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ABSTRACT

Utilizing the high thermal ncur.rorr flux of an accclenuor
driven transmtner to drive a llorium-Uranium fuel production
schcmc. it is pmswblc to produce enough cnc~y in the wans-
mutcr not mtly [o power IJK accclemtor, but 10 have enough
excess power available for commwical USC.A parametric study
has been initiated to detcnninc the “optimum” quilibrium op-
tx-ation point in terms of the minimization of the equilibrium
acti~ide inventory and the fuel a for various rcsidcncc times
in the High Flux Region (HFR) and in the Low flux Region
(LFR). For the cases comsidcrcd, the “optimum” eouiiibnum
operation point was schicvcd for a HFR rcsidencc time of 45
days and a LFR rcsidcncc time of 60 days. For this case, tie
total actinidc inventory in the systcm is about 20 tormcs and
Utc fuel n approximztcly 1.46.

I. INTRODUCIK)N

An advanced ATW (Accclcrator Tmnsmutation of Nuclear
Waste Concept) dcsi~ utiliziilg a Thonum-Ursnium fuel cy-
cle, is onc of scvcnsl accelerator driven transmutcr conmpts
under consideration at Los Alarnos National Lal rater.l The
proposed design, as shown in Figure 1, consists of a liquid Icad
spaflation target surroundca by a molten sah, helium cooled,
graphhc moderated blanket. The goal of this concept is to de-
sign a wlf-contained, self-sufficient tmmmurcr which bt-rxis
and bums its own fuel, transmutes its own waste, and pro-
duws sufficient energy to power the accdctator and the tr,an..-
muter’s supporting facilities. Excess gcnctating capacity would
bc placed on the power gnd for off site cotnmcrcial USC.The
design goaf is to have the trsnsmuter/energy producer opctatc
at 3a)o MWth.

The Thoriu.rnjllranium fuel mixture is slowly cinndatcd
ttwugh the blanket rrgion in the fomr of a molten salt solution.
The molten saJt solution flows through two distinct regions as
dcpictcd in Figure 2; the first is a HFR (High Flux Rcgm), a
region of intccsc thermal ncutmn flux of approximately 2x 101s
ncutnms/cm2 -s which enhances the production of 233Pa Snd
the fissioning of 2mU and 2’SU. The second region is a LFR
(Low Flux Region), a region of low therm J neutron flux which
provides a hold-up area for the decay of 2wPa to 233(J. Part
of tlx molten salt solution is diverted 10 a separate strcsm

to extract the fission products which have accumulated in the
solution. zs~n is ~ntinuoudy added to the HFR 10 pmvidc a

steady source of fcnilc fuel.

One of the conccms associated with this srivanccd con-
cept is the inventory of !issilc/fertile material pmscnt in the
syswm. Duc [o safct y and nuclear proliferation conccms and
to minimize the risk to the environment in cssc of an acci-
dent, it is dcsimd to keep the material inventory at a minimum.
f-!owcvcr tlv minimization oi the fuel inventory is only onc
sspcct of the design. From a neutron cconom y and subcri~-
icaf blanket multiplication factor standpoint. it is desired to
minimize parasitic absorption within the molten sak ~ucl. A
measure of the parasitic absorption taking place in the fuel is
provided by a, the capture-to-fission tatio of the fuel, which
affects the subcritical multiplication factor of k transmutcr
systcm. A parametric study has been initiated to dctcnninc the
“optimum” equilibrium operation point in terms of the min-
imization of the equilibrium actinidc inventory and the fuel
Q for the Thoriurn/lJraniuMfuel cycle of the advanced ATW
concept for various rcsidcncc times through the HFR and LFR
regions.

H. METHOD OF SOLUTION

A. Rate Equat ;,ms

l%c actinidcs comprising the Thonurn/Uranium fuel cycle
and their intcrdcpcndcncy am dcpictcd in Figure 3. The rstc
quations for the nuclidcs involved in ~~ fuel cycle forma sys-
tcm of coupled fimt order linear differential quations which
govcm the tiruc rate of change of the nuclidc cfcnxities resulting
from radioactive decay and transmutation by neutron absorp-
tion. The cqualimrs arc of the form

dN, (7, t)

--7--= ‘$(7,t)x~N,
1

(1)

I
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1:),

“ Is lhc malnx cxpmcmid

furrcmm allll ,~1II) is the ifllli~ c(rnc~lmll(}n vccl(~r

III Ok hlEM mcthxj he nlainx ckpmcn[ial hmcmm I*
rrpIrscIIIrd IIV IIS scrm cxpanw(m:
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Figure 2. Schcmuic cf rhe matmial flow -gh the HFR tnd
LFR regions.

In he EMEM mctlmd the mauix exponcnrial function is
decomposed as follows;

#f = P ~ #~ ~ p-~ (5)

Whcm

A = diagonal eigcnvalue mauix of A:
P= Cigcnvcctor mar.rix Of A;

P-’ = inverse of P:

This dcccan~ition is cmdy valid if malrix A has a ccm’iplew
set of eigcnvcclora. The exponential marrix function is evaf.
ualcd explicitly al a specific lime L; no series expansion is
n~ or time step conirol which as ruxcd above increases
the computational time. The evaluation of the cigwmlues and
eigcnveclcm “)f maaix A is grcally Simplkd if marrh A is
firm in lower triangular mauix form as is rhc - for h
l?mriun@Jranium fuel cycle depicted in Figure 3. Fcr his
case the cxpomrnial funcrion mkcd m k diadond eigenvalue
mauix of A has W following form:

fa”f 0.0 ().0 . . .

0.0 ea2a’ 0.0 . . .

0.0 0.0 ~mf O.-J

0.0 ““.

~a, = - ( )U: O+A, .

B. Equilibrium Colmntmtions

Figure 2 depicts a schematic of the molten ssh fuel flow

tirough h }IFR and LFR rcgiorm of the advanced ATW
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Figwe 3. Adinidcs cunsit+?rcd in rhc ?horiurr”u, mium fuel
cycle and Ihcir inlcrdepcrderwy.

graphilc bktkcL llw fuel rcsidcncc time in OK HI% region

is rknod zs Atl and k time -M in the low flux region is
denoud as Atz. The actinide equilibrium conceptions arc
compukd al Iwo Iocaliom in k syslem; h first is at k m-
tmnccto UuI.FRand ksccond isat rhccnuanccto-HFR.
The cxlculalion of the quilibrium conunrrarions m rks two
locations is rcquiml for the detcnninatkm of the equilibrium
actinide inven[o~.

It can & shown M after n cycia Ihrough the HIT( te-

giaandn- 1 cycles though k LFR region, lhc wtinidc
cmccrmations at W cntrancc 10 k LFR w given by LIW

exprcssioru

. . .
N(nAt, +(n – l)At7)

= D“-’ X eAA” X ~(IJ)

-(

D“-I+D.-2+... +D+I)

)
~ ‘l_ cALMI ~ A-l ~~

(
(6)

Uhcn

D = CAA’I x eBAt2;
A= he radioactive decay/uan9nulation

mar.rix for k HFR:
B = the radioactive decay/lrarramutal.ion

ma[rix for k LFR,

The equilibrium concemrations of the actinidcs umpris-
ing tic radioactive dccayhnsmulation scheme of F!gure 3
which enter rhc LFR region arc obtairrcd as ti number of
cycles n bca)mes infinkc (i.e. n + m). Utilizing the follow-
ing relationship obtahwd from the matrix expr.mcrnial furclion
cigenvaiue+igcnvector decanpcrsi[iom of matrix A

( )[-eAA” XA-l X~=

PX(l-,AA’9X A-’XI~’X7



.

d k following limitirq values as n - -:

(limm-~ D--1 )
D“-~+. .,+D+I =( I- D)-l

ad

llmm-~ D--l = O .

LFR
FE* = -(l- D)-’ xPx(l-cfA”)

x A-’ XP-l XT. (7)

IIE expression derived alxwe is for tlw actinide equilibrium
Conccnr ationsofdwmoltcn wh fuel atthccntrartce tothc
LFR tcgicm. The adinidc Cqdihmt ccmccrJmbns at the
cnrmscc to tk HFR region arc cmmputcd fran tlw expression;

(R)

C. Equilitriium [nveruory CaJcuktion

NOWthaI W cquilibnum conantrations have been ob-
taimd for a given fccdmlc. Equations 7 and 8 can bc inlegramd

over the time immval that a unit vdurnc of molten salt fuel

~ in the Hn A LFR regions. l%c tomf invcntnry of
actinidc mamrisf ccmtaimd witiin the HFR is obmincd from
the mtcgmtiorx

—H FR
At,

/A” [q. 3] dt’ = ~.’V[n” = ~

[
CA” X F(O) - (1- CA”) X A-’ X ~] df’ (3)

whcrt F(O) Imlds the equilibrium cmmmationa entering the

WR region (i.:. T(O) 5 F~~R). Utilizing h cigcnvaluc-
cigcnvcsoc c!cmrqmsition of mautix A and performing he
indicntcd intcgrbm Equation 9 has k solution:

ITH FR
,“” = - PX (k AA’’)x A-’ xp-’ X~~:n

Px[At,l +( I-eAA’’)x A-’]

x A-’ X P-l X3. (lo)

lk invcnkq of ac!.inidc matcriaf ccmtairwd in the L= region

is:

rAla ~ r-l x Q-l x NEqTLFR
1! ,“” = -Qx (l-r ) ‘LFf’ ( 11)

and

r = diagonal cigcnvaluc matrix of B;

Q ~ cigcnvccmr matrix ~f ~;
q-l = invcmc of Q,

Oncz tfw total &tinitk inv~ has bcc2t cstabliskd. the

thcrmaf pwcr _ in tk HFR is canpud Six nuclitk
arc assumed 10 cmuibtc to tk p2wcr of k ~utcr. tky
~. ~mu. ~3slJ, 2mNp, 23spu, -~ ~ ~42h. *h fissilc

spcti ia ~cd to pmMc 190 McV/kk2n. If k ccmt-
putcdthcrmal powcrdocs notcqux130u3 MW. IJICSIti ‘2111
fccdrMc is djmkd. Two itcmkms me rcquimd to obtain Ihc
dnidc taal inventory.

D. Calculation of Alpha - The Capture.to.Fission Ratio
of tk Fuel

Tk mollcn salt subcritical blanketmultiplicadcm f~r.
Af. is tclatcd to tk nculrcm multiplication factor, k. by the

following cxpmssion

hf=&

mmcmscopic tksion cress section

of Ihc i ‘th titcl nuclidc,

macrmcopic absorption cress sccticm

of the i ‘th fucf nuclide,

maoxcopic absurpt.km cross ~c!ion

of next-fuel Curtstillcrus. ad

W average numhr of ncuttuu rckascd
per fission for the i’th fuel nuclidc.

Defining an cikct%c average numb of ncuums mlc~d

per fission for the fuel 0. 14s to tlm following cxpmaaion for
k;

k=-
~+Q+C

where

i=l 1=1 1=1

We note that m is the ratiu of the cqmwc [0 fissiml Cross scctkms

of the fuel and that if plays an imm role in dclcrrnining k

and hence the multiplication, M, of tiIC Sub:litical SYSICM, A
lower value of a (fewer pamsitic akwptiorx in the fuel) im-
plies a la~cr value of k which in turn implies I larger value of

,\[. All nuclidcs in k 232Ttr Irwwmulation ami decay sckmc

(SCC FI#c 3) arc cotmidcrcd fuel cortstitucms and am included
in Llrc calcuktion of n.

E. Data

A Iwicfcommcnt cm [hc dmn used fur Ibc cafculatiow, “fhc

mollcn Gah fuel wilhin k adv.1 ccd ATW .systcm is as..urncd

10

‘1



.-

104

103

,32

10’

100

10”’

,.-2

10 3

10”4

10 5

,..6

Figure-l Qullibnum (’om~slilon[or[hc 45cfav }IFR - WdLIv I.I.R rrsldcnccllmccmr

Nuclidc

45 Hr-id
w) LFR

Yla%.,Ihg]

I,465C+4”
7 334C-2
? 95~c.1

1.191c+2
1.(xX)4c-l
2.752c+2
1.94&+2
3.554C+I
I 935c+2
6564c-I
fr617c+l
.l.aH&4

2.f)53c-6

1.~92c+ I
1.392C-I
5 7(J4c-2
2.39k-5
4 5flYc+()
I 15?C+()
I 531C+()
3 47(k. \
! 7WC+ I
? 371k-3

I 5~!lr+l

1 171k+?

7,5*+11

45 }ifw

150LFlt
Maw Ikgj

2.116C+4
7.334c-2
2 953C-I
1.2fXk+2
9.395 c-2
4423c+2

2737cT2
4.992c+ I
2.”l18c+2
6.3t15c- I
Y ?!Hk+ I
3,774e4
1.9~7e-ti

l, f14?c+l
1.354C-1
5.549c-2
2.333C-5
6.459c+()
i .M5C+()
2,149c+(l
4 853C-I

2,514C+1
5 ~7fk.~

2 247C+4

5 (MNC+2

Z.fi.$c+l 1

—.
.!() tlFR!

75 L!.R

Mass Ikg]—.——
I 7(YCA

7.332 e-2

2.W4C- I

:.20tlc+2

8.237r. i

2.989c+2

2.W4C+2

3.831C+I

2 WISC+2

6?fNc-1

f14f)le+l

3.247 C-4

1.71UC-6

1,41*+ I

1.33( k-l

4.fW7c-2
1.Y3YC-5
5 IW!C+()
] ~.1:~+(,

1 6-17C+()
3 7.34C-I
1 927C+ I
2 5Wlc.1

I Hf)H*-1

Itilc+p

I,!llc+ll

—.—--—-

he m a [cmpermurc of I 5(MPC’. The cress scclion daIa ullltzcd

h tic udtiuli41ions W*S lakcn Irrm \l(’NP” cross SCCII(M d;iIJ

IIICS w tic opemlmg Icmpcrmurr

1[1 RI;s[!ld’s

TtIc equilibrium acumde invcniones fnr [k advanced

ATW cmccpt for a 45 day residence nrne m IIW li~R and

J 90 day rcsidencc umc in tic LFR [45 HJWW LfT?) arc dc -

pi~[cd in Figure 4. ~~~~ d~~irl~ms tie invcmory of Ltresystem

comribllng m over 94% of Ihc mws m W syslcm. The large

invcnlory of : ‘2Th is mquirrd for the pmducsion of ‘3n[J and

[u a Icsscr dcgrcc J:ISU ~ ~Y domi~t W t~~y P~uclion

in Lhe system. A comparison of the acrinidc invcmones for tic

45 IIH?JW) l.I:R, 45 l! f-X/15d Lf.11 and We 30 tlFR175 I.I.R

cases is pmscmcd i:l ~~blc 1. Of rhe 3 cases pmcmcd. if-w

45 111-Rm) L!ll CMC has dw !owr.,1 total actinidc and frssilc

invcmorics.

The pcrrcnlage of fmwcr produced by each fissilc i.wtopc
considered is prc.scntcd in Table 2, For all cases prmcmcd

: “U ptwfuccs over 114% of tie powur followed @ : ‘“lJ ,V”ltl

qproximzlcly 11%. Of ifi? other Iissile isolops onlv ‘“Y’PU

urmribules more Lhan I % of Lhc fn]wer.

Figure 5 surnmm-izcs tic 45 dqv lJf-R msldcnce umc mlal

actinidc invrrmmy and fuel ~: msul~s for varying LFR rrsl

Ucnuc IImcs, As rhc residence Lime ln tic 1.FR irwremcs rhc

m!al acmsidc mass in tic systcm Imrcmcs [ i c , [hc mvcrmwv

{~f rnmcrial rcsidlng m IIIC I.I.R incm~s?s as IFIC holdup time IS

Incrcww.,i}, Wc nmc I!uN (i dccrcJscs [0 an Asymplulic value as

I}w 1.I.R r$I(icIKc Iiillc Iricmasl.%. “Illis ICI]CCLS I]IC pllxlucli(m

(1 f i ‘ ‘(l fPml Ihc dcuuy of J ~lpa in ltlc [,[R. Over W% (]! tic

: “Pa will nisvc dccavcd m ‘“’”’[J for a rcsidclwc [Ime com-

spondir]g 10 SIX :; ‘f% hdf-lives, hence thcm is Iilrlc inc:rulvc

10 incrcme I!IC Indu.:ln mnc twyoIld lh)s durmmn () dccremci

hccau~ of an incrcmv in “UIIJ Wc nolc I!MI tic mmimll.alllm

01 I!JC fuel (I wld tiw IOIJ1 ac[inidc mms 111ihe svwc:n :.!:” ill

tl~p4nlnp di,rcIll}lls. “IIIC Curvcx llllcly~[ JI ilpf)ll)xl fllfi[l, h!l ho
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Table 2. Pow~i I+mluctlon fmm R:silc lS.NOISCS

~ 45 HHVXl LFR
1 45 }!FW150 LFR I 39 H~M~

1 POWL1 I Pclum of I Power ] Pcrunr 0[ ] Pcwer

2.38NP 18.86
I
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18.86
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239
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Figure 5. “~otai actinidc mass and CJCIu for a 45 day residence

time in tic HFR and vas+ng residence times in the LFR.

days in *C L7R AI tis LFR residence time t.hc Ioral actinide

invemory in ‘k sysIc~ is approximately 20 Iorum and tic fuel
n is almu[ 1.46.

Figure 6 s marks the 90 day LFR residence time [o[al

aclin]de in n[o~ and fuel n resuhs for varying HIT rrsi -

dence [imes. We note t.hal tie IoIal aclinidc mass in the sys[cm

dccm~ws m tie msidcnu time il: the f+FR increases. The rea-

son fur his is thed z dsc ms;dcnce iime in dsc HFR increa..es

‘lPa decays m 2J3u while aiu residing in ticmore of lhe

l{FR. }Iowever ~ increases m tic msidenu lime in lhc HFR

increases due 10 p~ilic akrp~wn in Pa and higher mass

U isompes in tie fuel. Fo( rhe specific case of 90 cloys in tie

LFR, :Se DUI actinide mass and n curves inwrscct al approx-

ima[el) (MJ days in tie liFR The [od actinidc invenlo~ and

n vafues am approximalelv 22,5 IIIMCS and 1.47, res~ctivcly,

!V. SUV!MARY

A pmwnetic sIMIy has been initialed IO de[cmsine tic

“optimum” equilibrium o~ml)on poinl in lerrms of l-he mini-

miza[io[) of th: minimum equilibrium acIInidc invcmory and

1.
TcMal [’%1 [MW]

8417 2561.27

13,62 377.50

0.63 17.43

0.04 1.21

1.15 31.85

0.39 10,74
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Figure 6. Total acr.inide mass and fuel n for a 90 day residence

lime in rhc LFR and v’~ng residence timm in rhe HFR.

tie fuel n for various residence lime tirough tie HFR and LFR

regions of the advanced ATW concept. From he rcsuks of his

study, the minimization of a and k total acdnide invenlo~

in tie sywem are in opposing di~ctions. Fcr k ca.w consid-

ered, tie “optimum” equilibrium o~radcm point was achieved

for a HFR residence time of 45 days and a LFR residence time

of 60 days. A( [his opera[ion pcsin[, Lhe mral actinide invemory

in lhc syslcm is abru 20 Iomcs and r.he (u?l (1 approxima(c!y

1.46. The nex[ step in tie analysis of dw advanecd ATW con-

cepl is 10 include addi[ioiral Americium ard Curium iscslo~s

and 10 investigate tie aclinide inventories ad fuel n during

me equilibration phase of the uansmu[er.

A brief no[e abou[ the compu[cr program. The compu[cr

code developed for ‘his pa.ra.rncuic sludy u~hze.s tie Eigenvalue

Matrix Exponential Mcdlrxf for the solution of tie system of

first order diffcrrmial equation which govern rhe actinide con-

ccrm-ations in b system. The medrod has proven i~elf ICJbe

cornpul~tional cfficiem; no lime step comrul or series expars-

sirm is necessary. Radioactive decay loops were nol c-mmidcrcd

in LIIC fuel cyt ‘c ~mlysis, [hey can lx cmily irscorpom(ed along

1}.e ~incs of lhc Avalarlchc merhod.b
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