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INTRODUCTION

A primory concern in the design of o nucleor reoctor is the removol of the ofter-
heot when the reoctor is shut down. The problem becomes ocute when it is ossumed
thot the shutdown is unscheduled due to on emergency thof hos disrupted fhe normol
cooling system of the reoctor. In the cose of the Molten Solt Reoctor, this requires
droining the fuel into o receiver where emergency cooling is provided" Proper design
of this emergency cooling system is therefore essentiol to sofe operofion of the reoctor.

This study hos been corried out to determine the ofterheot os o function of time
ofter fuel hos been drqined from the reoctor. The reoctor system considere{ js o
2000-Mw(e), single-region MSR conroining 2000 fr3 of tif-eef2-tiF4-233UF4
fuel; the composition 9f the fuel corrier is respecfively 52, 36, 12 moleo/o. In
q{{ition to suificienl 2339 for criticolity, the fuel contoins obout 0.256 g/liter of
233po plus fission products. lt wos ossumed thot the reoctor hod been op"ioting long
enough so thot fission products were present in equilibrium concentrotions for the
chosen processing conditions. Three processing modes were considered in determining
fision product concentrqtions: (l) oll fission products removed on o 38-doy cycle
through the processing plont; (2) noble goses removed by sporging ond the remoining
fision products removed by chemicol processing; ond (3) noble goses sporged, noble
metols ploted out on reoctor surfoces, ond the remoining nuclides removed by chemicol
processing.

Protoctinium_ is removed on o three-doy cycle in o seporote procesing step.
About 7o/o of ilt" 233pq (1a.5 kg) is in the 

"it"rloting 
fuei; the remoinder-(fgO.S ks)

is hefd in the processing plont. The system hos o breeding rotio of 1.076.

^,lleot 
generotion qnd inventory doto were colculoted for both fission products

ond z\t'tPo from equilibrium to obout I I yeor's decoy. At equilibrium gross fission
products on6 233pq in the fuel ore generoting qbout 

-289.4 
Mw qnd 0.74 Mw,

respectively; on odditionql 9.7 Mw is being generoted by 233po in the procesing
plont. When goses qre sporged in the reoctor, the fission product contribution is
reduced ro 257 Mw, ond, when both noble goses ond noble metols qre obsent, the
rote is further reduced to 255.8 Mw. The fission product concentrotions for these
three processing modes ore respecfively 3.08, 1.94, ond 1.48 g/liter.

The principol source of heot is the short-lived fission products hoving holf-lives
less thon o few minufes. Hence, there is on initiql lorge decreose in the heot genero-
tion rote when fissioning ceoses. In the first 2 min ofter shutdown, the rote is down
by o foctor of 3, in 18 min by o foctor of 4.5, in I hr by o foctor of 7, ond in
l0 hr by o foctor of 17. Protqctinium-233, which hos s 27.4-doy holf-life, does
not show o significont decreose in heot production until obout 15 to 20 doys ofter
shutdown.

Extensive tobles ond grophs in loter sections of this memorondum describe more
completely the thermol chorqcteristics of this fuel for cooling times up to obout
I I yeors.
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A further interesting result of this study is the importonce of iust o few fission
products in the totol heot generotion rote. For exomple, ot equilibrium, Rb, Cs,

ond Sb, respectively, occount for 22.8, 21, ond 17.3oh of fission product decoy

heot. At I hour's decoy, the figures ore 18,60/o l, 13o/o Kr, 10.5o/o Lo, ond 9.6/o
Y; ot l0 hour's decoy, the volues ore 23.8o/o l, 16.50/o Lo, ond ll,4o/o Y, For

much longer deooy times (e.g., 125 doys), obout 80% of the decoy heot is due to
Nb, Zr, Pr, ond Y.

ln the period two doys to five Fppths ofter
generoted by the mossive omount of 233po in the
gross fission products (see Fig. 2, poge l3).

reoctor shutdown' more heot is being
processing plont thon by decoy of

METHOD OF CALCULATION

Equilibrium conce4trotions of fission products were colculoted by the HTGN

"od" 
*ritten by Wotson.l Thir progrom treots 290 fision product nuclides ond

qccounts for their removol by chemicol processing, neutron copture, decoy, gos

sporging, ond sorption on reoctor surfoces. Production is o function of the fission

rqte onJ chorqcteristic yield. Decoy heot ond concentrotions st equilibriuln ond

ofter shutdown were cofculoted by the CALDRON code written by'Corter.2 This

progrom treots 459 nuclides ond wos writlen to describe the behovior of fuel in o

chemicol processing plont. Beto heot, gqmmo heot, ond concentrotion ore colcu-
loted for eoch of the M9 nuclides os o function of time. The progrom occounts for

bronching in the decoy choins, ond, in the cose of chemicol processing, ollows the

removol ond occumulotion of specified nuclides in vorious process operotions.

CHARACTERISTICS OF THE REACTOR

The molten solt reoctor for which these colculqtions were mode hos the follow-
ing chorocteristics:3

Fue I

Composi tion of co rrier so I tr mo le o/o

Power, Mw(th)
Fuel volume in core' Ft3

Totol circuloting fuel volume, ft3
Processing cycle time for fision products, doys

Plosessing cycle time for 233Po, doys
233po inien Iory in circuloting fuel, kg
233po inventory in processing plont, kg

Breeding rotio

LiF-BeF2-Th F4-23trt,
52-36-12

4444
r 333
2000

38
3

14.5
190.5
1.076
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AVERAGE LIFETIMES OF NOBLE GASES AND NOBLE METALS

It is well estqblished thot for good breeding performonce the fision product
xenon must be quickly removed from the fission zone. This is occomplished by
sporging the circuloting fuel with on inert gos; this oction olso removes krypton.
Competing with sporging for removol of noble gos otoms ore rodiooctive decoy,
neutron copture, diffusion into the grophite moderotor, ond chemicol processing.
Studies ond experience in MSRE operotion indicote thot the sporging rote needs to
be sufficiently vigorous thot the overoge residence tlme of o gos otom in the fuel is
only obouf 50 sec for mointoining tolerqble xenon poisoning.

Secondly, there is o group of fision products (Se, Nb, Mo, Tc, Ru, Rh, Pd,
Ag, In, Te) whose behovior in the system is not entirely understood, but it is be-
lieved thot these elements distribute throughout the circuloting fuel loop by reoctirg
with or otherwise ottoching lhemselves to surfoces contocted by the fuel. This group
is known os the noble metols. Competing events for the removol of the noble mefiols
ore rodiooctive deco/r neulron copture, ond chemicol processing. The overcge life-
time for this "ploting out" effect is probobly different for eoch of these elements,
ond the doto ore not ovoiloble for determining the volues very occurotely. MSRE
dqto for fission product distribution in the r."o"tor, system n""r" 

"*orined 
by Wotsonr4

who concluded thot o volue of 50 hr is reosonoble for the overuge lifetime of the
noble metols. The scotfer ond poucity of fhe doto did not worront ossigning o choroc-
teristic lifetime to eoch element; so the 50-hr figure wos ossumed to opply to oll.

REACTOR OPERATING CONDITIONS FOR WHICH DECAY
HEAT RATES ARE COMPUTED

Fission Products

The three following situotions were considered in the HTGN ond CALDRON
computotions for determining the equilibrium heot ond ofterheot rotes for decoying
fission products:

l. Gross omounts of fission products in the fuel, thot is, no sporging of
noble goses ond no ploting out of noble metols.

Noble goses sporged on 50-sec cycle but no ploting out of noble metols.

Noble goses sporged on 50-sec cycle ond noble metols ploied out on
50-hr cycle.

In eoch cose equitibrium concentrotions were colculoted for o 38-doy chemicol
processing cycle ond the chorocteristic losses due to neutron obsorption ond rodiooctive
decoy. However, in the cose of the goses, the computer progrom does not provide
for removol due to diffusion into the grophite.

2.

3.
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In the computer progrom treotment of Coses 2 ond 3, sporging ond ploting out
hos the effect nof only of removing the noble goses ond noble metols but olso of re-
moving doughter products of these elements. While this treotment is quite proper

for goses which ore quontitotively removed from the fuel environment, it is not os

rigorous for noble metol decoy products. Noble metqls ottoched lo reoctor, piping'
ond heqt exchonger surfoces ore olwoys in contoct with fuel, ond decoy products,

which ore not noble to fhese surfoces, might reenter the fuel streom. The colculo-
tions on Coses 2 ond 3 include only the doughter products of the noble goses ond

metols thot ore qssociofed with the equilibrium omounts of these goses ond metols in

the fuel.

Protqctinium

The omounl o1 233po present in the system hod been determined previously by

Kerr.5 His results stoted thot for o 3-doy processing cycle for protoctinium there

woufd be I4.5 kg 233p. P.256 s/literl in the circuloting fuelstreom ond on oddi-
tionol 190.5 kg in the processing plont. The colculotion of zJJPo ofterheot wos

then stroightforword, rin"" the choin terminotes with o single decoy. The beto ond

gommo de-"oy 
"r,"rgi"rore 

respectively 9.3 ond 41.5 w/g, totoling 50,9 w/g.

DISCUSSION OF RESULTS

Comporison of Coses 1, 2, ond 3

The heot generotion rotes os q function of time ofter reoctor shutdown given in

Tobles 1, 2, oid 3 were colculoted for the three ossumed reoctor operoting conditions

described obove. A grophic preseniofion of the totol p + y^he^ot generotion is

given in Fig. I, Volues gor 233po in fhese exhibits ore for zJJPo in the fuel streom

only.

The effect on decoy heot rote of removing noble goses ond noble melols is shown

by the three fission product curyes of Fig. l. At equilibrium fhe effect of sporging

ond ploting is to decreose the gross decoy heot by obout 11.60/o. However, the effect

on heot generotion ofter fuel is dumped from the reoctor is more pronounced, porticu-
lorly durlng the firsr hour or so. During this period, heot generotion for the sporged

ond "plote-d ouf" fuel is os much os 33% smoller thon the gross fission product cose

(Toble 4). After the first hour of decoy, the effect of removing goses ond noble

metols is less pronounced but still reduces the decoy heot by qbout 207" on the

overcge for the next yeor. After three yeor's decoy there is o considerobly lorger

difference between tlre decoy curves becouse the long-lived doughters of krypton ond

xenon ore obsent from the sporged fuel. However, by this time the decoy heot gener-

otion rote is smoll even for'grois fission products; so the significonce of this difference

is minor.



Toble l. l-leot Generotion from Fission Products ond 233Po in Fuel of
With No Sporging,of Noble Goses ond No ploting

One-Region Moften Solt Rcoctor
of Noble Aietof s

Reoctor Power 
n- , ,. ^. = 4'444 rv!r"(th)Fuel Volume in Reoctor Circuloting System = 2000 ftr

SXEI 
Processing Cycle Time = 3g doysz'tJPo Processing Cycle Time = 3 dovs

Equif ibrium 233Fo Con""nrrorion = a rR'^tc,3
Equif ibrium Fission producr Concenrrorion = ;;.\lAfr3

Time After Fuel

Dumped From Reoctor

(h')

Fission Products in Fuel Streom Z3itsPo in Fuel Srreom 233Po * Fission Products
p Fleot

tuft$)

y l'hot

fu/rt3)
B+yHeor

fu/rit3')

F + I lfeor

k/rft b/rf1
F + f Heor

(r/rt\

0 (equilibrium)

0.001 (3.6 sec)

0.003 (10.8 sec)

0.01 (36 sec)

0.03 (1.8 min)

0.l0 (6 min)

0.30 (18 min)

1.0

3.0

t0

30

100 (4.17 doys)

300 (12.5 doys )

11000 (41.7 doys)

3,000 (l25 doys)

| 0,000 (1. 14 yeors)

30,000 (3.42 yeors)

100,000 (l 1.4 yeors)

0,1194 x 106

0.7109 x 105

0.4577 x 105

0.3309 x 105

0.2696 x I05

0,2054 x 105

0,1453 x lO5

0,8940 x I 04

0.59 17 x 104

0.3464 x 104

0.1945 x lO4

0,ll19 x 104

0.6762 x 103

0.2933 x 103

0.1021 x 103

0.2203 x lO2

0.4463 x l0l

0.1556 x l0l

0.253 | x 105

0.2526 x lO5

0.2505 x lO5

0.2433 x 105

0.2291 x lO5

A.2062 x 105

0.1729 x 105

0.1240 x 105

0.8399 x 104

0.5127 x t04

0.3356 x | 04

0.2090 x lO4

0.1132 x 104

0.378 | x 103

0.l16l x 103

0.9287 x l0l
0.1664 x l0l

0.861I x 100

0.1447 x 106

0.9635 " io5

0.7082 x f05

0.5742 x lO5

0.4977 x I 05

0.4116 x 105

0.3 182 x 105

0.2 134 x 105

0. 1432 x 105

0.8591 x l 04

0.5300 x 104

0.3209 x 104

' 0.1809 x lO4

0,6714 x lO3

0.2182 x 103

0.3131 x lO2

0,6127 x l0l

0.2417 x l0l

368.3 7.250

368.3 7.250

369.3 7.250

368.3 7.250

369.3 7.250

368.2 7.249

368.2 7.24A

367.9 7.242

367.1 7 .227

364.4 7.174

356.9 7.024

331.5 6,525

268.5 5.295

128.4 2.:528

15.6 0.307 |

0.01 0.000192

0.1451 x 106

0.9672 x lO5

O.7ln9 x 105

0.5779 x 105

0.5014 x 105

0.4153 x 105

0.3219 x 105

0.2171 x 105

0.1469 x lO5

0.8955 x lO4

O.:fi57 t 104

0.3540 x 104

0.2078 x 104

0.7998 x I 03

0.2338 x 103

0.3132 x 102

0.6127 x l0l

0.2117 x l0l

Ref: Cose JW-9



Toblc 2. Hcot Gcncrotion From Fission Productr ond 
233Po in Fucl of One-Region Albltcn Solt Rooctor

With Sporging of Noble Go:cr but No Plotirg of Noblc lvlctolr

Cycle Time for Noble Gos Spotgit€
Reoctor Power
Fuel Volume in Reoctor Circulotirp System

Fuel Processing Cycle Tirne
zJJPo Procetsjng C)rcfe Time
Equil ibrium 233Fo toncentrotion
Equil ibrium Fission Product Concentrotion

= 50 sec

=- 4444 Mw(th)
= 20@ fF
= 38 doys

= 3 doyr
= 7.2s s/!q
= 54.85 {tto

Time After Fuel

Dumped From Reoctor

(h')

p Ffeot

fu/f t3')

y Heot

fu/fr3't

P + yHeot

tu/fpl

Fission Products in Fuel Streom Po in Fuel Streom

9 + I Heor

(w/tt3) (s/iQl

Po + Fision Products

F + fHeor

tu/rFl

0

0.001

0.003

0.01

0.03

0. l0

0.30

1.0

3.0

l0

30

r00

300

r000

3000

10,000

3q000

| 00,000

(equilibrium)

(3.6 sec)

(10.8 sec)

(36 sec)

(1.8 min)

(6 min)

(t8 min)

(4.17 doys)

(12.5 doys)

(41'.7 doys)

(125 doys)

(1.14 yeors)

Q.42 yeors)

(l 1.4 yeorc)

0.ll14 x 106

0.6357 x 105

0.3884 x 105

0.2682 x I 05

0.2129 x I 05

0.1609 x 105

0,1122 x 105

0.6800 x I 04

0.4873 x 104

0.3141 x 104

0. 1768 x 104

0.9729 x 103

0.5662 x I 03

0.2286 x 103

0.8058 x I 02

0.2051 x lO2

0.1475 x l0l

0.7705

O.l7l5 x 105

0.1710 x 105

0.1692 x 105

0.1626 x 105

0.1499 x lO5

0.1316 x 105

0.1096 x 105

0.8362 x 104

0.6650 x 104

0.4809 x 104

0.3270 x 104

0.2034 x 104

0.1103 x 104

0.37 17 x 103

0.1l4l x 103

0.7621 x l0l
0.4481 x lO0

0.12lg

0.1285 x 106

0.8068 x lO5

0.5576 x | 05

0.4308 x lO5
5

0.3629 x l0
0.2925 x | 05

0.2217 x I 05

0. 1516 x 105

0.1152 x lO5

0.7950 x 104

0.5038 x 104

0.3007 x 104

0.1669 x 104

0.6003 x 103

0.1947 x lO3

0.2814 x 102

0.3923 x l0l

0.8923

369.3 7.250

368.3 7.250

368.3 7.250

368.3 7.250

368.3 7.250

368.2 7.249

369.2 7.249

367.9 7.242

367 .l 7.227

364.4 7.174

356.8 7.024

331.5 6.525

268.5 5.285

128.4 2.528

15.6 0.307 |

0.01 0.000192

0.1289 x t06

0.8 105 x 105

0.5613 x lO5

0.4345 x 105

0.3666 x 105

0.2962 x 105

0.22?4 x 105

0.1553 x lO5

0.1189 x 105

0.8314 x ld
0.5395 x 104

0.3338 x lO4

0.1937 x 104

0.7287 x 103

0.21fr1 x 103

0.2815 x lO2

0.3923 x l0l

0.8923

Ref: Cose JW-9R



Toble 3. Heot Generotion from Fission Products ond 
233Po 

in Fuel of one-Region irloltcn Solt Rcoctor
With Sporging of Noble Goses ond ploting of Noble lvletois

Cycle Time for Sporging of Noble Goses
Cycle Time for Ploting of Noble Metols
Reqctor Power
Fuel Volume in Reoctor Circuloting System
Fuel Processing Cycle Time
zJJPo Procelsjng Cycle Time
Equilibrium 233Fo 6oncentrof ion
Equil ibrium Fission Product Concentrotion

= 50 sec
=50hr
- 4444 l{v (rt')
= 2000 ftr
= 38 doys

= 3 doys

= 7.25' g//f p
= 41.85 S/f f

Tine After Fuel

DtmpedFronReoctor pFteot yfreot p+yHeot p+ypeot p+rHeor(hr) (w/rt\ tu/n\ tu/t$ tufit\ Vg\ l*/ct\

0 (equ il ibrium)

0.001 (3.6 sec)

0.003 (10.8 sec)

0.0 | (36 se:)

0.03 (1.8 min)

0. l0 (6 m in)

0.30 (18 min)

1.0

3.0

t0

30

f 00 (4.17 doys)

300 (12.5 doys)

1000 (41.7 doys)

3000 (125 doys)

10,000 (1. 14 yeors)

30,000 (3.42 yeors)

1001000 (l 1.4 yeors)

0.ll13 x 106

0.6348 x | 05

0.3875 x 105

0.2624 x I 05

0.2122 x 105

0. 160l x 105

0.llll x lO5

0.6638 x lO4

0.4631 x 104

0.2880 x 104

0.1552 x 104

0.8577 x 103

0.5410 x | 03

0.2226 x 103

0.7826 x I 02

0.1971 x 102

0.3310 x l0l
0.7699

0.1658 x lO5

0.1654 x 105

0.1635 x 105

0.1570 x 105

0. 1443 x 105

0.1258 x lO5

0.1034 x lO5

0.7654 x lO4

0.5821 x 104

0.3963 x | 04

0.2543 x 104

0.1610 x l04

A.9729 x 103

0.3285 x lO3

0.1050 x lO3

0.7514 x l0l
0.4346

0.l2lg

0.1279 x 106

0.8002 x lO5

0.5510 x 105

0.4193 x I 05

0.3565 x I 05

0.2859 x 105

0.2145 x 105

0.1429 x I 05

0.1O45 x 105

0.6&43 x 104

0.4095 x | 04

0.2468 x lO4

0.l5l4 x lO4

0.551I x 103

0.1833 x 103

0.2722 x lO2

0.3745 x l0l
0.ggl6

369.3 7.250

369.3 7.250

368.3 7.250

369.3 7,250

369.3 7.250

369.2 7.249

369.2 7.249

367.9 7.242

367.1 7.227

3&.4 7.174

356.8 7.024

331.5 6.525

269.5 5.295

129.4 2.529

15.6 0.307 |

0.01 0.000192

0.1283 x 106

0.8039 x 105

0.5547 x 105

0.4230 x I 05

0.3602 x 105

0.2896 x lO5

0.2182 x I 05

0.1466 x 105

0.1082 x 105

0.7207 x | 04

0.4452 x lO4

0.2800 x lO4

0.1782 x | 04

0.6797 x 103

0.1989 x lO3

0.2723 x 102

0.3745 x lol
0.8916

Ref: Cose JW-9RP
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Fig. l. Fission Product ond Protoctinium Decoy Heot in One-Region MSR Fuel.



Toble 4. Relotive Decreose in
When Noble Goses Are Sporged

t0

Fission Product Decoy
ond Noble Metols Are

Heot Generotion Rote
Ploted Out in Reoctor

Time After
Reoctor Shutdown

(h') sporgedq Noble Merols Ploted outo
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0.001 (3.6 sec)
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71 .1
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89.g
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36,9

89.4

83. I
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u
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o Also includes the decoy heot of doughters of removed goses or noble metols.
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The extreme right columns of Tobles 1, 2, ond 3 give the totol op 233po on6

fission product decoy heot in the fuel streom. These heot generotion rofes gPJftn

the des'ign of the ofierheot cooling system for dump^ed fuel. Decoy heot of z''rPot

which is present ot equilibrium ot obout 7.25 g/frs for o 3-dqy processing cycle,
is only q smoll portion of the totql decoy heot except in the one- to three-month

period ofter dischorge from the reoctor.

233Po Inventory ond Heot Generotion

Fo, o 233Po processing cycle of three doys the 1o61 233po inventory in the

system is 205 kg, of which 14.5 kg ore in the circuloting fuel ond 190.5 kg in the

processing plont. The inventory ond heot generqtion rote qs o function of time ofter
ihe reoctqrstops operoting ore given in Toble 5 ond Fig. 2. The equilibrium heot

generotion in iecoy sforoge is 9.7 Mw, ond, unlike the fission product decoy heot,

ihis rote does not rho* o significont decreose until obout three weeks ofter shutdown.

In fgg!, in the decoy period of two doys to five months more heot is being generoted

by zJ'tpo thon by gross fission products.

Distribution of Decoy Heot Among Fission Products

Tobles 6 ond 7 hove been prepored to show the distribution of decoy heot

omong the fission products. Volues ore given for equilibrium ond for selected decoy

times. Eoch entry for on element gives the summotion of the decoy heot rotes for
oll isotopes of thot element. The noble goses ond noble metols ore exhibited sep-

orotely os the two bottom rows of the tobles. These porticulor volues ore for the

noble goses ond noble metols only, thot is, they do not include the decoy enelgies

of the doughter products of these nuclides.

The columns of Toble 7 ore orronged in descending order of heot generotion

rote. lt is interesting to note thot over 50olo of the totol decoy energy is osocioted
with only three or four elements. In the immediqte period ofter shutdown, iodine

hos the iorgest decoy energy; for longer decoyed fuel, lonthonum, zirconium, ond

niobium hove the most energy.

Additionol Dqto

The doto reported herein ore o smoll portion of the dotq thot ore ovoiloble in

the CALDRON output. This summory should sotisfy most of fhe needs for decoy heot

doto. However, complete inventory plus beto ond gommo decoy energies ore ovoil-
oble for oll fission product nuclides for eoch of the fhree coses. For exomple, if
one is interested in informotion on selected nuclides or o porticulor moss choin os o

function of their decoy time, the doto con be eosily obtoined.



Toble 5. Inventory ond Heot Generotion Rote of 
233Po 

in o One-Region Aiolten Solt Reoctor

Reoctor Power = 4444 Mw(th)

fvel Volume in Reoctor Circuloting System = 2000 fF
233po Processing Cycle Time = 3 doys
Breeding Rotio = 1.076

Time After Shutdown
233Po 

in Fuel sfreom
233Po 

in De Tonk Totol 
233Po

of Reoctor

(hr)

Inventory

(g)

9 + I Heor

(')
Inventory p +

b)

Inventory

G)

I + I Fleot

(')
y Heot

(r')

0 (equilibrium)

0.03 (1.8 m in)

0.10 (6 min)

0.30 (18 m in)

1.0

3.0

t0

30

100 (4.17 doys)

300 (12.5 doys)

7N (29.2 doys)

| 000 (41.7 doys),

2000 (83.3 doys)

3000 (125 doys)

4000 (167 doys)

5000 (208 doys)

7000 (292 doys')

10,000 (l . 14 yeors)

14,5000 0.7366 x

14,499 0.7365 x

14,498 0.73&4 x

14,495 0.7363 x

14,485 0.7359 x

14,454 0.7343 x

14,348 0.7299 x

14,u9 0.7137 x

| 3,050 0.6629 x

10,570 0.5370 x

6,934 0.3522 x

5,055 0.2569 x

1,766 0.8971 x

614 0,3119 x

215 0.1092 x

7 5 0.3810 x

9 0.4572 x

0.38 0.1930 x

l go,500o 0.9677

l g0,4g0 0.9677

190,490 0.967 6

lg0,u0 0.9674

190,300 0.9667

l gg,g00 0.9647

I 88, 500 0.9 57 6

184,570 0.9376

171,450 0.97 | 0

l3g,g60 0.70il
91,100 0.4629

6,420 0.3374

23,200 0.1 l7g

8,070 0.4100

2,glg 0.1432

98 t 0.4993

I l g 0.5994

5 0.2540

205,0000 0.1&11 x lo8

204,989 0. 1041 x 108

204,978 0. l O4l x 108

204,935 0. 1041 x 108

204,785 0,1O40 x 108

2f!',3il 0.1038 x 108

202,848 0. 1030 x 108

198,619 0.1009 x 108

l84,5OO 0.9373 x rc7

149,430 0.7591 x d
98,034 0.4980 x rc7

71,470 0.3631 x lO7

24,966 0. | 268 x rc7

8,684 0.4411 x 106

3,034 0.1541 x 106

1,056 0.5364 x 105

127 0.6452 x lO4

5.38 0.2733 x 103

106

l06

l06

l06

t06

t06

106

t06

106

106

106

t06

105

105

l0s

104

t03

102

xrc7

".107
xrc7
xd
xrc7
xrc7
xrc7
xrc7
xrc7
xrc7
Xd
xrc7
xrc7
r 106

x 106

x lo5

x lO4

x 103

J

f\)

oThese volues ore the equilibrium omoun's of 
233Po 

present in the systrem when the processing
corrospond to o breeding rotio = 1.076 (Ref. Cose G-04).

cycle time is threc doys. These numbers
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Toble 6. Dirtribution of Decoy Heqt Anor€ thc Fission Produci Elen:ents
With No Sporgirg of Noble Goses ond No Ploring of Noble Merots

Rcoclor Powcr = Sl,! Mw(rh)
Fucl Volumc = 2mO fr3
Frrl Proccsrirp Cyclc Time = 38 doys

F + y Hcot Gcncrqrion Rofs (/fr3 fuel)

Tirnc After

Rcoctor Shutdown

ftrl Equilibrium 0.01 C.03 q.l 0.3 reo l0n0 1c,000 30,00c

Gc /3.365 /t.350

As 832.1 409.5

Sc 182.0 171.5

& 172t n20
Kr 7055 1Y72

Rb 32,963 6322

I 3838 3526

Y 3634 3617

Zr 571.2 tl.O
Nb 711 8t.l
l,fo 14(Xl ll72

Tc 3O5 357.9

Ru 128.6 125.8

Rh 153.? 220.5

Pd 4.@4 4.t01

A€ 13.94 13.50

a 2.970 3.443

In 10.07 9.800

Sn 6167 591 I

sb 25,052 218/.

Tc 5/;92 3213

| 7015 5140

Xc 3/.26 2506

G 30 373 1399

8o .f565 2n2

to 3413 3,100

Ce 1099 l04l

Pr 1002 lmO

Nd 169.2 167.1

Pm 104.0 104.0

Sm 5.332 5.331

Eu 1.262 1.262

Totol 1{/,,7@ 57,120

Kr + Xco lQ€t 717g

t{obfc A,ter'olrb 8706 6t45

1.321 1.222 3.e55 3. t86 t.921

| 16.9 3t.t8 21.56 t8.99 | t.94

116.2 83.80 33.79 6.55t 0.092

112.7 653.8 157.5 19e.7 3t.08

1525 1071 3610 m6 t369

5766 1d4t 29ee tuz 698.2

3f | | 2fi7 2208 t839 1377

3561 33@ 2723 2040 t733

570.7 569.6 566.3 555.0 521.5

l0l,l ll77 | l3l | | 16 1054

961.5 777.1 554.3 314.4 773.8

u7.6 5e0.3 186..6 8t.5t 15.73

r2r.2 110.3 99.82 92.54 78.50

75.00 39.,15 U.32 25.52 2t.63

1.052 3.7n 3.112 2.@1 t.s€X'

12.71 I t.28 10.25 9.A5 7.903

/t.090 4.530 1.2# 3.394 2.1 16

9.3t | 8.006 5.970 3.143 t.t99

5,13f 4UZ 1753 138.9 28.27

2083 t331 802.6 176.2 278.0

1663 939.5 711.0 183.2 225.6

1802 U77 4356 3961 296f_

1934 1230 623,6 292.3 247.6

3789 3060 2393 il32 t02.5

2637 231I t677 869,8 131.2

3345 3164 27et 2214 l80s

91/..7 718.0 5n.6 532.7 507.1

997.3 978.5 889.0 568.9 330. I

164.0 t53.8 133.4 105.4 80.4

t01.0 to1.0 104.0 103.4 tot.l
5.330 5.321 5.309 5.2v 5.102

r.262 1.262 1.262 t.260 t.255

19,770 /tl,l60 31,820 21,U0 11,320

u59 530t 123/. 3068 t6t7

u55 369t 3t0t zru t680

0.8t7 0.232 0.003

1.49 0.320 0.0e6 0.m3

0.0007 0.0005 -:'--
3.233 0.616 0.154 0.003

r55.r 0.823 0.003 0.003 0.003

123.1 0.920 0.04t 0.030 0.0t0

554.5 22r.9 t08.4 96.10 U.56

971.1 2&.? | 13.7 t02.3 73.01

,135. | 283,6 166.4 145.9 106.9

8f 8.8 404. r 97.% 8e.36 t02.9

251.6 ?07.1 t00.4 12.70 0.00e

34.33 11.07 20.80 2.630 0.002

5?.73 39.58 37.06 32.08 t9.36

r7.u t2.e0 6.715 4.276 3.228

r. f 20 0.128 0.018

5.68e 2.892 0.838 0,3m 0.@0

f .026 0.68t 0.282 0.023

0.6n 0.487 0.2U 0.017

2.982 0. t3l 0.02t

126.6 46.30 21.83 6.220 0.3t8

135.4 88.23 #.@ 8.414 0.656

204,0 1359 6/,0.7 138.t 4.3#
2fi.1 t57.5 71.42 24.07 0.555

3.585 3.1{f5 3.206 2.6U7 1.745

235.0 219.0 187.2 I te.6 25.52

1416 t3t2 l2l0 800.9 t65.5

u9.1 323.1 134.7 68.43 38.58

228.6 176.5 159.4 120.9 8.97
61.5t t.3t 0.n 28.39 4.597

9l.n 69.25 28.5e 4.441 0.374

'0.60t 3.477 1.222 0.064

1.239 1.193 r.u7 0.722 0.205

859f 5300 32cB 1809 67r.1

405.5 158.3 7r.42 24.A7 0.558

r32t 797 309.7 149.8 126.2

:.:_' :.:: :_T:

20.u 0.6e0 0.295

28.27 2.193 t.247

43.99 1.963

6e.r8 4.065

4.s83 0.039 0.002

1.9r2 0.e16 0. t88

0. r38 0.r I r 0.062

0.362 0.074 0.015

0.003

1.437

t3n
l.g2

10.00

34.04

0.025

0.297

r.r73 0.708

r.038 0.9&5

2.170 0.285

16.62 2.192

0.210 0.130

0.023 0.017 0.0t4

218.2 3 r.31 6.177

0.003 0.003 0.m2

76.U 5.094 0.205

fDoughtcr proudcts of Kr ond Xe ore not included.
'Elcmcnb incluCed ore Se, Nb, Mo, Tc, Ru, Rh, Pd, Ag, ln, Te. Doughter producfr of thes- elemcnir ore not included.
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Toblc 7. Rctotivc Anountr of Dccoy l'hot A:socioted With Fission Products in One-Region MSR Fual

With No Sporgit€ of Noblc Goscs ond No Plotirg of Noble lvletols

Rcoctor Power = 411{ Mw(th)
Proccssing Cycle Timc = 38 doys^

Fuel Volume = 2000 ftJ

Timc Aftcr Frrl is Droined From Reoctor

Equ i I i h ium C.once n tro tions

in Rcoctor lhr

Elcment

%of

Torol Heor g/ft3

%of

Element Totol fleot

l0 hr

%of
Elcment Totol l'leot

, !00 hr

Vo of

Element Totol Heot

1000 hr

.%of
Element Totol l-leot

nb

Cs

sb

Kr

I

Sn

Tc

&

Bo

$
Y

Xc

Lo

Mo

C.e

h
Ar

Nb

7r
'Rh

Tc

Se

Nd

Ru

ftn

A€

ln

Ge

a
Sm

Eu

Pd

Totol Wcight

Kr + Xco

Noblc lictolrb

7.77 15.15

5.99 13.76

22.9

21.0

17.3

1.9

4.86

1.26

3.79

3.26

3.r5

2.65

2.51

2.{7

2.36

0.n
o.76

0.69

0.58

0.49

0.39

0.31

0.21

0.12

0.12

0.09

0.97

0.03

2.238

5.872

0.114

2.010

1.525

0.078

2.022

0.140

4.W
5.358

2.236

l3.l4l
3.5e2

6.006

r0.077

2.492

0.0001

0.376

I1.390

0.215

1.626

0.387

6.826

2.757

0.554

0.0t6

0.005

0.0001

0.01?

0.&41

0.080

0.350

97.16

I

Kr

Lo

Y

Sr

Rb

Cr

Nb

8o

Pr

Zr

Cc

Te

sb

Mo

Xe

&

Sn

Nd

hn

Ru

Tc

Rh

18.6

13.0

10.5

9.56

8.62

6.29

5.30

5.23

4.08

2.67

2.&
2.50

2.26

2.23

t.47

r.37

0.94

0.6s

0.49

0.49

0.€
0.38

0.12

0.09

0.04

0.Gl

0.02

0.m

23.9

16.5

I1.4

g.y

7.63

5.u
5.O7

2.n
2.92

2.71

2.&

l.8l
l.5g

r.17

1,4
1.07

0.72

0.61

0.40

0.21

0.07

0.05

0.04

0.04

0.0:l

0.02

0.0r

0.01

0.01

0.02

4.73

15.4

37.7

20.0

5.83

5.l8

1.97

1.20

3.54

3.38

3. l3

3.01

2.22

1.19

1.17

l. l5

0.89

0.77

0.65

0.21

0. r0

0.04

0.03

0.03

0.01

0.01

Lo

7r

Nb

Y

Sr

Pr

Ce

Bo

Ru

Nd

I

Rh

Cs

Te

Xe

Pm

sh

Eu

A€

Rb

Mo

Kr

Tc

Sm

ln

Sn

cd

Pd

Br

A6

\,C

Se

24.6

t5.9

r5.3

r0.9

9.62

8.77

5.75

3.80

2.88

0.68

0.65

0.48

0.26

0. l0

0.08

0.06

0.05

0.03

0.0r

0.01

Lo

I

Bo

7r

Pr

Ce

Y

Sr

Mo

Nb

Xe

Nd

Te

Ru

Pm

sb

Tc

Rh

Cs

Sm

Eu

Ag

cd

ln

Br\
Isnl
IAsl

Rb)
T

Krl
I

Pdl
I

Gel
Is€)

I

Lo

Y

Nb

5r

Ce

Zr

Mo

Xe

Bo

Pr

Kr

Tc

sb

Rb

Pm

Nd

Ru

Tc

Rh

Ag

Sm

Cs

&

Sn

As

Eu

Pd

cd
^t\{.re 

I.IInl
q. l-)

0.05

Ar

A€

SG

Sm

cd

c.l
Pdl
Inl
Eu)

Negligible

0.08

18.77

11.97

9.98

2.22

9.69

lDo*ttt"t produch of Kr ond Xe ore nol included.
oEl"rint, 

included orc Sc, Nb, It o, Tc, Ru, Rh, Pd, Ag, In, Tc. Doughter products of these elements ore not included.
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