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Abstract -

The SIMMER-III code has been developed to evaluate the sequences of core
disruptive accidents (CDAs) in fast reactors (FRs). In order to reasonably evaluate the
mass of molten fuel remained in the core region and the consequence of re-criticality, it is
important especially for the code to evaluate phenomena adequately such as ejection,

freezing and blockage formation inside the escape path.

The freezing modél for the molten fuel has been developed and improved through the
SIMMER-III phase 1 and 2 assessment programs. Especially, in the phase 2
assessments, knowledge of the metallurgy area was introduced, and it was found that a
molten material formed the supercooling layer in the vicinity of structure wall and that
the temperature of this layer dominated the energy loss of molten material and
eventually the mass ejected into flow channel. This 'supercoolin.g temperature was
determined for each material based on the experimental result respectively as a constant
input variable. On the other hand, experimental data used for the assessments of

freezing model did not cover the temperature condition of CDA completely.

In this study, a semi-empirical correlation which is comprised of thermophysical
properties is proposed to predict supercooling temperatures, in order to increase
reliability and accuracy of SIMMER-III freezing model. To attain the generality of this
semi-empirical correlation, not only the experimental data with molten uram'uin dioxide
but also the data with tin and wood’s metal were used in the derivation of this correlation,
Which have different thermophysical properties and temperature conditions. In addition,
it was confirmed through the evaluation of experimental data that this correlation could

be applied to the molten stainless steel freezing phenomena.

*
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Center, JNC
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Nomenclature

: Temperature [K]

: Heat transfer coefficient [W/m2/K]

: Heat transfer rate [W/m3]

: Interface area per unit volume [1/m]

R XN

: Mass-transfer per unit volume [kg/s/m3]
: Specific enthalpy [J/kg]
: Specific internal energy [J/kg]

o~

: Macroscopic density [kg/m3]
: Time step [s]

: Thermal Conductivity [W/m/K]
: Hydraulic diameter [m]

A

Nu  : Nusselt number
Re : Reynolds number

Pr ! Prandtl number
o Density [kg/m?] :
¢, ‘ Heat capdcity at constant pressures [J/kg/k]
A, : Thickness of the steel can-wall surface node [m] (Normally, it is set about 0.3mm)
V,  :Velocity of fluid [m/s] .
T!, : Temperature of the supercooling layer [K]
A, : Thickness of the crust [m]
L, : Penetration length of molten material [m]
L, :Latent heat of fusion [J/kg]
4 : A factor of semi- empirical correlation determined by fitting of experimental data
T * A multiplier of semi- empirical correlation determined by fitting of experimental
data
Subscripts

L ! Liquid Phase Material

L1 : Molten fuel

L4  : Solid fuel particles

L0  : Initial temperature of fluid
s : Structure

c : Crust

lig :Liquidus point

sol : Solidus point

1 : Interface

L/s :Liquid-structure interface

n : Initial value

n+1 : Updated value

IR  : Interface resistance
scl  t Supercooling layer
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1.

Introduction

One of the major concerns in the safety of fast reactors (FRs) is the possibility of
re-criticality during so-called transition phase of postulated core disruptive accidents
(CDAs). Although occurrence of CDAs is extremely unrealistic due to denying
actuations of all the multiple safety systems, it still emphasized from the viewpoint of
safety designs and evaluation. This is because it has potential that the molten fuel
motion reaches the re-criticality configuration and releases energy to lose integrity of
containment systems. This consequence of energetic re-criticality has been called
“re-criticality issue” and is regarded as one of the most important risk contributors to the
environments. The typical cause of feactivity insertion is a concentration of molten fuel
due to two-dimensional oscillation during the core melting propagation. On the other
hand, there are inherent mitigation mechanisms to decreases neutronic activity, in
which pressure buildups during this propagation phase and molten fuel is ejected from
the core region [1]. Therefore, it is quite important to evaluate adequafely both these
acceleration and mitigation mechanisms. For this purpose, the SIMMER-III code has

been developed.

SIMMER-III is a two dimensional, three-velocity-field, multiphase, multicomponent,
Eulerian, fluid-dynamics code coupled with a space- and energy-dependent neutron
kinetics model. In order to provide SIMMER-III as a next-generation standard tool for
FRs’ safety analysis, assessment programs to study key accident phenomena were
planned and have been performed in collaboration with European research institutes.
Distribution and relocation of molten fuel is one of the key study areas in the assessment
program. Especially, freezing of molten fuel and stainless steel on the core structure
surface is a key phenomenon because the dynamics of freezing plays an important role in
determining fuel removal from the core region. Thus, the freezing model in
SIMMER-III has been developed and improved through the phase 1 and 2 assessment
programs [2, 8]. As described in Chapter 2 in detail, the most important knowledge on
the freezing phenomena is the formation of supercooling layer in the vicinity of the
structure wall, and temperature of supercooling layer dominates the heat flux from a
molten material to the structure wall. However, the experimental data used for the
assessments of freezing model did not cover the temperature condition of CDA
completely. Although the temperature of supercooling layer is material dependent

value, it is given by an input constant based on experimental results.

Therefore, in order to improve SIMMER-III freezing model further, it is
indispensable to predict the temperature of supercooling layer by theoretical or

empirical correlations. The purpose of this study is to investigate the characteristics of
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supercooling temperature and to try to derive an empirical correlation which is
comprised of thermophysical properties to predict properly the supercooling

temperature.
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2. Experimental Knowledge on Freezing Phenomena and SIMMER-IIl Freezing Model

This chapter intends to clarify the relationship between the experimental knowledge
and SIMMER-III freezing model. The following items are described in order: the basis
for SIMMER-III freezing model at first, then experimental knowledge on freezing
phenomena and their interpretations, and at last the improved model. Therefore, it is
recommended to skip into Section 2.4.2 for whom intends to grab the gist of the
improved SIMMER-III freezing model.

2.1. The Basis of SIMMER-IIl Freezing Model
Heat transfer between molten material and structures results in structure melting
and/or freezing of molten materials (fuel and stainless steel). The first step calculates
the phase transition process occurring at interface between molten material and
structures, described by a mnon-equilibrium heat-transfer-limited model. The
non-equilibrium process means that the bulk temperature does not generally satisfy the

phase transition condition when the mass transfer occurs at the interface [4].

At the interface between molten materials and structures, the net energy transfer

rate from the interface is described below:

qé/s =aL/shL(T] —TL)+aL/xhs(T] _T-) (2-1)

&

If the value of equation (2-1) is zero, sensible heat is exchanged without phase transition

at the interface.

If the value of equation (2-1) is negative, namely the energy increases at the

interface, the structure melts, and the mass transfer rate is determined from:

FA-],L - dris (2-2)

If the value of equation (2-1) is positive, namely the energy decreases at the
interface, the molten material freezes. Then the mass transfer rate for this case is

determined from:

1—‘1{,5 =- dr;, , (2-3)

Here, the basic freezing modes are explained to help understanding on the relation
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between freezing modes and SIMMER-IIT model. As shown in Fig. 2-1, two concepts of
blockage mode had been presented by the middle of 1980s. One is so-called
“Conduction-limited freezing”, in which the'.crust on the inner surface of flow channel
grows to fulfill the flow area. The other is “Bulk freezing”, in which the bulk enthalpy
of flowing melt decreases and forms blockage by losing latent heat of fusion at the

leading edge [Ref. 5, for example ].

SIMMER-III code can simulate the conduction-limited freezing phenomena by
setting the mass transfer rate of equation (2-3) into the crust. On the other hand, the
bulk freezing phenomena is simulated in the equilibrium mass transfer process. This
equilibrium process occurs when the bulk energy of molten material is reduced less than

the liquidus energy as a result of heat loss. The energy loss was determined by:

-
—’gt—eL— =T e, ~Tl e, +a, (17 -T,) . (2-4)

Here, for the simple explanation, the above equation expresses only one heat transfer

pasé between molten fuel and the structure wall.

The liquid freezes into solid particles, and the mass transfer rate is determined

from:

D e
12 - Pu , Where e, >e,,,and (2-5)
L1,L4 A Lig L1
! equ - eaol
=pel .
PLs v Pra _ I-‘]i.’QM ‘ (2-6)

Generated solid particles are mixed with fluid and the effective viscosity of fluid
increases slightly. Blockage of bulk freezing is simulated by increasing effective

viscosity shérply when the fraction of solid particles in the fluid exceeds about 60%.

Heat transfer coefficients of the molten materials side are given by the following

general empirical correlation:

h, = "L Nu , where Nu=0.023Re"® Pr®* for the molten fuel and

h

Nu=5+0.025Re™® Pr*® for the molten steel. (2-7)

Heat transfer coefficients of the structure side are simply given by
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B o=t (2-8)

Interface temperature between the molten fuel and steel structures are defined by
the following equation which is derived from instantaneous contact temperature of two

semi-infinite bodies:

_ ey, 1+ flee,) 1,
\/(/OCPK)L + \/(Pcp’f)x

For the crust surface, the interface temperature is defined by the solidus temperature of

T! (2-9)

the crust.

Interface temperature when the liquid steel is in contact with steel structures is

defined by the following:

. h,T, +hT,
T, sieel = mm|:T Lig,steel > maX(th—_l_h— ’ T, sol J} . (2'10)

5

2.2. Experimental Knowledge on Freezing Phenomena

Studies of freezing phenomena closely related to FRs’ safety have been started since
1970s in which a various simulant (water, Freon, etc.) and molten fuel were used. By
the middle of 1980s, supposing the conduction limited freezing or bulk freezing,
theoretical models and experimental correlations were presented. These studies were
conducted mainly by Argonne National Laboratory in the United States. Basis for
SIMMER-IIT freezing model described in Section 2.1 is based on the above knowledge.
On the other hand, modification of freezing model which is described later in Section 2.4
is based on studies in the late 1980s in which knowledge from metallography and

metallurgy areas were introduced.

First of all, fundamental knowledge on the reiation between crystal types and their
formation process are remarked because they are important for the further discussion.
Figure 2-2 illustrates the solidification process in a metal casing. Three different
varieties of grain types are observed, and their formation processes can be explained

below by considering descriptions in references 6 and 7.

- Firstly, in the vicinity of the mold wall, where the cooling rate is highest, solid

nuclei appear, grow-up to crystals and they form so-called equiaxed chill zone
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(or chill zone simply). It is necessary for solid nuclei appearance to go through
the supercooling process, in which liquid is cooled below its solidus
temperature. In this report, the (equiaxed) chill zone is used interchangeably

with the supercooling layer.

Next, crystals grow parallel and opposite to heat flow direction, leading to

formation of columnar zone.

At last, equiaxed zone is formed inside the columnar zone. Interpretations of
this equiaxed zone differ as to researchers. The major interpretation is that
branches of columnar structure are detached and grow-up to equiaxed crystal.
Another major interpretation is that solid nuclei are detached from the mould
wall or surface, transferred inward by convection before the columnar
structure is formed, and grow up to equiaxed crystals The latter seems to be

likely judging from some experiments described in the reference 6.

In the experiment described in the reference 8, based on the analysis of experiments

in which pure molten tin was injected into tubular Pyrex molds [9], crystal distributions

along the flow direction are divided into four regions as illustrated in Fig. 2-3.

Region A: Near the mold entrance, a small number of large crystals grow

parallel to the mold wall.

Region B: Columnar crystals grow inward from the mold wall. A small

number of equiaxed crystals exist at the center part.

Region C: Equiaxed crystals in the central region gradually increase comparing

with columnar crystals on the wall.

Region D: Only small size of equiaxed crystals exist.

The post-test examinations of selected the experiment from Geyser program, in

which molten uranium dioxide at 3000 deg.-C was injected into the steel tube with 4mm

inner diameter at room temperature, indicates the followings [10]:

At the position 24cm from the inlet, the solidified uranium dioxide exhibits a
typical columnar structure with the chill zone at the wall surface. The width

of columnar structure is 400 micrometer and of chill zone is 50 micrometer.

At the position 44cm from the inlet, the solidified uranium dioxide is formed by

equiaxed crystals.

Geyser experiment was performed by Commissariat 4 IEnergie Atomique (CEA), France,
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and the above observation was result from No.1 test in which the molten uranium

dioxide penetrated and formed the blockage at 65cm from the inlet.

In addition, the microstructure observation in the reference 11 shows the contact

resistance between the molten fuel and steel structure due to wettability.

2.3. Interpretations of Experimental Knowledge
One can deduce from Fig. 2-2 and Fig. 2-3 that the so-called crust is columnar
crystals and the plugging of bulk freezing is formed by equiaxed crystals, and that the
crystal distributions of solidified uranium dioxide in Geyser experiment are consistent
with Fig. 2-3. In other words, the microstructure analysis of solidified uranium dioxide
reveals the crust formation on the wall upstream region and formation of bulk-type plug

at the leading edge.

From the experimental knowledge described in Section 2.2, the freezing process of
flowing molten material inside the tube can be explained as follows [12]. This

explanation is presented in Fig. 2-4.

- The molten material makes contact with the steel wall at discrete points, and
is cooled by heat conduction through contact points. During this cooling
process, the molten material at the vicinity of the wall interface is cooled below

its solidus temperature.

- During this supercooling process, solid nuclei appear and grow-up to crystals,
and they form equiaxed chill zone. When solid nuclei appear, the supercooling
region is heated up because latent heat of fusion is released. In other words,

the level of supercooling is limited by nucleation.

- Crystals in the chill zone grow parallel and opposite to heat flow direction,
leading to formation of columnar zone. The gap is formed between the crust
and a steel wall due to discrete contact between the molten material and a

sfeel wall.

- The bulk enthalpy of flowing melt decreases and the plugging is formed by

equiaxed crystals.

For the present, it may be useful to discuss the process of plugging formation
depending on the fact that solidified material at the leading edge is formed by equiaxed
crystals. It is described in reference 6 that four conditions are necessary to make a

large percentage of solidified phases from equiaxed crystals. For the flowing melt
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inside tube, the following three conditions are important:
- To prevent stable solid shell formation.
- To promote release of crystal formed at vicinity of the wall.
- To prevent released crystals from re-melting.

The first condition is satisfied because the discrete contact to the wall limits the
nucleation density. In 6rder to satisfy the second condition, crystals formed in the
vicinity of wall should be entrained into the flow, so that it is reasonable to suppose
turbulent flow until the plugging formation. In addition, the bulk temperature of the
melt should be reduced to liquidus point to satisfy the third condition. It should be
noted that the bulk temperature is hard to be cooled below its solidus temperature under
the disturbance condition like turbulent flow. In contrast, liquid near the wall surface

can be supercooled because the viscous sublayer is formed here.

Thus, one can explain the fact that solidified material at the leading edge is formed

by equiaxed crystals as follows:

- Crystals are formed in the supercooling layer in the vicinity of the wall,
transferred by convection and mixed with the mainstream of melt which loses

sensible heat.

- Through this process, the solid fraction increases and at last the plugging is

formed.

Thus, it is reasonable to consider that the flow state is turbulence just before the
plugging formation. This suggests thﬁt effective viscosity cannot increase significantly
after loss of sensible heat. In this point, the basic concept of current SIMMER-III
model for blockage formation, briefly described in Section 2.1, is reasonable for freezing

of flowing melt.

2.4. Improvements of SIMMER-III Freezing Model
2.4.1. Improvements in the Phase 1 Code Assessment
Validation of freezing model was started from the phase 1 code assessment program
[2]. Two types of experimental data, one is conduction-limited freezing [13] and the
other is bulk freezing [11], are used to assess the modei. This assessment showed that
SIMMER-IIT freezing model described in Section 2.1 successfully reproduced
experimental results in which molten alumina was injected into a cold tube and the

blockage was formed by conduction limited freezing. On the other hand, as the circles
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of Fig. 2-5, SIMMER-III bulk freezing model significantly underestimate the

experimental results, in which molten fuel was injected into the cold steel channel.

For the model improvement, interfacial contact resistance between molten material
and a steel wall was introduced based on experimental evidence in reference 11. The
concept of this interface resistance is shown in Fig. 2-6. In this improved model, the
overali heat transfer coefficient including the contact resistance between the fluid and

the structure is given by experimental result. That is,

By =800—L5s 211 .
K, +K,

where,

S S . (2-12)
hog hy hp R

B

Here, h;; means the heat transfer coefficient to express the contact resistance due to
discrete contact between the molten materials and the structure. Heat transfer
coefficients of %, and h, are given by equations (2-7) and (2-8). In addition,
supposing that non-equilibrium phase change dose not occur, the followihg heat flux
conservation is given:

m(T, - T} )=hy (T -1 )=h,(T] -T,) . (2-13)

In this way, interface temperatures are determined, and thus heat loss rate can be

evaluated.

The introduction of interface resistance model significantly improved the prediction

of molten fuel penetration lengths as shown by the squares in Fig. 2-5.

2.4.2. Improvements in the Phase 2 Code Assessment
Improved freezing model in the phase 1 assessment study dose not take all of
experimental knowledge described in Section 2.2 into account. It introduced only the
contact resistance, so that there were rooms for further improvements. Therefore,
continuous improvement on SIMMER-III freezing model was carried out to introduce

interpretations of experimental knowledge described in Section 2.3 [3, 12].

When one focuses attention to the supercooling at the interface between the fluid

and the structuré, it 1s ideal to divide fluid and structure into fine mesh cells and to
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simulate supercooling and latent heat release process in detail. However, it requires
code restructuring, and therefore the model improvement was performed within code
limitations, which is one temperature point for the fluid, one interface temperature and
two temperature points for the steel can-wall structure. A brief overview of the

improved model is explained below.

Heat transfer coefficient for the element i through discrete contact points is given
by:

" gleWE

(2-14)

where, £ is the ratio of contact length to separation length, and 0.1 is assigned based

on microstructure analysis. A function g(f) is defined by

g(£)=1-1.40925¢ +0.40925&° (2-15)

Contact density N is given by

N=C, +C,V} , (2-16)

‘to which, C,=40x 10° and C,,=25x 10° give the best agreement with

experimental results.

For the non-equilibrium processes, the following criterion is introduced. For the

non-equilibrium melting of the steel structures, it is given by:

4, SN
geWr

hL (Tl - Ts{:l )Z hs,lR (Ts,sol - Ts )’ Where hs,]R = (2'17)

This criterion simply means that the energy transferred from flowing molten material to
supercooling layer exceeds the energy which can be extracted by the steel wall without

melting of the wall surface.

On the other hand, non-equilibrium freezing of molten material occurs when the
energy extracted through the supercooling layer exceeds the energy transferred from

flowing molten material to supercooling layer. This is given by:

hisen (T =T, )21, (T, -T2, (2-18)

sel

-10 -
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where

o1 1) &k N
g osum = ( ’ +—) »and Ay Z_Q('L— . (2-19)
hIR,scl hIR,A hs g (f )\/;

If neither equations (2-18) nor (2-19) are satisfied, non-equilibrium mass transfer

dose not occur.

It is noted that 7.

. 1s temperature of the supercooling layer and is used as an

interface temperature between molten materials and steel structures instead of
temperature defined by equation (2-9). The rate of bulk enthalpy loss for molten
materials is controlled by this temperature as shown in the equation (2-4). As for
freezing of molten uranium dioxide, by assuming that temperature of supercooling layer
is 2940K, SIMMER-III evaluation gives the best agreement with experimental results as
shown by diamond marks in Fig. 2-7. Here, it should be commented that experimental
data used molten thermite, which is mixture of uranium dioxide and molybdenum, were
excluded from the phase 2 assessment study due to uncertainty of its thermophysical
properties. Therefore, some experimental data plotted in Fig. 2-5 are excluded from Fig.
2-7.

Experimentally observation of crust formation is that solid nuclei appear, grow-up to
crystals to form so-called chill zone and crystals grow parallel and opposite to heat flow
direction, leading to formation of columnar zone. Therefore, SIMMER-III code
recognizes a crust formation when thickness of a solidified layer exceeds that of chill

zone. This criterion is simply defined by

Ac > Ascl =Wcrust X b ’ ) (2'20)

where, W,

crust

1
= _|— . '2
b=, ’ v (2-21)

When the crust forms, the contact resistance exists between the crust and a steel

=0.5 is consistent with the experimental result, and

wall due to discrete contact between the molten material and steel wall. Thus, the

overall heat transfer coefficient between the crust and a steel wall is determined by:

¢ s ¢

-1
2

h]Rsum = i-‘_ ! + . +i , where hcz X . (2‘22)
’ h, h]R,scl h[R,A h A
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The generality of the improved freezing model was assessed by SIMMER-III
applications to the freezing experiments in which simulant, molten tin and wood’s metal,
were injected into and frozen inside a steel tube [14, 15]. In this application, only the
temperatures of supercooling layer were varied as follows, taking the difference of

solidus and Liquids temperatures into account:

- Fortin, T =450K (55K supercooling).

sel

- For Wood’s Metal, T

scl

=365K (82K supercooling).

Results of SIMMER-III evaluation are given by square and circle dots in Fig. 2-7 [3].
One can deduce from this figure that SIMMER-III improved freezing model can be
validated because it reasonably reproduces experimental results with different

thermophysical properties and temperature condition.

Studies in the phase 2 assessment reveal that all of the experimental results can be
explained using a constant supercooling temperature depending on each molten
material, although this temperature wvaries through the successive processes of
supercooling by conduction in the vicinity of a wall, nucleation and heating by latent
heat release. Therefore, from the practical standpoint, it is quite reasonable to define
the supercooling temperature slightly heated by latent heat release at the time scale
when the convection heat transfer is evaluated using the empirical heat transfer

correlation.

_12-
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Conduction limited freezing:
Growth of crust stops melt flowing

= o

Bulk freezing: p
Bulk enthalpy of melt loses its latent heat and solidified plug is
formed at the leading edge. '

all

Fig. 2-1 Two classical concepts of blockage mode

Columnar zone

Equiaxed chill zone

Crystal growth Equiaxed zone

Melt

Mold

Fig. 2-2 Solidification process and types of crystals formed in casting
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»
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Fig. 2-3 Types of crystals observed in the tube freezing experiments [from ref. 8]
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(a) Freezing process at a point on the surface

(1) Initial Contact

. Melt-wall contact at contact points.

A—— *  Melt at the contact points is quickly
= supercooled.

Supercooled layer (Chill zone):
Solid fuel cap T < Ty Width ~ 50 microns)

mp»

Melt (2) solidification at wall

. Solid forms first on contact points.

. Freezing in a chill zone to form
equiaxed crystals. '

Melt ,  Crust crust surface temperature at T,

(3) Crust formed
*  Acrust (columnar grains) forms on
top of the gap. -

(b) Freezing process at a point in time

@ . @ )

Fig. 2-4 Schematic representation of freézing process in the flowing melt [12]
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Fig. 2-5 SIMMER-III evaluation of bulk freezing model in the phase 1 code assessment |
study [From ref. 2-

Molten fu

Fig. 2-6 The schematic representation of the interface resistance model
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Fig. 2-7 SIMMERC-III evaluation of improved bulk freezing model in the phase 2 code
assessment study [from ref. 3]
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3. Derivation of Semi-empirical Correlation for Supercooling Temperature Prediction

As discussed in Chapter 2, the supercooling layer is formed in the vicinity of a wall
surface, and its temperature dominates the rate of bulk enthalpy loss, so that it is quite
important for the freezing evaluation to determine temperature of the supercooling layer.
However, since the supercooling process for flowing molten materials is too rapid to
measure, temperature of the supercooling layer is evaluated indirectly based on initial
condition and results of experiments. This temperature is determined for each molten
material. For molten uranium dioxide, 2940K is used and is given by input constant in
SIMMER-III. However, in order to increase reliability and accuracy of SIMMER-IIT
freezing model, it is indispensable to define the supercooling temperature by theoretical
or semi-empirical correlation, since the experimental conditions so far not necessarily

cover the whole CDA condition

In this chapter, we try to derivate the semi-empirical correlation and introduce it
into SIMMER-III.

3.1. Discussion on Supercooling Temperature and Derivation of Semi-empirical
Correlation

In the following discussion, to prevent the confusion of terms, the term “supercooling
temperature” is used to refer to the temperature difference between liquidus
temperature and temperature of the supercooling layer, and this term is strictly
distinguished from the term “temperature of the supercooling layer”. As mentioned in
Section 2.4.2, the evaluated “temperatures of supercooling layer” for molten uranium
dioxide, tin and wood’s metal are 2940, 450 and 365K respectively. Thus, “supercooling
temperatures” for uranium dioxide, tin and wood’s metal become 180K (7, =3120K),
55K (T, =505K) and 32K (T, =397K) respectively.

First of all, the relation between the evaluated supercooling temperature and their
liquidus temperature is plotted in Fig. 3-1. This figure shows the tendency that the
molten material with higher liquidus temperature has the higher supercooling
temperature. This tendency agrees with Fig. 3-2 which shows the relation between
supercooling temperatures of pure metal and their liquidus points [6]. It is clear that
the liquidus temperature is the important property and should be taken into account in
the semi-empirical correlation. Here, it should be noted the difference of supercooling
temperatures shown in Fig. 3-1 and Fig. 3-2. The former represents the temperature in
which the latent heat releases by nucleation are included as explained in Sections 2.2
and 2.4.2. On the other hand, the latter(Fig. 8-2) is obtained by cooling the bulk liquid
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carefully to avoid nucleation. Therefore, the supercooling temperatures in Fig. 3-1

become smaller than these of Fig. 3-2.

Here, we put a simple assumption that, in addition to the liquidus point of molten
material, the conduction cooling by the wall and thermophysical properties also
dominates the supercooling témperatures, because the molten material is cooled by
conduction at the start of contact and thermophysical properties have effects on the

contact temperature. Therefore, the following function is assumed:

ATsc 7r Tl " |
2L — 4p (E_j where f=(pe,x) [(oc,x), (3D

con con

In order to determine the factor 4 and multipliers 71 and 72 by fitting the
experimentally evaluated supercooling temperatures, equation (3-1) is expressed by
non-dimensional formula. Here, AT,, means the supercooling temperature and AT, ,

is defined by

ATcon = T’qu - Tci)n ’ (3'2)
where, T, istemperature defined by the heat conduction.

Although, as described in Section 2.3, the molten material makes contact with a wall at
discrete points, both molten material and a wall can be considered as semi-infinite at the

start of contact. Therefore, T is defined here by:

con

Ao i,

- (3-3)
\/(pCPK)L + '\/(/DCPK)S
Hence, equation (3-2) is expressed by:
o g )Tyl x) T, -

T o), +floe,x),

and finally experimental data of uranium dioxide, tin and wood’s metal can be plotted in

Fig. 3-8, where the vertical axis is given by the left part of equation (8-1) and horizontal
axisby f7(T,, /AT.,,)-

Therefore, the formula of fitting function 1s expressed by:
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AT,

2 z3 Tl["] "
y= s = 4 p o 9
By altering the multiplier 73 with trial and error, the following function is obtained

which shows good agreement with experimental data:

) T 1.147
3 =0.083x" = 0.083(,6’0'240 L) (3-6)

COl

This function is represented by the continuous line in Fig. 3-3.

Therefore, from the equations (3-1) and (3-6), the following function can be obtained:

AT, =0.0838°2" T L AT, ¥ (3-7)

lig con

Evehtually, the supercooling temperature can be evaluated by

,\/_‘T T —-0.147
, +1,
AT,, =0.0838%2 T (T ——'B——L——°J (3-8)

lig lig \/E 1

Thermophysical properties used in the discussion above are shown in Table 3-1.

Properties for uranium dioxide and stainless steel are same as used in SIMMER-III.

3.2. Application of Semi-Empirical Correlation for Molten Stainless Steel |

Molten stainless steel exists with molten fuel under CDA condition and its relocation
behavior is considered to play an important role for CDA sequence, so that it is
indispensable to evaluate the supercooling temperature of molten stainless steel
adequately. The basis of semi-empirical correlation obtained in Seétion 3.1 does not
include the experimental data of stainless steel due to very limited data base. However,
it may be useful to validate the semi-empirical correlation using some available data.
Thus, simple evaluation is performed for selected two experiments to investigate the

fundamental applicability of the semi-empirical correlation to molten stainless steel.

The first data is Geyser No. 5 experiment which was conducted as a variation of
Geyser series experiment [8]. The experimental condition and results are shown in
Table 3-2. First of all, the supercooling temperature is evaluated by the semi-empirical

correlation. There is a little temperature dependency, that is

..20..



JNC TN9400 2003-039

AT, =188K,at T, =2073K and AT, =197K,at T, =1753K.
Thermophysical properties used for this evaluation are shown in Table 3-3.

Supposing that the crust formation at leading edge of flowing melt can be negligible,
the penetration length of melt is evaluated by the following equation which is based on
the bulk freezing model:

D,V T, —T,
L — —[—)L_—h_i cp I ]n 1 + Lo Iq + ﬂf , (3_9)
T 4p, | P AT, AT,

where f means that the molten material stops flowing when it loses a certain portion
(f <1) of latent heat, and f=0.6 is used in the following evaluations so as to be
consistent with the SIMMER-III model. The derivation of equation (3-8) is described in
Appendix A.

Since the velocity of flowing melt was not measured in the Geyser 5 test, two
calculations were performed varying velocities 8.0 and 4.0 m/s which are guessed from
the another Geyser tests performed in the similar condition. The evaluated penetration
lengths by equation (3-8) are 0.39 and 0.44m, which are 12-21% under estimation of the

experimental result.

The second experimental data is that molten stainless steel is injected into alumina
nozzle which was performed using MELT-II facility' in O-arai Engineering Center, Japan
Nuclear Cycle Development Institute. The summary of experimental condition and
results are shown in Table 3-4, and details are described in Appendix B. The evaluated
supercooling temperature is about 151K for the test SSFR-10-01 by the equation (3-7)
using thermophysical properties shown in Table 3-3. The evaluated penetration length
by equation (3-8) is 1.16m which 14-22% under estimation of the experimental result.
For the test SSFR-30-01, the evaluated penetration length becomes 5.1m and it is
consistent with the test result, which the molten stainless steel. did not form the

blockage and flew out of the alumina nozzle of 2.15m.

From the evaluations shown above, it seems reasonable to conclude that the
semi-empirical correlation (3-7) can basically apply the molten stainless steel because it
can evaluate penetration lengths within error of 12-22%. Needless to say, experimental
data concerning to molten stainless steel are required to further increase the quality and

reliability of the current correlation.
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3.3. introduction into SIMMER-1II

It is quite simple to introduce the semi-empirical correlation obtained in Section 3.1
into SIMMER-III. Instead of the input constant variable, the following equation
provides the interface temperatures between molten fuel and steel structures, and

between molten stainless steel and steel structures:

A\/—T T 1-72
+ 1,
+
where, a,,, 71 and 72 are given by input variables newly defined in SIMMER-III.

Their names and default values are:
CASC=ga,.=0.083,
P~SCl= 71=0.275, and
PSC2=72=1.147.

It should be noted that the supercooling temperature can not exceed the conduction

cooling temperature, so that the following condition should be satisfied:

AT, <AT, . (3-11)

If this condition is not satisfied, the supercooling temperature is given by:

AT, =AT,, . (3-12)

con

In order to validate the introduced semi-empirical correlation, re-calculation of
Geyser-4 test was performed. Figure 3-4 shows axial material distribution and a
blockage is formed at 0.222 second. One can deduce from Fig. 3-4 that the final
penetration length is 0.61m and agrees with the experimental result, 0.6m, and that the
characteristics of solidified material distribution also shows a good agreement with the

experimental observation shown in Fig. 2-3.

If a user wants to reduce the penetration length of molten materials, a lager value
should be given to input variable CASC. However, one should notice that the default
values are determined based on the experimental analysis, so that to change input
variables CASC, PAC1 and PSC2 violates the basis of experimental knowledge.
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4. Conclusion

This study focused attention to the supercooling temperature of molten material in
the vicinity of a cold wall, because this temperature controls the energy loss of the

flowing molten material.
Results of the present study are summarized as follows:

(1) A semi-empirical correlation to predict supercooling temperature was obtained.
In order to increase general applicability of this correlation, various materials
with different thermophysical properties and temperature conditions have
been evaluated including molten uranium dioxide, tin and wood’s metal. This
correlation is expressed by temperatures and thermophysical properties both

of a molten material and a wall as follows:

\/—T T -0.147
+1;
AT, = 0.083ﬂ0'275T1'147 (Tz __'BL___LJ , where [?’=( K)L /(pcp’f)w .

hig ig \/—ﬂ_ N 1 p

(2) The obtained correlation reasonably reproduced the penetration length of

molten stainless steel in comparison with the available experimental data.

Introduction of the obtained correlation into SIMMER-IIIL. instead of the input
constant variable can improve reliability and accuracy of the freezing model for CDA

analysis.
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Appendix A. Derivation of Bulk Freezing Model

For the superheated molten material, when there is no significant phase change at
the interface between the molten material and a cold structure, the following energy

balance equation is obtained:

—Z-D,fdszchdT = 2D, deh, [T, - (T,, - AT, )it . (A1)

Solving the equation above on temperature and time, the following equation is obtained:

AT N=-—2 i (A-2)

ln[TL —<Tliq - s¢ PLC L-Dh
b

When time is zero, the temperature of molten material is T , =1,,, so that the constant,

C, is expressed by:
C:]HI.TLO"(TI AT )_I

g s¢

Therefore, the time when the temperature of molten material becomes 7, can be

expressed by:
t= pLCPLDh‘ln TL() —(I’hq -—ATSC) . (A-S)
4hL TL_(Thq_ATsc)

From this equation, the time #; when the molten material is cooled down to its

lhiquidus point is expressed by:

C,D T, T,
=2 ) T T (A-9)
4h, AT,

sc

Next, the equation for energy loss process of the latent heat is obtained after the
molten material loses its sensible heat. Here, the molten material stops flowing when
it loses a certain portion (f < 1) of latent heat. The time 7, to satisfy the condition of

this flow ceasing is obtained from the following energy balance equation:

%D,fdszﬂ,f = 7D, dzh, [Tm}7 - (Tmp - ATw )]t2 , and (A-5)
D
‘) _pDy Ly (A-6)
4h, AT

Therefore, the time #, when the molten material with the initial temperature T,
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forms the blockage is determined from:

3 AT

sC

D Ty -T,
tb =t1+t2:p4l.lth:CpL]n[l+ Lo p)"'Ah/;:f:, . (A'7)

Assuming that the molten material flows at the constant velocity V,, the

penetration length is determined from:

POV, Ty =T, JL;
L =V, =2L" L C In[l+ + . -8
PR ap, {”L [ AT, AT, (A8

sC

_32_



JNC TN9400 2003-039

Appendix B. Stainless Steel Freezing Experiment

B.1. Objective of the Experiment
The original purpose of the stainless steel freezing experiment described here is to
evaluate heat loss of molten stainless steel during the transfer from the melting
equipment to the test section in which interaction with water is observed. The transfer
channel was made of alumina and total length was about 3m. This experiment was
performed using MELT-II facility in O-arai Engineering Center, Japan Nuclear Cycle

Development Institute.

B.2. Experimental Conditions
Two tests were performed varying the inner diameter of the nozzle. The nozzle was
made of alumina, because thermal protection was required for the facility. Schematic
diagram of the test section used are shown in Fig. B-1, and the initial test conditions are

presented in Table B-1. The stainless steel used in this experiment was SUS-316.

SUS-316 was melted by high-frequency induction heating, and was ejected into the
alumina nozzle by gravity force. The initial temperature of the molten stainless steel

was measured directly by the tungsten-rhenium thermocouple.

Table B-1 Initial conditions of the stainless steel freezing experiment

Test No. Initial temperature of molten | Inner diameter of | Initial  temperature  of
SUS-316 [deg. C] alumina nozzie [mm] alumina nozzle [deg. C]

SSFR-30-01 1532 30 See Fig. B-2

SSFR-10-01 1506 10 - See Fig. B-2

B.3. Experimental Results
The average velocity of molten stainless steel was obtained by the responses of
thermocouples which were installed into the flow area. Figure B-3 shows the relation
between the axial position of thermocouples and their response onset time. The
average velocity was defined by the slope of plotting point. The penetration length was

obtained by dismantling the alumina nozzle after the test.

B.3.1. Results of SSFR-30-10 test

Molten stainless steel did not form a blockage within the alumina nozzle which total
length was 2.15m. Based on thermocouple responses, the average velocity of melt was

evaluated as 3.965 m/s.
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Figure B-4 shows photos of dismantled alumina nozzle after the test. From 0.15 to
0.35m, thin solidified material was observed and its thickness is less than 0.5mm. It
ﬁas easily detached from the nozzle as shown in the photo. Photos also show that the
solidified layer increases its thicknes\s in proportion to the downstream. At the location

of 2020mm, the maximum thickness of solidified layer is 5mm, and minimum is 2mm.

B.3.2. Results of SSFR-10-10 test

Dismantling of the alumina nozzle after the test shows that the leading edge of
penetrated stainless steel was 1.49m from the inlet. The average velocity of the melt

was evaluated 3.45 m/s by responses of thermocouples.

Figufe B-5 shows the cross sections of alumina nozzle. One can deduce from these
photos that the flow area is filled with the solidified stainless steel. From the location
of 1.35m, a gap is observed between the solidified steel and the nozzle, but at the leading
edge this gap disappears. (The alumina nozzle was broken during dismantling, but the
diameter of solidified steel is equal to the inner diameter of nozzle, so that one can judge
that there is no gap.) From the solidified material obtained from 1.35 to 1.49m, it is
supposed that the heat loss to the alumina nozzle occurred till the location of 1.835m.
Thus, it was concluded that there is uncertainty in the heat loss from 1.35 to 1.49m, so

that penetration length was defined as 1.35 -'1.49m.
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Note:

TS- means the thermocouple.
Thermocouples form No.TS-05
to TS16 were installed inside the
flow channel to detect arrival of
melt.

TS-08 was installed in
SSFR-30-01 test only.
Thermocouples form No.TS-18
to TS21 and TS-26 were
installed outside the flow
channel to measure wall
temperature.

Fig. B-1 Schematic diagram of test section for the stainless steel freezing experiment
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Fig. B-2 Initial temperature distribution of alumina nozzle
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Note: Response onset of T'S-05 is set time zero.

Fig. B-3 Times of thermocouple responses onset
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Solidified fragments extracted form nozzle No.1 (0.15~0.35m)

Alumina nozzle Solidified steel

SSFR-30-01
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‘ NS, o 7 Y
J XA I
) 1

Cross section at 0.35m Cross section at 0.75m

SSFR-30-01
L Zn@L |

Cross section at 1.95m Cross section at 2.02m

Cross section at 2.15m

Fig. B-4 Photos of dismantled alumina nozzle after SSFR-30-01test

-38-




JNC TN9400 2003-039

|
Solidified steel

Alumina nozzle

- SSPR-10-01f
7 ANB A
£ 0% 3 5

T |n|Hulm||x|n|m|||n|lu‘lT]ml]'n
2 3 2 s & 7
lllllll'II’]IIIIIIIII'IIIIIIIII'IIIIIIIHIlll‘lllllll

‘nl||u|||;||u|||||i"||
2 3 a
ll'lll|||l|l|l||||l|||||||lll[||

Cross section at 0.75m Cross section at 1.15m

'lhl‘lx[x_l]'lll||||lHI|IlI|,|]|:||(|II|IHI[|lll||l|!ll|ll|llll|llll|
[ 2 3 o S 5
wnrlodododontdidend ol st

Cross section at 1.35m Bottom view of nozzle no. 7 (at | Side view around 1.35m
1.49m)

2 7.1
Vergden e hngdied

Fragment of solidified SUS-316, 1.49m(left)s 1.35m- right-

Fig. B-5 Photos of dismantled alumina nozzle after SSFR-10-01test
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