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REDISLRIBUTION IN MIXED OXIDE FUELS

Do R. Olander

o e

Inorganlc Materlals Research DlVlSlon of the‘
Lawrence Berkeley Laboratory and the :
Department of Nuclear Engineering,
N University of California R
S . - - BRerkeley, California 94720 USA

It has often been stated that the movement of the as-— fab—

rlcated por051ty in a mlxed oxide fuel due to the temperature Q :
gradlent is responSLble for actlnlde redlstrlbutlon (1- 5) _.The‘ . v~s.*:f¥§-
- = A S |
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purpose of thlS note is to assess the’ accuracy Tof: thls aSsertion. e
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Conservation statements may be written for the'followinv components of the

N

system con31st1ng of vapor—contalnlng pores and SOlld heavy metal

"'.oxlde..*”-~"
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‘(a) vThe number of pores

(b)..

otal mas

(c] Plutonium mass

j‘Conservation statenent (al ieads toba aescriétion'of the

."evoiutiOn-of the radial porosity distribution in the fuel}element ?;;
-and combination of all three.permits assessment of the conditionshr
under-which actinide redistribution due to the'movenent of;olosed,n
pores can occur. ’ o




In order tortreattmhe movement qi pores in mlxed ox1de fuel,-;:'5

the follow1ng assumptlons are made-”

l)h:fThe pores:are_closed and migrate;ohlyvinrthe:radlal'g e
| | ;directloh uhder‘the influencevof-theitemperature'oradient?
_1n a cyllndrlcal fuel rod. o
2) ; The pore mlgratlon veloc1ty 1s‘a known functlon of radlalh:
| ;posrtlon (v1a the known temperature and O/M gradlents)
3l The pores are all of the same size. |

. 4) The volume of each pore is 1ndependent of: radlal p051tlon'"

and time.

B
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As a result of assumptlons 1 and 3, COlllSlOnS and coalescence o

_’between mlgratlng pores do not occur.

ZvCon51der a region 'in the fuel at radial posrtlon r at tlme t.d
This reglon contains N(r t) pores per unit of fuel- volume and M o
' grams of solid fuel per unlt volume of total fuel. If the dens1ty
fwof‘the solid fuel ls denoted by Pg gramsdof solid/cm (sol;d).and g
f.ﬁthe volume_of-each pore by'Vp, the fact that.ohly_solid and vapor
B aredpresehtvis expressed by:
S

‘V.N . __-_.v . | . vh_ o i"”
S < ) s (1)

-where VpN and Ms/pS are the volume fractions of the.vaporband

solid phases, respectively. - _ - » | '_fp‘_' SRR

An observer stationed on a plane perpendicular to the r—-dir-

,'ectlon would observe a flux of pores mOV1ng towards the center'ifl-‘ “%p?
and a flux of SOlld oxrde mov1ng in the OppOSlte dlrectlon._ These,

””fluxes are denoted_by:

&y
]

flux of pores in the +r-direction, pores/cm’-sec .

[
]

flux of solid oxide”in the +rfdirectioh,fgrams solid/cm?-sec"
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,Srnce the pores move exclu31vely in the radial directioﬁpjin]pf”

under the 1nfluence of the thermal gradlent thelr flux is 91Ven‘
by: . - < - . .
EARE S
P o . @)

where v is the migration velocity of the individual pores,-which '

 is known as a functlon of temperature, temperature gradlent and

local fuel O0/M. Consequently, v may be considered as a spec1f1ed

function'of'radial posrtlon, v(r) The minus 51gn in Eq (3)

appears because the pore veloc1ty is usually con51dered to be

pOSltlve when in the -r dlrectlon.

'(a) Conservation of Porea

The conservation statement applicable to the’number,of_pores

ipin the fuel (in cylindrical coordinates) is:

| N _ 13 Ty
- il R G0 N N

N(x,0)= e

where N, = PO/V?Ais the initial uniform concentratioh'of‘pores ine
the fresh fuel. Py is the as—fahricatedlporOSity. The appropriate'

boondary condition for Eq (5) is:

N(e,®) = Ng




,;fwhere the outer fuel radlus has been replaced by lnflnlty because %f

~a

of the absence of pore motlon (due to the low temperature) at all P
_;r:fractlonal radii greater than about 3/4 , h» - ;ﬁfh
" - The relatlve por051ty at r and t is glven by°
Lozt = N(lﬁ't’ = (,’;'t”_ S e
’_@;;.- where P (r,t) denotes the porosity at r and t. Using'Eq'(Sl, therr. *J';:"
‘pore conservation equation is: | » Ry
- o » gﬁ;_ 13 S VR
- . | ST T T rvn}; _.réro - R ;(9)
and the initial and boundary conditions become:
) rn(i',Ol =.‘_lp (10) .
[, Eq (9) is valld only over the region r>ro, where ro ‘is the 3
';hovradlus of the central void developed as a consequence of pore . ;
;h mlgratlon.' It may be determined by equating theivolumes_of solidh ‘

_rperfunitffuel length before and after pdretmigration‘(assuﬁingi7“‘"“J'“

FalE o

jﬁlume _

tha hno ax1al~movement of the fuel occursF

,;per unlt length of fresh fuel is (l—N V )ﬂRZ, where R is. the fuel

;;radlus. When a central void and non-unlform por051ty dlstrlbutlon~

I

FL have been developed the total volume of SOlld fuel per unit length_if':“

. is:

L R v _
nRz -V N2rrdr - nrz
p v 7o
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thquatihg solld volumes before and after pore redlstrlbutlon and

 using Pé'é Novp YleldS: '_% _b' : d,f,ﬂ'vf'r-:_ : ;f}x.*”f,];.-~7f7”

Pt

£ . . [vo)

- : 1-p S U '
= - r{l-n)dr B & )

[\S)
(o)

s x
2

where. the upper limit on the integral has been approximated by -

Cinfinity.

Given the pore migration velocity'V(r), Eqs”(9) through (ll);;

can be solved numerlcally for the relatlve por051ty n(xr, t)

Eq (12) then ylelds the radius of the central v01d (at time t)

(b) Total Mass Conservation

A unlt volume in the fuel coatalns M grams of the heavy
metal ox1des and VpN cm3 of a vapor phase which . contalns a small
quantlty of gaseous_ox1des of U and Pu.- The total mass of the
':, heavv ﬁetals (as the dioxides) in a unit volume of fuel (solidi"

f_ plus vaoor) is M + vapN, where < is the mass density of heavy o

metal ox1des ln the vapor within the pores. Assumlng the perfect i

gas law to apply to the gaseous actlnlde ox1des, Py is glven by"
. N . SR

- 270py,py R (13).
Py RT e DA

’jazherepm_P .is the actinide oxide vapor pressure at temperature T

o and R is the ‘gas constant.

The total mass flux of the heavy metals (elther as SOlld or

I

as vapor) past a plane perpendlcular to the r—dlrectlon is B

J + pVVpJp grams/cmz—sec. Conservatlon of total mass of the heavy

metals in the fuel is expressed by:

L
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* where the equatlon has been lelded by the constant solld d°n51ty .

E;ps.- At 2400°K, the total vapor pressure of the actlnlde ox1des
-5

over typlcal hypostorchlometrlc -mixed oxrde fuels is %10 T oatm.

Inasmuch as the-. densrty of the solid ox1de is ~11 grams/cm3 the '

. Because this ratio is so small, -
‘ ratio o] /p = 10 0 A the second terms 1n the parentheses of

' Eq. (14) may be neglected compared to- the_flrst terms. - The total?*;

R Relom L . P

A

mass conservatlon equation reduces to:

A /o)
e

K

X S e
3t (sz/ps)AV'. | ‘; | (15)'

: hultlplylng Eq (4) by the constant Vp and addlng the result to

”éf'Eq (15) glves-

2| ls
- .ot

sAccording to Eq (1) the sum M /p +Vleis unity, so that*thebleft"“ e

hand side of the above equation is zero. Therefore, the sum

o J /p +VPJp is a constant‘ Since this sum is zero at r—R the

‘?t'constant 1s zero and the flux of SOlld is glven by.

"-_(c) Plutonium Conservation

- The Pu/(Pu+U) ratios in the SOlld and in the vapor ln the L

pores are denoted by g(x, t) and u(r t), respectlvely (u51ng

'iapproprlate the rmochemical data, u may be descrlbed as.a functlonth;

R i T S
+ -L v g3 Cee e (14)
: pS z :

B ¢ T R




lm.of T} 0o/M, and g). The Pu cdncentraticn and.flnk may;bé Wtiftén+;,

g L L ¢ R L ' B LR
as: . ol : . S - e . A . e N
: (SRR : : . - - : G A . : S

3 - R

Mass of Pu _ _ M +-upvva;" gfamsAPn/Cm 2

unit vol. fuel

flux of Pu = qu + upVVbdp, grams Pu/cm Secf.»fiﬁ S

L ey — T LT

Iniexnressina the flux of'blutoniUm~by the above formula,_sclid' -
'“staue dlffusion of plutonlum has not been conslaered. aovement _

of plutonium 1n‘the solld by this mechanism would requ1ne addition'
- of the diffu31ve term -D fi(Dc/ér) where D is the volume dlffusion |

coefficient of Pu‘*’4 in the mixed oxide, to the nurely convectlve “f-@

. eontribution qJ' in. the plutonium flux exoression.
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"As in the total mass balance, the second terms 1n the parenthesesf' _df*;
may be neglected because of the smallness of p /p and the above

‘equation reduces tox

Il o

IR (r,qu7 o Cas

Applylng the product dlfferentlatlon rule to Eq (18) and u51ng

) Eq (15) ylelds.

Mg 3t _ Is 3z R S s,-?‘lg)a_l e

whichris_subject to the following conditions:-”"”“v77

_:q(r O) - qann

. s
ol . B B

Lo, 5o0
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‘where qo is the catlon fractlon of plutonlum in: the fresh fuel Ll i

‘ A solutlon to Eqs (191 through (21) is: E u*:fg"hee.[.
alr,t) =q, ey

P OO e e e i e

Although there may be other solutlons to thlS partlal dlfferentlal equatlon and o ﬁ }
its associated initial and boundary condltlons, Eq (22) is. probably the only
physically acceptable one. Eq (22) states that no actinide redlstrlbutlon
‘occurs due to the mlgratlon of closed pores in mlxed oxide fuel. o
The problem descrlbed above has been considered by Lackey, Homan and Olsen(b)
They write the. governing conservatlon equations in finite -difference form to
fac111tate incorporation into an existing fuel modeling code. Their Eqs (13) and
(15) may be transformed to differential equations and compared with the equations
obtalned above; when so converted their Eq (13) is identical to our Eq (9)

Convertlng thelr Eq (15) to differential form in the same manner ylelds-

O TGt N )

ot Sor

flwhich is not the same aerthe analogoue differential eouation developed in
hjithe preceding section (i.e., Eg (19)). Their Eq (15) (or Eq (23) above) - K
.is believed to be 1ncorrect for the following reason: - " e B
~ Thelr symbol MA represents ‘the mass of heavy metal adﬁed to the rad1a1
increment i durlng the tlme period. Since the density of heavy metal oxides -
in the vapor is exceedlngly small compared with that 1n the solid, MA. is
.» essentially entirely made up of the flux of solid fuel with a negllglble
" contribution from the mass of tgd:y

U —— . e PSP S = -

heavy metal contalned in the vapor of the pores.. Consequently,
N"the Pu fraction by which MA 1s multlplled'should be that of the
‘SOlld not of the vapor in equlllbrlum w1th the SOlld Maklng
'1thls correctlon is equlvalent to replac1ng u by q in. Eq (23),

'_whlch then reduces to Eq»(l9). R . ';”" L o »'tvf'[fjhvt




LA mrgrauron or closed pores cannou contrloute to actinide

{
o

| (a) The density Of the heaVJ metal OXides 1n the vanov i':uﬁ%v

contained in the pores 1s very much smaller than uhe solid

(" -

’oensity. ', - If p, were comparable ‘in magnltude to Pg (as is

¢
PrRe

‘the case in true zone reflnlng where the. mov1ng second phase is
‘a lquld), then the moving phase would have sufflclent’capac1ty 4 'fif.

-éin' to store one component and sweep it along the temperature gradlent.

B e PR T - coo S

(b) Solid state dlfoSlon of olutonium in the mixed oxide
d? ; R - negligible. An°1y51s of this effect( ) sugcests tbat uhe con-p~

tribution of solid state diffusion may be of some 1mportance in

-,

hyperstoichiometric material(in'which Dy is large) but is of no

consequence when O/\ 2.

The close connection between observed pore migration and

‘actinide redistribution(5’7I does not necessarily'mean that the . -

latter is directly responsible for the'former._ Rather, pore

7?«;? T: migration probably alters the conditions necessary forbactinide

redlstrlbutlon by vapor transport along radlal cracks or 1nter—

(7

,;; connected por031ty . Flrst denSLflcatlon of-the columnar -

" grain reglon by pore sweeplng heals cracks and flssures. Second,
~and the oxygen-to-metal ratio

the creation of the central void lowers the temperatﬁEE(of the

central part of the fuel thereby drastlcally reduc1ng the Vapor

pressure of the Volatlle actinide ox1des. Hence, both the drrvrng
;.fforce and the flow area for transport down cracks are reduced by

restructurlng, and vapor transport of the actlnldes becomes’

" immeasurably slow.

<
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