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RÉSUMÉ

Toute variation de puissance d'un élément combustible ou des conditions de
transfert thermique provoque une variation brusque de la distribution de la
température dans un élément combustible. La variation de la distribution
de température est accompagnée de variations simultanées de la distribution
des contraintes dans l'élément combustible qui conduisent à une libération
des produits de fission dans l'intervalle entre le combustible et la gaine.
Il est important de connaître la quantité (inventaire) de produits de fis-
sion se trouvant dans cet intervalle, puisque cette quantité constitue un
élément important du terme-source pour de nombreux accidents hypothétiques
de réacteurs. EL0CA.Mk5 est un programme de calcul FORTRAN-77 qui a été
élaboré dans le but d'évaluer les libérations transitoires de produits de
fission dans l'intervalle entre le combustible et la gaine dans les réac-
teurs CANDUmd. EL0CA.Mk5 résulte de l'intégration du modèle de libération
de produits de fission, FREEDOM, au programme de calcul du comportement
thermomécanique des éléments combustibles, ELOCA. L'intégration de FREEDOM
à ELOCA permet à ELOCA.Mk5 de modéliser les mécanismes de rétroaction qui
s'opèrent entre la libération des produits de fission et la réaction ther-
momécanique de l'élément combustible. La présente communication décrit le
modèle physique, donne des détails sur le programme de calcul ELOCA.Mk5 et
décrit la validation du modèle. On y démontre que les résultats obtenus
*vec I-3 middle so t er bon accord avec les résultats d'essais pour un
régime permanent et transiroire.
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ABSTRACT

A change in fuel element power output, or a change in heat transfer conditions, will result
in an immediate change in the temperature distribution in a fuel element. The temperature
distribution change will be accompanied by concomitant changes in fuel stress distribution that
lead, in turn, to a release of fission products to the fuel-to-sheath gap. It is important to know
the inventory of fission products in the fuel-to-sheath gap, because this inventory is a major
component of the source term for many postulated reactor accidents. ELOCA. Mk5 is a FORTRAN-77
computer code that has been developed to estimate transient releases to the fuel-to-sheath gap
in CANDU® reactors. ELOCA.Mk5 is an integration of the FREEDOM fission product release model
into the ELOCA fuel element thermo-mechanical code. The integration of FREEDOM into ELOCA
allows ELOCA. Mk5 to model the feedback mechanisms between the fission product release and the
thermo-mechanical response of the fuel element. This paper describes the physical model, gives
details of the ELOCA .Mk5 code, and describes the validation of the model. We demonstrate that
the model gives good agreement with experimental results for both steady state and transient
conditions.
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1.0 INTRODUCTION

Changes in fuel element power, or changes in heat transfer conditions, will result in an immediate
change in the temperature distribution in a fuel element. Figure 1, for example, gives calculated
temperature distributions for a CANDU®' fuel element operating at a linear power of 54.6 kW-m"1

under both normal operating and dryout conditions. The temperature distribution change will
be accompanied by concomitant changes in fuel stress distribution that lead, in turn, to a release
of fission products to the fuel-to-sheath gap. It is important to know the inventory of fission
products in the fuel-to-sheath gap, because this inventory is a major component of the source
term for many postulated reactor accidents.

ELOCA.Mk5 is a FORTRAN-77 computer code that has been developed to estimate fission prod-
uct release during reactor transients. Although ELOCA.Mk5 was developed to predict transient
releases to the fuel-to-sheath gap of CANDU® fuel, the code is sufficiently flexible that it can
be applied to other fuel types [l]. ELOCA.Mk5 is an integration of the FREEDOM fission product
release model [2] into the ELOCA fuel element thermo-mechanical code [3]. The integration of
FREEDOM into ELOCA allows ELOCA.Mk5 to model the feedback mechanisms between the fission
product release and the thermo-mechanical response of the fuel element. This paper describes
the physical model, gives details of the ELOCA.Mk5 code, and describes the validation of the
model for both steady state and transient conditions.

2.0 ELOCA.Mk5

This section concentrates on the details of the interface between FREEDOM and ELOCA that allows
the transient fission product release to be estimated by ELOCA.Mk5. Given the puwer history of
a reactor transient, the ELOCA code calculates the thermo-mechanical response of a fuel element
during the transient. The ELOCA calculation includes the following phenomena:

• expansion, contraction, cracking, and melting of the fuel,

• variations in the internal gas pressure of the element,

• transient creep deformation of the sheath,

• changes in the fuel-to-sheath heat transfer caused by straining,

• Zr/HjO chemical reaction, and

• beryllium-assisted cracking of the sheath (initiated from Be-brazed appendages).

In concert with the thermo-mechanical calculation, the FREEDOM code calculates the concomitant
release of active and stable fission products during the transient. The FREEDOM calculation
includes the following phenomena:

'CANada Deuterium Uranium. Registered Trademark.
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• fission product formation by fission and decay of precursors, loss by decay and neutron
capture,

• UO2 grain growth,

• fission product diffusion,

• grain boundary sweeping of fission products,

• fission product release by bubble growth and grain face separation, and

• fission product swelling.

The feedback between the thermo-mechanical and fission product release behaviours of the fuel
is achieved in EL0CA.Mk5 by calling the FREEDOM routines from inside ELOCA. The ELOCA part
of the code provides the time history of temperature, thermal gradient, fission rate, thermal
neutron flux, and hydrostatic stress state required by the FREEDOM routines. The FREEDOM
routines provide the information on fuel swelling and gas release that is fed back into the ELOCA
thermo-mechanical calculation.

It has been observed experimentally that fission product release during reactor transients occurs
mainly in enhanced releases that accompany power (and/or temperature) changes [4, 5]. Since
these enhanced releases are believed to be associated with the interlinkage and venting of gas
bubbles, they cannot be correlated simply to a fuel parameter, such as temperature, alone.
The observation of enhanced releases is modelled in FREEDOM by considering the behaviour of
fission gas bubbles under stress changes in the UO2, as has been suggested elsewhere [6]. If
the grain-face bubbles grow large enough to touch (at a radius r a; 7 x 10"7 m), the bubbles
will either interlink or the grain faces will separate, depending on the sign of the applied stress.
For negative stress, the bubbles will interlink and vent any subsequent fission products arriving
at the grain boundary through grain-edge tunnels to the free voidage. If the stress is positive,
there will be a burst release of fission products when the bubbles grow large enough for the
grain faces to separate.

In the FREEDOM model, the release of fission products during a reactor transient is caused pri-
marily by changes in the fuel stress distribution. The three components of fuel pellet stress used
in the FREEDOM Calculation are:

1. the fuel-to-sheath interfacial pressure,

2. the element internal gas pressure, and

3. the transient thermal stress.

Each of the components of fuel pellet stress is affected by fission product release. The fuel-
to-sheath interfacial pressure is directly affected because fission product release changes the
extent of fission gas bubble swelling, and hence changes the dimensions of the pellet. The
internal gas pressure is directly affected by the release of fission products to the fuel-to-sheath
gap. The transient thermal stress is indirectly affected by changes in heat transfer properties
of both the fuel and the fuel/sheath interface. Fission gas bubble swelling changes the thermal
conductivity of the fuel, and fission product release reduces the fuel-to-sheath heat transfer rate
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by increasing the fuel-to-sheath gap and reducing the thermal conductivity of the gas mixture.
Hence, the thermo-mechanical response affects the fission product release that, in turn, affects
the thermo-mechanical response.

2.1 Fuel Pellet Stress Model

A CANDU® fuel element contains a number of fuel pellets. The number and size of the fuel pellets
in the element depends upon the fuel bundle design. For example, Pickering-A fuel elements
contain 21 fuel pellets, each with a diameter of 14.25mm. The length of 19 of the pellets is
22.99 mm, while two of the pellets are 21.72 mm long. Bruce fuel elements have a larger number
(31) of slightly smaller fuel pellets. A fuel pellet is modelled as a number (typically 100) of
concentric annuli. The height of each annulus is adjusted to account for dishes, chamfers,
and tapers that exist on each pellet (Figure 2). A set of unique thermo-physical properties is
associated with each annulus.

The fuel pellet is approximated by assuming that above a certain temperature the UO2 deforms
plastically, whereas below that temperature it cracks radially and behaves as an elastic solid.
According to this model [7, 8], the pellet is assumed to consist of four distinct zones:

1. a plastic core,

2. a once-plastic zone that is cracked by thermal contraction,

3. a bridging annulus, and

4. a zone of wedge fragments that is cracked by thermal expansion.

The size of each of the four zones (Figure 3) depends upon the power history of the pellet
prior to the transient. The size of each zone is assumed not to change during the transient,
since the timescale for UO2 creep is much longer than the timescale of most reactor transients.
The radius of the once-plastic zone corresponds to the plasticity-temperature isotherm at the
maximumlinear power applied to the pellet prior to the transient. The wedge fragments contact
each other to form a bridging annulus around the once-plastic zone. The bridging annulus is
the only non-plastic annulus in which all fragments contact each other; at both greater and
smaller radii the fragments are separated by cracks. The once-plastic zone exhibits cracks that
decrease progressively in width away from the centre and vanish near the bridging annulus. The
non-plastic zone is cracked into wedge fragments, the cracks also decreasing in width towards
the bridging annulus.

The effects of fuel-to-sheath interfacial pressure, internal gas pressure, and transient thermal
stress are described as follows:

Fuel-to-Sheath Interfacial Pressure. The effect of interfacial pressure on fuel stress is aver-
aged along the fuel element, with the force assumed to be focussed through radially-cracked
fuel fragments onto the bridging annulus That is, the stress on a particular annulus due
to the interfacial pressure (interfacial stress) is given by the interfacial pressure multiplied
by the ratio of (Pellet Radius)/(Radius of Annulus). The interfacial stress acts only in
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the radial direction. The FREEDOM routines require the applied hydrostatic stress, which is
obtained by further dividing the interfacial stress by three. Hence, the hydrostatic stress
on the j th annulus due to the interfacial pressure (a1) is given by:

~ W l t h rJ * 1. (i)

where Pj is the interfacial pressure, rp is the pellet radius, r, is the radius of the j th
annulus, and rj, is the radius of the bridging annulus. Annuli inside the bridging annulus
are assumed to have no component of stress due to the interfacial pressure, since the
interfacial pressure is supported by the bridging annulus.

2. Element Internal Gas Pressure. The gas pressure is assumed to act hydrostatically on the
pellet. Hence, the hydrostatic stress on the j t h annulus due to the gas pressure (<r^) is
given by:

°f = PG (2)

where PQ is the gas pressure.

3. Transient Thermal Stress. A thermal stress is developed in a physical body when the
thermal expansion of one part of the body is constrained by a lesser thermal expansion
in another part of the body. The differences in thermal expansion can be caused by
temperature gradients within the body and/or inhomogeneities leading to local differences
in thermal expansion coefficients. In the case of a fuel pellet, the thermal stresses developed
by the temperature gradient within the fuel are large enough to crack the fuel.

Under normal operating conditions, creep of UO2 will relieve most of the thermal stresses in
the fuel. During an accident transient, however, insufficient time will be available for creep
relaxation to occur. Hence, under accident conditions, transient thermal stresses will
develop that can be relieved only by cracking of the fuel. The magnitude of the transient
thermal stresses can thus be calculated knowing the departure of the fuel temperature
profile from its pre-transient norm, and by factoring in the stress relief caused by cracking.

The transient thermal stress is calculated by first approximating the fuel pellet as a long
uncracked cylinder with zero initial thermal stress [9]. The average thermal stress of the
j t h annulus (aj) of an uncracked pellet is given by:

where A f is the mean change in pellet temperature from the reference temperature distri-
bution, A Tj is the temperature change of the j t h annulus from its reference temperature,
and a, E, and v, are, respectively, the coefficient of thermal expansion, the Young's mod-
ulus, and the Poisson's ratio, of UO2. Local values of a and E are used in the stress
calculation

At. a particular point in the transient, the fuel pellet has a given mean temperature (T).
The reference temperature distribution used in Equation 3 is the temperature distribution
under normal operating conditions that has the same mean temperature ( T). Interpolation
witlun the power/temperature history prior to the transient is used to determine the
reference temperature distribution. If T exceeds the maximum mean temperature that the
pellet has experienced prior to the transient, then the reference temperature distribution
is taken to be the temperature distribution corresponding to the maximum linear power
prior to the transient.
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The timescale of a transient is usually small compared to the time constant for creep of
U02 fuel. Therefore, the stress that develops in a fuel pellet during a transient cannot
be relieved by creep. As indicated previously, the only available mechanism for relief of
the transient thermal stress is cracking of the fuel. There is typically one diametral crack
(two radial cracks) produced for every 4 kW-m"1 [10, 11]. The axial, radial, and transverse
stresses are each partially relieved by cracking. If p m o r is the maximum linear power in
kW-m"1, then the average stress given by Equation 3 is multiplied by 4/ max(4,pmax) to
account for the fuel cracking. Furthermore, no thermal stress is developed in an annulus
if the temperature of the annulus is less than the maximum temperature that the annulus
has experienced prior to the transient (TjmQX).

The total hydrostatic stress is obtained by summing the components due to interfacial pressure,
element internal gas pressure, and thermal stress. Hence, the total applied hydrostatic stress on
the jith annulus (cr,) is given by:

GJ = a] + a? + crj, (4)

or,
PlTp

2aE(KT - AT3)
+ 13(l-i/)max(41pmaa)

(Outside bridging annulus, i.e. r, > T%),

(5)

(Tj-Tjmax)

IT- - T I3(1 - i/)max(4,pmal)

(Inside bridging annulus, i.e. Tj < n,).

+ 1

3.0 STEADY STATE VALIDATION

The latest version of the FREEDOM fission produ... ^dz^c model was incorporated into an exist-
ing AECL steady state fuel behaviour code (ELESIM, [12]), in order to predict fission product
releases under normal operating conditions. This code was applied to a CANDU® fuel behaviour
database. The database includes 100 experimental and commercial fuel cases covering a wide
range of power histories with burnups to 375 MWhkg"1 U and powers to 125 k W m " 1 . In per-
forming the calculation for steady state releases, the effects of transient thermal stresses were
not included, since the normal operating conditions code assumes that all gas in excess of that
required to saturate the grain boundary is released at power changes [12]. The comparison be-
tween the predicted and measured releases is given in Figure 4. Figure 4 shows that the predicted
releases are in good agreement with the measured releases. Cases where the predicted/measured
ratio is in error by more than a factor of five generally involve very small releases (that are sub-
ject to large relative experimental errors) or involve research reactor fuels that were subject to
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large numbers of reactor trips. The effect of reactor trips on the predictability of fission product
release is discussed elsewhere [13'.

4.0 TRANSIENT VALIDATION

The validation of ELOCA .Mk5 for transient conditions involves a comparison of predicted releases
against the results of selected sweepgas experiments.

4.1 Sweepgas Dryout Experiments

A series of in-reactor sweepgas experiments have been conducted to determine the effect of
dryout on CANDU® fuel elements. These tests were conducted at Chalk River Laboratories, and
were given the experimental designation FIO-133. In these tests, an instrumented stainless-
steel-clad element, with upper and lower gas lines attached, was irradiated at a linear power of
approximately SSkW-m"1 to a burnup of about 80 MWhkg"1 U in the X-4 experimental loop
of the NRX reactor. Details of the fuel and operating conditions are given in Table I. A full
description of the experiment, and a discussion of the experimental results, can be obtained
elsewhere [4].

The test operated normally for about two months, during which time the fuel assembly was
cooled with pressurized water. A series of dryout transients were then initiated over a one
month period. Prior to, and following, each dryout test, stable steam-water (fog) cooling was
established. During the transients, the element was cycled into dryout for up to 40min by
controlling the coolant water flow in the fog mixture. Re-wet was achieved by re-introducing
coolant water flow.

During normal and dryout operation, the gaseous fission products released from the fuel were
swept from the element by a He-2% H2 stream via the upper gas line to a sample chamber
outside the loop, where they were measured directly by gamma spectrometry. Note that the
fuel pellets were grooved to permit easy gas flow. The resultant data was then processed to
obtain activity concentrations, and hence release rates, from the fuel.

The first transient was restricted to moderate fuel temperatures to assess the impact of changes
in temperature on release rates. The transient lasted approximately 20min, with a maximum
sheath thermocouple temperature of 510cC and a maximum peripheral fuel temperature of
1120'C. The central fuel temperature has been calculated to be = 2000cC. Subsequent transients
were more severe, involving higher fuel temperatures and extended periods of dryout. This paper
uses these more severe transients as the basis for the comparison of ELOCA .Mk5 with experiment.
In these more severe transients, the sheath, peripheral, and central fuel temperatures reached
maxima of 700°C, 1400°C, and 2300cC, respectively.

The second transient occurred on 1981 November 18, and was of about 50min duration. The
transient can be conveniently divided into three stages: heatup, steady high temperature, and
cooldown. The heatup period occurred while the loop coolant conditions were changed to
achieve fuel dryout and lasted approximately 15min. The fuel was maintained at this steady
high temperature for approximately 20min. The cooldown period lasted about 15min. Of
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the total transient duration, about 40min was under dryout, with sheath temperatures above
350°C.

The third transient occurred on 1981 December 15, and was of about 17min duration. It
differed from the first transient in that the heatup period was reduced to 5min and the re-
wet was accompanied by a reactor trip. The time under dryout conditions was approximately
25min.

For both the second and third dryout transients, the majority of the fission product releases
were observed to occur during the temperature changes.

4.2 Code Validation

In order to perform the transient validation of EL0CA.Mk5, the code was run with input data
that corresponds to the details of the dryout experiments. Comparisons of the experimental
and calculated fission product releases for the second and third transients are given in Tables II
and III, respectively. The data in Tables II and III is presented graphically in Figure 5. Tables
II and III. and Figure 5, show that the agreement between the predicted and measured releases
for the dtyout transients is good.

Figures 6 and 7 give the calculated releases as a function of time for the second and third
dryout transients, respectively. Figures 6 and 7 show that EL0CA.Mk5 is capable of predicting
the features of the transient releases, including the enhanced releases that occur during power
and/or temperature changes.

For these dryout transients, EL0CA.Mk5 tends to underpredict the releases on re-wet (see, for
example, Tables IV and V). This underprediction on re-wet is attributed to differences in
sheathing materials. EL0CA.Mk5 was developed to simulate the properties of Zircaloy-sheathed
CANDU® fuel elements, whereas the FIO-133 experiments were conducted using a stainless steel
sheath. Stainless steel has a larger coefficient of thermal expansion than Zircaloy. Hence,
stainless steel will exert a larger interfacial pressure, and hence a larger compressive stress, on
the fuel during re-wet. This larger compressive stress will lead to a larger fission product release
for the stainless steel-clad element relative to the Zircaloy-clad element.

5.0 FUTURE DEVELOPMENTS

A number of changes are planned to improve the performance of ELOCA . MkS. Changes to both
the physical model and to the computational methods are planned.
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5.1 Model Developments

5.1.1 Stress Model

The transient release of fission products by ELOCA.MkS is primarily controlled by the stress
distribution in the fuel pellet. Stress is partially relieved by fuel cracking, because the time
constant for creep is long compared to the timescale of reactor transienis It is acknowledged that
the stress/cracking model is somewhat preliminary, particularly with respect to the treatment of
interfacial pressure and transient thermal stress Future work will include the further validation
of this model against finite element codes and or further development of the model

5.1.2 Microcracking

As the fuel heats up, elastic strains due to differential-thermal expansion are developed at each
grain face. The strain magnitude at a given grain face depends on the thermal gradient across
the grain face and, if there are differences in thermal expansivity between grains sharing the
grain face, the local temperature increase. These strains will, in turn, lead to a time-dependent
increase in microcrack extension and hence to a time-dependent increase m porosity of the fuel
[14]. Post-irradiation examination of the fuel from the FIO-133 sweepgas experiments shows
evidence of microcracking [15;.

Hour-glassing is readily observed in pellets that have been irradiated as reactor fuel. Some hour-
glassing has also been observed in the isothermal furnace-heating of pellets 16 Microcracking
may be responsible for the hour-glassing observed during isothermal heating. At the present
time, an effective Young's modulus is used to account for the effect of rrucrocracking. We intend
to determine the accuracy of using an effective Young's modulus to account for microcracking
If necessary, the effect of microcracking on fuel porosity will be explicitly calculated

5.1.3 Transport in UO2 Free Voidage

Currently, a release to the UO2 free voidage from the gram boundaries is assumed to correspond
to a release from the fuel element. A future development of the model will include the transport
of fission products within the UO2 pellet voidage. It is anticipated that this will be modelled
with a diffusive term [17], which will delay fhe release by a minimum of -; 100s for most fuel
geometries.

5.1.4 Effect of Sheath Failure

As indicated previously, changes in the fuel pellet stress state contribute significantly to the
transient release of fission products. This recognition has been an important factor in the
development of EL0CA.Mk5, where continuous feedback of data on the thermo-mecharncal state
of the fuel is used to update the stress state of the fuel in FREEDOM.
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Since failure of the element sheath relieves the internal gas pressure (and can also significantly
affect the interfacial pressure), the timing of sheath failure and the subsequent depressurization
rate will likely be significant factors affecting transient fission product release from the fuel.
Hence, future work will be directed at modelling the depressurization and post-defect operation
of fuel elements.

5.2 Computational Developments

A number of computational improvements are planned for EL0CA.Mk5. In addition to any
changes necessitated by the model developments indicated in Section 5.1, changes will be made
to improve the computational efficiency of the code.

Special attention will be paid to improving the efficiency of the FREEDOM/ELDCA interface. Cur-
rently, every ELOCA timestep calls the FREEDOM routines irrespective of whether the call will result
in fission product release. This is an inefficient use of computer resources, since the FREEDOM
routines require a relatively large amount of CPU time. We intend to reduce the number of calls
to FREEDOM by changing the code logic so that FREEDOM is called only when necessary.

6.0 CONCLUSIONS

ELOCA.ilkS is a FORTRAN-77 computer code that has been developed to estimate fission product
release during reactor transients. This paper has documented the validation of the code for both
steady state and transient conditions. These validations have included the use of a database of
fuel performance information and comparisons with data from a series of in-reactor sweepgas
experiments previously conducted at Chalk River Laboratories. Good agreement has been
shown between the ELOCA.Mk5 predictions and the experimental results for both steady state
and transient conditions, including the enhanced releases that are observed during power and
temperature changes.

Future work will include improvements to the computational efficiency of the code, further de-
velopment of the fuel pellet stress model, and further validation of the code against experimental
results.
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TABLE I — FIO-133 Experimental Conditions.

Fuel Description

U02 density (Mgm"3)
Enrichment, 235U (wt%)
Pellet diameter (mm)
Pellet length (mm)
Pellet grooves

Number
Depth (mm)
Width (mm)

Stack length (mm)
End discs

Material
Thickness (mm)
Diameter (mm)

Sheath Description

Material
Outside diameter (mm)
Wall thickness (mm)

10.64
1.38

18.06
19.05

3
1.5
1.0

378.0

304L Stainless Steel
1.09

18.06

304L Stainless Steel
19.81
0.81

Instrumentation

Thermo couples:
6 Sheath

3 Fuel periphery (1.5 mm from fuel surface)
1 Fuel central
2 Flow tube

2 Coolant

Irradiation Conditions

NRX Test Loop
Coolant Condition
Coolant Pressure (MPa)
Coolant Flow (kgs"1)
Inlet Temperature (°C)
Normal Operation

Linear Heat Output (kWm"1)
jXdO (kWm-1)
Heat Output (kW)
Surface Heat Flux (kW-ra"2)
Final Burnup (MWh-kg"1 U)

X-4
Pressurized Water

8.5
0.24

260.0

55.0
4.5

22.4
960.0

80.0
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TABLE II — Transient Releases Prom Second Dryout Transient (81-11-18).

Isotope

133Xe

136Xe

135mXe

138Xe

85mKr

88Kr

87Kr

Percentage Release

Experiment

n.a.

0.84

1.5«

0.56

0.69

0.50

0.85

ELOCA.Mk5

1.70 !

0.42

0.42

0.17

0.48

0.40

0.29
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TABLE III — Transient Releases From Third Dryout Transient (81-12-15).

Isotope

133X e

1 3 5Xe

1 3 6 m Xe

1 3 8Xe

8 5 m K r

88Kr

87Kr

Percentage Release

Experiment

1.40

1.65

3.11

1.49

1.63

1.21

1.85

ELOCA.Mk5

3.32

1.28

1.13

0.58

2.03

1.24

1.06
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TABLE IV — !3SXe Release During Second Dryout Transient (81-11-18).

Experiment

EL0CA.Mk5

Percentage Release

Heat up

0.03

0.09

Steady High

Temperature

0.11

0.20

Re-Wet

0.70

0.12
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TABLE V — 135Xe Release During Third Dryout Transient (81-12-15).

Experiment

EL0CA.Mk5

Percentage Release

Heatup

0.14

0.19

Steady High

Temperature

0.11

0.72

Re-Wet

1.40

0.37
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FIGURE 1 — Calculated radial temperature distributions within a fuel element operating at a
linear power of 54.6 kWm"1 under both normal operating and dryout conditions. The average
burnup of the fuel element was 50.6 MWh kg"1 U.
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FIGURE 2 — Fuel pellet schematic.
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FIGURE 3 — Schematic diagram of a cracked fuel pellet.
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FIGURE 4 — Comparison of predicted and measured releases under steady state conditions.
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FIGURE 5 — Comparison of predicted and measured isotopic releases under transient condi-
tions, using the data given in Tables II and III.
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FIGURE 6 — Calculated transient releases and measured sheath temperatures during the second
dryout transient (81-11-18).
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FIGURE 7 — Calculated transient releases jnd measured sheath temperatures during the third
dryout transient (81-12-15).
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