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Abstract

Radial matrix fission gas release (FGR) profiles of UO2 fuel measured by electron probe micro
analysis usually have the shape of a bowler hat: High release in the fuel central part, low release in the
rim and a continuous transition zone in between; this holds for both steady state irradiated fuel and
ramped fuel. Good fission gas release models based mainly on diffusional processes are capable of
describing such radial FGR profiles with the shape of a bowler. Occasionally, the bowler becomes
battered: The formerly smooth transition zone between rim and center has pronounced steps and the
height and width of the bowler increase (continued FGR in central part) despite decreasing
temperatures at high burnup. Additionally, the rim of the bowler swings up at high burnup due to the
rim effect which transports gas from the matrix to the rim bubbles. Standard diffusional FGR models
are unable to describe "battered bowlers" and especially the steps in the transition zone, which also
show up in the etched cross-sections of the fuel as dark double rings or even multiple rings instead of
the usual single dark ring, still await theoretical explanation. For the rim, it is meanwhile well known,
that saturation processes are responsible for the redistribution of the fission gas from the matrix to the
rim bubbles; empirical models as for example published by Lassmann from ITU/Karlsruhe do a good
job in this regard. In this paper, it is shown that saturation processes are also responsible for the steps
in the transition zone sometimes seen in radial matrix fission gas release profiles of both steady state
irradiated and ramped UO2 fuel rods. Also the steadily increasing height and width of the bowler at
high burnups of steady state irradiated rods, where temperatures fell so low that diffusional fission gas
release in the central parts of the fuel stopped long before end of irradiation, is due to such saturation
processes. These saturation processes are modeled with a concept based on Lassmann's ideas for
description of the fuel rim processes using in addition measurements of fission gas saturation
concentrations in UO2 fuel published some time ago by Zimmermann (also from the former Karlsruhe
nuclear fuel research center KfK, now FZK), which indicate that the saturation burnup (also called
threshold burnup) and the saturation concentration in the fuel matrix decrease with increasing
temperature. This new generalized model for athermal FGR by saturation processes in combination
with the former diffusion model is used in the new version of CARO-E. It excellently describes even
details of various "battered bowlers" type radial FGR profiles of both steady state irradiated rods with
very high burnup and of ramped UO2 fuel rods. Application to total FGR of 100 normal long UO2 and
MOX fuel rods from PWRs with burnup in the range of 44 to 100 MWd/kg M (rod average, 22 rods
well above 60 MWd/kg U) gives excellent agreement of calculations and measurements and precisely
describes the FGR enhancement with burnup.

1. INTRODUCTION

Ever since Siemens has performed integral fission gas release measurements, extensive
microstructural investigations on the fuel, including determination of radial profiles of fission
gas retention in the fuel pellets have been performed to improve the understanding and
ultimately the modeling of fission gas release (FGR) processes.

One method of determining radial FGR profiles, often used on Siemens fuel, is electron probe
micro analysis (EPMA), which can measure the xenon concentration in the fuel matrix in
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single fuel grains. Such EPMA profiles exist both for ramped fuel of pre-irradiated fuel
segments and for steady state irradiated fuel from power reactors.

These EPMA profiles sometimes exhibit puzzling features. Pertinent examples investigated in
this paper comprise four ramped segments from the Studsvik Super-Ramp program (pre-
irradiated at KWO for 3 and 4 cycles) and three normal long rods steady state irradiated up to
102 MWd/kg U (local pellet burnup) at KKGg.

The ramped segments show double dark rings in the etched fuel cross-section (normally, only
single rings are observed), sharp release steps in the EPMA radial FGR profiles (coinciding
with the double rings) and a sharp release step at the very edge of the fuel pellet in the 4-cycle
rods.

The high burnup KKGg rods indicate slight steps in the EPMA profiles correlated with
indications of multiple dark rings in the cross-sections, very strong release in the cold pellet
shoulder and - particularly - strong release between cold rim and fuel center despite fuel
temperatures far too low to account for this high matrix release by diffusional processes.

New FGR mechanisms have to be added to the standard diffusion theory to be able to describe
the new features of the radial FGR profiles. It will be shown that generalized fission gas
saturation effects in the fuel matrix are suited to model these new features. Moreover, these
model extensions lay the basis for accurate description of FGR enhancement at high burnup
up to very high burnup near 100 MWd/kg U.

This paper is based on a similar paper presented already at the Enlarged Halden Program
Group Meeting in Norway, Loen, May 1999 [1]. The work is successfully extended to still
higher burnup and the model of FGR by generalized saturation is described in more detail.

2. EXPERIMENTAL

2.1. Fabrication and pre-irradiation

Some relevant data for the four KWO segments and the three KKGg long UO2 rods are given
in the Table 1. Dxyz is the KWO rod number (engraved), while PKx/y is the rod designation
at the Studsvik Super Ramp (SR) Project, 'P ' standing for 'pressurized' and 'K' for 'KWU'.

The main pre-irradiation data and ramp test data for the four segments are given in the
Table II [8] and the irradiation history of the long KKGg rods is given in Table DI [9].

Some important aspects of the power histories are to be pointed out.

— The axial power profile is rather flat for most part of the fuel rods; the fuel sections
investigated have been taken in this region.

— The pre-irradiation power of the segments in KWO is sufficiently low to ensure
negligible FGR before the ramps (<1%).

— Beyond the 3rd KKGg cycle, the calculated maximum fuel center-line temperatures in
the long rods are well below 1000 °C, ensuring small FGR by diffusion later on (the
calculated fuel temperatures are regarded reliable, as commented below), hi cycles 8 and
9 with 140 W/cm, where FGR is still enhanced considerably, the fuel center-line
temperatures are even below 900 °C and FGR by diffusion is negligible.
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TABLE I. DATA FOR THE FOUR KWO SEGMENTS AND THE THREE KKGg LONG
UO2RODS

Fuel Pin

Pellet density (%TD)
Grain size (um)

Enrichment (%U235)
Stoichiometry (O/U)
Pellet diameter (mm)
Diametrical gap (um)
Column length (mm)

Fill gas He (bar)
Clad material

KWO-segments
D455, D453
(PK1/1&3)

94.53
6.0
3.2

2.00
9.11
200

311,310
22.5
Zry

KWO-segments
D171,D169
(PK2/1&3)

94.34

5.5
3.2
145

317.4,319.0
22.5
Zry

Long KKGg rods
AC01,2301,12C3

95.3,95.1,94.8
7.0,6.5,9.1
3.8,3.8,3.5

2.00
9.11
190

3400
22.5

Zr alloy

TABLE H. THE MAIN PRE-IRJtADIATION DATA AND RAMP TEST DATA FOR THE
FOUR SEGMENTS [8]

Base irradiation at KWO
Fuel
pin

D455
D453
D171
D169

Average cycle power (W/cm)
cycle 1 cycle 2 cycle 3 cycle 4

255
254
209
207

213
217
248
245

214
207
216
218

-
-

192
185

Burnup
(MWd/kgU)

34
34
44
44

Ramp test (Studsvik SR)
Ramp rate

(W/cm/min)

90
85
85
85

Power
(W/cm)

415
475
410
490

Hold
time
(hrs)

12
12
12
12

TABLE m. IRRADIATION HISTORY OF THE LONG KKGG RODS [9]

KKGg-cycle

1
2
3
4
5
6
7
8
9

Cycle average LHGR
(W/cm)
270-340
260-290
210-230
180-200
170-180
160-170
150-160

140
140

Cumulative aver. Burnup
(MWd/kg U)

15-19
29-37
41-48
51-59
60-67
71-72
78-82

90
98
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2.2. Measurements

All the fuel rods under discussion were punctured and cut after irradiation and the radial FGR
profiles determined by EPMA. The EPMA radial profiles will be discussed below in
comparison with the modeling. Results of the integral FGR measurements, the rim effect and
the on-set radii for FGR (steps) as determined from the fuel sections cut are given in Table 4.

EPMA was carried out at the Transuranium Institute (ITU) at Karlsruhe. Radial xenon
concentration profiles were obtained by point analysis at intervals of 50 to 150 um. The local
amount of retained xenon was determined from the average of six measurements at each
location. The six measurements, all placed to avoid pores and cracks, were up to 50 um apart.

The EPMA procedure gives the concentration of xenon dissolved in the fuel lattice, mainly.
Practically no xenon contained in intergranular bubbles contributes to the measured xenon
concentrations because the analysis is made away from the grain boundaries.

TABLE IV. RESULTS OF THE INTEGRAL FGR MEASUREMENTS, THE RIM EFFECT
AND THE ON-SET RADII FOR FGR (STEPS)

Fuel pin

D455
D453
D171
D169
AC01
2301
12C3

Pellet burnup
(MWd/kg U)

34
34
44
44
69
85
102

Ramp power
(W/cm)

415
475
410
490

-
-
-

Integral FGR
(%)

9
22
28
45
9.2
11.6
23

Rim width
(Dm)

-
-

«50
^50
«200
«500
« 1150

FGR steps 1/2/3
(relative radius)

0.42/0.75
0.55/0.82
0.60/0.78
0.70/0.85

«0.50/0.65*}

«0.50/0.65/0.85*}

no clear steps

*;only weakly indicated.

A distinct rim effect with a relatively broad restructured fuel shoulder is evident in the KKGg
rods. The ramped segments with a burnup of 44 MWd/kg U show the beginning of a rim
effect; no rim effect is seen in the ramped segments with 34 MWd/kg U burnup.

Figs. 1 and 2 show typical examples of etched fuel sections for the ramped segments and the
KKGg rods, respectively. The double dark ring ("tube" in the longitudinal section) for the
ramped rods and the multiple rings for the KKGg rod can be clearly seen. Earlier work has
shown, that the multiple rings "grow" with burnup 121, additional rings also being generated in
the "cold" irradiation phases of the rods (later than cycle 3).

The second ring in the ramped rods (larger ring, see indications in Fig.l) is an effect of the
power ramps, because almost no FGR occurred before during pre-irradiation. The distance
between the outer ring and the inner ring corresponds to the extension of the FGR steps seen
in the EPMA profiles. It is bigger for the lower burnup rod in agreement with the FGR
profiles shown below (see Figs. 7 to 10). It will become clear below, that the larger dark ring
in the ramped fuel is also clearly outside the "diffusional region" in these rods, in an area,
which did not release significant amounts of fission gas by diffusion.
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FIG. 1. Sections of rods rods PKl/2 (bottom, 34 MWd/kg U) ramped to 440 W/cm and PK2/2
(top, 44MWd/kg U) ramped to 460 W/cm. The rods are sister segments to PK1/1&3 and
PK2/1&3 analysed in the paper.

Local Burnup 78 MWd/kgll

300

W/cm

Cycle Average LHGR

H Cycle No.

FIG. 2. Typical cross-section of a KKGg rod irradiated to 78 MWd/kg U.
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3. WHAT POINTS TO SATURATION EFFECTS?

The key idea in the search for a common explanation of the puzzling features in the ramped
fuel and the steady state irradiated fuel is that "there is distinct FGR seen in regions of the
fuel, which are too cold for relevant diffusional contributions to FGR, both at steady state
irradiation and at ramps".

This is absolutely clear and meanwhile well known for the fuel pellet rim, where temperatures
are well below 500 to 700°C throughout irradiation and many measurements have shown that
beyond a certain local pellet edge burnup (65-70 MWd/kg U), the matrix concentration of the
retained fission gas is asymptotically lowered down to an equilibrium concentration value
around 0.25 weight per cent. Meanwhile an empirical model exists 131, which describes the
concentration as a function of local pellet edge burnup very well. A comparison of
measurements and the model is shown in Fig.3.
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Fig. 3: Xenon concentration measured at ITU in the fuel pellet rim. Solid curves: Lassmann model
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Measurements on MOX fuel have clearly shown, that an analogous saturation effect is also
operable in higher enriched MOX fuel particles [4], which reach very high burnup already
early in irradiation (due to the high enrichment with fissionable plutonium). MOX particles at
positions throughout the pellet cross-section reach a constant xenon concentration near 0.25
w/o (!) - not only at the cold pellet edge - but also in the hotter central fuel parts, and the
saturation concentration seems to decrease somewhat with fuel temperature towards fuel
center.

Early extensive measurements of Zimmermann on isothermally irradiated fuel [5] clearly
show that there generally exists a temperature dependent equilibrium concentration for xenon
in UO2 fuel for burnups above about 30 MWd/kg U. Some of these results are shown in Fig.
4. It is recognized, that these equilibrium concentrations are in the same order of magnitude
range as the saturation concentration seen in high burnup fuel rim and MOX particles. Below,
the temperature dependent equilibrium concentrations of Zimmermann will be used in the
Lassmann formulation as temperature dependent asymptotic equilibrium Xe concentrations
(high burnup level in the right side of Fig.3 becomes temperature dependent).
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FIG. 4. Concentration of lattice fission gases in UO2 calculated for burnup higher than
30 MWd/kg U [5]:

Q without fuel-cladding contact,
M with fuel-cladding contact.

Could a saturation effect also be responsible for the continuing FGR from cold central parts of
high burnup fuel and for release steps in ramped fuel outside the "diffusional region"?
Clearly, saturation concepts are not generally compatible with diffusion theory, except for the
very specific situation of equal rates of fission gas generation and diffusional release at
specific temperatures and powers. This makes a new modeling concept, where saturation
effects are combined with diffusion theory worthwhile, as demonstrated next.
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4. ANALYSIS

4.1. CARO-E high burnup features

An advanced version of the present Siemens fuel rod analysis and design code CARO-E is
used for the FGR profile analysis. As FGR profiles of fuel up to a local pellet burnup of 102
MWd/kg U are regarded, it is important to have the relevant known high burnup features
modeled in the code and be sure to calculate realistic radial fuel temperature and burnup
profiles. A realistic FGR model concerning the hitherto well-known thermal (diffusional) and
athermal release processes is also required.

4.1.1. Fuel thermal conductivity (ftc) degradation with burnup

A new ftc correlation for UO2, (U,Gd)O2 and MOX fuel is implemented in CARO-E, which is
based on the relaxation-time theory of Klemens [6,7,10]. The correlation is chosen because of
its validity in a wide range of defect concentrations as for instance encountered in fuel with a
wide range of burnup, gadolinia additions and Pu content. The phonon term in this new ftc
correlation has an arctan form, which for low defect concentrations (e.g. low burnup) is
identical with the classical hyperbolic term. For high defect concentrations, this term
saturates, reducing the progression of the ftc degradation at e.g. high burnup.

The new ftc correlation has been fitted to fuel temperature measurements in a wide range of
burnup and gadolinia additions. Many of these measurements have been performed at Halden.

4.1.2. High burnup rim porosity

A burnup dependent porosity correlation is used in CARO-E, which is fitted to own
measurements of the rim porosity of Siemens fuel from power reactors [10]. At very high
burnups, the rim porosity increases to about 20% at the pellet edge and has a relevant
influence on fuel temperature. In the pellet central parts, where thermal processes are active,
no rim porosity exists.

Fig. 5 shows the separated effects of ftc degradation with burnup and the rim porosity,
respectively, on the fuel center-line temperature calculated with CARO-E at a linear power of
250 W/cm. While the temperature increase due to ftc degradation with burnup is operative
over the entire burnup range (the asymptotic behavior reflects the ftc degradation saturation at
high defect concentrations), the rim porosity effect is relevant above about 50 MWd/kg U
only.

4.1.3. New radial power profiles

Correct radial profiles of power and burnup are prerequisite to reliable calculations of radial
dependencies of ftc and porosity profiles in order to get realistic radial temperature
distributions. The burnup profile also directly determines the fission gas generated.

The new power profiles were generated with a modern neutronic Siemens code using a one-
dimensional collision-probability method with burnup. The results were validated against
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various measurements of radial fission product distributions. Especially the strongly enhanced
burnup at the pellet edge due to U238 conversion to fissionable Pu is well described [11].

4.1.4. A mechanistic FGR model

The mechanistic FGR model in CARO-E is based on the concept that FGR occurs in two
steps. In the first step fission gas diffuses from the grain matrix to the grain boundaries (Booth
model). Fission gas is stored at the grain boundaries and is released from there to the void
volume of the fuel rod in a second step. Parallel to this thermally activated basic process, also
the release processes due to grain growth and athermal release mechanisms are described. The
FGR model in CARO-E is well validated concerning the dependence on fuel temperature and
micro structure. A major improvement of the burnup dependence is achieved by introducing
saturation effects into the model, as described in the next chapter.
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Fig. 5. Fuel center-line temperature for a PWR rod (18 x 18) as a function of burnup with and
without fuel thermal conductivity degradation and rim porosity effect for a linear power of 250 W/cm.

4.2. Extension of the CARO-E FGR model

4.2.1. Gas release from the matrix

The basis for this extension is the rim model already mentioned above [3]. That model
assumes a xenon loss term from the fuel matrix to pores, which is proportional to the xenon
(Xe) concentration,

dXe(BU)
dBU

= -a-Xe{BU)
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where crXe is the Xe creation rate (constant Xe creation per unit burnup) and a is a fitting

constant. An integration over burnup gives the matrix concentration as a function of burnup
("Lassmann formula"):

Xe(BU) = crXe • - + j BU0 - - j • exp(-a -(BU-BU0))\ for BU > BU0

and

Xe(BU) = crXe • BU for BU < BU0

At a threshold burnup BU0 the fuel matrix concentration of Xe reaches its maximum possible
value and for higher burnups the Xe concentration continuously goes down to an equilibrium
value XeBU^,x = crXel a (Fig.3). In the original Lassmann rim model, BU0 is a constant (set

to 68 MWd/kg U in CARO-E) as well as Xem^ (0.25 weight per cent).

On the basis of what was said in chapter 3 concerning general effects of saturation of the fuel
matrix with fission gases, the above model, originally devised for the cold fuel rim only, is
now extended to all parts of the fuel by replacing the original constants BU0 and XeBU^x by

temperature functions BU0(T) and XeBU_^x(T); T = local fuel temperature.

The temperature function XeBU^x (T) is taken from the measurements of equilibrium

concentrations (Fig. 4) given by Zimmermann [5]. In CARO-E, a rough envelope of these
measurements is used, taking 0.25 w/o below 1200 K, 0.1 w/o above 1750 K and a linear
function in-between.

Zimmermann's measurements already indicate, that the threshold burnup BU0(T) can be as

low as 30 MWd/kg U. The complete temperature function is determined from the EPMA
radial FGR profiles introduced in chapter 2 above (see also Figs 7 to 13 in the next chapter),
as follows:

The marked features of the ramped rods' FGR profiles PK1/1&3 and PK2/1&3 are the release
steps in the relative radius range 0.4 to 0.8. If they are interpreted as saturation effects then the
step on-set points directly deliver 4 points on the BU0(T) curve (one point for each rod).

Within a relatively small temperature interval, the saturation concentration then goes down
when we reach the plateau of the steps, indicating the existence of a minimum value of
BU0(T); thereby the difference between 100% release and the plateau corresponds to the Xe

saturation concentration Xe(BU) using the minimum value of BU0(T) in the Lassmann

formula above (the saturation concentration Xe(BU) at a specific temperature and burnup is
not to be confused with the equilibrium saturation concentration XeBU_yoa (T) ! ) . We will soon

see, that this minimum value is very consistently in the range of 29 to 33 MWd/kg U. This
minimum value directly explains that the plateaus are more than twice as high for the
44 MWd/kg U rods PK2/1&3 compared to the 34 MWd/kg U rods PK1/1&3, by simply
inserting the local radial burnup and the minimum value into Lassmann's formula above
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(taking into account the temperature dependence of the equilibrium saturation concentration,
which, however, has only a small influence).

Also the FGR profiles of the steady-state irradiated KKGg rods AC01, 2301 and 12C3 can be
used to gain points for the BU0 (T) curve, due to the fact that the profiles in the central pellet

parts strongly evolve due to the saturation effects in the burnup region covered (69 to 102
MWd/kg U). The edge at radius 0.6 in AC01 (bottom in Figs 11-12) gives the temperature,
where the threshold burnup starts to decrease below 68 MWd/kg U and the local burnup and
temperature in the pellet centers yield further points for B Uo (T) (insert EOL burnup and
temperature at specific radial position into Lassmann's formula).

Fig. 5 shows the results together with the function BU0 (T) used in CARO-E (exponential

between 975 K and 1257 K). The points gained from the measured FGR profiles are
surprisingly consistent, with only little scatter in view of the very different conditions met in
the power ramps compared to the completely different steady-state long-term irradiation in
KKGg up to ultra high burnup.
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Fig. 6. Temperature dependence of threshold burnup BU0 as directly derived from EPMA FGR
profiles and used in the CARO-E FGR model extension (generalized saturation).
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Extending the Lassmann formula in CARO-E by the use of BUQ(T) and XeBU^m(T)as

derived above in combination with the Booth model gives an excellent prediction of the
measured FGR profiles and the FGR burnup enhancement, as will be shown below. A model
which can reduce seemingly different effects found in very different situations to one
phenomenon gains credibility. That is why the generalized saturation effects we claim to see
in fuel irradiated both in transient and stationary conditions are most likely real and believed
to be adequately described by the Lassmann formalism with temperature dependent threshold
burnup BU0 (T) and equilibrium saturation Xe concentration XeBU^K (T).

4.2.2. Gas release paths after generalized saturation of the matrix

The fission gas released by generalized saturation effects from the fuel matrix follows various
paths, depending on the fuel structure and temperature at a specific radial pellet position.

In the cold fuel rim it is mainly stored in largely isolated rim bubbles (rim porosity). In
CARO-E, in accordance with most literature data, 80% of the gas released from the matrix by
saturation are kept in the rim bubbles and only 20% are released to grain boundaries which
can eventually be depleted to the rod void volume.

In the hotter restructured central fuel pellet parts, the "saturation gas" from the matrix is
partly directly swept to grain boundaries and intergranular porosity (partly interlinked), which
had been formed previously by thermal diffusion processes, and partly also to new rim-like,
partly isolated bubbles. PIE at different burnups was used to assess the relative fractions of
gas going to new rim-like bubbles and "old" intergranular porosity/grain boundaries,
respectively. In CARO-E, the relative fractions of matrix saturation gas going to rim-like
bubbles and to grain boundaries/intergranular porosity is governed by an exponential function
of burnup.

The saturation gas reaching the grain boundaries and the intergranular porosity is treated
exactly like the gas released by diffusional processes: the release to the void volume is
depending on interlinkage and local temperature. That is why - in contrast to the saturation
effect in the cold pellet rim - the saturation effect in the central parts of the fuel pellet
considerably contributes, or even mainly determines the FGR enhancement with burnup.

5. COMPARISON OF CALCULATED AND MEASURED RADIAL FGR PROFILES

5.1.1. Profiles of ramped rods PK1/1 and PK1/3 with 34 MWd/kg U

As summarized in the table above, the segments had been pre-irradiated to 34 MWd/kg U in
KWO and then been ramped for 12 hours to 415 W/cm and 475 W/cm respectively in the R2
Studsvik in the frame of the Super Ramp Project.

The EPMA radial FGR profiles measured are compared to the calculated profiles in Fig. 7 and
Fig. 8. The striking feature in both cases is the sharp release step at a large relative radius
(outer dark ring in the etched cross-sections, see Fig. 1 bottom), which marks nearly the same
temperature in the steep temperature gradient in both segments. The step stretches from radius
0.75 to 0.42 with a plateau at «22 % in PK1/1 (low ramp power) and from 0.82 to 0.55 with a
plateau at »25 % in PK1/3 (high ramp power).
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The on-sets and the height of the steps (plateaus) deliver a set of 4 points for the temperature
function of the threshold burnup BU0(T) used in the extended CARO-E FGR model, as

explained above (Fig.5).

Without the saturation effect extension of the FGR model, only the "body" of the profiles is
well described by the calculation (dashed lines, old CARO-E FGR model). This body, which
makes up most of the release, is obviously the diffusional part of the FGR profile; the release
steps are clearly outside this diffusional range. Both the body and the saturation steps are
rather well described by the extended FGR model despite a slight bias concerning on-set and
depth of the release steps (continuous lines).

It should also be noted, that no matrix release is calculated at the pellet edge by the extended
FGR model, in agreement with the observations (not yet any rim effect in the cold rim at a
pellet burnup of 34 MWd/kg U).

KWO/SR rod PK1/3: 475 W/cm
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FIGs 7 and 8. Pellet radial Xe release profiles (matrix) calculated with CARO-E for two ramped rods
with a burnup of 34 MWd/kg U in comparison to measurements.
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5.2.Profiles of ramped rods PK2/1 and PK2/3 with 44 MWd/kg U

These segments with a similar design as the previous segments had been pre-irradiated to
44 MWd/kg U in KWO and then been ramped for 12 hours to 410 W/cm and 490 W/cm
respectively in the SR Project.

The EPMA radial FGR profiles measured are compared to the calculated profiles in Fig. 9 and
Fig. 10. Again the release step is evident in both segments (outer dark ring in the etched cross-
sections, see Fig. 1 top), although quite different in height and extent. Also the on-set has
moved further out (lower temperature) compared to the lower burnup segments above, as
would be expected from higher burnup/earlier saturation. The step stretches from radius 0.78
to 0.60 with a plateau at «52 % in PK2/1 (low ramp power) and from 0.85 to 0.70 with a
plateau at «54 % in PK2/3 (high ramp power).
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FIGs 9 and 10. Pellet radial Xe release profiles (matrix) calculated with CARO-E for two ramped
KWO rods with a burnup of 44 MWd/kg U in comparison to measurements.
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The on-sets (lying again at similar temperatures for both segments) and the height of the steps
(plateaus) deliver another set of 4 points for the temperature function of the threshold burnup
BU0(T)used in the extended CARO-E FGR model, as explained above (Fig. 6). It should

again be pointed out, that the higher plateaus of the PK2 rods are a consequence of the higher
burnup of 44 MWd/kg U versus 34 MWd/kg U for the PK1 rods, giving a larger distance to
the minimum threshold burnup BU0 (1257/Q = 28 MWd/kg U used in CARO-E and hence a

lower Xe saturation concentration Xe(BU) in the plateau.

Again, only the extended FGR model is able to describe the measured profiles. The different
on-set, height and extent of the saturation steps in the higher burnup segments are rather well
described. The difference between the "purely diffusional" and the extended model (dashed
lines versus continuous lines) is however much bigger than for the lower burnup segments.
This is a consequence of the second part of the generalized saturation effect, namely the
decrease of the equilibrium saturation concentration XeBU^K (T) with temperature.

Starting Xe depletion is observed in the 44 MWd/kg U segments at the pellet edge, indicating
the on-set of the rim effect in the cold rim at this burnup, which is also described by our
extended FGR model.

5.2.1. Profiles of steady state irradiated KKGg rods AC01,2301 and 12C3

These normal long rods had been irradiated in KKGg to burnups reaching locally 69
MWd/kg U (AC01), 85 MWd/kg U (2301) and 102 MWd/kg U (12C3). The PIE on these rods
has been discussed earlier [2, 9].

The measured and calculated EPMA radial FGR profiles are shown in Figs 11-13. Great
differences to the PK segments are obvious:

— The matrix release in the fuel rim is much stronger, and from 69 to 102 MWd/kg U the
rim release still evolves strongly, eventually merging with the release from the central
pellet parts to an overall pellet release between 80% and 90%.

— Only a rather small fraction of the overall matrix release is due to diffusion processes
(compare area below dashed line to area below continuous line).

— While the profile of rod AC01 still bears some resemblance with the PK profiles
(central depletion, cold shoulder without release and rim), the profile of rod 2301 is
characterized by a strong release all over the pellet cross-section, and even more so in
rod 12C3 with a nearly uniform high release between 80% and 90%.

— Release steps in the center are hard to discern; indications are only seen in rod AC01
(especially in the center).

hi view of the large differences of these profiles to those from the ramped rods, the totally
different history of profile formation ("instantaneous" formation during the PK ramps versus
formation in years of irradiation in AC01, 2301 and 12C3) and the dramatic evolution of the
steady state profiles in a burnup interval of only 16 MWd/kg U (from AC01 to 2301) and still
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further in a burnup interval of 17 MWd/kg U (from 2301 to 12C3), the agreement between
measurements and calculation is excellent. Except for the weakly indicated steps in ACOl, all
important profile features listed above, are described by the extended FGR model, while
diffusion theory alone is completely unable to explain the features observed (continuous lines
versus dashed lines).

The small diffusional contribution to the overall release from the matrix might look like a
calculation error, either due to too low calculated fuel temperatures or too low fission gas
diffusion coefficients, or both. However, the good agreement between the calculated and
measured diffusional contribution to the overall release in a wide temperature range is well
verified by the large over-all data base of CARO-E and does not allow such a conclusion.
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FIGs. 11 and 12. Pellet radial Xe release profiles (matrix) calculated with CARO-E for two KKGg
rods with burnups of 69 MWd/kg U (ACOl, bottom) and 85 MWd/kg U (2301, top) in comparison to
measurements.
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As for the PK profiles, the high variability of the steady state profiles helps in fixing the
temperature functions BU0(T) and XeBU^x(T) (of course, identical functions are used for the

ramped and the steady state irradiated rods!). While in the cold rim region, good agreement
between calculation and measurement is reached for BUo =68 MWd/kg U and an equilibrium
Xe concentration of 0.25 weight per cent, the strong difference between the diffusional release
and the measured release in the fuel central parts dictates decreasing equilibrium Xe
concentrations and decreasing threshold burnups beyond a certain temperature, as described
above and shown in Figs .4 and 6 (use of the measured Xe concentrations, radial local
burnups, temperatures and the Lassmann formula).
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FIG. 13. Pellet radial Xe release profile (matrix) calculated with CARO-E for the KKGg rod 12C3
with the highest available burnup of 102 MWd/kg U (pellet) in comparison to the EPMA measurement

6. CALCULATION OF KWU HIGH BURNUP PWR FGR DATABASE

At present, the KWU data base comprises 316 rods with 100 PWR fuel rods in the high
burnup range 44 to 98 MWd/kg U (rod average burnup), 22 rods thereof above 60 MWd/kg U
and several rods in the range 70 to 98 MWd/kg U. Most of the rods are from various power
reactors (normal long rods) with various designs, but also ramp tested fuel is included.
Moreover, also some MOX fuel rods are in this high burnup range.
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The comparison of the measured and calculated FGR to the fuel rod void volumes is shown in
Fig. 14. This plot contains also the rods with radial FGR profiles discussed above. The
agreement between calculation and measurements is very satisfactory. It is worth pointing out
that also the long PWR power reactor rods with a burnup of near 90 and 98 MWd/kg U and a
high steady state release above 20% (accentuated in the plot) are well calculated. This means
that the new extended FGR model describes the burnup enhancement of the FGR very well,
which is visualized in Fig. 15, where measured and calculated FGR values of the steady-state
irradiated rods are plotted linearly against the rod average burnup.

7. CONCLUSIONS

Successful calculation of puzzling features in radial matrix FGR profiles of ramped and steady
state irradiated fuel with medium and very high burnup was achieved by the introduction of
generalized saturation mechanisms into the former diffusional FGR model in CARO-E. The
saturation mechanisms can be very accurately modeled using an extension of the formalism
originally devised for the cold fuel pellet rim by Lassmann [3].

Saturation effects can play a role already at relatively low burnup near 30 MWd/kg U,
provided the fuel temperatures are high enough. For short enough hold times at ramp power,
these effects can become visible as steps in radial FGR profiles of ramped fuel; normally
however, the major release fraction due to power ramps still stems from diffusional processes.

hi steady state irradiated fuel, steps in radial FGR profiles may also be indicative of saturation
processes. A clearer hint to saturation processes comes from FGR enhancement with burnup
despite falling powers and temperatures too low to produce enough FGR by diffusional
processes.

From the on-set and the height of the steps seen in ramped fuel FGR profiles and the depth
and width of the FGR profiles of the steady-state high burnup rods, the temperature
dependence of the threshold burnup BU0 (T) can be derived very consistently: An exponential

drop of BU0(T) from 68 MWd/kg U to 28 MWd/kg U in the temperature interval of 975 to

1257 K, as used in CARO-E, is a good approximation.

The temperature dependence of the equilibrium Xe saturation concentration XeBU_>oa (T) can

be taken directly from measurements of equilibrium concentrations at isothermal irradiation
made long ago by Zimmermann [5]. An envelope of these measurements, as taken for CARO-
E, gives a linear decrease of the equilibrium saturation concentration between 1200 K and
1750 K. This means, that its influence on FGR is at higher temperatures compared to the
influence of the threshold burnup BU0.

As already found in previous work, the FGR enhancement, which occurs even for falling
power histories with low fuel temperatures over much of the irradiation history, mainly stems
from central parts of the fuel pellets and - if at all - only to a small extent from the
restructured pellet rim [2]. Our modeling is in agreement with these observations: In the cold
rim 80% of the matrix release by saturation is contained in the rim porosity, whereas the
saturation processes working also in the hotter part of the fuel pellet are coupled to the rod
void volumes, mainly by pre-formed intergranular bubble interlinkage. The latter processes
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F/G. 14. Calculated versus measured FGR to rod void volume for burnups between 44 and 98
MWd/kg U (100 rods).
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FIG. 15. FGR burnup enhancement above 44 MWd/kg U: Measurements (steady-state irradiation)
and calculations with CARO-E with extended FGR model (generalized saturation).
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are thus indispensable for a realistic description of the FGR enhancement with burnup; they
are the key high burnup features in the new FGR model of CARO-E.

A realistic description of the high burnup FGR enhancement with CARO-E containing the
new extended FGR model is proved by successful application of the code to a large data base
with high average rod burnup up to 98 MWd/kg U (102 MWd/kg U pellet burnup). This
provides a sound basis for the mechanical design of high burnup and very high burnup fuel
rods concerning rod inner pressure.
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