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A CONTRIBUTION TO THE LMFBR FUEL PIN BEHAVIOUR
DURING TRANSIENT OVERPOWER CONDITIONS

B. KUCZERA
Institut fiir Reaktorentwicklung, Kernforschungszentrum Karlsruhe, D-7500 Karlsruhe, Germany

SUMMARY

The long-time behaviour of the fuel pins under steady state reactor conditions has been
studied extensively. However, with respect to the safety analysis there exists a particular
interest in the short-time behaviour of' a LMFBR fuel pin during an overpower transient,
and its state at the time of cladding failure.

The study presented deals with the behaviour of unirradiated fuel pins during a power
excursion (reactor period = 17 msec). The pin type A (Xmax =420 W/cm, gap size ds=
0.07 mm, fuel porosity Po = 0.07) will be used as a reference pin; it is similar to the fuel pin
of the SNR-300. The pin type B has a smaller gap size (4s = 0.05 mm), whereas pin type C
has a larger porosity (Po = 0.12). The numerical analysis was performed with the computsr
code BREDA (ref. KFK-1729). .

The new aspect of this study is the investigation of the influence of fuel rod design para-
meters on the short-time behaviour of fuel pins during the pre-disassembly phase of a
hypothetical accident. The most significant results are as follows:

(1) The steady state temperature of the pin type B (average temperature of the fuel Tam =

1495°C) evidently is below the reference pin (Tm = 1640°C). This is due to the better
heat transfer in the gap (fuel/clad).
The larger porosity of the pin type C decreases the heat conduction of the fuel, resulting
in a higher temperature level (T'sm = 1715°C). Initially the temperature Tpm increases
parablelike according to the energy released, but the temperature-gradient in time
decreases as soon as fuel melting starts (time sequence of incipient melting: pin type C,
A, B; amount of molten fuel at ¢ = 0.25 sec: 0.46, 0.39, 0.29).

(2) Although the thermal expansion coefficient of the fuel is less than that of the clad the
pellet expansion exceeds that of the clad. This is due to the higher temperature and
temperature rate in the fuel. The increase of the fuel expansion due to volume changes
on melting is smallest for the pin type C; this is caused by the higher initial porosity.
As a consequence the gap will be closed rather late (time sequence: B, A, C). The mechan-
ical fuel-clad interaction yields circumferential plastic strains, which are given by
B=4.2%, A=3.7%, C=2.4% at time ¢ = 0.35 sec.

(3) Assuming failure at 3% plastic strain in the clad, both types A and B will burst within
the range of time considered. The energy release at a subsequent fuel-coolant interaction
(FCI) will depend, beside other parameters, on the amount of molten fuel (¥z) by the
time of failure (¢y). (4: ty =0.33 sec, V1, =0.77. B: ty = 0.31 sec, V1 =0.69). Thus, on
the given assumptions, the damage potential of the FCI appears to be less for the pin
type B than for the type A4, since less molten fuel is present. Furthermore, with regard to
the neutron kinetics, the B-type pin provides larger reserves for nuclear shutdown as a
result of the Doppler-broadening. This is due to the greater difference between the steady
state fuel-temperature and its melting point.



2
D 2/4

In the model theory describing the fuel pin behaviour two development
trends are being pursued. Studies of the long-time behaviour supply informa-
tion about changes of the fuel and the cladding tube under steady-state ope-
rating conditions and loads respectively, undergoing cyclic changes both of
which depend largely on the burnup condition of the fuel pin. A different as-
pect can be derived from safety considerations of Liquid Metal Fast Breeder
Reactors (LMFBR) analyzing the reactor behaviour during power excursions.
Since these events occur in the range of milliseconds to seconds, we are in-
terested in the short-time behaviour of a fuel pin under transient reactor
conditions and its feedback on neutron physics and thermodynamics of the
core. Both concepts supplement each other, resulting in better understanding
of fuel pin behaviour in the spectrum of possible reactor conditions.

This paper is concerned with a parametsr study analyzing the fuel pin
behaviour during a hypothetical reactivity accident. Especially the influence
of fuel porosity and the width of the gap (between the fuel and the cladding)
upon transient fuel pin deformation and the fuel pin condition at the time of
pin burst are investigated. First of all, some remarks should be made about
the BREDA computer model D. 2] used in these studies. In this model the un-
coupled, quasi-steady stats thermoelastic theory is assumed to apply. "Uncou-
pled" in this case means that the non-steady state heat conduction problem of
the fuel pin is solved independently; "quasi-steady state” indicates that no
forces of inertia are being considered during the process of deformation.
BREDA was linked with the thermodynamic part of RADYVAR Code D, 4], which
gives the transient temperature field for the stress analysis at any point in
time, while BREDA afterwards supplies the modified fuel pin geometry.

The other assumptions made are these: rotational symmetry, cross-sections
remaining plane, small changes of geometry due to strain, axially constant
temperature profile in a sub-zone. In this case, the well known equations of
the linear theory of elasticity apply to an axial segment of the fuel pin,
They are derived in a cylindrical coordinate system (r, ¢, z) and using the
well knawn notation (ef. Figure 2) take the form shown in Fig. 1.

In Fig. 1 the general solution u(r) and w(z) of the system of differen-
tial equations for the fuel cylinder has been indicated. With respect to the
boundary conditions to be established, which are used to determine the inte-
gration constants, distinctions must be made between various cases which are
guided by the previous load history and the present load condition of the
fuel pin.

The solid fuel is regarded as a material with elastic properties. This
also applies to the cladding tube up to the yield point of the material. Sub-
sequently, it is assumed that the thin walled tube changes into a membrane
stress condition as a consequsnce of the pressure stress and is able to under-
go ideal plastic deformatioen.

Fuel pin failure occurs if the cladding tube, the so-called first barrier

preventing an uncontrolled release of radioactivity, is destroyed. The causes
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are either induced from the outside or may be generated within the fuel pin
itself. If sodium boiling occurs during an incident, this may cause the clad-
ding to melt down after an interruption of heat removal as a consequance of
dry out of sodium. On the other hand, there may be melt down of the cladding
if most of the fuel has molten during the excursion. In this case, the steep
temperature gradient in the gap produces the relatively high rate of heating
in the cladding. The third cause of failure is excessive mechanical stress
generated mainly by differential expansion in the fuel and the cladding, res-
pectively, and resulting in plastic deformation of the cladding tube.

If a failure criterion is derived from plastic deformation of the clad-
ding, restrictions implied by the model must be mentioned once more. It is
not possibls to derive the failure threshold value of the degrse of plastic
deformation from the model only. Since the material is assumed to behave
ideally, a burst criterion fitting the model must be guantatively derived
from the respective experiments. This is possible, if the tims of bursting
is determined experimentally, for instance, by a definable pressure pulse.
The degree of plastic deformation generated at this time and determined by
calculation subsequent to the experiment may then be regarded as a failurs
criterion equivalent to the model. So much for the computer modsl.

In the parameter study the power excursion was simulated by the time
function of the pin power x = Xg (1+100 t), feedback of reactivity on the
powser excursion being disregarded. The model pin resambles a fuel pin of the
SNR 300 [5]. As a consequencs of the modifications made, specific effects
and failure tendencies should become more marked. Figure 3 is a summary of a
most important input data used in the calculations. As against the reference
pin "a" (gap width As = 0,07 mm, fuel porosity p = 0.07), pin "b" is distin-
guished by the smaller gap width (As = 0.05 mm), pin "c¢" by the greater poro-
sity (p = 0.12).

In Figure 4, the temperature versus-time curve has been plotted in the
fifth axial fuel pin zone as a result of the calculation for the power ex-
cursion at hand. After 0.35 sec sodium begins to boil in the eighth zone lo-
cated above the fifth zone, which indicates the upper limit of the period of
time considered. Corresponding to the linear time function, the power of the
pin has increassd by a factor of 36 within this period of time. Initially,
the increase in the average fuel temperaturs TBm is parabolic corresponding
to the power integral, and flattens off as soon as the fuel begins to melt.
Qualitatively it was found that pin "c", as was to be expected, with its lar-
ger fuel porosity generates a higher temperature profile because of the lower
thermal conductivity, the peak of which profile reaches the melting arsa much
sooner. The reverse tendency is shown in pin "b" with the smaller gap width,
where better heat removal from the fuel results in a generally lower tempera-
turs curve. In that case the range of heating to the melting isotherms is
larger and partial melting of the fuel will occur at a later date.

The temperatures of the cladding tubs must be regarded in close connec-
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tion with the coolant temperatures. The differences in time are within plot-
ting accuracy and will not be discussed in more detail.

Figurs 5 shows the resultant load phenomena, such as the fraction of
molten fuel and the deformation of the fuel pin, as a function of time. The
similar types of melting curve found in these three cases may be due to the
parabolic original temperature distribution in the fuel cross-section. Accor-
dingly, melting does not occur simultaneously in several areas of the fuel,
but the melting radius extends continuously into the boundary zones. Howsever,
the molten fractions (vL] differ, e. g., at the time t = 0.25 sec with pin
"b"” with the smaller gap width v = 0.29, which is clearly below v = 0.39

of the reference pin "a In pin "c” with the higher porosity, the molten
fraction v = 0.46 is the highest because of the high steady-state tempera-
ture level.

In Figure 5, the deformation of the fuel pin is described by ths time-
dependent change of the radii RZ' R3 and R4 of the fuel pin and the degree
of plastic deformation of the cladding €y = 100 [R4[t) - R4(t=0J]/R4(t=D).
With increasing heat source density the fusl pin continues to expand. Most
of this expansion is due to an expansion of the pellet because the lower
thermal expansion coefficient, compared with stesl, is overcompensated by the
much higher rate of heating. The expansion of the fusl is enhanced by the in-
crease in volume associated with melting. As a consequence of the reduction
of gap width this brings about, the heat transfer betwsen the fuel and the
cladding is increased. In the thermodynamic model, this is described by the
relation a = c/[R4(t) - R3(tﬂ for a < 2 W/em? °C. This influences the shape
of the curve of the fuel surface temperatures TBn‘ which is indicated by a

point of inflection, especially with pins "a” and "c¢”. In the time of in-
creased fuel expansion between t = 0.155 .... 0.185 sec the a-value changes
from 1.44 to 2.00 W/cm? °C and is then kept constant at the last value. This
corresponds to a rate of change Aa/At improving the heat transfer which is
more than twice as high as that encountsred in the previous time interval

t = 0.125 .... 0.155 sec. When Ynax = 2 W/em?°C = constant is reached, this
rate of chaige drops to zero, which means that the cooling of ths fuel pin is
no longer increased. In addition, a part of the heat generated in this phase
is used for fuel melting and thus removed from heat transfer.

When the gap has closed, a mechanical interaction betwsen the fuel and
the cladding begins as a consequence of the different rates of expansion.
During this interaction, the stress on the cladding due to inner pressure be-
comes so high as to start plastic straining of the cladding. It is seen that
the onset of plastic deformation largely depends on the original porosity of
the fuel which, together w_th the volume of the gap, partly compensates the
increase in volume during the changs of phase of the fuel. After reduction
of the melting rate the increased fuel expansion is partly maintained because
the thermal cosfficient of expansion of the melt is approximately twice that
of solid fuel.
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After this interpretation of the process of deformation we shall discuss a
safaty aspect. If, within the framework of reactor dynamics, the behaviour of
an individual pin is extrapolated to a corresponding annular zone of the
reactor, the condition of the fuel pin at the time of failure is a represen-
tative initial condition for the hypothetical core disassembly phase in this
zone. In a fusl-coolant interaction (FCI), which is then possible, some of
the thermal energy of the fuel is converted into kinetic enasrgy of the
coolant as a result of violent evaporation of sodium, the effect of which re-
presents a machanical stress upon core internals and the reactor vessel. The
magnitude of energy conversion in the fuel-sodium interaction largely depends
on the ratio between the masses of fuel and sodium and upan the fuel fragmen-
tation, hence, the fraction of fuel molten [7, B].

If it is assumsd in this study that 3 % of a plastic deformation of a
cladding already represents a burst criterion squivalent to the model in the
sense mentioned above, the model pins "a” and "b" were destroyed within the
period of time considsred (see Fig. 5). Accordingly, pin "b" with the smaller
gap width failed at tV = 0,31 sec (fraction of molten fuel v o= 0.69) prior to
the refersnce pin "a” (tv = 0.33 sec, v = 0.77). The reason of this ssqguence
is obvious from Fig. 5. As mentioned above, melting of the fuel in pin "b”"
occurs at a relatively late date. The additional fuel expansion during phasse
changes can bs compensated for by the smaller gap volume only for a moment
and is transferred to the cladding at a comparatively earlier time. This
causes excessive mechanical stress which is indicated by plastic deformation
of the cladding.

With respsct to the fusl-sodium interaction mentioned above, thes smaller
molten fraction in pin "b" as against "a” would cause a lowaer ensrgy conver-
sion. If one assumss that some of the fuel is expelled from the core area in
the course of a fusl-sodium interaction [9], the nuclear excursion also would
be slowed down earlier in this case, i. e., pin "b" in this study has the
lower damage potential. In addition, as a consequence of the larger differen-
ce between the steady-state fuel temperaturs profile and the melting iso-
therms, this fuel pin alsohas a higher shutdown reserve due to the Doppler
effect. Because of the comparatively high steady-state fuel temperatures this
effect is felt least with pin "c". However, because of the relatively largs
porosity of the fuel, which represents a corresponding compensation capabili-
ty with respect to the increase in volume associated with melting, it will
sustain transient loads for ths longest period 3f time.

Let me fipally mention a comparison with data obtained by experiments.
ANL evaluations of the transient tests of the S-series carried out in the
TREAT reactor indicated that fuel pin failure occurred during the power im-
pulse at an energy introduced into the fuel of 187C .... 2000 J/g UD2 [8].

The corresponding power integral for the reference pin "a” is approxima-
tely 1200 J/g uo,.
did not start from isothermal initial conditions (S3, S4, S5-tests: approxi-

If one takes into account that in this case ths excursion

D2/4



—6—
D 2/4

mately 170 °

the respective difference in enthalpy, this results in an amount of energy

C) but at steady-state operating temperatures, and if one adds

which is slightly above 1700 J/g UDZ' Taking into account a range of varia-
tion to the failure criterion and the different types of excursions, thes com-
puted results appsar to be a realtistic approximation.
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a} Equations of Equilibrium

9or, or-09 _, 90z - o
ar r dz

b) Strain- Displacement Relations
fé]
Er = a*::] €y = %
€z=Qw= A = const
0z

c¢) Hooke's Law (Deformation )
€r JE [or-v (0g+0z) ] +aT
€9 1? [Ow'v {or+ 0z )]+(1T

€2 % [OZ'V (0r+0~0)] +al

General Solution for the Fuel Cylinder
( Radial and Axial Displacement )
r

- 1*ve 1 . re G2
ulr)= Ve T & ap (T)-M-T(m) dn+Cpors =
R

w (z)= Az + Ay

Fig.1 Formulation of the Problem
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Fig. 2 Geometrie of the Fuel Pin (Axial Segment )
and Stress Components
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