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1. Introduction

The code DYN3D has been developed in the Research Centre Rossendorf for the analysis of
reactivity initiated accidents (RIA) in light water reactors [1]. It comprises 3D neutron kinetics
based on a nodal expansion approach both for hexagonal and square fuel element geometry and
a thermo-hydraulic model of the reactor core. In RIA analysis, the heat transfer from fuel to coo-
lant plays an important role. This heat transfer is significantly affected by the behaviour of the
gas gap between fuel and cladding, but also by the heat transfer conditions at the cladding sur-
face. Therefore, a transient fuel rod behaviour model is implemented into DYN3D [2,3]. This
model is coupled with a heat transfer regime map for cladding surface - coolant heat transfer
ranging from subcooled liquid convection conditions to dispersed flow with superheated steam.
For the validation of the model, experiments on fuel rod behaviour during RIAs carried out in
Russian and Japanese pulsed research reactors are calculated. Because the experiments were
carried out under atmospheric pressure and stagnant flow conditions, additional calculational
studies on the fuel rod behaviour during RIAs in power reactors at high pressure and high mass
flow rate conditions were performed.

2. Fuel Rod Model

For the estimation of fuel and cladding temperatures the heat conduction equation in one—di-
mensional radial geometry is solved numerically taking into account temperature—dependent
heat conductivity. However, the main problem of fuel rod behaviour modelling is the determi-
nation of heat transfer coefficientsy,,at the gas gap between fuel and cladding agérom
cladding to coolant.

The general idea of the gas gap behaviour modeling in DYN3D is that the parameters for the
stationary reference state (e.g. geometrical gap width, gas pressure and composition) are known
from detailed fuel rod behaviour codes. The changes of the gas gap parameters during the tran-
sient process due to variation of gap width, gas temperature and pressure, coolant and fuel -
cladding contact pressure are estimated by the DYN3D model.

In the gas gap between fuel and cladding the heat transfer components due to conduction in the
gas, radiation and fuel-cladding contact are considered. The heat transfer coefficient due to con-
duction in the gas is determined by
_ Ag,nﬂx (1)
cond
Ogapt Oroug t O

roug ext

a

whereAg mixis the thermal conductivity of the filling gas mixture. The composition of the filling
gas mixture is a function of the actual depletion state and must be obtained from detailed fuel
rod behaviour codesyy,,is the geometrical gap width and is determined by using a thermo-
mechanical modeb,qq s related to the surface roughness values of fuel and claddlipds

a gas kinetics extrapolation length. The radiation compoaggts given by the Stefan—Boltz-
mann law. In the case of closed gap, heat transfer due to contact conductance is considered:
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where C, m and n are constands, is the square averaged surface roughnegs; e contact
pressure, H the Meyer hardness of the softer material (fuel or cladding$ the effective ther-

mal conductivity at the fuel-cladding interface.

The contact pressure is estimated based on the following assumptions:

- one—dimensional modeling of mechanics in radial direction,

- linear superposition of radial thermal, elastic and plastic deformations without axial cou-
pling,

—  elastic deformation of the fuel is taken into account only in the case of fuel-cladding con-
tact, plastic deformations of the fuel are not considered,

—  cladding is described in the thin shell approximation.

The cladding stress is determined by the gas pressure inside the cladding, the outer coolant pres-
sure and, possibly, the contact pressure. The gas preggdi®gbtained from the ideal gas law

for the filling gas and taking into account the change of gas temperature as well as the change
of free volume by changing gas gap width.

The plastic deformation of the cladding is considered in accordance with the creeping law:
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where the coefficients K, p and q are material properties. is the strain rate, that means, the
time-derivative of the cladding stram= dR/R. Plastic deformation is considered, when the
stress exceeds the yield strengtfy,q, Which is a material property and a function of tempera-
ture and strain rate.

If the pressure outside the cladding is larger than the inner pressure, prompt creeping of the clad-
ding on the fuel is assumed so that the gap vanishes and the cladding stress is zero. If the inner
pressure exceeds outer pressure, two different situations are considered. If the gap is closed and
the contact pressure is hon-zero, it is assumed that prompt creeping will take place reducing the
stress until it becomes equal to the yield strength. If there is no fuel - cladding contact and the
gas pressure exceeds the coolant pressure, time-dependent creeping will be considered accor-
ding to equation (3). The last situation is typical for low coolant pressures like in RIA experi-
ments at pulsed research reactors or in LOCA cases and leads to cladding ballooning, while the
first one is typical for RIA conditions in power reactors.

A mechanistic model of fuel rod failure during accidents is not included in DYN3D, but some
parameters needed for the assessment of fuel rod integrity are provided:

- fuel enthalpy for each axial node of the rod,

- cladding oxide thickness,

- signalization of possible cladding rupture, when the cladding stress is positive (inner pres-
sure is larger than outer pressure) and exceeds the yield strength.

The cladding oxidation due to metal-water reactrion (MWR) at high temperatures is described
by the equation: D _ A B0
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where D is the oxide layer thickness , T the cladding surface temperature, C the mass density of
oxygen in ZrG , A and B are constants. The MWR is considered as an additional heat source
in the cladding, but the additional heat transfer resistance at the cladding surface and the change
of mechanical properties of the cladding caused by the oxide layer are not taken into account
(restriction to thin oxide layers).

3. Heat Transfer Regime Map

The heat transfer from fuel to coolant, and in this way the fuel rod behaviour, is affected not
only by the behaviour of the gas gap, but also by heat transfer conditions at the cladding sur-
face,. In DYN3D, a heat transfer regime map is used which covers all flow regimes from one-
phase liquid convection over different boiling heat transfer mechanisms to superheated steam
convection.

Appropriate correlations for single phase convection and the region of boiling heat transfer are
chosen from [4]. The occurence of heat transfer crisis is determined from various critical heat
flux correlations . For low mass flow densities (G << 200 kégirthe Kutateladse correlation

for "¢t with a non-equilibrium correction is used [4]. An additional criterion for the detection

of dryout is considered. After reaching the critical heat flux or critical dryout quality, the heat
transfer is decreasing, which leads to an increasing temperature difference between the heated
wall and the fluid. In this unstable transition boiling region the heat flux is interpolated between
the critical heat flux value and the value at the minimum stable film boiling point. In the stable
post-crisis region heat transfer correlations for inverted annular or dispersed flow are used. Ad-
ditionally, the heat transfer from wall to coolant by radiation is taken into account. After full
evaporation of coolant, heat transfer to superheated steam is estimated by a single phase forced
convection correlation .

The following additional non-equilibrium corrections due to subcooled liquid are applied to the
Leidenfrost or minimum stable film boiling poinyjsggand the heat transfer coefficients in the
post crisis region :

Tmses = Tsat+ 350 + 5.1 (Tot- Tiig) (5)

Apd(T=Tiig) = ApT=Tsa[1 + 0.025 (Tt~ Tigy)] (6)

The formulaes (5) and (6) are based on correlations proposed by Ohnishi et al. [8].

4. Calculations for RIA Experiments

For the validation of the fuel rod and heat transfer model in the code DYN3D several experi-
ments from literature were calculated. Experiments on the fuel behaviour during large power
pulses were carried out e. g. in the Japanese Nuclear Safety Research Reactor (NSRR) reported
aboutin [6], in the Russian research reactors IGR and GIDRA [7] and in the frame of the French
CABRI experimental program [5]. The NSRR is a modified TRIGA reactor whith a power pulse
half width of a few milliseconds. The Russian GIDRA reactor contains an aqueous solution of
enriched fuel producing narrow power pulses, while the IGR recator is a graphite moderated one
with higher pulse half - width between 0,5s and a few seconds. Experimental results of tests
where shortened probes of fresh fuel rods were inserted into a water or air filled capsule are pro-
vided in [8], [9] and [10]. In all tests, the water was at atmospheric pressure. An overview of the



experiments calculated by use of the DYN3D fuel rod model is given in Table 1.

Table 1:  Overview on RIA experiments calculated with the DYN3D fuel rod model -
experimental and calculated results
NSRR Experiments IGR Experiments
Exp. Nr. 1 2 3 4 5 6 7 8
AE [cal/g] 190 190 190 207 284 326 36( 93
T [ms] 7 7 7 1050 650 500 800 4300
AT [K] 10 40 80 80 80 80 80 Air
h max [cal/g] 187 | 185.5| 183.5 123 179 216 200 -
-{&&d meas.| 1500 1330 100¢ 147 177 96|/ 940 1200
calc. 1447 1278 1177 153 167 891 1040 1320
trewet | Meas. 38 15 10 - - 6.3 11.0 -
2 calc. 41 20 7.2 - - 6.6 12.5 -
dpox | meas. 12 8 5 - - - - -
[Hm] calc. 29 13 7 - - - - -

AE is the energy release in the fuel probe the power pulse half-widtiAT - the coolant sub-
cooling, i max - the energy deposition in the fuel (calculatedy,,d - the maximum cladding
temperature &t the time until rewetting after heat transfer crisigy - the oxide layer thick-
ness due to cladding oxidation.

In general, a good agreement is achieved between the calculations and the experiments, which
were performed in very different conditions (pulse half width, coolant subcooling, energy re-
lease).The comparison between calculated and measured cladding temperatures for the IGR ex-
periment No. 6 (see the table) is shown in fig. 1, for the NSRR experiments (number 1, 2 and

3) in fig. 2.
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The behaviour of the cladding and fuel tempe-
0T T T T T T T T T rature is very sensitive to the gas gap beha-

- : : : 1 viour. In the first milliseconds, the gap is
closed due to thermal expansion of the fuel.
This increases the heat transfer from fuel to
C : : 5 1 cladding and leads to very fast cladding hea-
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(increase of cladding radius) for the NSRR ex-

5 5 5 1 periments is shown on fig. 3. Experimental
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0 > B 2 riments are not available. Fig. 4 shows the
cladding stress and yield strength of the clad-
Fig. 3: Calculated cladding plastic deformatiding material. Within the first tenth of second,
the yield strength is decreasing very rapidly
due to the rising cladding temperature. When the stress becomes equal to the yield strenght, the
plastic deformation of the cladding starts (see left part of fig. 4). After decrease of the cladding
temperature due to the decreased heat transfer from fuel to cladding, the yield strength is incre-
asing and the plastic deformation stops (see right part of fig. 4 and fig. 3). If the plastic defor-
mation would have not been taken into account, much higher cladding temperatures would be
obtained.
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Fig. 4: Calculated stress and yield strength of the cladding for Exp. No. 1

Remarkable differences can be seen between the NSRR and the IGR experiments. In the NSRR
experiments, the energy release in the burst was lower than in the IGR experiments with water
cooling, but much higher cladding temperatures are reached. This is due to the very small pulse
width which leads to an almost adiabatic heating of the fuel rod during the burst. In the NSRR
experiments considered, the effect of coolant subcooling was investigated while the other con-
ditions (energy release, pulse width) were fixed. This allows to adjust the heat transfer model.

However, the experiments were carried out under atmospheric pressure and stagnant flow con-
ditions, while for RIAs in power reactors high pressure and high flow rate conditions are typical.
Additional calculational studies on the fuel rod behaviour under power reactor conditions were
performed, where reactor power peak curves with a half-width of 0.4 s and different energy re-
lease values were given as input to the fuel rod model calculations. Burn-up dependent data for
the nominal state of the gas gap were obtained from calculations with the code STOFFEL [11].



In comparison with the experimental data from the research reactors, for the same energy depo-
sition in the fuel and about the same pulse half-width, higher cladding temperatures are reached
under power reactor conditions. This is due to the different gap behaviour. While at low coolant
pressure the ballooning effect is observed, at higher pressures the cladding creepes on the fuel.
The gap is closed and the heat transfer from fuel to cladding is enhanced.

The calculations have shown that the relevant mechanism of fresh fuel failure is melting, the
fuel enthalpy at failure is about 230 cal/g. For burned-up fuel, cladding failure is possible due
to high mechanical stress at much lower fuel enthalpy values (about 125 cal/g for a burn-up of
25 MWd/kg). This corresponds to results reported about in [12].

5. Conclusions

For the validation of the transient fuel rod model used in DYN3D, experiments on fuel rod be-
haviour during RIAs carried out in Russian and Japanese pulsed research reactors with shor-
tened probes of fresh fuel rods are calculated. A good agreement between calculated and
measured results was achieved.

Numerical studies concerning the fuel rod behaviour under RIA conditions in power reactors
demonstrated, that the fuel rod behaviour at high pressures and flow rates in power reactors is
different from the behaviour under atmospheric pressure and stagnant flow conditions in the ex-
periments. The mechanisms of fuel rod failure for fresh and burned fuel reported from the lite-
rature can be qualitatively reproduced by the DYN3D model. However, the model must be
extended and improved for proper description of burned fuel behaviour.
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