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Abstract

An atternpt has heen made to estimate the pore pressure in the rim region of high burnup
UD; fuel az a function of fim burnup vang the measured rim wadth, average porosty and
pore density in the nm region First, a linear relationship 13 developed based on measured rim
burtap and rim width. Second, fraction of fizsion gas retained in the gran boundary of nm
recion 18 estimated. Third, total pores in the rim 1z calcwlated from the measured pore densty
in the rim region. Finally using the assumption that all the pores in the nm have the same
sze of 1.2xm, pore pressure 13 calculated from the equation of state for ideal gas. An
estimated pore pressure of about 60 to 80 MPa for the rim burnup of 90 GWAAT appears to
be in reasonable agreement wath other walue given in a literature that pore pressure at 800 K
hecome 90-210 MPa for pellet average bumup of 80 GWAAL

1. Introduction

In order to accomodate longer refueling cycles and to extend fuel burnup per unit
energy production, the assembly averace discharge burnup of LWE fiel has been increased in
recent vears from typical values of 40 GWJAU to typical walues of 50 to 60 WA in
some countries. In other countries, similar applications are being made by uotilities or currently
under review by regulatory authorities.

Up to now, analysis and operating experience show that the performance of high burmup
fuel seem to be acceptable under normmal operating conditions. However, the behawior of the
fuel under transient conditions, in particular during reactivity imtiated accidents (RIA) requires
catefill consideration. For example, experimental programs  performed in the CABRI test
reactor (France) and in the Muclear Safety Research Reactor (MSEE) (Japan) appear to
indicate that cladding falures and fuel dispersion of high burnup fuel may ocour at enthalpy
vwalues lower than previously estimated

Fission gas release at high burnup fuel 15 one of the most important factors that can
limit the perfortnance of high burnup fuel in the reactor through the increased zas release and
rod internal gas pressure duning operational transients. In addition the presence of rim
structure in high  burmmp fuel, whose characteristice are 1) development of a subgran
tricrostructure with a typical grain size of 0.2 to 03um, 2) development of fisson gas
bubbles with a typical diameter of 1-2.m, and 3) e depletion of the matnx [1], requires
that special attention be miwven to this regon when fuel behawior 15 analyzed in temms of zas
telease hecause large munber of gas atoms are awatlahle for release dunng RIA  Fuel
termnperature in the rim region increases rapidly from coolant temperature to shout 600°C in a
typical RIA 1n L'WE that might ocour dunng hot standby condition [2]. This accident rmght
produce gas hubhle pressure that 12 high enough to cause crack propagation along subgrain



houndaries and consequently lead to wentilation of gas atoms in the bubbles. This could
ultitnately increase rod internal pressure and canse fuel faillure in the cladding area where its
mechanical properties might have been degraded due to corrosion ot hydnde Therefore, hased
ont the experimental data accumulated up to now, an attempt has been made 1n this paper to
estitnate the pressure of nim pores as a function of rim bhurnup under RELA conditi ons.

2. Thickness of the rim region

The data on the thickness of the rim region, which 15 usualy defined by the radius a
which the relative MNd concentration representing e production and the e concentration
hegin to diverge, has been measured by numerous investigators both by EPMA and optical
microscopy [3-13]. In addition, several correlations are available which express the nm wadth
as a function of pellet average burnup or Am burnup [114-16]0 Using all the relevant
infortnations, a new correlation which descnibes the nm width in termns of ntm burnup has
been developed as follows:

R.= 355 Bl ,— 185 (1)

where R, 15 the nm width in 4m and BI7,, 15 the nm burnup in GWdAL. Figl shows

that a linear forrula of Eq.(1) represents a best-estimnate relationship between rim width and
nm burup up to 120 WA Eq.(1) indicates that the threshold loca bumup for rim
formation 15 ahout 52 GWdIAT. This walue 13 shightly lower than the threshold burmup of 56
CWAET that was used by Lee et al [14]. On the other hand, a linear conssrvative cotrelation
that covers all the data shown in Figl is

Rogn=5.98 Bl a— 178. (2)

At the moment there 1z some controversy over whether the nm wadth would increase
linearly or exponentially wiath fuel burnup. While some data show that nm owidth increases
lineatly wath burnup, others support the exponential growth of the nm regon with bhurnup.
Howewer, Fig.l reveals that the data accumulated so far are appropriately fitted with a linear
relationshup up to 120 WAL The filled symbols in Figl represent the data measured by
EFMA and the closed ones show the data measured by optical microscopy. There 13 a general
trend that fim width tmeasured by EPMA 15 higher than that obtaned by optical fnicroscopy.
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Fig.1. Rim width as a function of rim burnup.



It 15 to he noted that Kinoshita et al. [13] reported a wvery wide nm width of 1650 4m
for 7.9% FIMA (996 GWdALD pellet &t present it 15 not cear how the wade nm wadth of

this walue was achieved for a locd fuel temperature of 1200°C.

3. Fraction of fission gas in the rim region

Lassmant et al. [1] expressed the e concentration in the matnz of nm region Xe, (wida)

as followes:

1

Xew= |+ + (m,ﬁ,ﬁ—%}e“*‘m“‘“‘” ()

where ¢ 15 the Xe production rate n wids per unit bumup (1.46 x167° w36 per GWdAD), o is
a fithing constant of 0.0584, bu,,, 15 the nm burmup in GWAAT and  be 2, 15 the threshold
burnup for rim formation 1o GWAAT, Therefore, the Xe concentration in the gramn boundary
of a newly created suborain e, (wita) is

1

Xeg= ¢+ Bevm— & [ L+ (b Ly o THHnTED @)

Using Eqz.(3) and (4), He concentration in the matix and in the grain boundary of the
nm region was calculated as a function of nm bumup for 4 different threshold burnups for fm
formation (52, 60, 65, and 70 GWdAAT) and they are shown in Fig2 and Fig 3, respectively.
The Xe atoms in the gran boundary of the rim region emst as pores with diameter as shown
in Fig7 The lower the threshold burmup for rim formation, the more Xe atoms are avalahle

in the gran boundary of the rim region as expected.
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Fig.2. Calculated Xe concentration in the matrix of Fig.3. Calculated Xe concentration in the grain boundary
the rim region for various threshold burnup of the rim region for various threshold burnup for
for rim formation. rim formation.

Fractional gas retention in the rim pores is calculated as followes:

fo= Xe, Rim wlame » ooy
M He,+ Xe, Pellef ugkame - a,

(1= P36 - B, (5)

where gy, 13 the theoretical density of fuel pellet, o, 15 the real densty of pellet, P3¥ s
the average porosity in the nm (Figd) and B, is the rato of nm bumup to pellet average
burtmp. B, 15 assumed to be 143 [14]. Fig4d shows the calculated fraction of Xe retained in
the nim region for the total Xe produced in a pellet using the hest-estimate and conservative



cotrelation  for nim wadth, respectively. For a pellet awverage  burnup of 80 GWAAU
(cotresponding rim burnup 15 sbout 114 GWAATT, e fraction in the nim avalable for release
under RIA condibions®is 10 to 20%. The caculated maamum walue of 209 for pellet burnup
of 80 CWAtT 1z comparahle to the fission gas retention in coarsened nm pores estimnated from
He profiles of EPMA [6,8-9].

0.4

] ] ] ]
Best-estimate, Eq.(1)
- o3 L —-—-- Conservative, Eq.(2)
0.2 e
Lo -
-
—
R -
- - //
m 7 //
/"’
1 1 1 1 [ih] 1 1 1
50 60 70 80 90 100 110 120

Rim burnup (GWd/iU)

Fig.4. Fraction of Xe atoms at the grain boundary
for the total Xe produced in a pellet.
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4. Pore pressure in the rim region

Spino et al [17] measured fuel porosity, volume pore density and pore size distributions
as a function of the radid position for specimensowath average burnup between 40.3 and 66.6
CWAAT. Fig 5 cshows the measured fuel porosity at sewveral radial locations for three specimens
Measured porosity in Figs was fitted as follows az a function of radial position and pellet
average burnup: first, porosity 15 empressed by a function of &)+ expl— @zt agc (efro]
Second, three constants in the funchon are determined for each set of measwred walues
Finally each corresponding constants are expressed as a function of pellet average bumup. For
example, there are three g, for respective burnup of 40.3, 56.9 and 66.6 GWdAAL Then these

three cofistants for 4, are expressed by one formula as a function of pellet average burnup.
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Fig.5. Measured porosity across fuel pellet [19]. Fig.6. Calculated average porosity in the rim region.

Finally, this expression is integrated over the rim region and then diwded by the nm
wolume, gwving the average porosty as shown in Figd for three different pellet radius



The reason that average porosity in the nm decreases wath burnup between 52 to 85
CWAtT 15 that increase rate of porosity in the rin region wath burnup 1z slower than the
increase rate of rim wadth, After 35 OWdAAU, the trend is reversed and the average porosaty
increases wath hurnp.

Fig7 shows the measured distnbution of wolume pore density in the nm region as a
function of pore diameter It 13 interesting to note that while the wolume pore density increases
vath sample average burnup, the most probahle pore diameter almost remains a the same
value of about 1.24m A fithing fanction for the measured volume pore density was denved as
a function of pellet average burnup and radial position using the same way as used for Figd
and this function was integrated over the rim region to get the total pores in the nm The
difference ig that the fitting function here 15 of the type of 4, ep[ —0.5(lnwr,— az)?/agl.
where #, 1z the pore diameter in 4m Fig 3 displays-the total mumber of pores for three pellet
radii, which increases linearly with nm burnup. However, since the calculated total pore for
averaze burnup greater than 666 GWAADT (corresponding rim burnup 13 34 GWAATD s
extrapolated one, total pore abowve nm bhurmup of %4 GWAAT 15 uncertan.
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Fig.7. Measured volume pore density versus pore Fig.8. Calculated total pores in the rim region.
° diameter [19].

Using the caleulated Xe concentration in the gran bounday Xe, and the average porosity
i the nim (Figf) the average munber of Xe stoms per pore Xef 12 calculated as follows:

_ : . v,
Xel = Talzl Xe in the vim - JZ2Y y—T T ATTT ()

where the wolume of a pore ¥, 15 calculated using the assumption that the size of all the pores
i the rifn region 15 1.2 which 13 the most probable size as shown in Fig7 In Eq(6) tota
He i the nim can be calculated from Xe, (Eq.(4)) and the rim volume obtained from the rim
wdth (Eq.(1) or Eq.(23). In addition, ance the fimn average porosity iz avalable from Fig 6, the
arerage number of Xe atoms per pore Xed can be obtained by Eq.(6). Then the moles of Xe
aoms pet pore my, is obtaned by dividing Xe? by the Avogadro's number.

Fig® shows the moles of Xe per pore in the grain bhoundary of the rim regon. Both
the Xe concentraion and tota pores increases with burnup as can be seen in Fig 3 and Fig i
However while the rim volume increases parabolically with nm burnup, the increase rate of
total He in the nm reduces wath burnup (see Fig3). This 1z why the Xe moles per pore



decrease for the nim burnup greater than shout 100 GWdftU. That 1s, 1t seems that for nm
burtmp beyond about 95 CWAAT the Xe tnoles per pore decrease with burnup becavse the
total pore used in this paper 15 a extrapolated one and this value may be larger than the real
one. Thiz aroument can also be applied to explain the decrease in pore pressure for rim
burtmp beyond 105 GWdIAT as shown in Fig 10

Using the walue in Fig 9 and the equation of state for ideal gas the pressure in the nim
pore iz cadculated for a typical rim temperature of around 600°C under RIA conditions [2].
The assumption introduced to get the results of Fig 10 15 that all the e atoms in the
subgrain boundary of the rim region are evenly distributed among the pores with the same
sze of 1.24m. Therefore, depending on the pore aze and pore number, there would be some
vanation in the pore pressure given in Flg 100 Gas pressure in the rim pore i3 calculated to
be about 60 to 80 MPFa for the nm burnup of 90 CGWIAT (corresponding pellet average
burnup 15 ahout 63 GWdil) depending on whether the hest-estimate or conservative nm
width is used. In addition fractional gas retention of 6 to 15% in the rim pores (Fig4) and a
pore density of 6x10%mm’ which was obtained by dividing the total pores in the dm (Fig.8)
by the nam wolume, was used. On the other hand, Une et al. [15] showed that pore pressures
a 200 K become 20-210 MPa when an equation of state for rare gases by Ronchi [19] is
used for the nm pore size of 054 m pore density of 6 x107mm’ and fractional ras retention
of 30 to 50% in the nm pores for pellet average burnup of 20 CWdAAU. Considering the
differences in parameters used, the present method welds reasonable pore pressure up to nm
burtmp of 100 GVt
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Fig.9. Calculated Xe in the grain boundary of the rim region. Fig.10. Calculated gas pressure in a rim pore for fuel

temperature of 600 "C.

5. Conchision

Using the measured nm wadth, average porosity and pore density in the nm region, an
attempt has been made to estimate the pore pressure as a function of rim burnup, which is
required for the modelling of fisson gas release from the nm region under BIA conditions

Eztimmated pore pressure in the nm is calculated to be shout A0 to 80 MPa for the nim
burtmp of 30 GWdtD depending on whether the best-estimate or conservative rim wadth is
used. This result 15 consistent wath other walue given in a litersture that pore pressures at 500 K
become 90-210 MPa for the rim pore size of 0.54m pore dendty of 6x16%mm’ and
fractional gas retention of 30-50% 1n the nm pores for pellet average bumup of 80 GWAATT



pres

Considering the differences in parameters used, the present method yields reasonable pore
sure up to am burnup of 100 GW AL
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