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ABSTRACT

In case of severe accident in a light water reactor, a debris bed may form in the core and possibly melt, as
it happened in TMI-2. Knowledge about the coolability of such molten pool surrounded by debris is
crucial to investigate the possibility of stabilizing a part of the fuel inside the vessel. In particular, it is of
primary interest to determine the maximum size of a molten pool surrounded by debris which may be
stabilized under water.

The maximum heat flux (CHF) that may be extracted from the pool boundary by water flowing within the
debris bed is a key parameter. A facility was built at IRSN to determine the CHF under various
conditions. A heated copper surface simulates the boundary of the pool and is placed in contact with a
debris bed (monodisperse steel balls), under water.

In this article, we first complete previous work on steam flowrate impact and we show the slight impact
of liquid flowrate. We then illustrate the influence of the ball diameter and we compare to the situation of
pool-boiling without any debris near the heated plate. All those tests are made for different tilting angles
of the plate. In a last part, we study the impact of pressure with an extra pressure level of 1.5 bar abs.

As a conclusion of this work and of results previously published, a general CHF correlation depending on
the tilting angle and the steam flowrate is derived. An example of the use of this correlation to evaluate
the maximum mass of corium pool that can be stabilized under water is given, for some typical reactor
conditions.
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1. INTRODUCTION

In case of a severe accident in a nuclear reactor, a large debris bed may be created in the core. If, in some
part of this debris bed, the temperature keeps on rising up to the melting point, it may form a molten pool
of corium, as it happened in TMI-2 (Broughton [1]). The molten pool is expected to become less and less
coolable as it grows larger because the heat flux at the periphery of the pool increases linearly with the
pool diameter. Therefore, it is of primary interest to determine the maximum size of a molten pool
surrounded by debris which may be stabilized under water after reflooding the vessel (as in TMI-2) or in
case of a debris bed formed in a flooded reactor pit where the presence of denser zones may limit the
coolability (Kudinov et al.[2], Hwang et al. [3]). The maximum heat flux that may be extracted, or
Critical Heat Flux (CHF), is a key parameter for that issue.

In pool boiling, tilting angle impact on CHF has been studied extensively in literature. In 1999, Howard
and Mudawar [4] made a review gathering quasi-static or quenching tests, carried out with different fluids



(water, liquid helium, freon, ethanol, R113, FC-72,...), saturated or under-saturated, for different surface
materials (copper, platin, stainless steel, aluminium,...), of different dimensions and shapes, and for
different tilting angles. Among these studies, only Guo and El Genk [5] present CHF for a copper surface
in deionized water for different tilting angles. But these are quenching tests. Mei and al. [6] and Tanjung
and Jo [7] present quasi-static tests with deionized water, copper surface and several tilting angles. Their
results are represented in the following when compared with our own results in paragraph 5.3. Jeong’s [8]
and Yang and al.’s [9] works have also been considered for comparison, despite the stainless steel surface.
The open literature related to CHF along a heated plate immersed in a debris bed is much more limited
than the one concerning CHF along a heated plate in a water pool. Sartoris and al. [10] briefly present
these works. Fukusako and al. [11], Spencer [12] and Tung and Dhir [13] studied different boiling
regimes for different surface materials, shapes and orientations, and different ball materials and sizes.
Fukusako and Tung and Dhir showed that CHF increases with ball diameter. Fukusako gave correlations
for a few boiling curve characteristics. Spencer correlated the CHF with the elevation along a vertical
heated plate and observed surface aging phenomenon. Wang and Beckermann [14] derived a model for
the dry-out heat flux.

In none of these works are the effect of surface orientation or the effect of steam or liquid flowrate
investigated. Gong and al. [15] studied the effect of key parameters on CHF: tilting angle, fluid mass flux
and inlet quality. In their tests, dry-out occurs on a stainless steel surface in contact with deionized water
in a rectangular channel. They show that CHF increases with the increase of water mass flux (from 110 to
288 kg/m2.s), quality (from 0.003 to 0.036), and decreases when tilting angle increases from 90° to 165°
(according to our angle convention).

Sakashita [16] studied the CHF dependency on pressure. He and some other authors he cites showed that
CHF behavior with pressure agrees quite well for liquids other than water. For water, the conclusions
differ with the exchange surface shape or size. Most of Kazakova tests mentioned in Sakashita, conducted
on wire and ribbon surfaces of different sizes, agree with Zuber or Lienhard and Dhir correlations,
derived from Kutateladze correlation. But Sakashita and Ono tests — carried out with an upward facing
surface — and Kasakova’s ones - carried out with a 0.29 mm wire — provide higher CHF values. Sakashita
completed these CHF data by conducting tests with a vertical 7 mm copper surface and different fluids
and in particular with water from 1 to 8 bar abs. In this case, he shows that CHF cannot be reached over
the whole range of pressures by fitting the Kutatelatze correlation with coefficient K as usual. Sakashita
shows that this difference can be reduced by accounting for water wettability change with pressure thanks
to the dependency with temperature of the contact angle between the steam bubbles and the surface.

The present work is the continuation of former work related in [10]. The corium pool (a section of the
pool actually) is simulated by a copper plate which can be tilted to describe different sections of the
corium pool (see Fig. 1). A deionized water tank filled with steel balls simulates the flooded debris bed.
The CHF values are measured for 2 mm and 4 mm ball diameters. The choice of debris size was made
according to observations made in the core debris formed during TMI-2 accident (Broughton [1]), and
according to more fundamental considerations about fragmentation of fuel pellets (Coindreau and al. [17).
Previous experiments performed in this former work [10] allowed us to study the effect on CHF of tilting
angle from 90° to 150°, with and without upwards steam flowrate. The present experiments complete the
steam flowrate investigation with pure deionized water (no balls) in pool-boiling conditions for angles
from 90° to 150°. For these most inclined angles, the effect of upcoming liquid flowrate has also been
evaluated with and without balls. Moreover, this work broadens the tilting angle range down to 0°
(horizontal upward surface) for 2 mm and 4 mm diameter balls and with deionized water only. Eventually,
the pressure effect on CHF is evaluated at 1.5 bar abs.
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Figure 1. Description of the Contact Surface between Corium Mass and Debris Bed.

2. EXPERIMENTAL APPARATUS

The objective of the experiments is to measure the CHF on a flat surface in contact with a monodisperse
steel ball bed or with pure deionized water. In all the tests, water is at a temperature near saturation.

For atmospheric conditions experiments, the experimental apparatus is described in [10] and recalled
here. The 50 mm diameter copper electrically heated surface (heated plate) is in contact with a bed filled
with 2 mm or 4 mm steel balls and deionized water or only deionized water (see Vertical Plate (“VP”) test
section drawing in Fig. 2 (left). Experiments involving liquid or steam flowrate are performed in the
Steam Generator “SG” test section illustrated on Fig. 2 (right). This last section enables steam generation
by electrically heating a copper block situated below the 50 mm cylinder previously described. A mono-
diameter bed filling is privileged, unlike former experiments where bigger balls were placed in front of
the steam generator to postpone its dry-out. These two test sections may be tilted from 90° (vertical
heated plate) to 150° downward.
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Figure 2. Schematic of the “VP” Test Section (left) and “SG” Test Section (right)

Additionally, for experiments involving near horizontal tilting angles, the Horizontal Plate “HP” test
section is used (Fig. 3). This test section does not enable any steam or liquid flowrate. It can be tilted from
0° to 30°.
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Figure 3. Schematic of the “HP” Test Section

All the external surfaces are thermally insulated.

For the tests involving liquid flowrate, “SG” test section is connected to a loop allowing saturated water
injection at section and debris bed bottom (Fig. 4).
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Figure 4. Schematic of the “SG” Test Section Connected to Liquid Loop

For pressurized tests, “SG” test section (Fig. 5) has been strengthened and adapted to be connected to a
water tank situated above. This tank level imposes the pressure in the test section due to the water column
weight. A cooler has been placed at test section exit to avoid flashing in the water column.
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Figure 5. Schematic of the Pressure Test Section

3. INSTRUMENTATION, MEASURE, HEAT FLUX CALCULATION AND UNCERTAINTIES

The heated cylinder is equipped with at least twelve 1 mm-diameter type K thermocouples, positioned
along the four azimuths. They are used to estimate the heat flux transferred to the debris bed (see Fig. 6).

Figure 6. Implantation of the Twelve Thermocouples inside the Heated Cylinder.

This heated cylinder length may differ from a sample to another. Some of them are said “long” ones and
the distance between their thermocouples is 100 mm. In the “short” ones, their thermocouples are
implanted at only 10 mm from one another. Some of these short ones have been designed or adapted to be
used with an actuator moving the heating cartridges block back just after the CHF achievement. Indeed, in



some of the most energetic cases, the section leaktightness may be threatened, the gasket placed between
the heated plate and the section being overheated.

Other type K thermocouples and PT100 sensors are positioned in the balls bed at about a few centimeters
in front of the heated plate and in the channel to check the water saturation.

A flowmeter is used for tests with liquid flowrate and for pressurized tests, a pressure sensor is connected
to the test section at the heated surface level.

For each azimuth, the heat flux is derived from the temperature measurement of the two extreme
thermocouples by Fourier’s law:

®=2.(T,—T,) 1)

with A being the copper thermal conductivity (W.m™.K™?), e the distance between the thermocouples
providing the temperatures T1 and T; (K).

The value of the heat flux varies with the azimuth. In the following, the heat flux values correspond to the
east-west averaged value.

The flux relative uncertainty is calculated by error propagation method, thanks to equation (2):

Yot (%) 42 () + (L) @

Where k = 2 for a 95% confidence level.

Thermal conductivity uncertainty and thermocouple distance uncertainty are respectively 10% and 0.8
mm. The uncertainty on temperature measurement is 1.45 °C, including sensors and acquisition system.
As we consider uniform absolute uncertainties distributions for all the parameters, these uncertainties
must be divided by 3.

4. SURFACE PREPARATION AND HEATING PROCEDURE

The surface preparation and the heating procedure are the same as the ones described in [10]. The surface
roughness is lower than 0.3 um. After heating of the deionized water, a stabilization time is necessary for
structures heating and water degassing. Liquid flowrate in the bed is adjusted for tests with convection,
steam generator electrical power is set to generate the targeted steam flowrate if needed.

For pressure tests, water is slowly injected in the external water tank in order to push residual steam out of
the test section and avoid cooler steam blockage. This injection has no effect on the liquid flowrate in the
heated surface vicinity. This water is injected with a few degrees below saturation, and saturation is
achieved with the water tank heaters.

The heated surface power, starting from steady-state conditions, is slowly increased (0.09 W/s) to ensure
quasi-static conditions. The CHF is considered achieved when the copper mass temperatures dramatically
increase. All the heating devices are stopped and the actuator — if used — is recoiled.



5. RESULTS

5.1. Steam Flowrate Impact

Sartoris and al. [10] mention steam flowrate impact for 2 mm - and 4 mm-ball beds for different tilting
angles. The case of pure water completes these results. In order to show the steam flowrate impact, the
ratio CHF with steam flowrate to CHF without steam flowrate is expressed on Fig. 7.

When the bed is filled with balls, the steam presence tends to decrease the CHF value, particularly
dramatically for the smaller balls. An explanation may be that the presence of balls prevents steam from
escaping from the heated surface and facilitates a vapor film formation, especially for the 2 mm balls
whose small size enables enhanced steam retention due to capillarity phenomenon. On the contrary,
without balls, the steam flowrate makes the CHF value slightly increase. This may be induced by
enhanced local convection of water by steam bubbles. That convection is of course prevented when balls
fill the bed, especially if they are small (high friction factor).
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Figure 7. Impact of Steam Flowrate for Different Tilting Angles (rows), for Pure Water, and 4 mm—

5.2. Liquid Velocity Impact

and 2 mm-Ball Bed.

Tests with upwards liquid flowrate were performed with pure water and with 4 mm- and 2 mm-ball beds.
The maximum imposed liquid flowrate corresponds to a liquid velocity of 60 m/h for pure water and 171




m/h when the bed is filled with balls. In order to show the liquid flowrate impact, the ratio CHF with
liquid flowrate to CHF without liquid flowrate is expressed on Fig. 8.

The general tendency is that liquid flowrate slightly enhances CHF value, and the result is about the same
for water and balls bed. The only exception case seems to be the most inclined one with the smallest balls
where the influence is much more marked. The slight CHF gain due to liquid velocity seems boosted in
that case, despite the steam retention close to the surface by the combined effects of strong inclination and
capillarity: maybe the dynamic pressure generated by convection is sufficient to overcome the capillary
pressure.
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Figure 8. Impact of Liquid Velocity for Different Tilting Angles, for Pure Water, and 4 mm- and
2 mm-Ball Bed.

No comparison with Gong and al.’s results [ 15] is possible because our maximum liquid mass flux worths
about 16 kg/m?.s! whereas Gong scanned the range 110 kg/m?.s -288 kg/m?.s™'.

5.3 Tilting Angle Impact

For this investigation, the 3 mm intermediate ball diameter has been added. Thus, Fig. 9 (high, left and
high, right) gives the CHF results for pure water and 2 mm, 3 mm and 4 mm balls, depending on tilting
angle. Thanks to “VP” and “HP” test sections, the whole range of 0°-150° tilting angles was covered. The
results obtained in “VP” test section show in full marks, those obtained in “HP” test section in hollow
marks. It is noticeable that the CHF values obtained at 30° in “VP” or “HP” test section are different. It is
due to the “test section” effect and “heated plate” effects as mentioned in [10]: when performed in
different test sections or with different heated plates, the same test conditions lead to different CHF
values. No explanation could be found to that phenomenon.

To enable the elaboration of the tilting angle impact on the whole tilting angle range, CHF ratios were
estimated with reference to CHF at 30°, which an angle value that is common to both sections. Then it
was expressed referring to CHF at 90°, which is a standard reference in literature. Fig. 9 (low, left and



low, right) presents the tilting angle impact on the whole 0°-150° range in term of CHF ratio to 90° CHF,
including tests conducted with pure water.
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Figure 9. CHF Dependency with Tilting Angle : CHF values (high, left), Zoom (high, right),
CHEF ratio to 90° CHF (low, left) and CHF ratio to 90° pure water CHF (low, right)

For the tilting angles from 90° to 150°, the tilting angle impact is moderate, and the results are very
similar with or without balls. These results confirm those conducted with balls illustrated in [10].

For smaller angles, that is to say when the surface is oriented upwards, the impact is low and the CHF is
slightly increased compared to 90° CHF (ratio about 1.15) for water case. For tests conducted with balls,
the impact may be considerably higher, either increasing or decreasing, depending on the ball diameter.
The smallest balls lead to the highest ratios. This may be explained by capillarity phenomena occurring
for such ball diameters and retaining liquid water in contact with the exchange surface.

We compared the results obtained with pure water with results provided in literature [5-9]. On Fig. 10,
only the tests performed in [6] and [7] (Mei and Tanjung) are rightfully comparable to ours: they involve
the same surface material (copper) and coolant nature (deionized water), a quasi-static power evolution
and several tilting angles. They are represented with full lines. The other works, less comparable, appear
in dashed lines. For better clarity, a zoom is provided on the right side. The figures show that our results
are similar, slightly lower for 120° and 150°. This is satisfying, despite the slightly different surface state
of our heated plate. In the literature, the surface is generally new and mirror polished, whereas ours is
aged and its roughness is only lower than 0.3 pm (surface ageing is obtained by submitting the surface to
repeated dry-outs in order to reach roughly stabilized CHF levels, see [10]). For angles higher than 90°,
our results are a bit lower than others but nothing hints that it could be due to the state of the surface.



CHF ratio to 90° CHF - Comparison with literature CHF ratio to 90° CHF - Comparison with literature
(pure water) (pure water) - Zoom

14 1,2

1,2 —&— Mei 1 —e— Mei
1 ~ —o—Tanjung 08 — — —o— Tanjung
0,8 J )
=z 06 \ Guo & El Genk = \\\ Guo & El Genk

oe \
0,4 > Jeong B Jeong

02 : Yang & Beak TS3 0.4 \ Yang & Beak T53
\
0 Yang & Baek TS4 0,2 Yang & Baek TS4
0 30 60 90 120 150 180 90 120 150 180
. —&— IRSN Pure water - o —&— IRSN Pure water
Tilting angle (°) Tilting angle (°)

Fig. 10. Comparison of CHF Ratio with Literature — Zoom on the right side
5.4. Pressure Impact

Pressurized tests were conducted in Pressure Test Section positioned so that the surface is placed at 90°.
For this angle, our results may be compared with bibliography data.

According to these data, the expected CHF should increase with pressure. Thus, in order to preserve the
section gasket leaktightness, pressurized tests have been conducted with 4 mm balls in the bed. Some
tests were performed with a liquid flowrate as well, but CHF proved unaffected by it. Thus, all the tests,
with and without liquid flowrate, were compiled in Fig. 11.

Pressure tests results for several pressure levels
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Figure 11. Pressure Tests Results

Fig. 11 shows the CHF values for three pressure levels: about 1.08, 1.51 and 1.85 bar abs. 1.08 bar
corresponds to the water level of the filled test section. It is reminded that CHF values relate to an aged
surface and would not be comparable to CHF obtained with mirror polished surfaces.

As recalled in Sakashita [16], Kutateladze-type CHF correlation indicates that CHF varies as ps*?, i.e. as
P35, Sakashita (Fig. 10 of [16]) reports CHF data for water higher than Zuber and Lienard and Dhir
predictions assuming P%° dependency. The author explains that this gap is well addressed by taking
wettability effects into account. Rough CHF estimation from Sakashita leads to a P%’ dependency for
pressures between 1 and 6 bar (see Fig. 12). In our case, the P*’ dependency is in good agreement with
the measured data which lead to a dependency in P%® (see Fig. 11). Our results are then totally consistent
with Sakashita ones. A linear dependency shows a slightly better fit but we did not cover a large range of
pressure.



These tests may later be completed by higher pressure levels, up to about 2.5 bar abs.

Ratio CHF from Sakashita's low pressure tests
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Fig. 12. CHF ratio from Sakashita Pressure Tests with Water [14]

6. EXAMPLE OF A COOLABLE MAXIMUM CORIUM POOL SIZE DETERMINATION
WITH CORRELATION DEPENDING ON STEAM FLOWRATE AND TILTING ANGLE

As a result of previous tests, we derived a simple correlation for the downwards-facing orientation (angle
between 90° and 180°) and for the 4mm balls [10]:

CHF = CHF,r.max[0; (1 — Qsteqm)] - max [0.5; sin 6] (3)

The reference value is approximately CHFref~200kW/m2 for a tilting angle of 90° (vertical heating
plate) and for our “aged” heating plate surface.
With our new data, it is now possible to improve slightly the accuracy of the correlation and add the
pressure dependence:
0.7
P
) @

CHF = CHF,r.max[0; (1 — Qsteam)] - max[0.5; sin 6] (P
ref

where the reference values are now CHFref~220kW/m2 and P, is atmospheric pressure.

We apply that correlation to a situation where a spherical molten pool of radius R is surrounded by a
debris bed of porosity 0.4 and debris size 4mm. Although our results are only available up to 2 bar, the
correlation is extended to higher pressure (5 bar): this may be partly justified by the similar correlation
found by Sakashita [16] up to 6 bar. The corium pool is discretized in a series of layers of thickness h and
the interface between the molten pool and the debris bed is located at a position (R,8) or, equivalently
(r,z) where r and z are respectively the radius and the elevation of the layer. At each position (or angle)
along the molten pool, the local steam flow rate is evaluated by integrating the steam production in the
debris bed and along the molten pool in the region located downstream. At the same location, the heat
flux coming from the molten pool is estimated by assuming that the total power generated in the corium
layer of thickness h is transferred to the lateral surface of the layer.

We look for the highest value of R for which the heat flux from the corium pool is lower than the CHF
value everywhere along the boundary, which means that the molten pool would be stable due the cooling
by water at the periphery. We consider two cases: a volumetric power of 1 MW /m3 which corresponds
approximately to the decay heat of a 1000MWe reactor, 4 hours after scram, and a volumetric power of




0.6 MW /m3 which corresponds approximately to the decay heat of a 1000MWe reactor, 10 hours after
scram. The results are illustrated in Fig. 13 for the volumetric power of 0.6 MW /m3: we can see that, for
R=0.63m, the heat flux from the corium pool is lower than the CHF everywhere and that it is almost equal
at the top (90° angle). Above this radius, the heat flux from corium exceeds the CHF in the top part of the
pool.

For the volumetric power of 1 MW /m?3, at atmospheric pressure, the maximum size of the molten pool is
R=0.3m which corresponds to approximately 1 ton of corium. This is a very low value compared to the
total mass of corium which is around 100 ton. For a volumetric power of 0.6 MW /m3, the maximum size
of the molten pool is R=0.63m which corresponds to approximately 4 tons of corium. This is also quite
small compared to the total inventory. However, the effect of pressure may increase significantly the mass
of corium that can be stabilized. This is represented in Fig. 14, where we can see the maximum fraction of
total mass that could be stabilized inside the flooded debris bed, as a function of pressure, for the two
volumetric power levels. It shows that, for the case of 0.6 MW /m3, it is possible to stabilize half of the
corium mass by flooding the debris bed, if the pressure is around Sbar.

Cogragarison of corium HF with CHF, for Pvol=0.6MW/m3 and R=0.6m
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From this simple application study, it can be concluded that, if the pressure is low or the decay heat rather
high, once a molten pool has started to grow within a debris bed, it is not possible to stop its progression
by reflooding the debris bed. Only very local molten zones can be quenched, the size of such zones being
of the order of 30cm to 60cm. On the contrary, if the pressure is around 3-4 bar and the decay heat has
decreased, it would be possible to observe the stabilization of a significant amount of molten corium
(between 1/3 and ¥% of the core inventory) by reflooding the debris bed.

7. CONCLUSION

The experimental apparatus presented in this paper allows to evaluate CHF for a copper surface in contact
with a bed made of steel balls and deionized water. Different ball diameters, surface tilting angles, liquid
and steam flowrates, and pressure levels were tested.

The present work shows that:

- Tilting angle tends to moderately decrease the CHF in the range 90°-150° in the same extent with
or without balls. For smaller tilting angles, CHF is slightly increased, and its variation depends on
balls diameter.

- Liquid velocity tends to slightly increase the CHF in our liquid flowrate range,

- For pure water, steam flowrate slightly increases the CHF. On the contrary, it drastically reduces
the CHF especially if ball diameter decreases and liquid flowrate rises.

- For pure water, the pressure impact varies closer to P%7 than to P%% as implied by Kutateladze
equation. This is consistent with Sakashita works.

- Acorrelation has been derived for angles greater than 90°, accounting for pressure, steam
flowrate and tilting angle. As an example, this correlation was applied to typical reactor
conditions to determine the maximum coolable corium pool size. It was concluded that, at low
pressure and shortly after the start of the accident sequence, once a molten pool has started to
grow within a debris bed, it is not possible to stop its progression by reflooding the debris bed.
Only very local molten zones can be quenched, the size of such zones being of the order of 30cm
to 60cm. On the contrary, at higher pressure (in the vessel and the containment) and later in the
accident (after half a day), it seems possible to observe the stabilization of almost half of the fuel
inventory in a molten pool by reflooding the debris bed surrounding the corium pool.
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