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Two types of fuel performance codes are generally being applied, corresponding to the normal operating
conditions and the design basis accident conditions, respectively. In order to simplify the code manage-
ment and the interface between the codes, and to take advantage of the hardware progress it is favour-
able to generate a code that can cope with both conditions. In the first part of the present paper, we
discuss the needs for creating such a code. The second part of the paper describes an example of model
developments carried out by various members of the TRANSURANUS user group for coping with a loss of
coolant accident (LOCA). In the third part, the validation of the extended fuel performance code is pre-
sented for LOCA conditions, whereas the last section summarises the present status and indicates needs
for further developments to enable the code to deal with reactivity initiated accident (RIA) events.

� 2008 Published by Elsevier B.V.
1. Introduction

In order to ensure the safe and economic operation of fuel rods,
it is necessary to be able to predict their behaviour and to verify
compliance with safety criteria under both normal operation and
postulated accidents. The accurate description of the fuel rod’s
behaviour, however, involves various disciplines such as nuclear
and solid state physics, metallurgy, ceramics, applied mechanics
and the thermal heat transfer. The strong interrelationship of these
disciplines calls for the development of computer codes describing
the general fuel behaviour, such as the TRANSURANUS code [1].
Fuel designers and safety authorities rely heavily on this type of
codes since they require minimal costs in comparison with the
costs of an experiment or an unexpected fuel rod failure. Neverthe-
less, two types of fuel performance codes are generally being ap-
plied, corresponding to the normal operating and the design
basis accident conditions (e.g. LOCA and RIA), respectively. In order
to simplify the code management by limiting the number of pro-
grams and in order to take advantage of the hardware improve-
ments, one should generate a single fuel performance code that
can cope with the different conditions.

On the one hand, extending the application range of a fuel per-
formance code originally developed for steady-state conditions to
accident conditions requires modifications to the basic equations
in the thermal-mechanical description of the fuel rod behaviour
Elsevier B.V.
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[2], stable numerical algorithms and a proper time step control,
in addition to the implementation of specific models dealing with
the high temperature behaviour of cladding such as observed un-
der LOCA conditions [3]. For dealing with RIA events, one should
check carefully the thermal expansion model because of the
edge-peaked power distribution, as well as the other models
affecting the effective cold gap width [4], as well as the model
for thermal heat transfer in the plenum. On the other hand, for fuel
performance codes developed to simulate some aspects of the nu-
clear fuel behaviour under accident conditions, such as TESPA [5],
MFPR [6], or FRAPTRAN [7], either the thermo-mechanical behav-
iour of the fuel must be incorporated and/or the extension of mod-
els to normal operating conditions is necessary to consider burnup
dependent phenomena such as thermal conductivity degradation,
fission gas release and swelling as well as cladding corrosion. Such
a posteriori modifications of the fuel performance code may entail
difficulties in terms of convergence and calculation time.

Thanks to a clearly defined mechanical and mathematical
framework as well as a consistent modelling, the TRANSURANUS
fuel performance code has been able to cope with normal, off-nor-
mal and accidental operating conditions right from the beginning
in 1973. It has a materials data bank for oxide, mixed oxide, car-
bide, and nitride fuels, Zircaloy and steel claddings, and different
coolants. Options for a probabilistic analysis are also involved in
order to provide for the possibility of a statistics-based evaluation.
Despite the fact that the numerical solution techniques enable
handling of non-steady-state conditions, and as such provide an
ideal framework for a code to handle all conditions, some of the
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phenomena important for design basis accidents (DBA) were not
incorporated. As a first step towards this goal, a project was
launched in order to extend the TRANSURANUS code capabilities
to LOCA conditions [8]. This project focused on the simulation of
the Zr1%Nb cladding performance under LOCA conditions and
had two main objectives: (1) the compilation of a new database
containing VVER-specific experiments to provide an appropriate
background for model development and code validation [9] and
(2) the improvement of the TRANSURANUS fuel performance code
via the incorporation of newly developed correlations for off-nor-
mal conditions. Extensive code validation computations and the
applications in the safety analyses of VVERs were also carried out
in the project. In parallel to this project, similar models for Western
type PWRs have been implemented and tested as well [10]. In a fol-
low-up project, the hydrogen uptake of Zr1%Nb cladding and its ef-
fect on the oxidation and mechanical strength are being addressed.
The need to launch this project stems from the observations of the
cleaning tank incident at the Paks NPP [11], indicating that hydro-
gen uptake played a significant role in the mechanical deteriora-
tion of the cladding material. This effect, however, was not
accounted for in the thermo-mechanical computations of the fuel
performance code. In order to tackle this problem, both an exper-
imental programme and a plan for model developments were
launched.

In the second part of the paper, we present the model develop-
ments carried out for extending the application range of the TRAN-
SURANUS code to LOCA conditions in a Russian type VVER as well
as in a Western type PWR. Some of the experimental results on
which these developments are based have been published previ-
ously [12]. In the third part of the paper, the validation of the ex-
tended code version is presented, whereas the fourth and last
part outlines the needs for dealing with RIA events by means of
the TRANSURANUS code.
2. Model developments

The prediction of the extent of cladding oxidation and hydrogen
uptake, the crystallographic phase transition of zirconium, the
plastic deformation of the overheated cladding as well as its rup-
ture and ductility under LOCA conditions, is a key issue in safety
analyses of pressurized water reactors. In order to assist the safety
evaluation of VVER and PWR nuclear fuels, new deformation and
oxidation rate correlations as well as adequate failure criteria were
developed and incorporated into the TRANSURANUS fuel perfor-
mance code for Zr1%Nb cladding at AEKI [8], while correlations
from the open literature were incorporated for Zircaloy-4 by TÜV
NORD [10].

2.1. Oxidation rate

The cladding-steam reaction model is based on parabolic kinetic
correlations for both the oxygen mass gain and ZrO2 layer thick-
ness growth. The actual reaction rate constant is defined as a func-
tion of the temperature through an Arrhenius relation:

Km ¼ 658 expð�10200=TÞ; ð1Þ

where Km is the oxygen mass gain rate in mg/cm2/s0.5 and T is the
cladding temperature in K. The above equation is obtained by
least–square fitting to experimental data for the oxygen mass gain
rate of Zr1%Nb cladding in the temperature range of 500–1200 �C.
In addition to this AEKI best-estimate relation, the Zr1%Nb-specific
Solyany model [13,14] was incorporated. For standard Zircaloy-4
oxidation, the Baker–Just correlation [14,15], the Leistikow correla-
tion [15] and the Cathcart–Pawel model [16] were also incorporated
into the TRANSURANUS code, which can be chosen as an option.
From the recent set of oxidation experiments at AEKI with vary-
ing steam to hydrogen ratios, one could conclude that increasing
the hydrogen content resulted in a reduced reaction rate constant
for Zr1%Nb:

Km ¼ 117 expð�8680=TÞ: ð2Þ

Its dependency on the hydrogen partial pressure was smaller than
the experimental uncertainties in the range of hydrogen contents
under consideration (up to 36 vol.%).

2.2. Hydrogen uptake

A fraction of the hydrogen accompanying the Zr-steam reaction
in LWRs under DBA conditions is absorbed by the cladding. Hydro-
gen absorption is known to enhance cladding embrittlement. It
takes place during the oxidation process, or from a hydrogen-rich
atmosphere under steam starvation conditions in a later phase of
an accident. Experiments have indicated that the intensities of
these two phenomena are different. In order to predict the hydro-
gen concentration in the cladding under both conditions, a simple
hydrogen uptake model has been developed for Zr1%Nb that con-
siders steam oxidation and steam starvation conditions (or H2-rich
environment) separately. In line with the high temperature oxida-
tion model, the content of hydrogen uptake is computed incremen-
tally with a quasi-stationary approach [9,13,14,17]:

CH;i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C2

H;i�1 þ k2Dt
q

; ð3Þ

where k2 = 2gC2
s , g is the kinetics constant, Cs represents the hydro-

gen solubility limit at a given temperature, Dt is the time step
length, and the indices i and i � 1 denote the actual and previous
time steps, respectively. The main difference between the hydrogen
uptake in steam or under H2-rich atmosphere (steam starvation
conditions) considered in the present model is the model constants:

g ¼ g0 exp �
Qg

T

� �
ð4Þ

and

Cs ¼
Ks

1þ Ks
M

; ð5Þ

where the solubility constant Ks has to be multiplied by the square
root of the hydrogen pressure in the event of a H2-rich atmosphere
and is expressed as follows:

Ks ¼ exp �DH0 þ dH
RT

þ DS0 þ dS
R

� �
; ð6Þ

dH ¼ R � B � Co;

dS ¼ R � lnð1� A � CoÞ;
ð7Þ

where Co represents the ratio of oxygen to zirconium atoms, M indi-
cates the total number of interstitial sites for hydrogen dissolution
per Zr atoms, and the molar quantities of enthalpy and entropy
were fitted to experimental data for Zr1%Nb (see Table 1).

2.3. Phase transition model

The a ? b phase transition of zirconium takes place principally
in the temperature range of 800–1000 �C, which is typical in a
LOCA. The phase transformation is not only temperature depen-
dent, but is also influenced by the composition and the impurities
of the alloy, the corrosion level (oxygen and hydrogen contents) of
the cladding and the temperature increase rate. In the TRANSUR-
ANUS code the fractions of the metallurgical phases are calculated
by two optional models representing static or dynamic approaches
through empirical functions.



Table 1
Fitted parameters for the hydrogen uptake model of Zr1%Nb in the TRANSURANUS
code

Parameter H2-rich atmosphere Steam oxidation

g (s�1) 0.1033 20537
Qg (K) 5140 23600
DH0 (J/mol) �63860 �77653
DS0 (J/mol/K) �97.39 �76.07
M 2.5 2.5
A 2.0 2.0
B 3088 3088
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Quasi equilibrium conditions are assumed in the static model
where the fraction of the b phase (u) is a simple function of the
temperature, u = f(T). Specific functions were established for each
alloy. Fig. 1 represents these functions for Zircaloy-4 and for
Zr1%Nb, indicating that due to the niobium content the phase tran-
sition of zirconium is completed at temperatures about 100 �C
lower.

The optional dynamic model, implemented by the TÜV Han-
nover, is based on Forgeron’s approach [18] to simulate the effect
of the temperature variation rates on the phase transitions. The
kinetics of the a ? b transformation is described by the following
differential equation:

du
dt
¼ KðTÞ �u � ð1�uÞ; ð8Þ

where K(T) is an appropriate function of the temperature in the
form:

K ¼ �jT � f�1ðuÞj � expðC1 þ C2 � jT � f�1ðuÞjÞ; ð9Þ

t is the time, C1 and C2 are empirical constants. The fraction of the b
phase is calculated by applying the Euler-explicit integration:

ui ¼ ui�1 þ KðTi;ui�1Þ �ui�1 � ð1�ui�1Þ � Dt; ð10Þ

where the indices i and i � 1 denote the actual and the previous
time steps, respectively and the time step increase is limited in
the code in order to avoid numerical instability. As an example,
Fig. 1 also represents a hysteresis loop of the phase transition calcu-
lated for Zircaloy-4 by means of the dynamic model at ±10 �C/s
heating/cooling rates.
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Fig. 1. Fraction of the b phase as a function of temperature calculated by the
equilibrium model for Zircaloy-4 and Zr1%Nb and by the dynamic model for
Zircaloy-4 at ±10 �C/s temperature rates.
2.4. Clad deformation rate model

The one-dimensional mechanical model of the TRANSURANUS
code is based on a semi-analytic solution of the principal mechan-
ical equations for the radial deformation (i.e. the expressions of the
non-elastic strains involved in the analytic formula are integrated
numerically along the radius). The non-elastic strain components
are calculated incrementally in time. The increments of the equiv-
alent creep or plastic strain can be defined through an optional
non-linear function of the equivalent stress. In conformity with
this model, the large plastic deformation (i.e. ballooning) of the
cladding was defined by strain rate correlations in the form of a
Norton power equation [8,19],

_�e ¼ d�e
dt
¼ A � expð�Q

R � T þ BðxÞÞ � �rn; ð11Þ

where _�e is the effective strain rate, �r is the effective stress, R is the
universal gas constant, T is the temperature, A is the strength coef-
ficient, Q is the activation energy for the plastic deformation, n is the
stress exponent, and B(x) is a third degree polynomial of the oxygen
weight concentration of the cladding (x).

2.4.1. Norton parameters and effect of oxygen
The parameters of the Norton equation (A, Q and n), as well as

the function accounting for the effect of the cladding oxidation,
were defined separately for the a and the b phases of the differ-
ent cladding alloys. The appropriate Norton parameters for Zirca-
loy-4 were defined by Erbacher on the basis of REBEKA test data
[20]. The Norton parameters and B(x) for the Zr1%Nb cladding
were fitted to the data of independent cladding burst tests per-
formed at the AEKI [12] and at the Kurchatov Institute (Russia)
[21]. The parameter optimization was carried out for two temper-
ature intervals, 600–800 �C and 900–1200 �C, corresponding to
the different crystallographic phases of the Zr1%Nb alloy (see Ta-
bles 2 and 3).

2.4.2. Strain rate in the a–b phase transition range
In order to define the effective strain rate of the cladding in the

metallurgical phase transition range there are two different ap-
proaches applied in the TRANSURANUS code. According to the first
approach, implemented by the TÜV Hannover for Zircaloy-4
[10,22], the Norton parameters are interpolated in the transition
range using the fractions of the a and b phases as weighting
factors:
Table 2
Norton parameters for Zircaloy-4 and Zr1%Nb claddings

A (MPa�n s�1) n (–) Q (J/mol)

Zircaloy-4 a-Phase 8.7 � 103 5.89 3.21 � 105 + 24.69 � (T � 923.15)
b-Phase 7.9 3.78 1.42 � 105

Zr1%Nb a-Phase 6.1 � 106 5.18 3.6 � 105

b-Phase 1.4 5.82 1.8 � 105

Table 3
Polynomial coefficients for the oxygen concentration term of the Zr1%Nb-specific
strain rate correlation

c3 c2 c1 c0

a-Phase 0 < x < 0.02 �6.7 � 105 4.9 � 104 �5.7 � 102 0
0.02 6 x < 0.1 2.3 � 104 �6.4 � 103 7.4 � 102 �9.5

b-Phase 0 < x < 0.02 �7.4 � 105 5.5 � 104 �6.3 � 102 0
0.02 6 x < 0.1 2.6 � 104 �7.1 � 103 8.2 � 102 �10.5
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lnðAabÞ ¼ ð1�uÞ � lnðAaÞ þu � lnðAbÞ;
Qab ¼ ð1�uÞ � Qa þu � Qb;

nab ¼ ð1�uÞ � na þu � nb:

ð12Þ

The second approach, applied for Zr1%Nb, is based on micro-
mechanical considerations for composite materials assuming a
statistically homogeneous distribution of a-phase inclusions
embedded in the b phase matrix, i.e. each representative volume
element has the same a–b volume fraction corresponding to the
macroscopic average value. According to the basic relation of self-
consistency [23] the overall average strain, and consequently the
macroscopic strain rate of the two-phase cladding ( _�eab) is expressed
as the weighted average of the strain rates of each phases:

_�eab ¼ ð1�uÞ � _�ea þu � _�eb: ð13Þ
2.5. Cladding failure criteria

For the simulation of fuel rod performance under postulated
accidents, the implementation of an appropriate cladding failure
criterion is essential. The cladding failure is generally predicted
on the basis of a stress assessment, i.e. the comparison of the cal-
culated tangential stress with a distinct failure threshold. However,
due to the significant uncertainty of the stress computation at large
cladding deformation, a strain-based failure criterion can be more
appropriate for LOCA conditions. By considering both of these pos-
sibilities, two optional criteria were incorporated into the TRAN-
SURANUS code.

The first (standard) criterion is a typical stress-based evalua-
tion: cladding failure is indicated when the true tangential stress
(rtB) exceeded the threshold stress defined on the basis of experi-
mental data, as illustrated in Fig. 2. The effect of cladding oxidation
on the true burst stress is considered through the multiplication
factor which is an exponential function of the average oxygen con-
centration in the cladding (including the oxide layer).

The Zr1%Nb-specific function was fitted to experimental data.
The failure threshold applied for Zircaloy-4 is derived from the lit-
erature [24].

The second failure principle is a simple plastic instability crite-
rion based on the simultaneous assessment of the effective true
strain and the strain rate. When both the strain and the strain rate
exceed the threshold values of 0.02 and 100 1/h, respectively, the
cladding is assumed to be ruptured.
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Fig. 2. True tangential stress at burst as a function of temperature applied as failure
limit for un-oxidised Zr1%Nb and Zircaloy-4 claddings.
2.6. Cladding ductility

In order to assess the capability of the cladding to withstand the
thermal stress during the quenching phase of a LOCA event, it is
important to know when the ductile–brittle transition occurs. In
order to preserve fuel rod integrity, the current safety criteria re-
quire the maximum local equivalent cladding reacted (ECR) and
the peak cladding temperature to remain below 17% and 1200 �C,
respectively. However, these criteria are being re-analysed in view
of new experimental evidence and because new materials are
being proposed to meet the requirements of higher discharge bur-
nup values. AEKI has proposed a new approach [9,25], based on
defining a cladding ductility parameter that is computed incre-
mentally and compared against a limit corresponding to the
ductile–brittle transition. Cladding ductility is guaranteed if

Pi ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
P2

i�1 þ k2Dt
q

< 1 ð14Þ

and becomes brittle when P exceeds 1, where Pi and Pi�1 are the so-
called ductility parameters in the actual and previous time step
respectively, Dt is the time step length (s) during which the temper-
ature is assumed to remain constant, k2 represents the square of the
rate constant or ductility limit derived from ring compression tests
with oxidised Zircaloy-4 and Zr1%Nb specimens:

k2
Zy4 ¼ 104 expð�20000

T
Þ;

k2
Zr1%Nb ¼ 5� 103 expð�17500

T
Þ:

ð15Þ

Note that the reciprocal of the rate constant k2 corresponds to the
time of oxidation (t, expressed in s) after which the cladding be-
comes brittle for a given temperature.

The nature of the failure is determined by integrating the load–
displacement curves of the standard ring compression tests until
the first indication of failure, and comparing the integral to an en-
ergy limit. When the specific energy at failure, i.e. the energy at
failure per unit height of the ring, exceeds 50 mJ/mm the cladding
was observed to fail in a brittle way, which is indicated in Fig. 3
with an empty symbol. Sorting the specimens on the basis of the
calculated specific energy, it was possible to determine the line
corresponding to the ductile–brittle transition separately for Zry-
4 and Zr1%Nb.

Although the hydrogen uptake strongly reduced the ductility of
the cladding in terms of specific energy at failure (Fig. 4), the duc-
tility limit or ductile–brittle transition time during oxidation was
shown to be independent of the hydrogen content in the atmo-
sphere. The slowing down of the oxidation therefore seems to com-
pensate for the mechanical deterioration of the cladding when the
hydrogen uptake increases.
3. Validation of the extended TRANSURANUS code

The validation of the extended TRANSURANUS code for LOCA
analyses has, in a first step, included the comparison of the code re-
sults with analytic solutions of simplified cases (e.g. isothermal
conditions), and in a second step the simulation of separate effect
cladding oxidation and ballooning tests. In a third step, the TRAN-
SURANUS code is applied in a benchmark exercise organised by the
OECD NEA to predict the behaviour of PWR and VVER fuel rods in
an integral LOCA tests performed at the OECD Halden Reactor
Project.

3.1. Simulation of cladding oxidation tests

A total of 122 cladding oxidation tests performed in a steam
atmosphere in the temperature range of 500–1200 �C were simu-
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lated by the TRANSURANUS code. The oxidation of the Zr1%Nb
specimens was calculated using both the AEKI best-estimate and
the Solyany reaction rate correlations. The evaluation of the simu-
lations was based on the comparison of the calculated and the
measured oxygen mass gain data. The results are presented in
Fig. 5. The satisfactory agreement between the calculations and
the measurements is evident; however, two tendencies can be
observed: (1) The Solyany reaction rate correlation results in a
general slightly over-predicted mass gain as compared to the
experimental data. This indicates the conservatism of the Solyany
model in the computation of the equivalent cladding oxidation.
(2) The computation with the AEKI correlation slightly over-pre-
dicts the mass gain at moderate oxidation, when the cladding tem-
perature is below 900 �C or the exposition time is very short, but is
accurate for greater oxidation conditions.

3.2. Simulation of cladding burst tests

The core of the code validation was based on the post-test anal-
yses of nearly 400 cladding burst tests representing a wide scope of
t with the AEKI oxidation rate correlation (Fig. 5(a)) and with the Solyany oxidation
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LOCA conditions with varying pressurization rate, temperature in-
crease rate and oxidation level. Tests of different institutes, e.g.
AEKI [12], the Kurchatov Institute (KI) or the Forschungszentrum
Karlsruhe (FZK), performed with Zircaloy-4 and Zr1%Nb cladding
specimens in the temperature range of 600–1200 �C were selected
for the validation [9]. The tests were carried out with as-fabricated,
pre-oxidised or irradiated segments in inert gas or steam atmo-
sphere. The two most recent series of burst tests at AEKI involved
100 mm long pre-oxidised tube specimens that had been hydrided
prior to the pressurisation. Since the measured tangential strains
have a wide spread, the evaluation is based on the comparison of
the calculated and the measured times of cladding burst. Fig. 6 rep-
resents the calculated versus the measured time of burst for the
Zr1%Nb and for the Zircaloy-4 segments, separately. The results
are convincing as they indicate reliable TRANSURANUS simulation
for a wide range of situations representing slow as well as fast
experiments.

3.3. Simulation of an integral test

The TÜV Hannover has also applied the TRANSURANUS code for
the simulation of the Halden integral LOCA tests performed with
fresh and high burnup PWR fuel rods. The result shown in Fig. 7
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corresponds to an experiment that was carried out with a fresh,
pressurized PWR rod in a high pressure loop of the reactor. The
maximum cladding temperature and the temperature increase rate
were 1050 �C and 5–7 �C/s, respectively. Fuel rod ballooning
started at about 80 s after the initiation of the blow-down when
the cladding temperature reached 800 �C. The measured coolant
pressure history and the cladding temperature history, derived
from detailed thermohydraulic analysis, were used as boundary
conditions for the TRANSURANUS simulation. The results reveal
that the rod internal pressure, the cladding circumferential defor-
mation as well as the subsequent burst were calculated correctly,
as illustrated in Fig. 7.

4. Summary and conclusions

In order to simplify the code management and the interface be-
tween the codes, and to take advantage of the hardware progress it
is necessary to generate a code that can cope with both normal
operating and design basis accident conditions. Thanks to a clearly
defined mechanical–mathematical framework and a consistent
modelling, the TRANSURANUS fuel performance code was de-
signed to be able to cope with normal, off-normal and accidental
operating conditions right from the beginning in 1973. Neverthe-
less, the extension of the application range of the code to design
basis accident conditions such as LOCA and RIA required specific
models to be developed and implemented. In a first step, models
for dealing with a LOCA have been implemented and tested. They
include new Zry-4- and Zr1%Nb-specific models for the high tem-
perature oxidation, the a ? b phase transformation, the plastic
deformation and the failure of the fuel cladding under LOCA condi-
tions. New correlations were developed for the Zr1%Nb cladding al-
loy considering the interference between cladding oxidation, strain
rate and mechanical strength. A new method for the evaluation of
cladding embrittlement has also been introduced as an alternative
to the zero ductility criterion related to 17% cladding oxidation.

The new and extended version of the TRANSURANUS code is
being transmitted to the user community, after having been vali-
dated on the basis of post-test analyses of numerous cladding burst
experiments that have proven the reliability of the TRANSURANUS
code predictions for both PWR and VVER fuel rod performance in
the temperature range of 600–1200 �C. The simulations of the
Halden LOCA experiments in an OECD benchmark programme also
confirm the applicability of the code in DBA analyses. However,
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some further harmonisation of the Zry-4- and the Zr1%Nb-specific
models concerning the strain rate and the failure stress in the
a ? b phase transition range is envisaged for the consistent simu-
lation of the different claddings by the same code. Furthermore,
experiments for measuring the temperature shift of the phase
change when varying the temperature rate are underway in order
to model the phase change in Nb-containing cladding materials for
Western and Russian type reactors with a dynamic model in a con-
sistent manner. These refinements will be further tested against
the experimental results of an integral LOCA test with a VVER fuel
rod in the OECD Halden Reactor, as well as the experimental data
made available through the FUMEX-II exercise of the IAEA and
the IFPE database of the NEA.

In a second phase, the model capabilities will also be extended
to RIA conditions, covering adapted models for

� the thermal expansion and the edge-peaked power distribution;
� the effective cold gap width (and all models affecting this

width);
� the thermal heat transfer in the plenum.

A properly defined benchmark, for instance in the frame of a FU-
MEX-III from the IAEA, would be very welcome in this respect.
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