coolant salt in its
passage through the primary heat exchangers will
require biological shietding 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 fullload operation, since this indicates

the size, approxiriate cost, and general feasibility of the
units. Some of the aspects of partial load and startup
condifions are Jiscussed in Sect. 10. A computer
program was written 0 anive 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

FEEDWATER
INLET

Fig 4.1. MSBR steam ginerator.
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Table 4.1. Each unit is a counterflow U-shell, U-tube
heat exchanger mounted horizontally with one leg
above the other. Both shell and tubes are fabricated of
Hastelloy N. There are 393 tubes per unit, *a.h % in. in
outside diameter and having a tube-sheet-to-tube-sheet
length of about 76 ft. The 18-in.-diam steam-side
hemispherical plenum chambers are designed for 3800
piia. The coolant salt circulates in counterflow through
segmental baffles in the shell to improve the heat
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transfer coefficient for the salt fidm and to minimize
salt stratification. A baffle on the shell side of each tube
sheet provides a stagnant layer of st 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 a2 few
parts per billion. Buildup of solids would only mean
decreased capacity, however, and would not preseat

Table 4.1. MSBR steam sencrator desige data

Type

Numbes required
Ratz of heat transfer
MW

Btu/hr
Shell-sid fiti
Hot {lwid
Entrance temperatere, °F
Exit temperaiare, °F
Eatrance pressure, psia
Exit pressure, psia
Pressure drop across exchangez, psi
Mass flow rate, b/hr
Tube-side conditions
Cold fiuid
Eatrance temperature, °F
Exit temperature, °F
Eatrance pressure, psia
Exit pressure, psia
Pressure drop across exchanger, psi
Mass flow rate, tb/hr
Mass velocity, b hr ! ft 2
Tube material
Tube OD, in.
Tube thickness, in.
Tube length, tube sheet to tube sheet, ft
Shell material
Shell thickness, in.
Shell ID, in.
Tube sheet material
Tube sheet thickness, in.
Number of tubes
Pitch cf tubes, in. (triangular)
Total heat transfer area, ft?
Basis for area calculation
Type of baffle
Number of baffles

Baffle ipacing, ft

Horizontal U-twbe, U-shell exchanger
with cross-fiow beffles
16

i21
4.13x 10®

Coolaxt sait
1150

850

233

1720

61

382 x 10°

Supercritical fiwid
700

1000

3752

3600

152

6.33x 10°

2.55 x 10°

Hastelloy N
050

0.07"

76.4
Hastelloy N
0.375

18.25
Hastelloy N
45

393

0.875

3929
Outside surface
Cross flow
18

4.02
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problems of hot spots or burnout. The steam system
flowsheet, Fig. 5.1, iollows established practice and
indicz2tes fuil-flow demineralizers in the feedwater
system.

42 3 Design Caiculations

Because of the marked changes in the physical
properties of water as its temperature is raised above
the crtical point at supercritical pressures, the heat
transier and pressure drop calculations for the steam
generator were made on the basis of a detailed spatial
amaly+is with a computer program written for thic
study *?® The program numerically integrates the heat
transf2; and pressure drop relationships with respect to
tube length. The calculations establish the number of
tubes, tube length, shell diameter, and number of
baffles which are consistent with the specified thermal

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

£=0.00140 + 0.125 (4/DG)°-32 .

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.”® The thermal conduciivity and viscosity as
functions of temperature and pressure were taken fron,
data reported by Nowak ana Gre::..”?

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 Bergelin et al ¢%:73 A
correction factor was applied to the heat transfer
relationships presented in these papers because of the
large ratio of baffle spacing to shell diameter (approx-
imately 2.7) required in this application. This correc-
tion factor is given by

C=0.77 (2y/B)°-'3% ,

where

C = ratio of the corrected heat transfer coefficient 10
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 = bafile spacing.

The physical properties for the salt used in these
calculations are as listed in Table S.1. The specific heat
and thermal conductivity of the salt were given as
constant values, but the density and viscosity were
functions of temperature. The fun;tional re’ationships
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 umits used in
the MSBR, since the relatively small diameter of 18 in
selected for the shell allows the stresses to be kept
within more tolerable limsts.

A preliminary stress analysis was made to establish
the feasibility of the stzam generator design .oncept.
The analysis was based on the requiremeats given in
Sect. 11! of the ASME Boiler and Pressure Vessel
Code’®* A complete stress analysis, however, as re-
quized by this code, has not been made. For example,
fatigue analyses wer= not made in *hese preliminary
calcusations. 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 rathes than as peak stresses. This is the
approach takn in USAS B31.7 (1969) Nuclear Piping
Code*® and is more conservative than the method of
ASME Sect. I11.5¢ The results of the stress calculations
are given in Table 4.2. As discussed in Sect. 3.5.3, the
allowzble stress values for rlastelloy N were those
prescribed for the standard alloy in the ASME Boiler
and Pressure Vessel Code Cases 1315-3 (ref. 30) and
13314 (ref. 58).

4.2.4 Rdisbility of Design Calculations

The heat transfer and pressure drop calculations are
subject to review due to the empiiical nature of the
corrclations and the uncertainties in the physical
properties used in the computations. Although both of
these aspects have been applied without safety factors,
it is believed that the nreliminary design 1s 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-staie 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



Table 4.2. Summary of stress calculations

for az MSER stcam geacrator
Maximum stress inteasity . psi
Tobe
Caiculated P, =13900;P,  +Q = 30900
ABowabie? P, =15500:P, + Q= 46500
Shell
Calculated ' = 5800; P + 0 = 13,200
ABowable® P, =8800; P, + Q = 26,400
Maximem tobe sheet stress, psi
Calculated <17,000
ABowable? 17,000

®The symbols are those of Sect. 111 of the ASME Bodler and
Pressure Vessel CodeS® with P, = primary membeane stress
intemsity, 0 = secondary stress imtensity, and S, = allowable
5B2a3ed on 2 temperatare of the inside twbe surface of 1038°F,
“Based on the maximum coolant-salt tempesature, or 1150°F.

98.5ed on the sicam tempenature of 1000°F and wee of 2
baffie on the salt side.

generator will be satisfactory over this range of operat-
The problem of stability in the steam generator has
been considered briefly. As indicated by Goldman et
al®® and by Tong®' instabilities in steam generators
can arise from two sources: (1) a true thermodynamic
instability where, for a given pressure drop across a
tube, the flow rate through the tube may be changed
from one steady-state value to another by a finite
disturbance, and (2) 2 system instability which is cauced
by fluid “resomant” conditions. Krasyakova and
Gluska®? have presented datz concemed with the first
type of instability, and Qu-adt*? and Shotkin®** have
presented information <. 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-shell design will result in stabie operations.
Operation of 2 test module will provide further infor.
mation about the stability of this design concept.

43 STEAM REHEATERS
C.E.Bettis M.SmanTov W.C.T.Stoddart

43.1 Genena

The design of the reheaters was influenced by most of
the factors that applied to design of the steam
generatorns, a3 discussed imSect. $.2.

The total steam reheating requirement is about 5.1 X
1G* Ib/hr. It was decided to divide this load between
eight units, the capacity of each thus being about
641,000 B/hr, or 36.6 MWt). The steam reheaters
operate in parallel both in respect to the coolant salt
and to steam flow. The coolant sait enters at 1150°F
and leaves at 850°F. The reheat steam is preheated to
about 650°F, as exphined in Sect. S, before it enters
the tube side of the reheaters at about S80 psia. The
exit steam is at 1000°F, the coolant-salt flow rate being
varied to maintain this temperature within a few

The 650°F steam temperature entering the reheaters
is below the 725°F liquidus temperature of the coolaat
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 compute: program was
written®*? to amrive at an efficient design for the
reheaier on the basis of the designated parameters.
These studies were based only on fulldoad conditions.

43.2 Description

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

Tyse Straight tebe and shell with disk
and doughnut baffles
Number required 8
Rate of heat transfer per umit
MW 36.6
Bte/hr 1.25 x 10°
Shelt-sid ici
Hot fiuwid Coolant salt
Eatrance temperature, °F 1150
Exit temperaturs, °F 850
Eatrance pressare, psi 228
Exit pressure, psi 168
Pressure drop across exchanger, psi 595
Mass flow rate, Do/hr 1.16 x 10*
Tube-side conditions
Cold fiwid Steam
Eafrance temperature, °F 650
Exit temperature, °F 1600
Eatrance pressure, psi 580
Exit pressare, psi 550
Pressure drop across excaanger, ps 299
Mass flow nate, Ro/hr 6.41 x 10°
Tube material Hastelloy N
TobeOD, in. 0.75
Tube thickaess, in. 0.035
Tube leagth, twbe sheet to tube sheet, ft 30.3
Shell material Hastelloy N
Shell thickness, in. 0s
ShellID,n 212
Tube sheet material Hastelloy N
Number of tubes 400
Pitch of tubes, in. (triangular) 10
Total beat transfes area, ft 2376
Basis for area calculation Outside of tubes
Type of baffle Disk and doughnut
Numbex of baffies 21 and 21
Baffle spacing, in. 8.6S
Disk OD, in. 17.8
Doughnut ID, in. i1.6
Ovenall heat transfer coefficient, U, Btuhs ! ft 2 CFH)™! 306
Maximum mintcmily." psi
Tube
Calculated P,, = 4582;F,, + Q = 14,090
Allowable Py = Sy = 13,000; Py, + Q = 3S,,, = 39,000
Shell
Calculated Py, = 5016; P, + Q = 14,550
Allowable Py =- S193 = 9500; Ppyy + Q = 35, = 28,500

#3alt and Hastelloy N properties are listed in Table € !,

5The symbols are those of Sect. 311 of the ASME Bci!:- and Pressure Vessel Code,>® wheze Py, = primary
membrane stiess intensity, 0 = secondary stress intens:¢; , and S,,, = allowable stress intensity.



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

The tut< surfaces are not indented 10 enhance heat
transfer, as in the primary heat exchanger. The cociart
salt is in counterflow through the disk-and-doughnut
baffles on the shell side. The units are installed ir. the
steam generating cells, as indicated in Figs. 13.7 and
138.

program as it existed ir: the early stages of development.
The properties of the steam were assumed to be
essentially constant alcng the length of the exchanger,
although it was recognized that some gain in the
reliability of the estimates could have beeu attained by
incorporating the steam properties as a function of
pressure and temperature.

The uswral Dittus-Boeiter 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 al 2:63

A preliminary stress analysis wac made for the
reheaters. This analysis was based on the requiremests
of Sect. il of the ASME Boiler and Pressure Vessel
Code;* ¢ however, 2 complete stress analysis, as required
by this code, has not been made. The calculated stresses
are compared with allowable values in Table 4.3.

43.4 Relisbility of Desiga Caiculations

The confidence in the steam reheater design cal-
culations is greater than in the primary heat exchanger
because steam is 2 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 6.5 fps and the tubes are
supported by baffles with relatively close spacing.

Two extreme cases were examined, one where all the
pessimistic values of the heat transfer coefficient were
used and (= other where the optimistic end of the
range of possible values was azsumed. 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.

reh=ater by modifving the nrimary heat exchanger

4.4 COOLANT-SALT SYSTEM PIPING
C. W.Collins

The secondary system piping connects the primary
heat exchangers in the reactor cell with the coolant
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pumps and steam generators and reheaters in the steam
gelerating cells. The main piping s 22 in. n diameter,
with branches as small as 12 w. in diameter. The
vperating temperatures are from 850 to 1150°F . but ir:
the design it was couservatively assumed that all wne
secondary-coolant system piping would operate at
1150°F. This condition could actually exist oniy for a
short tame, corresponding to removal of the steam
generators and reheaters from service due to loss of
turtime load.

The pipmg flexibility analysis for ithe secondary
system piping was incluled in the calculations for the
pra‘y sysitem pipmng, since the two systems are
ronnected and interact with each other all the way to
the anchor points of the steam generators and reheaters.

The maxsmum expansion stress of 19,510 psi occurs
in one of ihe coolant return lines from a steam
generator. The operating temperature of this line is 850
rather than 1150°F, as assumed in the calcwmations. The
highest stress in the 1150°F pump suction hne is
13,000 psi Taking the allowable primary plus sec-
ondary stress intensity to be three times the allowable
design siress imtensity (S, ), the allowable stress in-
tensity at 850°F is 54,000 psi and at 1150°F is 28,500
psi. The maxinum stress due to pressure is approxi-
mately 3600 psi; therefore, the suns of the pressure
stress and the above maxiraum expansion stresses do
not exceed 35, , as specified by the codes

Both the pump suction and coolant returm. lines of
each loop penetrate the reactor containment vessels and
cell walls. Bollows seals are used at these penetrations
on both the teactor cell and steam cell sides to mintain
the contamment and permit about 1 in. of thermal
expansion of the piping along each of three axes
Several flexibility analyses were made with the piping
fixed at the cell wall rather than use of bellows. This
resulted in excessive stresses in botk the primary and
secondary loops, and since it did not appear that the
stresses could be reduced substantially without increas-
ing the piping lengths excessively, bellows seals at the
walls were adopted for the MSBR conceptual design.

4.5 SECONDARY-SYSTEM RUPTURE DISKS
J. R. McWherter

Each of the four secondary circulating loops will be
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 1wpture disk will be located at the secondary-salt
outict or each steam generator. A preliminary design,
where the rupture disk 2+sembly is et into a 12-in.
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Fig. 4.3. Secondmry-smait system rupture 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 red::ce the possibitity of sa't contacting the
disk. The assembly is located in ihe ste2n generator
cell, which :s maintained at about 1000°F, and its
“cwnstream face is exposud (o the ambient cell
:3.nosphere, making it improbable thai iiic opening
would oe obstructed with fiozen salt, even in the
u:likely event that any of the coolant reached the disk
elevation.

The rupture disk wil be fabricated from low-carbon
nwkel, 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 circuiation
system (200 psi). A commercially available reverse-
buckling disk®> is proposed because of i3 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 taken if the
vemperature of the rupture disk falls below some
ipecified value, say 900°F.
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If one of the ' -in.-diam ‘ubes in a steam generato:
were to fail, the pressure at the coolant-salt outlet of
the steam generator could rise from a normal value of
130 ps: to about 200 psi in I:ss than 1 sec. In analyzing
the pressure-containing requirements, it is pessimisti-
cally assumed that the six tubes suniounding a failed
tibe will also fail in the estimated 5 sec required t»
close the steam-system block valves at the inlet and
oitlet of each steam generator. The total steam and
feeawater 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
release of ab-ut 1.2 X 10° Btu. The steam generatcr
cell has been designed for 50 psig and wiil accommo-
date this energy release (see Sect. 13.11).

4.6 COOLANT-SALT DRAIN SYSTEM
W. K. Furlong

Four Hastelloy N tanks, each capable of holding 2100
ft* of salt with ample freeboard, are connected in series
to store the ~8400 ft* 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 amrangeident 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 sait 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-zalt circulation loops. When the freeze valves
are thawed, the bulk of the salt in the coolant system
will drain by gravity, but about 730 ft* in each of the
primary heat exchanger shells will not and must be
removed by gas pressurization of the shell. Each heat
exchanger is provided with a l-in. dip line for this
purpose.

Since the coolant salt will undergo volume changes in
excess of the free volume available in the pump bowl,
each bowl has been provided with 21 overflow line
directed to the first coolant-salt drain tank. The sait 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 k'W of heat-removal capability is proviaed
in the first storage tank in the eve:i some fuel salt finds
its way into the coolant by accidental means. Most of
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this hezt would be transferred by radiation to cooler
surfaces in the cell. 1t has been estimated that in event
of tube failures in the primary heat exchangers, about
1376 ft® of coolant salt could be drained by gravity
from each coolant loop. in this situation, even with
tube failure, the fue! salt would continue to be
circulated to remove afterheat. (The heating due to
noble-metal deposition on the heat exchanger bundle 1s
the governing heat load.) During the circulation period
there could be considerable mixing between fuel salt
leaking from the primary system and the approximately
730 ft* of coolant salt remaining in a heat exchanger
shell after the coolant drain. If the shell is pressurized
after about {00 days and the salt mixture transferred to
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the coolant-salt storage tank, the heat load to be
removed from the tank wouild 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 ccolant salt, as
discussed in Sect. 6.
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5. Steam-Power System

Roy C. Robertson

5.1 GENERAL

The thermal energy released in the MSBR is converted
to electric power in a steam cycle employing once-
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
steam-¢electric equipment now commonly in use.

Since the steam system components are more or less
conventional, there was no need to study the steam
cycle in any 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
tkrottle, 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-sait 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
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Run information with only minor modifications. This
mixing method would probably be practical only if
supercriiical 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 arrangemert, 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 nawrai-drati cooling towers rather than the fresh
once-through condensing water supply assumed in the
reference design are discussed in Sect. 16.7 and ex-
plained in Table D.17.

Although reasonably good efficiencies are attainable
with a variety of arrangements and the feasibility of the
molten-szlt reactor concept is not strongly dependent
upon th.: 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 tarbine
efficiency would be slightly less. Turbine performance data and
costs for a projected tandem unit were not obtaired from a
manufacturer since the information available 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 $.1, and 2
simplified flowsheet is shown in Fig. 5.1. Superheated
steam leaves the once-thirough-type steam generators at
about 3600 psia and 1000°F at a rate of about 10 X
10° Ib:hs. Coolant salt at 1150°F is supplied to the
steamr generaior 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
TOO°F feedwater assists in holding the steam tempeia-
ture to within tolerances. (The steam generator was
described in Sect. 4.2.)

Table 5.1. Refereace design MSBR stcam-power system
and performance data with 700°} feedwater

General performance
Reactor heat input to steam system.® MW(t) 2225
Net electrical output, MW(e) 10v0
Gross electrical generation, MW(e) 1034.9
Stution auxiliary load, MW(c) 25.7
Boilesr-feedwater pressure-booster pump load, MW(¢) 9.2
Botier-feedwater pump steam-turbine power outpnt, 293
MW (mechanical)
Flow 10 tutbine throttle, b/ar 7.15 x 10
Flow from supesheater, Ib/ht 10.1 x 10*
Gross efficiency, (1034.9 + 29.3)/2225, % 478
Gross heat rate, Btu/kWhr 7136
Net efficiency, station, 1000/2250, % 44.4
Net heat rate, Bto/kWhr 7687
Steam generators
Number of units 16
Total duty, MW(t) 1932
Total steam capacity, bk 10.1 x 10¢
Temperature of inlet feedwater, °F 700
Enthalpy of =let feedwater, Btu/l 769
Pressure of inlet feedwater, psia 3770
Tempenature of outlet steam, °F 1500
Pressure of outlet steam, psia ~3600
Enthalpy of outlet steam, Btu/lb 1424
Temperature of inlet coolant sait, °F 1150
Temperature of outlet coolant salt, °F 850
Average specific beat of coolant salt, Btu b~ °F)~! 0.3
Total coolant-salt flow
b/he 61.:2x 10°
ofs 145.5
pm 65,290
Coolant-salt pressure drop, ink=t to outlet, psi 61
Steam reheatens
Number of units 8
Total duty, MW(1) 294
Total steam capacity, Ib/r s.13x 10*
Temgerature of inlet steam, °F 650
Pressure cf injet steam, psia ~510
Enthalpy of inlet steam, S/l 1324
Tempesature of sutiet steem, °F 1000
Pressure of outlet steam, pain 587
Enthalpy of cutlet steam, Blu/B 1518
Tesperature of inlet coosant sait. °F 1150
Temgeratuse of outlet coolnt sit, °F 850
Average specific heat of coolant sert, Bts b~ (°F; ™ 0.36
Total coolant it flow
B/he 9.28 x 10°
ofs 22.1
opm 9913
Coolant-mit pressuse drop, inlet to outet, psi 594
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Table 5.1 (comtimned)
Reheat-steam preheaters
Number of units 8
Total duty, MW(t) 100
Total heated steam capacity, Ib/hr s.13x 10°
Temperature of heated steam, °F
Inlet 552
Outlet 650
Pressure of heated steam, psia
iaket 595
Outlet 590
Enthalpy of beated steam, Ba/lb
Inlet 1257
Outlet V34
Total heating steam, By/hr 292 x 10
Temperature of heating steom, *°F
indet 1000
Ondet 869
Pressure of heating steam, psia
Inlet 3600
Outlet 3544
Botler-feedwater pumps
Number of units 2
Centrifugal pump
“Vumber of stages 6
Feedwater flow tate, total, b/ 7.5 x 16*
Required capecity, gpm 8060
Head, approximate, ft 9330
Speed, 1pm 5000
Water inlet temperature, °F 3s8
Water iniet enthalpy, Btu/I> 33
Water imlet specific volume, ft’ /b ~0.0181
Steam-turbine drive
Power requisred at rated flow. MW (each) 14.7
Powez, nominal, bp (cachk} 20,000
Theottle steam conditions, peia/*F 107,700
Theottle flow, b/t (esch) 414,000
Exhamst preswire, approximaste. psis n
Vember of stages L4
Numbar of extraction points 3
Boiler-feedwates pressure-booster pumps
Number of units 2
Ceatrifugal pamp
Feedwater flow rate, total, /e 10.t x 10*
Required capacity, gpm {eack) 18,950
Head, spproximate, ft 1413
Water inlet tempenatwee, °F 693
Water inlet presew:2, psia ~340
Water imlet specific volume, ft°/Ib ~0.0302
Water outiet temperature, °F ~700
Electric-motor drive
Power requi-ed at rated flow, MW(e) (each) 46
Power, aominsl. hp (each) 6150

#Does not include 25 MW(1) heat Josss from reactos system.

Cf the steam leaving the steam generator about 2.9 X
10° Ib/hr is diverted for the iast stage of feedwater
leating: the remainder enters the 3600-rpm high-
pressure turbine throttle valve at 3500 psia and 1000°F.
After expansion of 1146 psi» in the turbine, sbout i3
X 10* Ibfhr iz 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 $52°F before exhausting into the two
34-in.-diam cold reheat mains leading to the reheat
steam preheater. A poriion of this exhaust steam is also
used foy feedwater heating in the No. 2 heaters.
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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 thzrefore pre-
heated, or tempered, in the shell side of a surface heat
exchanger using prime <team 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 preteaied “cold™ reheat
steam, now at 650°F, then enters eight reheators, 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 o extraction points on the interme<iate-
pressure turbire. Each cyiinder exhausts directly into
the two double-flow. 1800-rpm low-pressure turbines at
a rate of about 2.5 X 10° ib/hr per turbine. Steam for
the No. 4 feedwaier heaters is also taken from the
intermediate-pressure turdine ¢xhausi.

Each of the four low-pressure turbine cylinders has
three extraction points for feedwater heating. About
2.1 X 10° Ib/hr is finally exhausted from each pair of
low-pressure turbines into four surface condensers
operating at about 1% in. Hg abs. Hot-well pumps
circulate the 92°F condensate through full-flow
demineralizers for the condensate polishing necessary to
ootain the high-purity water required in a once-t* ough
stear: 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 feedv:ater
heater 4 and to the two main boiler feed purips. 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 stecm turbine with a brake horsepower
capacity of 21,500. The turbines have three extraction
points for feedwater heating and exhaust at 77 psia into
the deaeraiing feedwater heaters. Thz turbines normally
opeiate on 1146-psia steam extracted from the main
high-pressure turbine but can 2iso accept 3500-psia
steam during startup or other times when extraction
steam is not available from the high-pressure turbiie.

The feedwater, now at a pressure in excess of 3800
psia, flows through the thrze top regenerative heaters
and leaves at ~3500 psia znd 551°F. Each of the 3.6 X
10° 1b/hr paralle!-flow streams then enters a mixing
chamber, where the steam at 3500 psia and 866°F from
tire tube side of the veheat steam preheater is mis.ed
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 perforiance may indicate four or six parallel
units. They are also shcwn as motor-driven pumps, but
optimization studies would be likely to indicate an
advantage for sicam-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 raie
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 TVA Bul! Run plant
cycle for the major items, pariicularly with regard to
pressure and temperature conditions.*¢ Bull Run mass
flow rates required adjustment, however, in that the
gross generating capacity of the MSBR is about 1035
MW(e) compared with 950 MW(e) for the TVA stacion.

The gross capacity requirement for the MSBR of
1035 MW(e) is based on an assumed plant auxiliary
electric lcad of 35 MW(e), of which 10 MW(e) would be
required tc drive the boiler feed booster pumps. The
reactor plant would need to supply about 2225 MW(t)
of energy to the steam-power cycle to deliver this
output. Heat losses from the reactor plant, exclusive of
long-range decay heat in off-gases, etc., have been
roughly estimated at 25 MW(t), making the total
rcquired 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%.37 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 plant obviously requires an arrangement
not found in 2 conventional steam power station, and
tenets of performance of the latter would not neces-

sariiy apply.

The top temperatures for practical regenerative feed-
water heating could range from about 550 to 575°F in
a supercritical-pressure cycle znd from 475 10 S00°F in
a subcritical-pressure cycle. Heating of the water to
700°F can be accomplished in a relatively simple
manner in the supercritical-pressure system by mixing
supercritical-pressure steam with supercritical-pressure
water, as shown in Figs. 5.1 and 5.2. (A mixing
chamber is discussed in Sect. 5.8.) The resulting
mixture is pumped back up to steam generator pressure
by special low-head high-pressure pumps, referred to as
pressure-booster pumps in Sect. 5.7. As an alternative, a
high-pressure heat exchanger could be used to heat the
supercritical-pressure feedwater to 700°F, with the exit
high-pressure heating stzam 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
,unalty.

ticating the feedwater to 700°F in a subcritical-
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 generztor outlet is mixed with incoming
feedwater 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 waier would be counverted to superheated
steam in the drum and then compressed and blown into
the “‘steani generator.” The latter, in reality, would act
only as a superheater. The steam compressor would
probably be driven by a steam turbing, since the power
requirements could be in excess of S0 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 ¢n the steam.

A 3500-psia 1000°F/1000°F cycle with direct mixing
and booster pumps was compared by Robertson®® with
a 2400-psia 10G0°F/1000°F Loeffler cycle with steam
compressors. The supercritical-pressure steam cycle
used as a reference was that shown in Fig. 5.1. The
mixing arrangement for the 2400-psia cycle is that
shown schematically in Fig 5.3; the regenerative
2400-psia steam system flowsheet used for comparison
is taken from ref. 88. Both cycles include facilities for
preheating the cold reheai 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.

ORNL-DWG 70-11954

3500 psia, 1000°F
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ORNL-0WG T70-11955
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Fig. 5.3. Modified Loeffier cycle for feedwater heating.

Table S.2. Comparison of performance of

sapercritical-pressure direct-mixing cycle
with subcritical Loeffler cycle to attain
700°F feedwater
Supercritical  Subcritical
cycle cycle
Nominal feed temperature to steam 700 ~700
genentor, °F
Mixing pressure, nominal, psia 3500 2600
Boostex pump or steam compressor 3800 2900
discharge pressure, psia
Booster pump or steam compressor 7.4 52
power requirement, MW(e)
Steam flow through steam generator, 9.5 x 105 19 x 10°
Ib/hr (total)
Overall thermal efficiency of heat- 445 411
power cycle, %

Use of supercritical-pressure stem also has some
advantages with regard to the heat transfer coefficient
on the steam side of the tubes in the steam generator.
Essentially all the heat transferred is in the superheated
regime, and the steam-side coefficient is largely con-
trolling. The physical properties of steam at 900°F for
3500 and 2400 psia are briefly compared in Table 5.3.
1t can be seen that the film coefficient for heat transfer
in the 3500-psia system is about twice that in a
24()psia system, and the surface area requirement
would therefore be significantly less.

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

Table 5.3. Properties of superheated steam at 900°F¢

2400 psia  350v psia

'l'lligrmal conductivity, Btu hr ! ft ™! 0.052 0.062
e o

Viscosity, Ib sec ft > X 10’ 63 67
Specific volume, ft3/Ib 0.285 0.176
Specific heat, Btu Ib ™! (°F)} 0.74 0.91
Relative film resistance to heat transfer® 1.9 1.0

21967 ASME steam table values (ref. 78).
bAssuming the same tube diameters and velocities.

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 thz last stages of the
low-pressure turbines and that reheating does provide
somewhat better turbine performance than mwoisture
separation. These factors have not been evaluated
because this would involve obtaining rather precise
comparative information on equipment costs and tu:-
bine perfcrmance, a refinement which to data has not
been warranted in the MSBR conceptual studies.

It is interesting that a study made for the LMFBR®®
comparing moisture separation with reheat for a 2400-
psig 900°F/900°F steam cycle concluded that the
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 MS3R, however,
because the MSBR can attain 1009°F top temperatures
and does not require a relatively expensive reheater
design to accommodate exothermic reacticas, as would
have been required for the LMFBR.

If future economic studies shiould 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 proportioners
that divide the coolant-sait 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 th= steam genera-
tors, and an entering steam temperature of §50°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) and with a cycle with 800°F feedwates
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 tempesature on
perfotmance of MSBR supercritical-pressure

steams-powes cycle®
Nominal Booster Steam Net
feed pump generator plant
temperature work flow rate efficiency
CPH | MW(e)} (Ib/hr) (%)
x10®
580P None required 74 449
700°-94 74 9.5 445
800°¢ 87 28 413

9Based on net plant output of 1000 MW(e) and reactor heat
of 2250 MW(t).

bAssumes extra stage of regenerative feedwater heating and
70 ihiking Ui YOUsiar pumps required.

‘Feedwater heated by mixing with steam from reheat steam
precheater.

@Thie caee represcats the petiormance now cited in MSBR
literature. Small varations exist due to difierent stezm 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 5.4, the
lower temperature affords a higher efficiency, which
can amount to about 10 MW(e) of additional output
capacity. An additionzl high-pressure feedwater heater
is required to obtain the S80°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
S80°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.®® Taking fixed
charges at 13.7% per annum, the saving amounts to
about $68,500 per year. Thiis 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 $5
million for an MSBR station. In 2 power economy with
many molten-sait reactors in operation, there wcunid
thus be 2 strong incentive to develop a means for
lowering the required feedwater temperature, either
through use of a different heat transport fluid or
improved steam generator design, or both. (With regard
to use of a different secondary coolant, however, it
should be noted that the sodium fluoroborate pro-



posed in the reference design MSBR has an estimated
cost of less than SO cents/lb. Since the coolant
inventory s about 900,000 b, if a different coolant
costs as much as about $3 per pound, the increased
inventory cost could nullify the cost advantages of the
lower temperature cycle.)

5.7 PRESSURE-BCOSTER PUMPS FOR
MIXING FEEDWATER-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 must be
raised to the steam generator inlet pressure of about
3800 psia. Canned-rotor pumps are currently in w.e
which operate under much the same pressure and
temperature conditions 22 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.

58 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 SS0°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 erosior, similar to :hose found in pump
cavitation. At supercritical pressure, however, there is
no phase charge or bubble formation, and the mixing
can be accomplished in a simple device.

At the TVA Bull Rua 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 tangentially at the equator. The mixture
leaves at the bottom after passing through 2 screen with
%-in-diam holes. The total pressure drop is said to be
less than 25 psi. One sphere handles a flow of over
4,000,000 Ib/hr. Other mixing chamber configurations
may be possible, 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

Coarre control of the outlet steam temperature from
the steam generators will be by adjustment of the
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coolant-salt pumping rate. Fine control. and more gross
control under certain loading conditions. will be
achieved by attemperating the <.cam with 700°F
feedwater inmjection. The attemperator design has not
been studied in z:ny detail. The possible problem of
moisture in the throttle steam is alleviated t0 2 laige
extent because there would be approxamately 150 ft of
high-temperature steam piping downstream of the
attemperator before tiie steam reached the turbine. A
major steam turbine manufactures has stated that this
suggested method of superheat control by attempera-
tion is acceptable ir: principle.

5.10 REHEAT STEAM PREHEATERS
T. W. Pickel

5.10.1 Gemeral Description

The reference design requires that about 5.1 X 10*
Ib/hr of SS1°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 12.3 MW(t}.

There are eight identical preheater units operating in
parallel. The supercritical-pressure heating steam enters
the tube side at about 3600 psia and 1000°F and exits
at about 3535 psia and 869°F. The turbine exhaust
steam enters the shell side at about 595 psia and 551°F
and leaves at about 590 psia and 650°F.

A conceptual design for the preheater is shown in Fig.
5.4, and the principal data are given in Table 5.5. The
units are vertical single-pass U-shell, U-tube, with an
overall height of about 1S ft. The legs of the shell are
about 21 in. in diameter and are surmounied by
25-in-ID spherical plenum chambers for the super-
critical-pressure heating st« 2m. 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 bnndle to prevent channeling of flow
in the clearance space between the bundle and the shell.
A Dbaffle 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.

5.i0.2 Design Considerations

The preheaters may be constructed of Croloy since
they are not in contact with the fluoride salts. The units
will not be exposed to any radiocactivity and will e
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6. Fuel-Sait Drain System

W. K. Furlong

6.1 GENERAL DESIGN CONSIDERA TIONS

The preferred mode of MSBR operation is thst the
fuel salt remain in the primary system after reactos
shutdown: so that circulation can be continued through
the primary heat exchanger for afterheat removal.
There are some circumstances, however, either planned
or unplanned, which will require that the sali be
draned. Intentional drains are usually associated with
meintenance operations, such as resctor core graphite
replacement and servicing of puwmps. heat exchangers,
etc. In these instances the salt circulation can be
continued as long as mecemsary prior to the dein t0
sllow the activity (o decay (0 the necessary level for the
meintensnce task. There is a low probebility of un-
scheduled drains. but they mus: be accomunodated in
the design. Examples of ungzianned situations are:

1. rasmsive failure of 2 primary system pipe or vessel,

2. & dow loss of salt from the primary system 5o that
pumps would eventually be unable 10 meintsin
circulation,

3. loss of hest-removal capacity in the sicam system,
4. los of coolant or circulation in the secondary loops,

S. los of power or mechanical failure of primery
pumps.

6. isadverient thawing of the freeze valve which halds
the fuel salt in the primary loop.

The principal function of the futl-ssit drain system is
1o provide a place where the it can be safely
contained and cooled under say of e ileRin W
imtentional situstions. The drain sysiem must, there-
fore. have a highly relisbie cooling vysiem capuble of
nmoving the sfterhest even with » sudden drain sfter

long-tena operstion at full reacior power. in designing
the cooling system ihe overall objectives were:
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under the worst condition of transient heat

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

3. If only a single barrier is provided between the tank
coolant snd the fuel salt, leakage of the coolant into
the salt should not require chemical processing o
prevent adverse nuclear or chemical effects.

4. The cooling system should impose a minimal! risk for
{reezing of either the fuel salt or the cooling system
coolant.

Several methods of cooling the drained fuel salt were
considered. One was 10 store the salt in a long pipe with
radient heat i7=lar 10 cooled plstes. Another possible
method was ‘he e of heat pipes 10 cool fue® salt-filled
tanks. Since a2 storage tank with a convective cooling
system was used with good results in the MSRE. it was
decided that the above objectives would be best met by
storage of the sait in 8 tank having » coolant circulated
dy natural convection 10 a water-cooled heat exchanger.
A variely of heat-trasnsport fluids were studied. The salt
originally seleciad as having the moust promise was
TLiF-BeF,. and 2 dnin sysiem using this sall was
studied in some Ae*ail. as described in Sect. 6.3. Late in
the siudy, howeves, the spparent advantage: of an
NaK-conled sysiem led to consideration of an slternate
drain tank cooling sysiem using NaK as the coolant. as
discussed in Sect. 6.4. Unfortunaiely, the NaK system
»wdy cowid not be developed in lime 10 be reported as
comprehensively as the salt-croled system.

Withou! impeiting the asbove-mentioned principel
function of the drain system, the droin tank can be
conveniently wiad for other purposes, such ss 2 holdup
volume for off-geses 10 allow sbout a 2-hr decay time




before the gases are processed. The drain tank cooling
system can continuously remove the decay heat load of
these gases and at the same t:me provide assurance that
the cooling system is operable and could accommodate
a major drain. With this arrangement, intemnal surfaces
in the drain tank, particuiariy cooled ones, may act as
sites for depusition of noble metals in the oti-gas and
will possibly eliminate the need for a particle trap in the
off-gas system. The decay heat losd i the dnain tank,
sRimated (0 (olal sbout 18 MW(t), is discussed in more
detad in Sect. 6.3.2.

The drain tank also serves usefully as a surge volume
to which salt can be continuously overflowed from the
primary pump bowl. The supply and return connections
to the chemical processing facility will be made at the
dnin tank. The same jet pump arrangement used to fill
the primary system from ithe dniin tank can be ueed to
transfer ealt 2 U Chemicei facility’, eliminating the
need for pressurizing the tank for salt transfer. With this
ammangement, salt can be taken from the tank for
processing inGepondently of reactor operation.

It was also decided that the reference MSBR design
would provide a backup container if the drain tank
should develop 2 leak. In sddition, a second ssie storage
tank was provided for the salt to permit the primary
drain tank 10 be drained foc repairs.

6.2 FUEL-SALT DRAIN LINES

Althouvgh draining the fuel salt from the reactor is s
positive shutdown mechsnism, it is not necessary to rely
on this 33 an emergency procedure, and rapxd drainage
is not a primery design criicsion. The dnin tank is
connected to the bottom of the reactor vessei vy a 6-in.
drain line equipped with 3 freeze-piug type of “valve”
which can be thawed to allow gravity drainage of the
entire primary circulating system in sbout 7 min. A
small circulation of fuel salt is nonmally meintained in
the dnain line between the reactor and the freeze valve
to prevent overheating due to s*agnant salt, as indicated
in the drain system flowsheet, Fig. 2.3.

During normal operation of the reactor »bout 150
gpm of fuel salt overflows from each circuleting pump
bowl. The gases stripped from the fuel salt at the gas
separator, laden with highly radicsctive fission product
gases and particulates, ar2 combined with the overflow
selt from the pump bowls in a small tank (4 in Fig. 2.3)
before flowing to the drain tank. The 2-in. overflow line
has a J-in.diam counterflow cooling jacket supplied
with 1050°F fuel salt from the reactor inlet. This salt,
in flowing vpward through the jacket, also cools the
small mixing tank and the lower portion of the pump
bowt Sefore mixing with the bulk 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 ard then dowmward through »
h-in.-wide antulus beiween the tank wall unid an
internal liner (used as 4 gamma <hield) to cool the Gain
tank and the internal liner.

63 PRIMARY DRAIN T/ANK WiTH SALT-COOLED
HEAT-DISPOSAL SYSTEM

63.1 Description

The drain tenk i3 3 vertical Cylinided aboui i4 i in
diameter and 22 ft high with torisyherical heads and
internal U-tubes. All portions in contact with salt are
construcied of Hooiolioy N. 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 Fig. 6.3.

The storage volume of the tank is about 2500 fi*
The tank dimensicns were based on the following

volume requirements ({*):

Y otal fuel-salt volume i720
Volume of coolant salt thet could 730
reach deuin tank in event of tu'se
T 5 Sat mamal; feat excRangst
Volume occupied by U-tubes and 250
other components in drain tank

After considering various means of cooling the tank
walls and heads, it was decided to use the internal liner
with a continuous fuel-salt flow to remove the heat. A
flow of 150 gpm of fuel salt from each of the primary
circulation pumps, after being; cooled to about 1200°F
by a counterflow of “coki’leg salt, as mentioned
sbov., wiil enter the drsin 'ank and flow down the
anpujus between the liner and the wall. The annulvs is
orificed at the bottom to ensure that it remains full of
salt. The maximum steady-siate wall temperature is
estimated to be 1260°F, occurring at the bottom. The
liner is separated from the walls by standoffs to provide
8 05-in. radial cooling passage and to make it struc-
turally independent of the tank. The liner also provides
support for internal baffles, which are provided to
impant a circuitous peth for the off-gas and also to
stiffen the U-tubes Since there are no structural
connections between the tank and the inner lines, the
status of the tank as an ASME Code Sect. lll, class A’ ¢
vemel is not impeired Ly this approsch.

The 0.75-in.-diam U-tubes through which the cooling
salt cisculates to remove the heat genernsted in the
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Table 6.1. Principal design parametess aad data for primary

drsia system using 5ait cooling system®
Desin taak
Outside diameter, ft 14
Owerall height, ft 22
Wall thickness, in. 1
Bottom head thickness, in 1%
Liner thickness, in. i
Material Hastelloy N
Storage capacity, £ ~2500
Design conditions, psig/°F 401300
Number of imternal U-tubes ~:500
U-tube OD X wall thickness, in. 0.75 X 0.042
Off-gas fizw rate, cfm at 10 psig and 1000°F 18
Flow nate of overflow salt, gpm 600
Exicring icesperawmre oi overilow sait, °F 1200
Fraction of total » >ble metal yield iound in off-gas 0s
Off-gas holdep time, hr ~23
Equilibrinm heat generation in off-gas and noble metals, MW(t) 18
Heat absorbed in tank Bner ared walls, MW(t) 2
Maxismum heat release from salt after sudden drain, MW(t) 53
Maxismm steady-state heut load, MW(t) 18
Maximum sicady-state wall temperature, °F ~1260
Estimated time for primary system to drain, min 7
Heat dinposal system

Drain tank coolse ¢ Muid TLiF-BeF,
Coolaat compositioa, mole % 67-33
Nunte: of astonomous cooling circuits 40
Total coolant volume, ft? ~400
For normal steady-state operatior =: 1 ¥ MW(t) heat release in drain tank ¢

Temperatare of coolant catering drain tank, °F 900

Temprrature of coolant leavimg draim tank, °F 1050

Coolant cizxculation rate, gpm at av temperature 714
For conditions after sadden draim of salt, heat release of 53 MW(t):

Tempesature of coolant entering drain tank, °F 900

Temperature of coolant leaviag drain tank, °F 1163

Coolant circulation rate, gpm at av temperature 1200
Numbexr of cait-to-water heat exchangers 40
Number of tubes in each exchanger 333
Tube size, length (ft) X GD (in.) i0Xx 0.625
Area in each exchanger, ft2 544
Water pressure, psia 100
Distance of heat exchangei s sbove drain tank midplane, t 60
Stack size, height X diam, ft 400 x 60

Daze to decay of gases and noble metals only.

stored salt are divided into 40 separate circuits. The
choice of the number of circuits was somewhat arbi-
trary, the primary objective being to have : large
number so that in event of failure, any one of them
wouid represent only a small loss in capacity. There
were also space limitations in arranging the header
cifcuits at the ton of the drain tank. It may be noted
that all welds for the coolant system tubes and headers
are well above the normal fuel-ialt ievel 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 ir.
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 whe four primary salt pumps should fail. An
ancillary salc circulaiion pump is used in comjunction
with a fifth jei 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 2.3, this
jet pump can also be used to transfer salt from the drain
tank to fill the primary system.

One feature not shown in Figs. 6.1 and 6.2 is an
external shell around the side walls and bottom of the
drain tank which acts as a backup container in the
unlikely event of a failure of the tank below the salt
level This shell, sometimes referred to as a “crucible”
in the MSR literature, is made of stainless steel and is
open at the top. The annular space between the shell
and the tank is filled with tightly packed copper rope,
the purpose of which is twofold: to minimize the salt
volume whick can occupy the annulus and 10 provide a

mrarnd s frna b ~ ool a3 ___31
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6.3.2 Heat Sowrces ia Drain Tank

In normal operation the drain tank receives ~11 scfm
of off-gas containing radicactive gases and metals®
Besides tritium, the gases are primarily 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 Kr and
Xe, notably Ba, La, Cs, Rb, Sr, Y, and Zr. Assuming
that all of the noble metals present in the system
deposit on the U-tube walls and other internal surfaces
of the drain tank, the equilibrium value for the heat
source would be about 9 MW(t). Decay of the radio-
active gases and daughters contributes 2 maximum of
another 9 MW(t), making a maximum total of about 18
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 heace is deposited locally.
Similarly, about 40% of the energy due to the noble
metals s from beta emission.” The gamma source per
unit of homogenized tank volume then becomes 3857
W/ft>. This converts to 2150 W/f® impinging on the
liner. Close agreement is obtained tetween cylindrical
and spherical models.

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

W/ft* to be absorbed in the l-in.-thick tank wali from
this source. The rzst of the energy will be absorbed ir
the backup vessel in which the drain tank sits. Since the
tank walls and head have about 1000 ft* of surface
area, a heat load of about 2 MW(t) must be accommo-
dated.

The drain tank will be used as a sait repository during
shutdown for core graphite replacement or other
mrintenance. The design basis for s h 2 drain has been
taken as 10° sec, or 11.6 days, after reactor shutdown.
During this interval the sait is ciculated 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 nobie metals in the drain tank at the end of this
period, and immediately after the drain. is about 4
MW(t).

The most severe heat loads imposed on the drain tank
would be an nadvertent 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 Furiong.®?) The raximum hea: 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.

633 Heat Tramsfer in Draim Taxk Walls

During normal operation the tank walls 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 overfiow lines, the mixing chamber
(A in Fiz. 2.3), and the walls 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 10 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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dcpending 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 acceptabze salt
temperature impinging on the pump tank walls.

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

6.3.4 Heat-Removal System

A qualitative comparison of the coolants considered
for the drain tank heat-removal system is given in Table
6.2. The fused salts, NaK (see Sect. 6.4), and the
steam-water systems were considered to be most
worthy of further consider>tion. The most likely salt of
the candidates were (1) sodium fluoroborate
(NaBF,-NaF), the same salt used in the MSBR second-
ary system; (2) LiF-BeF, of the peritectic compo-
sition 66-34 mole %; and (3) Hitec, a commercial
nitrite/nitrate heat transfer salt. The significant physical
properties of these three salts are listed in Table 6.3,
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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, ca'culations 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 circulation of an
7LiF-BeF, salt mixture through the drain tank tubes
and then cooling of the salt by radiative heat transfe; to
boiling water. Heat transfer from the gas in the tank to
the "LiF-BeF; is by coaduction and some inteimal heat
absorption; heat transfer from the salt is by convection,
conduction, and internal absorption. Selection of this
compromise a'rangement was motivated largely by the
desire to have chemical compatibility between the
coolant and the fuel salt.

The layout of ithe 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-statz 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 caiculated thermal driv-
ing head and calculated head losses due tc piping and
fittings until a flow rate was obtained which maie 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 6.5 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 1oad. During normal reactor
operation the heat load on the drain tank due to the
off-gas and noble metals is about 16 MW, oz about 25%
of the design value. It is noted from the figure that
about 55% of design flow is ortained at this heat load.
This is particu'arly advantageous because a Jrain will
not require the system to he accelerated from a wexy
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 sal’-
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 plate (or tubes) in which
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Tabie 6.3. Properties of pemsibie fussd-mit cooleats for dcaim taak system

NaBF,-NaF TLiF BeF, KNO ; Nan0;-NaNO,

Cermponition. moie © 28 66-34 53497
Viscosity. B ' !

At 900°F 4.1 403 3.8

Al J1S8°F 26 18.7 2s
Ligmidus sempesatuse. °F 728 856 223
Densiv;. B/R®

At J300°F 1194 1255 1089

Al 11S8°F 1129 218 1039
Specific hest. Du B~ (‘P2 * 036 035? oW
Thermal conductivity. Bu s * A~ P a7 ace 33

Tabis 64. Brelmation of ult-grpe coslants snd wetwr-shoan for peimwy dmin tnk cosling systam
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copucily. however, can be made large enough to
sccommodste the doay hest for 3 protracted period
ever without water makeup. This arrangement provides
a2 relisble heat sink. is not dependent upon a power
source, snd may be more earthquake resistant than the
natural-draft stack usad with the sait-cooled drain tank

system.

6.5 FUELSALT STORAGE TANK

A storage tank is provided for the fuel salt in event it
i meceesar in carry out revwirs on the fuelecslht drsin
tank or its awociaied components or pipiag. Although
the tank is locsted in the chemical processiag cell. it is
not ased 23 a part of the chemical system. since the
tsnk does ot heve 2 heat-remwval sysiem capeble of
hondiing the high volumetric heat sources in the
chemical sysiem. The storage tank will be the same
regeediens of the type of cooling wesd for tke primary

The tank has 3 storage capecity of absut 2500 ft® and

may be construcied of 304L suinlext steel rather than
Hastelloy N, since the tank will have 2 low use factor.®
The tank s connected into the drain iank system ss
shown in the flow diagram, Fig. 2.1. Centrifugal and jet
pamps will traisfer salt into and out of the storage
tank.

The tank has a hest-removal capecity of atuvui !
MWY(1), which is provided by boiling water in 12-ft-Jong
U-tubes, with the steam being condensed in an air-
cooled condenstt in the same manres s was used in the
MSRE system.*-?* The heat-removal capecity is based
ca allowing about 3 100-day decay period for both the
salt and the noble metals.

*To be ronservative in the feaslblity study, Hastelloy N was
specified for sevemal portions of the MSBR systems whess
stainless 5230l would probebly heve = =n acceptable. A test Joop
comstructed of JO4L stainless stes] has opersted with 1200 to
1300°F fuel sakt for move thea 60,000 hr with a corrosion rate

of | mil/yess, or less, and the rots is decvessing. !
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7. Reactor Off-Gas System

A.N.Smith

7.1 GENERAL

The function of the primary off-gas system is to
reduce the concentration of undesirable contaminants
in the primary »ystem off-gas stream to a level low
enough to pernan 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 d-wughters, water,
oxygen, hydrocarbons, etc. The off-gas system also
inciudes the equipment for handling all the associated
functions, such as dissipation of decay heat, collection
and storage or disposal of stable and longlived gases,
liquids, and solids, and recompression of the :ecycle
gas. As shown in Fig. 7.1, the boundaries of the off-gas
sys. :zm on the upstream side are defined as the outlet of
the particle trap in the gas flow leavi'ig the fuel-salt
dnin tank and, on the downstream side, as the outlet of
ths accumulator tanks supplying helium to the bubble
genenators and the purge flow for the salt-circulation
pumps.

The fistion yields of noble gases (krypton and xenon)
are such that nearly one atom of gas is produced for
2very atom of 233U which fissions. Since the fission of
1 g of uranium is roughly equsl to 1 MW, the MSBR at
2250 MW will produce more than 1 kg of noble-gas
fission products per day. About 15% of the gisecus
fission products are relatively short-lived and will decay
in the fuel-salt systern. The remaining 85% are either
stable or have half-lives which are long enough for them
to be removed at the gas separator -long with the
helium carrier gas. Continuous decay processes will
produce nonvolatile or siightly volatile daughter
products which may deposit on duct or vessel surfaces
or which may be carried along with the gas stream in
the forma of smokes or mists until removed by filtration
or adsorption. In addition ¢n the kryptons and xenons,
the carrier gas which leaves the gas separator is expected
10 contain tritium, oxygen resulting from fluorine
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burnup, noble metal fission products, and a small
amount of entrained fuel salt.

The nonvolatile fission nroducts 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 systen: will
consist primarily of gaseous components. Or a volume
basis, the contaminants in the stream are expected to be
on the order or 0.1%, or about 1000 ppm. This number
is based on a flow from the gas separator of 11 scfm,
stable noble-gus yields of 7% for krvpron and 21% for
xenon, and a recycle rate of 80% from the 47-hr xenon
holdup system to the bubble generator. As the gas
stream passes through the off-gas system, the decay of
the radioactive noble gases and daught~rs will continue,
as will also the attendant necessities for heat dissipation
and materials collection and disposal. The amcunt of
decay heat per unit volume will be high at first but will
drop off rather quickly during the first hour due to the
1apid disappearance of the short-lived isotopes, zs
shown in Fig. 7.2.

An cstimate was made of the distribution of fissiun
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 ir:to the off-gas line
was to be as calculate¢ by Ked! 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
format:ca.

2. A 2-hr residence time in the drain tark 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 beds was assumed to
be one-twelfth of the xenon delay.

4. The off-gas system was divided into 20 regions in
which the radioactive nobie gases were assumed to

. .
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Fig. 7.1. Schematic flow diagram MSBR off-gas syztem.

decay exponentially in accordan:e with an assigned
delay or residence time. The 2-hr volume holdup and
the 47-hr xenon delay charcosl bed were divided
into compartments with various delay times in an
attempt to obtain approximately ecual 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 estirating heat loads
in the various sections of the ofi-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 suriacés as noble metal
particulates, but significant amounts could be swept
into the offgas 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 conc.tn —
those with half-lives greater than 10 min — are shown ir
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 fue b
133
u.

2. The carrier gas i, i.clium, with a total flow tc the
off-gas system of 1] scfm. This total is the combination
of flows from exch of the fuur pump loops, consisting
of 2.25 «cfm from exck. of \he gas separators and 0.5
scfm of purge gas fo. each of the pump shafts. Net flow
of fission products and materials other than helium is
about 0.1%, or 0.01 scfm.

3. The atom flow rates of krypton and xeron into
the off-gas system are based on calculated atom flow
rates at the gas sepsrator discharge, with appropriate
corsections for a 2-hr residence timz in the fuel-salt
drain tank. All solids which sre gzs-borne at the outlet
of the drain tank (inciuding noble metals, salt mist, and

»..
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Fig 7.2. Decay heat vs time for 1000-MW(e) MSBR off-gas
steam wsing 333U fuel.

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 (° ) from 21: mechanisms will
be 2400 Ci/day, and all tiitium will remain in the
off-gas streain; that is, for the purpose of studying the
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RESIOENCE TINE (Pr) a0t QO 0.00%
DECAY MEAT {NMw) GAS + DAUCHTERS 0.002 0.002 0.00¢
DECAY MEAT {(Mw) GAS ONLY 0.008 0.00¢ 0.0008%

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

4. The gas will enter the off-gas system at 15 psig. 9
scfn. will be retarned to the bubble gererators at S psig.
and Z scfm will be returned to the purge gas header at
45 psig.

S. At least two barriers, or containment walls (one of
which is the wall of the gas duct or vessel), will be
pcovided to guard against leak: ge of radioactive off-gas.
Shielding will be provided for attenuation of penetra-
ting radiation to permissible levels. Instrumentation will
warn of excessive leakage of gas or penetrating radis-
tion,

6. The target reliability of the system is 100%; that
is_spare units will be provided, and the maintainabiity
of units will be such that predictable failures in the
ofi-gas system will not result in shutdown of the reactor
or loss of the contaminants to the envirorment.

73 SUMMARY DESCRIPTION OF
OFF-GAS SYSTEM

The flow of gas in the primary system can be
represertod by two recycle loops, 2 47-hr xenon holdup
locp and a longdelay (~90-day’ xenon holdup loop.*
The 47-hr loop circulates through the bubble geneistor
and gas separator to strip the ' *%Xe from the fuel salt;

*These holdup times do not include the 2-As residence time of

the off-gas stream in flowing through the primary-salt draia
tank.
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Table 7.1. Decay hast feosm iodine auclides

233
U Total heat .
lodi aative pes Fractom Decay
notog iios yi:id dinintegzation best (W)
%) (MeV)

131 8.0 days 290 0.7 0.87 6.23
132 24 g 4.54 7 0.78 136
133 208 5.7% 1.1 0s) 0.71
134 525 min 5.7% 33 031 211
138 668 505 23 0.4 129
Total 5.0

40unly those auclides with half-lives groater than 10 min ase incheded.

PEquiibsiua conditions are ssmmed, th.at is, the decay saie is equal o the
fission yisld The yisld in stoms per day = 6.22 X 1072 Yi, where Vi is the yield
in pescant. The decay hest in MW =0.11 ViQ. where 0 = MeV/disintegation_

Tsbie 7.2. Flow of peincipel g3eous componsats to off-gus system of 2250-MW(0)

single-fuid MEBR
isotope C wunistive Flow X 1022 (asoms/)
— Half life ey Wy Owt of Entering Lesving
Eloment U2 ) fission yield resctor 479 Xe 4T Xe
syshom holdup boldup
H 3 12.26 yoars 645x 107 0s 6.21 : o
X 82 Stable 0 03 035 0.35 0.38
8 Stable 0 .14 1.50 1.50 1.5
Y} Stable 0 1.10 148 145 1.4S
s 10.76 yeors 735x 10°* 249 3.28 3.28 3.38
13 Stabie ° 3.28 o3 32 wn
81 % min 0.5 430 RL) 063 3oxi0”
s 2.90 be 0.2 .70 328 133 (V)
39 3.18 min 13 623 (X7} 12x 107 (]
L K 14.7 29 ny
Xe 128 Stable 0 002 0.028 0023 0028
129 Suable 0 2.10 2% 2% 2.9
130 Stable 0 0.10 o3 (XL 'Y
131 Stadle [ 188 $.08 508 393
132 Stable ° S48 1.2 2.20 1.9
133 $.37 days s48x 107 ¢ss 4.3 43 (X
134 Stable 0 8 9.00 2.0 LY
138 9.14 ke 0.0783 616 130 .29 (Y7 1
136 Swble 0 7.00 9.2 .20 °Le
137 4.2 min 99 .16 116 sixn® 0
138 17 win . (Y1) 1.48 o0 °
T Xe TR 1) ».?

‘oten:

I. Toithem (CH) yield inchedes yishd from Nahiom Surnup sed assumes sove diffasion oesgh vemel sod pipe wal.
. lsotoges with haif-lives of lem than 2 min wie aet shown.

3. A residence time of 2 bt i assemed botwera entint of wattes aystem nd indat to ¢ 7-un Weten hoddep Watam.

4. Flunes for krypion sad nonen ase Gken from coleulntions by Kodi ond Bull (vef. 9). Yo walblhe and Yoagiiend Gwampe Wy
ot five Limee yisid due to the 30N rexycle 'ream.

o ——— gy

oWy o

PSPPI ey



the long-delay loop carries the balance of the gas flow
ia tiie fuel system. The two loops are joined together at
the salt ~trainment separator and flow cocurrently
through .. primary drain tink and the 47-hr holdup
system, as shown in Fig 7.1.

The cucumrent stream enters the grimary off-gas
system at the discharge from the f.d-salt drain tank.
The tank will probably serve as an ¢ ficient collector of
perticulates in the gas, but if it proves necesary a
particle trap, or filter, can be added, as shown in Fig
7.1. A this point the gas will have been stripped of
aoagas:ous components (noble meials, salt mist, and
nongaseous daughters of the noble gases), so that the
primary Comtaminants are Kr, Xe, and *H. About 2 hr
will have clapsed since the gas first left the fuel-salt
systern. The gas fust passes through the 47-hr xemon
holdup system 0 provide a residence time for xemon
molecules sufficient to permit the '?$Xe to decay o
about 3% of the inlet amount. The 47-hr holdup system
will utilize charcoal for the dynamic adsorption and
holdup of krypton and xenon. The decay heat will be
transferved to boiling water.

Al the ocutlet of the 47-lr system the ga” Atresia s

éivided mto the two recycle loops. In the 474w recycle
loop, 9 scit, or sbout SOR of the total flow, passes in
succession thromph a chemical trap and alarm system, a
COMPTessOr, ani: 3 surge tank. From the surge tank the
s i metered to the bubble gemerato-s at the fowr
cieculating pumps. In the sscond recycl gas stream, 2
scfm, or 200 of the total flow, passes 2t tarough the
longdelay xenom holdup system, whew %he residence
times for kryptom and xemom are suifi omtly long to
allow 3R radioisotopes except the tem-year *3%¢ to
decay ¢ imignificant levels. The go> them pamses
through a purification system which redus.ss the Jevel of
wny remaining contaminents (**Kr. *H. ‘bl aotopes
of Kr and Xc, water, hydrocathoss, ¢k.) t© an
aceptable level, then through o sge k. 2 com-
prosaoe. and an accumaiatas, and fisally i retuened to
Uhe prismary system.

Toble 7.2 shows e flow of writiem aad woblegn:
isotoper at the cutiet of the reactor syskem and at the
miet and outiet of the 47dn xemon holdup ) wem. The
Dore raies ot th outiat of th 19actor Kyskmm w2 bamd
on cakulatiom by Rell® suewming a2 0368 xemon
columes in Toble 7.1 are based on calkwintions by Dell*
waing the Wrst column a5 gt and asumning: 1\ smgple
suponential dacay, with 4 23w reuidone W batwewn
W MR It Sutiet ond W Wt Yo Wt A
xonon holdup Wyam: (2) ¢ resdonce v for kiypron
0 reeih Mot for xemen: and ¢3) 20K of e Row
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from the 47-hr xenon holdup system to be recycled to
ihe primary system. (For stable and long-i*ved isotopes
the effect of the recycle flow is to increase the total
flow by a factoc of about 5.)

7.4 THE 475« XENON HOLDUP
SYSTEM

The 47-hr xemon holdup system provides residence
time for xenon isotopes to reduce the concentration of
1335Xe in the effluent. The design criteria for the
system are as follows:

1. The residence time for xenoa is 47 hr. This time is
exciucive of the volsme | oldun in the primary 5. lem
drain tank and other vessels and ducts. A 47-hr delay
time permits 97% of the 9.14-hr ! S Xe to decay.

2. The estimated heat load, based oa Fig. 73, is 2.14
MW, 42% of which is due to dsughter-product decay.
The desiga capacity of the heat-removal system is 125%
of calculated, or 2.7 MW.

3. A dymamic adsorption system is used for delay of
the xemon. The adsorbent is activated charcoal, with
tramsfer of the decay heat to boiling water. The design
texxperature of the charcosl duct =l is 250°F. The
average tempevature of the charcoal is 340°F.

4. The av.umed charcoal properties are: buk density,
30 W/ thermal conductivity, 0.03 Bru ™ fi?
CF)™ |; and size range, 6 to 14 Tyler sieve series ('
to X4 )

S. The decay heat distribution is cbtaied from the
calculations by Kedl and Bell.’ as shown ia Fig. 7.2.

6. The efficiency of the bed is assumed to decrease
with tisne due 10 accusrslation of solid daughters. Spere
capacey is provided. and provision is made for replace-
went of mudules by rewnote maintenance techniques.

7. Cattievgns flow is 1l wfm, and the overal
pressure drop is S psi. An extimate of the size of the
chercosl beod is obtained by using the evapins. ! relation-
ship developed by Biowning and Bolta:*¢

?.“}!. H
where 3, B Wwoldup time, m & max of chaxoel, f &
volume Bow rate of cursvir gas at local comditio:s, and
& & a propostiomabity facter which is knowm as the
anvirges compativion. Ve ahobem, the adwrbere,
wd W Wwngeatere. Far typical commercial charcosh,
Ay aold Drowaing” have Severmined Wae following
Wistiowip berwewn & wnd Nwperanee for xemom at
Woperature: bavereen 32 and 1WO'F:
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KXe)=32x10"*

Equation (1) indiates that the holdup time increases
diwrectly with & However, an increase in holdup time
increases the heat generation, which results in an
increase in charcoal temperature and a decrease ink, in
accordance with Eq. (2). Note also that an increase in
temperature causes an increase in f (local flow rate),
which results in a decrease in holdup time. For any
given section of the bed. k and 1, will seek equilibrium
values which are a balance between the opposing forces.

For the purpose of this estimate, the assumption was
made thai Eq. (2) s valid up to 500°F and thai ihe
average charcoal temperature is 340°F. Equation (2)
indicates that this tempezrature would be equivalent to
an adsorption coefficient of 0.5 ft*/b. For a holdup
time of 48 hr and a flow of 11 scfm, Eq,. (1) indicates
that the required mass of charcoal would be 63,360 Ib.
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.*®
Hairpin tubes filled with charcoal are suspended in large
tanks. The decay heat is iransferred to “oiling 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
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an acceptlable average charcozl temperature. Smaller
diameters may t< necessary at the inlet end, where the
decay heat rz2te is high. For this system, it is estimated
that 1'5-in. pipe may be required for the inlet end, but
that 2-in. and possitly 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

ORNL-DW6 70-11962

f—@;m;;@

COOLANT

2% 1

Fig. 7.5. Cross section of one bank of 47-hr Xe holdup char-
coal bed for MSBR (see Fig. 7.4).
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' 3 9 scfm TO FRIMARY
‘ 1 SYSTEM '
CELL: 1 FROM OTHEF: BANKS
€165 2 25 1 DEEP 'P
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Fig 74. Paa view MSBR charcosl bad — 475 Xe hoidup (see Fig. 7.5).
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Tebie 7.3. Accumuition of sesvelstils satesials

the 47-x xenes holdnp systens®

Gastows ) Accumwmiation it

pareat stoms/he g molesiday gyems .

x 10%2

i 0.33 0.13 405  2x 10y Um0
Sy, 065 0.26 8395 Suble 585y

133y, 2.97 039 1397 Saak'¥Cs

'35%e 1.2¢ 050 2820  3x 16y 'V

®The accumulation rate of the four isotopes is 56.210 g 'veas. i this ameunt is
distributed uaiformly oves the 30 toms of charcoal, the concentsation = 0002 g

of nonvolstile per gram of tarcoal

of 30%. There are 240 parallel units, arranged in banks
of 60 units each, with each bank containing 530 lin %
of pipe. The mass of charcoal is 82,400 b, 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.
7.5. A minimum of two containment barriers are
provided to guard against leaxage of the radiocactive
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 to the long-delay charcoal bed.

The function of the latter is 10 provide a rélatively long
residence time, so that the hest load and penetrating
radiation in the ensuing gas cleannp syste=a will be at 2
reasopable level. Table 7.4 lists the isotopes which have
the longest lives and hence are coatrolling i the bed
design. Figures 7.6—7.8 show the activity load and the
he load in the gas cleamup system as a function of the
heoup time in the longdelay system. The assumed
design residence tlime is somewhal arbitrary siace
whatever load is not handk i by the loagdelay bed
must be dissipated by the gas cleamip system. The
incentive, however, is 10 handie as much as poasidle
with the longdelay bed, siuce its comstviction and
operation would probably be more simple than that of
the gas cleanup system. The following criteria were used
in the design of the long-delay charcoal bed.

1. Holdup time for xenon is 90 days.

2. The heat load is 0.25 MW, based oa caiculationas by
Bell and using input dat. provided by iledl, as
shown in Fig. 7.2. The average heat load is 2 X 107
kW per minute of holdup time.

Table 7.4. Loagerdived noble-gas fission products” exchusive of >H and ** K¢

Avenage snargy ps Lo iogation

333
Halflife, 1/ Decay U (MeV)

Isotope constant fission

Days Hours ) yield (%) Beta Gamma Totad

x107

131my, 12.0 288 24 0.023 0 0.16 0.1¢
133xe 527 126.5 5.5 5.78 0.12 0.08 0.20
135xe 0.38 9.13 1.6 6.16 0.30 0.7 0s?
ssmy, 0.18 4.36 159 243 0.25 0.18 0.4\
88k, 0.12 2.1 250 $.84 0.33 2.1 244

%Includes only the fission products having significant fracticns remaining at the inlet to the gas cleanup system.
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Fig. 7.9. Pam view of loag-delay MSBR charcoal bed.
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o 20 40 60 80 100
Xe HOLDUP TIME IN LONG-NELAY CHARCOAL BED (doys)

85Kr and the 12-year *H have decayed to negligible

amounts. Thus, if one assumes a delay time of 90 days

Fig. 7.8, Effect of bed fime on heatlood in O X€RON. the longest-lived isotope .(12-day 131mxe)

gus cleanup system. ! would be reduced to 0.6% of its original value, and the

reduction for the shorterlived isotopes would be

proportionally greater. The siable noble gases, as well as

7.6 THE GAS CLEANUP SYSTEM essentially 100% of the 85Kr and 3H, will be camied

into the gas cieanup system at a rate equal to the rate of

After leaving the long-delay charcoal bed, the off-gas production in the reactor (assuming that no tritium is

stream enters the gas cleanup system. At this point, all iost to other parts of the reactor system by diffusion
the radioactive fission product gases except the 10-year through duct and vessel walls).

Table 7.5. Accumulation of nonvolatiles in the long-delay

charcoal bed?
Gaseo Accumulation rate
us Nonvolatile daughter
parsnt atoms/hr g-moles/day g/year R
x 10%2
87kr 0.075 0.03 952 6.2 x 10'? year *"Rb
88y, 0.51 0.20 6351 Stable 3%Sr
133y, 33 1.3 63108 Stable !33¢Cs
135%e 0.04 0.016 788 3 x 10° year '35Cs

4The cumulative total for the four isotopes is 71,200 g/year. If this quantity is
distributed uniformly over 18.5 tons of charcoal, the concentration is 0.004 g of
isotope per gram of charcoal.



The function of the gas cleanup system is to process
the carrier gas to reduce the residual contaminants to a
level which will permit the etfluent carrier gas to be
recycled to the reactor purge-gas system. Design criteria
for the gas ciz=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 i% of the value at inlet. Table 7.6
shows the calculated isotopic flow rates at inlet for
the stable and very long-lived isotopes.

The gas contains some '3!™Xe, which is negligible
from a mass flow standpoint but which must be
considered in the design of shielding and the heat
dissipation system. The tritium values are based on the
assumption that the gar 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 ve=sel
walls, as discussed in Sect. 3.3.7.

Upon entering the gas cleanup system, as shown in
Fig. 7.10, the off-gzs first passes through a preheater,
which faises the gas temperature to 1500°F. It then
passes through an oxidizer, which converts the tritium
to ®E,0, and then through an aftercooler, which
reduces the gas temperature to 100°F. (Both the
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preheater and the aftercooler have heat loads of 3 kW
and are designed for negligible Ap due to flow. The
function of the aftercoolers is to reduce the heat ioad
on the ensuing components.) The off-gas then passes
through a charcoal-packed adsorber which is maintained
at 0O°F. The 3H,0 and the kryptons and xenons are
retained on the charcoal, while the carrier gas passes
through the bed. A {ter leaving the refrigerated adsorber,
the carrier gas is recompressed and recycled to the
reactor purge system. In nommal 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 Ib of copper oxide, and
operates at 1500°F. The tritium flow is 0.036 ft>/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'%-in. interconnections. The
total length of 8-in. pipe is 288 ft, arrarged 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 intersiitial spaces to

Table 7.6. Flow of isotopes into gas cleanup system

Tsotope . Yield Flow to gas cleanup Concentration
Mass Mf'hfe 3
Elem=nt No (%) atoms/hr g-moles/day ft’ /day (ppm, by volume)
x 1023
Kr 83 Stable 1.14 0.029 0.12 0.092 31
84 Stable 1.95 0.049 0.20 0.15 52
85 10.76 years 0.66 0.017 0.068 0.052 18
86 Stable 341 0.085 0.34 0.27 94
Toral 0.73 0.56 195
Xe 131 Stable 3.39 0.085 0.34 0.27 94
132 Stable 4.54 0.11 0.44 0.36 125
14 Stable 5.94 0.15 0.60 047 1€3
136 Stable 6.89 0.17 0.68 0.55 m
Total 2.06 1.68 573
H 3 12.26 years 08 0.02 0.04 0.032 11
NOTES:

1. Calculations of flow to gas cleanup iystem 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 that all of the 3H production (estimated at 2400 Ci/day) goes to the gas cleanup system.
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7.10. MSBR off-gas cl~anup system.

provide an average on-stream operating temperature of
0°F and a temperature of SO0°F when on the regenera-
tion cycle. Using an adsorption coefficient of 4.8 ft*/Ib,
the estimated total charcoal requirement is about 3000
Ib. 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
adsurber bed, the regenerating gas, now laden with
3H,0, krypton, and xeron, passes through a storage
bottle mairtained at a nqaid-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{2s stream. Assuming a storage bottle
similar to a 1.5-f6 high-pressure gas cylinder, each
container would be kept on line for 12 cycles, or 48
days. About 30 Ib of xenon, 6 Ib of krypton,and 0.1 Ib
of tritiated water would be accumulated in each bottle.
Each freshly filled bottle would contain about 240 Ci
of 35Kr, 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 *H and ®5Kr would decay sufficiently
for the contents to be released or sold without
radiological protection.
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7.7 COMPRESSORS

A compressor is used to return the effluent cf the gas
clearup system to the purgegas 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 comprassor 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 b2 9 scfm, and the compression
ratic will be fairly low, about 1.4 to 1. Positive sealing
will be essential to prevent outleskage of the highly
radioactive gas. Other requiremznts 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
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personnel. In especially critical areas, favorable pressure
gradients are provided, for example, by use of a
ligh-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. Positivesealed end connections,
either buffered O-rings or butt welds, are also used.
Where necessaiy, provisions are made for ryemote
maintenance of valving.

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

T e e ——————— - -
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8. Fuel-Salt Processing System

L. E. McNeese

8.1 GENERAL

The principal objectives of ifuel processing are the
isolation of “33Pa from regions of high neutron flux
during its decay to 233U 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 ULy reductive extraction is relatively
straightforward since there are significant differences in
chemical behavior between protactinium and the other
components of the fuel salt (U, Th, Li, and Be), as is
evidenced by the distribution ratios® of these materials
between fuel salt and bismuth containing a reductant.
Extraction of the protactinium into bismuth requires
the prior and complete removal of uranium from the
fue] salt. Two methods (described below) are available
for accomplishing this.

In the older protactinium isolation method,”® the sait
stream from the reactor was fed directly into a bismuth
contactor, and sufficient reductant was fed counter-
currtent to the fuel salt to not only isolate the
protactinium but to also reduce all of the UF, present
in the fuel salt. The UF,4 concentration in the fuel salt
is relatively high (0.003 mole fraction), and the
quantity of reductant required (10* gram equivalents
per day) was sufficiently large that its purchase would
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be uneconomical. For chis reason a relatively large
electrolytic ceil was used to reduce LiF and ThF, from
the fuel salt to provide the reguired reductant.

In the preferred protactinium isolation systen, only
recently devised, fluvrination is used for removirg most
of the uraninm from the fuel salt prior to protactinium
isolation. With this system, the quantity of reductant
required is such that st can be purchased economically,
and an electrolytic cell (which presents unusual devel-
opment problens) is ot requred.

The removal of the rare-earth fission products from
the fuel salt is move difficult because the chemical
behavior of the rare-carth flucrides is siralar to that of
thorium fluoride, which is a maior component of the
fuel salt. Two rare-carth-removal systems, both based
on reductive extraction, have teen considered.

In the older rare-earth-removal system,”® the fuel
carrier salt containing rare-earth fluorides was counter-
currently contacted with bismuth in order to exploit
the small differences in the extent to which thorium
and the rare earths distribute between the fuel carrier
salt and bismuth containing a reductant. Since the
distribution behavior of the rare earths and thorium is
quite similar (i.e., rare-earth—thorium separation factors
near unity),?*? it was necessary to use a large number
of stages in the extraction columns and high metal-to-
salt flow ratios. The system used a large amount of
reductant (about 4.5 X 10* gram equivalents per day)
which was provided by electrolytic reduction of LiF.

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

The remainder of this secti::n describes a system
incorporating the fluorination—reductive-extraction

|
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process for protact:nium isclation and thc meial-
trapifer process for rare-earth removal.

8.2 PROTACTINIUM ISOLATION

The fluorination —reductive-extraction system for iso-
hating protactinium is shown in Fig. 8.1. The salt stream
from the reactor first passes through a fluorinator,
where about 95% of the uranium is remnved. The salt
stream leaving the fluorinator is countercurrentily con-
tacted with a bismuth stream containing lithium and
thoriun: in a multistage coutactor in order to remove
the uranivm wnd protactinium from the salt. The
bismiiih streain feaving the column, which contains the
extracted uranium and protactinium as well as lithium
and thorium, is contacted with an HF-H, mixture in
the presence of a molten-salt streain 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 centains most of
the protactinium. Uranium produced in the tank by

decay of protactinium is removed by the circulating salt
stream. Reductant (lithivm) 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 quic
stable with respect to vatations as large as 20% fo.
mos: of the important parameters: flow rates, reductant
concentration, and number of extraction stages.!®®
The required uranium-removal efficiency in the initial
fluorinator is less than 95%. The number of stages
required in the extraction column is relatively low, and
the metal-tosalt flow ratio (about 0.14) is in a range
where the effects of axial mixirg in packed column
extractors will be negligitle.'®’>'°2 Sizce the protac-
tinium-remova: efficiency is very high and the system is
quite stable, materials such as 23'Pa, Zr, Ni, and Pu
should accumulate in the protactinium decay tank.
Operating conditions that will yield a ten-day protac-
tinrium removal time include a fuel-sait flow rate of 0.88
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gpm (ten-day processing cyde), a bismuth flow of 0.1 1
gpm, and five stages in the extraction column. The
required quantity of reductant is 371 equivalents per
day, which will cost $288 per day, or 0.012 mill/kWh.,
if 7Li is purchased at $120 per kilogram.

8.3 RARE-EARTH REMOVAL

Rare-carth and alkaline-earth fission products can be
removed effectively from the fuel salt by the metal-
transfer process. In this process, hismuth containing
thorium and lithium is used to transport th rare-earth
fission products from the reactor fuel ..t 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* to about 10®. The
final step of the process is removal of the rare earths
from the LiCl by extraction with bismuth containing
0.05 to 0.50 mole fraction Lithijum.

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

Calculations were made to identify the important
system parameters.'! It was found that there is
considerable latitude in choosing operating conditions
which will yield a stated removal time. The numbcr of
stages required in the extractors is low: less than six in
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Fig. 8.2. Mas tzansfer process for removal of rare earths from -
a single-fiuid MSBR. i

extractors 1 and 2, three or less in extractor 3, and one
in extractcr 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,. The
salt then flows to a reductive-extraction column, where
protactinium and the remaining uranium are chemically
reduced and extracted irto liquid bismuth flowing
countercurrent to the salt. The reducing agent, lithium
and thorium dissolved ir. bismuth. is introduced 2t the




top of the extraction column. The bismuth stream
leavirg the column contains the extracted uranium and
protactinium as well as lithium, thorivin, and fission
product zirconium. The extracted materials are re-
moved from the bismuth stream by ccuntacting the
stream with an HF-H, mixture in the presence of a
waste salt which is circulated through the hycrofluori-
nmator from the protacticium decay tank. The salt
stream leaving the hydroiluorinato., which contains
UF, and PaF,, passes through a flucrinator, where
about 90% of the urnium is removed. The resulting salt
stream then flows through a tank having a volume of
about 130 ft3, where most of the protactinium is held
and where most of the protactinium decay heat is
removed. Uranium produced in the tank by protac-
tinimn decay is removed by circulation of the salt
through the fluorinator. Materials that do not form
wolatile fluorides during fluorination will also accumu-
late in the decay tauk; these inciude fission product
zirconium and corrosion product nickel. These materi-
als are subsequentiy remnoved from the tank by periodic
discard of salt at a rate equivalent to about 0.1 ft>/day.
This salt is withdrawn to a storage tank on a 220-day
cycle (eight 233Pa halflives) in order to ensure suffi-
ciently complete decay of the protactinium After this
decay period a batch fluorination of the 22-ft> salt
wlume is carried out in the storage vessel for removal
of residual uranium. The sait 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 rareearth-
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 salt 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 7 Li. Separate extrac-
tors are used for removal of the divalent and trivalent
rare earths in order to minimize the quantity of ’Li
required. Only about 2% of the LiCl leaving the
trivalent-rare-earth extractos is fed to the extractor in
which the divalent materials are removed.
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Calculations have been made'®" ifor 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 detsrmine the reacior breeding
ratio for eacn set of prouessing piant operating condi-
tions examined. Data are not available on the cost of
procesing for this fiowsheet or for the reference
flowsheet for the processing system that uses electro-
lyzers 12 both the protactinium- and rare-earth-removal
systemes. In the absence of these data, processing
cenditions were examined which would result in the
same reactor performance (i.c., the same breeding ratio)
as that obtained with the previous reference flowsheet.
will result in a breeding ratio equal to that of the
reference reactor and processing system (1.063) have
niot been determined, the following conditions are
believed to be representative. The reactor was processed
on a tenday cyde, with the complete fuel-salt stream
(088 gpm) passing through hoth the protactinium
isolation system and the rare-earth-remnoval system. The
resulting protactinium removal time was ten days, and
reductant requirement was 371 equivalents per day, or
$230 per day, which costs 0.012 mill/kWhr. The
protactinium isolation column is 3 in. in diameter, and
the total number of required stages is about 5. The
protactinium isolation system also results in a ten-day
removal time for materials that are more noble than
thorium but do not have wolatide fluorides. These
include zirconium, 22'Pa, plutonium, the seminoble
metals, and corrosion products.

The rare-earth-removal system consists of three pri-
mary contactors: (1) a 7.1-n.-diam six-stage column in
which the rare earths are transfesred from the fuel salt
to a 125¢pm 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 LiCl stream, and (3)a
12.3-in.-diam column in which the trivalent rar= earths
are transferred from the LiCl to an 8.1 gpm bismuth
stream having a lithium concentration of 0.05 mole
fraction. Two percent of the LiCl (0.69 gpm) leaving
the trivalent-rare-earth extractor is contacicd with a
bismuth stream (1.5 cm®/min) having a lithium concen-
tration of 0.5 mole fraction for removal of the divalent
fission products such as Sm, Eu, Ba, and Sr. The total
lithium consumption rate for the rare-earth system is
119 moles/day, or $81 per day, which costs 0.0042
mill/kWhr.

The rare-earth-removal times range from 15.5 days for
cerium to 50.4 days for europium. The distribution
data for neodymium, which are believed to be conserva-
iive, 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
olation system and in the rare-earch-removal system
Sonstitute 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-BISMUTH CONTACTORS

Salt-metal contactors are required at several points in
the flowsheets. Where muitictage coniactors are needed,
packed columns operated with the salt phase com-
tinuous are the preferred type of coatactors. In cases
where only a single stage is requirea, mixer-settiers
could be used instead.

Studies have been made of pressure drop, flooding,
dispersed phase holdup, and axial mixing for columns
packed with both solid cylindr.cal and Raschig ring
packing ranging in size from % to % in.'*-1%®:'®3 For
most applications the preferred packing is 3% -in. Raschig
rings. Sufficient data are awailable for determining the
required column diameter for stated throughputs of salt
and bismuth, but addiiional data are needed on the
column height equivalent to a theoretical stage (HETS).
The HETS walues for the required contactors are
assumed to be 20 to 24 in. The column diameters range
from3to 13 in.

8.6 FLUORINATORS

Uranium is removed from the salt streams zs UF ¢ by
countercurrently contacting the salt with fluorine gas in
a salt-phase-continuous system. Because this process
involves quite corrosive conditions, it is carried out in
columns whose walls are protected from corrosion by a
layer of salt frozen on all surfaces that potentially
contact both fluorine and salt.?

The fluorinators are envisioned as open columns, arid
axial mixing in the salt phase caused by rising g2«
bubbles tends to reduce fluorinator perforrmance. 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
l4in.-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
siseams having fiow rates of about 170 ft3/day, are 6
in. in diameter and 10 ft high.
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8.7 FUEL RECONSTITUTION

Uranium is removed as UF; at two points in the
process, and it is necessary 10 retwrn most of this
uranium to the fuel salt returning to the reactor. This is
accomplished by absorbing the UF into the processed
salt and reducing the resulting mixture with H, to
produce UF,. Although the overall reaction is straight-

forward,
UF¢ + H, - UF, + 2HF ,

it is believed that intermediate uranium fluorides such
as UF;, which are soluble in the salt and nonvolatile,
are responsible for the rapid absorption reaction which
occurs when UFg is contacted with salt containjag
lower valence uranium fluorides. The rate at which UF,
must be reduced to UF, is about 700 moles/day. It is
believed that the reaction can be carmried out continu-
ously with the H, 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
comosive, and frozen wall corrosion protection may be
required.

8.8 SALT CLEANUP

Before the processed salt is returned to the reactor,
the concentsation of impurities which may be harmful
to the reactor system must be reduced to safe levels. It
will also be necessary to ensure that the U3* fU** natio
in the salt has the proper value so that conditions in the
reactor will be noncorrosive 1o Hastelloy N.

Since nickel is quite soluble in bismuth and Hastelloy
N is a nickel-base alloy, bismuth is the most important
potential impurity in the salt. Bismuth could be
dissolved or entrained in the salt or could be present as
a soluble bismuth compound. Few data are available
with which to assess the magnitude of the bismuth
problem. The solubility of bismuth in the fuel salt is
believed to be no greater than about 2 ppm and may be
much lower. Entrainment is not considered a serious
problem. Also, the bismuth concentration which can be
tolerated in the reactor is not known. Until additional
data are obtained, however, the probiem of bismuth
being present in the salt will be regarded as significant.
The concentration of other impurities such as FeF, and
NiF, 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-ftdlong vessel packed with nickel
mesh. Salt flowing through the vessel is contacted with
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a countercurrent flow of H, at a rate of abcut 34 scfm.
The salt then passes through a porous metal filter prior
to its i1eturn to the reactor.

8.9 PUMPS

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

8.10 MATERIALS

The MSBR chemical processes impose severe limita-
tions on containment materials. Compatibility with
liquid bismuth and molten salt fuels at 1200°F (650°C)
is required. Conventional nickel- and iron-base alloys
are not satisfactory because of their susceptibihity to
dissolution and mass transfer in bismuth. The most
promising materials «ppear to be molybdenum, tung-
sten, rhenium, tantalum, and graphite. Of these, molyb-
denum, tungsten, thenium, 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
pussible effects of lithium or thorium in bismuth and a
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high fluoride i5u concentration in the molten salt on
compatibilicy. With these factors in mind, it was
concluded that molybdenum has the highest probability
for success; in this appiication.

Molybdenum vessels can be fabricated by the back-

extrusion process, 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, ang deformation can be
accomplished below the recrystallization temperature,
so that a2 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 saits. Molybdenum can be
welded by ecither a gas 1ungsten-arc process or by an
electron beam technique. Welding has the disadvantage,
however, that the recrystaflize 1 region is very brittle.
The most satisfactory joint may be a2 butt weld backed
up by a brazed sleeve which limits the stress on the
brittle zone.
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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

systuns have not received any conceptual study, but it
is anticipated that 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 Operaticn, 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 radicactive hazards and to prevent injury to
operating personnel and major damage to equipment.

Tke 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 auxilia:y systems. In general, the load demand
is the primary signal to which the controls subsystems
are subordmate 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 te.perature changes to keep
stresses in materiais 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 adjusiment 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 circuiating pumps. Since the pump rotation
can be varied with sufficient speed of response to
accommodate anticipated load changes, this is the
control method selecied for the MSBR reference design.
Although valves for salt service have received relatively
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little development to date, it is to be noted that flow
contrul 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 no: 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 generaily evaluate this aspect
of plant operation.

10.2 MSBR REACTIVITY CONTROL
JohnL. 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 achieved in the MSBR drain line by a

freeze-plug arrangement, a concept proven to be satisfactory in
the MSRE.
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thus, if a rod should break, the graphiie pieces wou:d
float out of the core and reduce the reactivity. The
total worth of each rod, as calculated by Smith,!? in
moving the full core height from fully inserted to the

fully withdrawn position is about 0.08% 5&/k. Based on
a higher anticipated worth than this, two control rods
and two safety rods were originally planned, as shown
in Fig. 3.1. On the basis of later estimates, however, it
now appears that a total of four control rods and two
safety rds may be required to achieve satisfactory
control.

MSBR reactor control immlations reported by
Sides! °* indicate that a reactivity raie of change of
about 0.01%y/sec dk/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 system using electric motors.

Circumstances could arise which would require a
faster rate of reactivity rdecrease 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 0.05 to 0.1%/sec 3k/k. One
method of attaining the fast rate of control rod
withdrawal would be by an air turbine and an electric
moioi coupled to the control rod drive through
differential gearing. Tiie 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 charscteristics of the
turbine would make it impossible for it to run
backward to insert reactivity ai 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 fue! loading will be done by gradually
increasing the concentration in circulating barren salt.
Subsequent refills of the reactor system may be with
already enriched sait from the drain tank. The normal
fuel-addition rates will.be slow and manageable, so that
very modest control of reactivity rates can ovcrsee 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 changes 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 2 nominal temperature coefficient of

reactivity of —5 X 107¢/°F,!! a net reactivity change
of about 0.075% 8k/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 intc 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 fur 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.®*

Since the amount of gas entrained in the fuel salt
affects the reactivity, changes in the salt circulation
raie, 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% &k/k. A change in gas entrainment fiom the
expected normal level of 1% to a levei of 2% is
calculated to produce a reactivity change of abou?
~0.04% 5k/k.*

The amount of reactivity needed to override xenor
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 full power is estimated to be about 0.3%
8k/k.! Transient effects can, of course, vary widely,
depending upon the amount and duration of the power
changes.

In summary, aithough the sum of the reactivity
effects discussed above is about 0.85% &k/k, all the
effects will not have maximum importance occurring
simultaneously, and some will be of opposite sign. /.
total of 0.3% 8k/k provided by the graphitz contro)
rods is expected to be adequate to cover shori term
reactivity effects in the MSBR. As previously men-
tioned, long-term effects will be compensated by ‘uel
concentiation changes.
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103 REACTIVITY CONTROL FOR
EMERGENCY SHUTDOWN

JohnL. 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 compaosition or
temperature effects when filling the primary system,
flow stoppages in the circulating loops, gross tempera-
ture chaages, malfunctions in the control rod system,
ete.

Safety rods consisting of boron carbide clad i:
Hastelloy N can be used at the center of the core to
furnish an independent shutdown capability. Cach of
these absorber rods would have an estimated worth of
abow: —1.5% Ak/k, and iwo to four rods would
probably be sufficient.'®S 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 nommally 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 PRO-ECTIVE SYSTEM
JohnL. Andersor  S. J. Ditto

10.4.1 General

The plant protective system includes those com-
punents and interccnnection devices, from sensors
through final actuating mechanizuns, 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 proteciive svsiem would function by three
primary mechanisms: reactivity reduction, load reduc-
tion, and fuel-salt drain.

104.2 Reactivity Reduction

The protective system must be capable of coping with
reactivity disturbances beyond the capability of the
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normal control system. As discussed in Sect. 10.3, such
postulated conditions include malfunctica 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 the MSBR must have a
time response, reliability, and a total worth adequate
for the worst-case accident. A dynamic system analysis
will be necessary to establish the performance required.
The necessary reliability is a function of the estimated
frequency of need and the consequences of failure to
perform as planned.

10.4.3 Loed Reduction

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

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

104.4 Fuel Drain

liile draining of the fuel salt into the drain tank is an
ultimat: 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 capzble of being initiated rapidly
in the “dumping” sense.
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10.5 AVAILABILITY OF INSTRUMENTATION
AND CONTROLS FOR THE REFERENCE
DESIGN MSBR

R. L. Moore

As was reported by Tallackson,'® the MSRE pro-
vided valuable design and operating experience with
molten-salt reactor nueclear 252 Soiiins usirumenta-
tion. One of the important differences betwess the
MSRE and the MSBR concept, hcwever, is that the
high-temperature cells pianned for the MSBR could
subject sene of the instruments to ambient iempera-
tures as high as 1000°F .isiess they are provided with

Nuclear detectors ars not now available which could
operate ai iemperatures in excess of 1000°F. fnasmuch
as Ruble and Hanauer'®? were of the opinion that
there was a practical upper limit of about 900°F for
electrical insulating materials for ionization chambers
and counters, development work in this area, and in the
location of the detectcrs, will be needed for an MSBR.
In this connection, neutron fluctuation analyses may
prove to be a valuable (ool for mvmitoring and
predicting anomalous behavior. 108,109

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
genernally satisfactory, although morc 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''®
used for liquid level indication in the MSRE worked
adequately, but suppiementation by float-type in-

strumentation would be desirable. The pneumatic
weighing system used to determine MSRE tank in-
ventories would require adaptation tv 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 needcd in many areas to arrive at detailed
designs and specifications icr MSER control system
components,’'! but it may be noted that work being
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accomglished for other reactor types will probably have
application in the MSBR.}!?

The aspects of the MSBR instrumentation and con-
trols systems requinng significant development have
been discussad 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
major consideration is the rate that the temperatures of
the fuel and coolant salts ca~: 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
dgepend 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 simpie study'** to provide prelim-
inary infommation are given in Table 10.1. In this study,
computer cal-ulations 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 desigr: flow of fuel salt across
one surface of the plate but with no heat flow through
the other surface. The temperature distribution through
the plate was calculated for various times after initiating
changes in the sit temperature, and the corresponding
stresses weie determined. The calculated maximum
stresszs were compared with an allowable stress value of

Table 10.1. Effect of metal plate thickness
on allowable mate of change of MSBR plant load

Plate Allcwable rate of change (%/min) for
thickness total change in load of -
(in.) 10% 20% 40% 100%
2 >40 40 ~6 4
3 >4y 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 i0 be conservative in that the thicker plates
will probably be cooled to some extent from both
surfaces. In addition, the walls of the reactor vessel are
cooled by the inlet flow of salt, so that the heavy
sections do not have to change through the full range of
temperature when the power changes through the full
range.

Since the cstimated allowable rates of load change,
even when based on these somewhat pessimistic as-
sumptions, are much the same as those presently used
in ‘hermal power stations, it can be concluded that
op:ration of the reference design MSBR is not uniquely
restricted in this sense.

10.7 CONTROL OF FULL AND PARTIAL

W._H. Sides, Jr.

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

A master load programmer would probably be used to
divide the required load demand among the four
primary-coolant loops and among the steam generators
and reheaters associated with each primary-coolant
loop. It should be possible to operate the plant at, say,
75% of full load by operating three of four primary
loops (and their associated secondary-salt loops) at
100% carwity each. Although perhaps not mandatory,
it seems reasonable that all parallel loops should operate
under essentially identical conditions, sharing the exist-
ing load equally. This is, in part, because all paralle]
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
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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-
[V V1N

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 sieam 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 sait 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 2 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%/mixa.

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-sait flow 1ate were
calculated from heat balance considerations through the
plant.

The reactor outlet temperature controller is similar to
that used successfully on the MSRE."°¢ Specifically, a
load demand signal determines the reactor outlet
temperature set point. The measured reactor inlet
temperatuie 13 subtracted from the reactor outlet
temperature set point, and since thc primary-sait flow
rate is constant, a reactor power set point is generated
by multiplying this AT by a propurtionality 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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Fig. 10.1. Simeistion model of plant aad conwol system.

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

The small isothermal 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% 8k/k, reduced at a rate
of —0.0053% 5k/k per minute.!* 5

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 2 loop is
stopped or greatly reduced, the transit time of the salt
through the four steai. generators associated with that

loop increases, and the secondary-salt cold leg tempera-
ture decreases. To prevent freezing of the secondary sait
in the shell of the si¢zm generator near the feedwater
inlet, the flow of steam throtigh 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 fucl-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 930°F, and the tempera-
ture of the secondary salt entering the primary heat
exchanger at design point is 850°F. Analog simula-
tions' 'S have shown that due to transit 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-sait flow, and, as discussed
above, a major reduction in secondary-salt flow requires
a reduction in stzam flow through the four steam
generators associated with the particular loop.

In summary, loss of priraary 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 temperatures from occurring in the saits. 1f
secondasy flow is reduced, the associated steam ilow
must be reduced, but the associated primary flow need
not be reduced. If prirrary flow is recuced, both the
associated s=ccndary-salt and steam flows must be
reduced to prevent low salt temperatures. In any of
these situations the reactor power must be quickly
lowered in proportion to the net reduction in steam
load. Similarly, upon large or tctal loss of load, it may
be necessary to assist the control system hy providing
fast power reduction and pethaps fast reduction of
secondary-salt flow rate to kesp system temperatures
within acceptable bounds.

10.9 STARTUP, STANDBY, AND SHUTDOWN
PROCEDURES

E.C. Hise

109.1 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 : sch that the salt systems must be filled
and circulating isothermally at 1000°F before power
withdrawal can be initiated by decreasing the coolant-
ealt temperature. To avoid freezing of the salt and to
prevent excessive temperature gradients, the minimum
feedwater temperature to the steam generators must
vary between 1000°F at zero load and 700°F in the 8
to 100% power range. In addition, the afterheat load in
the reactor system, which decays essentially as in-
dicated in Fig. 6.4, requires that the feedwater and heat
rejection systems remain in operation following shut-
down of the main stearn 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 imposc «<ome departure from the equiva-
lent systems used in conventional fossil-fired super-
critical-pressure steam plants and will require further
study.

The proposed general amrangement of the MSBR
steam system was described in Sect. S, and the overall
steam system flowsheet was showr in Fig. 5.1. For
convenience, pertinent aspects of that flowsheet are
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inciuded 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 1000°F is supplied by
16 steam generators SG. Superheat control is partiafly
by varying the coolant-salt circulation rate and by
vaporizirg a small amount of 700°F water into the
outier steam at the attemperator A. Feedwater at
700°F is normally supplied by mixing steam with the
550°F feedwater leaving the top extraction heater TEH
in a mixing chamber M The steam used for this
feedwater heating is the 867°F exit heating steam from
the reheat steam preheater RSP. The heated feedwater
is raised to about 38G0 psia inlet steam generator
pressure by boiler feedwater pressurebooster pumps
PBP. The 552°F exhaust of the high-pressure turbine
HPT is first preheated to about 650°F in a heat
exchanger RSP supplied with 3600-psia, 1000°F steam
from the steam generator cutlet. The reheat steam then
enters the recheaters RH, in which coolant salt is
circulated to raise the steam temperature to 1000°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 turbine-
generator S-TG of about 10 MW(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 950°F in
the steam dryer SD by means of heat exchange with
some of the 3600 psia, 1000°F prime steam. Steam
from the dryer also plays an important part in startup,
restart, and shutdown operations, as will be explained
below.
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Fig. 10.2. MSBR steam plant startup and shutdown system.

109.2 Startup Procedures

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.

109.2.1 Cold Start. A normal startup from the
cold-empty condition proceeds as follows: The primary
and secondary cell electric heaters are tumed 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 850°F,
the loop is filled with coclaat salt from the heated drain
tank, and salt circulation is started. When the primary
system reaches 1000°F, it is filled from the fuel-salt
drain tank, and sait circulation is commenced. Both salt
systems will continue to be circulated isothermaliy at
1000°F until power escalation is started. The primary-
and secondary-salt flow rates are at the levels required
for the zero-power mode.

The reactor is made critical at essentially zero power
using the methods discussed above. This operation
requires removal of safety rods and further addition of
reactivity by insertion of graphite contro! 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 salt systems being electrically
heated, the steam system is warmed and brought to
operating conditions by means of an oil- or gas-fired
auxiliary boiler. Deaeration and demineralization of the
feedwater and warmup of piping, feedwater heaters,
turbines, etc., proceed in a conventional manner with
steam taken from this auxiliary boiler. To avoid
excessive thermal gradients in a steam generator, it must
be at nearly full operating conditions of 3600 psia and
1000°F before steam is admitted. As the auxiliary
boiler is being raised to this pressure, steam from it is
throttled through the boiler extraction valve BE and
through the desuperheater 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 genenator.

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 feedwate:
flow is increased. The feedwater temperature to the
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steam generator is reduced by tempering the feed steam
with S50°F water in the mixing chamber M. As the
steam joad 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 controi
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
systex. comes to equilibrium, at which point the reactor
outlet temperature set point is adjusted to meet the
requirements for subsequent load-following control.
The boiier feedwater pressure-booster pumps PBP are
then started to raise the steam generator inlet pressure
to about 3800 psia, and the auxiliary boiler and its
feedwater pump can be taken off the line. The system is
now self-suppoiting at about 8% load.

At this point in the startup procedure, part of the
steam generator output is going to the mixer M via the
reheat steam preheater, and the remaining steam is
going through the boiler extraction valve BE to 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 sieam 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 adjustcd 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 let down through the boiler
extraction valve BFE, 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
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boiler pressure-relief valves need not vent stean 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 continve 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 0 maintain the
feedwater system operative.

Afterheat from the reactor system will continue to be
transferred to the steam system and maintain it at
operating temperaturc 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 i 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.

10.9.3 Normal Shutdown

The normal shutdown procedure is for the system
power to be reduced under control of the operating
circuits (until about 8% of fulldoad power is reached)
by gradually reducing the flow to the main turbines to
zero and at the same time transferring the generated
stzam 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 start=J; if not, the
main turbine can be allowed to cool, the rate being
controlled by admitting some steam iiom the steam
dryer SD through the turbine seals and warmup system.
Feedwater will continue to be supplied to as manv of
the steam generators as required (probably one or iwo)
to remove reactor afterheat and to maintain the¢ desired
salt temperature profiles. After about ten days of
afterhieat 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 o
remain in the molten condition. With termination of all
steam generation the steam system can be allowed to
cool.
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11. Auxiliary Systems

11.1 AUXILIARY ELECTRIC POWER
E. S. Bettis

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 te 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
feast 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-valve coolant pumps, cell cooling systems, etc. A
delay of several minutes can be tolerated in restoring
these items to service, however. The total connected
load for this type of equipment cannot be precisely
estimated at this time, but even with ample allowances
for uncertainties, it should not exceed about 10 MW(e).

Several possible methods were considered for pro-
ducing the standby power. It was decided to use
suxiliary 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,
cither from the afterheat-removal 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 most of the cells
at this temperature during normal operation of the
MSBR. During initial warmups, downtiine, 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 0.035-in.-wall-thickness Inconel tubing about 20 ft
long with the two ends welded together at the bottom
to form a hairpin shape, as shown in Fig. 11.1. Each
unit is contzined within a thimble ¢f 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-controiled

supply which limits the thimble surface to about
1200°F.
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Fig 11.1. Electric cell heating wnit cluster.

The heater element electrical leads are copper rods
brazed to the top ends and extending about 10 ft
through the top shielding 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
comsector leads and penetrations required. A removable
flanged cover encioses eacl: group of three heaters to

collect the exit cooling gas aad returm it to the
circulating system. The dectrical leads pass through
gas-tight elect-ically insulated penetrations in these
cover boxes.

The heater thimbles are welded to the inner liner of
the cell axd thus become part of the contaimment
system. With this amangement the heater elements can
be withdrawn without distarbing the integrity of the
containment. A total of 592 thimbles are arranged
around the periphery of the reactor cell in such a way
as to awid too dore proximity to cell equipment.
There are eight symmetsical groupings of 74 beaters
each. Heaiers in ihe drain lank and sicamgencraiting
cells are similarly arranged. Some of the heatecs in the
ceils will be used as spares, thus making it possible to
postpone 2 shutdown of the reactor in event a heater
repair becomes necessary.

The cell heating loads and heater data are given in
Table 11.1.

Table 11.1. Cell b, “ng loads and clectric hester dutn

Reactor Steam Draia tank
cell ccl® cell

Heat Joss at 1100° cell 413 195 122
temperature, kW

C.1i contents heatup load, kWhr 86,000 SM00 -~ 10,000

Heatwp power, kW 413 R ] 122

Approximate heatup time, days 9 1 6

Heater iength, ft 40 40 40

Kilowatts per heater 266 266 266

Numbes heaters requiar=d 312 147 93

Number installed 592 147 186
€Each of four.

113 RADIOACTIVE MATERIAL DISPOSAL
SYSTEM

E. S. Bettis

Although it is recognized that storage and disposal of
radioactive materials is subject to many regulations and
would affect siting considerations, the reference MSBR
design assumes that it will be possible to retain within
the shielded containment ali radioactive d:hris accumu-
lated over the design lifetime of the plant. This waste
material would include solid fission products fiom the
chemical processing plant, spent cores taken frum the
reactor vessel, failed picces 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 circv'ar 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 precsure. Redundancy could be provided in the
cooling system if required.
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It may be practical to contaiperize the 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 cbviously 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 equipmen: is installed in
containment cells haiving the overhead shielding ar-
ranged in removable sections to permit access from the
top. The systems wil! 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 2 longer
plant downtime. The defective unit wouid be trans-
ported in a shielded carrier 0 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 m-: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' '¢-'!7 and in
MSR progress reports.2**5:* A feasible method for
remotely cutting and welding radioactive piping is heing
developed by Holz.!'®

Since most of ike cell areas cannot be reentered once
the reactor has penerated 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. Relatizely small and
routine maintenance operations are considered as a
plant operating cost. The expense of the n.aterials and
special labor required for periodic replacement of the
core graphite is treated as a separate account (see Sect.
15 and Table D.15). \

The MSBR maintenanc: requirements fit into four
general classes:

Class 1 — 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 drain
tank, thermal shielding, thermal insulation, connecting
process piping, etc. Although essentially no provisions
are included with the installatior 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 Il — 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, coolantsalt pumps, and the equipment in the
heat-rejection cell fall into this class. In the unlikely
event that a component did become radioactive, its
removal would be treated as a class Il or IV item,
discussed below. Once the source of activity was

129

S e « e A e TSP T A SRR . < 4

R cunn o Chomr® A R BMANS Y %y



—

removed from the cell, cleanup and component replace-
ment could proceed in the normal fashion using direct
meintenance.

Class Il — equipmen: requiring semidirect mainte-
nance. Much of the equipment in the off-gas and
chemical processing cells, such as pumps, blowers,
valves, processing vessels, filters, etc., will become
radioactive. In general, these items are of relatively
small size and are comparable with MSRE equipment
size. The in-cell 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.

Class IV — lorge equipment requiring remote magiate-
mance. This group includes items which are clearly
beyond present experience because of a combination of
size, radiation level, afterheat removal, and disposal
coasiderations. Examples are the pump rotary element,
the primary heat exchanger bundie, etc. The principal
maintenance operation falling into this dlassification is
replacement of the reactor core moderator assembly.
Since this operation must be repeated several times
during the lifetime of the plant, the procedures can be
planned in considerable detail.

12.2 SEMIDIRECT MAINTENANCE PROCEDURES

To perform maintenance on class Il items, and those
in cdlass il 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 shieid would have viewing poris and lights,
openings for insertion of periscopes, extension tools,
and other maintenance equipment. Movement of tne
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 2 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
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integral part of a polar crane which can be rotated to
cover all points in the reactor building. The cask moves
laterally (but not 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 wail of the reactor building
would be less than 100 mR/hr.) After this decay time
the estimated heat generation in the core assembly is
aboui 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
dosure transition pieces described below. The cask can
be dosed at the bottom with a twoeaf 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 airbome 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 shizld plugs covering the reactor
veseel. This top opening in the maintenance vessel has
an inner extension in the form of a cylinder with a
fourseaf 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 tc assure an inward move-
ment o1 air through the opening. The gate valve
prevents convective circulation of gases from the
reactor cell while the reactor vessei is open.

A reactor work shield will also be required. 1t has the
same dimensions as the roof plug covering the reactor
vessel and is installed in its place to provide viewing
ports and tool access for engaging the moderator lifting
rods and other semiremote maintenance operations.

Transition pieces are also provided for 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 crane to handle work shields,
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transition picces, eic. This hoist, as well as those on: ke
transpurt cask, and other equirms=nt such as the polar
crane, the reactor vessei maintensace closure, surveil-
fance television, etc., can be coatrolled from the
mziGicnance control room. This jorm 5 a protecied
arez with hiclicd =2iiws overicciing the high bay, as
miisica m Fig. 154.

The functions i« the equipment can best be explained
by the foflowing brief description of the steps used in
replacing 2 core meoderator asseoly.

During the re22ior cooldown period, transition pieces
2¢ 53t up over the new core replacement cell and over
the spent core storage cell (see Fig. 13.5). At the end of

about ten days the ceatral cover in the maintenance
containment vessel is set aside. The high-volume ex-
haust system from the nmintenance vessel assures 3
controlicd movement of air in the working zome.
Throneh &:20t aind scmiremote means the control rod
dsive mechaniem is disconnected at the elevation of the
top of the shield plug, and the mechanism is drawn up
ito s cask, sealed, and stored in the high-bay area
amiting reinstaliation. The control rod tube opening
inio the mactor vessel is closed with a blind flange. The
noiddown dolts for *he reactor vessel top head are
removed, and the shild plug is prepared for lift. The
auxiliary hoist is engaged with the shield plug, 2nd the
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the cight lifting rods, and the core assembly is carefully
hoisied into the tramsport cask. The valwes at the
bottom of the cask and at the top of the ceil ase then
closed, the adjusiable shield at the bottom of che cell s
released, and the cask is moved into posiion Jver the
spent storage cell.

The cask is engaged with the tramsition piece over the
speat core storage cell, the lower valve in the cask is
opened, and the moderator assembly is lowered into the
cell. The amembly is supported by the top head flange
in the same manner as it was installed in the reacior
cell. The cask valwe is dosed, and the cask is moved 10
one side to permit the auxiliary hoist to place a shiek!
plug over the spent core storage cell and to place the
work shield over the reactor vessel.

After the transport cask has been decomtaminated,
the reactor vemel work shield is reinstalled, and the
high-bay are: is agsin mede safe for occupancy, the
meintenance crew can retumn to imspect the reactor
wvespel. Optical and ultrasonic equipment is operated
through the work shield to inspect vesse]l welds, etc.,
and to assure that the vessel is ready for installation of a
new moderator assembly.

After again clearing the high bay of personnel, the
suxiliary hoist is used to set aside the work shield. The
reactor vessel meintenance valve is closed to meintain
containment a3 the shield is lifted. The new moderator
assembly, previocsly made ready and standing by in the
new core replacemen: cell, is then hoisted into the
transpurt cask and mowed into position above the
reactor vessel. After sealing the cask to the maintenance
closure, the maintenance valve is opened, and the new
core is carefully lowered into place inside the reactor
vemsel. About a 2-in. radial clearance has been provided
for the assembly, and it is not necessary to observe any
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rotational orientation of the moderator with respect to
the vessel. The auxiliary hoist is them used to replace
the work shield.

Pessonnel can thea retura to the high bay to pesform
the semiremote operations of discagaging the kifting
rods and resealing the Jifting rod ports in the top head
of the vessel. Operating from the maintenance control
room again, the work shield is removed, aad the
permanent reactor shield plug is installed. Persoanel can
then scal the vessel dosure by direct approsch and also
install the control rod drives. The system can thea be
leak tested and prepered for operation.

12.4 GRAPHITE DISPOSAL AND ALTERNATE
REACTOR VESSEL HEAD RECLAMATION

An MSBR reactor core amemibly is estimated to have
a wseful full-power life of abowt fowr years. During this
operating period the speat core swembly would be
disposed of, and the alterngte reactor vesse] head, with
its attached reflector graphite and wpper cylinder
extension, would be prepared for rewse. The speat core
storage cell would also be clesred to receive the sext
core amembly, and 2 aew core would be prepared in the
core replaceraeat cell.

The spent core storage cell is equipped with viewing
windows, meaipulstors, and tooling for dismantling the
and brokea imto short lengths and deposited in the
waste storage cell beneath the reactor, as mestioned in
Sect. 13.6. The Hastelloy N swpport plate for the
graphite will also be cut into szmaller pieces snd stored
in the waste cell.

After an extended decay time the top head aad its
sitached graphite reflector, which will be reused along
with the head, are decontaminated as much as possible
A vew shopemembled core is brought into the
reactor builaing through the air lock shown is Fig. 13.5
and is set into the new core replacement cell. The
asitemate top head for the reactor vewsel is then brought
from the spent core storuge cell by means of the
transport cask. Using semiremote maintenance proce-
dures thiough a work shield, the lifting rods are
installed and the reactor vegsel closure seal rings on the
head are repliced. The assembly s now ready for
installation when needed.

The spent core storage cell is then decontaminated as
much a3 possible and cleared for the next maintenance
operstion.

e e e

—— D




125 DECONTAMINATION

On the basis of past experieace with the MSRE, few
decontamination problems are likely to arise. The
contamination can be almost entirely restricted to the
reactor equipment cells. Yue tools are bagged on
withdrawal from the cell 1nd, slong with the transport
casks, are seat to decu.:turination. MSRE experience
has been that particulate contamination is readily
removed by scrubbimg with high-pressure water jets
slome or with the aid of detergents. Occasionally an
inhibited acid may be required.
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The larpe tramsjort cask will become contaminated
after it is uved to raove the reactor core assembly to the
storage cell. It raust be decomtaminated to a lower
radiation levsl Felore the muintenance crew can eater
the high-bay area. It is cdeaned in place on the polar
crane by moumting a catch pan beneath it, and
high-pressure pumps are used to circulate a decontami-
nating fluid through nozzies which can be manipulated
to clean all portions of the interior.




13. Buildings and Containment
E.S.Bettis H.L.Watts H.M.Poly

13.1 GENERAL

tlan and elevation layout drawings for the station are
shown in Figs. 13.1 and 132. The principal structures
are the cylindrical reactor building, the steam-generator
bay, the steam piping and feedwater heater bay, and the
turbine-generator bay. The reactor and steam-generator
the remaining structures on another. With this arrange-
ment relative displacements due to seismic disturbances
would not threaten the integrity of the comtainment,
since no piping or connections containing radioactive
materials would cross the boundary between the pads.

The plant site is briefly discussed in Sect. 14.

199 Om.

132 REACTOR BUILDING

One of the primary functions of the cyliadrical
reactor building it to provide containment and biolog-
cal shielding during the mmintemance operation of
During normal operation the reactor cell is the primary
contsinment.

The cylindrical portion of the reactor building s
shown in the elevation drawing in Fig. 133. Plan views
at the three major levels are shown in Fig. 134 (crame
bay), Fig. 135 (upper level), and Fig. 13.6 (Jower
Jevel). The buiding is 189 ft high and 134 i
diameter. Excavation for the reactor building will be to
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Fig 13.1. Ovenall plan view of MSBR power statioa.
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Fig. 13.2. Sectisnsl cisvation of MSBR power station.

the depth required for firm swpport of the monolithic
concrete pad upon which it rests. Finished grade level
prefersbly be with about two-thirds of the building
showing sbove gromund. The grade level shown in Fig.
132 corresponds to the AEC typical site cosdition
baving the top of the imestone fornmtion about 8 ft
below grade.

The reactor cell is located on the first level of the
reactor building, as showr in Figs. 133 and 13.5. The
cell is sbout 72 ft in inside diameier and 30 ft deep
with sbowt 8 ft of concrete biological shieldieg on the
sides and top, the latter consisting of two layers of
removable roof plugs which permit access for in-
stallation and muintenance of equipment. The double
containment and other comstruction features of the
reactor cell are described in more detail in Sect. 13.3.

The first level of the reactor building also contains
cells for processing the fuel sait and for off-gas
handling, instrumentation, and storage of spent reactor
cores snd heat exchangers. The lower level has a large
shielded and scaled storage cell for permanent storage
of spent graphite, discarded equipment, and other
radiocactive waste from the plant, as shown in Fig. 13.6.
A means for depositing radiosctive nmterial into the
storage cell is indicated in Fig. 13.3. The volume of the
cell is based on a reasonable assumption of the amount

of nmterial that would be accummlated over the 30-year
life of the MSBR station.

The lower level also provides cells for the primary
deain tank, miscellaneous avxiliary equipment and work
areas, and hot cells equipped with remote manipulators
Space s also included for the lower section of the
other cells are approximately 30 ft deep and hawe
required.

The building is comstructed of a 3-ft thickness of
ordinary concrete covering a ' -n.thick carbon steel
shell, or liner. The liner acts as 2 sealing membrane to
permit the building to meet specifications of less than
0.1% leakage per 24 hr. All piping and penetrations are
sealed, and an air lock is provided in the uppes level for
moving in new reactor core amemblies (see Fig. 13.5).
During routine operstion the building is nmintained at
dightly below atmospheric premsure by 3 controlled
ventilstion system discharging through filters and up
the stack. This is an extra measure of protection in
addition to that provided by the primary system and
the double containment of the reactor cell. Opersting
personnel would have access to the building at all times
except during certain phases of the maintenance oper-
stions, such a3 when the spent reactor core is being
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drawn up into the transport cas’ . During these periods
the remotely controlled equipment can be viewed
through shielded windows in the buiding wall at the
crane bay level, as indicated in Fig- 13.4. (Maintenance
procedures are described in Sect. 12.)

In addition to providing missile protection, the
building serves as sealed containment during msinte-
nance operstions and as biological shielding. The 3-ft
thickness of concrete cowering the entire structure,
together with the shielding of the transport cask, results
in 3 reading of less than 100 mR/hr on outside contact
with the reactor building wall as the core amembly is
was not optimized, values below 3 ft would require a
corresponding increase in the cask shielding wsed during
meintensnce and increase the weight to near the
meximum load desired for the polar crane.

the reference site (see Sect. 14), having been taken as %
g horizontal and Y%, g vertical.

cranes are mounted on the bridge; one is a conventional
hoist of 150 tons capacity, and the other is unique in
that the 20ftdiam 40-fi-high transpost cask is an
integral part of the crane, as indicated in Fig. 12.2. The
cask is fixed as to vertical elevation but can move

e

2, it o et P U Bt AN 4 Pt

-

W




138
ORER-DWS §9-10486A
? A : e R SR AR TRt e
3 M == by
1 Il : ! 1 !
i 1 i ! L] 0
= 1 : 1 —, : : : }
ACCESS TO 9 ' P Ly |
> mm/"fﬁé b & i} ; STEAM CELL BAY
(4 TOTAL) { i : : : : 1 H
: by B = E !
L Iy [ 1
{ 1) ! 1y 1
i L._--_.._gll e 1y =z =3} 1 :
LU== e p———— L—I_— — ————
— 2y
~ .
e N i
REACTOR MAINTENANCE .
CONTAINMENT 7,
V4
4
{
1Y
\
= SHOPS -
ACCESS TO /’
CONTROL ROD ——————
STORAGE CELL N\ e-
/4
4
\\ //
ACCESS TO ———
CELL ™ e~ L‘ -
| W ] TN -
N—— o \N
14 —
] 1
1 }
\‘ I’
INS—— i
—-—
'\ STACK AREA S i |
\ \
\ g 1 l
\\ /// : 1]
\ /// — —
\\ //,
\‘,/
ACCESS TO
SPENT CORE ACCESS TO
STORAGE CELL OFF-GAS CELL
ACCESS TO WORK AREA T

Fig. 134. Pl view of reactor plant st czame bay clevation.

Iaterally from above the reactor cell to positions over
the spent core storage cell and the core replacement
pickup point. The hoisting mechanism for lifting
equipment into the transport cask and the other
meintenance procedures are described in Sect. 12.

13.3 REACTOR CELL

The reactor cell provides primary containment for the
reactor, the four primary heat exchangers, the four
fuel-malt circulation pumps, and the interconnecting salt

piping. In addition to leak-tightness meeting the speci-
fications for a containment system, the c=il walls
provide a minimum thickness of 8 ft of concrete for
biological shielding. Missile protection is provided by
the domed concrete structure of the reactor building, as
mentioned above. Protection against seismic distusb-
ances is afforded by the monolithic concrete pad upon
which the reactor building rests, as previously discussed,
and by the methods used to mount the equipment, to
be described subsequently.
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The atmosphere of the reactor cell (probably mitrogea
with 3 to 5% oxygen) will sormmlly be operated at
sbout 13 psiz and between 1000 and 1100°F. Under
sure could rise above atmospheric, however, and the ¢l
has been designed for 50 psia. During noram] operation
the cell atmosphere will become comtamimated by
neutron activation and by tritium. In postwiated ac-
cidents invoiving loss of fuel sait from the circulating
system, the cell atmosphere would, of course, become
heavily contaminated. In iaeceting the shielding, pres-
sure-retention, and leak-tightness requirenunts, the cell
wall construction must provide both therrm! nsulation
and gamna shielding to protect the concrete structures

from excessive temperatwrcs. The sexissum allowable
tempersture for the concrete was taken a3 150°F.

The reactor cell isabout 72 R IDX 30 fi decpand is
located within the reactor building, as shown a Figs.
133 and 13A. The umangement of equipment in the
ol is as mdicated im Fags. 13.7 and 13.8.

The cell wall comsists of two coscentric carbon steel
sheils, both 2 im. thick and separated by a2 6-in.-wide
annular space, as indicated in Fig. i3.10 and listed in
Table 13.1. The same type of double wall comstruction
is also provided m the roof plugs and im the floor
structure. The total thickmess of 4 m. of steel supplies
the necessary gamma shielding and the streagth to
withstsnd the 50-psig design pressure. Some of the
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picssuie lcading of the inner shell is transmitied 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
deanup and disposal systems.

The inner and outer shells will probably operate at
sufficiently differerit temperatures to require accommo-
dation of reiative movement. The outer vessel is
therefore an integral part of the concrete structure,
while the inner one is hung from the top of the cell but
with much of the weight carried by helical coil springs
at the botiom, as shown in Fig. 13.9. The differcntial
expansion of the shells is also accommodated at the
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Tsble 13.1. Sumwmary of cell wall coastruction festures

Celnllmﬁm’

'&i:.CS.;%‘m.conuete
Y6 in.SS, 9 in. T1, 2 in. CS, 6 in. AS, 1 in. CS, min 8 ft concrete shiclding

for inhabited areas

Cell Heaters®
Reactor confinement building None
Reactor containment cell A
Fuelsalt drain tank c:fl A
Freeze-valve cell B
Spent equipment cells Nomne
Waste storage cell None
Chemical processing cell A
Off-gas cell B
Steam generator cells A
Coolant-nait drain cell B
Instruments and controis cells None
Hot cells for repair and inspiction None

Y6 in.SS,9in T1, % in. CS, 6 in. AS, % in. CS, comer.
Y6in5S,9in T1, % in. CS, 6 in. AS, % in. CS, conzr.
Yi6inSS,9in T1, % in. CS. 6 in AS, % in. CS, comcx.
'/;i:.CS,conu.
Y6inSS,9in. 11, % in CS, 6 in. AS, % in. CS, comcr.
l/“in.!is,mut:t.

Y16 in.SS,9 in. T1, 1 in. CS (ribbed), 6 im. AS, ¥% in. CS, concr.
‘/“in.SS,concr.

Concrete

lllsiﬂ.ss,m.

“Heaters: A = herted cell; B = trace heating of equipment.

bApplimaiaotomofandﬂootsuucme, except floor may not have 8 ft of concrete in all cases. Listed as going from imtesior %0
exterior of cell. Floors have -in. SS and walls % ¢-in. SS Liners. SS = stainless steel, CS = carbon steel, TI = thermal insclation
(form of firebrick), concr. = ordinary concrete, and AS = air space.

pipe seals, as shown in Fig. 13.10. The coolant-sait
piping is the principal penetration ‘hrougi the cell wali.

A layer of thermal insulation, not yet selected but
probably a rigid block type, is provided on the inside
surface of the reactor cell. A thin siainless 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 suzpended from the roof of the reactor cell. This
arrangement allows relative thermal expansion of the
components, provides better seismic protection than
pedestal-type mounts, and also makes it possible to
locate the scaling flange {or the reactor vessel in a lower
temperature region. The primary heat exchangers are
suspended by gimbal mounts at about midelevation of
the units. This arrangement permits the differential
expansion between the inlet and outlet salt piping to be
accommodated by rotation of the heat exchangers and
tilus 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 resistanice hesting units inserted in thimbles
located around the periphery of the cell, as described in
Sect. 11.2. The heater elements can therefore be
replaced without disturbing the integrity of the contain-
ment. The circul~.ting inert gus used to cool ihe double

walls of the celi is also arranged to cool the heater leads.

As may be seen in Fig. 13.8, the fuel-salt pumps have
their drive motors mounted above the cell roof plugs in
hermetically sealed covers which are, in effect, part of
the cuter 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.-thick carbon
steel, which provides additional leak protection during
normal operation of the reactor. The dome also is
principal containment during maintenance of the drive
equipment, as discussed in Sect. 12.

A stainiess sicel catch pan in the bottom of the
reactor cefl would coliect any spilled salt in the unlikely
event of a leak in the fuel- or coolant-salt systems inside
the reactor cell. This pan is pitched toward a dmin
which is connected to the primaryssit drain tank
through two valves in series. The upstresm waive is 2
special type having a disk punctured by a sriznoid-
actuated plunger controlied by a thermel rmtch. In the
event that hot sait reaches this vaive vis the catch pan,
the valve would open and permit 7ae spilled salt to flow
by gravity into the drain tank. The valve would ve
arranged for replacement using remotely operaied
tooling. The second valve 7z 2 mechanical beflows-sealed
type that is normaily open but can be closed to isolsce
the drain tank contents when the first valve is oper. or is

to be replacrd. This catch pan arrangement permits
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of fuel salt such as postulated for the
maximum credible accident, is a feasible method of
taking care of the afterheat in the fuel salt.

The roof of the reactor cell comsists of removable
plugs armanged in two layers and with stepped joints, as
best shown in Fig. 12.2. The total thickness is 8 fit, and
with few exceptions each layer is 4 ft thick. The plugs

13.4 PRIMARY DRAIN TANK CELL

The primary dnain tark celi houses the 14-fidiam,
22-f-high fuel-salt drain tank. The cell is approximately
22 X 22 X 30 ft deep and is located on the lower jevel
of the reactor building, as shown in Figs. 13.5 and 6.3.
The requirements for this cell are very similar to those
of the reactor cell, and, in fact. the two crdlls are
interconnacted by the duct through which the /uel-salt
drain line pames. The cells thus operate with ‘he sane
ambient stmosphere and ementin’ly at the same pres-
sure and temperature. Ganuma shielding is nit required
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1.0 protect the concrete structure of the drain tank cell,
| however, and the double walls consist of % -in.-thick
carbon steel plate. An inert gas is circuiated between
these plates for cooling of the wall structure. (The gas
stream is an extension of the reactor cell wall cooling
system.) Thermel insulstion and a stainless steel liner
are wed on the inside surface, as in the reactor cell.
Removable roof plugs provide access to the drain tank
for maintenance through the new core replacement cell,
as indicated in Fig. 63. The cell floor contains
water-cooled coils to carry off the afterhicat in the fuel

salt in event of a mejor spill.

135 FREEZE-VALVE CELL

The freeze valve oz iine fuelsalt drain line and the
vaives for the reactor cell catch pan are located in this
cell. The cell space is directly connected to the reactos
and drain tank cell volumes, 30 that they all operate
with the same stmosphere and essentially at the same
temperature and pressure. The floor area of the
frceze-valve cell has the shape of a right triangle (see
| Fig. 13.6) with legs sbout 18 ft long. The coll is
i approximately 15 fi deep and is located between the
reactor cell and the drain tank cell and at about
midelevation between the two, as best seen in Fig. 6.3.

Y

e
. o
= T STEAM GENERATOR
0 5 ) CELL CONTARMENT
— BUILDING Pl
CONTAINMENT AR

COOLING

STEAM GENERATOR CELL

betweea reactor coll and steam coll.

Roof plugs are provided for access to the valves. The
cell wall construction is esentially the same as that
used in the dnin tank cell. The reactor cell catch pan
drains into a pen in the freeze- alve cell, and this pen in
turn drains into the previously Jescribed valves leading
to the fuel-salt drain tank.

13.6 SPENT REACTOR CORE AND HEAT
EXCHIANGER CELLS

A cell is provided in the upper level of the reactor
building adjacent to the reactor c:l for storage and
dismantling of resctor core ass:mblic:s, as shown in Figs.
13.3 and 134. The top aceixc opening is shown in Fig.
134, These drawings also show the similar cell for
haadling heat exchangers and other radicactive equip-
ment which has been removed from the system and
requires disposal. After a suita*'> clecay period in the
cells, the .quipment is cut up as required and dropped
through chutes into the hot stuorge, or wzste, cell
located beneath the reactor cefl. During the storage
peviod sufficient fission products will be present on the
equipment to require some cooling, since heat losses
from the cell are low. Both the enclosures therefore
have double walls and wse 8 common inert-gas cooling
systemn which operstes in a closed circuit much in the
same manner as the reactor cell wall cooling system.

A
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A work area is provided adjacent tu the above cells
or operation of the remotely controfled =quipment
used in the dismantling of the radicactive components,
as indicated in Fig. 13.4. Shielded windows overlooking
the two cells provide visual observation of the proce-
dures. These windows are protected from heat during
the decay period by movable shields.

13.7 WASTE STORAGE CELL

As mentioned above, this waste storage cell is
designed to permanently store waste equipment from
the plant over its useful lifetime, induding spent
graphite from the core and radiosctive wastes from the
chemical processing piant. It is about the same size as
the reactor cell, 72 fi in diameter and 30 ft deep, and is
located below grade on the lower lewel directly beneath
the reactor cell. Estimates of the heat generation in the
waste vary over a wide renge depending upon the
assumptions wed, but the maximum will probably fall
within the 100-t0-600-kW range. A closed-circuit inert-
gas cooling system, similar to those previously de-
scribed, will be used to cool the cell.

138 CHEMICAL PROCESSING CELL

A relatively large shielded area with 60-ft cell height
has been set aside in the reactcr building for the
fuelsalt processing equipment, as indicated in Figs.
13.5 and 13.6. This cell will be heated as a furnace and
will 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. RKemote
maintenance facilities, cell integrily, etc., will be similar
to other cells containing highly radioactive materials.

13.9 OFF-GAS SYSTEM CELL

The cell for treating the off-gas is similar to the
chemical processing cell described above. The cell
houses the charcoal adsorber beds and other equipment
needed for treatment of the radioactive gases taken
from the prir.as y circalating sy-%»

13.10 MISCELLANEOUS REACTOR BUILDING
CELLS

In addition to the above-mentioncd cells, the reactor
building contains hot cells for examination, analysis,
and repair of radioactive equipment and materials, cells
for storage of control rods, storage of new reactor core
amemblies, work areas, and a relatively large cell set
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aside for instrumentztion and controls equipment. The
locations of these cells are shown in Figs. 13.3-13.6.

13.11 STEAM-GENERATOR CELLS AND
SERVICE AREAS

There are four steam-generating cells in the reactor
building, each 30 X 48 X 30 ft deep. The cefls are at the
same ejevation as the primary heat exchangers in the
reactor cell, and each contains a coolant-salt circulation
pumgp, four steam generators, two reheaters, and inter-
connecting coolantsalt and steam system piping. The
cells are sealed and provided with biological shuelding
vecaumse of the induced aclivity in the coolant sait and
the remote possibility that fuel salt could enter the
steam cell vi» the coolantsalt circuit. Tritium might
also find its way into the cell. Since the steam cells will
be heated to about 1000°F to ensure that the coolant
salt remains abowe its liquidus temperature, thermal
irsulation 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* 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
emerg-ncy relief of the steam system into the cell via
the rupture disks provided in the coolantsalt circuits.
(In event of a major leakage of steam into the coolant
salt these disks would prevent 3 pressure buildup on the
primary heat exchanger tubes.) To curtail the amount
of sicam that could expand into the steam ceil by this
route, quick-acting stop valves are provided on the
steam: generator unit in each cell so that the loss of
stzam can be restricted to little more than that
contained in one steam generstor. On this basis, a
50-psig design pressure was assumed for the steam; celis.

The wall construction is umiiar to that used in the
reactor cell. The inner wall transmits a portion of the
pressure loading through spacers to the outer wall.
Provisions are made for diffc-cntial thermal expansion
of the two steel shells.

A cell for the coolantsalt drain tank is located on the
lower level directly beneath the steam cells. This drain
tank will utilize heater equipment on the tank and
obviate the need for the furnace concept of cell heating.

The reactor building also includes several service
areas, many of which can be conventional huilding
construction. These include the control rooms, shops,
equipment assembly spaces. instrumentation rooms,
storage spaces, and, at the base of the stack, a cell for
the drain tank and cfi-gas ireat-removal equipment.
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13.12 FEEDWATER HEATER AND TURBINE
BUILDINGS

The steam system cquipment requires greater building
space than does the reactor system. As shown in Figs.
13.1 and 132, there are three buildings, or bays,
associated with the turbine plant: (1) the feedwater
beater 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 cetdown
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
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will follow conventional power station practice. The
layout dimensions for the tandem-compounded
1000-MW(2) 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 induded manifolding and large thermal
expansion loops for both the throttle and reheat steam
lines.

It is visualized that these buildings will be of steel
frame construction, with steel roof trusses, precast
concrete roof slabs, concrete fleors with steel gratings
as required, and insulated aluminum or steel panel
walls.




14. Site Description

The site assumed for the MSBR station is the AEC limestone formation about 30 fi thick has its top about
standard.''® Briefly, this site comsists of gras-covered 8 ft below grade and has a bearing capacity of 18,000
level temain adiacent to a river which has adeguate  pol.
cooling water conditions to maintain an average 1% in. The general layout of the site is shown in Fig. 14.1.
Hg abs back pressure for the turbine. The grouad  Intake and discharge structures for cooling water, a
clevation is about 1S ft above the mean river level. A deep well, a2 water purification plant, and a water
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Fig. 14.1. Plot plan for 1000-MWie) MEBR power station.
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storage tank are prowided. The clectric switchyard is
adjacent to the plant, and a raiway spur serves for
transportation of heavy equipment. An ol tank s
shown for storage of fuel, although natural gas is a more
likely ca~didate “or fueling the startup boder. The usual
services are provided, including 2 wate-treatment plant
for the sanitary discharge.
system (o be single-source tramsmission and would be
subjec’ to occasional outages. An emergency power
sowre is therefore required in the plant.

The site is assumed to have a sufficient frequency of
tornado occurrences to require class | structure design.
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Seimmic distwrbances i the area have ranged 4 to 6 on
the Mercalli scale (equivalent to abost 0.007 to 0.07 g
horizontal ground acceleration), and the site has been
designated 23 zome 1, that is, an area which is normally
below the threshold of damage.

The site location is stisfactory with respect to
ropulation ceaters, meteorological comditions, fre-
quency and imtemsity of carthquakes, heat discharge,
and othes emvirommental factors, so that mo special
design coaditions or costs are imposed othes than those
“normally” expected to meet licensing requirements.




15. Cost Estimates for the MSBR Station

15.1 CAPTIAL COST ESTIMATE

RoyC. Robertson M. L. Myen
H. 1. Bowers

A capital cost estimate for the reference MSBR
station is given im Tabie 15.1. Sowrces of the data are
explained in thc footaotes to the table, and the details
of the estimates are included i Appendix D. Togive a
frame of reference for the MSBK cstimaies, the costs
are compared with those for a PWR.

The capitalization costs for the two reactor types are
not grestly different. In 3 Uroad semse this cam be
explained by the fact that caly about one-third of the
total cost is for reactor equipment, the resmainder being
for the heat-power system, gemeral facidities, and in-
divect costs, which are expemses that are somewhat
similas for all thermal power nlists Variations ia
reactor equipment costs are not of sufficient magnitude
1o camse striking differenis == the ovenll capital
requivement becamse there are rough sinilarities ia costs
of vessels, shiclding, ctc_, and many of the differences
that do exist ase offsetting

Insofar as possible the MSBR and PWR cost estiumates
were put on the same basis. In both estimates the cost
of the feel-processing plant is included in the fuel cost
rather than in the plant capital cost. Both estimates use
the accounts recommended in NUS-531 (ref. 119), are
based on the January 1970 valwe of the dollar, and
include indisect costs of about 35%. Private ownership
of the plants is 2ssumed, and interest (at 8%) during 3
five-yeas comstruction period is included. Neither esti-
mate, however, considérs escalation of costs during the
comstruction pesiod.

The Hastelloy N equipment in the MSBR is assumed
to have 3 fibricated cost of $8 to $38 per pound,
depending upon the complexity (see Table D.4). The
reflector graphite is estimated 1o cost $9 per pound and
the extruded core elements $11 pes pound (see Table
DS).

It is important to note that the MSBR comstruction
cost estimates are not for a3 first-of-ekind plaat but
awume that the station s of a proven design for an

established moiten-salt reactor imdustry in which de-
velopment costs have been largely absotbed and in
which masmfacture of materials, plant construction,
and licensing are routine. As recommended in NUS-531
(ref. 119), howeves, recogritios was taken of the fact
that the MSBR cost estimate is based om conceptual
designs rather thar: on actwal comstruction experieace,
and 2 15% coatingency allowamce was applied to
reactor materials. A costingency factor of only 3% was
weed in the correspoading portion of the PWR estimate.
As indicated im Table 15.1, this difference in com-
timgeacy factors applied to the reactor materials adds
sbout $8 million to the total MSBR cost estimate after

One of the distinguishing festwres of the MSBR
station is the wse of initial sicam conditions of 1000°F
asd 3500 psia, with rehest to 1000°F. As shown in
account 231, Table 15.1, a turtbino-generastor for these
the turbime-genenator for 3 PWR. Good utilization of
the available heat in the MSBR is reflected in the
relatively low steam mass flow rates and amount of heat
transfer surface needed. Althowgh no credit was taken
for it in the MSBR cost estimate, this factor could also
influence siting and esvirommental control costs in that
the heat rejected to the MSBR condensing water is only
about one-half that for the PWR.

The altermate reactor vemel head assembly weed to
facilitate replacement of the core graphite in the MSBR
is included in the first cost of the plant. The estimate
for the replacement operatior. The MSBR does not
consides 2 safegmards cooling system (account 223,
Table 15.1) as such but does require a drain tank with
afterheat-removal capebility, as included in account
225, Table D.1. In several imstances, such as the off-gas
the conceptual design work was aot sefficiently de-
tailed to serve as a basis for 2 cost study, and the values
used n Table D.] aze more in the natwre of an
allowance than = estimate.
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Tahie 1S.). Susvusy of 1000-20We) MSEBR siaticn
constsaction custs and compesisen with PWR station

costs

Expeessed in millions of dollars sad besed on

Janmery 1970 costs

Account No. Item usem® rwm?
20 Land 06 06
21 Structuses and site facilitics 283 256

n Reactor plant cquipment
21 Rescior equipment 180 178
m DMsin hoat teanefey systems 252 2
y 7 &) Sefegmasds cocling system 4.1
yr. | Liquid weste st st and disposal 0.2 07
225 Nuclssr feel stosuge 42 13
26 Other reactor systcams and eqeipmeat 3 Cs
o Instruments and coe2rols 49 5.1
Contingsacies aad spare pasts %0 29
Total account 22 y, L) 616

23 Tushine plant cquipment
231 Tusbino-genctator 2s 3217
32 Condensing water system 29 31
233 Condensars 22 4.7
234 Feadwates heating system 17 6.1
238 Other twshine-plant eguipment 6.2 39
2% Tusbing instsuments and contvels 0s 0.7
Contingsaciss and spase pis 22 25
Totsl sccoust 23 416 537
24 Electric plant equipment 890 80
23 Miscellansous plant eqguipment 29 9

26 Special matesials 19

Total disect constraction cost 1523 1509
91-9%¢ Indivect cests 503 92
Total capitet investment 2026 207

*Details of the MSBR cost estimete ase given in Appeadix D.

PR costs wese taken from studivs made in comnection with the capital cost
computes piogtam being developed at ORNL for the AEC under the Stedies snd
Ewsiuatios Program (report 90 be published). Costs were sscalsted from a
mid-1967 bmsis 90 Jamumy 1970. Soms scconnts wese adjusted to sefect
incressed costs dee %0 design changss dictated by mess shimgeat sefety
requirements, s discussed in 3 United Eagincurs seport (sef. 120).

15.2 POWER PRODUCTIGN OOST

The estimated cost to produce electric power in the
reference design MSBR station is shown in Table 15.2.
The table is based on 80% plant factor, January 1970
conditions, and fixed chasges of 13.7% on the station
capital cost aad 13.2% on the fuel inventory. (Other
assumptions are given in the footnotes to Table 15.2.)

The >ost for periodic core graphite replacement in the
MSBR is included as a separate production cost in Table
15.2. It is assumed that the core maintenance does not

require plant outages in addition to those accommo-
dated by the plant factor. The capital cost of the fuel
processing equipment for the sMSBR is not known with
certainty at this time dwe to the preliminary netwre of
the conceptual desigas for the equipment and the wse of
relatively large amounts of molybdesum 33 a construc-
tion material, for which there is Little background of
cost experience. The effect of the chemical plamt
capitalization on the fuel cycle and total power
production custs is indicated im Fig. 15.1. The MSBR
fuel-cycle cost shown in Tables 15.2 and D.2 is based
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on an assumed expenditure of $13.5 million (including
indirect costs) for the c/»emical plant equipment.
estimates are the cost of graphite and the life of the

Table 15.2. Estimnted power peoduction
cost (mille/kWhe) in the MSBR station®

Fixed chasges on totsl pleat capital investmest st 13.7%% 4.0

Cost of periodically rerkucing graphite 0.2
Fuel cycle cost? 0.8
Operating cost’ 0.3

Totak $3

“Besed on investor-ows.d plast and 30% plant factor.

S3ascd on capitsl costs shown in Tabie D.1 and fixed charpes
of 13.7% on depseciatin rcuipment, 35 listed & Tane D.14,
and 12.8% oa laad, 3= sscomencaded in NUS-531 (ref. 119).

“The geaphite replacement cost is shown in Table D.15.

AESER fuel cost, 2 shown in Table D.2, is based on 132%
fixed changss oa isventory capitalization, on the 1970 salue of
the dolies, and © total cost for fuel proceming ecuipment of
$13.5 midion.

“Estimated opeeating costs are shown in Table D.16. Thess
cosls ase based on the recommendstions i; NUS-531 (sef. 119)
and agres senscnsbly well with thoss sepciesd My Sumking and
Raseren (sof. 121).
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reactor core before it would require replacement. The
effects of these two factors on the cost o produce
electric power are shown in Figs. 15.2 and 15.3.
Power production costs for the MSBR weiz based on
the present “standard” fuel cost for 223U of $13 per
gram, for 233U of $11.20 per gram, and a correspond-
ing cost for 22°Py of $9.30 per gram. A comparison of
MSBR production costs with those of other reactor
types should take into account the changed price
structure of nuclear fuels that will undoubtedly exist by
the time molten-salt reactor power stations are Son-
structed in quantity, since these changes in prices and
fuel resousces could have 3 significant effect on the
molten-salt reactos economics. The next 30 years could
wilness significant changes in the sizes ol plants, in
light-water fuelcycie costs,!22-323 gyings is, the price
of plutoniem, 204 wse of cros-prog:ay fucling of
reactors.! 24 Abso, the higher marker valwe of electric
power will be a feedback imto fue!l diffusion and
separation plant opersting costs and will chenge the
relative costs of fimile fuels. Analysis of these com-
plexities is beyond the scope of this report. It can be
statyd here only thet the estimated power-gemenating
costs for the molten-salt reactor appess competitive and
that the concept gives promise of making wmmportant
future savings in the nation’s fuel r:sources.
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16. Uncertainties and Alternatives, and Their Effects
on Feasibility and Performance

E.S.Bettis P.N. Hawbenreich  Roy C. Robertson

16.1 GENERAL

In making this conceptusl study it was necessary to
base some of the judgments on prelisninary designs, test
resulis, properties of materials, and other design infor-
mation thet will require further study and verification.
While these judpments were made conservatively and it
is reasonable to expect that some aspects will perform:
even betier than amticipsted, a primary concem is the
effect on MSBR fessibility if one or more of the design
uncertaintics prove 10 be very aGifficult or expensive to
snsolwe or if the behavior falls significandy short of
expectations.

The mejor wacertainties as now known ase in the
aress of wtritiem conflinement, fusisalt procesing,
gashite and Hestelloy N behevior, suitability of the
coolant sait, maintenance procedures, snd behavior of
the offgs perticulaies. This section discumes the
impact of these and other wncertsinties on MSBR
fossibilizy in reistion 10 safety, nucless performance,
dependadility, and economics of powes generation. The
arder of discussion is by systems rather then by degree
of ancertainty.

16.2 MATERIALS
16.2.1 Fuel Sat

As disciwed in Sect. 3.2.1, the compodition of the
MSBR fusl sslt was chosen on the basis of ncutron cices
sscsions, viscosity, chemical wability, and liquidus
temporaturs. There is litte uncertainty with regard 10
its phase bubevior, most of its physical propsrties, its
wshovior under ievadistion, and its interactions with the
containey and reiievator meterials. Less well known are
s offecss of i oxidstion-reduction state of the salt
on its susface tension and on the behevior of the noble

metal fission products. Significant limitations to use of
the sat are imposed by its mather high liquidus
temperature (930°F), the limited solubility of uranium
oxide (sbout 40 ppm of the oxide ion), and the
restricted choice of container materials. The problem
that looms largest at the present is the production of
relatively large amounts of tritium by neutron inter-
action with the lithium, as will be discussed in Sect.
16.4.

Some varistions in the composition of the fuel salt are
possible and may prove desirsble to circumvent or to
mitigate some of the sbove-mentioned limitations. The
UF, and ThF, concentrations can be varied as required
for criticality and optimization of the breeding per-
formance. The continuous procersing of the fuel salt is
expected 10 keep 5, w.ide concentration low and to
ouke s low (Y, <olubility acceptable. The ~xide
tolerance of the sait can be incressed by the addition of
LF, (= was done in the NSRE), although st the

expense of parssitic absorption of neutroms in the

moltensait resctor is 10 breed with thermal neutrons,
crom sectons mit the choice of diluent salt constit-
uents to the fluorides of beryllium and lthium (with
very low ®Li content).'® In the LiF-BsF;-ThF, sysiem
(Fig. 3.5¢), liquidus temperatures much below thet of
the reference MSBR salt canzot be attsined without
reducing the ThF, comcentration to the extent thst

mor than the Mmyiddll’n &F-Zd’.-‘l\l’.-lﬂ’.
fucl salt werc wed, but nevtron absorptions in the
sodum amd zisconium would preciude breeding. in
» i the molien-salt reactor is to breed, there is

i
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no reasonable alternative to fuel sait of the approximate
composition chcsen for the reference study. The
limitations attending its use must therefore be accom-
modated in the design.

The market price of " Li has a limited cifect on the
towal fuelcycle cost. For example, if the price of
99.99% ’Li as lithium hydroxide monohydrate were
doubled from the $120 per kilogram assumed in the
reference design, the MSBR fueicycle cosc would be
increased from sbout 0.76 to 0.82 myiill/kWhr.

16.2.2 Secondsry Finid

As stated in Sect. 3.2.2, the factors determining the
choice of the fluid for the secondary system are
chemical stability, susceptibility to radiation damage,
compstibility 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 fiuids in ~ome of these
areas and on the whole promises (0 be an acceptable
material to use. There are some problems associated
with it, however, and some remasining uncertainties.
These are discussed below, foliowed by a discussion oi
siternstive fluids and the influence their use would have
on the desiyi and performance of the MSBR.

Loop tests have shown that if water can be excluded.
the sodium fluoroborate is quite ompatible with
Hastelloy N, with corrosion rates of oely sbout 0.2
mil/year at MSBR temperatures. Wkile it is possible to
limit the water intrusion into test loops to very small
amounts, il is not certain to what limits it will be
practical to restrict entry of water by leskage from the
rieam geaerators. The corrosion rate to be expected in
m operating MSBR is thus somewhat uncertsin. Tests
in which steam was 4eliberately added 1o fluoroborate
systems showed corrosdon of Hastefloy N at a nate
sbove 20 mils/year for a week or so after the
addition.' ' The effect of ccntinuous injection of water
into a fluoroborate system has not been studied, but it
appears that very little continuous leskage can be
permitied in an MSBR. Whether it will be practical to
guarsntee z sufficiently low leakage rate remains to be
determined.

The reaction between water and fluoroborate is not
violent and should contribute little if anything to the
wastage of metal by a Gigh-welocity jet of water from a
lesk in 3 steamn generstor. There has been no experi-
ment of this sort with fluoroborate and water, how-
ever, so the requiremenis for immediate response to a
stesm lesk cannot be specified realistically at the

present time,
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Processing is hikely to be required to hold the
corrosion products and other undesirable contaminants
to low concentrations in the salt. The requirements for
processing have not been estsblished, but no major
technical difficulties are expected to be encounteved in
developing s purification process.

The consequences of mixing sodium flworoborate
with the MSBR fue! salt (ss through a leak in 3 primary
heat W)m.‘umwuw
Wastage and enhanced corrasion are not likely to be
serious, but the amounts of inleskage must be hmited
for other reasons. Boroa trifluoride gas is likel/ to be
evolved a3 the fluoroborate salt mixes with the fuel salt,
anid, depending upon the extent of mixing, plvacs with
high melting temperstures may b. formed. Although
the high-cross-section boron could be sparged from
the fuel salt as BF, g, the sodium, uniess chemically
removed, would rensin in the fuel salt and diminish the
breeding performance. The sodium from about 100 fir®
of coolant sait would reduce the breeding natio from
1.063 tc 1.056.

The cover gas {or fluoroborate must be the proper
mixture of BF. and inert gas to preveat changes in the
NaF-NaBF, compadition. The off-gzs from fluoroborate
loops has beea found to contsin veniou condeneshles
which require special hundling. These problems have
been dealt with in a practical msaner in dewelopment
tests, but the gss sysiens 1Gi Slucrohorate loops tend to
be somewhat more complicated than if some other salts
were used for heat transport.

If the results of further tests of flnoroborate should
indicate that it; use in the MISBR would be impractical,
the most assured altemative is the 2LiF-BeF; mixture
that was used in the MSRE. Its use a3 the secondary sali
in the MSBR would eiminate probicimz of chemical
compatibility with the fuel salt. (Separated 'Li would
have to be used, however, because mixing would
otherwise require expensive isotopic purification of the
ithkium in the fuel.) The corrosion situation would be
alleviated, possibly easing the restrictions on moisture
contamination md widening the possibilities for con-
tsirer materizis. Constraints and penalties would be
imposed, ho'wevei, because of the higher melting point
and much grester cost of TLiF-ReF. relstive 10 NsF.
NaBF,. The liquidus temperature of LiF-BeF, (66-34
mole %) is 858°F, compared with about 725°F for
NaBF, -NaF (97-8 mole %). This would complicate the
design by requiring a lugher degree of feedwater heating
and/or special design of the steam genevaton. Equip-
ment costs and piant thermal efficiency would be
advensely affected, but the greatest penalty would be in
inventory charges. If the volume of coolant salt were
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the same (8400 ft*) the "LiF-BeF, inventory would
cost $13 million compared with $0.5 million for
fluorcborate. This differenc amowmts t0 ~03
mill/kWis in powes coste.

Another candidste for the secomdary fluid s a
mixture of potassiom and zircomium flworides of the
composition KF-ZrF, (58 42 mole %). This mixture has
recaived little attention to date becewse its 7S0°F
liquidus temnerature is higher than that of sodium
fiworcborate. it has a low vapor pressure, reasoasbly
good heat tramsfer properties, and is reistively inex-
pensive (sbout $! per pound). The effcots of mixing
with fuel salt and with water are unexplored.

Other alternative coolants sre considered inferior or
impractical for various reasons. Nitrate-nitrite mixtures
(Hitee, for example) would be cheap, probebly would
block tritium tramsfer to the steam system, and would
permit design simplificaticns bacause of their relatively
low melting points (around 300°F). Their stability and
corrosion behavior sbowe sbout 1000°F ase not weli
known, however. The mast serious drawback to tair
use a5 a secondary salt is that the nitrate-nitrites wodd
peecipitate UO, if they lesked into the primary system
and possibly would resct violently with the graphite.

Alkzli metals are undesirable because they react with
both fuel salt and steam. Metal coclants suc as lead or
bismuth undergo no viclent reactions, but they are not
competible with Hastelloy N or other nickel-base alloys.
Several binary chioride systems have cutectics msiting
below 700°F, bt the more stable nonvolatile chiorides
are those containing lithium, which would be expensive
if "Li were used. High-pressure gas (possibly containing
motsture to lsp tritiuga) has some advantages s a
secondary coolant, but would opea the possibility of
excessively pressurizing the fuel system, and the poorer
heat transfer with gas would subsiantially increase the
inventory of fuel salt in the primary hest exchanyers.

16.2.3 Huctelloy N

Althouga additional work is needed on the use of
Hastelloy N ity the contsiner material for the fucl snd
coolant saits, the remaining uncertainties are not
sufficient to jeopardize the feasibility of the MSBR.

Hastelky N suffers embrittieneni in a neutron
eavironment, and the damage increases with the total
fluence and operating temperature. The approsch used
i this study has teen to limit the temperature and the
neutron exposure of the more critical portions of the
reactor vessel. Since there are to date no approved code
cases for inadiated Hastelloy N upon which fo bese a
desi ;n criterion, the considered judgment i that the

it 2

irradistion should be lisnited to the extent thet the
creep ductility will ~ot be less then S%. The standard
alloy of Hastelloy N does not meet this requiremeni.
The advances dencribed in Sect. 3.2.4 for obtaining a
modified Hastelloy N wiith adequate resistance to
sadistion embiittiement (through we of additives, such
& titanium, hefaium, 3ad Sovium) sppesr very prom-
sing, but further testing is needed to select the best
composition. Lasge heats must be obtained to show
that the favorable properties are retained in commercial
materisls, and the modified alioy must be subjected to
caough test'ng to have it approved for pressure vessel
use by the ASME.

ia the ewvent that the embrittiement problem imposes
more severe limitations than now expected, the design
caa be revised to make more use of the 1050°F imlet
sait to the reactor to cool the higher-temperature
portions of the wessel, such as the outiet nozzies. A
fusther recourse would be to reduce the outiet sait
temperatuce from the res:tor to 1200—1250°F. Re-
ducing the outlet temperature ‘would require a higher
circulstion rate snd larger inventory <f salt in the
primsry system but would not secesmarily lower the
steam temperature and the thermal efficiency of the
cycle, as discussed in Sect. 16.7. The effects are not
great enough to threater ths feseibility of the MSBR
concept.

In this study the sfowsble design stress of standerd
Hastelloy N was taken to be 3500 psi at 1300°F, a
stress that has received ASME code approval. The
standard alloy corsistently shows better strength char-
acteristics than ‘hose upon which the code case was
approved, and the additives incresse the strength of the
modified Hactelloy N. What adjustments will be made
in ihée code-spproved silowable design stress for Hastel-
loy N are not certain, but they may permit higher
stresses and thinner metal sections in the reactor vessel.
Az mentioned above, this would help to lower the
estimated maximum metal teinperature and ameliorat:

the radistion damage problem.

The modified alloy is expected to be as resistan: to
corrosion by fluoride salts as standard Hastelloy M, but
the behsvior must be demonstrated in tests with fuel
and coolant malts under simulated reactor operating
conditions.

Hastelloy N is specified as the materid of con-
struction for the steam generitors in the reference
design, and, as mentioned in Sect. 3.2.4.2, both the
standard and modified alloys have demunstrated good
resistance to corrosion by supercritica’-pressure steam
at 1000°F in tests made in the TVA. Bull Run steam
plant. The data were obtained with unstressed speci-
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mens, howewer. Stressed samples are being tested at Bull
Run, and these results will be irsportant in asee sing the
compatibility of Hastelloy N v/ith steam. if t ¢ material
proves unsatisfactory for serice in water arv; steam, the
probable solution would b to use tubes o’ Incoloy 800
clad with nickel on the ;alt side aad to clad the water
side of the Wisel tady and ivbe sheet, with incoloy or
Inconel.

16.2.4 Graph’ e

At the prewat time indvay does not haie the
facilities for ranufacturing ".se large-sized piects of the
special grad: of graphite needed for a 1000-MWe)
MSBR. Aldough there s some confidence that core
clements of the desire s length (about 20 ft) can be
extiuded, failure to ' seet this objective would require
that the elements I : assembled from shorter sections.
Thiz would add tr the cost and would be inconvenient.

Thz importar. uncertasinties with regard to MSBR
gaphite are g permesbility, usabie life, and the cost
of the instaf’ed material. The gas permeability affects
both the b.eeding performance and the power produc-
tion cost’ the useful life and the graphite price primarily
sffect “he production cost alone. In general, these
spec’; are examples of uncertsinties where future
dew .opment is likely to lead to improved situations
rataer than worse ones, but, to pursue the objectives of
v'ss section, the consequences of unfavorable develop-
ments will be reviewed.

16.24.1 Gu permenbility. With the turbulent flow
asumed through the reactor core, the graphite must
have 2 gas permeability in the order of 10™® cm? /sec to
keep the xenon poison fraction down to the 0.5% used
as a2 “target” in the reference MSBR design and as 2
besis for ihe pericimance csilnmaies. This resistance {o
gas diffusion can be achieved only by sealing the
graphite. Small piecer. have been successfully sealed to
these standards, and methods for tresting the MSBR
core elements can probably be devised, but nevertheless
scaling of the large pieces remains to be demonstrated.

Whiie senling the graphite to minimize xenon absorp-
tion is desinble, it is not emential 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 107 cm?/sxc) the calculated
poison fraction is Jess than 2%. Allowing the xenon
pcitoning 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 [.045. Recent measurements
indicate that the mass transfer coefficients used in the
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calculations are conservative and that :he effects may
not be this great.

As indicated in Fig A.2, a S-mil surface layer on the
graphite having a permeability of 10™* cm? /sec for the
coating is enough to permit the sparging system to hold
the xenon poison level to the target value of 0.5% Thie
degree of sealing has been achieved with pyrolytic
carbon, as discussed in Sect. 3.2.3. The serviceability of
sealed graphite and the cost of the sealing are yet to be
resolved. Plugging of the graphite poes by a vacuum-
pulse zas impregnation process produces a tight surface,
but under neutron irradiation the permeability increases
wiy tapidly, and dimensional changes are apperently
accelerated above the rates obtained with unsealed
graphite. Deposition of pyrolytic carbon on specimens
in a fluidized-bed furmace gave coatings 3 to 5 mils
thick with permeabilities of <10~ cm? /sec. Imadiation
tests of these specimens are encouraging, but the
coatings are relatively easy to damage by handling.

If the target xenon poison fraction cannot be attained
and a longer doubling time must be accepted in any
event, consideration can be given to dergpiive the
reactor for laminar flow in the core. The po ver density
must bz reduced considerably, and this increases the
doubling time because of the larger core volume, but
the breeding gain is not as dependent upon sealing the
graphite. The lower power density would increase the
graphite life ard reduce the frvquency of graphite
replacement, atthough this fact'4 may have limited
importance, as di>evesed below.

16.2.4.2 Useful life of graphite. The lifetime of the
graphite is limited by the equirement that it be
impermeable to the fuel sa’t. As explained in Sect.
3.2.3, this requirement is res fily met when the graphite
is new, bu’ there is an unc riainty & o how long the
graphite vill mnlmpemublemderfstmm
irmadiatios. In the absence of conclusive measurements,
the usefil life of the gz phite in the MSBR has bezn
defined as the point at waich the most highly irradiated
graphite in the core exands past its original density.
‘this appears to be ccnservative in that the graphite
probibly remains im jermeable to salt to somevhat
beyond thiz point. /i additional ccnservatism in the
refi:rence design wys the assumption that the MSBR
griphite would las! no longer than comrmercial grades
curently available. Improved graphites with consider-
1bly longer life cr uld result from the development now
in progress, altlough probably not to the poimt of
lasting the 30-y :ar life of a plant at the proposed power
density.

Replacemer ¢ of the core graphite entsils not only the
periodic expznse for new graphite but also the capita!
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cost of a reactor design which permits cure replace-
ment, the maintenance equipment, and the expenses
sitendant to handling the highly radioactive core
material. Once the investment is made in the special
provisions for grapbite replacement, however, the elec-
tric power production cost is not very semsitive to the
replacement intyval iequired. As shown in Fig. 153,
taere would be only modest savings if the graphite were
good for 8, or even 16, years instead of the 4 years
assumed in the reference design. It should be noted,
however, that these costs assume that the core graphite
can be replaced in a time that can be accommodated in
the 0.8 piant factor. I 3a Gulage oi many months is
required for graphite repiacement, the power cost
would of course be more sensitive to the graphite life.
16.2.4.3 Graphite cost. The costs shown in Fig 153
and those given cisewvhere in this report are based on an
installed cost of graphite of $9 to $11 per pound. Some
estimstors believe that large-scale produciion 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 cn a four-year replace-
ment interval. If the graphite proved to cost, say, $20
per pound. the increase in the power cost is about 0.2
mill fkWhr.

16.3 SYSTEMS AND COMPONENTS
16.3.1 Reactor

The conceptual design of the reactor core and vessel
was carried only to the paint of indicating feasibility
and performance. A more detailed study would un-
doubtedly disciose some problem areas not vet delin.
eated. The basic arrangement appears sound, however,
and it secms 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
sepanately in Sect. 16.%.

Some of the aspects of the reactor design that will
require particulsr attemtion before arriving at a final
design are:

1. A detailed analysis must be made of the temper-
ature and stress distributions, particularly in the high-
temperature regions. As discussed in Sect. 16.2, some
adjustmenis may Se necessary to keep radiation damige
in the gaphite and Hastelloy N to within tolerable
limits. The outlet nozzles on the vessel have not yet
been analyzed in de:tail for stresses.
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2. The core hydrodynamics needs to be studied,
using models, to check the flow distribution and to
eliminate any tendencies that may exist for flow-
induced vibrations.

3. The methods suggested in the conceptual design
for accommodating &measicnad 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 the rods
have not been studied ia detail, but since a fast-
scramming action is not necessary, the ;equirements ao
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
detait.

S. The methods proposed in the conceptual study for
mounting the reactor vessel and making the top closure
will require more detaiied design. The earthquake
resistance of the reactor support system was indicaied
to be satisfactory in preliminary stvZies, tut a inore
comprehensive analysis is needed.

16.3.2 Primary Heat Exchangers

Although not a serious factogy 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 1.3. These and
other heat transfer data need to be confirmed with
circulating salt, however, The tubes do not appear to be
weakened by the grooving process, but more informa-
tion is needed, particularly with regatd 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 tota! fuel-salt
inventory of the primsry system. Although rhis wouic
lengthen the doubling time, the fessihility of the MSBR
is not contingent upon preventing this small increase.

16.3.3 Seit Circulation Pumps

The salt circulation pumps used in the MSRE and in
test loops have performed well, and the manufacturers
believe that they can be extrapolated to the capecities



needed in ar. MSBR with few development difficulties.
The larger “ize can probably use an overhung shaft and
impeller 10 elic:inate the need for a lower bearing
operating, in the salt, but this remains to be demon-
strated. If the lower besiing is requiced, sait beanng
development work already accomplished at ORNL
apporrs promising. A disadvantage of use of the
salt-"ubricated bearing is that the pumps could not be
opt.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 the reactor vessel
in complexity and cost, yet in this conceptual study
relatively little effort could be devoted to its optimiza-
tion. The design of the drain tank is strongly influenced
by the drain system flowsheet. The proposed method of
cooling the drain tank head an¢ walls by a continuous
salt overflow from the pump bowls, use of jet pumps to
return the salt to the primary system, an( empioying
the drain tank for holdup and decay of off-gases are all
aspects of a drain system which represents but one of
many possible arrangements. Study of the drain system
flowsheet is continuing at ORNL, and some revisions
may be necessary, particularly with regard to the
coniinuous sait ietdown and pump-back arrangement.
The modifications are not likely to increase the
complexify and cost, however.

For the drain tank design proposed in this report, it
will be necessary to evaluate the performance of the jet
pumps and possibly to substitute centrifugal pumps;
investigate the radiant heat transfer aspects; carefuily
consider the behavior of nobl: metal fission product
particles brought down with the off-gases; demonstrate
the reliability of the cocling system; and provide the
required meazs for inspection and maintenance. As
indicated in Sect. 6.4, a NaK cooling system for the
drain tank may be superior to the proposed sult cooling
system. Other improvements are likely to result from
more detailed study of the design.

16.3.5 Fuel-Selt Drain Valve

The reference MSBR design proposes that the “valve”
which provides positive shutoff to hold the fuel salt ir
the primary circulation system, yet which can b:
opened fairly quickly to allow the salt to flow into the
drain tank, be of the freeze type used succ.2msfully in
the MSRE. The MSRE “valve” consisted of a lattered
section of the 2-in. drain line provided with exte nal
heaters and coolers. It is to be noted, however, that a
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single drain line for the MSBR would be 6 in. in
diameter, and since the ability to {reeze 2 pipe decreases
npidly with size, it poses 2 markedly different problem.
The direction the development of an MSBR freeze
vaive will take is not known at this time. One possibility
is that it will have the appearance of a small shell-and-
tube heat exchanger with the salt flowing through the
tubes. A mechanical-type valve with the seat chilled to
provide positive shutoff may also be comsidered.
Development of a suitable posiuve shutoff device
appears generally within present technology and is mot a
major uncertainty in the MSBR design.

16.3.6 Gaseous Fimion Preduct Removal System

Fission product gases will be purged from the
circulating fuel salt by introducing heliom bubbles in a
side stream and subsequenily stripping the gas from the
system. The bubble generator and bubbie separator,
described in Sects. 3.9.2 and 3.9_3,have been tested on 2
smail scale in water, and the concept appears to involve
few major uncertainties. Development of larger size
equipment anv] testing in salt will be required, however.

16.3.7 OfE-Ges System

An off-gzs svstem is proposed for cleaning up the
‘wlicm puige gas o imai it can be recycied, for holding
up the xenon and krypton to allow decay, for gathering
the fissioa product particulates, and for trapping the
titium. 'deans will have 0 be provided for disposal of
the collcted radioactive materials. Although the MSRE
provided considerable background of experience, addi-
tional development will be necded for ihe components
in the MSBR off-gas system. The charcoal traps, helium
comysesmors, particle traps, etc., must be effectively
cooled o remove decay heat. Al areas appear amenabie
to /urther study and development, however.

‘The conceptual design proposes that the radioactive
gseous wastes from an MSBR be collected in g
+;ylinders for long-term s.orage and decay. Whether the
bottles are stored at the MSBR plant site or at other
sites, approved equpment and procedures must be
developed for handling them.

16.3.8 Steam Generators

Although there is no specific operating experience
with a once-through salt-heated steam generstor of the
type proposed for the MSBR, experieac> with similsr
heat transpost fiuids and with stean: generstors de-
veloped fur other reactor types leads to the conclusion
that design of the MSBR units is within present
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tochmology. A plam for industrial study and develop-
mest of a molten-salt stcam generstor has beea initiated
by ORNL.

If the coolant it accidentally mixes with the steam,
there are no exothermic reactions, although a blowout
disk will be provided o relieve pressure buildup in the
coolant-salt circuits.

The lowest allowable feedwater temperature for the
shcamn gemerator emains to be determined expen-
mentally. The 700°F value asuc..cd in this design study
probably can be lowered without cawsing excessive
freezing of coolant salt in the steam generstors.

The steam geacrator tubing must be compatible with
the high-pressure, high-temperature steam on the inside
of the tubes and with the coolant salt on the outside.
As discumsed im Sect. 1623, the compatibility of
Hastelloy N with sodium flsoroborate salt is excellent,
provided that water is excladed from the secosdary
system. The compatibility of the metal with steam also
appears excelieat, but testing is not yet compiete. Ia
the mmlikely eveat that tac results see unfavorable,
duplex tubing having a proven steam-side material, such
as Incoloy 800, cowld be used.

16.3.9 Instrumentation sad Centrels

Section 10.5 outlined the developmeat problems
associsted with the components in Zhe instrumentation
and coatrols system that must be located im the high
ambicat temperatures of the reactor aad drsin tamk
cells. Wiring, comsectors, aad cell wall pecetrations will
require special treatment, and the nuclear detectors
were mentioned as perticelar problems. While the
specifi~ messures to be taken are uncertain in many
imstances, noue are judged too severe for reasomable
solution. A “fall back™ position for many of the
components is to install them i cooled compartments

The stability of the control system dwring transients
and the procedures for startup, standby, and shutdown
for detsiled investigation is apperent in many areas,
none have been singled out to date as presenting a
mejor problem.

if reheat is employed, a3 proposed in the reference
design, the coolant flow will need to be proportioned
betweea the steam gemerators and the reheaters to
achieve the required exit steam temperatures. Valves for
salt service have received relatively little development.
Since the requirement is for proportioning rather than
positive shutoff, however, development of s mechan-
ical-type valve such as those already in use on ssit loops

appears to be within present techaology. A fluié:~-type
walve mey have promisc. If valves prowe impractical,
separate varisbie-speed coolant-salt pmaps can be used.

16.3.10 Piping snd Equipment Supports

The piping flexibility analysis for the reference design
was made on the basis that the reactor vessel is
anchored and that the heat exchangers . 2d pumps can
move with the caly restraint being the vertical hangers.
However, the flexibility of the system must be con-
trolled dwing an carthquake or after an accidental
break to prevent whipping or other excessive moverient
of the piping. Coevestional hydraulic dashpots used to
danpes Tapid mcvemecnts would not de usabie because
of the high temperature in the reactor cell. Dashpots
will aced to be developed which use gases, molten salts,
or pellet beds a3 e working medium, or cooling
systems for the comveational dashpots will need to be
devised. The mamufacvarers of this type of equipment
have not beea consuited to date because this detail of
the desiga has not appeared to be ome of the major
wacertanties.

The coacept=3l desiga calls for the major equipment
to be smspended from the cell roof structure. The
supports have not been designed, but the uncertzinties
do not appexr to be mdor ones. A detailed seismic
analysis needs to be made of the entire reactor plant.

16.3.11 Cell Construction

The cell wall construction proposed in the reference -

design represents jusi one possible arrangement for
satisfying the requirements of protecting the concrete
biological shiclding from excessive temperature and
radistion damage while at the same time providing
thermal insulation and a double-walled containment
that can ve leak tested and monmitored. Subsequent
studies have indicated that the reference design may be
overcautious in this respect. Use of electric resistance
heating elements for bringing the cells up to the high
operating tzmperatures also may not be the most
efficient arrangement. 'n general, these design aspects
represent optimization questions rather than major
uncertaintics.

16.4 TRITIUM CONFINEMENT

Tritium production and distribution in the MSBR
were discused in Sect. 3.3.7. There is little uncertainty
in the calculated rate of production o' 2400 Ci/day, an
amount that is far more than could be permitted to
escaps to the plant surroundings. It is not clear at this
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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 provisions for tritivm confinement, the est-
maied concentration in the condenser cooling water
Jeaving the plant world be below the curent MPC for
release to uncontrolled areas (s Sect. 3.3.7). It wil
certainly be required, however, that the release izte 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
gcat as to offset other advantages that the concepi may
have. This latter requirement probably means that the
tritium rejease rate from an MSBR be less than 1% of
the production rate.

There are seweral ways currently under consideration
for holding the tritium release rate to below the value
calculated for the reference design. Until the results of
various measurements and tests now under way become
availabie, however, a decision as to what special tritium
confinement modifications should be incorporated in
the MSBR cannot be made. Some of the measures being

Gas sparging of the fuel salt reduces the amount of
tritium diffusing into the coolant salt. The sparging is
probably more effective than was described in Sect.
3.7.7 because conservatively high values for the tritium
solubility were assumed in the calculations. Increasing
the helium sparging rate and reducing the U** to U%
ratio would take out more tritium with the primary
system off-gas. Lowering the U** to U ratio, however,
would tend to increase corrosion, although perhaps not
seriously. In any event, iaking ihese measures in the
primary system may not reduce the tritium release rate
as much as will be required.

It appears that injection of 1 to 10 cc/sec of HF into
the coolant salt would be quite effective in reducing the
amount of tritium that could iransfer into 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
that would diffusc through the wall. If the fraction of
tritium fluoride waich 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 viith trace constituents in the
coolant salt is being explored. Consideration has also
been given to changing the heat transport fluid to one
that would positively trap tritium. As explained in Sect.
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16.2.2, however, no other liquid is now known that
would do this and also be compatible with the fuel salt.
Gas coolants that would trap tritium have disadvantages
that discourage their use.

In principle, the most straightforward way of re-
ducing tritium transfer to the ste.m would be to use
heat exchanger tubes less permeanle to tritium. Few
metals that can be considered, however, are much less
permeable than Hastelloy N, with perhaps the excep-
tion of tungsten and molybdenum. Although use of
tubes ccated with these metals woulG introduce tech-
nical difficulties and higher costs, perfiaps 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 gencratoss. This additionai system wouid use a
fluid, such as Hitec, that would positively trap the
tritium. Hitec is 2 commercially available, widely used
heat transfer salt with the composition KNQO,-NaNO,-
NaNO; (4449-7 mole %) that would chemically react
with the tritium. (If the additional loop is used, an
interesting possibility is to usc 7LiF-BeF; as the
secondary salt to transport heat from the primary heat
exchanger to the Hitec, although, as mentioned previ-
ously, the relatively high cost of ”Li would have to be
taken into consideration.) The Hitec would be circu-
lated through the steam generators and reheaters. The
cost of the extra salt system would be partially offset
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 would
eliminate the need to preheat the feedwater to 700°F
and the reheat steam to 650°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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16.5 CHEMECAL MROCESSING SYSTEM

An csseatial requirement for breeding with thermal
meutrons in a molten-salt reactor is the rapid processing
of the flwid fuel to remove fission products and
protactinium. Xenon and kryptoa can be removed by a
physical seperation process (as described ia Sect. 39),
but the isolation of protactiniur and the remowal of
rare earths require that the fucl st be chemically
processed. Newtron losses to rare earths are acceptably
low if their removal cycle is on the order of a moath or
90, but the cycle time for protactinium isolation peeds
to be on the order of a few days (see Fig. 16.1).

The chemical processing must be (1) fundamentally
somd, (2) practical, and (3) ecomomical if the MSBR is
to be successful. On the first point there is little room
for doubt. There are several chemical processes having
equilibria and rates which are well known and favorable
nation, and various exchange reactions betweea fuel salt
and liquid bismuth and between bismuth and other
salts, such as lithium chloride. There are sufficient data
at hand to assure that these processes are chemically
sound.

There is less assursnce of the practicability of the
continuous processing system described in Sect. 8. Most
of the operations involved have to date been carried out
only in smallscale experiments. Development of com-
ponents and instrumentstion 7- in the carliest stages.
Although the re ::ts to date have disclosed no insur-
mountable obstacles, several problem areas have been
identified and are discussed below.
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Fig. 16.1. Effect of 333Py capture vs processing rate and fuel
specific power.

The most basic problem is that of materiak for
equipment which is exposed to both bismuth and salt.
As explained in Sect. 8, molybdemum has quite satis-
factory comrosion resistance and appears to be the best
overall choice despite the wausual problems of designing
ad fabricating joiats i this metal. Development has
progressed far emough to give reasonable assurance that
these problems can be overcome aad the required
opmipment can be built. The fabrication costs for
molybdenam systems are still uncertain but are sure 0
be high Thus there is ama ecomomic imcestive for
climinating the need for molybdenum, cithes by chong-
ing to another process or by developing an altermative
maierial (possibly graphite).

The we of bissssth in the salt processing requires
dependable meiswures to prevemt accidental gros or
chronic small cartyover of bismeth i the salt returning
to the reactor. A cleanup device for removing bismuth
exists only in comcept. Information is needed both on
the performance of such a device and on the tolerance
s for bismuth in the fuel st if dependable,
adequate cleanup of the returning salt should prowe to
be impracticable, it would be mecemary to make
substantial changes from the process described in this
report.

Corrosion protection in the fluorimator requives a
layer of frozen sal' oa the wall. Smali-ecale develop-
ment tests indicate that the requisite frozen layer can
be established, altl.cugh reliable control of the thick-
ness may be difficult. Therefore occasionsl loss of the
frozen wall must be anticipated. If the vessel is made of
nickel, formation of an adherent NiF; layer would be
expected to kmit corrosion, so that occasional faibwre of
the frozen-wall protection (om the order of omce a week
to once a month) could be tolerated. Therefore the
frozen-wall fluorinator should be practical to build and
operate.

The varying, sometimes intense, sources of decay heat
due to the concentrated protactinium and fimion
products in the processing plant will require carefully
designed cooling systems. In the reference design,
however, the radioective materials are always in sole-
tion, so there is little or no chance of local hot spots
due to heat-generating sediments. Design of a satis-
factory cooling system should therefore be feasible.
The performance of the MSBR 23 a beeeder is
sensitive 10 uranium losses in the chemical procesenm
plant. Although there has been no pilot plant operation
to measure losses in a system lLike this, some reasonable
judgment is possible. The probable lomes are not
directly related to the throughput of salt or uramium,
since nowhere in the process does there appear to be
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the potential for gradeal. irrecoverable buildup of a
significant fraction of the wrardum pessing through.
instead. one must coasider the various matc als leaving
the plant and estimate how much wranium (or protac-
tinium) might be carried out with them. The flowsheet
(Fig. 2.4) shows thyee sinal Jiscard streams: salt (rom
the Pa decay system. Bi-Li carrying the divalent rare
earths, and Bi-Li carrying the trivalent rare earths. The
amount of uraniuwm in the B-Li discard streams should
be negligble, but if this were not the case, the uranium
could be recovered rather simply by hydroflworinating
the Bi-Li in the presence of salt from the P2 decay
systems. The salt discarded from the Pa system wilf be
fluorinsted i recover s in a2 baich opzmation
almost identical 10 thet carried oxt successfully in the
MSRE.'?* The MSRE experience indicates that the
MSBR lomes in the discarded salt should be on the
order of 0.2 kg of U per yess. Probebly more
significant. and certainly more difficult to predict. are
the amounts of wranium that will be discarded m othe:
ways, such 28 the wplacement of NaF absorbers.
bismuth deamup clewments, sit filters, and mniscel-
leneous pieces of equipment.

The chemiical proceming plant is designed t0 con-
tinwously treat 2 side sticam of the fuel salt and returm
it 10 the reactor cicculsting loop. The chemical plant
and the reactoc plant sre ementislly independent. so
thet maifunctions in one would not necesserily affect
the other. Cherw'cal plant operstion can be interrupted
for several days with oaly minor effects on reactivity
and nucless performance. but if theve were 2 prolonged
shutdown of the proceming plani. nestrom lossss o
protactinium would cause the productior of ***U w0
fall below the consumption rete. The reacior would saill
perform as 3 highguin convester. which, if need be.
could be kept rumming for ssversl yeasrs without
cheemical processing by adding fimile metevial (a8 UF,
or PeF;) dwough simple equipment et must be
provided for this contingency. Specific informeiion on
the dependobility of the processing sysiem will sot be
aswailsble wmti! pilot plants ave operated.

Although the wactivity effects of pesuwrbations in the
chemical plant operstion e emily managesble. it i
cxential thet they be undersicod. In the MSBR it will
be necessary to distinguish any truly anomelows effects
thet might occwr from the effecs of changing concan-
trations of aewtion poisows and fleslie mterid in the
cisculating feel dus 10 on-line processing. The resules of
a complete imterruption of mli flow between the
veacior and the chewical proceming plant sve Smple (in
puinciple) and could be criculeted by = onlime
computer. The pomibility of wristions in the compe-

sition of the salt continvously flowing back iato the
eactior requires that concentrations and inventories n
the processing plant be measured. The chemical analysis
procedures mow in wse are accwrate bt are show.
inputs (0 3 compuicr are needed. If these prove very
difficult to develop, an altermative would be to eaxse the
malyiical demands by interposing paraliel holdup tanks
between the processing piant and the reactor. so thet
betches of processed sait could be sampled and ama-
lyzed before being pumped beck into the fuet system.

With regard to the third reguisite for the chemical
plant, that it be ecomomical, the capital and operating
sstimated for the cwrently proposed system. Toe
concept described in this report was adopted becawse it
promised 10 S¢ ks expemsive o comstruct then
pveviows comcepts, but 3 of this writing. detailed
flowsheets and equipment concepts upon which 10 bese
cost estimates have mnot bees completed. The cost
umcertainties are thevefore quite large. Conceivably. the
custs conld be high emough 0 meke beeeding in 2
molten-salt beeeder reactor (as described in thin remort)
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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 sait. The amount that does
dissolw forms a true solution; that is, there is no
chemical intersction between the noble gas and salt.
This being the case, one would expect zemom and
krypton to migrate from the fusl salt where they are
borm to warious sinks in accordance with the laws of
mass transfer. This implies that the mess transfer
coefficient controls the migration rate. The siaks will be
comprised of any salt.gas interfaces available to xenon
and krypton, such as circulsting buktbles, the voids in
graphite, and the gas spece in the puwip bowl. Other
sinks are decay and bumup. An amalytical model was
developed for the MSRE based on this concept, as
roported by Kedl and Houtzeel.!2¢ Another analytical
model, complementary 1o the above model and specifi-
cally applicable to the very shortdived noble gases, was
reported by Kedi,!®” and it agrees vell with data from
the MSRE. The more general model checked out fairly
well under some operating conditions dut not so well
under others. With argon as the cover gas, measured and
computed '3!Xe poison fractions are in substantial
agreemer:t over all ranges of circulating bubble void
fraction. With helium as the cover gas the agreement is
gooA at high void fractions, but at Jow void fraciions
the meisured value is considerably lem than the
ct'culated value. The snalytical model would predict
vy little difference, if any, with helium or argon as the
over gas. This discrepancy seems to be asvocisted with
the difference in rolubility of helium ard »rgon and its
interaction in some way with bubble mechai:ics. Never-
theless, the abow anslytical model will be used for
MSBR design calculations; if in error, the design should
be conserwmtive as far as '3%Xe is concerned. As the
model is improved, thess calculations will be updated.
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THEORY

The steadystate analytical model involves a rate
balance ca the ncble gas i fusl salt and a fuei loop
with the characteristics of 2 wellstirred pot:
generation aic = decay rate in salt +

busnup rate in salt + raigrat’on rate to graphite +

raigration rate to circulating bubbles,

where

migration rate (o graphiie = docay rate in graphite +
bumnup rate in graphite

cnd

magration rate to circulsting bubbles = decay rate in
bubbiss + buraup rate in bubbles +
stripping rat? of bubbles.

A 1ypical migration term can 2o be represented as
follows:

migsation rate to bubbles = AA(C - C)) .

where

A = mas transfer coefficient,

A = total bubble surface ares,

C = concentration cf xenon isotope dissolved in bul):
sal;,

C; ® concentration of xenon isotops in salt of bubbl:
iaterface.
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These equations are explained in detail .nd each term
is evaluated (for the MSRE) in ORNL4G69.'%¢ The
mass lransfer coiificients heve been cwalusted Srom
standard relationships for heat transfer coefficients and
e of the heat-transfer—mass-transfer anslogy. In the
first squation. LGwm abowve, the term oa the icft of the
equzlity sign is a comstant at 3 given power levai. All
terms o the right side of the equality sigr are functions
of the '3*Xe concentration dizoived in slt. The
concentratici therefore my be solved for. Knowing
this, the rate terw snd the '3 Xe poisoning due 10
xenon in ine salt, bubbles, and graphite can be
ccasputed. The wilues for '23Xe poisoning are
pwesented in this report in terms of the “poisom
fraction,” which is defined as the number of newtrons
absorbed by ' ** Xe compered with the total number of
acutroms (fast snd thermml) sbsorbed by 222U. The
reactor perameters used heve are listed in Table A.l.
The whus may not be exactly the same as those wed
elsewhere in this report, but they are sufliciently close
and no grest ervor is imvolved.

Very early iz the MSBR corceptusl design. & was
decided that bubbles would be injeciod into the fusl
loop at the core discharge and remowved al the core
inlet. The objective was to keep the core nominally free
of bubbies and thus avoid any effects that they migh

Tabls A.L. Reacter pasametess used in ncbioges miigration
caleulntions®
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Reacter powes, MW 2230
Salt velurne in fosl loap, 146
Total fust-ar’t Row rate, cfm 7740
Total velume of core sons: | and 11, I 1881
Total velume of snmuius und plomuems, Nt (.
mwnkmmldﬂ.ﬁ’ .000

Geughite surface 908 in anvalus and plonume. N 706

Avezags mlt fraction i sones | and 8. & 1é

Salt fraction in snnunle: sad plenwms, 3 100 o
o\wWMm 40Xx )
e om

in sonss ! amd i} 9% o
In snaplee Jox
o\" outren fax, nsutrons

soc” :3‘

i sones | and # 63x )o*t
in Y PR
Totsi 123U shonrption crom section. b

Foz sheomal asvirens ) 1§
l’al’um.n s .
Effective *** U concentmtion in feel sslt, st x 0™

som b cm”!

Housy's low constant for nenen in fual salt,
weles of nenen pov stimesphose por cubic
cectimeter

275x 107

“Thes posameisrs may ot in o} casse b0 exnastly oquel o
hes wed in the MEBR refosense dusign, bt the diffssonsss

would have small of¥oct en the ovensll conseptusl dosign.

have om resctivity. This wes a comsiderable prublem
because bubble generators and separators are normally
fairly high-pressure-drop components, sad of couse the
main fuel pump would hawe (0 gemer=ie this ased. A
change i» ground rules thea aliowed up to 1% bubbles
by volums of salt in the core. This greatly simplified the
problem becawse it permitted the bubbles to circulate
many times around the (uc] loop and let them approach
sturatio... The wolumstric flow rate of helium in the
off-gas system is considerably reduced, and the bubble
goneration and removal components can be put in a side
straam rather than in the main loop piping. The
question now is how many times bubbles cm be
circulsted around the fusl loop before they are almost
sturated with '?%Xe. Calculations pertinent to this
question were made, andl the results are showm in Fig.
Al. Two things zppurent from this figure are: (1)
Bubbles can be recirculsted sbout 20 times around the
fusl Joop before the back pressun: of '**Xe in the
bubble starts to significantly reduce the stripping
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officiency. (This is ths Lasis for the 10% recydle around
the fuel pump specified in iae reforence duign.) (2)
Bven with (% sverage volume of bubbles in the fusl
loop and WA 2 gaphite permmssbility of sbowt 107
cm® joac, the target walue of a ! >* Xe poisom fraction of
0.5% is a0t quite attained. Awrage loor woid fractions
s high s |% are undesitable, b.couse at them
concentraticss sumil bubbles temd to celssce. R mmy
be aoted thet if the average loop woid fractiom is 1%,
the maxisnum void fraction at the pump suction will be
a few times greater became of the presswre gradients in
the fusl-enit loop.

Since ik is desicable to kevp the average loop woid
feaction weoll below 1%, another avenue to attack the
135%e problem must be found. The most cbvious one
& 1o e 3 graphite with a mach lower permeshility, bw
this grade could be axpemsive and difficult to chtain. &
was thevefore decided to investigate the effect of a very
thin costing of low-permeshill.y cwbon (Chewically
doposited) on the surface of kighsr-permeahiity bulk
gaghite. Figare A2 shom the results of this calcule-
tion. The parameters weve chosen (0 yield a high poison
fraction (appronimately 1 9%). With these por- wewn
e celculations were repiated to chtain the efrecis of
the permesh My and thicknem of the ssaled layer ¢
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the poison fraction. In this calculation it was sssumed
that the wid fraction . praphite awilsble to xenon
decreased by ome ordr of wagaiiude when the per-
meability decreased by twe orders of megnitude.

It can be soen that the tapet poison fraction of 0.5%
s readily obtaimsble with am average circulating void
fraction of only 0.2% if cratings with permeabilities of
10 2m? fsec and only a few mils thick can be attained.
Work on the costing of graphite has been promising, as
discumed by Eatherly'' 22 im Sect. 323 of this
report. For the perpose of the MSBR design, it was
ssemed that costed graphite will be awilsble with
pormebilities of abowt 10° ca®/sec and a few miks
thick. The bubble generator .nd separator will therefcse
be designed on the basis of 0.2% average void in the fuel
Yoop, of bubbles 0.020 in. in diameter, and a recycle
flow rate around the sump of 10%.

Migration caiculstions hawe e wade for all other
fission product nobic gaess, of which there are over 30
ksyptoms and mances. The results are showm in Table
A2, sod the flux terws sre defined in Fig. A3. The gms
wignation parasssters wed o generate Table A2 wore
ko 20 yiskd an equivalest '** X poison fraction of
3.56%. The s would be abowt the same for sy
ressomable combisstion of perawmters that yield the
ume pobon fnction. The decay constamts and yields
Wt in U table are wot mecomanily aqual to the
accepted wluss in the Mesatuse bt were chosen either
becnune of :.ame peculianRy of the computer code ar to
ke some apect of the dunign conssrwtive. Note that
in the case of longditved ncbie ganes, the Mux into the
bubblies i lons Den the Bax out of the reactor. This s
because the losgived mobls gases are recycied beck
Wough the wecter 3 showm in the fgure. In the cane
of shortdived noble gaess, the Bux into the bubbles &
et Vem the B owt of the reactor. This reflects
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Table A.2. Nobiegas mignation in the MSBR

Decay

135%e Poison Fraction = 0.56%

Cumelative  Thermal Noble-Gas
Noble-Gas C““"‘w - Yield Cross Noble-Gas  Noble-Gas  Noble-Gas th to
Isotope tiom from 333y  Sectica Flux to Flux to Flax Out Helium
(H‘:_l) (fraction) (barms)  Graphite Bubbiles of Reactor Cleanup
(atoms/he) (atonsfle)  (atoms/hr) Smun)
(atoms/hr
S2g, 10x10° 0003 450 1.24x10'* 211 x10*' 1.05 x10** 211 x10*!
b <3 10x10° oo0114 0 285x 10" 3.00x10*' 150x10* 3.0 x 10%"
“xr 10x10°  o0110 0160 281x10'7 290> 102! 145x10%? 290 x 10*!
gy 235%x10° 00249 009% 467x10'7 6.56 x10*! 3.8 x19%% 6.56 x 10%*
bt <3 10X10° 00328 0060 827x10'7 866Xx10°! 432x10* &és x10*!
::n 0.547 00450 5000 215 X 10': 1.10 x 10>2 111 x10** 835 x 10'?
Kr 0.2¢7 00570 0 881 x 10°° 1.40x10°% 1.70 x10** 7.72 x 10%*
g 130 00623 (1 949x10%° 114X 10>* 816x10*! 0
”x 756 00555 (] 566X 102° 4.74 x :0*' 143x10*' 0
Mgy 2490 0.0410 0 228x10° 144 x10*' 167x10*° 0
g, 3320 0.0296 (1 696x10'"® 353x10*° 1.33x10" o
gy 12200 00142 (1 243x10"° 1.17x10*® 302x10" o
Mg 24%0 0.0062 0 s82x 10" 257x10'® 332x10'"7 0
Bgy 24900 00019 (1 L78x 10'* 787x 10" 102x10'7 O
126 10x10° 00020 150 130x10'7 5.27x10*® 263 x10*' 526 x 10*°
¥xe 10x107° 00002 250 136x10'® 500x10'"® 250x10®® 499x10'®
1% 19x10° 00210 0 116X 10'® 553 10®' 276 x 10** 552 x 10*!
1% 10x10°° a0010 250 738x10°® 271 x10*° 135x10*' 271 x10*°
Bixe 10x10° 00385 1200 316x10'® 101x1022 505x10®°? 1.01x10%?
132y,  10X10°° qos4s 020 310x10"® 144x10°2 720x10*? 1.4 Xx 10?2
3% 548x10° 00ses 190 868X 10°® 1.62x10*2 421x10** 6.47x 10*!
%  10x10° o083 020 387x10'"® 1.30x10°? 898 x10°? 1.79 x 10?2
139% 097s3 00616 105x 10° 193x 16> 1.41x10*2 143x10°2 768X 10"’
%% 19x10° 00700 015 394x10'® 1.34x10°2 920x10°2 1.8¢ X 10?2
7% 990 00716 [ 204x 10 L34 x102? 1.03x10°? o
138%% 2046 00663 0 202x10®' 145x10°2 135x10* o
1%% €3S 00492 0 981 x10*® 475x10*' 166x10*! 0
Moxe 1569 00352 0 357x10°® 1.30x10*" 3.12x18%° o
9% 12500 00180 ° 373x10'° 146x10%° 371 x10" o
3% 16600 9163 ° 260x10'° 1.00x10*® 194 x10'* o
19% 20900 7 [ 184x10'* 6910 901x10' o
140% 2909 ot ° 7166 x10'¢ 290x10'? 376x10' O

cm then be com puted. The computation assumes that
a doughters remmin in the graphite. For simplicity, it
dso avemss straight chain decay and mo bramching
decay loogs.

There are several arens in the theosy and application
of wobleges wigration where development it meoded.
The mont aeceaey and potentislly fruitful arce is to
explein the renson for the lower than expected poison
feaction in the MSRE at low wid fractions with sfiem
3 e cowe . As noted in the beginming of this
Appondin, when agon is the cover gas, measered ind

computed !35Xe poison fractions are in substantial
agreement over all ranges of circulating bubble woid
fraction. With helium as the cover gas, the agreement is
good at high woid fractions, but at low woid fractions
the measured poison fraction is considerably less than
the caiculated value. The amalytical model would
predict very little difference, if any, between the two
cover gases. The discrepancy seems to be asociated
with the difference in solubility of heliutu and argon
snd the relaticaship between solubdlity and bubble
mwchasics. To dlustrate, iuppese helium bubbies 0.020
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Fig. A.3. Fiow diagram #0 define terms used in Table A2

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 tlhie pressure is raised to over 200 psi. If the
bubbles are allowed to equilibrate with the sait, they
will completely dissolve and disappear. In the case of
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argon, the solubility is sufficiently low that the bubble
will not disappear but will oaly compress in sise. Of
course, the bubbles are subjected to these high presswres
oanly . a few seconds, so the dissolution process mmest
be quate rapid. (The eatire loop cycle time is oaly about
11 sec.) If the helium does dis* sive completely, at some
location near the pump suction the bubbles will rapidly
nucleate and the gas come back out of solution.

A questionsble psrameter in moblegas migration
calculations is the mass transfer coefficient to bubbles
suspended in a turbulent fluid. A literature survey and
analysis was made of this parameter by Pesbles '2® He
concluded that the mass transfer coeficient will fall in
the range of 2 to 13 {/hr depending on whether the
bubble has a rigid or mobile interface respactively. A
program is currently under way to determine this
parameter for turbulent flow in a glycerolwmier 224
helium bubbie system. A mam tramsfer cosflficest of
20 ft/hr has been used in the design calculitiocs
because the small helium bubbles in malten it are
expected to have a rigid interface. Use of this coef-
ficient also tends to make the * 2% Xe poisoning calcwla-
tiont conservative.



Appendix B
Neutron Physics
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Equivalent Units for English Engineering and International Systems”

Appendix C

Quantity English ewmg l(ultq)hu t_o International
units obtain SI units system (SI) units®
Area i 0.0929 m?
Density b/ 16.027 kg/m’
Force? b 44481 N
Heat load Btu/hr 0.293 w
Heat rate® BtukW* pr! 292.8 x 107 IW™ gt
Heat tzansfer coefficient Buh® ft™2¢F)! 567 wYm?2CK)!
Lengua ft 03048 m ‘
“Mass” flow rate b/hr 126 x 107 ke/sec J
Power hp 7457 w
Pressure psi 6894.6 N/m? ‘
Quantity of heat® Btu 1054.7 J |
Specific heat (heat ~apacity) Bub™ CF)! 187 It en?! .
0.5 radians 3 .
Specific speed (prmps) {remXepm) 2.027x 1073 ¢ frecyon” fsee)® >
(&)0.75 (m)o.'ls
Stress psi 6894.6 N/m?
Thermal conductivity Buk ™ (P n? 1.731 wvm™ ™!
Thermal expansion per °F 0.555 per °K
Velocity (linear) fps 0.3048 m/sec
Velocity (angular) pm 0.1047 radians/sec
Viscosity? Bhrt £t 0.4138 x 1073 Nsc!' m™?
Volume e 0.02832 m?
Volume flow gpm 63.1x 107 m3/sec
Weight equivalent b 0.4536 kg
Work ft-Ib 1.351 |

@Table S.1 is expressed in English engineering units as commonly used in MSR literature and in the meter-kilogram-second (MKS)
system, which closely follows the International System (S?).

by N=10° dynes= 1 kgmsec? =1 J/m.
€13=2778 X 16~ W-hr = 0.0009482 Btu.

lesecm'Q=lk;sec" mt.
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Appendix D
Cost Estimates for the MSBR Station | ;

|

Roy C. Robertson ?
M. L. Myers
Table D.1. Estinated coustruction cost for MSBR power station”
Based on January 1970 costs
Account Item Cost (thousands of dollars)
No. Materials Labor? Total
20 Land€ (see account 94) 590
21 Siructures and site facilities
211 Site improvements 500 565 1,065
212 Reactor building
2121 Basic structure? 3,358 3,358 6,716
Special materials (see Table D_3) !
Stainless steel liner at $1.20/1b 334 143 477 !
Carbon steel at $0.60/B 1,850 1,240 3,090
Insulation at $10/ft> 321 137 458
2122 Building services 325 175 500
2123 Containment structures at $2/b 1,900 1,900 3,800 '
Subtotal for account 212 8,088 6,953 15,041
213 Turbine building® 2,200 1,800 4,000 i f
214 Intake and discharge structures 540 360 900 ; ‘
218A Feedwate: heater bay/ 1,720 1,410 3,130
218B Loading and set-down bay/ 590 480 1,070 ; l
218C Offices, control rooms. etc. 450 300 750
218D Warehouses and miscelaneous 36 4 60 il
Subtotal for account 218 2,796 2,214 5,010 j
219 Heat rejection stackS 320 480 800
Subtotal for account 21 14,444 12,372 26,816 1
Contingency: 5% materials, 10% labor 722 1,237 1,959 i !’
Spare parts: Yo 76 76 {
Total for account 21 15,242 13,609 28,851 {
22 Reactor plant equipment f
221 Reactor equipment” {
221.1 Reactor vessel 9,100 400 9,500 7
2212 Control rods ] 1,000 100 1,100 !
2213 Graphite (see Table D.5) 7,200 a0 7,400 ’
Subtotal for account 221 17,300 700 18,000 '
222 Main heat transfer system .
222.11 Fuel-salt pumps 3,100 200 3,300 ‘
222.12 Primary system salt piping 300 129 429
222.13 Primary heat exchangers (see Table D.6) 7,100 200 7,300
222.31 Coolant-salt pumps 4,200 200 4,400
222,32 Secondary system salt piping 1,330 570 1,900
22233 Steam generators (see Table D.7) 5,790 480 6,270
Reheaters (see Table D.8) 1,468 200 1,668
Subtotal for account 222 23,288 1,879 25,267
177
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Table D.1 (comtinwed)

Account I Cost (thousands of dollars)
Ne. tem Materials Labor? Tota!
224 Radiocactive waste treatment and disposal
224.1 Liquid waste 45 15 60
.2 Off-gas system 350 150 500
2243 Sobd waste disposal (not fission products} 75 25 100
Subtotal for account 224 470 190 660
228 Nuclear fuel storage
2254 Prima.y drain tank (see Table D.9) 2,680 300 2,980
Fuel-salt storage tank (see Table D.10) 643 70 713
Salt transfer pump and jets 480 20 500
Subtotal for account 225 3,803 390 4,193
226 Other reactor equipment
226.1 Inert gas sysiems 280 120 400
226.2 Auxiliary boiler® 2,550 450 3,000
Cell heating systems! 200 130 330
223 Coolant-salt drain tanks (see Table D.i}) 765 35 800
226.4 Coolant-salt handling 20 s 25
226.5 Coolant-salt purification system 125 25 150
226.6 Leak-detection system 150 100 250
226.7 Cell cooling system 150 150 300
226.8 Maintenance equipment (see Table D.12) 3,600 900 4,500
Subtotal for account 226 7,840 1,915 9.755
227 Instruments and controls 3,200 800 4,000
Subtotal for account 22 55,901 5974 61,875
Contingency: 15% materials, 10% labor™ 8,385 597
Spare parts: 1.5%" 102
Total for account 22 64,388 6,571 70,959
23 Turbine plant equipment
231.1 Turbine-generator® 19,361 1,000 20,361
231.2 Foundations 228 225 450
Subtotal account 231 19,586 1,225 20,811
2323 Condensing water system 1,100 900 2,000
233 Condensers 1,500 700 2,200
234 Feedwater heating system
134.1 Regenerative feedwater heaters 1,800 100 1,900
234.2 Conrlensate pumps 180 20 200
Boiler feed pumps 1,890 210 2,100
2343 Piping and miscellancous
Feedwater and condensate 900 900 1,800
Extraction steam 375 375 750
Drains and vents 123 125 250
Mixing chambers 72 8 80
Pressure-booster pumps 58S 65 650
Subtotal account 234 5,927 1,803 7,730
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Table D.I (comtinved)

Account ltem Cost (thousands of dollars)
No. Materials Labor? Total
235 Other turbine plan’ equipment
235.1 Main steam piping? 1,700 1,700 3,400
235.2 Turbine avxiliares 250 200 450
235.3 Auxiliary cooling systems? 600 300 900
2354 Makeup and treatment 320 160 430
235.5 Condensate treatment 480 320 800
235.6 Central lubrication system 60 30 %
235.7 Reheat steam preheaters (see Table D.13) 110 25 135
Subtotal account 235 3,520 2,735 6,255
236 Turbine plant instruments and controls 330 170 500
Subtotal for account 23 31,963 7,533 39496
Contingency: 4% materials, 8% labor 1,279 603 1,882
Spare parts 220 220
Total for account 23 33,462 8,136 41,598
24 Electric plant equipment
241 Switchgear
2<1.1 Generator circuits 100 30 130
241.2 Station sexvice 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% 40 40
Total for account 24 4,440 3,560 8,000
25 Miscellaneous plant equipment
251 Turbine plant hoists 333 37 376
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 61 4
Spare parts: 1% 13
Total for account 25 1,297 487 1,778
26 Special materials
264 Coolant-sait inventory” 500
265 Miscellaneous sneciai materials 500
Subtotal for account 26 1,000
Total direct construction cost (TDC) 152,305
91 Construction equipment and services at 0.8% TDC® 1,218
921 Reactor engineenng!? 2,250
922 Engincering, at $.5% TDC* 8,377
93 Insurance, taxes, rtc., at 4.2% TDC? 6,397
94 Interest during construction, at 18.58%% 31,687
942 Land interest during construction’ 420
Total indirect costsW 50,349
Total plant capital investment 202,654
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Table D.1 (contimued)

SEstimated costs are not for first-of-a-kind plant but assume an established molten-salt reactor \2ustry. Estimates are based on
Janusry 1970 prices. Private ownership is assumed, with a prevaiing interest rate of 8% and a five-year comstruction period.
Comtingency factors of up to 15% have beea applied. The cost estimate follows format, account mumbers, and procedures
recommended in NUS-531 (ref. 119).

L abox is for field erection. Shop and fabrication labor are included in materials.

“For typical site at Albany, N.Y. Land cost included in indirect cost.

dAs indicated in Table D.3, basic structures include ail portions of reactor and confinemzernit buildings except dome, which is
inciuded in account 212.3. Estimaie is based on installed cost of concrete of $103/yd>.

“Building cost based on $1.00/ft>.

/Building cost based on $0.65/ft>.

£Stack is 400 ft high. Based on $2000/t.

MReactor shielding is included with structures, account 212.1.

{Average cost of HasteBloy N installed is about $14/Ib (see Table D 4).

IAveragz cost of sraphite is about $10/B (sce Table D.S).

*Boiles capacity ~200,000 tb/ha.

8Based on 950 celt heaters at $210 each.

MBased on recommendations in NUS-531 (ref. 119). See text, Sect. 15.1.

®Does not include replacement reactor core.

%Based on tandem-compounded, 6-flow, 31-in. unit (Westinghouse price).

PBased on 900 ft of high-pressure mains at 370 B/ft and $0.75/Ib; and ~n 700 ft of reheat piping at 468 Ib/fi and $0.75/Bb.
9Setvice water systems.

Based on 1 X 10° B of cochant salt at $0.50/I. Salt inventory is considered to be depreciating cavital investment.
% rom Fig. C-1, NUS-531, ref. 119.

From Fig. C-2, NUS-531, ref. 119.

¥Based on five years construction time -at 8% interest compounded annually and typical cash flow curve shown in Fig. C4,
NUS-531, 5ef. 119.

VBascd on seven years ownership at 8% interest compounded annually.
Indirect costs amount to about 33% of TDC cost.

Table D.2. Estimated fuel-cycle costs for th: MSBR power station

A. Estimated cost of equiibsium inventory in primary circulation syst*m
Total weight of fuel salt in system: 1720 ft> X 208 = 357,760 Ib
Total moles of fuel salt: 357,760/64 = ~5590 Ib-moles

Total
TLiF: 5590 X 0.72 X 26 X $15/lb® $ 1,570,000
BeF,: 5590 X 0.16 X 47 X $7.50/ 315,000
ThF,: 5590 X 0.12 X 308 X $6.50/1b 1,343,000
233y, 1223 kg at $13/g 15,900,000
233p,. Tkgat $13/g 94,000
¥y 112 kg at $11.20/g , 1,252,000

$20.474,000

e e vt e s e b AR L @ e e
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Table D2 (continued)

B. Estimated cost of st inventcry in chemital prcessing plant
Total weight of bamren salt in chemical plant: 43¢ i x 207 = 99,360 b

Total moles of basren salt: 99,360/63.2 = 1572 Bb-moles

¥ 1572 X 0.72 X 26 X $15/R*®
BeF;: 1572 X 0.1¢ X 47 X $7.50/®
ThF,: 1572 x 0.12 X 308 X $6.50/B
233y, 63 kgat$13/g

233p,. 103 kg at $13/g

C. Makeup sait cost (pex yexx, based om 15 cal-yess cycle)

LiF: (1,564,000 + 441, 420)/15
BeF;: (315,276 + 88,658)/15
ThF,: (1,342,942 + 377,657)/15

D. Chemical procesmsing plant eqe pment costs?
Dizect construction cost equipment and field labor (cell construction cost is iaclkeded
in account 21, strectures) (allow.)
Indirect costs at 35%°

Total
E. Operating cost (per year)
F. Estimated fuel-cycle cost (mills/kWhr)
Fixed charges on salt inventory » 13.2%/
Makeup salt
Fixed charges on processing equipment at 13.7%F
Process plant operating costs

Production credit, based on 3.2%/year yield
Total estimated fuel-cycle cost

$ 441,000
89,000

815,000
1,336,000

$ 3,059,000

$ 134,000
27,000
115,000

$ 276,000

$10,000.00C

3,500,000
$13,500,000

$700,000

0.04

0.10

0.09
0.76

“Based on "Li at $55/Ib, or $120/ke.
DBased on 233U at 813[3;:1:1! 235y ar $11.20/¢.
€Based on 233U and 22Pa at $13/g.

%The estimated cost of the MSBR fuel processing equipmeat is not precise at this time. Figure 15.1 shows the

effect of the fuel processing equipment cost on the fuelycle and total power production costs.

€Indirect cost of 35% is approximately the same as “or the main piant. See accounts 91 through 94, Table D.1.
fFixed charges to be applied to the capital cost of the fuel-salt inventory over the 30-year life of the plaat
canno. be precisely estimated because of the changing feel-pricing and tax structures, and becamse of the
uncertair.ties in the handling and cleanup costs involved in recovering the fuel salt for reuse at the ead of the plaat
life. The fixed charges would probably fall between the 13.7% used for depreciating eguipment (see Table D.14)
and the 12.8% used for nondepreciating items, as recommended by NUS-531 (ref. 119). An average value of 13.2%

has therefore been used.
&Fixed charges on depreciating equipn.ent are exphined in Table D.14.

-
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Table DJ3. Sammar; of specis) matesisks in resctor building
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Staimiess Catbon steef® Coacrete Insulation
steed () ttoms) od) )
Coafinement building
Dome (%48)°® 18276
Resctor cell 48,992 95S 3,184 11,268
Waste storage cell 153 c
Floors 25,183
Comtrol rod storage 8,238 72 < 1,935
Spest core storage celi 12,567 130 ¢ 3,188
Replacement cove cell 12,574 22 250
Speat heat exchanger cell 9435 100 1,929 2,445
Chemical processing cell 57,445 ¢
Freeze-valve cell 5,028 55 45 1,351
Off gas 3 8722 ¢
Hot cels 12,724 617
Auxiliary equipment cells 333
Drain tenk cell 12,571 130 250 2,250
Miscelaneous concrete 32
Reactor building

Floors 4,340
Exterior walls 5,698
Interios walls 4933
Steam cells 94,423 956 c 23,328
Cooclaat-nit draia cell 94,423 c

Total 397,142 2,573 §5,070 45,768

————y

“Carvon steel for containment and shielding oaly. Does not include reinforcing or stractural steel

Siaciwded in accomat 2123, Contaimmet Structures.

“Concrete included cisewhere in Table D 3.



Table D.4. Estimated cost of Hastelloy N in reactor vessel®
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Weight Cost per pound Shop labor Matesials and labor
() (doilars) (10° dolars) (10° doflars)
Removable upper head assembly
Cylinder extension (18 ft OD, 13 ft high, 2 in. thick) 68,130 10 341 681
Flange (20.66 ft OD, 18 ft ID, 6 in. thick) 22,480 15 225 337
Head® (18 ft diam, 3 in. thick) 40,800 15 401 612
Comtrol rod pipe (18 in. diam, 20 ft high, 0.56 in. thick) 2,420 25 43 60
MisceRaneous internals (allow.) 1,000 25 20 25
Reactor vessel, permanently installed
Uppex flange, as above 22480 15 225 337
Cylindex extension, as above 68,130 10 341 681
Portion of top head (22.53 ft OD, 18 ft ID, 2 in. thick) 15,410 15 150 231
Head skirt (22.4 ft av diam, 6 in_ high) 3,260 10 16 33
Vessel cylinder (22.4 ft av diam, 13 ft high, 2 in_ thick) 84920 10 425 849
Bottom head® (22.53 ft diam, 3 in. thick) 63,920 15 639 959
Bottom well (3 ft diam_ 4 ft high, 1 in. thick) 1,750 15 18 26
Bottom ring (1 A 8 in., ~ im_, 17 R 6 in. ID) 14,003 25 280 350
Top ring (1 9 im., 3ia, 17 it 8 in_ID) 14,861 25 297 372
Reflector retainer rings (2 in., 4% in., 21 ft diam) 10,208 25 204 255
Bottom ring 3 in_, 6 in., 16 ft 2in. ID 3,627 25 73 91
Nozzles, etc. (allow.) 5,000 38 165 190
Miscellaneous inteznals (allow.) 2.000 25 40 S0
Replaceable core assembly
Intermal head® (18 ft dias, 3 in. thick) 40,800 15 401 612
Bottom ring€ (92 in.%, 16.3 ft diam av) 18,200 25 364 4SS
Miscelaneous internals (allow.) 1,000 25 20 25
Altermate removabie upper head assembly (see above) 134,830 10-2¢ 1035 1715
8946
Transportation to site 200
Total (does not include fied labor) 9146

“Estimated weights based on Hastehoy N density of 557 lblft’,andonl-‘i:. 31and3.2.
1+e
1-¢

2
lnside surface area of ellipsoidal head = sw® +:-2b¢—ln
where
a=D[2,

b = 3a/11 (for MSBR), and
e=J@® - b*)a=0.962.

€An irregular shape; see Fig. 3.2

=0.9D2,

[N,
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Table D.S. Ectimated cost f granhite for MSBR

Cost
Pounds (thousands of dollars)
Weights of graphite”
Zowe ], 13% malt
Octagon (14.33 ft across flats, 13 ft high) 221,400
Zone II, 37% salt
Axial (9 in. thick, top and bottom octagon) 18,496
Uppes ead elements (3 in. thick, top octagon) 735
Radial (16.83 ft OD, 14.5 ft high) 55,055
Salt inlet, upper past® 880
Radial vcssel coolant piunm" 3,360
Radis! reflector, ! 2% salt (22,15 f1 OD, 17.16 NUID, 14.5 ft high) 254,395
Axial reflector, bottowa,~ 3% sait (20.2 [t effective dianzter) 54,816
Axial reflector, top, 3% salt (same as above) 54,816
Outict passage? 5,400
Summary of graphite weights and costs
Extruded elements and shapes (at $11/b)
Zone 1 and zone 11 axial 240,631
Zome 11 oadial 55,055
295,685 3252
Reflector pieces (at $9/Ib)
Radial 254,395
Axial, top 54 816
Axial, bottom 54 816
Outiet passage 5,400
Coolant plenum 3,360
Salt inlet 880
373,667 3363
Alternate head assembly (at $9/Bb)
Axial reflector, top 54,816
Outiet passage 5,400
60,16 542
Total graphite, including alternate head assembly 729,569 7157
Replaceable core assembly
Zone 1 240,631
Zone I radial | ** $11/® ss,oss} 3252
Axial reflector, bottom 54816
Salt inlet, upper part }“‘9’“’ aso} S01
351,382 3753

SWeights based on graphite density of 115 Bb/ft>,
®From estimates by H. L. Watts.

€Based on volume of spheroid: V = 4/3 n’b, where (forMSBR) a=10.1ftand b =231t Thus V = 103152.7 (for one head).
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Table D.6. Estimated cost of primary hest - «changess®

Description for each of four units
Material, Hastelloy N
$543 tubes, 0.375 in. OF_N.035 in. wal® thickness, 2207 ft
long (each unt) 2
Total surface, 12,011 ft® X 4= 42,644 ft
Shell 1D, 66.2 in.
See Fig. 3.33
Weights of Hastelloy N®
Tubes (70,800 b at $30/1D) $2,124,000
Cylinders (192,400 b at $10/B) 1,924,000
Heads (7,800 B at $15/b) 117,000
Tube sheets, rings, etc. (149,100 &, at $20/b) 2,982,000
$7.147,.000
Instaliation labor 200,000
$7,347.000

*Time ¢id not permit revising the abuve cost estimate to agree
with the latest primary heat exchanger data, as listed m Table
3.18.

PWeights are for total of four units.

Table D.7. Estimated cost of stcam gemerators

Totsl of 16 urits
Total surface: 56,432 i
Material: Hastelloy N
Tubes: 380 tubes. G.50 in. OD, 0.C77 in. wali thickness, 70.9 it
av length (each unit)
Totsl weight® = 170,609 b at $20/® $3.400,000
Shells: 18 in. ID,0.375 in. wall thickness, 71 ft av length
Total weight = 95,122 at $10/Bb 950,000
Spherical heads: 28 in. OD X 4 in. wail thickness, total 32
Total weight = 74,661 b at $15/B 1,120,000
Nozzles, baffles: Weight = 16,000 b (say) at $20/Bb 320,000
Installation 480,000
$6,270,000
*Total weights are for 16 units.
Table D.8. Estimated cost of stcam reheaters
Total of eight units
Material: Hastelloy N
Total surface: 2253 x 8= 18,024 ft?
Tubes: 392 tubes. 0.75 in. OD, 0.035 in. wall thickness,
29.27 ft long (each unit)
Total weight® = 27,911 b at $30/m $ 837.530
Shell: 21in ID, 0.5 in. wall thickness, 30 ft long
Total weight = 31,352 1b at $10/Ib 310,352
Tube sheet: 21 in. diam, 4 in. thick
Total weight = 7145 1b at $I/B 71 450
Heads: 10.5 in. radius, 0.75 in. thick (assumed hemispherical)
Toil weight = 3215 b at $20/Bb 64,000
Baffles: 21 in diam, %, in thick, 70% cut; total 36 per unit
Total weight = 8440 b at $10/B 84,400
Nozzles, etc., say 4000 b at $25/1b 100,000
installation labor 200,000
Total $1.668,000

®Total weight is for eight units.

B s



186

Table D.9. Estimated cost of fesl-salt drain tank

Description: 13 ft9 in. OD, 21 ft 9 in. high; sec Fig. 6.2 and Table 6.
Material: Hastelloy N
Heads: Total of four. 13 ft 9 in. diam, 1", in. thick

Aspect ratio, 7/,

Area of hezd, 0.902 (see footnote b, Table D.4); on: head has a S-ft-diam hole at center line

Weight, 4 X 557 (21.7 t® — 2.45 fid) = 42,800 B at $15/> 642,000

$ 642,000
Cylinders: Totalof two, 13 ft 9 in. diam, 16.5 ft high, 1 in. thick = 66,200 B at $10/b 662,000
U-tubes: Total of 1500, ¥, in. OD, 0.042 in. wall thickness, average length, 17.5 ft
Weight = 18,950 ib at $30/1b 567,000
Headers: Total of 40. 3-in. pipe inside 6-in. pipe, about 6 ft long
Weight = 7260 b at $15/b 108,900
Nozzies, baffles, etc. (allow.) 2000 b at $25/Bb 50,000
Heat-removal system cost allowances®
Salt-to-steam exchanger $ 200,000
Steam-to-air exchanger for 40 MW(t) 200,000
Piping, etc. 250,000
$2,679,000
Instaliation labor 300,000
Total $2,980,200
“Capacity = 18 MW(1).

Table D.10. Estimased cost of fucl-salt :2Giage tank

Description: Tank is essentially same 33 fuel-salt drain
tank, except that cooling tubes in tank are
salt-to-steam transfer as in MSRE and no

intermediste heat exchanger is required
Material: Stainless steel (2 = 495 B/ft’)
Tubing: 16,800 b at $5/Ib = $ 84,000
Cylinders: 58,600 Ib at $3/Ib = 175,800
Heads 38,000 b at $5/1b =
Headers 6500 Ib at $5/Ib = } 232,500
Nozzles, etc. 2000 Ib at $5/Ib =
Installation labor 150,000
Heat-removal system cost allowance
Steam-tu-2ir exchanger 100,000
Piping 50,000
$642,300
Installation labor 70,000
Total $712,300

Table D.11. Estimated cost of conlant-salt storage tanks

Total of four units. 12 ft diam, 20 ft high, useful storage capacity 2100 ft> each

Material: stainless steel (o = 495 Ib/ft*)
Cylinders: 12 ft diam, 20 ft high, 1 in. thick
Total weight = 124,460 Ib at $3/Ib
Heads: 12 ft diam, 1.25 in. thick
A = 1.0D? (assumed aspect ratio for heads)
Total weight = 71,304 b at $5/Ib
Nozzles, etc., say 8000 :b at $5/ib =
Installation labor

Total

$375,000

350,00)
40,000
35,000

$800,000
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Table D.12. Estimated cost of muintensnce equipment for
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Thable D.14. Fixed charge rate (perceat per annum) wsed for

the MSBR investor-owned MSBR powes station®
Costs in thousands of dollars Return on money invested? 7.2
Thirty-year depreciation® 1.02
c’b::m T(Z'S) Interim replacements? 0.35
Hoists 150 Federal income tax® 204
Transition piece 25 Other taxes/ o 284
Maintenance containment cover 120 Inserance other than liability# -9'2
Maintenance closure 75 13.7
Disassembly and storage cell equipment 500
Mairtenance shields 250 €This table is for depreciating equipment. For nom-
Long-handled tools 400 depreciating items, such as land, a fixed charge rate of 12.8%
In-cel supports and mechanisms 250 was assumed, as recommended in NUS-531 (ref. 119). See Table
Transfer cask for miscellaneous components 50 D.2 fo: fixed charge rate on fuel salt.
Maintenance control room equipment 150 PReturn based on 52% in bonds at 4.6% return, 48% in
TV viewing equipment 150 equality capital at 10%.
Decontamination equipment 100 “The sinking-fund method was used in determining the
Remote welding equipme—t and controls 1000 iation allowance fcr the 30-year period.
Hot cell equipment 50 accordance with FPC practice, a 0.35% allowance was
Miscellaneous 30 made for replacement of equipment having an anticipated life
Total 4500 shorter than 30 years. (Reactor core graphite is included in a
special replacement cost account — see Table D.15.)
€Federal income tax was based on the “saum-of-the-year
digits” method of computing tax deferrals. The sinking-fund
method was used to normalize this to a constant retum per
year.
FThe recommended value of 2.84% was used for other taxes.
ZA conventional allowauce of 0.25% was made for property
damage insurance. Third-party Liability insurance is listed as an
apersting cost.
Table D.13. Estimated cost of rehest steam preheaters
Total of eight units
Material: Croloy

Total surface: 781 X 8 = 6248 fit?

Tubes: 603 tubes. 0.375 in. OD, 0.065 in. wall thickness, 13.2 ft long (each unit)

Total weight® = 15,591 Ib at $2/Ib

Shells: 20.25 in. ID, 7, , in. wall thickness, 13.6 ft long

Total weight = 11,880 Ib at $1.50/b
Spherical heads: About 31 in. OD X 2.5 in. thick

Total weight = 30,000 Ib at $2/Ib

Installation labor

$ 32,000
18,000

60,800
25,000

$135,000

9T otal weight; are for eight units.




188
Table D.15. Cost ui replaciag reactor core amemblies Table D.16. Estamated ssaual costs for plant operation
im the MSBR snd meintenance®
In thousands of
- doflars Staff payrot® $ 800,000
Cost of assembly Fringe benefits? __ 80,000
Hastelloy N — see Table D.4 1,092 Subtotal — plant staffing 880,000
Graphite — see Table D.5 3,753 Consumable supplies and equipment 400,000
4,845 Qutside support seyvices 140,000
Chargeable power revenue loss during core Miscellaneous ___ 80,000
assembly replacement® Subtotal 1,500,000
Special labor cost per replacement® 500 Genera! snd administrative 225,000
Total cost pes replacement 5,345 Coolant-salt makeup” 9,000
Effect on power production cost, mill/kWhe®  0.17 Nuclear liability insurance
Commercial coverage (net) 240,000
®1t is assumed that the MSBR core assembly can be Federal Government coverage — 67,500
replaced during the plant downtimes for inspection and Total direct annual cost 2,061,500
repair of other equipment, such as the turbime-generator, Fixed charges on openation and maintenance 38,800
which are accommodated by the 80% plant factor, and working capital
no additional plant outage is chargeable against core -—
¢ Total annmal cost ;éosog
m Isbor force for making core replacements is Contribution to power cost? 0.30 mill/kWhr
assamed to be in addition to the normal plant operating
and maintenance crew. ®Based on cost breskdown and computation prescribed in
“While various metnods could be used to estimate the NUS-531 (ref. 119). The values agree reasonably well with those
cost of fature core replacements, a sufficiently represent- reported by Suskind and Raseman (ref. 121). Costs do not
ative and sirzightforward method is to assume an extra inchude chemical processing, which is incladed in the fuel-cycle
smount charged per kilowatt-hour, which is set aside, at cost, nor special costs associated witk periodic replacement of
3% interest compounded anmually, 30 that at the end of the core graphite.
four years the total cost of a replacement will have been PBased on NUS-531 (ref. 119) recommended values for July
accumulated. 1968 escalated 8%.
:Iaknpeatmedmbeuofhmm.
Repl. cost $5.345,000 X 10° Based on 80% plant factor.

10° x 365 X 24 X 0.80 (1.08> + 1.082 + 1.08 + 1.00)
= 0.17 mill/kWhr

For simplification, this method ignores the small effects
due to no accumnlated funds needed the last two years
of plant operation and the fact that it is untikely that the
pimt would be shut down exactly after 30 years of
operation with 2 years of useful life remaining in the
reactor cose.
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Tabie D.17. Cost pesalties for use of wet natural-dralt cooling towes instead of fresh once-through
condensing water supply in 1000-MW(c) MSBR station < compared with peaalties in light-water

nuclear power rtatiom®
MSBR Light-water reactor®
Incruased capital cost of plant due to towers, $4,000,000¢ $6,000,000
pumps, etc.
Estimated loss in generating capacity due to 13,000 kw9 20,000 kW
heat rate increase from 7690 to 7800 Btu/kWha
Estimsted capital cost of increasing thermal $1,C00,000° $1,500,000
capacity of plant to give 1000 MW(e) net output
Annual operating cost for towers $150,0007 $150,000
Anrual additional fuel cost due to higher hcat rate $71,0008 $165,000
Increases in power production costs,” mills/kWhr
Capital cost of towers, etc. 0.08 0.12
Capital cost of additional capacity needed 0.02 0.02
Opexating costs of tower 0.02 0.03
Increased fuel cost due to higher heat rate 0.01 0.02
Total increase .13 0.20

®Use of wet natural-draft cooling tower will increase the turbine back pressure from 1% to 2% in. Hg
abs. Performance and costs of MSBR with cocling tower are taken as proportional to the effects of adding
a tower on light-watez reactor performance, as estimated by Haaser.!2?
PEstimated by Hauser (ref. 129).
ital costs of towers, pumps, etc., taken as proportion of the tower costs for kght-water
reactors ”onhsisofamountol‘huuejededtotbem'au.
“Estimated loss in capacity (and increase in heat rzte) based om ratios of enthalpy drops in steam
tarbine to 2% in_ Hg abs vs 1% in_ Hg abs, and cquivalent effect on light-water reactor cycie.!2®
€Capital cost of increasing reactor piant capacity, flow rates, etc., to achizye 1000 MW(¢) net plant
output estimated at $75/kW, as was assumed in ref. 129,
mem&gmMmuﬂnmqumlﬂlmmm'”

£Based on same 10 cents/MBtu chargeable to fuel-cycle cost as in MSBR reference design.
ABased on ~14% fixed charg-- and 0.8 power factor.




