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Abstract — In-vessel melt retention (IVMR) is a promising strategy in severe accident management for
light water reactors. This strategy is not only adopted in the VVER 440 or AP600 reactors, but also
included in higher-power reactors around 1000 MW(electric), like the AP1000 and Chinese CPR 1000.
There is still a large uncertainty of IVMR by external cooling at powers higher than
1000 MW(electric), and especially where a thin metallic layer appears on the top of a heat-
generating oxide layer. Less knowledge based on large-scale experiments is available until now of
the interactive physical, chemical, and thermohydraulic processes between the oxide layer and the
metallic layer. A test series of naturally separated two liquid layers was conducted in the upgraded
LIVE2D test facility in Karlsruhe Institute of Technology using a nitrate salt mixture and high-
temperature oil as the lower layer and upper layer simulant, respectively. The transparent front wall
of the test vessel enables direct observation of global convection patterns of the melts and the response
of the crust at the layer interface. The experiment reveals major thermohydraulic characteristics of the
metallic layer during the transient and steady states. The intensity of the heat flux focusing effect in
dependence of layer thickness can be clearly identified.

Keywords — In-vessel melt retention, LIVE2D, metallic layer, melt stratification, heat flux focusing effect.

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

In the course of a core-melt severe accident a molten
pool with decay heat may form in the lower head of the
reactor pressure vessel (RPV) after the relocation of
corium from the core region. This results in high thermal
load on the vessel wall. In order to prevent vessel failure
due to wall ablation and deformation, an accident man-
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any medium, provided the original work is properly cited, and is not
altered, transformed, or built upon in any way.

agement strategy is flooding the reactor cavity with water
and thus establishing sustained heat removal by external
cooling water in natural convection, as proposed first by
Henry' and Theofanous and Syri.> Their analyses sug-
gested that the external cooling strategy could protect the
vessel integrity for a reactor up to 1000 WM(electric)
during a steady-state configuration of a homogenous
oxide corium pool.

The uncertainty of maintaining the integrity of the
reactor vessel increases substantially during a transient
state when molten metal accumulates and is stratified
from the oxide corium in the lower head during the
course of melt down of the core steel structures and
ablation of pressure vessel material. The stratified metal-
lic mass positions at the top of the oxide layer because the
metallic layer density is less than that of the oxide layer
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in the reactor case. The metallic layer receives a large
portion of the heat from underneath the oxide pool, which
inevitably increases its temperature. The heat in the
metallic layer must be transferred through the vessel
wall and from the upper surface. If the upper surface
heat transfer is limited via poor radiation and the sidewall
area of a thin metallic layer is small, the vessel wall is
then subject to a very high heat flux. This phenomenon is
known as the heat flux focusing effect, which is illu-
strated in Fig. 1. The heat flux on the vessel wall in the
metallic layer is supposed to be significantly higher than
the heat flux in a purely oxide pool, and it can overlay the
external critical heat flux of cooling water resulting in
extensive wall ablation and a noncoolable situation at this
position. A thin metallic layer is of main interest since it
could cause the strongest heat flux focusing effect.
However, the thermohydraulics of a stratified melt
pool is very complex since it is a dynamic process with
the heat transfer and material interaction between the
two layers with the involvement of an interlayer crust.
The extent of the heat transfer from the lower layer to
the upper layer determines the existence of the crust
layer and the upper layer bulk temperature. The upper
layer bulk temperature determines further the sidewall
heat flux, and thus the erosion of the upper layer vessel
wall. The variation of the upper layer thickness regulates
the upper layer bulk temperature and affects in return
the heat transfer between the two layers. Although
a number of experiments were dedicated to the two-
layer heat transfer, the separation of the two layers of

Radiation
heat transfer

Focusing effect

Heat conduction

these tests was assisted with an interlayer plate, such as
RASPLAV (Ref. 3), SIMECO (Ref. 4), COPO-II (Ref.
5), and LIVE-L6 (Ref. 6). To understand the interaction
of the melt layers in a global process with the participa-
tion of an interlayer crust, experiments of naturally
stratified melt layers with the ability to form
a interlayer crust are indispensable. The selection of
two compatible simulants for the melt stratification
tests appears to be the largest challenge, since the two
simulants should fulfill the following specifications as
much as possible:

1. The two simulants should be nonmiscible in a
large temperature window of simultaneous liquid state.

2. The lower layer material can form a crust under
cooling, whereas the upper layer should be still liquid.

3. The material properties of the layers should
represent the prototypical layers.

4. The simulants should be chemically and physically
stable of themselves and in contact with the other simulant
and with the installations inside the vessel in the operating
temperature range.

5. The simulants should be nontoxic and easy to
handle in preparation, operation, and cleaning.

6. The material properties should be well known.

The eutectic nitrate salt mixture with the molar ratio of
50% KNO3-50% NaNO; and a thermal oil were selected as
the lower layer and upper layer simulants, respectively, for

Air

« Heat convection

Water

‘ Heat convection

Focusing effect

Crust

Heat conduction

Fig. 1. Heat flux focusing effect at vessel in the upper metallic layer.
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the LIVE2D tests. Two series of experiments have been
performed: the first one with simple top insulation and
the second one with top water cooling. The results of the
first test series are presented in this paper. The geometry
effect of a slice geometry compared to a prototypical three-
dimensional hemisphere geometry is discussed in Ref. 7.

The aim of this study is not to attempt to provide
a direct comparison between the test results and proto-
typical cases, but to improve the understanding of the
upper layer heat transfer in general for in-vessel melt
retention conditions. The aim of this study includes (1)
verifying the classic heat transfer correlation on the side-
wall heat transfer, (2) obtaining the global thermohydrau-
lic behavior of the upper melt in a closed cavity with
a specific boundary condition combination and involving
the changing of the interlayer crust, and (3) providing
data for numerical calculation, which will hopefully be
capable of being applied in a reactor case.

IIl. LIVE2D TEST FACILITY

I.A. Facility Setup

The LIVE2D test vessel in semicircular slice geome-
try simulates the RPV lower head (Fig. 2) in 1:5 linear
scale.® The inner diameter is 1 m, and the width is 12 cm.
The vessel material is stainless steel and the wall thick-
ness is approximately 24 mm. The top insulation bound-
ary is realized by covering the vessel upper edge with
a metallic plate, resulting in a hot air atmosphere above

the melt surface, whereas the rigid top cooling means that
a water-cooled steel container is placed directly on the
melt surface. The vertical backside of the test vessel is
insulated and the front side is equipped with double
quartz plates, therefore enabling the direct visualization
of the melt pool. The decay heat is simulated with nine
planes of independently controlled electrical resistance
heating wires. Safety monitoring and a management pro-
gram are implemented to prevent power outage and melt
temperature (MT) escalation. The LIVE2D shares the
melt preparation system and infrastructure with the
LIVE3D facility.” The liquid oxide melt can be prepared
in an external heating furnace and be poured into the test
vessel via a preheated pouring spout. At the end of a test,
the liquid melt can be extracted back to the heating
furnace.

I1.B. Simulant Material Properties

The eutectic binary nitrate salt 50% KNO;
-50% NaNOj as the lower layer simulant and the thermal
oil as the upper layer simulant fulfill most of the require-
ments described in Sec. I, except for the material proper-
ties of the upper layer. The apparent limitation is that
most liquid metals are heavier than the oxides in common
use. The other limitation is the metallurgical interaction
of the light liquid metal with the steel vessel material and
in-vessel installations. The operational liquid temperature
range of 50% KNO3-50% NaNO; is 224°C to 400°C,
whereas the operational temperature range of the thermal

Fig. 2. LIVE2D test vessel during the two-layer test. The upper layer thickness is 75 mm.
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oil is from room temperature up to 240°C. Under the
cooled boundary, the nitrate salt in the lower layer
forms a crust layer. An interlayer oxide crust will form
if the upper layer temperature is lower than the melting
temperature of the oxide layer. The other properties of the
two simulants are given in Table 1. They are interpolated
values of the product data sheet, and the properties of the
nitrate mixtures are provided by Ref. 10. The properties
of liquid steel from Ref. 11 representing the upper layer
are also given in Table L.

I1.C. Instrumentation

The major instrumentation inside and on the test
vessel is temperature measurement with K-type thermo-
couples (TCs), as shown in Fig. 3. This includes the bulk
MT, vessel wall inner surface temperature (IT), outer
surface temperature (OT), boundary layer temperature at
the vessel wall (CT trees), and three mobile temperature
lances (LTs) installed at the vessel top in three radii. For
each CT tree and LT, five TCs are arranged linearly with
5-mm distance between each other. The “HE*a” TCs
measure the surface temperature of the heaters. Since
only the heaters in the lower layer were heated, the
HE*a in the upper layer also measures the bulk tempera-
ture. The determination of heat flux is based on the IT
and OT TCs, wall thickness, and the thermal conductivity
of the vessel wall. To obtain detailed heat flux data in the
upper layer at various layer thicknesses, the IT and OT
TCs are installed in shorter distance than in the lower
layer. In Table II the positions of the ITs and OTs and the
positions of the upper layer upper boundaries are given.

For the optical observation of the motion of the melt
and the supervision of the upper layer crust thickness,
real-time video camera and time-lapse video cameras
were installed in front of the transparent sidewall. The
external cooling water flow rate and water temperature
were frequently controlled to guarantee reliable flow rate.

[1l. TEST PERFORMANCE

In the first test series, a two-layer melt with three
upper layer thicknesses in the subsequence of 35, 75, 110,
and 75 mm was realized in a nonstop 5-day operation.
The lower layer thickness was kept at the height of
340 mm during the whole test. There was only volumetric
heating in the lower layer, simulating the prototypical
case of decay heat release in the lower oxide layer. The
vessel wall was externally cooled with water and the
upper surface of the vessel was covered with a thin
steel plate. The test began with pouring of 250°C liquid
nitrate salt in the preheated empty test vessel to a height
of 340 mm. The air in the empty vessel was about 250°C
before the melt pour. The time “0” is the initiation of
pouring. After the stabilization of the lower layer, cooling
water with ambient temperature flowed gradually into the
cooling vessel. At time 4.4 h, the preheated thermal oil at
80°C was poured slowly into the vessel to realize an
upper layer thickness of 35 mm. At 47.1 and 71 h addi-
tional portions of thermal oil were filled in the vessel so
that the upper layer thickness increased to 75 and
110 mm, respectively. In Table III the heating power
levels are given. The power levels were selected to create
scenarios that at a lower power level the interlayer crust

TABLE I
Thermal-Physical Properties of Simulant and Prototypical Materials
Lower Layer Simulant: Upper Layer Simulant:
50% KNO5-50% NaNO; Thermal Oil Liquid Steel
Property at 224°C at 260°C at 140°C at 220°C at 1327°C
Density (kg/m®) 1964 1937 755 540 7020
Kinematic viscosity (mm?/s) 2.76 2.23 11 9 5.84E-7
Thermal expansion coefficient 1.1
[(1/K) x 107%] 1.05 44
Thermal conductivity [W/(mK)] 0.48 0.47 0.15 0.15 25
Thermal capacity [J/(gK)] 1.29 1.31 1.7 1.83 0.835
Prandtl number 14.5 12.0 94 59 0.14
Ra sidewall 108
10" to 10" 10° to 10°

@ANS

NUCLEAR TECHNOLOGY

- VOLUME 00 - XXXX 2020




TWO-LAYER CORIUM HEAT TRANSFER IN LIVE2D FACILITY - GAUS-LIU et al. 5

3 mobile temperature lances

o178 Vtreey = o Evimstitie 108

dors_ CT11=CT1S

5205

(340)

Fig. 3. Temperature measurement inside and on the test vessel.

can exist thoroughly between the layers, and at a higher
power the interlayer crust should almost disappear.

IV. RESULTS

IV.A. Global Thermal Dynamic of the Two-Layer Melt
Pool

Both the MT measurements and visual observation
revealed several characteristics of a two-layer melt pool
and the interlayer crust. The main characteristics of the
global thermal dynamics in a two-layer pool are summar-
ized in Secs. IV.A.1, IV.A.2, and IV.A.3.

IV.A.1. Long Transient State Period in the Upper Layer

Figure 4 shows the response of bulk MT in the lower
layer and in the upper layer. The MT transient period in
the lower layer was shorter in comparison to the tempera-
ture transient state in the upper layer. During some heat-
ing level periods, the upper layer melt did not reach the
steady state. The reason is the slow response of the
interlayer crust to the power transition since meltdown
or growing of the interlayer crust takes much longer time
than the stabilization of the lower layer melt and the
upper layer MT is strongly coupled with the state of the
crust layer.

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2020

IV.A.2. Global Melt Circulation in the Upper Layer

The natural convection in the upper layer resulted
in global melt circulation. First, the melt in the axial
central zone was heated up and flowed upward to the
upper surface, then it drifted horizontally outward to
the cooled vessel wall region. There the melt was
cooled and flowed downward to the layer bottom,
and thereafter, it directed back to the central region
along the bottom. The global circulation resulted in
different vertical temperature profiles at different
radial positions. In Fig. 5 the temperature vertical
profiles at three radii are shown during the highest
power level of each upper layer thickness. At the
layer interface there was almost no crust at these
heating powers, and thus the two layers had liquid/
liquid surface contact.

The upper melt layer temperature can be vertically
divided into three zones: a lower boundary zone, a bulk
melt zone, and an upper boundary zone. The lower-
temperature boundary zone was about 10 mm and its
temperature profiles differ largely from the center to
the wall. At the bottom boundary the temperature near
the wall is about 50°C lower than in the axial center. In
the bulk melt zone, the temperature was homogeneous
radially, and in the upper boundary, which was also
about 10 mm, temperature decreased slightly from the
center area to the periphery region. The multiple values

@ANS
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Fig. 5. Vertical temperature profiles at three radii in the upper layer. There is no complete interface crust during the power level.

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2020

@ANS



8

of the bulk temperature at one radius in Fig. 5 present
the results of measurements from different TCs of the
mobile lances at the same position. Each TC has certain
system measuring uncertainty.

The existence of and the thickness of the interlayer
crust correspond to the power density in the lower layer
and the thickness of the upper layer. In Fig. 6a, the power
level under which no interlayer crust forms are marked
with as asterisk (*). During transient states and at low
heating power, the melt bulk temperature can also be
divergent radially. Figure 6b shows the temperature dif-
ference between the central region and peripheral region
under a thin upper layer and low power. However, this
temperature difference disappears in thicker layers and/or
higher powers.

IV.A.3. Nonsynchronic Crust Formation/Melting and
Nonuniform Crust Thickness During Transient
State

The heat transfer through the interface of the two
layers is nonuniform from the center to the vessel

GAUS-LIU et al. - TWO-LAYER CORIUM HEAT TRANSFER IN LIVEZ2D FACILITY

wall, which leads always to a thinner crust in the
central region and a thicker crust near the wall. In
the case of increasing power density in the lower
layer, crust melting down begins at the axial center
and takes a long period for its progression toward the
vessel wall. During this transient period, the two
layers contact directly with each other in the central
region, but are separated near the wall by the inter-
layer crust. Figure 7a shows the state of the crust
during a transition state. Due to the same reason
after power reduction, a new crust grows from the
vessel periphery gradually to the center. The upper
layer heat transfer accompanies the melting or solidi-
fication process of the interlayer crust, and therefore
the transient period of the upper layer is also the
period of crust layer change.

Also, a special case was observed during power
reduction that the upper layer liquid flowed underneath
the broken crust layer when the lower layer volume
shrunk. A new interlayer crust built up beneath the for-
mer crust, and the part of the former one was conserved
in the cold upper layer.

$ a
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Fig. 6. Radical MTs at (a) the layer interface and (b) at 390-mm height. (* indicates there is no complete interface crust during the

power level.)
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Relic of a former
crust

new crust layer

Upper layer surface

No interlayer crust

With interlayer
crust

Upper layer surface

Two-layer interface

Lower layer

Fig. 7. Two-layer melt pool: (a) the interlayer crust is partially melted down in the central region, and (b) a new interlayer crust
formed after power reduction which was slightly lower than the former one.

IV.B. Wall Temperature and Heat Flux

Figure 8 shows the progression of the wall inner
surface temperature. Only IT12 was immersed in the 35-
mm upper layer; IT12, IT9, and IT13 were immersed
during the 75-mm upper layer; and 1T12, IT9, IT13, and
IT10 during the 110-mm upper layer. The wall tempera-
ture in the upper layer was considerably higher than the
wall temperature in the lower layer, where this part of the
wall was covered with a crust layer. Comparing the bulk
temperature in Fig. 4 and the wall temperature in Fig. 8§,
the temperature difference between the bulk melt and the
wall surface was about 130°C.

The heat flux through the vessel wall during the test
is shown in Fig. 9. The heat flux at the upper layer was
generally 2.4 to 2.7 times that of the maximum heat flux
in the lower layer. This result confirms the critical sce-
nario of the focusing effect of heat flux at the upper layer,
which can easily exceed the external cooling limit under
limited heat transfer capacity at the upper melt surface.

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2020

For the similar upper layer bulk temperature, the highest
heat flux occurs in the 75-mm upper layer instead of as
usually assumed in the thinnest upper layer. In general,
the heat flux at the upper location in the upper layer is
higher than the heat flux at the lower position. However,
there was no linear correspondence between the location
and the heat flux.

IV.C. Up/Down Heat Transfer Ratio and Heat Loss Ratio

The heat transfer rate through the curved vessel wall
surface in the range of the two melt layers is the area
integration of heat flux. In Table IV the upper wall/lower
wall heat transfer ratios are given. The heat transfer ratio
in the upper layer enhances strongly with layer thickness.
For a same upper layer thickness, this ratio reduces
slightly at high power in the lower layer and the inter-
layer crust disappears. The reduction of the heat transfer
ratio through the layers is traced back to two facts: (1) In
the lower layer the bulk MT increases with a higher

@ANS
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Fig. 8. Wall inner surface temperature in the upper layer and lower layer.

power input, and thus the heat transfer in the lower layer
vessel wall increases, and (2) without interlayer crust the
interlayer temperature is higher than the melting tempera-
ture of the crust. This eventually leads to a lower tem-
perature difference between the bulk and the upper
boundary of the lower layer for the upward convection
heat transfer.

Table IV also shows that only about a 0.35 to 0.45
portion of the heat input was transported through the
vessel wall covered by the melt. The rest of the heat is
supposed to be mostly transferred through the front
quartz wall, as quartz is transparent for the thermal radia-
tion. The other sources of the heat loss could be via the
upper vessel plate, the uncooled construction parts of the
vessel, and the vessel wall above the melt surface.

V. DISCUSSION

V.A. Influence of the Prandtl Number

The simulant material for the upper layer has
a considerably higher Prandtl number than that of liquid
metal, which is usually in the range of 0.01 to 0.001. It is
therefore expected that in a metallic layer a very massive
temperature boundary layer exists on the cooled wall, con-
trary to the LIVE2D experiment, where a homogenous bulk

@ANS

temperature zone dominated the whole region of the upper
layer. For a liquid layer with a large radial temperature
gradient from the axial center to the vessel wall, the interlayer
crust behavior already observed in the LIVE2D test, such as
nonsynchronic crust melting/formation and nonuniform crust
thickness, will be more profound in a metallic layer.

V.B. Heat Flux and the Layer Thickness

Under the same bulk MT, the highest local heat flux
in the experiment appeared at the 75-mm layer thickness,
thus it is not consistent with the assumption that the
highest heat flux appears at the case with the thinnest
upper layer. The reason could be that the heat transfer at
the side vessel wall is very effective in a thinner layer
since the colder wall region is located very close to the
hot spot. The thermal conduction inside the vessel wall
can be very effective under a thick vessel wall, which is
a desired situation before the extensive ablation of the
vessel wall at the upper layer occurs.

VI. CONCLUSIONS

A series of LIVE2D tests with an immiscible two-
layer melt pool under external cooling conditions were
performed simulating the critical situation of a light
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Fig. 9. Heat fluxes at different height positions of the vessel wall in three upper layer thicknesses.
TABLE IV
Upper Wall/Lower Wall Heat Transfer Ratio and Heat Loss Ratio
Upper Layer Thickness: 35 mm
Power input (W) 1130 940 1085 1310 1405 900
vi’l,r,/(QW,(j,1""b 0.276 0.274 0.273 0.325 0.327 0.244
QW/Qmputc’d 0.418 0.425 0.379 0.366 0.369 0.393
Upper Layer Thickness: 75 mm
Power input (W) 1300 1800 1150 1600
QW,UP/Q\,,,G[,,*"b 0.584 0.584 0.556 0.651
QW/Qinpuf’d 0.414 0.452 0.439 0.453
Upper Layer Thickness: 110 mm
Power input (W) 2200 1800 1400 1600
Q\,V,LIP/()‘M,,""b 0.754 0.911 0.830 0.867
QW/Qinpmc’d 0.469 0.471 0.469 0.460

*Quwup: heat transfer rate at the wall immersed in the upper layer.
bQw,dn: heat transfer rate at the wall immersed in the lower layer.
°Q,,: total heat transfer rate at the wall immersed in the melt.
innput: power input in the lower layer.

metallic layer on top of a power-dissipating oxide layer
in the RPV lower head. A kind of thermal oil and the

NUCLEAR TECHNOLOGY - VOLUME 00 - XXXX 2020

eutectic mixture of KNO3;/NaNOj nitrate salt simulated
the upper layer and the lower layer of corium,
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respectively. The vessel was covered with a steel plate
on the top and cooled externally with water. Three upper
layer thicknesses were realized. The transparent front
wall and the temperature measurements inside and on
the vessel wall surface revealed several global heat
transfer phenomena. During a transient state with
increasing or decreasing power in the lower layer, the
crust meltdown or growth at the interlayer is not syn-
chronic. This results in a longer transient state in the
upper layer. During the transient state where crust only
partially exists at the two-layer interface, the upper layer
and lower layer contact with each other directly in the
central area, but are separated by the crust near the
vessel wall. The upper layer melt moves in a global
circle under the bottom heating and sidewall cooling
boundary condition. The heat flux in the upper layer is
several times higher than the maximum heat flux in the
lower layer. The highest local heat flux appeared at the
75-mm upper layer thickness under the same upper layer
bulk temperature.
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