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Abstract

After a core dry-out and a period of rod clad overheating, which might occur in some
postulated accidental sequences in a PWR, the actuation of safety injections allows to
quench the hot rods. Both thermal and mechanical processes control the phenomenon of
quenching.
Quenching first requires that liquid water is present to release the heat stored in the rod.
When water is present, a pre-cooling of the clad is also required before quenching.

The uenching process

According to the classical Nukiyama curve, quenching is possible only when the surface
temperature has been decreased below the Minimum Film Stable temperature TMFS. This
pre-cooling is the result of post-dry-out heat transfers in a film boiling regime. Then when
TMFS is reached, the cooling is dramatically accelerated by the transition boiling and the
nucleate boiling regime which allows to release the heat with high heat transfer coefficients.
In the case of a core reflooding during a LBLOCA, the process of rod quenching is rather
slow and it was found that the axial conduction within the rod plays a significant role in the
quench front progression. Solving the heat conduction with a very fine 2D meshing is then
required. Meshes have to be sub-millimetric due to the very steep axial wall temperature
gradient. The result of this steep gradient is that quenching occurs with a rewetting
temperature" or a "apparent quenching temperature" that may be higher than the TMFS. The
maximum local instantaneous wall to fluid heat transfer have been measured in the region of
this steep gradient and were found to be higher than classical critical heat flux correlations
would have predict.

The pre-cooling of the rods

Depending on the flow conditions at the quench front, there might be a film sputtering
creating small droplets and resulting in an efficient pre-cooling of the region just downstream
of the quench front. This is generally taken into account in codes by using a enhancement
model in this region. Farther from the quench front the pre-cooling of the rods is due to
several heat transfer mechanisms. Inverse-annular or inverse-slug film boiling or even
dispersed flow film boiling contributes to the wall pre-cooling.
The wall to vapour convective heat transfer may also be rather efficient when wall
temperatures are high and when there is some liquid water to cool the steam. In dispersed
flow the efficiency of this process is mainly controlled by the efficiency of the steam cooling
by the convective vapour to droplets convective heat transfer. Vapour heat is transferred to
the droplet interface, inducing vaporization.
At last radiative heat transfer from wall to steam and droplets contributes to the rod cooling
when the temperatures are high enough.
Both the radiative heat transfer and the vapour to droplet heat transfers are very sensitive to
the interfacial area or droplet diameter. Having many small droplets is more efficient than a
few large drops.
Many mechanisms control this drop diameter. Drops are first created at the quench front with
an initial diameter controlled by the film sputtering process. Then the droplet diameter
decreases by vaporization and by dynamic break up. Then when crossing spacer grids



droplets may either be shattered by hot spacers or captured and then released by rewetted
spacers. These effects result in very broad size spectrum.

3-D effects

3-D effects during a LBLOCA reflooding process were extensively investigated. The
existence of a radial power profile in a core should accelerate the bottom quenching in the
cold regions with respect to the higher power regions of the core. However small differences
were observed. Below the quench front natural circulation cells induce efficient radial mixing
of the flow steam quality. Above the quench front cold assemblies supply more water to hot
assemblies improving the pre-cooling and resulting in a higher quench front velocity. The
result is that bottom quench front positions are nearly the same in hot and cold assemblies.
A top-down quenching of the rods also occurs at the top of the core. Liquid films flow
counter-currently to the steam. It was found that this process was not affecting all the rods
homogeneously.

SVstem effects

The correct prediction of a core rewetting during a LBLOCA also depends on the response
of the whole system. Two main system effects were observed, the oscillatory reflooding at
the beginning of the process and the steam binding.
When water from the SI enters the core a strong vaporization occurs initiating flow
oscillations between the core and the downcorner. The maximum amplitude of these
oscillations controls the amount of water lost at the break and the average downcorner level
which are key parameters affecting the efficiency and the duration of the core cooling.
Steam binding represents the flow resistance between core and break. This pressure loss is
mainly due to wall friction in the SG tubes and in the pump. There is also an acceleration
pressure loss in the SGs due to evaporating drops and superheating steam. This total
pressure loss is limited by the available downcorner head. The more droplets vaporize in the
SGs the less vapour can flow out of the core and the less water enters at the bottom of the
core. The mechanisms of droplet entrainment or de-entrainment in the upper plenum, hot
legs or SG inlet headers are strongly affecting the reflooding rate by making a more or less
efficient steam binding.
This illustrates how mechanical processes taking place even out of the core can strongly
affect the heat transfers within the core. This may be a chance for physical modelling in the
codes since the core cooling rate does not depend so much on the accuracy of the heat
transfer models in the core. It is also an additive difficulty since mechanical processes such
as droplet entrainment or de-entrainment are rather complex as they are depending on the
droplet size distribution and on 3D effects.
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Scope of the presentation

Thermalhydraulic phenomena governing the quenching of hot rods:

• In DBA

• Moderate rod temperature

• Non degraded core geometry

Experience gained from Ca thare code de velopmen t and assessmen t

See also:
G. Yadigaroglu, RA. Nelson, V. Teschendorf f, Y. Murao, J. Kelly, D Bestion, Modelling of Reflooding
Nuclear. Engineering. besign,145 1993 135
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Therma1hydraulic phenomena
governing the quenching of hot rods:

Both thermal and mechanical processes control the phenomenon of
quenching.

0 Quenching first requires that liquid water is present to release the
heat stored in the rod.

0 When water is present, a pre-cooling of the clad is required before
quenching.
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The quenching process

Nukiyama: quenching is possible when Tc < TMFS-

Ref looding during a LBLOCA (Low P)
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The pre-cooling of the rods

Pre-cooling in LBLOCA Ref loof ing

enhances' film boiling model in this region.

Farther from the quench front I > 0.5m) the pre-cooling due to.
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The pre-cooling of the rods

Both the radiative heat transfer and the vapour to droplet heat transfers
are very sensitive to the interfacial area or droplet diameter.

Havinq manysma/I droplets is more efficient than a few large drops.

Many mechanisms control this drop diameter.

These e ffec ts result in very broad sizespec trum.

Droplet break up mechanisms are responsible for about 300'C lower c
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3-C) effects

3-1) ef f ects in a LBLOCA ref looding process are due to the a radial power prof ile

The radial power prof ile in a core should accelerate the bottom quenching in the
cold regions with respect to the higher power regions of the core. However small
dif f erences were observed.

0 Below the quench front natural circulation cells induce efficient radial
mixing of the flow steam quality.

0 Above the quench front cold assemblies supply more water to hot
assemblies improving the pre-cooling and resulting in a higher quench
front velocity.

The result is that bottom quench f ront positions are nearly the same in hot and
cold assemblies.

A top-down quenching of the rods also occurs. Liquid films flow counter-currently
to the steam: this process is not af f ecting all the rods homogeneously.
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System ef f ects: Steam binding in LBLOCA Ref loading

Downcomer head is limited by Cold Leg elevation

Core collapsed level lower than downcomer level due to higher P in Upper plenum

Pressure loss in the loops between core and break are due to:

This total pressure loss is limited by the available downcomer head

The maximum core cooling rate is limited by the geometry of the reactor

The actual core cooling rate is lower than maximum since droplets are
entrained and vaporize
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System ef f ects: Steam binding in LBLOCA Ref loading

be-entrained droplets in the upper plenum, hot legs or SG inlet headers
may have a negative ef f ect:

Entrained droplets up to SG tubes have a worse ef f ect:

Droplet de-entrainment in the upper plenum, hot legs or SG inlet headers
are dependent on:
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System ef f ects: oscillatory ref looding in LBLOCA

Water f rom the SI enters the core

A strong vaporization occurs

Flow oscillations between the core and the downcomer are initiated

Oscillations are maintained:

Oscillations are damped:

The maximum amplitude of te oscillations controls the amount of water lost at the break
and the average downcomer level which affect the efficiency and the duration of the core
cooling.
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Modelling System effects

System ef f ects are a chance f or physical model I ing in codes

System ef f ects are also an additive dif f iculty


