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Abstract

LIVE-L4 and LIVE-L5L experiments investigated thermal hydraulic behavior of corium pool in
the RPV lower head with a 3D test vessel LIVE. The simulant material is 80%-20% KNO;3-
NaNO;. Transient and steady-state parameters such as melt temperature, heat flux distribution
through the vessel wall as well as crust formation characteristics were obtained. The two tests
demonstrated that transient events like melt relocation and change of decay power facilitate crust
deformation and change of crust thickness. The dimensionless melt temperature and heat flux
through wall during the steady state can be well described independent of power density.
However the dimensionless melt temperature and heat flux are dependent on the pool height. A
low pool has stronger focusing effect at the upper surface than in a high pool.

1. Introduction

The behaviour of the corium pool in the RPV lower head is still a critical issue in the
understanding of Pressurized Water Reactors (PWR) core meltdown accidents. The current
concerns related with the understanding of in-vessel core melting severe accident include its
course, critical phases and timing, and their influence on the accident progression. There are still
open questions related to the steady-state thermal hydraulic behaviour of a melt pool although it
has been extensively studied. Additionally, many uncertainties exist in the description of the
transient melt behaviour, such as characteristics of corium arrival in the lower head, and change
of power density in the corium pool due to debris melting and melt relocation. These phenomena
are plant and accident sequence dependent and can have strong impacts on the potential
termination of a severe accident [5], [6].

It is necessary to study the transient and steady state core melt phenomena as a whole process to
provide a reasonable estimation of the remaining uncertainty band in regard to safety assessment.
It is also of great interest to identify the distribution of melt temperature and heat flux in a three-
dimensional hemispherical geometry, so that their data can be compared with the ones obtained
from slice test facilities or cylinder test vessel [3], [4]. To complement the experimental data on
in—vessel melt pool behaviour, Karlsruhe Institute of Technology (KIT) performs large-scale
tests in the LIVE program, which investigates the core melt behaviour in the lower plenum of the
reactor pressure vessel and the effect of external water cooling under conditions that may occur
during core meltdown accident in PWRs [7]-[10]. The information from LIVE experiments is
being used for the validation and implementation of severe accident codes like CONV and
ASTEC [11]-[13].
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2. Test description

The hemispherical test vessel of LIVE has a diameter of 1 m. The main components in the test
vessel are shown in Figure 1. The top area of the test vessel can be either insulated with a lid or
be cooled with a water container. The test vessel is enclosed in a cooling vessel to enable
external water cooling. The decay heat of the melt is simulated by 6 planes of heating coils,
which can be controlled individually to simulate homogenous heat generation. The melt is
prepared in a separated heating furnace and can be released to the test vessel either centrally or
near the vessel wall. A vacuum pump extracts the residual melt back to the heating furnace at the
end of test.

The test wvessel has extensive

instrumentation  [14]. Melt pool melt pouring
temperature was measured both with camera
36 thermocouples distributed in even observation crust detection system

distance in the melt and with a precise
crust detection probe, which measures
melt boundary temperature and melt
vertical temperature profile. The ‘ | || | |
temperatures of the wall inner and heating system
outer surface were measured at 5 - /
latitudes and 4 locations at each X

latitude. Heat flux distribution through _

the vessel wall can be obtained based N aounios

on these temperatures. Crust vessel cooling
solidification process was monitored
with thermocouple trees intruding
from the wall inner surface to the melt
at three locations. Two video cameras and one infrared camera were used to visualise the
convection of the melt pool.

Figure 1 LIVE test facility with insulation lid

The information obtained from the LIVE experiments includes the transient and steady-state melt
temperature and heat flux distribution; motion of melt surface flow; crust growth velocity and
crust thermal conductivity. In post-test analysis the bulk melt liquidus temperature, crust
thickness profiles, crust composition and crust morphology were determined.

The test conditions in L4 and L5L were simular. In both tests the test vessel was insulated at the
top and externally cooled with water under almost isothermal condition. Non-eutectic binary
material KNO3;-NaNQO; in 80%-20% mole relation was used as simulant material of corium [15].
The solidus temperature is about 220°C and the liquidus temperature is about 284°C [16]-[17].
The melt with 430 mm height was heated homogenously from bottom to 310 mm. In both tests
there were heating periods in time order of 18 kW, 10 kW, 5 kW and 10 kW. 18 kW is the
possible maximum homogenous heat dissipation rate for the test. The repetition of 10 kW and 18
kW was aimed to examine the effect of crust formation and remelting on the melt pool
parameters. The main difference between the two tests was the number of melt releases. The
melt of 210 1 in total was poured in two charges in LIVE-L5L: 120 I in the first charge and 90 1
in the second charge; whereas only one melt pouring was performed in L4.
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3. Test results

3.1 Transient behaviour of melt pool

3.1.1 Transient melt pool temperature

The melt with originally 342 °C was poured into the test vessel at room temperature within 100
seconds and was cooled to 330 °C when the pouring process was finished. Then the melt pool
underwent a temperature stratification process, in which the lower part of the melt cooled down
further whereas the melt temperature in the pool upper layer increased firstly and then reduced to
a steady value. It took about 2000 seconds for the whole pool to reach steady temperatures. The
transient melt temperatures after melt releases and power reductions in L5L test are shown in
Figure 2. After heating power reduction, the melt temperature in the upper region decreased
more slowly than in the pool lower part.
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Figure 2 Transient melt temperature after melt pouring and heating power reduction in
LIVE L5L test
3.1.2 Transient heat flux

Depending on the position, the transient wall inner surface temperature and the transient heat
flux reached their maximum values during or shortly after the melt pouring process. At the lower
part of the vessel wall the peak values only lasted several seconds during the melt pouring
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period, whereas at the wall upper area the peak values occurred at about 500 s after the initiation
of melt pouring and reduced gradually to a steady value. Figure 3 shows the wall inner
temperature and Figure 4 shows the heat flux from the beginning of melt pouring.
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Figure 3 Wall inner temperatures after the Figure 4 Transient heat flux through vessel
first melt pouring in L5Ltest wall after the first melt pouring in LSL test

3.1.3 Influence of melt pouring times and power density variation

Melt relocation from the core region to the lower head in the reactor vessel can occur more than
once during the core melting accident. It is found that repeated melt relocation and the variation
of power density exert strong thermo-mechanical
stress on the crust layer at the vessel wall due to the
density difference between solid and liquid melt [16],
[18], [20]. To reduce or to release the stress, the crust
layer reacts with gap formation at the crust/wall
interface and/or building up cracks. Such events can
occur repeatedly und their exact timing is
unpredictable. The consequences of gap formation
and crack building are different. The gap between
crust and vessel wall acts as good insulation and
results in melting of crust. In contrary, the crack
through the crust layer enables the penetration of hot
melt through the crust to the gap, there the hot melt
solidifies and reduces the heat resistance from crust to
the wall. As result the crust grows thicker to
compensate the total heat resistance. Figure 5 shows a
crust with a separable layer adjacent to the wall,
which is an evidence of the later solidified melt in the gap. A thicker crust must endure stronger
stress than a thinner one, thus crust cracking is expected to occur more often in thicker crust.
Figure 5 shows the events of gap formation and crust cracking at polar angle 52.9° during L5L
test. The promt increase of crust temperature at the crust/wall interface, which was measured by
thermocouple CT21, implies the poor cooling condition of the crust after a gap formation at the
crust/wall interface. During the 5 kW heating period, the crust temperature decreased suddenly,
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indicating an improved cooling at the crust/wall interface. The improved cooling is resulted by
filling the gap with hot melt, which penetrated through the crust to the wall.
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Figure S Crust temperature at polar angle 52.9° in L5L test with the implications of gap
formation and hot melt penetration after crust cracking.

3.2 Steady-state behaviour of melt pool

3.2.1 Steady state melt temperature

a) Horizontal temperature distribution:

The melt temperatures at the upper layer of melt pool during 18 kW and 10 kW are relatively
homogenous. The homogeneity improves with the power density. At 270 mm height, the
temperature difference was within 1°C at 18 kW and within 3 °C at 10 kW. At the lower part of
the pool larger temperature differences were measured. At height 170 mm, the temperature
difference was within 4 °C at 18 kW and within 6 °C at 10 kW. There was no trend of
temperature decrease from the central area to the vessel wall except at the boundary area. At 5
kW the horizontal temperature difference lays within the measurement error range of 1.5 °C.

b) Vertical melt temperature distribution:

At the lower layer the melt temperatures were measured at vessel height 70 mm, 170 mm and
270 mm; at the upper layer the melt temperatures at radius 365 mm were measured with the
crust detection lance. When the dimensionless melt temperature in term of local temperature
difference between melt temperature and interface temperature, (T-Tin)/(Tmean-Tint) OF
AT/AT ean, 18 ploted versus the dimensionless height in term of height/vessel radius, Figure 6
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shows the vertical temperature profiles at the lower layer and Figure 7 shows the ones at the
upper layer in L5L test. Here, Tyean 1s the global mean temperature and Tiy is the interface
temperature, taken to be that of the liquidus temperature corresponding to the melt bulk
composition. The global mean temperature is the sum of weighted local melt temperatures,

which are weighted by their occupied melt volume fractions.
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Figure 6 Demensionless melt temperature vertical profiles of the melt lower layer during
the steady states of the heating periods in L5L test
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Figure 7 Dimensionless melt temperature difference (T-Tin¢)/(Tmean-Tint) in LSL tests

Combining Figure 6 and Figure 7, three melt regions are identified: a) a 4-5 mm-thick

boundary layer adjacent to the melt/crust interface, b) a temperature-stratified lower layer and

¢) a temperature-homogenous upper layer. Under the same melt height the dimensionless

temperatures were identical independent of power density, e.g. after second melt pouring at

18 kW, 10 kW and 5 kW periods. The transition position between the stratified layer to the

homogenous layer, which is in the term of the height ratio Hy./ Hyool, 1s about 0.7 for 430 mm
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height pool. The temperature at the upper layer is about 1.2 times of the global mean
temperature for a 430 mm-height pool.

Reducing the pool height to 300 mm, e.g. after the first melt pouring, results in a larger slop
of dimensionless melt temperature at the stratified pool and a higher dimensionless
temperature at the upper layer. Also the transition position of the two melt regimes moves
upwards. Above results implies that the dimensionless melt temperature can be well described
at same pool height, and it is a function of the pool height.

The dependency of ATyean With the power density q in the pool can be analysed. For a melt
pool in a hemispheric vessel with internal heat sources, ATean can be described in Eq(1). Eq
(1) shows that the ATean/q 1s a function of pool height and Nu.

, G-
AT, =t=—2& 1
mean 6ANu M
Where:
¢ 1is the average heat flux through vessel wall, [W/m?], which can be described as
1 2
Volume 3 H=3R-H) H (2)
p=q =q =—qH(G3-—)
Surf ace 2nRH 6 R
h is the heat transfer coefficient, [W/(m?-K)],
p= 2N 3)

H
q: power density, [W/m?]
H: melt height, [m]
R: vessel radius, [m]
A: thermal conductivity of the melt, [W/(m-K)]

The temperature profiles within the boundary layer can be measured in detail by the crust

detection lance, which is shown in Figure 8. The temperature gradients within the boundary
layer are about 9 °C/mm, 6 °C/mm and 4 °C/mm at 18 kW, 10 kW and 5 kW respectively.

(7/14)



The 14™ International Topical Meeting on Nuclear Reactor Thermal Hydraulics (NURETH-14) Log Number: 26
Hilton Toronto Hotel, Toronto, Ontario, Canada, September 25-29, 2011.

—+— 18 kKW
325 —=— 10 kW
320 —a— 5 kW

315 -
310

305 /
300

295 #-//-
290 f"/

285 «{/‘{A—_‘/- i i

280

melt temperature [°C]

275

0 5 10 15 20 25
distance to the crust front [mm]

Figure 8 Melt temperature near the crust/melt interface at polar angle 47° measured
with the crust detection lance

3.2.2 Steady state heat flux and heat balance

The heat flux through a local position of the vessel wall was calculated based on the difference
between local wall inner surface temperature (IT) and outer surface temperature (OT) [14]. The
system errors of IT-OT were corrected by calibrating the thermocouples in isothermal
environment. The standard deviation of local heat flux was + 5% and the standard error was
+1%. The mean heat flux at a horizontal level, where several pairs of IT/OT located, was the
mean value of the local heat fluxes. Some IT thermocouples were defected during the test, thus
only the local heat fluxes calculated with intact IT thermocouples are considered. Relatively
large deviations of horizontal mean values (£10% to £20 %) are noticed. The real heat flux from
the liquid melt to the crust should be horizontally uniform since the melt temperature is
horizontally uniform and the interface temperature was the liquidus temperature of the actual
melt composition. The uncertainty probably came from the uncertainty of IT thermocouples
which are clamped in a slot at the wall inner surface. The measurement points in the
thermocouples have more or less contact with the steel wall or with the environment next to the
wall. The change of local environment at the crust/wall interface due to gap formation or crust
cracking could affect the measurement results of the IT thermocouples.

Nevertheless the horizontal mean heat flux during different power densities are compared in their
quantities (q) and normalized values weighted by the global mean heat flux (q/qmean), as shown in
Figure 9 and in Figure 10, respectively. The heat flux vertical distribution can be described as
following: a) increasing power density only increases significantly the heat flux upon polar angle
30°; b) heat fluxes under same melt power density but during different heating periods were well
comparable, such as the heat flux during 18 kW-I and 18 kW-II periods, and during 10 kW-I and
10 kW-II periods; c) The focusing effect of heat flux near melt surface (qmax/Qmean) in @ small
melt pool, e.g. the 120 1, was more significant (qmax/qmean = 2) than the large melt pool in which
the value was between 1.64 to 1.75. However, the absolute value of the maximum heat flux in a
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large pool is higher than in a small pool. There is almost no heat flux focusing effect at the upper
surface when the power density was very low.

Figure 9 Distribution of steady state horizontal mean heat flux in L5L test
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Figure 10 Distribution of weighted horizontal heat flux in terms of q/qmean in LSL

Due to the lowest heating plane near the vessel bottom the heat flux at the vessel bottom was
probably overestimated comparing absolutely homogenous volumetric heating. The
overestimation was especially obvious at low heating power in which the crust growth over the
lowest heating plane was significantly prohibited. The heat dissipation from the lowest heating
plane resulted in a pit at the crust which can be still measured during 18 kW period, as shown in
the crust thickness profiles in Figure 13.

The heat balance among the heat input Qpeq, the heat removed through vessel wall below the
melt surface Qyay, the heat removed from the external cooling water are determined. The data are
given in Table 1. The ratio of Qua/Qneat decreased with lowering power density; however the
ratios of Quwater/Qneat Were comparable during various power densities. This implies that the heat
loss have two sources: the heat loss through the openings of the insulation lids amounts 20% of
all power density, and the rest is through the vessel sidewall above the melt surface. This fraction
increases with the decreasing power density. Some important melt and heat transfer parameters
are generalized in Table 1.

. 1. pouring 2. pouring
heating power, kW 10 KW-I1 5 KW 10 KW-IT | 18 kW-II
10 KW. 18 KW-I
Melt T means °C 310.6 323.2 305.2 289.8 305.8 323.1
Melt Tyay, °C 320.8 331.3 309 290.7 309 330.7
Tin, °C 283.2 282.8 281.2 279.2 280.7 283.4
Heating Qheatings W 9959 18088 9967 4999 10013 18066
Quat, W 7667 14844 7554 2942 7345 13963
Quat/Qneating: - 0.77 0.81 0.73 0.59 0.74 0.78
Quater/Qneating 0.93 0.84  (014)0.85 0.84 0.84 0.84
Power density, W/m? 84008 87970 48384 27267 48608 87701
Heat ﬂv‘;’j;n‘id“ mean; 7960 10900 5514 2206 5504 10442
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Table 1 Some steady-state melt and heat transfer parameters in L5L test
3.3 Crust formation characteristics and their influence on heat transfer

The crust growth process can be monitored with crust temperature thermocouple trees at polar
angle 37.6°, 52.9° and 66.9° [10]. Figure 11 shows the crust thickness progression after the first
melt pouring in L5L test. According to the criterion of constitutional supercooling condition of
the nitrate simulate melt [19], the time period of the constitutional supercooling, in which mushy
zone exists, was less than 4000 s at 52.9°, and 5000 s at 37.6°.

The crust thicknesses at the thermocouple tree positions during the test can be roughly estimated,
as shown in Figure 12. The crust thickness differed considerably at some locations at the same
power density but different heating periods. This phenomenon could be a result of local gap
formation and crust cracking. The crust profiles at the end of the test were measured at four
azimuth angles. Figure 13 shows the crust profiles at the end of 18 kW heating period in L5L
test. The pits at the vessel bottom and some other locations in the lower part of the crust were
caused by the local heating coils. A gap is observed between crust layer and the vessel wall after
the test. The crust thicknesses including gap at the upper part of the vessel are comparable,
whose deviation was less than 5 mm.
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Figure 11 Crust thickness progression after the first melt pouring in L5L test
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Figure 12 Crust thickness at polar angle 37.6°, 52.9° and 66.9° during the L5L test period

The crust thermal conductivity during different heating periods was calculated according to crust
temperature and the horizontal mean heat flux through vessel wall. The accuracy of the crust
thermal conductivity calculation was subjected to the deviation of the horizontal mean heat flux.
The crust thermal conductivity at a local position in the crust cross section ranged from 0.4 to 0.8
W/(m-K), which also varied during different heating periods. The general thermal conductivity
through a crust cross section lay between 0.43 and 0.7 W/(m-K).

The crust formation could exert significant influence on the heat transfer through the vessel
sidewall by changing the melt/crust interface temperature. The interface temperature depends on
the actual bulk melt composition, which becomes enriched in low-melting component of the melt
during crust formation process, €.g. NaNOj in the 80% KNO; — 20% NaNO; mixture. Especially
the heat transfer in the melt pool with low power density reacts intensively with the crust
formation process, since the mean temperature difference, Tean-Tint, Can increase significantly
comparing the case with no crust at the wall. For example, the liquidus temperature of bulk melt,
which is also the melt/crust interface temperature, decreased about 4 °C from test beginning to
the steady state of SkW period. This means that Tpean-Tint, actual 10 the 5 kW period is twice as the
value of Tmean‘Tint, original-
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Figure 13 Crust thickness profile measured after L5L test at four azimuth sections

4. Conclusion

Both transient and steady state melt pool behaviour in RPV lower head were investigated in L4
and L5SL tests, in which several times of melt pouring and power density transition were
performed. The results demonstrated that melt pouring pattern and prompt change of power
density have little influence on the homogeneity of horizontal melt temperature, but resulted in
crust deformation such like gap formation or crust cracking which have different consequence on
the crust thickness. The crust development can affect the melt/crust interface temperature, thus
also the heat transfer through the vessel wall. At steady state, the dimensionless melt pool
temperature and dimensionless heat flux weighted by their global mean value can be well
characterized independent of power density, but they are dependent on melt pool height. Melt
pool is consisted of a temperature-stratified lower region and a temperature-homogenous upper
region. Comparing with a low pool, the temperature slop in the stratified lower layer in a high
pool is smaller and the maximum dimensionless temperature difference in the upper layer is
lower. Also the maximum dimensionless heat flux in a high pool is lower than in a low pool.
Above results can give indication of the behaviour of a prototypical melt pool with homogenous
composition: the focusing effect of melt temperature and heat flux toward the pool upper surface
1s more significant in a low melt pool than in a high pool, although the absolute melt temperature
and the maximum heat flux are dependent on power density.
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