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' DESIGN AND COST STUDY OF A
FLUORINATTON--REDUCTIVE EXTRAGTION- -METAL
TRANGFER PROCESSING PLANT FOR THE MOER

W, L. Cartef : , E. L. Nichoison
ABSTRACT

A preliminary design study and cost estimate were made
for an integrated processing plant to continuously treat
irradiated LiF-BeF,-ThF,-UF, fuel salt from a 1000-Mi(e) .

single-fluid, molten-salt. breeder reactor, The salt is

treated by the fluorination--reductive extraction--metal
transfer process to recover and recycle uranium and carrier
salt, to isolate ?33pa for decay, and to concentrate fis-
sion products in waste media, For a plant that processes
the active inventory (1683 fts) of reactor fuel on a 10-day
cycle the direct costs were estimated to be $21 million and
indirect costs were .$15 million for a total investment of
$36 million, Allowances for site, site preparation, and
buildings plus facilities shared with the reactor are not
included since these costs are included in the overall cost
of the power station,. The net fuel cycle cost for process-
ing on a 10-day cycle at 80% plant factor was estimated to

‘be 1.1 mills/kWhr; this includes credit for a 3.3%/yr yield

of bred fuel, The capital investment was not strongly in-
fluenced by processing rate. A plant to process the 1000-
Mi(e) reactor on a 3,3-day cycle was estimated to cost $48
million,

A O;9—gpm‘stream of fuel salt'flows diredtly from the

‘reactor to the processing plant, and, after about 30 min-

utes holdup for decay of short-lived fission products, the
salt flows to a fluorinator where spproximately 95%.of the
uranium is removed., The salt is then contacted with bis-

-muth containing metallic lithium reductant to extract **°Pa

and the remaining uranium, which are hydrofluorlnated from
the bismuth into a captive salt phase and held for ***Pa
decey, - The U- and Pa-free salt is treated in a second ex-
tractor with additional Bi-Ii solution to remove most of
the rere earth fission products which are isolated via the
metal transfer operation in Bi-Ii alloys and held for decegy.

* Finally, the rare earths are hydrofluorlnated into a waste

salt for disposal,

, Fuel salt is reconstitued by reducing recycle‘UFstfrom
the fluorinator directly into the purified LiF-BeF;-ThF,
carrier, Gaseous reaction products (HF and excess Hé) from

UF reduction are treated to remove volatile fission products’

and recycled, A portion of the HF is electrolyzed to provide
Fp for fluorination, , '




- Reductive extraction’and metal transfer operations are o \.,),
-carried out at about 6L40°C; fluorination and hydrofluorina-
tion can be conducted at 550-600°C. Molybdenum is the
assumed construction meterizl for vessels that contained.
molten bismuth and bismuth-szlt mixtures; Hastelloy N was .
used for vessels containing only molten fluoride salt.

o

Q)

7 Keywords: Fluoride Salt Proce531ng, MSBR, eductive
Extraction Process, Metal Transfer Process, Fluorination, .
Fuel Cycle Cost, Capital Cost, Fused Fluoride Salts, Chem-
»1ca1 Processing, Fission Product Heat Generstion, Process
De81gn, Bismuth Mblybdenum, Protactinium

SUMMARY

_*An essential objective of the design &nd developmental effort on. &
molten salt breeder reectorr(MSBR) is s satisfactory and economic reproc-
essing method for the irradiated fuel, As processing development advances
in the lsboratory and on an engineering scale, it is infofmative to relate
the conceptual process to the operation of the reactor and to the cost of
producing power, We have made & preliminary de81gn and cost estimate for
& processing plant that uses the fluorination--reductive extraction—-metal
transfer process to determine capital 1nwestment and fuel cycle costs,
Our study was for an integrated processing facility for treating irradi-
. ated LiF-BeF,-ThF,-UF, fuel from a single-fluid, 1000-MW(e) MSER on &
10-day cycle, The estimated capital and fuel cycie costs ére: '

Capital Costs | _ T
Direct costs . A » 20,568 - -
~ Indirect costs S ; - 15,046
Total plant investment o S ‘35,61u
Fuel chle Costs (80% plant factor) : . mills/kWhr
Fixed charges . . 0,696
Reactor inventory (fiss1le1 o : 0.328 . ,
Reactor inventory (nonfissile) 7 . 0,060 . .
Processing plant inventory (fissile) - . 0,029 - : :
Processing plant inventory (nonfissile) - 0,012 ‘ v .
- Operating charges = - Co 0.079 : —
Production Credit (3.27%/yr fuel yield) .~ -0.089

_Net Fuel Cycle Cost | ‘ ' ' ‘ 1.116 .



The costs are for installed process equipment, piping, instrumentation,
‘thermal insulation, electrical supply, sempling stations, and various |
auxiliary equipment including pumps, electricel heaters, refrigeration
system, and process'gas:supply and purification systems, _The estimete

does not include site, site prepesration, and building costs or the cost

of facilities and equipment shared‘with the reactor plant; these costs

are included in the overall cost of the power station, Installed spare
equipment end redundant cooling circuits for fail-safe designvare also
" not included Molybdenum was the aesumed oonstruction material for all
equipment that contained bismuth or bismuth~sa1t muxtures, Hastelloy N

was used for vessels that contained only molten salt

Irradiated fuel is removed continuously from the reactor and held

~ about 30 minutes for‘decay of short-lived fission products (see Fig. 1).
Most of the uranium is»then removed bj fiuorination and is quickly:re-
cycled by reduction with hydrogen into previously processed salt that is
returning to the reactor. Tﬁe salt is then contaoted:in an extraction
column with bismuth containing about 0,2 at.% lithium metal and 0.25 at,%
‘thorium metal reductants to extract protactinium, zirconium, and the
remaining uranium, The uranium- and protactinium-free salt flows to a
second extraction column where & large portion of the rare earths, al-
kaline earths, and alkali metal fission products &re extracted by further
contact with Bi-Li reductant. Some thorium is also extracted, The salt
is then reconstituted w1th recycle and makeup uranium, treated to remove
entrained bismuth corr031on products, and suspended particulates. The
UB”/U4+ concentration ratio is adjusted ‘and the salt is returned to the
reactor. ‘ | »

The bismuth effluentffrom the first extraction column is nydroflu-'
orinated in the presenoe-of recirculating LiF-ThFé-ZrF;-PaF4 salt to
oxidize 233Pa, uranium, and iirconium to soluble fluorides which dissolve
in the salt; unused lithium;and thorium reductants-elso trensfer to the
salt. The clean bismuth receives mekeup reductant and returns to the
process., Protactinium-233 is isolated from the rest of the process in
- the salt phase and held for deoay. To avoid a large uranium inventory, 4

the protactinium decay salt is fluorinated on a one-day cycle, and,
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every 220 days, about 25 ft> of the salt is withdrawn, held for 233Pa
decay, fluorinated, and'discarded to puirge accumulated fission products,

LiF, ThF,, and some corrosion products, The F,-UFg stream from this

-fluorinator contains uranium of the highest isotopic purity in the proc-

eSsing plant; therefore,'a portion of this stream is withdrawn to remove

excess uranium above that required to refuel the reactor,

Fission products removed from the carrier sazlt in the second extrac-
tion column are transferred from Bi-Ii solution to molten lithium chloride;
however, the distribution coefficient for thorium between LiCl and Bi-Ii
solution is much lower than that of the rare earths and very little tho-
rium transférs, The lithium chloride circulates in a closed loop,vand
is treated in two stepsvto isolate the rare earths'ahd_alkaline earths.
The entire LiCl stream is contacted with Bi-5 at,% Li alloy to strip

~trivalent rare earths into the metal; about two percent of this treated

. stream is then stripped with Bi-50 at.% Li alloy to remove divalent rare

earths and alkaline earths, Alkali metals (rubidium, cesium) remain in

the lithium chloride and are removed by occa51onally discarding a small

 volume of the salt., Fission products build up in the two Bi-Li alloys

and are purged perlodically by hydrofluorinating relatively small volumes
of each alloy in the presence of a molten waste salt,

Large fractions'of some classes of fission products (noble gases,
noble and seminoble metals) are‘presumed to be removed from the fuel salt
in' the reactor, and for 'these, the processihg plaht is not designed to
handle the MSBR's full productlon. Noble ‘gases are sparged from the . ‘
circulating fuel in the reactor with inert gas on a 50- sec cycle, and
noble and semlnoble metals are expected to plate out on reactor and heat
exchanger surfaces on a relatively short cycle. A removal cycle time of
2.l hours was used for this study .Since this cycle is short compared
to 10-day processing oycle tlme, only about 0,1% of these metals are
removed in the proce531ng plant Halogenous fission products are vola-
tilized in fluorination and are removed from the process gas by scrubblng

with aqueous caustlc solution after uranlum has been recovered

The cap1ta1 cost for the fluorlnatlon—-reductlve extractlon--metal

transfer process1ng plant is not strongly affected by throughput The




direct, indirect, and total plant investments were $28,5 million, $26.0h1
million, and $48,541 million respectively‘for a plant to process a 1000-
Mi(e) MSBR on a 3.33-day cycle, The scale factor for capital cost versus ’
throughput is 0,28 for a'range of processing cycle times from 3 to 37 days.

Although con51derable knowledge has been galned in recent years on
processing molten fluoride salts, the current concept still has a number
of ‘major uncertalntles and problem areas that must be resolved to prove
‘its practlcablllty From a chemical standp01nt the process is funda-
mentally sound; however, engineering: problems ere difficult, A basic
‘problem is a material for containing bismuth end bismuth-salt mixtures;
molybdenum has excellent corrosion resistance, but the technology for
fabrioating‘complex shapes and systems is undeveloped.‘-Graphite is a
possible alternate material, howerer, its use introduces design and fab-
rication difficulties particularly in joint design and porosity. =
Fluor1nat1on of a flowing salt stream has been demonstrated but establish-
ing and maintaining a protective layer of frozen salt on the fluorinator
walls has not been demonstrated except in a fluorination simulation,
Complete removal of entrained bismuth from molten salt, and satisfactory
high-temperature instrumentation for process control are yet to be de-
veloped and demonstrated. Experinental data from the MSRE indicate that
noble metal fission products will deposit on reactor surfaces as we have
_assumed in this study; if this is not the case, there will be a consider-
able effect on processing plant design in facilities for handllng these

addltlonal fission preducts,
SCOPE OF THE DESIGN STUDY

This design and cost study was made to estimate the cost of proc-
essing irradiated LiF-BeF,-ThF,-UF, fuel of a 10001MW(e) molten-saltr
breeder reactor, The processing plent is an integrated facility that
shares common services and mazintenance equlpment with the reactor and
power conversion plant, Fuel is treated contlnuously by the fluorlnatlon--:

reductive extraction—-metal transfer process

C.



‘aaj Our costs are based upon preliminary design calculations of each
major item of process equipment, A sufficient study was made of all

!

processroperationslto establish the geometry, heat transfer surface,

material of‘constructioh, coolant requiremeht, and other features that

‘ k influenced operability énd cost of the equipment - No plant layouts or
designs of'auxiliary equipment were made, Auxiliary 1tems such as pumps,

- sampling statlons, reagent purification systems, etc., were identified
by size and number in relatlvely broad categories from flowsheet require-
ments and a general knowledge of the overall plant layout. The costs of
major equipment items were estlmated on the basis of unit cost per pound
of fabricated material for the required shépes, for example, plate, tubing,

_pipe, flanges; etc. The costs of conventional aux111ary equipment and
of f-the-shelf items were estimated from prev1ously developed molten salt

reactor proaect information,

Estimated costs for major and auxiliary equipment were the basis
for other direct costs that could not be determined without detailed
designs and equipment layouts, Cost for piping, instrumentation, insula-

tion, etc,, were estimated by taking various peréentages of the installed_

<

equipment costs., The applied factdrs were obtained from previous experi-

ence in chemical prOcessing'plaht design and construction,

The study does not include allowances for siie, site preparation,

buildings, and facilities shared with the reactor plant, These costs
are identified with the overall cost of the power station and it is not
praéticable to prorate them over various sections of the installation.
FaCilitiés‘and»equipment for treating the reactor off-gas are usually

- Eonsidered to be part of the reactor QYStem-ahd their cost was not in-
cluded, ‘Furthermore, our .study was not sufficiently‘détailed to determine
the required duplication'ofjeQﬁipment for continuity of operations, nor
did we make a thorough safety ahalysis that could result in additional
coét,7especia11y with regafd to redundant and fail-safe coolant circuits,
A more detailed study than ours might also show that additional equipment

«

. is needed to treat fuel and/or reactor coolant salt in case of accidental

= _cross contamlnatlon




For consistency with‘the cost study for the referenoe'molten-salt
breeder reactor,® we have based our costs on the 1970 value of the '
dollar, Privete ownerShip of the plant is assumed, Interest on borrowed
“money for the three-year constructlon perlod is taken at 8% per year; no

'.escalatlon of costs dnrmng constructlon is taken into account Costs of: o

-site, buildings, facilities and serv1ces, and reactor off-gas treatment

may be found in reference 1.
' THE MOLTEN SALT BREEDER REACTOR

Reactor Plant

The processing plant of this Stu&y treets irradiated fuel from the
'1000-MW(e) reference molten -salt breeder reactor descrlbed by Robertson.
The single-fluid reactor is fueled with 233yF, in a carrier of molten
71iF-BeF,-ThF, (72-16-12 mole %); about 0.3 mole % **3UF, is required
for‘critioality. The molten fuel is circulated at high nelocity in
‘closed loops consisting of the reactor core and primary heat exchangers
(Fig. 2) where fission energy is transferred to a secondary coolant salt
for the production of supercritical steam at 1000°F and 3600 psia.

: Fissioning'uranium in the core heats the salt to about 1300°F; this tem-
perature is reduced to about 1050°F in the primary heat exchangere from
which the salt returns to the core to repeat the cycle, A sidestream of

s&lt flows continuously througn the fuel-salt drain tank, &nd & very small

portion (0,87 gpm) of this stresm is routed continuously to the processing
plent for treatment, Processed salt is returned to the drain tenk &nd
then to the reactor. |

‘A few pertinent data sbout the MSER are given inATable H

Fuel Salt

In a 31ng1e-f1u1d MSBR the fertile materlal (thorlum; is carried in .
the fuel stream, and bred fuel is produced»ln the fuel salt, Most of the -
ibred fuel is burned to‘produce power; however, excess 233U amounting to
about 3.27% of the feactor inventony is produced each yeer end is recov-

ered in the chemicel processing plant,

€
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Fig. 2. Simplified Flow Diagram of MSBR System, (1) Reactor, (2)
Primary heat exchanger, (3) Fuel-salt pump, (L) Coolant-salt pump, (5)
Steam generator, (6) Steam reheater, (7) Reheat steam preheater, (8)

-~ Steam turbine-generator, (9) Steam condenser, (10) Feedwater booster
pump, (11) Fuel-salt drain tank, (12) Bubble generator, (13) Gas sepa-

. rator, (14) Entrainment separator, (15) Holdup tank, (16) L7-hr Xe
holdup charcoal bed, (17) Long-delay charcoal bed, (18) Gas cleanup and

compressor system,
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Table 1. Selected Data for the Molten Salt Breeder vReavctora-

Reactor Plant

Gross fission heat generation - 2250 MW(t) -

Gross electrical generation : S 1035 Md(e)

Net electrical output ' : 1000 Mw(e)

Net overall thermal efficiency Wy hg -

Reactor vessel o 22,2ftIDx 20 £t high

- Construction material for reactor . : Hastelloy N «
-vessel and heat exchanger : _ e

Moderator o Graphite (bare)

Fissile uranium inventory : _ -~ 1346 kg -

Breeding ratio ' - 1,06

Fuel yield ’ 3.27%/year

Doubling time, compounded contlnuously . 22 years

at 80% plant factor

Fuel Salt
Components ’ o LiF-BeF,-ThF,~UF,
Composition - ' 71.7-16,0-12,0-0,3 mole %
Iiquidus temperature ~930°F (L99°C)
Isotopic enrichment in 71i L 99.995%
Volume in primary systemP _ 1720 £t2

Processing cycle time 10 deys

%Data taken from ref, 1.

A bThe fuel salt volume used in our study was 1683 fta . The 1720-f£3 value
resulted from later calculations in optimizing the -MSBR, ’ '
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(1]

and (3) fission products that have aﬁ>affinity for surfaces in the reactor

- prbcessing plant design becéusé of its high specific decay heat (50.8

. and seminoble metals which appears to attach themseives to surfaces in

11

A thermal-neutron reactor must be processed rather rapidly for both
fission product and 233Pa removal if the reactor is to maintain favorable
breeding characteristics, and a significant advantage of the MSBR is the
ease of withdrawing fuei for processing, The moderately high &bsorption
cross section and large equilibrium inventory (~102 kg) of *3°Pa make
this nuclide a significant neutron poison and require that its removal
rate by processing be about four (or more) times its decay rate, that is,

a cycle time of about 10 d&ys.‘»In this system the processing plant is

an integral part of the installation, and irradiated fuel can flow easily
from the primary reactor circuit to the processing plant (Fig. 1). . Treated
fuel is returned in a2 similar manner, The processihg cycle time is de- '
termined from an economic balance between the cost of processing and the
creditvfromvincreased fuel yield. The cycle time for this study (10 days)

‘might not be the optimum because it was fixed to give the MSBR favorable

nuclear performance without priof knowledge of the processing cost,

Contaminants in the reactor fuel can be grouped into three broad |

categories with respect to their influence on processing plant design:?

(1) volatile fission products, (2) soluble fission and corrosion products,

system. The first group inciudes the noble gases which are removed from
the reactor prlmary system on about a 50-sec cycle by sparging the circu-
lating fuel wlth an inert gas, Therefore, these gases are only a minor

con31derat10n in the design of the processing plant. Experimental evi-

dence - suggests that portlons of the noble metal fluorides might also be
removed by sparging, but the data are inconclusive in establishing the
magnitude of this effect. ,rhe second group of fission products has the
most efféctson prbcessing plant design becausevﬁheir only means of re-
moval is by processing the fuel salt, These fissiqnsproducts include
primarily the halogens, alksli metals, alkaline earths, and rare earths;

protactinium (as PaF,; is'also soluble and a very important nuclide in
w/g) and large equilibrium invéntory.:rThekthird group includes the noble

the reasctor circuit, These metals are called "noble" because they are
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'noble with respect to the materials of constructlon of the reactor and \~¥)
© are normally in the reduced state in this system. The effective cycle
time for this removal is not deflnltely known but is believed to be
bout 2.1 hr, the removal time used in this study, This group of fission
products accounts for sbout 304 of the total fission product deceay heat;
hence noble metals could become an 1mportant factor in process1ng plant

: _des1gn if their removel in the reactor is not &8 efflclent as we have

assumed, or if they build up deposits that occa31ona11y,break eway &nd
enter the processing plant. e ( ~

Equilibrium Composition of the MSER

The'equilibrium composition of the 1000-MiW(e) MSER has been calcu-
lated by Bell® for use in this study and the‘results &re given in Teble 2.
- The fission product values are the sum of indiridual values for.every: '
isotope of the partlcular fission product. At equilibrium, B + f heat
generation by fission products is 91, 9 MW, which is 4,08% of the total -
thermal power,

Protactinium is processed on a 10-day cycle and held for decsy in : o v
the processing plant, The 233Pa inventory distribution between the ' o
reactor and the processing plant is 20,6 kg and 81.8 kg respectirely.

Most of tne fission products are removed from the fuel salt by
several mechanisms, and the processing cycle time for each givenvin the
table is for the dominant removal process. However, all removsl proc-
esses were considered in computing the equilibrium composition, for
.example, neutron absorption,'plating out on reactor surfaces, extraction .
in the processing plant, fuel salt discard, or &ny other appllcable
. method

BEHAVIOR OF FISSION PRODUCTS AND -
FUEL SALT COMPONENTS IN FROCESSING

, Fission products and fuel component behsvior in the fluorination—4
reductive extractlon--metal transfer process is more eas11y explained by

associatlng groups of elements w1th the prlnclpal operatlon for thelr o _ \ivgv_
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Table 2.' PBquilibrium Composition and Hest Generation for Principal Radioactive Nuclides in the ‘IE)_OO-HJ(Q) MSER

Carrier Salt: LiF-BeF,-ThF, !
79-16-12 mole § :

Cycle Time for Sait Through

Processing Plant: 10 days : o

Reactor Thermal Power: 2252 MW .

Fuel Salt Volume: 1683 £t - : !

Breeding Ratio: 11,0637 ’

}

Tission Products _

Processing T ) . -
Element Cycle Time Grans/cn® : Bets Watts/cr® ._Gamma Watts/cr® B+ y Watts/cn®
sg. .30 see : 1.08360 x 1072% 1.30620 x 10714 0.0 ! 1. 50620 x 1024
"2n 2.5 hr - 2.74881 x 10722 *.4382L x 10730 3.15231 x'} 19710 © 37537 x 107°
Ga 2L © B.58Lck x 107® 4, 20885 x 107° _ 1,62267 x[107® © 5.93163 x 1078
" Ge Zouhr : ©7.07118 x 1072¢ $,32699 x 107° 2.45637 x 107 ' 7.78336 x 107°
As 2.4 hr 5.7€732 x 19730 © 0255 x 107 3.25438 x 107 1,72803 x 107
Se 2y e 2.03324 x 1072 : 2,347 x 107° 1.60351 x 107 2.50532 x 1072
. Br 10 days 5.09811 x 1077 , 1.48250 x 1072 4.53979 x 1072 1,93648 x 107
kr 50 sec. 2, 74746 x 107° ' 3.47071 x 107% 1.63903 xi‘ 1072 . 5.04915 x 1072
Rb 10 days 217168 x 1077 1.7215L x 1078 ‘ 5.83752 x 107 ©2,30530 x 107*
sr 14 days = - 2.L14L5 x 107® €,83795 x 107~ 7.99U46 x 1072 . : t.48324 x 107
Y i days 2,61838 x 107 1.35111 x 10-* 7.90656 x 1072 2,14176 x 107
zr 10 days - 6.68950 x 107 1.55792 x 107 ~ 707 X107 1.73599 x 107
No 2. hr 6,26768 x 107 6.55Llik x 1077 : 3,57730 x/107™® , 1.01317 x 107t
Mo 2. hr 2.69109 x 107" . . tzERl9 x 1072 1.104136 x 1072 . 2,70385 x 107
Te 2,5 hr 1.40352 x 107® R *.88519 .x 1072 _1.40781 x[107® 3.29300 x 107°
Ru 2.4 hr 1,6630L x 1077 ‘ 6.85229 x 107* 3.13669 x,107% - -~ 9,98897 x 107*
Rh 2.4 br 2.64718 x 1070 60172 x 1074 2,65475 x{107* - " 8.66947 x 107*
Pd 2,5 hr £,63236 x 1¢7% o 2,48215 x 107* ’ 1,26855 x{107® o 2.60901 x 10°*
Ag 2.k hr 9.6103k x 107L° 2.80540 x 1074 7.14535 x 1075 ' 35195k x 167
cd 2.4 hr 1.84328 x 107° ' 141829 x 107 - . B.0L37S x 1078 : 2,22267-x 107
In 2,4 hr 1,96374 x 107° 8.05530 x 107* © o 7.80937 x107* 1.586L7 x 10
Sn 2.5 hr 5.33362 x 107° 3.64733'x 107 : 4.48932 x{107° L,09626 x 1072
o Z,4 hr 7.05005 x 107* 1,11958 x 107* 1.82086 x 107% 01,3016 x 107t
Te 2.k hr - 2,99511 x 107" 6.64000 = 1072 1.42928 x;107* : 8.06928 x 1072
I 10 days L.56947 x 107° _ 1.02468 x 107t 6.55365 x10°2 1.68024 x 107%
Xe 50 see - 5.94758 x 107° 3.38396 x 107 _ 7.76081 x 107* _ 3.46156 x 1073
Cs C days ¢,35421 x 107° 5.5L023 x 107 © 3.826k2 x 1073 ' 1.33666 x 107t
Ba 16 days 1.631€0 x 10°® 6.7705L x 10°2 1.61180 x,10° 6,93212 x 1072
1a 21 days: 3.49987 x 107® - 8.02147 x 107® 5.67829 x|t0™® - 1.369L8 x 107
Ce 16 days 9.£7732 x 107% , 3248l x 1072 5.12100 x 107 : 3.83694 x 1072
Pr 30 days 3.L709L x 1078 2,86306 x 1072 1,27202 x 1072 : L.13608 x 1072
Nd 30 days 1.11061.x 107 3.32523 x 107 6.80195 x 107 ' L.008k2 x 107
Pm 29 duys 1,19068 x 10°> 1,9L832 x 107 1,087L8 x:107° 3,00580 x 10~°
s 27 days 1,17938 x 107° . 1.57257 x 107* 1.718L0 x1107® 1, 7Ul x 107
Fu 51 days 2.46931 x 1078 ' 2.95250 x 10-° 6.97780 x 107° 9,93030 x 107°
od 30 days 2,57869 x 1077 7.77752.%x 10”77 1.48335 x 1077 9,26088 x 10”7
™ " 30 days 8,045L9 x 107° ' 5,27005 x 107 1.39630 x'107® 6.66635 x 1078
Dy 30 days 6.32113 x 10720 1.73535 x 10720 ' 306505 x 10732 204186 x 10720
Ho 30 days 1,591l x 1072 5,27681 x 1072 8,66869 x 10718 5.27682 x 10”12
Er 20 days 3.18597 x 107%° 0,0 0.0 ’ 0.0
L. L97LY x 107 - *.36011 5.68318 x 070 1,92802

(Continued) . F




Table 2. (Continued)

1

Fuel Components

.Amount in Reactor

Nu¢lide Grams/cnf® Fuel Circuit (kg)

- ®3fqp 1.4572 69,450

. a3pg 1.3226 x 10™* 20,6%
B38y . 3.7433x 1077 0.018 .

, 239y 12,5805 x 107° 1230

sty 9.3183 x 107 Wil
saby 2,4315 x 107 116
a3y 2,5200 x 107 120
31y 4.7592 x 1078 0.227
s37xp 3,6116 x 107* 17.2

e 1.3338 x 107 0.063
=33py L.3420 x 1078 0,207
*’?ipu 5.3161 x 107®

1

0,0025 .

%For removal on a 10-day cycle,

JUSSEE.
i
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removal, This reiationship is shown in Table 3, All chemical species
in the fuel salt can‘be_divided into twelve groups, the members of each
group having similar behavior'in'the processihg plant. The primary‘reA
moval operetien‘is'the“GOminant process for the group; whereas, the

‘secondary removal operation is a downstream operation designed for

removal of & different group but also effective in removing components

of a previously removed group.

Noble gases,.seminoble metale, and noble metals have only a small
influence on processing plant design because of their fast removal rate
in the reactor, However, soluble daughters of these nuclides will prob-
ably reenter the fuel eait'and be removed in the processing’plant.

Noble gases are sorbed from the inert sparge gas and reteined for decay

on charcoal beds in the reactor off-gas circuit that is removed from the

V proce381ng plant " Decay times are sufficient to decontaminate the gas

from 211 krypton and-xenon. 1sotopes except 85Ky, which has & 10, 76-yr
half life, Krypton-85 is concentrated and stored in cylinders by routing
a sidestream of the carrier gas through either a cryogenic operation.or

the more recently developed hydrocarbon sorption process,

There are small concentrations of heavy eiements (neptunium &nd
protactinium) formed by'neﬁtron capture and decay. These elements are
easily extracted and will be held in the 253py decay tank, Neptunium
can be fluorinated from;the.salt but net as easilyAas uranium; therefore,
we can expect part of the 'neptunium‘to behave like uraniun;l and be returned

to the. reconstituted fuel,-

THE FLUORINATION--REDUCTIVE
EXTRACTION-"—METAL TRANSFER PROCESS -

A 51mplif1ed flowsheet of the fluorlnatlon--reductlve extractlon——

metal transfer process is shown in Flg. 3, The plant can be d1v1ded into

six areas each of which is characterized by its prlmary process. operation:

fluorlnathn, protactlnlum extraction and isolation, rare earth extractlon

-and metal transfer, fuel reconstltutlon, gas recycle, and waste accumu-

lation. Fuel salt flows qulckly through the plant so that there is

minimal holdup of salt and uranium,

-
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Removal Methods for Fission i’roducts and

Fuel Components in Processing MSBER Fuel

. - - " - -

Secondary Removal Qperation

Chenical Group

Noble gases

Semincble metals®

Noble metals’

Uranium
Halogens

-Zirconium and
protactinium

“Corrosion
products

»bivaleng. rare
. earths

Divalent rare
earths

Alkaline earths

Alkali metals

Carrier salt

Components

Kr and Xe; present
in selt as elements

Zn, Ga, Ge, As, Se

Nb, Mo, Tc, Ru, Rh,
Pd, Ag, Cd, In, Sn,
Sb, Te; present in
salt in reduced

: state

—8330' 23!'0 8360"

3“0: “"U; present
in salt as fluorides

Br and I; present in
salt as bromides and

iodides

Zr and 233Pa; present
in salt as fluorides

. Wi, Fe, Cr; present

in salt as fluorides

Y, la, Ce, Pr, N4,

Pm, Gd, Tb, Dy, Ho,
BEr; present in salt
as fluorides

Sm and Eu; present

in salt as fluorides

Sr-and Ba; present
in salt as fluorides

Rb and Cs; ‘present
in salt as fluorides

Li, Be, Th; present.
as fluorides

Primary Removal Ogerlticm

Sparging with inert gas in re-
actor fuel circuit

Plating out on surfaces in re-
actor vessel and heat exchangers

Plating 6ut on surfaces in re-
sctor vessel and heat exchangers

Volatilization in primary flu-
orinator; recovered and recy-

.cled to reactor

Volatilization in primary flu-

- orinator followed by isolation ‘

in KOH solution

Reductive extraction with Bi-
11 alloy in Pa extraction
colurn followed by isolation
in Pa decay =alt

Reductive extraction with Bi-
Ii alloy in Pa extraction
column followed by isolation
in Pa decay salt

Reductive extraction with Bi-
11 alloy in rare earth ex-
traction column; metal transfer
via 1iCl to isolation in Bi-5

_at.$ Li solution

Reductive éxtraction with Bi-
1i alloy in rare earth ex-
traction column; metal transfer

.via LiCl to isoclation in Bi-SO

at, % Li solution

Reductive ex'traction with Bi-
I1 alloy in rare earth ex-
traction column; metal transfer
via LiCl to isolation in Bi-50
at,f Li solution

Reductive extraction with Bi-
Ii alloy in rare earth ex-
traction column; Accumlation
in LiCl "

Fuel salt discard to remove
excess Li added in reductive.
extraction units

Purged in fluorinators and v

" . purge columns due to sparging

action of Fy and H,

Reduction by Bi-Ii alloy in
reductive extraction; SeFq
volatilised __in fluorinator

N6, Mo, Tc, Ru, Rh, Sb, and Te
have volatile fluorides and

‘are removed in fluorinators;

Pd, Ag, Cd, In, and Sn reduced

“by Bi-Ii alloy in reductive

extraction

Reductive extraction with Bi-Li
. alloy in Pa extraction column

followed by volatilization in
secondary fluorinstor

Reduction to metallic particulates
by H; in reduction colwin fol-.
lowed by filtration

.

Fuel salt discard

Fuel salt discard

Fuel salt discard

Fuel salt discard

aHore recent information suggests that Zn, Gs, Ge lnd As may not be in reduced state in this system and
plate out on a'urfaces- however, in t.his study they were treated as if they did plate out,

b!ttrium is not a rare earth but its behavior is analogous,
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Fluorination

Irradiated fuel salt from the MSER enters the ﬁrocés'sing plant at
.about 0.87 gal/mln and is held for about 30 minutes to &llow the decay
heat generation rate to drop from abgut 54,6 to 12,6 ki/ft>, (See the
detailed flowsheet in Appendix D for material.and energy -balance data,)
The salt then flows to a fluorinator where sbout 95% of the urenium is
, volatlllzed at gbout 550°G as UFe. The fluorlnator must be protected )
from catastrophlc attack by the Fy-molten' salt mixture by a lajyer of
frozen salt on wetted surfaces of the unit. ' salt leaves the fluorinator
and enters e similer column, which is also protected by frozen salt,
where hydrogen gas reacts with dissolved fluorine &nd UFg to produce HF
. and UF, respectively. The hydrogen glso strips HF from the salt, prevent-
ing corrosion of downstream equlpment

The fluorinator is also the primary removal unit for the halogens;
which are oxidized to volatile Bng and IFEQ Certain noble &nd semi-
noble metals, namely, Se, Mo, Tc, Ru, Sb, and Te, are converted to
volatile fluorides by fluorine and are removed with the uranium, How- -
ever, as stated above, the equilibrium amouﬁts-of these metals in-the
salt are'small'because'of the 2,l-hr remdvalAtime in the reactor, Resid-
ual Kr and Xe are removed by the stripping éction of F; in the fluorinator

ahdAHe'iﬁ the purge column,

' The principal reactions are:
In the fluorinator
2 UF, + Fp » 2 UFg
72UF5+F2"*2.UF6,
2B 4+ 5 F, »2 BrFg + 267
21 +5F, »2IF +2
N+ 3 Fp » (NM)Fg (NM = noble metal,

The last'equation illustrates 2 typical noble metsl reaction, The
behavior of &ll noble and seminoble metels is not completely understood,
~ and other oxidetion states might be present, o

In the purge column |
F, + Hy » 2 HF
2 UFg + Hy » 2 UF, + 2 HF
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Protactirium Extraction and Isolation

The salt stream, containing about 5% of the urenium and &ll of the
protactlnlum, enters the bottom of .a packed extraction column and is

contacted with a countercurrent stream of bismuth containing about 0,2

at, % lithium and 0,25 at, % thorium reductants, Protactinium and ura-

nium are reduced by lithium and thorium and extracted into the bismuth;
fission product zirconium, the remaining noble and seminoble metals, and
corrosion products are also,extracted, Salt 1eav1ng the top of .the ex-

traction column is essentiaily_free of uranium and protactinium,

The'reductive_extractiOn column operates at about 640°C with a salt/
metal flow ratio around 6,7/1, Extraction is essentially complete for

the affected nuclides, Thorium can be extracted into the metal as shown

in the third equation below, However, operating conditions are_fixed to

minimize the extraction of thorium, and, since thorium is & reductant
for protactinium and uranium, it is partially returned to the salt phase.
The principal reactions occurring in the protactinium extraction column
are: - v ' v ‘ v

PaF, (selt) + L Li(Bi) - L IiF (salt) + Pa(Bi)

UF, (salt) + h'Li(Bi) -+ L IiF (salt) + U(Bi)

ThF, (salt) + L Li(Bi) - L LiF (salt) + Th(Bi)

UF, (salt) + Th(Bi) - ThF, (salt) + U(Bi)

PaF, (salt) + Th(Bi) - ThF, (salt) + Pa(Bi)

 2rF, (salt) + L Li(Bi) - L LiF (salt) + Zr(Bi)

Cofresponding reactions between BeFp and 1i(Bi) or Th(Bi) do not occur,

As shown in the above reactions, reductive extraction increases the LiF

content of the carrier salt., The excess is removed by discarding a

smell amount of the cerrier in a later operation,

, Protactlnium Isolatlon System

The metal stream from the reductlve extractlon column enters a
hydrofluorlnator where all nuclldes dissolved in the bismuth are ox1dlzed..
to fluorides with HF gas at about 6L0°C in the presence of LiF-ThF,-
ZrF,-PaF, (71,00-25,97-2,84-0.19 mole %) salt. The oxidized materials
transfer to the s&lt, A minuscule stream (0,6 gal/day) of Bi-Li alloy
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from the divalent‘rare earth accumulation systemlalso ehters;thé'hvdro;
fluorinator. Fission products and lithium in this stream are &lso
converted to fluorides which transfer to the salt, A cleah bismuth
stream leaves the hydrofluorinator;. Part of it is reconstituted with
lithium reductant and returned to the rare earth removal system; the
remalnder is made 1nto Bl-SO at, $ Li alloy for the divalent rare earth
accurmlation system,

The protactinium isolation system consists of & 150-ft® volume of
LiF-ThF,-ZrF,-PaF, salt circulatlng in a closed loop con51sting of the

" hydrofluorinator, fluorlnator, purge column, and *>*Pa decsy tank, The

system has no direct communicetion with areas of the plent handling fuel
selt, making it anieffective safeguard against the accidehtai return of
large quantities of *>®Pa or fission products to the reactor, At equi-
‘1ibrium about 81,8 kg *>3Pa, which is 80% of the plent inventofy, is in
the 23%Pa isolation system, This system is the largest source: ‘of decay .
heat, generatlng gbout L.1 MA of 23Pg decgy heat and 1,7 M of f1531on7"
product decay heat,

Steady state concentrations are esteblished for the components of
the system by regulating their removal rate, Ureanium is removed by .
fluorinating the salt 1mmed1ate1y_upon leaving the nydrofluofipator,
most of the ﬁFé being sent diréctly to the UF, reducfiqn unit for recom- -
bination with fuel cerrier salt. Excess uranium above that needed to
refuel the reactor is withdrawn at this point, The entire volume of
salt is fluorinated on a one-day cycle so that the uranium inventory is

gbout that from one day's decay of the **>Pa 1nventory (~2,6 kg U).

' The volume of salt in the protactinium decay system slowly increases -
due to the addition of fission products, 11th1um, and thorium in the
: hvdroflubriﬁator._'The volume is allowed torbuild up to 175 ft5§ then a
25-£3 batch is withdrawn and the cycle is repeated.” The calcilated
cycle time is 220 days, This periodic discard of salt-purges fiésion
'products and establishes the composition of the system.r Discerded salt .
is held for %33Pa decay, fluorinated, and sent to wéstef
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Rare Barth Extraction and Metal Trensfer

Uranium- and protactinium-free salt from the protactinium eitraction

- column enters the bottom of a second extraction column and is contacted

with Bi-0,2 at, % 1i-0.25 at, % Th alloy to extract some of the rare
earths, alkaline earths, and alkali metals, Effective cycle times (see
Table. 2) range from about 16 days for barium, strontium, and cerium to

51 days for europium; the effective cycle time for all elements is about
25 days, Thus, extraction efficiencies range from 20 to 60% for individ-
ual elements, About 2.h'gal/day.of the treated salt is discarded to

 maintain a lithium balance on the system, BeF;-ThF4 makeﬁp is added, and

the salt is sent to the UF, reduction unit for fuel reconstitution, _
Excess lithium enters the carrier salt in the reductive extraction oper-

ations.

* Metal Transfer to LiCl -

"The bismuth stream containing fission products flows to another
packed column where it is contacted with LiCl at about 640°C, Fission
products transfer from the metal to the salt. Although some thorium is
extracted from tﬁe fluoride salt with the rare earths, only a very small
amount of thorium trensfers to the chloride salt; thus, large separation
factors are achieved between thorium and rare earths, Separation factors
for Th/RE®* and Th/RE?* are as lerge as 10* and *0° respectively.'® The

LiCl salt is a captive volume of 20 £4%; fission products build up to

,steady state concentratlons determlned by their decay rates and removal

rates in the- two rare earth strippers. It is believed that the alkali

.metals, rubldlumland cesium; will remain in the LiCl salt, and a_15-yr

discard cycle has,beeh asstmed to purge these fission products,

‘At steady state, the LiCl salt contains sbout ©,3! at, % rubidium,

L.36 at, % cesium, 0,29 at, % divalent rare earths and alkaline earths,
~and O, 000% at., % trlvalent rare earths. The heat generation is about
15,2 kw/ft6 ‘ '
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Rare Earth Str;pplng

Rare earths and alkallne earths are contlnuousxy strlpped from LiCl
by passing the salt countercurrent to Bi-Li alloys contaln;ng high Li
~ concentrations in two,packed.columns as shown in Fig, 3. The entire
salt stream:fldws through one contactor in which trivalent rare earths
‘and 2 small amount of divalent rare earths are stripped -into Bi-5 at, &
" 1i alley by reduction wifh lithium, About two percent of the salt from
this column is diverted to & second column where divalent rare esrths
and slkaline earths ere stripped into Bi-50 at, % lithium alloy. The
-divalent specles are more difficult to strip end requlre the hlgher
lithium concentration, Salt streams from the two columns ere recombined
end returned to the primary extractog compieting the cycle,

Trivalent fission products'are held forldec&y in the_metal and sent

to waste by semicontinuoﬁsly hydrofluorinating small batches of the Bi-Li-

fission product solution in the presence‘of naéte salt, The divalent -
nuclidesiaré‘purged via the protactinium decay system by périodically
hydrofluorinating batches of the metal in the presence of the clrculatlng
protact1n1um decgy salt, This mode of operatlon also serves to add
llthlum to the protactinium decay salt, a necessary requirement to
malntaln an acceptably low-melting composition (11qu1dus temperature
~568°C). = Equilibrium concentrations of RE®* and RE?Y in bismuth of
the trivalent stripper system are &bout O.hé at, % ahd_0.0]B at, %
réspectively;-corrésponding values in the divalent stripper system are
~ gbout 0,19 at, % and 0,96 at, %. About 27 ft> of Bi-5 at, % lithium =
élloy and 18 ft® of Bi-50 at, % lithium alloy are required to reduce
heat generation to tolerable rates which, at steady state, are 40,8
'kW’/ft5 and 23,5 kw/ft3 respectlvely, ‘

Chemical Reactions in Reductive Ektractioh_and Metal Transfer '

We can moré eésily understand the reductive extraction--metel trans-
fer process by sumarizing the reactions that occur at each step, - Using
a trivalent rare earth as an example, we obtain for -
" Reductive Extraction:
 RE®* (fuel salt) + 3Li(Bi)

Bi-0.2 &t Z 1L 315+ (fuel salt) + RE(Bi)
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Metal Trensfer to IiCl:
RE(Bi) + 3Li* Cchloride salt)
Stripping into Bi-Li Alloy:

RE2* (chloride selt) + 3Li(Bi)
RE(Bi) ’

Hydrofluorination to Waste:

REéBi) + 3HF(gas) PASe SALY ppo+ (Locte salt) + 3F (waste salt) +
1.5H, ', _

Other fission products‘arévsimilarly transferred. If we add the above

LiCl salt 3 Li(Bi) + RE®* (chloride salt)

Bi-5 at, % L3 31i* (chloride salt) +

reactions, we find that the net effect is to transfer a2 RE°* atom from
the fuel salt to a waste fluoride szlt and to add three lithium atoms to
the fuel salt. Also 1.5 molecules of H, gas are produced,

Fuel Reconstitution

After removal of rare earths, the fuel salt is reconstituted with

recycled uranium in the_reducﬁion column, The UF,-F, mixturé is absorbed

- in UF,-bearing salt and contacted with hydrogen reductant at about 600°C

forming UF, directly in the molten s&lt, Wetted surfaces of the column
are protected from~corrosive attack by & layer of frozen salt, Gaseous
reaction products, primerily hydrogen and hydrogén'fluoride, are contem-
inated by small amounts of volatile fission products, principally compounds
I, Br, Se, and Te. It is believed that most of the volatile noble metal
fluorides accompanying the UFg will be reduced to metals in the reduction
column and remain in the salt, Howevér, the fluorides of I, Br, Se, and

‘'Te will probably be reduced to HI; HBr, H,Se, and H,Te, compounds that

are very volatile, The gas is treated to remove fission products and .

recycled.

Small amounts of.noble'gases, formed by decay in the processing
plant, would be removed from the salt at this point,

Metal Reduction and Bismufh Removal

Recohstitutéd fuel saltiflows to a second gas/liquid cpntactdr wherg
it is treated with hydrogen gas to reduce corrosion products to metals,

to reduce some of the UF, to UF;, and to strip any residual HF from the
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salt, Since there might be entrained bismuth in the salt, the stresm is ‘_.

" passed through a bed of nickel wool for bismuph removel, Bismuth must
be removed before fuel enters the reactor'circuit'becauSe of . its reactiv-

ity with nickel-base alloys of which the reactor is constructed.

Filtration and Valence Adjustment

Redu¢ed metal parﬁiculates'are filtered from the salt and, if nec-
essary, a further treatment with hydrogen reductant is made to obtain
the proper U°*/U** ratio, The salt then enters a feed tank, which holds
about a 30-min supply of fuel, where occasional sémples are tazken for

‘laboratory analysis. 'Thg processed_fuél then returns to the reactor,

Gas Recycle

Process ‘gases' used in MSBR salt processing are treated to remove .
fission products and recycled, -Mixtures of H,-HF from the UFg reduction
column, sparge columns, and hydrofluorinators are compressed to about
two atmospheres pressure and cooled to liquefy HE'which is then distilled
at essentially total reflux to separate more volatile fission product
compounds (primarily HI, HBr, and probebly H,Se and H,Te) from hydrogen
fluoride, The condenser for the still is kept at -LO°C to minimize the
loss of hydrogen fluoride. A portion of the HF is recycled to the hydro--
fluorinators and the remainder is electrolyzed in & fluorine cell to make
F; and H,, which are reused in the fluorinators and spérge columns re-

spectively.

. Halogen Removal

~ The hydrogeh streem containing the volatile fission_prodhcts passés ‘
through a'potassium hydroxide scrub'sblutiqn to remove hydrogen bromide,.
hydrogen iodide, and the equilibrium quantity of hydrogen fluoride, |
"Selehium and tellurium compounds are not eipeqfed to react with the -
caustic solution, but paés out with the effluenﬁ_hydrogen; About 20 ft°
of solﬁtion is required to maintainba tolerable specificfheat generatidn
rate, which, at‘steady state, is about 210 kW, primarily from iqdine decay.
The solution is'recycled through the scrub column until the KOH concentra-
tion decreases from 10M to 0.5M;. then it is evapofgted to.a solid waste

~and stored.

7
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Noble Mbtal and Noble Gas Removal

Most of the hydrogen stream is dried in regeneratlve silica gel
units and recycled to the UFg reduction column, However, sbout five
percent is withdrawn to purge volatile selenium and tellurium compoundé
“and noble gases,. The stream péSses through granuler, activated alumins
for sorption of selenium and tellurium (probebly HQSeiahd H,Te) and
through charcoal. for sorption of krypton and xenon, The purified hydrogen

is vented to the stack.<
Waste Accumulation

Fluoride Salt Waste

Most of the waste is withdrawn from the procesé at fouf points and.
accumulated as a molten fluoride salt in retentlon tanks. - Two of the -
streams are Bi-Li alloy solutions contalnlng dlvalent and trlvalent rare
earths, and two are fluoride salt streams, one from the 233py decay sys-
tem and one from barren fuel carrier discard. The‘divalent rare earths
are hydrofluorinated into the *32Pa decay salt semicontinuously and re-
moved when 25 £t batches of the salt are discarded ahd combined with
. fuel carrier sdlt discard. The trivalent rare earths are hydrofluorinJ'
ated into combined protéctihium discard salt and fuel cerrier discard,
The total waste volume is sbout 92,5 ft> every 220 operating days. The
batch is then fluorinated to recover traces of uranium that mlght have
-entered the waste from a process inefficiency, and sent to & waste accu-
mulation tank, Waste is accumulated for six batches (gbout L.5 calendar
yearé) and sef aside to decay an additional 9 yeérs beforerpermanent

disposal.

The éomposition'and heat generation in a filled waste tank is given

in Table L, and a degay curve for the fission products is shown in Fig. h,

Waste From Gas Recycle System

Wastes generated in the gas recycle system come from the neutrali-
zation of fission product bromine and iodine in KOH sblution, the

sorption of selenium and tellurium compounds‘bn activated alumina, and
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" Table L. Comp051t10n and Heat Generation in 1000-Mi(e) MSBR Fluoride Waste

Waste volume ='554,8 £t
Liquidus temperature £ 625°C : '
Accumulation time = 1320 operating days
o : , = 1650 calendar days
Molar density = 1580 g mole/ft® '
S . Heat Generation®
g Mole % X (watts/ft2)
IiF S _ 73.8
BeF, ' 11.3
ThF, ' S ‘ i 13.4
Divalent rare earth and alkaline ' ‘0.2 o I5.2
earth fluorides (Sr, Ba, Sm, Eu) _ - : '
Trivalent rare earth FluoridesP 0.7 192
(Y, La, Ce, Pr, Nd, Pm, Gd, Tb, Dy, Ho, Er) -
ZrF, - 0.6 15.2
Noble and seminoble metal fluorides : 0.009 - 28.3

(Zn, Ga, Ge, As, Se, Nb, Mo, Te, Ru, Rh, Pd,
Ag, Cd, In, Sn, Sb, Te) , : "
Other fission products ' : negligible

®Heat generation at completion of filling period.

PYttrium is included because it behaves like a trivalent rare earth,
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~ Fig. L. HeatAGeneration by Fission Products in Waste Tank., The
waste tank is filled by adding the waste in 6 batches of 92,5 £t each,
A batch of waste salt is added every 220 operating days (275 calendar

days),
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accumuiation‘of miscellaneous fission productscin,the,electrol&te of the
,fluorlne cell. The latter two wastes are small' end only infrequent '
changlng of the alumina end electrolyte is required, However, about

20 ft® of caustic solution must be evaporated to & solid residue every

3L days;-'Condensate from the evaporation is reused to make fresh KOH d

. solution, A L5-dzy decay period is necessary before eveporation so that
intolerable temperatures in the ceke cean be avoided, The waste is evap-
orated and shipped'in the largest permissible container (2 ft 0D x.10 ft
long)11 for selt mine storege, thus mlnlmlzlng the cost of cans, shipment,
and mine storage., About 2.1 céns of waste are produced per yeser,

The curves in Fig, 5 show heat generation in the KOH scrubber solu-

~ tion during fission product accumulation and subsequent decaﬁ. The

equilibrium heat_generation is-about'210,kw, reached in sbout 1000 hours
of on-stream operation;v The composition of material in the reservoir at

completion of the 3l-day accumulation period is given in Teble 5.

Table 5. Composition of Caustic Scrubber
Solution in Gas Recycle System

Accumulation time = 3L days-
. Volume = 20 . ft°
Mole % =
(water-free basis) -

KOH " 5.0
KF ’ _ L. 7 .
KI _ 0.06 , .
Xe?2 . 0.11 '
CsF . ’ ' 0.06
KBr ' ) 0,02

k2 n - 0,0009

&Noble gases from decay of bromine and iodine assumed to remaln in
solution, -

Process Losses

Loss of fissile material from the fluorlnatlon--reductlve extractlon——
metal transfer process can be made &s small as desired without any modi-

fications to the conceptual design, Referring to the process flowsheet
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(Fig{ 3), it is seen thet only three waste streams routinely-leave the . \")
plant--a fluoride waste salt from the large retention tanks, the evep- IR
 orator residue from the KOH scrubber, end the hydrogen discerd stream
from the gas recycle syetem.' The only one of these waste areas into
which very small amounts of uranium and/or protactinium normally flow
is the large fluoride salt waste tenk, '

Fluorlde Salt Waste

The 220- -day holdup of combined 233Ps decay salt and carrier salt .
discard allow &bout 99, 6% of the ®3°Pa to decay, and. the subsequent
batch fluorination can récover &ll but gbout 1 ppm ***T in the salt
without difficulty, There are sbout 10,023 kg of waste salt in the

“batch so that the *3U remaining is approximately 10 grems., Undecayed
233Pa is an additional L5.g, making about 55 g of unrecovered fissile
material in the salt sent to waste retention, Since the excess 2337
production is sbout 165 g/day, the unrecovered materiall(SS g/220 days)
represents only 0.15% of the breeding gein, However, the waete'salt is
held in the large retention tank for 9 years'after.filling~before ship-
‘ment to permanent disposzl, At the end of this time (13,5 years) the
selt can be fluorinated again to recover &l1.but 1 ppm 2°3U from the -
bétch Thus, only about 60 g *2°U would remain in the final weste, be1ng
. an in31gn1f1cant loss of about 0. 007h% of the breeding gain,

KOH Scrubber Waste

TheAprobability of uranium loss via the KOH scrubber--eveporator -
waste is-extremely small, Before UFg can reach the caustic scrubber it
must pass through three unit operations in series that are very effectire
'at removing UFg:  first, the primary UF,-to-UF, reduction unit must feil
to function properly thereby allowing UFs to enter the ges recycle system;
secondly, NaF sorbers, 1nstalled as & safeguard agalnst such a malfunction,
would have to be ineffective at trapplng the UFg;. and thirdly, any UFg
in the gas after the NaF sorbers would remain in the bottoms of the HF
still and be trapped in the electrolyte in the fluorlne cell. 'Since dis- | . 3
carded electrolyte is routed through the fluoride salt waste system,~ ' \‘ﬂj

descrlbed above, any uranium in the salt would be recovered by fluorination,
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Hydrogen Discerd

There is practically no opportunity for UFg to leave the plant in
the hydrogen discard stream, In order to reach this point UFg would

‘have to pass throﬁgh all the gas treating operations described &bove

plus additionsl sorbers for'trapping selenium and tellurium fission

1 products and noble gases,

' DESIGN AND COST ESTIMATE

The first step in preparing the cost estimate was to define the
sequence of operations that constitute the flowsheet as shown in Fig, 3.
and in more detail on the drawings in Appendix D, These dperations were

based upon laboratory and small-scale engineering data for batchwise

, pefformance of the various unitvprocesses, and it was assumed that the

steps could be successfully operated on a continuous flow basis. Para-
metric studiess were méde to determine the bfeeding performance of the
MSBR for various ways of operating the proéessing plant, and from this
work basic conditions for the flowsheet were established, The computa-
tions did not.necessarily‘deiermine the optimum economic processing cycle

since that presupposed knowledge of processing costs, A computer pro-

‘gram* was used to calculate material and energy balances for each process

.operation, giving the basic data for equipment design, -

A preliminary, highly simplified design was made for each major

equipment item in order to establish its size, geometry, heat transfer

tsﬁrface, and special features from which the amounts of materiels requir-

ed for‘the vessel could be'éalculated. Materials of construction were .

"selected using the general criteria that all vessels Qontaiﬁing bismuth

would be constructed of molybdenum and that vessels containing only
molten fluoride salt,wouid'be made offHagtelloy N.  In other areas,
particularly for auxiliary equipment, nickel, stainless steel, and mild
'éteel were used, The time schedule for the cost estimate did not permit
us to make thorough studiés qfreach vessel, and, for expediency, certain
shortcuts were adopted to preclude making lengthy stress and heat trans-

fer calculations, .The principal time-saving assumptions were:



32

Small tanks, columns, &nd vessels to be made of 3/8- in. plate, : &h?;
larger ones of 1/2-in, plate

' Heat exchanger tublng to be 1/2-in, OD x 16 gauge for all ves-
sels

Overall heat transfer coefflclents to be in range 50-200 Btu/hr-
ft3-°F depending on fluids and whether natural or forced
convectlon 3

Annular space in Jacketed vessels to be & nom1na1 one-inch
thickness

Den31ty, thermal conductivity, and specific heat values for proc- .
ess fluids to be average values rather than temperature dependent

Freeboard volume standardized at 25% of required process volume
for tanks with fluctuating levels and 10% for tanks with constant

levels

Number of nozzles and thickness and number of supports end baf-
fles for heat exchanger bundles estimated from & cursory
examination of the vessel diameter and length

A1l heat exchanger bundles to be U-tube constructibh

The cost of each installed vessel was estimated using the un1t costs
for materials glven in Teble 6, A single price of $200/pound was used .
for all molybdenum structursl shapes., The fabrication of molybdenum

into conventional shapes and vessels is extremely difficult and is .not ' : .
current technology;  the $200/pound figure represents a "best guess" of
the cost,

Unit costs of Hastelloy N were taken from the conceptual deSign
study® .of the 1000-MW(e) MSER power plant and are, therefore, character-
istic of the fabrication of large vessels, In our case, components &re

generaily smallAand\intricately constructed, factors that are conducivef

to higher unit costs. However, we believed that refining the costs was

‘unjustified in view of other. uncertainties in the estimate,

Our study did not contain a sufficiently detailed desigu for di-
rectly estimating the cost of all items in the plant, For the‘cestjof
‘some items, for example, piping, instrumentation, insulatidﬁ, end elec-
trical comnections, we estimated charges by taking various percentages<
of the installed equipment cost., In usiug'this procedure the high cost
of molybdenum equipment was taken into account by notuusing &s large a 'K.aﬁ

- percentage on the molybdenum equipment costs &s was used for nonmolybdenum .
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Table 6. Unit Costsvof Installed Equipment

Hastelloy N, Nickel, and Stainless Steel

Plate

Flanges

‘Heads

Pipe

Tube : : :
Nozzles, tube sheets, baffles

Molxbdenum

Cost for all structural shapes
3/8 in, Raschig rings

$/1b

13
10
20
25
30
25

200
35
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_‘equipment Auxiliary equipment 1tems were estimated by determining
quantlties and sizes (e.g., pumps, heaters, gas supply stations, sam-
plers, etc.) and u51ng available cost data from other -areas of the MSR
‘program, Parallel lines of equipment for improved operating reliability
. were notiineluded except that gas cOmpressofs‘were duplicated becauSe
diaphram lifetimes are known to be very short, Also two spere high
level waste storage tanks were included, No allowances were made for
safety related features such &s redundant cooling circuits, preventien‘
of liquid metal coolant-selt reactions, etc. No facilities ere provided
’fof cleaning up fuel salt should it become contaminated by NaBF, coolant
or vice versa, nor is there equipment for processing. routine (p0351b1y

contamineted) liquid waste that orlginates in the reactor system.'

The results of our study are summarized in Tables Ty 8 and 9; -
these tables divide the equipment into three types--molybdenum, Hast-
elloy N, and auxiliary equipment respectively. The total installed cost
~of molybdenum process vessels is $4,578, 7503 about 65%bofrthis cost is
for the three largest vessels, which are the 11th1um chloride extraction
column and the two large reservoirs for Bi-Li alloy in the rare earth
1solat10n system, Hastelloy N precess equlpment costs $3,091, 370. The
most costly items are the **Pa decay tank ($710,490), which has & heat
" duty of zbout 5.9 Mw, and the three waste tanks, which cost $L66, 600

each,

" The auxiliary equipment of Table 9 costs $2,486,290. These items
are essential for startup and/or smooth operation of the plant, In
several cases . the costs were computed for entire systems which consisted -
-of & number of individual operations, The costs were estimated from -
‘data for similar systems and no flow dlagrams or design calculations

were made,

CAPITAL COST OF THE PLANT

A summary of our cost study is given in Teble 10, Wevestimated di-
rect costs for the fabricated and installed equipment of $20,568 million_
‘and indirect costs of $15,046 million for a total plant investment .of
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Table 7. Description of Molybdenum Process Equipment
Fuel Cycle Time = 10 days
Reactor Power = 1000 MW(e)
: Fission Product o '
’ o - Heat Transfer . Heat Generation NaK Coolant : Installed
Equipment Item and Principal Function Description Surface® (ft?) ; RateP (kW) FLow® (gzpm) Inventory - Cost ($)
. - | _
2351’; EXTRACTION COLUMN:--packed column Bi/salt con- € in, ID x 10 ft packed 0.7 B 9,2 - . 3.4 19 g U : - 127,670
tactor for extracting *3®Pa, U, and Zr from salt section; 8 in, ID x 1 ft ¥ 0.62 (**®pa) 26 g <*%Pa
into Bi-Li alloy ) ‘ enlarged ends; cooling - ) o 0.99) £4° salt
o ‘ " tubes in packing . _ 0.3p £ Bi )
RARE EARTH EXTRACTION COLUMN--packed colwm Bi/salt 7 in, ID x 6 £t packed 12 : 9.5 . . 3.2 2,37| £1° salt : 119,400
contactor for extracting rare earths, alkali metals, section; 12 in, ID x 16 : ‘ ' . 0,85} ££® Bi
and alkaline earths from salt into Bi-Li alloy ‘ in, enlarged ends; cooling R
: - tubes in packing - . i
_ BISMUTH DUMP TANK--reservoir to hold Bi-Li alloy 1.6 £t ID x 4.8 ft; shell- 12,9 ! 13,0 4.5 98,5 g,U 151,100
upon dump of extraction columns and-tube construction ; k.o (*®3Pa) _ 78 g : 3Pa
. : : 8 £t° Bi
{on dump oénly)
14C1 EXTRACTION COLUMN--packed column Bi/LiCl con- - 14,5 in, ID x 6 ft packed 208 A 19.8 52,3 © 9,78/ ££® Lic1 509,790
tactor for metal transfer of fission products from : section; 20,5 in, ID x 2 : _ | : ‘ . 2,74 £ Bi
Bi/Li alloy into LiCl . ft enlarged ends; cooling '
C tubes in packing _ '
RES* STRIPPER--packed colum Bi/LiCl comtactor for 13,75 in, ID x 2 £t packed 227 151.5 ' 53.0 6.L3 ££3 Lic1 377,780
stripping trivalent rare earths from LiCl into section; 20.5 in, ID x 2 : ) - - 2.0 £ Bi
Bi-5 at, # Li alley ft enlarged ends; cooling : '
' Co _ ‘ ' tubes in packing _
RE®* STRIPPER--packed column Bi/IiCl contactor for 1,75 in, ID x L ft packed - 4.3 .8 ' R 0.22] £t® LiC1 ' 26,300 (Mo)
stripping divalent rare earths and alkaline earths . section; 4 in, ID x 1 ft - 4.3 (Jacket) - . : 0.07| £t Bi 4,630 (Hast N}
from LiCl into Bi-50 at, % Li alloy enlarged ends; completely ;
‘ enclosed in Hastelloy N .
jacket; cooling tubes in |
enlarged end sections ]
RE®* BISMUTH RESERVOIR--tank for holding Bi-5 at. % 2.9 £t ID x 8,75 ft; 1230 ' 1230 b3t 27|ft~" Bi 1,684,580
1i alloy and trivalent rare earths ‘ shell-and-tube constructien : 12,6 kg "Li
RE®* BISMUTH DRAWOFF TANK--gauge tank for batchwise 13.9 in, ID x 67 ing 38.5 :
removal of Bi-Li alloy comtaining fission products shell-and-tube construc- 23.3 (jacket) 61,8 21.6 L.5p £1° Bi 152,440 (Mo)
to be hydrofluorinated into waste salt’ tion; completely jacketed (at drbwoff only) 7,530 (Hast N)
) ’ ) with Hastelloy N o
RE®* BISMUTH RESERVOIR--tank for holding Bi-50 at. 2,3 £t ID x 6,8 f£t; S L3 o 3L : 152 18] £4° Bi 797,690
4 1i alloy and divalent fission products shell-and-tube construc- .
. ‘ ‘ “tion :
RE?* BISMUTH DRAWOFF TANK--gauge tank for batch- 14.4 in, ID x 5 ft; 37.1 ‘ 56 19,6 L4 £ Bi " 146,200 (Mo)
wise removal of Bi-Li alloy containing divalent shell-and-tube construc- 21,1 {jacket) . {at drruoff only) 6,720 {Hast N)
fission products to be hydrofluorinated into Pa tion; completely jacketed !
decay salt with Hastelloy N i
BISMUTH SURGE TANK-~tank for flow and level control 6 in, ID x 21 in,; Mo 2.8 : 2.2 2.0 66 g U 13,510
in Pa extraction column cooling coil brazed on 1, g *2%Pa .
: . : outside : . 0.170 £ Bi

(Continued)
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Fission Product

. o ‘ = . Heat Transfer Heat Ggneration ‘NaK Coolant . Installed -
Enuipment_. Item and Principal Function Description Sirface® (£t2) ‘ " Rate (w) ¢ (gpm) Inventary Cost ($)
%33pa HYDRGFLUORINATOR--packed column Bi/salt/HF 8 in, ID x 5 ft packed - 9.7 8 - - 25,0 2080 g *33pa 178,960 (Mo) = -
contactor for oxidizing **°Pa, U, Zr, nm? from section; 16 in, ID x 2 eL. 9 (jacket) 103 (2%2Ppa) 236 g U 10,230 (Hast N)
Bi 1nto Pa decay salt It enlarged ends; cooling ) & . .
. tubes inside column also
completely jacketed with
o ‘ Hastelloy N _
WASTE HIﬁROFLIDRINM.‘OR—-t&nk for batchwise contact 15,7 in, ID x 59 in,; p2.2 168 73.8 2 £+° salt 225,900 (Mo)
of Bi/waste salt/l{F to oxidize RE*" from Bi into shell-and-tube construc- P1.0 (Jacket) : . 2,3 £t° Bt 5,910 (Hast N)
salt : tion; Hastelloy N jacket ‘» . : :
. on straight side ' _
BISMUTH SKIMMER--tank for separating Bi-Li alloy 13,k in, ID-x LO in,;- 2.7 (Jacket) 0.7 0.6 2,7 £t° B 67,430 (Mo)

from 1iCl upon dump of metal transfer system
Total for process yessels . 4

. AUXILIARY HEAT EXCHANGERS--units installéd in
bismuth pipe lines for temperature control of
streams entering or leaving process vessels (9 -

‘ requirad)

BISMUTH PUMPS--pumps for Bi-Li alloy (5! required)

Bxsnuwn PUMPS-~pumps for Bi-Li alloy (L required)

Hastelloy N jacket on
sides and bottom

Small shell-and-tube heat
' exchangers

10,1 to 0.2 gpm; 20-ft Bi

head

8 to 15 gpm 20-ft Bi head

- Total for process vessels and auxiliary Mo equipment

. 13.0

1

- (upon dump only)

' 2,610 (Hast N)

h,573,750 (Mo)
37,630 (Hast N)

90,000

125,000

120,000

4,913,750

‘ Values refer to area of 3/8-in. OD x 0,065 in. wall cooling tubes; area of Jacket is depoted by "(Jacket)"

b

®In some equipment, other coolants than NaK are used; if so, it is so designated,

Values refer to fission product decay heat unless otherwise designated ‘such as "(333pa)t,
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removing entrained Bi from salt (2 required)

{Continued)

tridge to hold Ni wool;
completely Jjacketed

Table 8. Description of Hastelloy N Procéss Equipment
: i
Fuel Cycle Time = 10 days -
Reactor Power = 1000 Mi(e)"
‘Fission Product )
: ' } ) Heat Transfer Heat Generation HeK Coolent . Installed
Equipment Item and Principal Function Description Surface® (ft?) ‘Rate® (kW) Flow® (gpm) . Invéntory Cost ($)
, - - , =
FEED TANK--vessel for receiving irradiated fuel 16,75 in, ID-x 6 ft; 15.6 3,2 5.5 5380 5 U 12,390
salt from reactor and holding 30 min for fission shell-and-tube construc- 2.4 (*®3Ppa) L7 g|®>®*Pa
product decay tion : 3,86 £t salt ]
FRIMARY FLUORINATOR--salt/F, contactor for €.5 in, ID x 12 ft fluor- 29.3 (Jacket) ; 12,4 5L.8 903 g U 35,590
removing about 95% of U, Br, and I from fuel salt ination section; ail 0.94 (*23Pa) 18 g|*>*Fa.
wetted surfaces protected 17.9 (reaction heat) - 1.52 It salt
by ~1/2-in,-thick layer ;
of frozen salt on wall;
17 in. ID x 2 ft enlarged
top; completely jacketed
PURGE COLUMN--sait/H, contactor for reducing F, £, in, x ff gas/liquid 29.3 (jacket) 11,1 10,6 86fg U 35,590
and UF, dissolved in salt contact section; 17 in, ID : - 0.94 (23°pa) 18 g{**3Pa
. x 2 ft enlarged top; all
wetted surfaces protected !
by ~ 1/2-in,-thick layer
of frozen salt on wall;
completely jacketed
SALT SURGE TANK--vessel for flow control between 9.% in, ID x 2 ft; shell- 7.9 14,88 1.9 8lg U 1,590
purge column and 2°3Pa extraction columm and-tube construction: 0,41 (233pa) 8 g|**%Pa-
_ : » ' i 0.67 1t° salt
SALT SURGE TANK--vessel for flow control between ' 9,3 in, ID x 2 ft; shell- 5.5 3,68 1.3 C.67 t° salt 4,590
Pa extraction column and rare earth extraction - and-tube construction - t
_ column v . )
SALT MAKEUP TANK--vessel for dissolution of 9.75 in. ID x 19,5 in.; 6.0 (jacket) 1,79 0.6 0.67 t" salt 8,530 (tank)
BeF,-Th¥F, makeup salt Jjacketed vessel equipped 20,000 (agitator)
with agitator
SALT DISCARD TANK—-vessel for holding 3-day batch 10,4 in, ID x 21 in, 6,2 (jacket} 2.5 0.9 0.95 #1° salt 7,390
of discarded fuel salt : completely jJacketed tank ' (on drayoff only)
UF, REDUCTION COLUMN--salt/UF./F./H, contactor for . 9.5 in, ID x 12 £t gas/ 36,6 £t? (jacket) 6.3 L1 165 34,510
reducing UF, to UF, directly into molten salt; also liquid contact section; 2.09 salt.
converts excess F, to HF - 13.5 in, ID x 2 ft en-
larged top; all wetted
surfaces protected by
~1/2-in, -thick layer of
frozen salt; completely
Jacketed ‘ ) )
STRUCTURAL AND NOBLE METAL REDUCTION COLUMN--salt/ 8 in, ID x 12 £t gas/ 29 (jacket) 6,7 2.4 308 37,960
H, contactor for reducing metallic ions to metals liquid contact section; 2,68 t" salt
. 12 in, ID x 2 ft en-
larged top; completely
» Jacketed
SALT SURGE TANK--vessel for flow conf,rol in 9,75 in, ID x 19,5 in,; 6.0 (3jacket) 1.7 0.6 : 7,030
reduction column completely Jjacketed 0. 67 salt ’
BISMUTH TRAP--vesseel packed with Ni wool for 5 in, ID x 50 ft pipe with 65.6 (jacket) 14,6 5.1 731 83,790
interior perforated car- 6.36 t"’ sal‘t.




Table 8. ‘(continuec.l) ‘

Heat Transfer

Fission Product

NaK Coolant

sion of NaK in coolant circuit for Pa decay tank

(COntinued)

B B . L : _ Heat Ggneration _ : Installed
Equipment Item and Principal Function " Description Surface® (£t2) Rate® (i) Flow® (gpm) Inventory Cost ($)
© SALT CLEANUP FILTER--porous metal filter for 15 in, ID x 3 f£t; contains 3.1 1.2 3.9 5870 g U 30, Lo
removing metal particulatés formed in noble metal * porous Ni filter; com- 13.7 (jacket) 5.1 £t salt .
reduction column (2 required) pletely jacketed and

: contains cooling tubes ) )

REACTOR FEED TANK--vessel for 30-minute salt 1.5 £t ID x 3 ft; com- 19,2 (jacket) 7.2 2.5 4020 g U 19,8L0
holdup to allow sampling before salt ret.urns to pletely jacketed ‘ : . . ) 3.5 £t* salt

reactor ’ C .

SAI.T DWMP TANK--tank to receive fuel sllt upon 2,7 £t ID x 8 ft; shell- 364 238 8s 33 £t° salt 6§,h00

“dump of primary salt 1oop and-tube construction 5 (%®%Pa) - {only on dump)

LiCl RESERVOIR AND DUMP TANK--vessel tor holding 2,h £t ID x 7.2 ft; shell- Léo 306 107 20 £15 LiCl B4, L70
LiCl inventory as well as LiCl from extraction and-tube construction . (22,7 £4° on dump)

column on system dump ‘

LiCl WASTE TANK--tank for storage of Licl sent to 1.6 £t ID x 7,2 ft; shell- 230 153 - 53.5 10 £t° LiCl 38,760
waste , and-tube construction - ’

_ H,-HF COOLER--heat exchanger to cool Hz -HF gas 1.5 ft x 4 £t; finned 27 0.16 8.8 scfm 15,470
from UF; reduction column tubes inside shell . 0.18 (sensible heat air
’ in gas)

C0°C NaF TRAP--sorpticn bed to catch UF, that R in, ID x 6 ft; finned 31.8° 6.4 1.6 20,760
might not be reduced in UF, reduction colu.mn tubes inside shell; NaF ’ -
{2 required) - 1nside tubes o
STILL FEED CONDENSER--heat exchanger for condensing 21 in. ID x 4 ft; finned 1L, 2 0,33 0.5 ton 17,120
HF-HI-HBr mixture at -LO°C for feed to HF still tubes inside shell : 1,38 (sensible heat) Freon .

HF STILL--packed column for distilling volatile 1 in, ID x 15 ft packed 5.3 Jacket) 0.12 0.3 6,560
fission producta (HI, H‘Br, SeFa, TeF,) from HF section; L4 in, ID x 1 ft '
solution still pot; completely

! chketed
HF CONDENSER--heat exchanger for condensing HF at 17.5 in, ID x L £t finned . €,0 ‘ 0.17 - 0.1 ton 13,300
-L0°C from HF still tubes inside shell 0.13 (latent heat) Freon
KOH SORBER--absorption column for scrubbing recycle 5.6 in, ID x 6 ft packed 13.6 8,6 2,9 (water) 17,690
H, gas with 10M KOH to remove HF, HI and HBr section; 7 in, ID x 1 ft .

enlarged top. :

KOH RESERVOIR--accumulator for fission product I 1,7 £+ ID x 10 ft; shell- : 2“4 210 T71.7 ' 43,860
and Br in 10M KOH solution (2 required) and-tube construction (water) ) )

* GAS COOLER--heat exchanger to cool recycle Hp to 7.5 in, ID x5 ft; shell- 10,9 0,16 0.1 ton 9,140
0°C to remove moisture and-tube construction 0,17 (latent heat) Freon : .
COLD 'I‘RAP--hent exchanger kept at -LO°C to freeze 6 in, ID x 10 ft; finned 0,029 0,01 ton 16,840
moisture from recycle H, (2 required)x tubes inside shell Freon
SILICA GEL DRYER--sorber for removing last traces L in. ID x 5§ ft; regener- 6,240
of moisture from recycle Hg (2 required) © ative bed
ALUMINA SORBER--activated alumina bed for sorbing 26 in, ID x L.6.ft; AJ.,O;, : L.8 13,0 1.8 31,390
SeF, and TeF, from H, discard stiream in annular space; cooling i (ultor)

' : : ) - tubes inside and outside

annulus
NaK EXPANSION TANK--vessel for volumetric expan- 1.6 £t ID x 6,5 ft; "85 304 10,210
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!
Table 8, (COntinped)
: Fission Product ‘
: Heat Transfer Heat Generation _ NaK Coclant ) Installed
Equipment Item and Principal Function’ Description . Surface® (ft2) - | Rate® (kW) Flow® (gpm) Inventery Cost ($)
NaK EXPANSION TANK--vessel for volumetric expansion 1.3 ft ID x 5,2 ft; SS 204 6, 380
of NaK in coolant circuit for RE®" bismuth system ' f
' |
NaK EXPANSION TANK--vessel for volumetric.expansion 10.8 in, ID x 3,6 ft; ! 3,190
of NaK in coolsnt circuit for RE®* bismuth system SS 204
NaK EXPANSION TANK--vessel for volumetric expansion 7.8 in. ID x 2,€ ft; i 2,810
of NaK in coolant ¢ircuit for flucrinators S5 304 1
NaX EXPANSION TANK--vessel for volumetric expansion 6,1 in, ID x 2,1 ft; I 1,780
of NaK in coolant circuit for extraction columns, SS 304 i )
Bi trap, and cleanup filters .
NaK EXPANSION TANK—-vessél for volumetric expansion 11,6 in, ID x 3,9 ft; ! 6,100
of Nak in coolant circuit for LiCl system SS ol ;
NaK EXPANSION TANK--vessel for volumetric expansion 8.7 in, ID x 2.9 ft; 3,570
of NaK coolant circuit for fuel salt dump tank- SS 304 )
SALT SURGE TANK--vessel for level and flow control 8 4n, ID x 2 ft; com- S.0 g S.2 2.5 1M1 gl . 5,220
-at . Pa hydrofluorinator pletely jacketed 14,1 (®33Pa) 276]g 2%°pa
o ‘ 0.59|ft> salt
SECONDARY FL!DRINATOﬁ--salt/Fa contactor for £,5in, ID x *C ft gas/ 18.7 9.5 60.8 L8 23,270
removing U from Pa decay salt liquid contact section; 25,8 {(®3%Pa) S08(g 2>3Pa :
‘ “C in. ID x 1 £t enlarged 0.15 (reaction) 1,08|£t® salt
top; all wetted surfaces N
-protected by ~1/2-in,-
thick layer of frozen salt;
‘ completely Jjacketed
PURGE COLUMN--salt/H, contactor for reducing F,. 5.5in, ID x 10 ft gas/ 18,7 ' 9.5 60.5 fgU 23,270
and UF, dissolved in Pa decay salt liquid contact section; 25.8 (®%3Ppa) 508|g 2**Pa . '
: ' 10 in, ID x 1 ft enlarged 1,08|ft® salt
top; all wetted surfaces
protected by ~ 1/2-in, -
thick layer of frozen salt;
) completely Jacketed
233ps DECAY TANK--vessel for isolation and decay 3,73 £+ ID x 18,7 ft; L20ok : 1743 2L70 2675 g U 710,490
of *3®pa, also accumulator for Zr and RE®" fission shell-and-tube construc- 4150 (*3%Pa) 81,670 g 2>3Pa
products , ‘ tion; Jacketed 150-175 £ salt
: ‘ (varialhle volume)
22C-DAY 232Pa DECAY TANK--vessel for holding waste 25 in, -ID x 10 £t bottom 1477 2k9 370 s g . 113,150
salt from Pa decay tank for *33Pa decay, also section; L ft ID x 6,4k ft 675 (33>Pa) 11,674 g *3%Ppa _
accurmlates trivalent rare earths and fuel salt enlarged top section; 25-92,4 £+ salt
discard : : shell-and-tube construction; (variaile volume)
Jacketed bottom section
WASTE FLUORINATOR-~salt/F, contactor for removing 2,32 £t ID x 4.6 £t gas/ 55.3 139 2Lk 18.5|1t° salt 4,510
. last traces of U from waste salt; batchwise ‘ liquid contact section;
operation ) ‘ . 2.83 £t ID x 2 ft enlarged
top; top and bottom sections
jacketed :
(Contimed)
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Table 8, (Continued)

Lo

' Heat Transfer

Fission Produét :

NaK Coolant

‘ . ! Heat ngeration : ' .Installed
Equipment Item and Principal Function Description ‘Surface® (£1?) - Rate”. (kW) Flow® (gpm) Inventory Cost ($)
WASTE TANK--accumulator for all fluoride waste £,2 £t ID.x 22 ft shell- 835 111y Lo 555 ft® salt 1,399,800 -
streams; holds waste for fission product decay and-tube construction; . (filled) i
(3 required) ' S filled batchwise over
‘ - L.5-yr period
20°C NaF BED--sorber for UFg withdrawn &s product Lin, ID x & £t sorber kL, 360
. ’ section filled with NaF
pellets
3,091,370
8values refer to area of 3/5-in, OD x C.085 in, wall cooling tubes; area of jacket is denoted by ."(Jjacket)",
bValues réfer-to fission product decay hest unless otherwise designated such as n(R3Ppg)n, '
\

. ®In some equ:l.pnexit, other coolants than NaK are used; if so, it is so desigmted.'

i
t




Table 9. Description of Auxiliary Equipment

. ' Installed
Bquipment Item Description and Function Cost (%)

Elect.ric Hég;c,ers "Resistance elements embedded in ceramic; heat for vessels and 5h2,190
i . lines .

Auxiliary Heat Exchangers - .Assorted sizes for temperature control of Nak cdolant; 25 required 250,000
Refrigeration System 10-Ton system for cold trap_s | 3,800
NaK Purificafion Systenm v Oxide removal unit operating ‘continuously on sidestream of Nak 10,000 .
510, Supply and ﬁemoval ‘Qystem Equipment for drying SiO, pellets, chargmg to unit in céll and - 10,000
‘ ) . removing from cell

A1,04 Supply and Removal &rstem Equipment for charging A1;0; to TeF, + SeFq trap and removal 10,000
Fy Disposal System inui.(ggent for reacting discarded F, with Hz followed by sorption 5,000

n
H, Disposal System Final cleanup of discarded H, before going to stack 8,000
Inert Gas System : Inert gas sﬁpply and cleanup system for pfocess,vessels 100,000
UFg Product Withdrawﬂ Station BEquipment for removing UF, from proé'ess and putting into cylinders 7,500
Inert ‘Gas System for Cell Continuously. recirculating inert atmosphere for-cell; 0p, Fp, and g 175,000
: . HF removal
Fa, HF, and H, Supply Wstlems Purification of makeup process gases 3,000
Lithium Metal ‘Handling Fq\iipment ‘Equipment for receiving, storing, and adding Li metal t;oi process 15, 000
_ . . streams
BeF, + ThF, Additibn Systerh Facilities for storing and preparing makeup salt ;I0,000
Coolant (NaK) Pumps Electromagnetic pumps for circulating NaK in the several coolant 736,000
o ] circuits; 15 required

Process ISAlt Pumps Pumps for fluoride carrier salt, waste salt, and LiCl; 13 reqﬁired 270,000
KOH Pump Recirculation of KOH through sorber in gas treat;‘mg system ‘ 800
Compressors Compressors for use in H;, HF, and F, gas systems; 22 requiredb 330,000

2,486,290

L
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Table 10, Capital Cost >of‘ a Fluorination-~Reductive Ebcbracfion'-
Metal Transfer Processing Plant for a 1000-Mi(e) MSBR

1683 £t°
10 dzys

Reactor Fuel Volume
Fuel Cycle Time

Installed Molybdenum Process Equlpment

- Installed Molybdenum .Pumps

Installed Molybdenum Heat Exchangers

" Installed Molybdenum Piping :

Installed Hastelloy N, Stainless Steel, and N:Lckel Equlpment
Installed Hastelloy. N Jackets on Molybdenum Vessels
Installed Auxiliary Equipment

Process Piping (other than molybdenum piplng)
Process ‘Instrumentation :

Cell Electrical Connections

Thermal Insulation

Radlation Monitoring

Sa.mpl:.ng Stations

Fluorine Plant

Total Direct Cost
Construction Overhead
Engineering and Inspection
. Taxes and Insurance

Contingency :
 Subtotal
Interest During Construction

Total Plant Inve st_ment

10° §

4579
2L5
90
1474
3091

21,86
23L2
2711
Lok
588
150
1275

» 1005 -

20568 -

IR
3790
86L

2836

32172

k2

35611




L3

- $35.614 million., ~These costs do not include the cost of site, site prep;
aration, buildings, énd‘facilities shared with the reactor plant such as
heat sihks, maintenance equipment, and emergency cooling, The cost of
these facilities were estimated by Robertson! and are included in the
design and cost study of the 1000-MW(e) MSER.

Items of direct cost‘that were not obtained from preliminary designs
were estimated as percentéges of the installed equipment cost, The per-
centages were based upon previous experience in the design of rediochemical
plants, Piﬁing, instrumentetion, electrical connections, and insulation
costs were estimated in this way, Charges for radiation monitoring de-
vices, sampling stations, and a remotely operated fluorine plant were
estimated from other information, The discussion below describes our

method of finding these costs.

Process Piping

Pibing costs for a remotely 6perated processing plant are normally
in the range LO to 50% of the.cost of installed process equipment, We
estimated fhe.costs separately for molybdenum, Hastelloy N, and auxiliary"
piping, choosing factors of 30%, 50%, and LO% respectively. The low per-
centage value was used for molybdenum because of the relatively small
amount of this piping and the uncertainty in the base price ($200/lb)
chosen for molybdenum, The calculated costs are:

[ (cost of installed Mo process equipment) + (cost.
of Mo pumps) + cost of Mo heat exchangers)] (0.30)

[ $4,578,700 + 245,000 + 90, ooo1 (0. 30)

$1,L74,100

[cost of 1nsta11ed Hastelloy N equlp-
ment] (0,50) _

[$3,091,000 + 38, ooo] (0.50)
$1,26,500

[(cost of installed aux111ary equlpment) -
(cost of electric heaters)] (0,L40)

142,486,290 - 512, 90] (0.40) -

$777 6L0

Mo piping costs

o

)]

" Hastelloy N piping cost’

non

n

Auxilisry piping cost

1 ug
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Process Instrumentation

Process instrumentation refers to dev1ces for monltorlng and con-
trolllng the operatlon of  the plant through measurements of flowrates,
temperatures, pressures, concentratlons, liquid levels, or other perti-
nent quantities, Generally the instrumentation cost is sbout 30% of the
installed equipment cost. Instrumentationicost for~molybdenum equipment
was charged at 10% of the installed equipment cost, The lower percehtage
allows for the 1nord1nately high cost of febricated molybdenum vessels,

' Heater instrumentation was charged at only 15% of the installed heater
cost because such instrumentation is stralghtforward. We determined the
cost as follows: o ' 7 ‘

Instrumentation cost for Hastelloy N equipment

[ (cost of installed Hastelloy N equipment) + (cost of Hastelloy
N piping)] (0.30)

[$3,091,000 + 38,000 + 1,564,500] (0.30)

$1,L08,000

Instrumentatlon cost for euxiliary equipment

= [(cost of installed auxiliary equipment) - (cost of electric
heaters)] (0.30)

[ $2,486,290 - 542,190] (0.20)

$583,2oo

Instrumentation cost for heaters
[cost of heaters] (0.15)
[$5h2 190] (0.15)

, 300

Instrumentation cost for Mo equlpment

[ (cost of Mo equipment) + (cost of Mo pumps) + (cost of Mo
heat exchangers) + (cost of Mo piping)] (0.10)
[$L,578,750 + 245,000 + 90,000 + 1,47L,100] (O. .o)

$638, 800

Total cost of instrumentation = $2, 711,300

nwnnn L]

Cell Electrical Connections

These connections are the power reoeptacles and leads inside.the
processing area for supplying power to heaters, electric motors, and
" instruments., ‘The cost was taken to be 5% of Héstelloy N and suxiliary
equipment &nd plplmg costs plus *.5% of molybdenum equipment and piping

costs,
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Cost of cell electrical connections o

= [(cost of Hastelloy N equipment and plplng) + (cost of auxil-
'~ iary equipment and piping)] (0.05) + [cost of Mo equipment
and piping] (0,015)
[$3,091,000 + 38,000 + 1,564,500 # 2, h86 290 + 777,6L0] (0. os)
+ [$h,579,ooo + zhs,ooo + 90,000 + h?h,1001 (0. 015)
$h93 700

]

VThermal Insulation.

_ The thermal insulation cost for a chemical processing plant is usu-
ally about 5% of the equipment and piping costs., We calculated the cost
of insulation for Héstelloy N and auxiliary equipment in this way; how—'
ever, we excluded the costs of the cell inert gas system, fluorine and
hydrogen supply system, and inert gas blanket system since this equipment
‘does not need insulation., Also we used only 50% of the piping cost
($388,820) for auxiliary equipment because it was estimated that only
about one-half of this piping would need insulation. For insulation on
molybdenum equlpment we factored the equlpment and piping costs at 3.5%,

Cost of thermal insulation.
= [(cost of Hastelloy N equipment) + (cost of Hastelloy N piping) +

(cost of auxiliary equipment) + (cost of auxiliary piping) -
(cost of inert gas blanket system) - (cost of cell inert gas
system) - (cost of F, and H, supply system)] (0,05) + (cost

- of Mo equipment) + (cost of Mo piping)] (0.035)

[$3,094,000 + 38,000 + 1,564,500 + 2,486,290 + 388,820 -
100, ooo - 175,000 - 3, ooo1 (0,05) + [u,913 750 + 1,L474,100]
(0.035)

$588, 100

Redieation Monitoring

,Radiation monitoring;équi?ment_refers to inétruments for environ-
mental monitoring inside the processing cell, The cost of these

instruments was estimated to be,$1so,ooo.

Sampllng Statlons

A flowsheet review of plant operatlons 1nd1cated that salt and bis-
f muth samples will be needed at eighteen places and gas samples at fifteen
places to ensure proper control over the plant, Each sample station is

- a shielded, instrumentated facility designed for remotely securing and
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transmitting sampiés without centaminating either the process or the - ?FZ' , K~')
environment, Seversl sampling points would be in each station to mini- ) '
mize shielding costs’and,containment problems, Our estimate of the cost

~is based upon designs of similar installations for engineering experi-

ments and for MSRE installations. We estimated the cost of liquid-

Vgsamplers to be $50,000 each and gas samplers to be $25,000 each for &

total cost of $1 275,000

Fluorine Plant

‘The cost of manufecturing fluorine and hydrogen on site by elec-

- trolyzing recycled hydrogen fluoride was compared with the cost of

purchasing these gases and disposing of unused excess as waste, - Our
supplementary cost study (Appendix A) showed that once-through operation
contributed about 0,11 mills/kWhr to the fuel cycle charge for the cost
of waste containers, shipping, salt mine disposal, fluorine, other_chem-
icels,‘and capital equipment, “On the other hand, the correSponding.fuel-

. cycle charge for‘recycle operation’inclnding the fluorine’plant was

gbout 0,02 mills/kWhr,

, We have estlmated the capital cost of a remotely. operated fluorine
plant to be $1. OOS million; the cost includes labor, materials, piping,.
and 1nstrumentation.5 The plant is designed to produce 148 1bs F;/day,
which allows about fifty percent utilization in the fluorinators, Hy-

‘drogen output of the plant 'is used in UF; reduction and salt sparging.

Indirect Costs

Indirect costs include construction overhead' engineering and in-
spection charges, taxes and 1nsurance, contingency, &nd interest during

construction. These costs were dbtalned as described below. '

Construction Overhead

On the basis of past experience for'the cost of chemical processing
plants this cost was ‘taken as 20% of the total direct cost and equal to : -
$h 114 million, : , : ‘ _ : ' ki,J



C

L7

Engineering and Inspection. Charge

This cherge was computed by the guidelines of NUS-531°% which was
written specifically for reactor plants but was used in this study,
Plant engineering charges'are'based upon the total direct costs of the
installation, which is $152,3 million® for the reactor plant plus
$20.568 million for the processing plant, The specified charge is 5.3%
of the direct cost of the processing;plant;

In addition, the cost guide specifies that a premium be added to
the above amount to account for the "novel" feature of the design. This
charge is slso a function of the direct cost and for this ﬁlant is
$2,700,000, Although the use of & "novel" design surchafge rather than
the 1ower‘"proven" design charge of $1,600,000 appears to violate the
condition that the cost estimate was to be for a plant'based‘on developed
MSBR technology, it is our opinion that the complexity of the plant is
such that the higher premium will be required, '

The total engineering charge ‘
($20,568,000) (0,053) + 2,700,000

nn

Taxes and Insurance

This account covers property and ell-risk insurence, state and local
property taxes on the site and improvements during the construction pe-
riod, and salés taxes on pufﬁhaséd materials, ‘Using NﬂS-SB? &s & guide
and taking the total direct:cost of the instellation as a basis, the
charge rate was found tofbefh.2%.; For taxes and insurance the cost is
($20,568,000) (0,042) = $863,800, | o

Contingency

The contingency charge was taken as 20% of the total direct cost
minus the cost of molybdenum components., We felt that the $200/pound
charge for fabricated molybdenum equipment already contained a sufficient

contingency factor,
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Contingency charge
S (cost of Mo pumps) - (cost of Mo heat ex-
changers) - (cost of Mo pipe)] (0.20) -

[20, 568 000 - 4,579,000 - 245,000 - 90,000 -
1 h7h,ooo1 (0. 20)

$2,836,000 ‘

Interest During Construction

, It wes assumed that the procéssing plant would be built conéurfently
with the reactor plant over. & three-year construction period. ' The in-
terest rate on borrowed money was teken at 8%/year, and the total emount
to be borrowed during this time is the total of direct and 1ndirect |

costs equal to $32,172,000, Over a three-year period &t & rate of‘B%/Yeap,}

‘the interest charge is equivalent to 10.7% of the total borrowed money
‘or $3,hh2 hOO

FUEL CYCLE COST

~ Inventory and use charges were velued at the unit costs given in
Table 11 3 inventory, net worth, operéting charges, and fuel cycle costs
are given in Table 12, The gross fuel cycle cost is 1.21 mllls/RWhr
about 58% of this cost is contributed by fixed charges on the processing .
plant and another 32% by the reactor inventory. The fuel yield of
3.27%/yr gives & production credit of about 0.09 mills/kWhr which is _
slightly more than the operating charges of about 0,08 mllls/kWhr The
net. fuel cycle cost 1s gbout 1,12 mllls/kWhr

CAPITAL COST VERSUS PLANT SiZE

The usefulness of & cost estimate is greatly enhanced if the capital
cost can be related to plant throughput so that the most economic opera-
tion of the reactor system ce&n be determined, - In this case we have a
power station of predetermined size [1000-MW(e)] so that, strictly speek-
ing, cost-versus-thrbughpﬁt data will apply only to‘a'single 1000-MW(e) :
MSER. With these data, paremetric studies of the reactor plant-processing

plant complex can be made to find the optimum throughput and the lowest

[(total direct cost) - (cost of Mo equlpment) -
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Table 11, Basic Costs for Calculating
Inventory and Operating Charges.

Item " Unit Cost

=33y 13 $/g

238y . 11.20 $/g

233 pg : 13 $/g

284y no charge

236y S no charge

LiFe 15 $/1b

BeF, , 7.50 $/1b

ThF, : . 6,50 $/1b

LiCl A 15 $/1b

Li metal® 0.12 $/g

Bi 6 $/1b -

HF 0.41 $/1b

F,P 5.00 $/1b

H 1.4k $/1b
KOH (45 wt,% solution) ' 0.0L $/1b

Waste shipping® © 0,052 $/ton-mile
Salt mine storaged L4590 $/container

aIsotopic composition 2 99.995 at,% 7li.
bFluorine cost not needed for finding costs in
Table 12; used in computatidns.of Appendix A.

°Rail shipment.

dBased on heat generation rate = 360 w/ft of con-
tainer length, Data from "Siting of Fuel Reprocessing
Plants and Waste Management Facilities," ORNL-LL51,
pp. 6-47, Table 6,9 (July 1970), -




Table 12, Net Worth and Fuel Cycle Cost for a 1000 Mi(e) MSER

. 50’

Fuel Cycle Time = 10 dgys

Plant Factar = 80
mills/kwhr
Fixed Charges at 13.7%/year :
’ Value ($) . .
‘Processing plant 35,614,000 " 0.6962
Reactor Inventory” at 13.2%/year
. Amount SkE!
LiF 47,460 1,569,600 0.0296
BeF, 19,070 315,250 . 0.0059
" 93,720 1,342,940 0.0253
33377 1,223 . 15,899,000 0.2995
238 112 prS 1,252;,21:'00 0.0226
Pa 20,57 - 267,410 0,0050
‘ 20, 615,600 0, 3889
Processing Plant Inventory at 13.2%/year _
LIF 4,583 151,570 0,0028
BeF, 372 6,160 0.0001 -
ThF, 16,240 ) 232,670 0.00LkkL
233y 33.5 . 135,500 0.0082
238y 1.7 19,0L0 0.000L
233 pg 81.84 1,063,920 0,0200
LiCl ;,016 33,600 0.00?‘6
Bismuth 15,920 210,600 ~0.0040
Opm'at;ing Charges
Amount (kg/year) Cost ($/year) :
711 metal 999 © 119,940 0.0171
BeF, makeup 1,026 16,970 0.0024
ThF, makeup 9,020 129,260 0.018Y -
HF makeup 920 3,530 ~0.0005
H, makeup 561 1,307 0.0002
KOH makeup 2,723 240 0,0001
Waste disposal 87,000 0.01225; ‘
Payroll 200,000 0,028
558, 2T 5,079
Gross Fuel Cycle Cost 1,2052
‘ Production Credit (3.27%/year fuel yield) : o
. Amount (kg/year) Income ($/year) 3 '
233y 48,18 626,.31‘0 . =0,089Y -
Net Fuel Cycle Cost 1.1158

aR. C. Robertson, ed,, "Conceptual Design Study of a Single-Fluid Molten-Szlt Breeder
Reactor,” ORNL-L5L1, pp. 180, Tsble D,2 (June 1971).

bInventory of ®33Pg is for equilibrium on a 10-day processing cycle. Above reference

gives *>Pa inventory as 7 kg, which is for equilibrium on a 3-day cycle,"
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- fuel c¢ycle cost, Another way of decreasing fuel cycle cost is to asso-

ciate a 1arger power plant, for example, two or more 1000-MW(e) MSBR's,
with a s1ng1e proce581ng facll1ty, however, such a2 consideration was

beyond the scope of th1s study.

‘We chose to estimate the capital cost of the fluorination--reductive
extraction--metal transfer processing plant for a throughput that is three

- times the ratevused gbove, corresponding to & 3. 33-day processing cycle

for the 1000-MW(e) MSBR. .The shorter cycle time was selected because it
was believed that, at cycle times longer than 10 days, the breeding gain
would be adversely affected by higher parasitic neutron losses to *>®Pa,

Our estimated capital cost is given in Table 13, Direct costs are $28.5

- million, and indirect costs are $20. oL mllllon for a total 1nvestment of

$h8 54 million,

Capital costs for the plant for a 10-day (O 874 gal/min) processing
cycle and the plant for a 3,33-day (2.62 gel/min) process;ng-cycle are
plotted in Fig, 6, and_a stfaight line is drewn between the points, The
curve is extrapolated to cover processing rates from 3 gal/min to 0.24
gal/min (cycle times = 3 to 37 days). Below & rate of 0.2L gal/min, the
curve is drawn horizontally at a capital cost of $25 million, It was

felt that $25 million probably represents a'lower'limit‘for the cost of
~a plant of the present design.

The cost-versus-throughput line has a slope of 0.28 which indicates

‘that the capital cost is not strongly affected by throughput However,
" the economic: advantage in ‘fuel cycle cost of proce531ng a 1000-Mw(e)
'MSBR on longer or shorter. cycle ‘times than 10 days has not been calculated

It is apparent.thoughxthat lower fuel cycle: costs can beaobtalned.by proc-
essing several 1000-Mi(e) MSBR's in one processing plant. Although this

'1s undoubtedly true, the curve of Fig, 6 is not an accurate representa-

tion of the cost of proce551ng ‘several reactors because the additional
radloact1v1ty that would be handled by the plant would 1ncrease the cost
above that shown. S o
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Table 13, Capital Cost of a Fluor:.nation--Reductlve Ebctractlon-t-

Metal Transfer Processing Flant for a 1000 Mw(e) MSER

Reactor fuel volume = 1683 £t
- Fuel cycle time = 3.33 days

Installed Molybdenum Process Equipment
Installed Molybdenum Pumps . -
Installed Molybdenum Heat Exchangers
Installed Molybdenum Piping

Installed Hastelloy N, Stainless Steel, and Nickel Equipment

Installed Hastelloy N jackets on Molybdenum Vessels
Installed Auxiliary Equipment . B
Process Piping (other than Mo Plplng)

Process Instrumentation .

Cell Electrical Gonnections

Thermal Insulation

Radiation Monitoring

Sampling Stations

Fluorine Plant

Total Direct Cost
Construction Overhead®
Engineering and Inspection
Taxes and Insurance®
Contingencyd'

~ Subtotal

Interest During Construction

Total Plant Investment

10° $

6,47l
L7l

- 90

2, 1 12

» h,127
- 15

3,581
3,215
3,692
Lok
827
150
1,275
1, 9uh

28,500

5,700
4,582
1,197
3,870

13,89
Iy, 692

-, 8,5l

8504 of total direct cost

'b5.2% /of f.otal direct cost + "novel! design premiim‘of $3.1 million

). 2% of total dlrect cost

20% of" total d:l.rect cost minus cost of Mo components

-
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Cost Estimate for & 3. 33~qu Fuel Cycle T1me

A complete rede31gn of the proce351ng plant wes not attempted to
~ obtain the capital cost at the greater throughput However, the cost of
each item of equipment listed in Tables 7, 8, and 9 was recomputed by the
following. general procedures: ‘

Redesign and estimate the cost of a few vessels that are typlcal
of the several types of equipment, e.g., tenks with internal heat
exchange surface, columms with frozen salt on walls, llquid/liquld
contactors with internal heat exchange surface, etc, Compare the
cost of the redesigned vessel with its counterpart in the 10-day
cycle case and determlne a2 scale factor from the relationship

_e
- ()
' where n = scale factor

C,= fabricated vessel cost for 3. 33 -day cycle

C,= fabricated vessel cost for 10-dey cycle

R,= flow rate through proce551ng plant for 3.33-day cycle
R,= flow rate through processing plant for 10-dey cycle

Determine the febricated cost of the remaining vessels by using

the eppropriate scale factor, the previously calculated cost for

the 10-day cycle case, and the sbove equation, ' '

Scale factors for individual pieces of equipment wefe in the range
0.52 to 0;82, however, & number of items had & .scale factor'eQual to
zero because their sizes were indepeudent of processing rate, Typicel
examples of vessels having zero scale factor are the *>®Pa decay tank,
the divalent rare earth accumulator, and the trdvalent‘rare'earth accu-
mlator, Thus_the overall scale factor (0,.28) for the plant is considerably
below the velue of about 0.6 customarily associated with chemical'plants. ‘

Installed costs for molybdenum, Hastelloy N, and auxiliary equ1p-
‘ment are given in Tables 1l, 15, and 16. An overall scele factor was
determined for each group of equipment by comparing the total costs from -
~ the sbove tables with the corresponding total from Tables 7, 8, and 9.
It was found that the molybdenum equipment scaled by a factor of O. 31
Hastelloy N equipment by a factor of O, 26, and the euxlllary equipment
by a factor of 0,33, These factors were used to determine some of the

direct costs given below,
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Table 14, Installed Cost of Mﬁiybdenvm Process Equipment

‘Fuel cycle time
Reactor power .

3.33 days

1000-MW(e) =

Installed Cost

Item ($)
%33ps Extraction Column 252,400
Rare Earth Extraction Column 236,050
Bismuth Dump Tank ’ 372,310
1iCl Extraction Column 1,256,120
RE®* Stripper ' 930,090

RE?+ Stripper

RE®* Bismuth Reservoir
RE®* Bismuth Drawoff Tank

RE®* Bismuth Reservoir
Bismuth Surge Tank

233 pa Hydrofluorinator
Waste H&drofluorinator

Bismuth Skimmer

A3

RE®* Bismuth Drawoff Tank

Total for Mo Process Enuipment

' Auxiliary Heat Exchangers

Bismuth Pumps :

Total for Mo Auxiliary Equipment

51,990 (Mo)
‘8,200 (Hast N)

1,68ly,580

152,540 (Mo)
7,530 (Hast N)

797,690

146,200 (Mo) -
6,720 (Hast N)
26,710

208,490 (Mo)
11,920 (Hast N)

© 225,900 (Mo)
5,910 (Hast N)

133,310 (Mo)

6,171,380 (Mo)

~L45,LL0 (Hast N)

190,000

- 173,830

563,830
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Table 15. insfalled Cost of Hastellby N Process Bquipment

Fuel cycle time = 3.33 days
Reactor power . = 1000-Mi(e)

~ Instalied Cost

Item ($)

Feed Tank , 30,500
Primary Fluorinator - 63,030

- Purge Column : 63,030
Salt Surge Tank 11,300
Salt Surge Tank 11,300
‘Salt Makeup Tank .50,530
Salt Discard Tank . 9,640
UF; Reduction Column 61,120
Structural and Noble Metal Reduction Column - 67,230
Salt Surge Tank : 12,1450
Bismuth Trap (2 requlred) : ' 148, 390
Salt Cleanup Filter (2 required) 53,910
Reactor Feed Tank 35,140
Salt Dump Tank 170,860
LiCl Reservoir and Dump Tank 8l4,L70
1iCl Waste Tank 38, 780
H,-HF Cooler , 38,090
100°C NaF Trap (2 required) 51,110
Still Feed Condenser 42,150
HF Still 11,620
HF Condenser 32,740
KOH Sorber 25,370
KOH Reservoir (3 required) 43,860
Gas Cooler 22,500
Cold Trap (2 required) h,h60 -
Silica Gel Dryer (2 requlred) 11,050
Alumina Sorber 31,390
NaK Expansion Tank 10,210
NaK Expansion Tank 6,380
NaK Expansion Tank 3,190
NaK Expansion Tank 4,980
NaK Expansion Tank 3,150
NaK Expansion Tank 6,100
NaK Expansion Tank 6,320
Salt Surge Tank 5,220
Secondary Fluorinator 33,370

. Purge ’Column 33,370
253Pa Dec: 710,490 -
220-Day 23 Pa Decay Tank 169,720
Waste Fluorinator _ 57,550
Waste Tank (3 required) 1,809, 940

£ 20°C NaF Bed | Iy, 360
Total for Hastellcy N Process Equlpment - L,127,370
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Table 16, Installed Cost for Auxiliary Eﬁuipment‘

Fuel cycle time

Reactor power

won

3
1

.33 dqys
000-MiW(e)

Installed Cost

" Total for Auxiliary Equipment

Item ($)
Electric Heaters 762,320
Auxiliary Heat Exchangers 300,000
Refrigeration System 5,760
NaK Purification System 10,000
Si0; Supply and Removal System 19,340
A1,0; Supply and Removal System 10,000
" F, Disposal System 5,000
H, Disposal System. 8,000
Inert Gas Blanket System 100, 000
UF; Product Withdrawal Station - 7,500
Inert Gas System for Cell ) 175,000 -
F,, H,, and HF Supply Systems 3,000
Lithium Metal Handling Equipment 20,400
BeF, + ThF, Addition System 13,600
Coolant (NaK) Pumps - 979,620
Process Salt Pumps - 523,730
Compressors ‘ 638,220

3,581,490
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Process P1p1ng A B -

P1p1ng costs were calculated &s explained gbove for the plent oper—
atlng on a 10-day processing cycle, '

Mo piping cost = [(cost of installed Mo process equipment) + (cost

: ' : of Mo pumps) + (cost of Mo heat exchangers)] (0, 30)
[$6,L47h4,4OO + h73,800 + 90, 0001 (0. 30)

$2,111,500

[cost of installed Hastelloy N equlp-‘
- ment] (0,50)

[ $4,127,370 + L5,440] (0.,50)
$2,086,L00

[(cost of installed auxlllany equlpment) -
(cost of electric heaters)] (0,L40)-

[$3,581,490 - 762,320] (0,L0)

$1, 127,700

Hastellqy N p1p1ng cost

Auxiliary piping cost

Process Instrumentation’

We assumed that instrumentation cost for the 3,33-day cycle plant

' could be scaled upward from the corresponding cost for the 10- -day cycle
plant by the scallng factors found gbove for the three types of equip- '

ment, Thus a :

03-63

' an
- 0y [Bpe2]
: Rio -
where the subscripts refer to the value for the 3,33-dgy cycle and 10-

day cycle, The ratio of the plant throughputs is 3.

Instrumentation cost for Hastelloy N equipment
$1,408,000 (3)°-2°
$1, 87h,o§o

Instrumentation cost for auxiliary equlpment
$583,200 (3)°+32
$838,060

Instrumentatlon cost for heaters (scale factor taken to ‘be zero)
= $81, 300 -

Instrumentetion cost for Mo equlpment
$638,800 (3)°31
$898, 150

Total 1nstrumentatlon cost for 3,33-day-cycle plant = $3,691, 560

]
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_Cell Electrlcal Connectlons

The cost of cell electrical connections was taken to be $L93, 700,
the same as for the processing plant operating on the 10-day cycle,

Thermal Insulation

The cost of thermal insulation was calculated using a scale factor
of 0.31.

Thermal insulation cost

$588,100 (3)°-3%
$826, 870

Radiation Monitoring

The cost of environmental monitoring equipment should not be affect4

ed by processing rate, Therefore, the cost was taken as $150,000, the

same as estimated for the 10-day cycle plant,

Sampling Stations

The number of sampling stations was not considered to be & function
of throughput, The charge is $1 275,000 for elghteen liquid samplers
and fifteen gas samplers, -

Fluorlne Plant

In estimating the cost for the hlgher throughput the fluorine plant

was treated as conventional chemical plant equipment even though it is a

remotely operated facility, and the cost was scaled upward by the 0,6

_power applied to the throughput ratlo.

$1,00L,900 (3)°°°

F, plant, cost

nn

Indirect Costs

"Indirect costs were calculated by the prdoedure discussed above for

. the 10-dey cycle plant,
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NEEDED DEVELOPMENT, UNCERTAINTIES AND ALTERNATIVES

' There are sufficient laboratory and engineering data to show that
chemical principles for the fluorlnation—-reductive extraction--metal
transfer process gre fundamentzlly sound Except for fluorlnatlon, most
of the development has been in relatively smell-scale experiments,. and
design studies which, in addition to giving encouraging results, have
identified problem areas, The more important'problem arezs &nd uncer-

tainties are discussed below.

Materlals of Constructlon

"The most basic problem to thls process 1s that of a materlal for
contalnlng molten bismuth or bismuth-salt mixtures. Molybdenum has
excellent corrosion resistance to both phases but is 2 very dlfflcult |
‘metal to fabricate. For example, in making welded joints the heat-
‘affected zone becomes very brittle due to recnystslization,'and ductility
can be restored only byicold working which is normally not practical on
fabricated eduipment. Considerable progress has been made in the making'
of molybdenum shapes and joints, and, in time, ue feel that fabrication
teohnology will be perfected, The task will be difficult even for small
molybdenum equipment, and, for large items that are required in parts of
this plant, the job is formideble, -However, molybdenum equipment will '
glmost surely be expensive, ‘ '

“Graphite is being considered aS'a.possible alternste material of
construction, Also it may be possible to apply molybdenum coatings to &
more easily fabrlcated materizl such &s a nickel-base alloy. Tungsten
coatings would also-be satisfactory.

Continuous Fluorination

Fluorination'of molten salts for uranium recovery has been success-
fully demonstrated on several occasmns":8 »9,10 in batchwise, pilot
plant operatlons, and the development of a continuous method ‘is in prog-
‘ress, - Successful continuous fluorination depends upon malntalnlng a
, protectlve frozen salt layer on wetted surfaces of the fluorlnator to
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prevent catastrophic corrosion, Establishing and maintaining this pro-
tective coating is a developmental problem that must be solved, The
solution is complicated by the difficulty of 51mulat1ng an internal heat

 source in the nonradioactlve salt of an engineerlng test, Experimental
~ results have been encouraging, and the frozen-wall fluorinator should be

practical to build and operate,

Bismuth Removel From Ssalt

Nickel-base alloys are rapidly corroded by molten bismuth, and ves-
sels that normally contain only salt, inoluding the reactor vessel and
primary heat exchangers, must be protected from chronic or recurring

exposure to the metal entrained'in salt, A cleanup device for the salt -

- stream, consisting of a vessel packed with nickel wool, exists only in

concept, and its effectlveness camnot be evaluated until tolerance
limits for bismuth in salt have been determlned as well as suitable
analytical methods for detecting low concentrations (<! ppm Bi) in salt,

The magnitude of bismuth entrainment cannot be completely assessed until

~ bismuth-salt contactors have been developed'and tested, and cleanup

measures could be mandatory for the salt stream from each contractor if
bismuth entrainment is unaccepteble; The allowable bismuth concentration
in salt will almost surely be quite low, and it is believed that bismuth-
salt separation after each contact will be sharp. If not, a dependsble
and practicable bismuth removal method must be developed,

Instrumentation for Process Control

The continuous interchange of salt between the reactor and processing
plant requires quick and reliable analytical techniques for salt composi-

‘tion, uranium and protactinium content, and U5+/U*+ ratio. If on-line
" methods are not developed laboratory analyses could be used but these

are slow, 1nvolve the hazard and expense of . sample handling, and require
holdup tanks with additional inventory at the sample points, Similarly,
on-line monitoring of nedﬁotive?extraction and_metal transfer operations
by readings on the salt and/or bismuth phases would 2llow firm process
control; however, we believe that these operations can be properly con-

ducted without sophisticated instrumentation,
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, Acoidental loss bf fissile material from the fluorination--reductive
extraction--metal transfer process is extremely unlikely, Maloperations
~in 211 units except UFg reduction will either.return uranium and protac- -
tinium to the reactor in the recycle salt or divert each into an area
where fission products are accumulated for disposal. Malfunction in the
UFg reduction operation could route UFg toward the H,-HF recycle system,
and adequate monitoring and traps must be promided to prevent such an
‘occurrence; The brocess already includes means of recovering fissile
values from waste salt since all waste is held forideceyvend fluorinated
before ultimate disbosal. ' - o

Some, but not all, pfocess instrumentation is required to function
in a 600° to 6LO°C environment, This condition will undoubtedly neces-
- sitate a development program for 1nstrument components, for example,

- sensors and transducers.‘—

Noble and Seminoble Metal Behavior

Noble end seminoble metals constitute about 20.3 wt. % and 1.6 wt, %
respectively of all fission products and account for é5.2%,and 2,06% of
.the'fiSsion product decey energy-at.equilibrium.v The behavior of these
‘fission products in the'MSBR is not fully understood;-however,vdata from
MSRE operation indicate that they are probably removed by attaohing '
themselves to reactor surfaces and/or leaving mith the inert Sparge gas,
Our treatment of the flowsheet is based on this premise, and we have

designed the processing plant to handle only & small amount of noble and

" seminoble metals, Most noble snd seminoble metals have volatile fluorides

. and would be removed in fluorination, If the behavior is not as assumed
and large amounts of noble and seminoble metals enter the‘proceSSing '
plant, exten51ve redesign of the gas recycle and salt cleanup systems
would be requlred -Heat removal problems would be more severe and
| additional treatment would be required to remove reduced noble metal
~ particulates from the reconstituted fuel sait A better understandlng
- of the behav1or of this class of fission products in the. reactor system

is very 1mportant.

v
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‘Operational and Safety.Considerations

When operational and safety oonsiderations for the processing plant
are examined in detail, it will probably be found that their influence
on equipment désign will be spprecisble, ' There is & volume heat source
due to decaying radioactive nnclides in practically every vessel in the
plant;'requiring’continuous cooling and fail-safe syétems. In some ves-
Sels, high heat removal rates are required because concentrations of the
radionuclides are relatively high; A criticel design analysis is neces-
sary for evory potentially dangerous srez to ascertain»the conseouences
of abnormal operation, especially in regard to interruptions in coolant

flow,
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Appendix A: Economic Comparison of Process Gas
Systems for the MSBR Processing Flant
Gases used in processing MSBR fuel salt are fluorine for removing -
uranium from the salt, hydrogen fluoride for oxidizing metels dissolved
in bismuth to fluorides for extraotion into s2lt, end hydrogen for‘re-
ducing UF, to UF, and for sparging fuel salt after fluorination, In
- addition a considerable amount of UF, is handled in fluorlnatlon end
reduction. The principal reactlons of the process gases are:
Fluorination
UF, + Fp - UFg
‘Reduction )
UF, + B, = - UF, + 2HF
. Fz"'Hz - 2HF
Hydrofluorination

Pe (Bi) + LHF -+ PeF, (salt) + 2H,
U (Bi) + LHF -+ UF, (salt) + 2H,
FP (Bi) + xHF (FP)F (s2lt) + (x/2) H,

arging
2UFy + Hy - 2UF, + 2HF
Fp + By -~ 2HF »
The net effect of the first, second, and fourth operations is to .consume

H, and F, while making HF, whereas, the third operation consumes HF &nd
produces Hzg Since the amount of HF consumed in hydrofluorinetion is

“much smaller then the amount produced in the other operations, the proc- '

essing plant must dispose of the excess hydrogen fluoride either as
waste or by conversion to hydrogen and fluorine for recycle, The first
alternative requires the purchase of the three gases plus the cost of
converting large quantities of contaminated hydrogen fluorlde to & solid
waste for salt mine storage, the second lternative requlres the instal-

lation of a remote fluorlne plant with a considersbly smaller makeup and

waste dlsposal cost,

The two ch01ces for treatlng the process gases were studled to
determine the more economlc‘method The 51mp11f1ed flow dlagrams in
' Figs. A 1 and A-2 show the processing steps and the mass flow rates of
resctant and product gases In each dlagram fluorine utlllzetlon in
fluorinators is taken as SO%, hydrogen fluoride utlllzatlon in hydro-.

fluorinators and hydrogen utlllzation 1n the reductlon column are taken

~ as 10% o _ : s o,



ORNL DWG 71-12796

472400 g KOH/day

3640 g Np/day 3640 g Hp/day

" oFUEL SALT
. 10 REACTOR
‘ . 10M KOH
UFs = UFe
181310 g U/day 192980 g Usdey  [REDUCTION| . NEUTRALIZER
) NF, .
31180 g Fa/day 33080 g Fp/day | COLUM 30600 3 Hyrao) : WASTE GAS
- 9 Ha/day
.:5
8\
= 34000 g-Hy/day
es}
=20 > >
es | : g 2
x
P\, N ’t: ;
o
. -—— o
57 g Usdoy o&| .~
9 g Fe fdoy 8% -
Y P - - - —d— -
: ; . EVAPORATE
— N L —r- —~| : TO DRYNESS
) -~
. BisLi : |
ALLOY
[
L
| .
I . SOLID WASTE TO
"e H . " - SALT MINE STORAGE
pRIMARY .| plRG Pasy 177 SECONDARY  He Pa waste | - : mi’ e[ wasve ‘ 23840 9 KON /doy
[FLuorinator | SV EXTRACTION HYORO- FLUGRINATOR| PURGE DECAY NYDRO- SRR TANK . 464760 ¢ KF/day
: S T COLUMN T gy o RteaTOR COLUMN TANK - [FLUORINATOR  waASTE 67.4 g Kisdoy
FUEL SALT | 1 FLUORINATOR . (0.64 113 /day)
190850 ¢ U/day !
82 g I/day S
. ]
l [ l I g I
- 1
{ L5 ¢ Hp/day
*

" 62380 g Fy/day 3790 g Fysday 18 g Fyidoy

89610 g HF/doy v . 12620 g HF/day

Fig, A-1. Once-Through Cycle for Gases in Processing Plant for
MSBER Fuel Process Requirements of H,, F,, and HF are Purchased; Excess
Amounts After Use are Converted to Solid Waste for Disposal; - Uranium,
in the gas stream as UF;, is quantitatively returned to the salt in the
reduction column, Values show requirements for a 1000-MW(e) MSER.

L9



ORNL DWG 71-12792

9324 ¢ KOH/doy WASTE GAS
: 1920 ¢ Hpzday = -
FUEL SALT TO REACTON
- 10 4 KOH
38390 ¢ Hg/d
) ) '0" / “O,v utura?uzn 3
Ny
(C‘".O 9 HF/dey
g 30600 ¢ Mp/doy
UFg —»UFy HE
192980 ¢ U/da: . .
330809 ,!' 4 ." REDUCTION DISTILLATION EVAPORATE
l TO DRYNESS
FLUORIN
5 » > ! puut‘
8 3 ® 9650 ¢ HF/dey SOLID WASTE TO
- T > SALT MINE STORAGE
3 3 z ' $ 468 g KOM/dey
z Cel o 9180 g KF¥/doy
»l o= ] $7.4 g K1 doy
o . - ] (0471 1e3/dey)
8 : o )
<
N
T ] . -
™ A
. 8oLl ALLOY J )
Z. ?. ’ MAKEUP
o ——
I I | 1410 g He/day
1
[ . ‘ : .
PRIMARY nsrunot Pee U HWYDRO- Mg PURGE | Pa DECAY vus‘rs WASTE PURGE | wASTE .
IFLUORINATOR| COLUMN |EXYRA( -TION| FLUORINATOR COLUMN TANK HYORO-  FLUORINATOR UMN | TANK . MAKEUP .
‘ . COLUMNMN 1 FLUORINATOR 13970 s WF/doy )
. _| K SECONDARY )
FUEL SALT i FLUORINATOR . .
190050 ¢ uzday LR .
82 g 17doy . [ '
1
1
| | ] ] !
H .
» ' ol » o 5 -l®
$ [ty ol® o8& gle =8 w[® -
5 ¥ ) 213 3|s g 2(3 =2
® = 2l ne BE t1H -
* = . .
'y o E
o . . . . .
e H ) 7262 ¢ Wy /day
4 ' : L ‘
° 66170 g Fo/dey

Fig. A-2. Recycle of Gases in Processing Flant for MSBR Fuel

 Reaction Product HF is Electrolyzed to Furnish H, and F, for Recycle to

Process Operations; a Small Amount of H, and HF is Not Recoverable and
Uranium, in the gas stream as UF,, is quanti-

" is Replaced with Makeup,
tatively recovered in the reduction column,

for a 1000-MW(e) MSER.

Values-show requirements
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-shown by the curves of Fig, A-3. . The,KOH concentration is reduced from
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Fission product contamination in the gas stream is primarily from |
iodine and to a less extent from‘bromine. Small amounts of noble gases
and volatile noble hetals sre present, but, as explained earlier, the
short removal time for these'nuclides in the reactor greatly limits the
quantity,. Heat generationfih the neutralized ﬁeete is due almost entirely

"to iodine and daughter products.

Since this cost studyiwas‘for-comparison purposes; only major ele-
ments of the cost were considered, For example, piping instrumentation,
insulation, auxiliary equipment, etc., were not included in the estimate.
The study was limited to comparing the costs of major pieces of equip-
ment, consumed chemicais; and waste disposal,

Once-Through Procees Cycle

In the once-through treatment (Flg. A-1), gases from the reduction
columm, hydrofluorlnators, and purge columns flow into a caustlc neu-
tralizer containing aqueous KOH where hydrogen fluoride and halogen
fission products are removed, Hydfogen leaves the neutralizer, passes

threugh alumina and charcoal beds for removal of small amounts of vola-

'btile neble metals and,noble'geses, and exhausts to the atmosphere, Five

neutralizers; each holding about 135 £t® of 10 M KOH solution, are needed,
One tank is on-stream for a ?OOQhr cycle while the neutralized contents
of the remaining tanks sre in various stages of fission product decay.

The batchwise cycle is neeessery to allow decay before the solution is
evaporated to-d:ynesé,‘ At the-end of the7700-hrfreaction period the
fission product decay energy is 153 ijuthis\decays rather quickly as

10'M to 0,5 M in the 100-hr period,
B
After L00-hours decay the aqueous solution is evaporated to 2 solld

waste residue in 24-in, D x 10-ft- long/waste contalners Condensate is
reused to make fresh KOH solutlon. If the waste contalner’is'held about

32 days, its heat emlssion 1s sufflclently low to qualify the can for

selt mine storage &t the m1n1mum cost of $300 per cen, !
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The»2h-in. D x 10-ft-long/can is the~largest permissible can for
storage in a salt mine, and the usable length, excluding nozzles; lifting

bails, etc., is approximately 8 ft. About 8,64 ft° solid waste is pro-

duced each day, héncé, for operation at 80% plant factor, 105 cans must

be'sent to permanent storage each year, '

Gas_Recycle System

In the recycle éystem (Fig, A-2), gases from the reduction column,
purge columns, and hydrofluorinétors éré compressed to abbut 2 atm
pressure and chilled to -h0°C'tQ condense hydrogen fluoride from the
H,-HF mixture, Some of the fission products, primarily volatile com-
pounds of I, Br, Se, and Te, are expected to condense to a large extent
with the hydrogen fluorine. These compounds are more volatile than
hydrogen fluorine and can be separated‘by distilling the mixture at low
temperature at gbout 2 atm pressure. Vapor pressure data are shown in
Fig. A-L. The overhead condenser is‘kept at -L4O°C so that hydrogen
fluoride loss with the noncondensazble gases .is minimel, Part of the
liquid’hydrogen fluoride flows f:bm the still to an electrolytic cell
to regenerate H, and‘Fgg the remainder is recycled to the hydrofluorinsators,

The H,-rich gas from the distillation column is bubbled through a
caustic scrubber similar to the one used in the once-thrbugh system to
remove halides, The gas'is,dried in regenerative silica gel sorbers and
recycled to the reduétioq and purge columns, About 5% of the hydrogen

is removed from the system on each cycle to purge selenium and tellurium

'iby sorption on activated alumina and noble gases by sorption on charcoal,

The ﬁeuﬂralizatibn’aYétem consiéts of a scrubber column and three,
20-ft3 reservoirsffdr 10 M KOH, Each reservoir is on-stream_for‘Bh days
until the concentration is reduced to 0.5 M KOH; the heat generation
rate attains equlllbrlum at about 210 kW (see Fig. 5 page 29). The
spent solution is set aside for fission product decay for 45 days before

: belng evaporated to dryness -in 2L-in, D x 10-ft-long waste contalners.

The volume of solid waste produced is 4.83 £t° every 34 days, requlrlng
only 2,07 waste containers per year for reactor operation at 80% plant

factor.
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The waste container needs to be held only about nine days after the
final batch is evapcrated_in order to qualify for the minimum interment
cost of $300, This cost is for a maximum heat evolution of 30 w/ft of

container,

Fuel Cycle Cost Comparison

Costs for the two gas treatment methode were compared by examining
only the 1tems for which there would be 2 51gn1f1cant cost differentiel,
Prellmlnany des1gns were made of mejor equipment 1tems, and instelled
costs were estimated, The costs of chemicels were calculated from the

requirements shown on the flowsheets, Figs; A-1 and A-2,

In the case of the once-thfough gas cycle, the costs of purchased

- gases were calculated in two ways, One calculation was made for the

purchase of all required fluorine, hydrogen, and hydrogen fluoride from
outside sources, In the second case, hydrogen fluoride'and some h&drogen
were pﬁrchased; and’fluorine,and hydrogen were manufactured on-site from

HF in a nonradioactive fluorine plent. For complete gas recycle opefa-

.tion, only the equilibrium hydrogen fluoride lost in the noncondensable

gas from distillation and that:-consumed in hydrofluorination afe’pur—
chased, The required hydrogen makeup is equivalent to that discarded
less the’ hydrogen produced in hydrofluorlnat1on.

The costs of the two methods for treating the gases are compared in
Table A-1, The once-through gas cycle costs gbout 0,115 mills/kithr end

is almost five-times more.exﬁensive than the recycle system, due primarily:

" to the higher charges for waste disposel and purchased fluorine, The

most significent charge.in~the recycle system is the amortization of the

remote flucrine'plant. A smell reduction in cost can be made in the

‘once-through gas cycle when fluorine and hydrogen &re manufactured On-

51te from hydrogen ‘fluoride, however, the fuel cycle cost is still four

| tlmes that of the recycle system.'

. On the basis of thls comparlson, the gas recycle system was selected

for the MSBR fuel reproce351ng flowsheet




Table A- Fuel Cycle Costs for Two Methods of Treating
Process Gases in MSBR Fuel Processing »

Fuel cycle time = 10 days
" Reactor power = 1000 MW(e)
Plant factor = 80%
Fuel Cycle Cost (mills/kWhr)
Once- Through Gas Cycle b Gas Recycle
Case 12 Case 2
Waste Disposal

Waste containers , ~0.0L85 - 0.,0L85" ~ 0.0009
Shipping \ 0.0050 °0,0050 0.0001
Carriers ‘ 0.0022 - 0,0022 - ... 0,0004L
Salt mine storage . | 0,0045 0.00L5 © 0,0001
o | 0.0602 - ' 0,0802 0,0015.

Equipment and Chemicals '
KOH tanks . . ' 0.012l ~o.012l ~0,0013
Fluorine plant , , ' 4 o , - 10,0098 0.0196
Fluorine ' , ~0,0304 o : o
Hydrogen ~ , _ 0,0055 . 10,0050 . 0,0002
Hydrogen fluoride 0,0026 - 0.004L 0,0005
Potassium hydroxide - '0,0038 - . 0,0038 - . 0.0001 -
HF distillation equipment. : ‘ o B 0.0007

. , n ' . 0.054L7 0,035L . 0,022h
Total . e o . 0095 00239

A

hl gases purchased

Hydrogen fluoride and some H, purchased; F, and the remaining H, made on-site from hydrogen
fluoride in nonradioactive fluorine plant,

~

. ( ' - Lo » . 4 » : L . ' 4 R
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. Appendix B: Useful Data for the
MSBR &nd Processing Flant

" Table B-1 summarizes date from reactor physics celculations, prop-
erties of process fluids, end heat generation deta for verious areas of

the prodessing plent,
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Table B-1, -Useful Data for the MSER and Processing Plant . : ; \.j .

Reactor Facts (MATADOR calculstions by M, J. Bell) . .

Thermal power ' . 22s0M4 : -
Fission product production " 2,355 kg/day
Fission products entering processing plant 2,143 kg/day -
Noble gases removed in reactor 0.621 kg/day
Noble metals removed in reactor 0.471 kg/day
-Seminoble metals removed in resctor 0.036 kg/day
Fission products removed in processmg plant 1.226 kg/day
233pa produced 2.59 kg/day
Breeding ratio ' 1.0637
233py inventary in reactor at equilibrium 20,57 kg
23%pa inventory in processing plant at equilibrium 81.8L kg
' Molar D\ensities at_6L40°C (g moles/ft°)

- 'LiF-BeFg-ThF, (72-16-12 mole %) 1067

: LiF-Bng—ThF.,-UF,-FP's (equilibrium composition) 1489
Licl _ 995
Bismuth 1298 -
Bi-S0 at,% Li 1336
Bi-5 at. Z Ii 1323
LiF-ThF,-ZrF,-PaF, (71-26-2,8-0.2 mole %) 1192 (at 6oo°c)

Liquidus Ten;perature (°c) . ‘
1iF-BeFy-ThF-UF, (71.7-16,0-12,0-0,3 mole %) 1499 *
Licl AN

_ Bismuth 27
LiF-ThF,-ZrF,-PaF, (71-26-2,8-0,2 mole %) 568 -
NaK (78-22 wt.%) "1
Inventory in Processing Plant .
Fuel salt 33,7 £
Bismuth 58,4 £t°
‘LiCl - 20 £t°
"NaK 200 £t°
7Li in Bi-SO at,¥ Li alloy 84.2 ke
71i in Bi-5 at.% Ii alloy 12,5 kg
233pa decay salt 150-175 ft°
Heat Generation in Processing Plant (kW)
Fission Products. 233pa
Fuel salt circuit® (33.7 ft"’) ‘ 238 ‘ 5
Bismuth in extraction colums and surge tanks (8 £13) 13 _ ,
233pa decay system salt (150-175 £t®) 1800 - . k150
LiCl (20 £t°) 56 '
Bi-50 at,% Li alloy (27 £t°) 439
Bi-5 at.g 1Li alloy (18 ft®) 1382
Waste tank (555 1'1:"”é no decay) 11}
KOH solution (20 f£t°, no decay) 210
A1,0, bed (2.5 ft°) 13 : ) -
' 5665 L1gs - : i
8381t in feed tank, fluorinator, purge column, extraction columns, reduction column, ' : 7 ]
salt cleanup units, and reactor feed tank, . U =
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Appendix C: Steady State Concentrations
' in the Metal Transfer System

The metal-transfer system coneists of captive bismuth and lithium
chloride phases that cifculate in closed loops,_receiving fission pro-
ducts on one side of the loop and transferring them to a second phase at
the other side, Throughout the syStem the donor and acceptor fluids
operate with steady state concentrations of &ll metals being transferred,
the equilibria depending upon the distribution characterlstlcs of each
. species and the purge rate from the acceptor f1u1d This system has
been carefully analyzed by Bell,_ and his date are given in_Fig; c-1.

The purge of fission products from the B1-S at, ¢ Li reservoir is
' shown as & continuous S 669 gal/day stream, Making the rate continuous
. was a convenlence for calcul&tlons, in actual practlce the withdrawal
of such & small amount would'be batchwise on perhaps a two-day cycle.
Slmllarly, the 1nd1cated withdrewel from the Bi-50 at, % Li.reservoir
would probably be on a 30- day cycle, . .

 The dlvalent rare earths, de51gnated RE®* in the flgure, include
* Sr, Ba, Sm, and Fu, Trivalent rare earth, designated RE®*, include Y,
la, Ce, Pm, N4, Pr, Gd, Tb, Dy, Ho, and Er,
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Appendix D: Flowsheet of the Fluorination--Reductive
‘Extraction--Metal Transfer Process [1000-MW(e) MSER]
Thé'attached flowsheets [Dwgs. No. F12173-CD-173E and No. F-12173-

CD-17LE] give pertinent ﬁaterial and energy balance data for processing
the reference‘MSBR on a 10-day cycle, During the course of the deéign
and cost study, significantAdeSign improvements.in the original concept
of the plant'bécame épparent. As these changes were made to the flow-‘
sheet, it was not alﬁays possible to fully'investigate‘effectS’upoh
other areas of the plant because of the urgency to complete the cost
Study oh schedule. ~Thus, the reader might not always obtain a satis-

factory material balance in specific areas of the flowsheet; however,

~ the authors believe that such inconsistencies are minor and do not

affect the results or conclusions of this study.

Althbugh the drﬁwings do not show engineering features with respect
to instrumentation, coolant flow, auxiliéry piping, service lines, etc,,
these items were included in the cost estimaté. Equipment. and vessels
for'startup, shutdown, and standby opéfation of the plant were alsd
included in the cost, hbwever, they are not shown,
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