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ABSTRACT 

 

Corium melt stabilization and long term cooling in a pool of water located beneath reactor 

vessel is adopted in several existing designs of light water reactors (LWRs) as an element in 

severe accident (SA) mitigation strategy. At certain conditions of melt release into the pool 

(e.g. large ratio of the vessel breach size to the pool depth), liquid melt can spread under water 

and reach a coolable configuration. Coolability of the melt is contingent on terminal spread 

thickness of the melt layer 𝛿𝑠𝑝 which defines decay heat generated per unit area of the melt 

surface. The thickness of the melt layer is determined by the competition between 

characteristic time scales of hydrodynamic melt spreading and solidification of the melt. This 

paper presents a modification of the scaling approach, originally proposed by Dinh et al. (2000) 

for prediction of the terminal melt spread thickness, to the case when liquid melt jet is poured 

into a pool of water and allow to spread unrestricted on a horizontal floor of the pool. Modified 

scaling approach takes into account mass and heat losses during to melt jet interaction with the 

coolant. The hydrodynamic spreading timescale is described with phenomenological 

approaches proposed by Huppert and Britter (1982) and Britter (1979). Proposed model is 

validated against PULiMS experiments (Pouring and Underwater Liquid Melt Spreading 

Konovalenko et al., 2012). Finally, sensitivity analysis and preliminary assessments of the 

uncertainties are performed for the PULiMS test conditions. 
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1 INTRODUCTION 

 

Containment provides the last barrier for fission products release into environment in case of a 

hypothetical severe accident scenario with reactor core melt down and corium melt release 

from the reactor pressure vessel (RPV) into the containment. Integrity of containment can be 

threatened by molten corium attack on concrete if decay heat generated by corium melt cannot 

be efficiently removed. In some designs of light water reactors (LWR) reactor cavity flooding is 

adopted as a means to provide melt stabilization and long term cooling within containment 

boundaries. Melt released from the RPV can spread under water in liquid form if the jet size is 

sufficiently large and water pool depth is relatively small. The decay heat released per unit area 

of the melt surface is directly proportional to terminal melt spread thickness. At certain 

thickness, the melt layer becomes non-coolable by top flooding and will attack containment 

basemat. Terminal melt thickness depends on the effectiveness of liquid melt spreading under 

water and is determined by the competition between time scales for hydrodynamic spreading 

and the solidification of the melt. The faster the solidification is, with respect to spreading, the 

greater is the terminal thickness of the melt.  
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Prediction of terminal melt spread thickness has been considered previously. Especially active 

research was on melt spreading in 1D and 2D channels in connection with the European 

Pressurized Reactor (EPR) severe accident mitigation strategy. In EPR the melt is delivered 

from a pre-catcher through inclined 1D accelerating channel into a large spreading area. Among 

several analytical approaches (see detailed review in [1]) a scaling based model was proposed 

by Dinh et al. [1] for prediction of terminal melt thickness. The model has been shown to be 

robust in prediction of very complex and not always clearly understood phenomenology of the 

melt spreading. However, the model was limited to the case of melt supply from 1D 

accelerating channel, which made it inapplicable to the case of melt jet pouring into water. 

 

The experimental investigations of melt spreading were also driven by EPR SA conditions with 

spreading in a dry compartment in most of the scenarios. Fewer experiments were performed 

with a shallow layer of water in the spreading area (see review of experimental studies in [1]). 

Only recently, first systematic experimental study of melt spreading after jet pouring into a pool 

of water has been carried out in PULiMS (pouring and underwater liquid melt spreading) 

facility [2] at the Royal Institute of Technology (KTH), Sweden. 

 

The goal of this work is to develop scaling approach for prediction of terminal spread thickness 

of melt poured into a pool of water in a form of jet. In order to achieve the goal the following 

tasks are addressed in the paper: 

(i) Modification of previously proposed scaling approach [1] to the case of radial melt 

spreading on a flat surface (Section 2); 

(ii) Sensitivity analysis for identification of the most influential parameters (Section 3); 

(iii) Reduction of the uncertainty in modeling parameters (epistemic) based on the 

experimental data (Section 4). 

Conclusions of the work are summarized in Section 5. 

 

2 SCALING MODEL FOR UNDERWATER LIQUID MELT SPREADING 

 

In this section we provide description of the modified scaling approach for prediction of 

terminal melt spread thickness in case of melt jet pouring into a pool of water. Specifically we 

consider a model for radial spreading of the melt on a flat surface and possible effects of the 

mass and heat losses from the met jet and the void fraction in the melt. 

 

2.1 Basic Model for Radial Melt Spreading Under Water 

 

In this work we follow general scaling approach presented in detail in [1]. It can be 

demonstrated that the dimensionless spreading length scale 𝐿 is proportional to the square root 

of the dimensionless time scale 𝑇: 
 

𝐿~𝑇1/2, (1) 

 

where spreading length scale 𝐿 = 𝛿𝑠𝑝/𝛿𝑐𝑎𝑝 is ratio of the terminal melt spread thickness 𝛿𝑠𝑝 

to the characteristic capillary thickness of the liquid melt layer 

 

𝛿𝑐𝑎𝑝 = 2√𝜎 𝜌𝑚�́�⁄ , (2) 

 

where �́� = 𝑔 (𝜌m − 𝜌coolant) 𝜌m⁄  is modified gravity; the time scale 𝑇 = 𝜏𝑐𝑜𝑛𝑣/𝜏𝑠𝑜𝑙𝑖𝑑 is the 

ratio of the characteristic hydrodynamic spreading time 𝜏𝑐𝑜𝑛𝑣 to the melt solidification time 
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𝜏𝑠𝑜𝑙𝑖𝑑 . Detailed derivation of the characteristic time scales for melt spreading 1D and 2D 

spreading channels is discussed in [1]. 

 

For assessment of the solidification time scale we use an approach similar to that described in [1] 

with some modifications which will be discussed in detail later on. For assessment of the 

characteristic time scale of hydrodynamic spreading we employ phenomenological models 

developed by Huppert [3], [5] and Britter [4] for axisymmetric spreading of a liquid on 

unconfined flat surface.  

 

According to Huppert-Britter model, the radius of the spreading liquid front is determined for 

inertia (gravity) and gravity-viscosity dominated spreading regimes as: 

 

𝑟𝑖(𝑡) = 𝛽 𝑖𝑡
3/4, gravity − inertia, 

 

𝑟𝜈(𝑡) = 𝛽 𝜈𝑡1/2, gravity − viscous, 

(3) 

 

where coefficients 𝛽 𝑖;𝜈 is defined as: 

 

𝛽𝑖 = 0.84(�́�𝐺)1/4,         gravity − inertia, 

 

𝛽𝜈 = 0.67 (
�́�𝐺3

𝜈
)

1/8

, gravity − viscous, 

(4) 

 

where 𝜈 = 𝜇𝑚 ρ𝑚⁄   is the kinematic viscosity of the melt and 𝜇𝑚 is the dynamic viscosity. 

 

The hydrodynamic inertia dominated melt spreading time can be obtained from (3): 

 

𝜏𝑐𝑜𝑛𝑣,𝑖 = (
𝑟𝑠𝑝

𝛽𝑖
)

4/3

, (5) 

 

where, spreading radius 𝑟𝑠𝑝 is limited by either a total melt volume and thus is equal to the 

capillary spreading radius 𝑟𝑐𝑎𝑝 or by geometry (maximal radius 𝑟𝑚𝑎𝑥) of the spreading pool: 

 

𝑟𝑠𝑝 = 𝑚𝑖𝑛 {𝑟𝑚𝑎𝑥;  (
𝑉𝑡𝑜𝑡

𝜋𝛿𝑐𝑎𝑝
)

1/2

}. (6) 

 

An unrestricted spreading plane is considered herein. In order to simplify the following 

derivations we allow full spreading up to capillary terminal thickness: 

 

𝑟𝑠𝑝 = 𝑟𝑐𝑎𝑝 ≡ (
𝑉𝑡𝑜𝑡

𝜋𝛿𝑐𝑎𝑝
)

1/2

. (7) 

 

The main scaling law of the inertia-dominated melt spreading mode is defined as [1]: 

 

𝐿 𝑖 = 𝐶𝑖𝑇1/2, (8) 

 

where, 𝐶𝑖 is proportionality constant and the dimensionless time scale 𝑇 is: 
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𝑇 =
𝜏𝑐𝑜𝑛𝑣,𝑖

𝜏𝑠𝑜𝑙𝑖𝑑
, (9) 

 

with 𝜏𝑐𝑜𝑛𝑣,𝑖 defined by (5) and characteristic solidification time 𝜏𝑠𝑜𝑙𝑖𝑑. 

 

For the gravity-viscous spreading regime we use expression for dimensionless length scale 𝐿𝜈 

(see also Eq. (29) in [1]):  

 

𝐿 𝜈 = 𝐶𝜈𝑇1/2 (
𝜏𝑐𝑜𝑛𝑣,𝜈

𝜏𝑐𝑜𝑛𝑣,𝑖
)

1/2

(
𝛿𝜈

𝛿𝑐𝑎𝑝
)

1/2

= 𝐶𝜈𝑇1/2𝑁1/2, (10) 

 

where 𝑁 =
𝜏𝑐𝑜𝑛𝑣,𝑣

𝜏𝑐𝑜𝑛𝑣,𝑖
∙

𝛿𝑣

𝛿𝑐𝑎𝑝
 is the viscosity factor which can be calculated if the characteristic 

spreading thickness 𝛿𝜈  and hydrodynamic spreading time for gravity-viscous spreading 

regime 𝜏𝑐𝑜𝑛𝑣,𝜈 are known. In the case of axisymmetric spreading from (3) the melt thickness 

can be written as: 

 

𝛿𝜈  =
𝑉𝑡𝑜𝑡

𝜋∙𝑟𝜈
2(𝑡)

=
𝑉𝑡𝑜𝑡

𝜋∙𝛽𝜈
2∙𝜏𝑐𝑜𝑛𝑣,𝜈

, (11) 

 

where 𝛽𝑣
2 = 𝑢𝑣(𝑡) ⋅ 𝑟𝑣(𝑡) = const. From (14) we can express unknown product 𝛿𝑣𝜏𝑐𝑜𝑛𝑣,𝑣 as: 

 

𝛿𝜈𝜏𝑐𝑜𝑛𝑣,𝜈  =
𝑉𝑡𝑜𝑡

𝜋∙𝛽𝑣
2. (12) 

 

Then it can be shown that the viscosity factor 𝑁 in (10) is equal to: 

 

𝑁 = 𝑟𝑐𝑎𝑝
2/3 𝛽𝑖

4/3

𝛽𝜈
2 ≡  (

𝑉𝑡𝑜𝑡

𝜋𝛿𝑐𝑎𝑝
)

1/3
𝛽𝑖

4/3

𝛽𝜈
2  . (13) 

 

The solidification time is defined in [1] (Eq. 18) as: 

 

𝜏𝑠𝑜𝑙𝑖𝑑 = 𝛿𝑐𝑎𝑝𝜌𝑚
𝐶𝑝,𝑚∆𝑇𝑠𝑢𝑝+𝜂𝐻𝑓𝑢𝑠𝑖𝑜𝑛

𝑞𝑢𝑝
′′ +𝑞𝑑𝑛

′′ −𝑞𝑣𝛿𝑐𝑎𝑝
, (14) 

 

where melt superheat is Δ𝑇𝑠𝑢𝑝 = 𝑇𝑚 − 𝑇𝑚,𝑙𝑖𝑞; 𝑇𝑚 and 𝑇𝑚,𝑙𝑖𝑞 are temperature of the spreading 

melt and liquidus temperature of the melt material respectively. See other parameters described 

in Table 1. The heat fluxes used in (14) are defined below: 

 

𝑞𝑢𝑝
′′ = 𝑞𝑐𝑜𝑛𝑣,𝑢𝑝

′′ + 𝑞𝑟𝑎𝑑
′′ , (15) 

 

𝑞𝑐𝑜𝑛𝑣,𝑢𝑝
′′ = ℎ𝑐𝑜𝑛𝑣,𝑢𝑝 ⋅ (𝑇𝑚 − 𝑇𝑐𝑜𝑜𝑙), (16) 

 

𝑞𝑟𝑎𝑑
′′ = 𝜎𝐵 ⋅ 휀𝑒𝑚𝑖𝑠𝑠 ⋅ [𝑇𝑚

4 − 𝑇𝑐𝑜𝑜𝑙
4 ], (17) 

 

𝑞𝑑𝑛
′′ = ℎ𝑐𝑜𝑛𝑣,𝑑𝑛 ⋅ (𝑇𝑚 − 𝑇𝑠𝑜𝑙), (18) 

 

𝑞𝑣 = 𝑄/𝑉𝑡𝑜𝑡, (19) 
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where 𝑞𝑢𝑝
′′ , 𝑞𝑐𝑜𝑛𝑣,𝑢𝑝

′′ , 𝑞𝑟𝑎𝑑
′′  are total upward, convective and radiation heat fluxes respectively; 

𝑞𝑑𝑛
′′  is downward heat flux; 𝑞𝑣

′′′  is decay heat; ℎ𝑐𝑜𝑛𝑣,𝑢𝑝 =
1

2
𝐶𝑓

′ ⋅ 𝐶𝑝,𝑐𝑜𝑜𝑙 ⋅ 𝜌𝑐𝑜𝑜𝑙 ⋅ 𝑈𝑠𝑝  and 

ℎ𝑐𝑜𝑛𝑣,𝑑𝑛 =
1

2
𝐶𝑓

′ ⋅ 𝐶𝑝,𝑚 ⋅ 𝜌𝑚 ⋅ 𝑈𝑠𝑝  are convective heat transfer coefficients at the upper and 

bottom melt surfaces respectively; 𝐶𝑓
′ is a surface roughness factor, which, for rough surfaces 

on the solidification interface, can vary between 0.005-0.007 [1]; 𝜎𝐵 = 5.67 ⋅ 10−8 W·m
-2

·K
-4

. 

 

The general form of equations (14)-(18) is preserved the same as in the original model [1]. 

 

2.2 Assessment of the Spreading Melt Velocity 𝑼𝒔𝒑 

 

In order to evaluate the heat transfer coefficients ℎ𝑐𝑜𝑛𝑣,𝑢𝑝 and ℎ𝑐𝑜𝑛𝑣,𝑑𝑛 we need to estimate 

the melt spreading velocity 𝑈𝑠𝑝. For the inertia spreading mode, from equations (5) and (7) we 

can make a rough assessment: 

 

𝑈𝑠𝑝,𝑖 =
𝑟𝑠𝑝

𝜏𝑐𝑜𝑛𝑣,𝑖
= 𝑟𝑠𝑝 (

𝛽𝑖

𝑟𝑐𝑎𝑝
)

4/3

= (
𝛽𝑖

4

𝑟𝑐𝑎𝑝
)

1/3

≡ 𝛽
𝑖

4

3 ⋅ (
𝑉𝑡𝑜𝑡

𝜋𝛿𝑐𝑎𝑝
)

−1/6

. (20) 

 

By analogy, for the gravity-viscous spreading regime we can derive the characteristic velocity 

𝑈𝑠𝑝,𝜈 by using expressions (7) and (12) assuming, again, that spreading thickness is equal to 

capillary thickness 𝛿𝑣 = 𝛿𝑐𝑎𝑝: 

 

𝑈𝑠𝑝,𝑣 =
𝑟𝑠𝑝

𝜏𝑐𝑜𝑛𝑣,𝑣
 =

𝜋∙𝛽𝜈
2⋅𝛿𝑐𝑎𝑝⋅𝑟𝑐𝑎𝑝

𝑉𝑡𝑜𝑡
≡

𝛽𝜈
2

𝑟𝑐𝑎𝑝
≡ 𝛽𝜈

2 ⋅ (
𝑉𝑡𝑜𝑡

𝜋𝛿𝑐𝑎𝑝
)

−1/2

. (21) 

 

Of course, the assessments (20) and (21) are approximations because the radial liquid spreading 

velocity changes with time. Further investigation is necessary in order to find better 

assessments. 

 

2.3 Considerations of the (i) Losses of Liquid Melt Mass, (ii) Losses of Melt Enthalpy 

During Jet Penetration Through Coolant, and (iii) Porosity of the Melt 

 

In this work we are concerned with prediction of liquid melt spreading after jet penetration 

through a pool of water. Melt jet fragmentation and heat transfer to the coolant change initial 

conditions for the melt spreading. Specifically, some fraction of the melt will be fragmented and 

quenched thereby changing total melt volume. Part of the thermal energy will be released to the 

coolant prior to liquid melt spreading leading to changes in the temperature of the spreading 

melt. In order to take these effects into account in modeling we introduce two parameters: 

 Mass fraction of fragmented melt 𝑓𝑚, and 

 Melt enthalpy loss characterized by Δ𝑇𝑙𝑜𝑠𝑠 = 𝑇𝑟𝑒𝑙 − 𝑇𝑚 , where 𝑇𝑟𝑒𝑙  is melt release 

temperature at initial contact with coolant, and 𝑇𝑚 is temperature of the spreading melt. 

 

In this work we use PULiMS experimental data measurements [2] for rough estimations of both 

parameters (see Table 1). Note, that the 𝑓𝑚  can be underestimated from PULiMS 

measurements due to re-merging of solid fragments with spreading liquid melt. Further work is 

necessary in order to provide analytical assessments for these two factors. 

 

Fragmented 𝑓𝑚 reduces the total volume 𝑉𝑡𝑜𝑡 and volumetric flow rate 𝐺 of liquid melt at the 

melt jet impingement point on the spreading surface: 
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𝑉𝑡𝑜𝑡 =
𝑚⋅(1−𝑓𝑚)

𝜌𝑚
, 𝐺 =

𝑉𝑡𝑜𝑡

𝑡𝑟𝑒𝑙
. (22) 

 

We found significant enclosed porosity in the post test analysis of the solidified spread melt 

obtained in different PULiMS experiments [2], although the mechanism of void formation is 

not completely clear at the moment. If such void exists in liquid melt, it can affect spreading and 

terminal melt thickness. In order to take the effect of the void in melt into account we introduce 

effective melt density 

 

�́�m = 𝜌𝑚 ⋅ (1 − 휀𝑚), (23) 

 

where 휀𝑚 is void fraction in the melt. By using �́�m instead of 𝜌𝑚 in estimations of the total 

melt volume, effective gravity, capillary melt thickness and some other formulas presented 

above we can estimate the influence of the void fraction in the melt on spreading. From 

PULiMS experiments we estimated 𝑓𝑚 and 휀𝑚 (shown in Table 1) and from those estimations 

we see that 
(1−𝑓𝑚)

(1− 𝑚)
 factor lies in the range of 1.12-1.49. Our preliminary sensitivity assessment 

showed that the model is not very sensitive to variations of the melt volume mainly because 

𝐿~𝑉𝑡𝑜𝑡
5/24

, which gives less than 10% variation in the length scale 𝐿 at 
(1−𝑓𝑚)

(1− 𝑚)
= 1.5. 

 

3 SENSITIVITY ANALYSIS 

 

In this section we study the sensitivity of the liquid melt spreading model to its input parameters. 

The goal of the analysis is to identify the most influential model parameters and parameters 

which have negligible influence on the result. Such information is necessary in order to reduce 

the uncertainty in prediction by obtaining additional information on the ranges of the 

parameters. 

 

The total number of model parameters (see Table 1) is 20 for gravity-inertia dominated 

spreading mode and 21 for gravity-viscous spreading regime. These parameters can be divided 

between two groups: 

I. Initial conditions and physical properties of the melt material and coolant, which define 

scenario of melt release (aleatory uncertainty); 

II. Modeling parameters, which represent our lack of knowledge about physical 

phenomena (epistemic uncertainty); 

 

In Table 1 a complete list of model parameters is provided along with measured in PULiMS 

tests or known from the literature ranges of different model parameters values. We also provide 

estimated ranges of the parameters which are used in sensitivity analysis. We perform 

sensitivity analysis separately for gravity-inertia and gravity-viscous melt spreading regimes. 

 

It is instructive to note that the ranges of the parameters for sensitivity analysis are selected 

based on typical PULiMS test conditions with corium simulant materials. Specifically we 

performed sensitivity analysis only for PULiMS test with Bi2O3-WO3 simulant material [2]. 

Not every physical property of the simulants is well known at the moment. Therefore we 

provide assessments based on general knowledge about properties of components of the melt 

mixtures, or typical values for ceramic materials. Further work will be necessary in order to 

provide model sensitivity analysis for a prototypical plant accident conditions with different 

ranges of parameters. 
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For the robustness of the model, it is important that prediction will be more sensitive to model 

parameters (epistemic uncertainty) than to uncertain melt properties and scenario of melt 

release. In such case, selection of the model parameters (see Section 4) will be valid for large 

variations of experimental conditions. In general, epistemic uncertainty can be reduced by 

obtaining new data about physical behavior of the system, while aleatory uncertainty can be 

only quantified. However, at the stage of model development, more accurate information 

responses of the system to specific (measured) sets of aleatory parameters can help to reduce 

uncertainty in modeling parameters. 

 

Method proposed by Morris [6] and reviewed in details in [7] and implemented in DAKOTA 

code [8] is used for sensitivity analysis in this work. First, the upper and lower bounds of each 

input variable are mapped onto the interval [0, 1] and uniformly partitioned into 𝑝 levels, 

creating a grid of 𝑝𝑘 points at which evaluations of the model function 𝑦(𝐱) (𝐿𝑖𝑛𝑒𝑟 or 𝐿𝑣𝑖𝑠𝑐 

in our case) might take place, where 𝑘 is the size of input vector 𝐱. Then, 𝑟 samples are 

generated randomly, and for a j-th input vector 𝐱(𝑗) the elementary effect of the i-th input is 

computed by a forward difference: 

 

𝑑𝑖
(𝑗)

=
𝑦(𝐱(𝑗)+Δ𝐞𝑖)−𝑦(𝐱(𝑗))

Δ
, (24) 

 

where 𝐞𝑖 is i-th coordinate vector in the input space, Δ = 𝑝/2(𝑝 − 1). Note that Δ is large 

(about half the input range), and Eq. (24) is not intended to approximate the local partial 

derivative. After generating 𝑟  samples, the mean 𝜇𝑖 , modified mean 𝜇𝑖
∗  and standard 

deviation 𝜎𝑖 are obtained for each input parameter i: 

 

𝜇𝑖 =
1

𝑟
∑ 𝑑𝑖

(𝑗)𝑟
𝑗=1 ,    𝜇𝑖

∗ =
1

𝑟
∑ |𝑑𝑖

(𝑗)
|𝑟

𝑗=1 ,   𝜎𝑖 = √1

𝑟
∑ (𝑑𝑖

(𝑗)
− 𝜇𝑖)

2
𝑟
𝑗=1 . (25) 

 

The mean and modified mean give an indication of overall effect of an input on the output, 

whereas the standard deviation indicates the non-linear and interaction effects (because it 

shows the variation of input effect throughout the input space). 

 

In Fig. 1 the Morris diagrams (standard deviation 𝜎  versus modified mean 𝜇∗ ) for the 

gravity-inertia (𝐿𝑖𝑛𝑒𝑟, Fig. 1a) and gravity-viscous (𝐿𝑣𝑖𝑠𝑐, Fig. 1b) spreading regimes are shown. 

According to the diagrams the most influential parameters are the proportionality coefficients 

𝐶𝑖𝑛𝑒𝑟, 𝐶𝑣𝑖𝑠𝑐 and heat of fusion 𝐻𝑓𝑢𝑠𝑖𝑜𝑛, followed by liquid melt surface tension 𝜎𝑚, melt mass 

𝑚 and viscosity 𝜇𝑚. Points are shifted to the left for release temperature 𝑇𝑟𝑒𝑙 and heat loss 

from the jet Δ𝑇𝑙𝑜𝑠𝑠  (Fig. 1), which suggests that their intermediate influence on the 𝐿  is 

non-linear. Indeed analytic expressions for solidification time 𝜏𝑠𝑜𝑙𝑖𝑑  (14) and heat fluxes 

(15)-(18) have non-linear dependence on these two parameters. The most important uncertain 

physical properties of the melt for the PULiMS test conditions are 𝐻𝑓𝑢𝑠𝑖𝑜𝑛, surface tension and 

viscosity. However, their influence is much smaller than the influence of the model coefficients 

𝐶𝑖𝑛𝑒𝑟, 𝐶𝑣𝑖𝑠𝑐. Therefore we can conclude that proposed model is robust with respect to the 

aleatory uncertainties in the parameters. Quantification of the modeling epistemic uncertainty 

can be done based on the experimental data from PULiMS experiments (see next section).  
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Table 1: List of parameters and their ranges used in sensitivity analyses of the liquid melt 

spreading in application to PULiMS experimental conditions. 

N Parameter Description 

Measured / 

known 

range 

Estimated range 

for sensitivity 

analysis 

 Initial conditions and melt release scenario 

1 𝑚  (kg) Melt mass 21-78 20-80 

2 𝑡𝑟𝑒𝑙 (s) Melt release time 8.7-15 8-20 

3 𝑇𝑟𝑒𝑙  (ºC) Melt release temperature 940-1076 940-1076 

4 𝑇𝑐𝑜𝑜𝑙  (ºC) Coolant temperature 75-78 75-100 

5 Δ𝑇𝑙𝑜𝑠𝑠 (ºC) Melt superheat loss from the jet 15-210 15-50 

 Physical properties of the melt (Bi2O3-WO3) 

6 𝜌𝑚  (kg/m
3
) Melt density 7810 7029-8591 

7 𝜇𝑚 (Pa·s) Dynamic viscosity - 0.003-0.03 

8 𝜎𝑚 (N/m) Surface tension - 0.2-0.6 

9 𝐶𝑝,𝑚 (J/kg/K) Specific heat - 250-310 

10 𝑄 (W) Decay heat - 0 

10 휀𝑒𝑚𝑖𝑠𝑠 Emissivity coefficient - 0.4-1.00 

12 𝜂𝑚 Latent heat fraction for immobilization of the melt - 0.4-0.6 

13 𝑇𝑚,𝑠𝑜𝑙  (ºC) Solidus temperature 870 850-890 

14 𝑇𝑚,𝑙𝑖𝑞  (ºC) Liquidus temperature 870 850-890 

15 𝐻𝑓𝑢𝑠𝑖𝑜𝑛 (kJ/kg) Heat of fusion - 61-251 

 Physical properties of the coolant 

16 𝜌𝑐𝑜𝑜𝑙   (kg/m
3
) Coolant density 1000 950-1000 

17 𝐶𝑝,𝑐𝑜𝑜𝑙  (J/kg/K) Specific heat of coolant 4181.3 4181.3 

 Model parameters 

18 𝑓𝑚 Melt fragmentation fraction 0.06-0.2 0.0-0.3 

19 휀𝑚 Melt void fraction 0.29-0.37 0.0-0.41 

20 𝐶𝑓
′ Skin roughness factor in heat transfer coefficient - 0.004-0.008 

21 𝐶𝑖𝑛𝑒𝑟  Proportionality coefficient in gravity-inertia regime - 1-5 

22 𝐶𝑣𝑖𝑠𝑐 Proportionality coefficient in gravity-viscous regime - 1-5 

 

 

 
a) 

 
b) 

Fig. 1: Morris diagrams for scaling model on liquid melt spreading: a) gravity-inertia, 

and b) gravity-viscous spreading regimes for the input parameters and their uncertainties 

typical for PULiMS experiments. Only most influential parameters are labeled. 
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4 REDUCTION OF UNCERTAINTY IN MODELING PARAMETERS 

 

The goal of the analysis presented in this section is to reduce the epistemic uncertainty in 

modeling by determining proportionality coefficients using experimental data and 

state-of-the-art knowledge about the ranges of the other uncertain parameters. 

 

If measured in experiment length scale 𝐿 and estimated time scale 𝑇 are known, then it is 

possible to calculate 𝐶.  

 

𝐶𝑖𝑛𝑒𝑟 =
𝐿𝑒𝑥𝑝

𝑇
1
2

,    𝐶𝑣𝑖𝑠𝑐 = 𝐿𝑒𝑥𝑝/ (𝑇1/2 ⋅ 𝑁 
1

2)  (26) 

 

Scaling models developed previously for liquid melt spreading in 1D and 2D channels [1] used 

𝐶𝑖𝑛𝑒𝑟 and 𝐶𝑣𝑖𝑠𝑐 close to unity. This estimate was based on analysis of considerable number of 

relevant experimental studies. Unfortunately, experimental database on jet pouring into the 

pool and resulting underwater liquid melt spreading is rather scarce. So far, data from only four 

relevant PULiMS tests [2] is available.  

 

Another difficulty in evaluation of 𝐶𝑖𝑛𝑒𝑟 and 𝐶𝑣𝑖𝑠𝑐 for axisymmetric spreading model is the 

uncertainty of the physical properties of the melt. The list and ranges of the uncertain 

parameters which affect calculations of the proportionality coefficients are given in Table 2. 

Among such properties the latent heat of fusion 𝐻𝑓𝑢𝑠𝑖𝑜𝑛 for binary oxide mixtures used in 

PULiMS experiments is estimated based on the respective properties of individual components 

of the mixtures [9], [10]. Other influential parameters (according Morris diagrams, Fig. 1) are 

surface tension 𝜎𝑚 and dynamic viscosity 𝜇𝑚 are taken in wider ranges because of the lack of 

data. Determination of proportionality coefficient 𝐶𝑖𝑛𝑒𝑟  in gravity-inertia scaling law (26) 

requires relevant experiments with combinations of parameters such that viscosity factor (13) is 

𝑁 ≤ 1 . For PULiMS test conditions, taking into account possible variations of material 

properties (Table 2), the viscosity factor 𝑁 is always more than unity. Therefore in this work 

we determine 𝐶𝑣𝑖𝑠𝑐 only. 

 

In order to assess 𝐶𝑣𝑖𝑠𝑐 the uncertain parameters (Table 2) were varied leaving fixed those 

parameters which are known with acceptable accuracy or were measured directly in PULiMS 

tests [2]. The parametric variation is performed by using multi-dimensional Sobol’ 

quasi-random sampling [11]. In total 2048 samplings in 10-dimensional space have been 

computed for each PULiMS test in order to estimate the modeling constants according to (26) 

Then statistical analysis of the results was carried out to estimate mean value and standard 

deviation 𝜎 of the proportionality constants. The results are summarized in Fig. 2 where error 

bars represent tripled standard deviations ±3𝜎. 

 

The averaging between four PULiMS experiments gives proportionality constant 𝐶𝑣𝑖𝑠𝑐 = 1.30. 

These values may include an uncertainty due to imprecise knowledge of the most influential 

physical properties of the melt. In order to illustrate this uncertainty, theoretical 𝐿𝑖𝑛𝑒𝑟 and 

𝐿𝑣𝑖𝑠𝑐 were evaluated using Sobol’ samplings for PULiMS tests conditions with fixed 𝐶𝑣𝑖𝑠𝑐. 

Analysis of results presented in Fig. 3a suggests that the uncertainty of dimensionless time scale 

due to the uncertain varied parameters (Table 2) is almost an order of magnitude. However, the 

uncertainty of 𝐿  is smaller due to square root dependency of 𝐿  on 𝑇 . Prediction of 

gravity-viscous model is smeared due to the influence of the viscosity factor 𝑁1/2. 
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Table 2: Fixed and varied parameters in Sobol’ sampling. 

N Parameter Description 
Lower and upper 

bounds 

Varied parameters 

1 휀𝑚 Melt void fraction 0.0-0.41 

2 𝑓𝑚 Melt fragmentation fraction 0.06-0.20 

3 
𝐶𝑓

′ 
Skin roughness factor in heat transfer 

coefficient 
0.004-0.008 

4 𝜌𝑚  (kg/m
3
) Bi2O3 − WO3 Melt density 7811 ± 10% 

5 𝜌𝑚  (kg/m
3
) ZrO2 − WO3 Melt density 6866 ± 10% 

6 𝜇𝑚 (Pa·s) Dynamic viscosity 0.003-0.03 

7 𝜎𝑚 (N/m) Surface tension 0.2-0.6 

8 𝐶𝑝,𝑚 (J/kg/K) Bi2O3-WO3 Specific heat of melt 250-310 

9 𝐶𝑝,𝑚 (J/kg/K) ZrO2-WO3 Specific heat of melt 310-750 

10 𝐶𝑝,𝑐𝑜𝑜𝑙  (J/kg/K) Specific heat of coolant 4181.3 

11 휀𝑒𝑚𝑖𝑠𝑠 Emissivity coefficient 0.4-1.0 

12 𝜂𝑚 Latent heat fraction 0.4-0.6 

13 𝐻𝑓𝑢𝑠𝑖𝑜𝑛 (kJ/kg) Bi2O3-WO3 Heat of fusion 61-251 

14 𝐻𝑓𝑢𝑠𝑖𝑜𝑛 (kJ/kg) ZrO2-WO3 Heat of fusion 251-706 

Fixed parameters 

15 𝑚  (kg) Melt mass Exp. value 

16 𝑡𝑟𝑒𝑙 (s) Melt release time Exp. value 

17 𝑇𝑟𝑒𝑙  (ºC) Melt release temperature Exp. value 

18 𝑇𝑐𝑜𝑜𝑙  (ºC) Coolant temperature Exp. value 

19 Δ𝑇𝑙𝑜𝑠𝑠 (ºC) Melt superheat loss from the jet Exp. value 

20 𝜌𝑐𝑜𝑜𝑙   (kg/m
3
) Coolant density 1000 

21 𝑇𝑚,𝑠𝑜𝑙  (ºC) Bi2O3-WO3 Melt solidus temperature 870 

21 𝑇𝑚,𝑙𝑖𝑞  (ºC) Bi2O3-WO3 Melt liquidus temperature 870 

22 𝑇𝑚,𝑠𝑜𝑙  (ºC) ZrO2-WO3 Melt solidus temperature 1231 

22 𝑇𝑚,𝑙𝑖𝑞  (ºC) ZrO2-WO3 Melt liquidus temperature 1231 

23 𝐿𝑒𝑥𝑝 Measured (estimated in E3) Exp. value 

 

 

 
 

Fig. 2: Proportionality coefficient 𝑪𝒗𝒊𝒔𝒄 determined from Sobol’ samplings of the input 

parameters (Table 2) and PULiMS experimental data.  
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Comparison of experimental and analytical results 𝐿𝑐𝑎𝑙𝑐 , 𝐿𝑒𝑥𝑝 is presented in Fig. 3b. The 𝐿𝑒𝑥𝑝 

is computed as: 

 

𝐿𝑒𝑥𝑝 =
〈𝛿〉𝑉

𝛿𝑐𝑎𝑝
  (27) 

 

where, 〈𝛿〉𝑉 = 1

𝑉
∫ 𝛿𝑑𝑉 is volume averaged terminal thickness of the melt measured in the 

experiment and the capillary thickness 𝛿𝑐𝑎𝑝. It is instructive to note that local thickness of the 

melt in PULiMS tests [2] can be several times higher than the volume averaged melt thickness. 

Due to the dependence (2) of 𝛿𝑐𝑎𝑝 on the varied parameters a range of discrete values is 

obtained for 𝐿𝑒𝑥𝑝. Presented results provide an assessment of the output uncertainty of the 

scaling model applied to PULiMS experimental conditions (Fig. 3b). 

 

 

 
a) 

 
b) 

 

Fig. 3: Uncertainty in prediction of liquid melt spreading model applied to PULiMS 

experimental conditions: a) 𝑳 − 𝑻 diagram; b) comparison with experimental data. 

 

 

5 SUMMARY 

 

A model is proposed for prediction of terminal melt spread thickness in case of jet pouring into 

a shallow pool of water and underwater liquid melt spreading on a flat spreading surface. The 

scaling approach is based on the model previously proposed by Dinh et al. (2000) and the 

Huppert-Britter model employed for determining characteristic time of unrestricted radial 

spreading of the melt under water. 

 

Experimental data from PULiMS tests with high melting temperature, binary oxidic melt 

mixtures as corium simulant materials are used for reduction of epistemic uncertainty in the 

model prediction. At first, the model sensitivity analysis was carried out with Morris method to 

determine most influential uncertain parameters for typical PULiMS test conditions. Sensitivity 

to both (i) modeling (epistemic) parameters and (ii) melt release scenario-dependent (aleatory) 

parameters including physical properties of the melt are considered. Second, proportionality 

coefficients in the scaling model were determined using PULiMS experimental data on 
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terminal melt spread thickness and taking into account uncertainty in the selected most 

influential model parameters. Third, using newly determined proportionality coefficient and 

Sobol multidimensional sampling for input uncertain parameters the output model uncertainty 

(terminal melt spread thickness) is assessed for PULiMS experimental conditions. Results of 

the analysis provide comprehensive quantitative view on the agreement and spread between 

experimental and modeling data. Further possible improvements of the scaling model require (i) 

more experimental data with quantified properties of the melt materials and (ii) thorough 

derivation of the melt spreading velocity 𝑈𝑠𝑝,𝑣 approximately assessed by (21) in this work. 

The application of the developed scaling model to a prototypic SA conditions is a subject for 

future work. 
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