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THORIUM UTILIZATION IN THE ANGRA DOS REIS PWR

Willem Jan Oosterkamp and Francusco Corved

ABSTRACT

A rtucy was mace on the uwa of thorlum in tha PWR Angra doa Fen | call end reactor sAlcU[ations ware made
demenstrating that 4 raduction 10 uramnum ore consumpaion of 30% ¢ posrible

1 — INTRODLECTION

Brazil has orderad a 600 MWe PWH for a site at the Atlantic coast near Anpra dos Reis scheduled
for oparation i 1978

Recantly a 1200 MWe unit of the Bblis class was ordered from KWL for the same site 10 the next
few years it ia planned to order a tatal of 8 PWR =

Last year a programm was started 10 our Institute to bacoma farmiiar with the problams assoc ated
with physics caleulations of PWR s We extended the scope of our calculstons to inglude the tharwm cycle
as Brazil has lange raserwns of thocium and has yet to discover sipnificant uramum deposits

Thorium utihization reguces the uranmm ore consumption and might form a solution to efficient
roscurces utHrzation in the case slutonmurm recycle being foredden We were sncoursged by the fact that
soma of the first LWHR £ — Indian Point!?! and ELK River 9] used thorium in their first core Also the
wark dona by Zorzah in jtely should be mentigned! 7!

Reprocessing and refebricatran of thorium fusl should not pese grester problems than those of
plutenium fual The rediation 1evals can be kapt low prowided the recycle U 233 15 chemicslly cleansd just
befors fabrication of Th 22B whose daughters emit some fugh anergsuic ¥ 5 Babcox and Wilcook has
demanstrated the fabrication of U 233 contaming fusl on a pilot plant scale'2!  Reprocessing would use a
haad end similar to that for LWR uraniym fuel and the Thorex process as developped for HTGR £ In ltaly
an integrated reprocessing and refabrication facility for thonum hes baan budt! !

2 — CELL CALCULATIONS

Inially we made a numbar of call calculations for the thorium and uranium cycle with the same
data and metheds This was to minimize any systematic errer In the caloulations the urenium pns were
substitued with aqual diameter therium pins Wa used the HAMMER Cell Code!'®! modified to solve the
burnup equgtions

A caleulation of the Yankss Row PWR cell showed axcelent agresment with tha Pu production
and Pu vector data as reported by Poncalet!d!



The cell dymensions are graen in Figura 1 and the begin g of I° zona concentrations in Tabla 1
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Table |

BOL — Zona Canoentratrons

reglan Net
SUD,+SUD,  PUHUO,  SUD,+ThO,  3UDy+ThO, SU+Th  *LHTh
Th 232 0205 0200 0288 {291
U233 oas DODNN 2 0onEH 000003 DOOGA3
U235 000680 000166 ooy oo0g
[ U z38 0213 0218 00006 00007
Funl Pu 230 DOOAL
Pu 240 D008
Pu 241 ODONRE
Pu 242 00GUGT
0 0441 0440 0410 D410
fl Zr 034 -
Glad Fa -~ 107>
]
H, 0 0249
e
Fa O —
v
Water B 10 +— 107
Ha O D230 -
v
contrel Fe 0M7E —~+
rod Eq
g1t - 10-T =+

Tha initial snrichmant of the fual wes to varied that at 15 MWd/Kp burnup keff was 100 Thus for
thesa caleulations lasckage and comtrol poiscn ware naglected The results of the caleulanons are
surmmarzad in Tabls 11 The diffaranes in the fast fiesion thrashold and cross socors »f Th 232 and U238 15
clearly shown i the fast fission factar £ About 30% of the fissrons take place in bred materal so that even
far U235 fuelad rosctors differsncex in¥ can be observad The differences 1n the bamnning of Tife
Inventaries rasult from the higher alsorphion eross section of Th and of the higher density of Th metal

The consumption and produstion of fissile material gves 8 indication of the rabe that can be
mantained betwean U 236 fusled reactors and recycle reactors The plutonum produstion of twa PAR w2
roughly equivelent to tha consumption of one Pu fualed reactor Ona thorum oxide reactor produces
sufficient fuel to sustmin one L 233 ThO, reaetor A U235 Therium Matal rasctor can nearly sustain two
) 236 Thorium moetal reactors becsusa tha high U 235 losding reducss the burming of bred fual 1n the
U 236 Th reactor Using this ratio we can calculaty tha ore consumption and sesparative wWork reguiremants
Table Il For the uranium ycle it hat baan assumed that the discharged uranium wall ba reanriched Thus
20% of the discharged U235 15 lost (n the tails of the snmichment plants Th cycle gives aboutr 30%
reduction in orfe consumption and & 10% increase in anrnichment The overall costs for fuel dapletion are
thus about 10% lowsr Tha shight incrasse in enrichmant requirements 15 supprising since 8%% anriched



U needs about twa times mora SWL «hpé'r Kg U 236 than 3. ennched U This 15 partially compansated for
by the lowser U 235 consumpucn and by necessity to reenrich the used fuel

Tania N
Reauls of Caleulaticny

REACTOR TYPE
‘U0, —BU0; Pu—UQ; SUQ; —ThD, *U—Th W0, —ThO, 3*U-—Th
Apsorption
Figzila 48 a4 4B 4B 44 A4
Faitrle 2 38 kL k- a7z 38
Fissicn produst 1] 06 o7 o7 06 ¢
Structure mat, 02 1] 03 02 03 02
HyO D4 03 1,73 11} 10 0
B 10 - - - — - -
" 183 187 206 206 222 224
E 107 107 102 102 102 o2
Conversionh
ratiey 63 i1 70 73 BS 88
Invantory kgl
u 233' - — — — 1130 1440
U2z 1254 330 1480 1900 — -
Pu 2339 - 120 — — — -
Pu 241 - 182 — - - -
Consumption
(ka/a)
233 - — 172 —230 160 130
U 23g* 330 B3 370 450 — —
Pu 230G -B0 138 - - - —
Fuy 241 - 16 14 - — - —
Total 266 236 138 230 150 130
* incluriag a 20% loss of U 235 dus to rad ffusion
Tablu 1l
Oro and Ennichmanmt Cansmption
Fracton of L 235 Qre W

U 235 reactors consumptian consumption COnsumMpton

L) cycle 66 220 kyg EQODO kg 40 000 kg
Thidg cycie 50 185 kg 39 000 kg 45 DOO kg
Th metal cycle a5 160 kg 30 000 ko 40 000 kg




3 — AEACTOR CALCLULATIONS

Full reactor cakoutetions were made 1o mclude the effects of sotope bulldup and contrel poson
As a reference case we took the 600 MWe unit of Angra dos Rers We started with U 236 as fssl  mstenal
After three cyeles the bred fuel plus remeaming U 235 plus any other heavy 1sotopes were imideatedly
recyciod [Nepturium and Amencium wers not recycled] Suffioent U 235 was then edded to cbhtain an
exvess reactivity peeded for a run of 300 EFPD For the calculations we used & R Z reactor model
{Figure 3} The incore tusi managernent was a swickt out in The power pezking factors were below 16
evan though this refueling schame 15 not optimat (Figure 4)

In a first run =ix cycles were calculated to ohtzin approximate equilibium magide densities with
BOL Cross Sections for U 236 fuel For these nuclide dansities a new HAMMER run was made to generats
two Qroup Sross sechions With these then tweleve cycles ware caloutated Figure 5 Frure & Tha mawn
fresile  isotopes have reached sguilibriurn but seme mtermediate ke L 234 U 226 are still increasing In
Table 1Y the mideye!e neutron balances are given

For a Inad factor of about 75% the U and Th evcles respectively conseme 260 kg/a and 180 kgfa
of U238 The consumption of U 236 i the Th cyele s 'ess than the neutron balances indicate as U 236 s
being fermed from captures in W 234

4 - COSTS

For the Ucycle we sssumed that the discharged fuel with a residual enrichment of 1 4% s
raenched to 3 1% An second cptian s to replamish the fusl with highly snnched uramum A comparisen of
the depletion costs s given in Table ¥V The thorium cvcle offers an advantage ovar the uranmm cycle on
the depletion costs of 1 M% for 2 600 MiWe reactor or 2 mB/KWh f a fabrication penalty due to alpha
activity of 20% of t the fabrication costs or 0% /g for the thonum fuel s included the cost advantage 1=
reduced to about B MS/e or 1 m& /KWh

B — SAFETY COEFFICIENTS

COne of the concarns in the Thcyele 15 the fact that U 233 like Pu posseses a ffaff that is only
1/3 of that U235 In Table Vi an estimation 15 made of feff The Th reactor has a Jaff that 15 10% [ower
thar & Pu racycle reactor and 40% |ower poff than a standerd PYR

We made some cell caloylations to pbtain the razctivity effect between the cold resctor and hot
full power which are qiven in Table W11 They indrgate thet at least 20 control rod drives sre necessity to
hold down the reactinty 0 the cold state Assuming that e control cad may only have a worth less than 1
The temperature coefficients will be negative

6 — OPTIMIZATION

We triad to find the optimum fugl to moderator ratio using t™wo group theacy The cptimum with
respect 1o conwersion fatm 15 very broad for U 233 Thid; fuel Figure 7

To thus augment the comersien ratie we have to decrease the hurnup there by increasing the
fabrication and reprocessing costs Zorzali'?! demaonstrated that with Th metal fue! using a coextrusion
process low fabreation costs are possible A reprocessing costs should also decreaze due to & significant
scale effect!®! We (ncreased the fuel wolume by about 100% Ly increasing the diameter of the fuel pins
from 8 t2 12 mm A oell calculation was made |n Table Y1 the neutron balance 15 compared with a9 mm
fuel pin case It can be observed that the absorptions in HyD and slowly saturanng fimion products are
grestly reduceld The resulting conversion ratio s than about 98
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Table IV

Mid cycle Neymron Balances

Th cycle L) cycle
Abs Prod Ahs Prod
Th 232 296 020 U235 108 387
Pa 233 1L 236 (H) 15
U3 287 634 Np237 Qo3
U234 024
U235 168 233 U238 23 Deo
238 m7 Fu 2349 205 378
Uz a0l Pu 240 074
018 003 Pu 241 072 152
Xe 135 023 Pu 242 016
Em 148 o007 Am 243 ob4
S5FP 041 Xe 135 J18
Zirc-d aog Sm 149 o1
H 8 855 FP 033
Fe 09 Zirg-4 ooa
H 03s
E 10 035 Fe o7
Leack ooz B 10 033
Leack Q20
CA BEO CR 290
Table ¥V
Costa
Enrichment Fesd Tertal
w1000 Costs Kg U nat Costs
M&/e
M&/a 1000 M3
U cycle Radif+ B4 25 52 18 43
U cycle Mix g7 3z EZ 13 50
Th-ycle 46 22 35 12 34
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Tabls VI
Paft
fractions of
fissions 8 Peft
Th 232 02 0220 D044
U233 B34 o027 o
235 333 00Gh 00218
Tot

Th-zyche 00431

L cycle
L 236 387 DDG5 026
U2sa 0,2 o187 M1
Pu239 a7B oc21 (15 F ]
Pu 241 162 a0an GO0
Tot Uoycle D04 B
I 235 -] 0085 cO40
U238 1 0167 co16
Pu 220 3 o021 CooT
Tet U-Standard D083

Tab's V1
Reuctinty Effects
Boc Sl
k= hat 1043 1042
ke colg 1 082" 1121"
K — 038 - 073

* Includes 023 21 a result of the abmence of Xe absorptons
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Table VIl

Mewtron Halsnca for Larga Diameter

9 mm 12 mm

Abs Prod Abs Prod

Th232 380 25 450 44
Fa 233 11 12

U 233 435 865 439 951
U234 12 8

U 236 4 7? 2 3
X136 26 25
£m 149 4 4
85 FP L1 26
H. O 44 a
Fa ta 3
Zirc 4 11 B
CRH a6 oR

7 — CONCLUSIONS

The use of thoriem m hght water reactors qives a reductien of 30% in ursrium ore consumphion
and a saving aof tha order of 1 M3 /KWh The shut down reactivity might pose some problams with respect
ta the number of control rod drives Large metall ¢ foel ping might lasd to a [ow eost near bresdsr concept
For the exasting hght watar réactors

RESUMO

Estuds-sa & rtilizacio de tona no PWR de Angre gos Rew | Ciloulos celularss B oo mgior gomoneb'am qui uma
reeducio de wtd 30% no consuma de uranla & posaival

RESUME

On a dtuckd | welzation du tharium dang la PIVR d Angea dot Ras | Dos calculs callulalret 2ine que des caleuls du
riscteur ont montré qu une réductien e 0% de e cormematon d uranium gt posabla
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