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ABSTRACT

Redistribution of plutonium due tO'migratiqniof pores-in hypo-

 stoichiometric mixed oxide fuel is analyzed. The unequal volatilities of

‘the oxides of uranium and plutonium cause changes in the Pu/U ratio in

the solid ahead of and in the wake of a moving bqre. These elementary
redistribution events of‘single'pores are then combined to determine the

gross!redistribution in the fuel. For typical ﬂMFBR'fuel operatiﬁg con-

" ditions, calculated redistribution due to pore migration is orders of

magnitude smaller than that observed in irradiated pins.-
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1. "Ilr‘l.t'bl,"f_)_cﬁ.lu_ct ion

Actinidc’fedistribution caused by the migfation of porosity up the
temperatdre gra&ient in a mixed oxide'erininnﬁaé Beén the‘subjeqt of
several rééént theoretical sﬁudie; [l~6].. Acéording to the-ﬁédél de-
scribed in“Ref. 4, the hot face of a moving digk—éﬁaped porefbeédmes
eﬁriched ih ;he less volafile of the two héav&fmefal components of tHe
mixéd oxide (usually_plgtonium)'by préferenti;l évépgration of the mqré
volatilé‘species across the ﬁore. vSolid Staté difquion permits thé coﬁ—

centration perturbation on the hot face to extend into the solid ahead of -

-the moving pore. As a result, a "bow wave' of excess plutonium precedes

the pore as it travels up the temperatdre gradient towards the central

‘void. .In_ofder to satisfy conservation of‘plutqnium élong'the'path of - -

the pore, a-plutonium—deficient'spike is generétedzat the initial position

of the pore. - The plutonium missing from this "start-up spike" is con-
~tained primarily in the plutonium-rich distribdtion‘preceding the migrat-

~ing porc. However, the excess plutonium in the bow wave changes during

migration for two reasons: (1) the pore moves into regions of increasing

températu}é and (2) at a fixed.position, the ambient temperature gradually -

“diminishes .due to restructuring and central void formation. These two

‘«ffects alter the plutonium fraction in the colﬂmnar grain formed between -

the initial and final pore locations. Figure 1 shows in schematic fashion *°

the redistribution resulting from the movement of a single pore through

“wvirgin fuel (i.e., wherein the plutonium—to—heavy'metal ratio ‘ahead of

_the pore is the as-fabricated Valuevqo)} ‘ - . ’ , ,
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The‘analysis of Ref. 4 was restricted to'hyperstoichiometfic mixed‘
oxide and considered 6nly the redistribufion éfféct of a single pore.
In the present paper, the same model is appliéd'to:hypostoichiométric o .
fuel and the cumulative effect of the migration of many pbres’in a.
cylindrical fuel pin oh the time and radial distributioﬁ of the gross
Pu/U+Pu ratio is considered. Section 2 describes the éalculation of the’
pore velocity as a function of temperature, temperature.gradient, ambient
plutonium concentration (i-?w, qo) and local oxygen~to-metal ratio.v
Section 3 presents an analysis of the net effeét of many porés sweeping
a given position on the gross Pu/U+Pu ratio and ééction 4 pfesents
numerical results for typical irradiation condiﬁions and.dperating times.

2. Actinide Redistribution Due to a Single Pore

We treat lenticular poreé as disks of thicknéséfﬁ and diameter d
oriented perpendicular to the radial temperature gradient. For pores
originating from the closed voidage in the as-fébricated fuel or those
spa&ﬁed'during irradiation by cracks in the fuel;vé isvtypically of the
order cf lO'Um and the diamgter‘is ~100 uﬁ._ During.migration, cations
(uranium and plutonium)‘and anions (oxygen) are transported fromrthe hot
face to the cold face. If the pore were infinite in extent transverse
to the temﬁerature gradient, diffusion of vapor sbecies.through the_
filling<gas in the pore would be the only transport mechanism. For pores
~of finite diameter, however, fuel constituents cén leak around the
periﬁhery of the disk by solid state diffusion [5,6]. The impoftance’ofl
the solid state diffusion path can be assessed'by compariﬁg thg depﬁh §f
penetrafion of the conéentration distribution attachgd to the fronﬁ face

of the pore (X, see Fig. 1) with the pore diameter (d)y. 1If A/d << 1,
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_solid;sLdte”diffusion around tﬁe edges of the.diSR_is ﬁhimpon§éﬁt aﬁd
énly vépor'gganSport across. the gas spaée need‘bé considered. At the
~ opposite égCreme of A/d >> 1, the solid state diffusional mode of trans-
port woulq‘belexpected to démihatg vapor tranSbbrt.
As shqwn in Ref. 4, tﬁe characteristic pénétrétion depth ofvthe
exponentially'decaying concentréfioﬁ distfibﬁtién:in front of the pore
is related to ﬁhe pore velocity vp and‘the solid ;tate diffusion cé-

efficient’DS'by:'
A.= Ds/vp _ :: B - ; (1)

Using the diffusivity of piutonium in mixéd 6iidé sﬁggested by Bobgr
and Schumacher [7] (with aﬁ activation éne;gy of §3 Kcai/mole) andvthe'
pore veloclities calculatedvby'the methéd describgdvlater in this section,
A for»Pu is-féund to be ~1 im at 2000°K and smaller’at.higher tempera—
tures. 'Thﬁs A/d for plﬁtonium.is ~10_2, which isisufficiently smaller

than unity for solid state diffusion of this species around the edges of

. the lenticular pore to be neglected. For’oxygen, on the other hand, Ds

is about. five orders of magnitude greater than it is for plutonium at

2000°K[8]. The penetration depth A for oxygen is ~10 cm, which renders

A/d very much 1arger than unity. In this_cése;usolid'state.diffusion

i5. s0 rapid that any difference in O/M between the hot and cold faces of
the pore which the vapor'transport process attempts‘to_establish cannot
be sustained because of rapid oxygen migration inithgvmatrix surrounding

the pore.. Consequently; the ‘oxygen-to-metal ratios on both the hot and

cold faces of the pore are taken to be equal to the local value in the
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solid through which the pore is passing. Althdqgh oxygen concentration
differences in the immediate vicinity of the ﬁorevcannot be‘set up, an
o/M gradicnt.alongvthe radius of the fuel'pin is.ééﬁéblished by othe;
mechanisné (e.g., vapor transport in radial cracks or the;mal diffusion
in the solid). |

The aqalysis reduces to determining: (1) fﬁe‘Pu/ﬁ+Pu ratio on the
hot and cold faces of the pore’(qh and qc; fespe@tively) and (2) the pore .
velocity;,vp. Thé local values of the teﬁperétﬁ?é,.temperature gtadieﬁt;
0/M and the Pu/WHPu ratio‘ahead of the pore (qo)fafe.assume&»to be
specified. - |

The plutbniﬁm_concehtration distribution iﬁ.frﬁnt of the bore shdwn
in Fig. 1 deéreaseskfrom q, at z =0 (the.hot facé éfvfhe poré)'to q, in.
the fuel wgll'ahead of the pore. The quantity O£.é#pess,plutonium:(i.e.y
above that contained in the same volume of ﬁndiSturbgd'fuel).pef‘unit

pore hot face surface area ié (4):
A= psAths/vp o - (2)

wheére P is the theoretical density of the oxide and Aqh =q, - 9,
Neglecting the amount of heavy metals contained in the vapor phase, .
a plutonium balance over the control volume moving'with the pore and

delineated by planes (1) and (3) in Fig. 1 gives; 

e .V . Y . da
. quo p Psde p . dt
or ' L - ‘_
S ! hg - - L dA

. p Vv dt . - (3
CLoRgY, | o (3
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where ch =.qc'— q, and d/dt is the time derivative in thé frame of
reference moving with the pore. When converted tOﬂa'stationary-reference

frame, the latter becomes:

d4_3 3
dt T %t T Vp ar

’

where r is the radial location in the fuel pin. The minus sign- appears
because vp is considered positive if the pore moves towards the center of

the fuel rod. Combining Eqs.‘(Z), 3 and'(é) results in:
. | . : Aths AthS |
A = .1 ) . + 3 v ' , (5)
1e v_ ot Vp or p 7 v

The first term on the right hand side of Eq. (5) represents loss of

plutoniﬁm from the bow;wave due to the change in fuel temberature at a
fixed location. The second term on the right hand’gide represents rejec-
tion of plutonium.from.the hot face as ;hé pore ﬁersiup a ﬁime—.
iﬁdependent temperature gradient. These two loSs'tefms a?e manifest as
an incrcasevin_;he plutonium fr§§tidﬁ on the cold fé@é‘of tﬁe pore.

A plutoniﬁm,balance between planés (2) and (3) in Fig. 1 gives::

T
J - ~ .
P | . »
T, T o )
Frer R
Pu u '

T

T
: whefngPu‘and JU

are the fluxes of plutonium and uranium, respectively,

!

across the pore. These fluxes consist of componerts due to ‘all vapor

phase atomic and molecular forms of the heavy metals: -
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Jou = Jpu P puo JPuOZ - ‘ (7a)
JT”=J’+'J + ‘+J o o (?b-) |
Yo Yu T Yuo T vo vo., . '

2 3

the flux of Species i iS'giVen'by Fick's first iawiintegrated‘acroés the-

pore thickngss:

: gi Pih B Pic '
Ji = RT | 3 » 1= Pu, PuOI,,f‘U03- ‘

where R ié'the gas conétaqt and Dgi is the diffusi§n qoefficient>of
.gaseous speciés i in the inert géé filling the-ﬁofe. The lattef.is
assumed to.bé’helium, and all.thé Dgi'are assnmed-to be equél.tq that of
-vo,, in-ﬁeliﬁm;“ In all previous analyses of pore'migration in oxide
fuels,.DgAﬁasvbeen calculated from the kinetig Fheor& f¢£mula fof,ﬁard
sphere particles_[9]. However, more accurate véiﬁés‘of Dg may be |
obtained from_phe_éXacE’kinetic Eheory:of»gases, thch gi?eé the diffu—
sivity.in'téfmé of.the éollision crpés'sgction Oyaﬁa_ﬁhé éollision‘iﬁf
tcgrai QD [lO];: _ .“
1.8§§x10'3 >/ 2 [(MUQ2 + MHe)/MUdz»MHe]'l/ 2

. oy

'wherc p is the inert gas pressure in the pore and the collision integral

is a function of temperature and the force constant € of the interaction

" between UO.

z'hnd He. For helium the force constanté'arévestimated from

«
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“times larger than that obtained bybthe'énalogous.hard sphere formula [9] .

o
w

Qo0 uU42dd
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gas-phase'Viscosity data [10]:
o
QHe - 2'55 A
€ o
He - j0k

where k is Boltzmann's constant. For UOZ’ thé force constants mayvbe
estimated either from the propertieé at " the boilihg point (TB = 3600°K) o
or from the.critical properties (TC =~ 6000°K, Vc 2_90’cm3/mole [11}1)..

The average values of the force constants of UOé_éstimated by these two

methods.are: 

U0,
eUo2 B

) — (-]
k_-nmx

The force constants for the He—UO2 interaction are ¢omputed from the
usual combining rules (arithmetic mean for O and geometric mean for €).

2 in He calculated from Eq.u(g) is approximately six

§

at all temperatures of interest (2000°K to 3000°K) .
In order to determine the inert gas pressure p in Eq. 9), we
assume that helium at 1 atm pressure is sealed into the fueldggntering

during fuel fabrication. The preSsure during reactor operation is there-

fore:
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T - -
P =5 . ‘ ' (10) "~ -
sint : o C
where Tsint ~ 2000°K is the temperatufe at which the fuel was sintered

during preparaﬁion of the pellets.

| The partial'prgssures Py in Eq. (8) are déterﬁined by thé temﬁera-
‘ture and'éxygenéﬁo-metal ratio in:£he solid at the raéial'location of.
the poré and_by'the Pﬁ/U+Pu ratio'on_the péfticﬁi&f.f;cé'of fhe pore
under consideration [12]; .Tﬁe tempefatures on thé EWO féceé.of tﬁéique

are givén by:

Th—.T+_2‘6VTp.. |
(11)
T =T - % 8vr
c 2 " p
where T igythe temperature in .the fuel at the position and time in
question. VT# is’ the temperature gradient_thrqﬁgh_the pore, which is

equal to tﬁé hacrbscopic témperature_gradient in:the solid mhltiplied by _i
a factor ok @4 to account for the lower thermal céhductivity of the gas
in- the pqu éompared with that 6f the surréunding matrix [9]; :Bgth'T -
and:VTp‘afé strong functions:of radial posifion'and;lﬁecause of rediéf
tribution,.vary'sliéhtlyﬂwith'time as well.

As_discﬁSsed eafliér, thé oxygen-to-metal ratio’i$ the‘same qh both

sides of the pore:

/M), = (M) _= (oM S a
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where (O/M)o is the local oxygen-to-metal ratigfat the radialvpositidn of
the pore.

Finally, the pore velocity is given by:-
v> - Pu 5 U . S | s (13)

The remaining unknbwns,'qC and qh,‘are deféfmined by simultaneous
solution.of:Eqéf (5—13) with'pih [Tg;qh,(O/M)61 and>pic [Tc,qc,(O/M);]
given by the fhErmochémistry of mixed dxide.vapdriéation.

In»ordér to'simplify the calculation, we £é§fative1y assume that
ch ~ 0, or"c:;c ~ q. Tﬁis simplification requireéJthat'the time and’
distance derivatives on the right hand side'of ﬁq€ (5)‘be small, or ﬁhaﬁ .
the quantity.éf pluﬁdnium accqmpapying the fronglféée of the pore (A)  '
change slowiy with t and r. With this_simplifiéa;ion, the remainihg
equétibns aréiall algebraic and can be readily Sqlved for qh; Uéing thé‘
yélue‘of Aqh =‘§h - q, so computed to determinnghe time énd position. |
dgpendende fo(AthS/vp),A q. can be calculated frgﬁ Eq. (5). If
'ch'<<lAqh| under all conditions, the approxiﬁateVﬁéthod is satisfactory.
In ;he nuwerical examplevpfesented in Sec. 4, lAd;]?!Ath<lO-3. The
simplified calgulational methéd.was also utilized in Ref.'4 for the
énQIYsis pf7por¢.migration in hypefstoichiome;rié”fuel.' It may.be éhdwn«  ~'
ithat the cdﬁditions for ifs validity are‘satisfiéd in this case as well,

The aﬁéiysis described abové permits computatiqn of‘the entire
plutbnium conéentration distribgtion shown scheﬁatically in.Fig..i, -Thé

diétributionvsatisfies-the overall plutonium baiahce:'b
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.
. [e) B
A (r) = A(D) + pg / Bq (x)dr Las

where the subscript o refers to the initial location of the pore.

3. Gross Plutonium Redistribution

.Section‘Z described the’mefhod of pomputing the redistribuﬁion of
plutonium érising frogvthe migration of a single pofe up a-temperafure
grédient."ln'this sectio#, we.describé the method Qf;determining'thei:
'grosé.cﬁaﬁge in the‘Pu/U+Pu.ratio_in a‘region of fﬁ¢IIWﬁicﬁ confainénmény

pores and through which many pores have passed in' the restrﬁcturing'

process. In the calculation, we assume that the pore number distribution-

,fﬁnéfion,.N(r,t) %.number of'pdres péf tht volﬁmé_ngfﬁei'ét.féaiai
position Y’ana time t, is known. In a&ditioh,-all“porés are aséumed to
be of the same size, namely disks of diaméter g_aﬁq.thickness‘é. .The
.surface areé qf3each of_fhe faces of the pore péfpend%c;lar'to‘the temf

perature gradient is:

s =T & s
4 : )
aqa the volumé of each ﬁofe is Spd.
To determiné the gross piutoniuﬁ redistributipn dqe‘téAthé migration
Qf poreé, consi&er the_cylindrical annulﬁs of thiékngss dr énd-unit height
- at fadial l?cation Y-Shbwn_in'Fig._Z. The.total ﬁass of plﬁtonium\con— '
tained in this volume element in excess of Qhat would bé'there.if the

plutonium fﬁaction were everywhere éequal to_qo;(i.e., if single porés_

\



V00042020353

-11- o LBL-3196

performed no,fedistribution) is composed of three contributions:
(1) The amount of plutonium left by the pores which were initially
in the volume element at startup. This contribution is negative and

is compoéed Qf the startup spikes from the initial porosity in dr:
Q1 = - SpAo(r)No(Zﬁrd;) "l‘. v | N (16)
wherevNo is the pore deﬁsity in the as—fabricatéd fuel.

(2) The amount of plutonium contained in the bdw_waves attached to

the front of the pore which happen'to be in the volume element at time t:

Q = S A ON(, ) (2nrdr) oan

4

(3) The amount of plutonium left by the trails\df p6res which have

'passed completely through the volume element of Fig. 2 between startup
(t=0) and time t. The number of pores which pass radia1 position r in a
time intefvél'dt' is equal to the difference betweeh_the number of pores

between r and the oﬁter fuel radius R at time t' and»the.ndmber at time

t' + dt':
o o A . :
.J/” IN(x',t") - N(x',t'+dt")] 2nx'dr' = - J/ﬂ %%T-dt' 2rr'dr’
F: B . _ | . St |

The plutonium enrichment in the volume element of Fig. 2 due to each of

the transit pores is (Spdr)psch ﬁhich,_when ﬁultiplied by the above
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expressidn yields the amount of plutonium left in the volume element by
moving pores in time interval dt':
R o '
. oN_ v gt v
SpdrpsAqc / g+ dt' 2mr'dr
. Y _
Iritegrating the above expression from t'?O'EOjt’=t gives the third com~

ponent of the plutonium enrichment in the yolum¢ ¢lemeht:
DU 3N(r £ -
Q3 = — 27dr Spps , Aq (r,t )dt —~———l——- t'dr’ S (18)

The gross. enrichment in the fuel in the c&liﬁdrical volume.elemehf
of Fig. 2 is:

Q*TQ*Y

. (19)
Py 21rdr (1 - P) '

Aq =

where the denominator represents the total‘mass'of:heavy metals in the
volume element and P is the porosity at r and t. . P is related to the -

pore density‘by:
P(r,t) = 5.8 N(r,t) - EEEE 1) I

Substituting Eqs. (16-13) into Eq. (19) and replaéing N by P according

to Eq. (20) yields:
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Aq = -
17 5o [T = P(r, 01 ?

A(r,t)P(r‘,'t_) +'A-o“(r)Po - g; / Aq (r,t')de’

,.R

. g—i’T r'de’ ' (21
N r '

Although thé pore ﬁhicknesé appears in'thé denominapor of Eq. (21), this
parameter‘has little effect on actinide rediétribuﬁion; the quantity 6f
plutonium éarfied by-each.pore, A, is proportional fo Aqh, and béth‘Aqh
and ch are proportional to S. Tb first order, Eq. (21) is independent‘.
of pore thickness..

4. Numerical Example

P

Eq. (21) shows that determination of the redistribution Aq due to

" pore migrétion:requires knowledge of the time dependent porosity distri-

bution during restructuring. The pore conservation equation which

determines P(r,t) is (3);

io}

9P 1
ot r

3

(o34

> (_rvp,P) a S | .(22)

The pore velocity in this equation is a function of the témperature dis-

tribution, which is given by solution of:

" |
ol
!

[rk(P,T) %] + H(r,t) =0 g (23)

wiiere k(P,T), the thermal conductivity of the fuel, is a function of

Local porovsity and temperature. H(r,t) is the volumetric heat generation
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rate in thﬁ fuel. Tt depends upon the radial disﬁribution'of plutonium,
so that all three ponservation equations (energy;.porosity ané plﬁtonium) -
‘are codpled_to:each other. VIn genefal, simultaﬁeﬁus solution of Eqs.
(21-23) 'is néééed to describe analytically the réstrﬁ;turing/redistribu—
. tion process.  In order to simplify thevcaiculétion;vwé aésume that the
‘heat source»ﬁ is not sighificanfly affected By actinidé‘rédistribqtibn,
which is vaiid when A7 is small. The validity of this simpiifiéatioﬁ o
can be verified at the end of the cbmpu?ation. i ‘_ |  ': . o :_ L
"The oﬁly'reméiniﬁg depenaence bf Egs. (22)‘§ﬁ6f(23)-upon the nature

of the fue1 (éséuming that thé thermal conduétivity of (U;Pu)O2 and UO2 i

Tare'approximétely equai) is in the pore velocity. Using the method des- -
cribed in Séc;HZ, we have‘computgd vp in UO’SPuo{zd2_¥.and compared ﬁh?

| reéults'with those in pure U0, at the same tgmperggute and teﬁperaturé ' e _%
gradient. The”latterv&eré takeh from Sens' .(9)”§;16ulations. Ove;’a
wide rangc.df_values of T, VT‘énd x, we find that’ the pore velocities in.v o !
the mixed oxide”are A5 times 1érger thén those célchated by Sens‘fof the o . ;

_'same T'and.VT;"This'factor consists of two parts;‘??irst, ouf pore
velocities are ‘a factor of 6 larger than Sené'~beéa§se phe diffusidn co-
cfficien;vqf ?he hea?y_metal oxides in‘hehunwcoﬁputéé froﬁ.thevexact
kinetic theory (Eq. (9)) diffegs’from that,obtéinéd'from thg hard éphere
gas kinetic thédryvemployed by.SenS bY'fhis ambunﬁ; iSecQﬁd% even for
the samec gas phaée diffusivity; our calculations for.the mixea oxide
predict velocities lower by a factor of "5/6 than-ﬁhése bfbpores moving.
in pure U02.>.The reason fof this‘difference is ;hatithg plﬁtonium com-
ponent of hypostoichiometric fuel is slightly less leétile than pure

U0, at the same temperature. Despite the presence;of'volatilé U03, the
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pore veiocity is controlled by vapor_transport.of ﬁhe least volatile
component across the éore. Even iﬁ highly hypefétoichioﬁetric:mixed
oxide, the pore vélocities'aré‘only 3—1/2-£imes larger than in pure
. |

. The fact that the pore velocities in our calculation for the hypo-
stoichiometric mixed oxi&e différ from thoée obtaiﬁed by Sens.for pure
. by avcohstént,fac:or meané that Sensf pumeriéal solutién ofvKs.t(22) 

‘UOZ

 and (23) £6; pure UOz‘caﬁ be applied directly tO‘ﬁhe mixed ékide'éaSQI
simply by scaling the time. Sens' resuits are_reproducéq in Fig. 3. Wé‘ 
apply these distributions téjthe mixe& oxidé_fuel‘bybdividing ;he times
listed on the figure by a féctor of 5. In additién, the cufve_for 60 .
sec is assumed to répresent thévstartup‘témpe;atgré.distribﬁtion. While
this device for avoiding numerical solution of Eqs. (22)'énd (23) is
approximate, ifs accuracy is believed to be sufficient for our primary
purposc, which is to ascertain whether actinide redistributionxby pore
migration is at-all significant. Consequently, when P(r,t) or'T(r,fD.
ére fequirgd in Eq. (21), we havé used the curves showﬁ'in.Fig.-B with
.the times reduced by a factor of 5. |
Ca{culatién.of the quantity of plutonium carriég ahgad of the.pores»
(A in Eq. (21)) requireé'specification of the O/M‘tatio. We have uéed
the method of Adamsbn_and<AitkeJ;§gr computingvoxygén rédistribution in
hypustbichiometric-fuel for'determining the radialvdistribufion of O/M.
Figure 4 sho&s'ﬁﬂe 0/M profile for thé temperatgfe di#tributions shoﬁn
in Fig. 3 aund fbr an average 0/M of 1:93,
.Figure SIQhOwS the plutonium’enfiéﬂmeht‘at thé ﬁot face of the pore

for various times during the process. The plutonium enrichment at the
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cold face (calculated from Agh and Eq. (5)) i; éﬁé&g in Fig. 6. ch is
negative in'ﬁhe center of the fuelvand becomes positive towards the edge
of the‘columhar'grain zone. The éign éﬁaﬂgés beéﬁu%é 6f changes in-tﬁe
relative magnitﬁde; of the two terms on the right Band sidé of iq;'(S).
At all radial'bOSitions'and'tihés, the magnitude of ch is lesé'thénv10-3'v
Aqh, which j#st%fies a postiori the use éf the simplified calculationaig
.method described in Séc. 2. g

InsertiOnbgf.all of the quantities determinédfgsvdescribed‘above
into Eq. (21) produces the gross plutonium redistribution préfiles shown
ip Fig. 7; Thé simp1ified‘meth6d used to compute ﬁAqh_and_AqC fails és 
the pores aéproéch‘the central void, where all of the.excess plutonium
carried by thé pores is deposited. Hence, exceptvforJtHe single time
(tl = 3 min) at.which_the centfal porosity is 1es$ Fﬁan'unity,vthe

plutenium distributions cannot be calculated all the way to the central

void. llowever, the overall plutonium balance: 3
R ‘ o _ v
/ 2q(r,t)rdr = 0 S o (24)
T - o Lo
o
vhere r,- radius of the central void, must be satisfied. We have used
this relation te estimate the distributions in the region close to r = fo

and these estimates are shown es dashed lines in Fig. 7. The'éalculated S
plutonium concentrations differ'by less than 0.05% from the criginal

concentration (qo =0.2).
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5. Conclusion

The exfént of plutonium redistribution cal¢u1ated>in this study is
approximatély two crders of magniﬁﬁde éméller fhén that observed QXperi_
mentallyvfﬂﬂ.. Although the times ianlvéd in bﬁr‘sfudy are quite.short,l.
they are éufficient to cause.éppreciable restfuC;inng, as gvidenced by
the porosity distributions-in Fig. 3;: Our.caléulationsrsuggest that
migration'in>hypostoichiometriq mixed oxideé is:hbt the mechanism respon-
~sible for thé-actiﬁide rediStriBution observed infirradiated fﬁel pins.
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Figure Captions

1.

2.

Plutonium:redistribﬁtion due to motion of’arporé,

Diagrém fqrvcomputingvthe plutoniﬁm‘béiance onia_cylindricalvannulusv
in thévfueli

Porosi;y Aﬁd tempeiature distribhtions‘in ahuoé fuel pin during
restructﬁring, Fuel radius: 0.5 cm; surfacé>temperature: 600°C;
lineaf péﬁer: 600 W/cm; initial pbrosity: 10% (after Ref. 9).
Calculated O/M; distribution for the fuel_piﬁ of Fig. 3 (times
diyided’by factor of 5, seevpext) Avg. 6/M:>1;98'(after Ref.‘13).
Plutonium enrichment on the hot fapes-of‘pores_moving up_the tempera-
ture distribution shown in fié. 3 aﬂd the O/M_distributién‘of_Fig.‘4-
as a fuaction of.pore radiél.loca;ion and timg;;

Plutonium enrichment on cold faces of moving pores corresponding to

-

the hot face enrichments shown in Fig. 5.

Gross plutonium redistribution in hypostoichiometric fuel due to
pore migration. Avg. O/M: 1.98; thermal conditions listed in

caption 6f‘Fig. 3.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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