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The paper summarizes the dominant effects which finally ensure the core coolability of a pressurized water reactor in a
loss-of-coolant accident (LOCA).
'The main results are summarized as follows:
- The cooling effect of the two-phase mixture which is intensified during reflooding increases temperature differences on the

cladding tube circumference and thus limits the mean circumferential burst strains to values of about 50%.
- An unidirected flow through the fuel rod bundle during the refill and reflooding phases causes maximum cooling channel

blockage of about 70%.
- The coolability of deformed fuel elements can be maintained up to flow blockages of about 90%.
Al effects investigated indicate that in a LOCA no impairment of core coolability and public safety has to be expected.

1. Introduction

In the licencing procedure under the Atomic Energy
Act evidence must be provided that the consequences of
all conceivable pipe ruptures in the primary circuit
resulting in loss of coolant can be controlled. For these
so-called loss-of-coolant accidents the double rupture of
a main coolant line between the main coolant pump
and the reactor pressure vessel is presently considered
as the design basis for core emergency cooling systems.

After rupture of a main coolant line the reactor is
shutdown automatically, even without actuation of the
shutdown rods. But the decay heat still generated after
suspension of the chain reaction necessitates reliable
long-term cooling of the fuel element cladding tubes.
Tbis is achieved by core emergency cooling systems
which, after evacuation of the reactor pressure vessel,
feed into the reactor core the borated emergency cool-
ing water stored in accumulators and pools so as to
cover the reactor core again with coolant and ensure
reliable long-term cooling of the fuel elements.

However, before emergency cooling4,,ecomes fully
effective, fuel element cooling deteriorates temporarily.
Zircaloy fuel rod claddings may attain temperatures at
which they balloon or burst under the impact of the
internal overpressure. This narrows locally the coolant
channels. Further damage to the fuel elements can be

prevented only if the emergency cooling systems, de-
spite the reductions in flow sections, guarantee reliable
cooling of the fuel elements and no further major rise in
temperature occurs.

Within the framework of safety analysis and licens-
ing procedures, providing evidence for the following
items is of particular importance: number of burst fuel
rod cladding tubes, size of the burst circumferential
strain, axial displacement of the burst points, maximum
coolant channel blockage and coolability of deformed
fuel elements.

The research activities conducted under the Nuclear
Safety Project (PNS) by various institutes of the Kdrls-t
ruhe Nuclear Research Center (KfK) served the primary,
purpose of elaborating the relevant experimental landl
theoretical fundamental. The out-of-pile and in-pile
experiments started from the design data of the enter-|
gency cooling systems and the fuel elements for
pressurized water reactors built by Kraftwerk, Union!
(KWU). The Zircaloy-4 cladding tubes used wereq'ini
conformity with the KWU specification; they had laenil
cold worked and stress relieved; the external dia eter,
was 10.75 mm, the inner diameter 9.3 mm.

It has been proved in the COSIMA experiments that
under realistic boundary conditions of a loss-ofpcoolant,
accident no noticeable cladding tube deformktions have
to be expected in the blowdown phase Ill. Therefore,'
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56 FJ. Erbacher / Clading tube deformation and core emergency cooling

only the refill and reflooding phases are important for
deformation and coolability.

In the following sections some of the most important
results will be compiled of fuel rod and fuel element
behavior during the refill and reflooding phases of a
loss-of-coolant accident.

2. Deformation mechanism of Zircaloy cladding tubes

of incidents involving small leaks (small load due to
differential pressure) and to take account of devdop-
ments resulting in an increase in target burnup (high
load due to differential pressure), the deformation and
burst behavior was investigated for a wide pressure
range in single-rod experiments. However, the investiga-
tions concentrated on the range of burst pressure of
about 50 to 70 bar which must be supposed in a design
basis accident of pressurized water reactors.

The following figures show the experimental results
compared with the calculated values. T7he calculated
values traced as curves has been obtained with a com-
puter code developed under the REBEKA task 14

In order to record the consequences both of a ndp-
ture of the main coolant line (design basis accident) and
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Fig. I. Burst temperature vs. burst stress of Zircaloy claddings.
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2.1. Burst temperature

Experimental data for the burst temperature among
other factors provide an important basis for the number
to be determined of burst cladding tubes and for the
fission product release resulting from them.

Fig. 1 shows the burst temperature versus the en-
gineering burst stress with the heating rate as the
parameter. At the same heating rate a higher rod inter-
nal pressure causes the burst temperature to become
lower. The results of the REBEKA single rod tests
represented as plots show a narked influence of the
heating rate on the burst temperature, i.e., high heating
rates lead to higher burst temperatures than low heating
rates. Similar experiments performed in the FABIOLA
testing facility have confirmed the relationships de-
scribed and, moreover, have shown that fission products
simulated by iodine do not exert an influence on the
deformation behavior 131.

The same figure shows a comparison with out-of-pile
bundle tests and with various in-pile tests. Taling into
account the differences in the experimental conditions
and the difficulty of determining the burst temperature

exactly, the agreement of all experimental data can be
termed good. No influence of nuclear parameters on the
burst temperature has been found (4,51.

Therefore, it can be assumed that with this informa-
tion the number of defective fuel rods can be de-
termined with adequate accuracy in a loss-of-coolant
accident if the temperature and pressure development
of the fuel rods is known. Accordingly, with the present
inner pressures and burnups, the cladding tubes will fail
through burst when temperatures of about 8000 C are
attained.

2.2. Burst circumferentialstrain

The scope of burst circumferential strain of the
Zircaloy cladding tubes determines inter alia decisively
the coolant channel blockage and the coolability in the
fuel element.

Fig. 2 shows the burst circumferential strain versus
the burst temperature with the heating rate as the
parameter. The calculated values traced as curve de-
scribe the burst circumferential strains measured in
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REBEKA single rod tests on the cladding tube cir-
cumference at uniform temperature. The strain maxima
at 820°C and approx. 1000'C can be attributed to the
superplasticity of Zircdoy [6]. They occur to a remarka-
ble extent only at nearly uniform temperature on the
cladding tube circumference and with symmetric defor-
mation of the cladding tube. These idealized conditions
were specifically provided by a heated tube in the
neighborhood in order to have a systematic and funda-
mental experimental study performed of the deforma-
tion behavior in single rod experiments.

The averaged values from out-of-pile bundle tests
and in-pile single rod and bundle tests entered in the
figure indicate a marked reduction in the burst cir-
cumferential strains to values around 50%. This limi-
tation is due to temperature differences on the cladding
tube circumference. Lowering of the burst circumferen-
tial strain due to failure by embrittlement as a result of
stress corrosion cracking has not to be expected under
the boundary conditions of a loss-of-coolant accident
17]. The measured values of out-of-pile and in-pile tests
entered in the figure do not suggest any impact of
nuclear boundary conditions on the burst circumferen-
tial strain.

Under representative thermohydraulic boundary
conditions of a loss-of-coolant accident heat flows from
the pellet through the gap to the cladding tube and
coolant are clearly established in a fuel rod. Tolerances
in the dimensions of the pellets and cladding tubes as
well as eccentricities of the pellets in the cladding tube
lead to differences in gap widths along the cladding
tube circumference and, consequently, to different heat
transfer coefficients in the gap between the pellets and
the cladding tube. In case of external cooling this causes
temperature differences on the cladding tube cir-
cumference (azimuthal temperature differences).

In REBEKA single rod tests in which temperature
differences were allowed to develop on the cladding
tube circumference it has been proved that in case of
deformation of Zircaloy cladding in the a- and early
(a + f) phases of the Zircaloy a systematic relationship
exists between the burst circumferential strain and the
azimuthal temperature difference: Small azimuthal tem-
perature differences cause a relatively uniform reduc-
tion in cladding tube wall thickness on the cir-
cumference and give rise to relatively high burst cir-
cumferential strains; great azimuthal temperature dif-
ferences result in a preferred reduction of wall thickness
on the hot part of the cladding tube circumference and
to relatively low burst circumferential strains.

Fig. 3 shows in quantitative terms the dominant
influence of azimuthal temperature differences on the
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Fig. 3. Burst strain vs. azimuthal temperature diffence of
Zircaloy claddings.

burst circumferential strain. These relationships can be
explained by bowing of the Zircaloy cladding tubes
observed in a number of experiments in the a- and in
the (a - P) ranges in case of deformation and aimuthal
temperature differences. Tube bowing represented in
fig. 4 produces the effect that the gap between the pellet
and the cladding tube closes on the hot side and opens
on the opposite cold side. This causes the azimuthal
termperature differences to become larger during clad-
ding tube deformation.

This deformation behavior of Zircaloy cladding tubes
is caused by the texture produced in cladding tube
fabrication in the hexagonal densely packed structure.
The majority of hexagonal prism shaped crystals have
their longitudinal axis and their prism planes oriented
parallel to the cross sectional plane of the cladding
tube. During plastic deformation under internal over-
pressure the strain behavior of these structures is aniso-
tropic; this is characterized by the fact that the tube
resists weakening of the wall thickness and, conse-
quently, axial material flow takes place into the de-
formed zone which is paralleled by shortening of the
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Fig. 4. Bowing of Zitcaloy tubes during defornation under
azimuthal temperature differences and cooling,

tube in the course of deformation. If the wall thickness
is weakened due to azimuthal temperature differences

* preferably on the hot side of the cladding tube, axial
material flow add tube shortening are intensified on this
same side. This causes bowing of the tube which implies
that the hot cladding tube side contacts the pellets and
the opposite colder cladding tube side moves away from
the pellets. This is the reason why the deformation
continues on the hot side as weakening of the wall
thickness. As only the hot part of the cladding tube
circumference undergoes deformation, this results in
relatively low circumferential strains of the burst
Zircaloy cladding. ,

In representative deformation experiments tempera-
lure differences of 30 K on the average were measured
on the cladding tube circumference at the time of burst.
This reduces the burst circumferential strains to values
less than 50%.

Anisotropic strain behavior of Zircaloy and reduc-
tion of burst circumferential strains by temperature
differences on the cladding tube circumference were
also observed in the FR 2 in-pile experiments. It is
visible from fig. 5 that also in the coursW of nuclear fuel
rod deformation substantial azimuthal temperature dif-
ferences occur. No influence has been proved to exist of
the fragmented fuel of burnt up rods and neither an
influence of the degzpe of burnup on the deformation
behavior of Zircaloy cladding tubes.

/ REBEKA b,.rIcritin

0 5'0 JQ_
diimuthal V fletence at nmx; clad temperature It<J

Fig. D. FR 2 in-pilk IwEsts: burit strain v_.. azimuthA lemprra
Eire 'St ofzirealy chiddings.

2.3. Sensitivity to temperatutre of the Zircaloy cladding
tube deformation

In all experiments performed it has been found that
the deformati on and burst behavior of Zircaloy clad-
ding tubes responds very sensitively to the cladding
tube temperature and tha4teven temperature differences
of less than 10 K exert a decisive influence on the
deformation behavior.

Fig. 6 shows calculated circumferential strains as a
function of the time for constant cladding tube temper-
atures of 790'C. 800'C and 810'C at a constant tube
inner pressure of 60) bar. The figure illustrates the
extreme sensitivity to temperature of Zircaloy deforma-
tion. Differences of not more than 10 K in the cladding
tube temperatures imply changes of the burst time by
about 30s.

Because of the efficiency of emergency cooling the
time at maximum cladding tube temperatures is limited:
even small temperature differences on the Zircaloy clad-
ding tubes decide upon whether the tubes will burst
after large ultimate strains or whether deformation at a
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Fig. 6. Sensitivity of temperature of Zircaloy cladding tube
deformation.

temperature plateau lower by about 10 K will cause the
tubes to deform by just a few percent without burst.
Even if the burst conditions are attained for all cladding
tubes in a rod bundle, with the given unavoidable
temperature differences the great differences in burst
time prevent strong mechanical interactions from occur-
ring between neighboring cladding tube and hence also
greater deformation and damage propagation.

The high sensitivity to temperature of Zircaloy de-
formation makes evident that a precise deterministic
prediction of cladding tube deformation in a fuel ele-
ment is not possible on the basis of the thermohydraul-
ics computer codes available today because the accuracy
necessary for predicting cladding tube deformation of
about 10 K cannot be achieved by these codes.

This underlines the importance of bundle tests to be
performed under representative geometric and thermo-
hydraulic boundary conditions so that the empirical
information about the behavior of fuel elements in a
loss-of-coolant accident which is needed for a scope of
damage analysis can be derived.

3. Influence of thermohydraulics on cladding tube defor-
mation and cooling channel blockage

In order to be able to assess the coolability of fuel
elements in a loss-of-coolant accident burst experiments
were performed on rod bundles in many countries. Very
different burst strains and coolant channel blockages
were found. These differences were considered for a
long time as discrepancies not amenable to an explana-
tion. However, it was supposed that they can be attri-
buted to differences in the thermohydraulic boundary
conditions of the experiments. Therefore, it had been

the primary goal of the REBJKA bundle tests per-
formed to study systematically ihe influence of thermo-
hydraulics on cladding tube deformation.

It has been a general and important finding of the
bundle tests that the deformation behavior of the
Zircaloy cladding tubes in the rod bundle assembly
follows the same laws of Zircaloy deformation as ob-
served in the single rod experiments. The burst tempera-
tures and burst pressures as well as the dependence of
circumferential strain on the azimuthal difference of
cladding tube temperatures agree well with the respec-
tive values from single rod tests (see rigs. I and 3).

3.1. Influence of heat transfer on cladding tube deforma-
tion

It has been proved that the burst circumferential
strain of the Zircaloy cladding tubes becomes smaller
the higher the heat transfer from the cladding tube to
the coolant is. This is attributable to tube bending
occurring as a result of azimuthal differences in clad-
ding tube temperatures and external cooling (see fig. 4).
As the hot cladding tube side contacts more or less
closely the heat source and the opposite cold side bends
continuously off the inner heat source, intensified exter-
nal cooling gives rise to an enhancement of the dif-
ferences of the azimuthal cladding tube temperatures
and, as a result, to a reduction in burst circumferential
strain.

Fig 7 makes evident that bundle tests which are
performed with very low heat transfer, for instance low

L±I�I�XI�J
['I�.I K�I�I�I�J*

Fig. 7. Influence of beat transfer on Zircaloy cladding defor-
ination.
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steam cooling, necessarily will lead to relatively great
burst circumferential strains, whereas bundle tests in
which heat transfer coefficients greater than 50 W/M2

K dominate which are typical of the flooding phase of a
loss-of-coolant accident yield relatively low burst cir-
cumferential strains.

In all experiments performed under typical heat
transfer conditions average differences in the azimuthal
cladding tube temperatures of about 30 K developed at
the time of burst which limit the mean burst cir-
cumferential strain to values of approx. 50%.

3.2. Influence of the flow direction on coolant channel
blockage

The coolant channel blockage caused by ballooned
and burst cladding tubes in the fuel element depends,
besides on the maximum circumferential strain of the
deformed cladding tubes, also on the axial displacement
of the burst points between the spacers. If the burst
points are displaced over a rather large axial zone, the
coolant channel blockage is relatively low, but if the
burst points occur rather closely to each other, the
resulting coolant channel blockage is greater for the
same mean burst circumferential strain.

As plastic deformation of Zircaloy cladding tubes
responds very sensitively to the cladding tube tempera-
ture, the axial displacement of the burst points is de-
termined crucially by the axial profile of the cladding
tube temperature of the individual fuel rods at the
moment of failure and by its temperature maximum
between two spacers. The cladding tube temperature
profile inter alia is the result of the thermodynamic
non-equilibrium in two-phase flow and its being in-
fluenced by the spacer grids.

The heat transfer between the rods and the mixture
of steam and water droplets is achieved almost exclu-
sively by convection. As the heat flow from the cladding
tube wall to the steam is much stronger than the heat
flow from the steam to the water droplets, a thermody-
namic non-equilibrium develops during the flooding
phase in two-phase flow which means that the steam is
superheated along the coolant channeL In the bundle
tests steam temperatures of up to about 600°C were
measured which corresponds to about 450 K superheat.

At the spacer straps the incident water'droplets are
split up into smaller droplets so that on account of the
greater droplet surface a more effective heat sink is
produced for the highly superheated steam. Together
with the enhanced turbulence downstream of each spacer
this leads to a reduction in steam and cladding tube

temperatures. However, up to the next spacer in the
direction of flow, the degree of superheat increases
again which leads to the development of an axial tem-
perature profile and a temperature maximum between
two spacers.

The direction of flow in the reactor core during a
loss-of-coolant accident depends on the design and
availability of the emergency core cooling systems and
on their interaction with the primasy circuits. Besides
local differences in flow and steam/water counterflows,
two characteristic and limiting flow directions exist in
the reactor core as regards cladding tube deformation
and coolant channel blockage in a combined injection
mode into the cold and hot legs: flow reversal from the
refill to the reflooding phases and unidirected flow
during the refill and reflooding phases.

Fig. 8 illustrates the impacts of a flow reversal on the
circumferential strain of the Zircaloy cladding tubes
and the resulting coolant channel blockage. In the ex-
periment (REBEKA 5) the rod bundle was passed by
steam flow from top to bottom during the refill phase
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Fig. 8. Zircsoy cladding deormnation and coolant channel
blockage under reversed flow (REBEKA 5).
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and from bottom to top during subsequent reflooding
with water in order to simulate flow reversal. So, during
the refill phase the cladding tube temperature maximum
initially moves downward towards the spacer provided
below the midplane as a result of the downward di-
rected steam flow. In the subsequent flooding phase the
temperature maximum is displaced in the direction of
flow with the flooding time getting longer, towards the
spacer provided above midplane, i.e., the temperature
maximum between the spacers at different times occurs
at different axial positions. But due to inhomogeneities
in the rod bundle resulting from locally differing rod
powers and cooling, not all the rods are heated up
uniformly which gives different burst times. In RE-
BEKA 5 the burst time interval of the individual
Zircaloy claddings was about 24 s. During this time
interval there was a shift in the temperature maximum
which automatically led to an axial displacement of the
burst points over a rather large range. It is evident from
the figure that the burst points are spread over some 24
cm of axial length around the midplane which gives rise

to a relatively low maximum. coolant channel blockage
of 52%.

Fig. 9 shows the deformation pattern for unidirected
flow in the rod bundle. In this experiment (REBEKA 6)
the flow direction of the coolant from bottom to top
was maintained during the refill and reflooding phases.
Unlike the REBEKA 5, the temperature maximum was
moved from the very beginning of the experiment to-
wards the upper of the two medium spacers. After this
temperature profile had developed during the refill
phase, the temperature maximum continued to occur at
approximately the same axial positions. This leads auto-
matically to a local concentration of the burst points
and, consequently, to a stronger coolant channel bloc-
kage. The figure exhibits a pronounced displacement of
the burst points in the direction of flow towards the
upper spacer and illustrates the small cladding tube
strains at spacers. The burst points are displaced only
over an axial zone of about 14 cm because the flow
direction has been maintained which results in a greater
coolant channel blockage of 60%.

In the REBEKA 7 experiment the flow direction was
likewise maintained, but the cooling conditions during
flooding were set in such a manner that a maximum
coolant channel could be expected. In this test the
greatest coolant channel blockage to be expected under
representative flooding conditions was approx. 70%.

4. Coolability of defonned rod bundles

The coolant channel blockage caused by ballooned
cladding tubes in a rod bundle changes the cooling
mechanism and induces two counteracting effects on
the local heat transfer:
- Effect of lateral bypass flow of the blockage: This

reduces the mass flow through the blocked zone and
diminishes the heat transfer.

- Effect of passage through the blockage: This causes
droplet atonization, flow acceleration and turbulence
intensification and increases heat transfer.
In the FEBA program 181 forced flooding experi-

ments were performed on a 5 X 5 rod bundle. Ballooned
cladding tubes were simulated by conical sleeves fixed
to electric heater rods. In the blocked area blockages of
62% and 90% were realized.

It was found that with a 62% blockage the effect of
water droplet atomization by which heat transfer is
improved dominates so that the cladding tube tempera-
ture is even lower in the blocked area than in the
unblocked area. Fig. 10 shows the values measured for a
90% blockage. Under these extreme conditions the ef-
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Fig. 9. Zircaloy cladding deformation and coolant channel
blockage under unidirected now (REBEKA 6).
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Fig. 10. Cladding temperatures in the 90% partly blocked rod bundlc.

fect of lateral bypass flow of the blockage is dominat-
ing. Still, the temperature rise in the blocked zone and
the extension of the rewetting period are insignificant.

This allows the conclusion to be drawn that the
coolability in deformed fuel elements can be maintained
up to coolant channel blockages of about 90%. More-
over, it has been proved in the REBEKA program that
burst cladding tubes improve the coolability even fur-
ther 191.

5. Summary and conclusion

Work performed on cladding tube deformation and
core emergency cooling has provided sufficiently vali-
dated knowledge of the major mechanisms so that the
safety of a pressurized water reactor can be assessed.
Partial aspects which are still unanswered do not put in
doubt the results obtained and their application in the
licensing procedure.

The most important results can be summarized as
follows:
- The number of the burst cladding tubes and their

burst circumferential strain can be determined with
sufficient accuracy if the temperatqre and pressure
development of the fuel rods is known.

- The cooling effect of the two-phase flow which is
intensified during flooding increases the temperature
differences on the cladding tube circumference and
limits in this Way the mean burst circumferential
strains to values of about 50%.

- A unidirected flow during the refill and reflooding
phases leads to the greatest possible coolant channel
blockage of about 70%.

- The coolability of deformed fuel elements can be
maintained up to a coolant channel blockage of
about 90%.
All effects described underline that in a loss-of-

coolant accident no impairment whatsoever must be
expected of the coolability of the fuel elements and that
the safety margin applied in assessing the coolability is
greater than predicted by most of the computer codes.

Therefore, it can be assumed that the safety of the
population is fully guaranteed in the event of a loss-of-
coolant accident.
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