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Abstract 

 

During the case of a hypothetical severe accident in a light water reactor, core 

damage may occur and molten fuel may interact with water resulting in explosive 

interactions. A Fuel-Coolant Interactions (FCI) consists of many complex 

phenomena whose characteristics determine the energetics of the interactions. The 

fuel melt initially undergoes fragmentation after contact with the coolant which 

subsequently increases the melt surface area exposed to coolant and causes rapid 

heat transfer. A substantial amount of research has been done to understand the 

phenomenology of FCI, still there are gaps to be filled in terms of the uncertainties 

in describing the processes such as breakup/fragmentation of melt and droplets. 

 

The objective of the present work is to substantiate the understanding in the 

premixing phase of the FCI process by studying the deformation/pre-

fragmentation of melt droplets and also the mechanism of melt jet breakup. The 

focus of the work is to study the effect of various influential parameters during the 

premixing phase that determine the intensity of the energetics in terms of steam 

explosion. The study is based on numerical analysis starting from smaller scale and 

going to the large scale FCI. Efforts are also taken to evaluate the uncertainties in 

estimating the steam explosion loads on the reactor scale. 

  

The fragmented core is expected to form a porous debris bed. A part of the present 

work also deals with experimental investigations on the coolability of prototypical 

debris bed. Initially, the phenomenology of FCI and debris bed coolability is 

introduced. A review of the state of the art based on previous experimental and 

theoretical developments is also presented. 

 

The study starts with numerical investigation of molten droplet hydrodynamics in a 

water pool, carried out using the Volume Of Fluid (VOF) method in the CFD code 

ANSYS FLUENT. This fundamental study is related to single droplets in a 

preconditioning phase, i.e. deformation/pre-fragmentation prior to steam 

explosion. The droplet deformation is studied extensively also including the effect 

of the pressure pulse on its deformation behavior. The effect of material physical 

properties such as density, surface tension and viscosity are investigated. The work 

is then extended to 3D analysis as a part of high fidelity simulations, in order to 

overcome the possible limitations of 2D simulations.  
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The investigation on FCI processes is then continued to the analysis on melt jet 

fragmentation in a water pool, since this is the crucial phenomenon which creates 

the melt-coolant pre-mixture, an initial condition for steam explosion. The 

calculations are carried out assuming non-boiling conditions and the properties of 

Wood’s metal. The jet fragmentation and breakup pattern are carefully observed at 

various Weber numbers. Moreover, the effect of physical and material properties 

such as diameter, velocity, density, surface tension and viscosity on jet breakup 

length, are investigated. 

 

After the fundamental studies, the work was extended to reactor scale FCI 

energetics. It is mainly oriented on the evaluation of uncertainties in estimating the 

explosion impact loads on the surrounding structures. The uncertainties include 

the influential parameters in the FCI process and also the code uncertainties in 

calculations. The FCI code MC3D is used for the simulations and the PIE 

(propagation of input errors) method is used for the uncertainty analysis. 

 

The last part of the work is about experimental investigations of debris coolability 

carried out using the POMECO-HT facility at KTH. The focus is on the 

determination of the effect of the bed’s prototypical characteristics on its 

coolability, in terms of inhomogeneity with heap like (triangular shape) bed and the 

radial stratified bed, and also the effect of its multi-dimensionality. For this 

purpose, four particle beds were constructed: two homogeneous, one with radial 

stratification and one with triangular shape, respectively. The effectiveness of 

coolability-enhanced measures such as bottom injection of water and a downcomer 

(used for natural circulation driven coolability, NCDC) was also investigated. The 

final chapter includes the summary of the whole work. 

 

Keywords 

Severe accident, fuel-coolant interactions, melt jet fragmentation, steam 

explosion, debris bed coolability, numerical simulation, volume of fluid method, 

sensitivity analysis, uncertainty analysis. 
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Sammanfattning 

 

Under ett svårt haveri i en kärnkraftsreaktor kan en härdsmälta bildas och smältan 

växelverka på ett explosivt sätt med kylvattnet. En sådan FCI (Fuel-Coolant-

Interaction) inbegriper flera fysikaliska processer vilkas förlopp bestämmer hur 

stor den frigjorda energin blir. Vid kontakt med vattnet fragmenteras först 

härdsmältan vilket i sin tur leder till att en större yta exponeras för kylvattnet och 

att värmeöverföringen från smältan snabbt ökar. Mycket forskning har ägnats åt att 

förstå vad som sker under en FCI men det finns fortfarande luckor att fylla vad 

beträffar t ex osäkerheter i beskrivningen av fragmentering av såväl smälta som 

enskilda droppar av smält material. 

 

Syftet med detta arbete är främst att underbygga en bättre förståelse av den 

inledande delen av en FCI genom att studera dels hur enskilda droppar av smält 

material deformeras och splittras och dels hur en stråle av smält material 

fragmenteras. Vi studerar särskilt vilka parametrar som mest påverkar den energi 

som frigörs vid ångexplosionen. Problemet studeras med numerisk analys med 

början i liten skala och sedan i full skala. Vi söker också uppskatta de laster som 

explosionen utsätter reaktorns komponenter för. 

En annan viktig fråga gäller kylbarheten hos den slaggansamling som bildas under 

reaktorhärden efter en FCI. Slagghögen förväntas ha en porös struktur och en del 

av avhandlingen redogör för experimentella försök som genomförts för att 

utvärdera kylbarheten i olika prototypiska slaggformationer. 

 

I avhandlingens inledning beskrivs de fysikaliska processerna under en FCI och 

kylningen av en slaggansamling. Det aktuella kunskapsläget på dessa områden 

presenteras också utgående från tidigare experimentella och teoretiska studier. 

 

Studierna i avhandlingen inleds med numerisk analys av hydrodynamiken för en 

enskild droppe smälta i en vattentank där VOF-metoden i CFD-programmet 

ANSYS FLUENT används. Denna grundläggande studie rör en enskild droppe 

under förstadiet till fragmentering och ångexplosion då droppen deformeras 

alltmer. Deformationen studeras ingående också med hänsyn tagen till inverkan av 

en tryckpuls. Inverkan av olika egenskaper hos materialet, som densitet, 

ytspänning och viskositet studeras också. Arbetet utvidgas sedan till en beskrivning 

i 3D för att undvika de begränsningar som finns i en 2D-simulering. 
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Studierna av FCI utvidgas sedan till en analys av fragmentering av en stråle smälta 

i vatten. Detta är en kritisk del av förloppet då smälta och vatten blandas för att ge 

utgångstillståndet för ångexplosionen. Beräkningarna genomförs under antagande 

att kokning inte sker och med materialegenskaper som för Wood´s metall. 

Mönstret för fragmentering och uppsplittring studeras ingående för olika Weber-

tal. Dessutom studeras effekten på strålens uppsplittringslängd av parametrar som 

diameter och hastighet för strålen samt densitet, ytspänning och viskositet hos 

materialet. 

 

Efter dessa grundläggande studier utvidgas arbetet till FCI-energier i reaktorskala. 

Här ligger tonvikten på utvärdering av osäkerheter i bestämningen av den inverkan 

explosionen har på omgivande konstruktioner och komponenter. Osäkerheterna 

inkluderar eventuell bristande noggrannhet hos såväl de viktiga parametrarna i 

FCI-processen som i själva beräkningarna.  

 

Den sista delen av arbetet handlar om experimentella undersökningar av 

slaggformationens kylbarhet som genomförts i uppställningen POMECO-HT vid 

avdelningen för kärnkraftsäkerhet på KTH. Vi vill bestämma effekten av 

formationens prototypiska egenskaper på kylbarheten. För detta ändamål 

konstruerades fyra olika formationer: två homogena, en med radiell variation i 

partikelstorlek och en med triangulär variation. Vi undersökte också hur förbättrad 

kylning kan uppnås genom att tillföra kylvatten underifrån respektive via ett fallrör 

(kylning genom naturlig cirkulation).  

 

I det avslutande kapitlet ges en sammanfattning av hela arbetet. 

 

 

Sökord 

kärnkraftsreaktor, Fuel-Coolant-Interactions, smälta stråle fragmentering, 

ångexplosionen, slaggformationens kylbarhet, numerisk simulering, VOF-

metoden, osäkerhetsanalys, känslighetsanalys. 
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1 Introduction 

 

In case of severe accident in nuclear power plant, core damage may occur and 

molten fuel can interact with water resulting in explosive interactions. These 

processes may occur either inside the reactor pressure vessel (RPV) or outside (i.e. 

in the containment cavity), depending upon the accident progression. Therefore it 

is one of the major focus areas of reactor safety research. The occurrence of FCI 

may be energetic or benign based on the initial premixing phase during which the 

molten fuel undergoes a fragmentation process, significantly increasing the surface 

area for fuel-coolant contact thereby causing rapid heat transfer. The rapid heat 

transfer between molten melt to volatile subcooled coolant results into explosive 

vapor generation and simultaneously forms a stable vapor film around the melt. 

This is similar to a metastable state; a film destabilization cause in terms of shock 

waves which triggers the steam explosion. It imposes a hydrodynamic loading on 

the surrounding structures, posing a potential threat towards its integrity. Fuel-

coolant interactions (FCI) process is followed by the formation of a debris bed. The 

issues can be categorized according to location in reactor as shown in Figure 1.1. 

 

The energetics of steam explosion may influence the characteristics of debris bed. 

The porous bed formed by the fragmented solidified particles arise the question of 

its coolability which may undergo re-melting if not coolable, due to possession of 

decay heat. If it happens inside the pressure vessel, it may breach the RPV bottom 

and the molten material may fall into the containment cavity, introducing the ex-

vessel scenario. If the debris formed at the bottom floor of cavity (base-mat) reach 

non-coolable conditions, it may undergo re-melting which then will interact with 

the concrete base-mat leading to molten core concrete interactions (MCCI). 

 

There has been a substantial progress in understanding the phenomenology of the 

FCI and debris bed coolability during past decades. However, uncertainties remain 

in the description of various processes, such as, melt breakup/fragmentation, 

evolution characteristics of melt droplets resulted from melt jet fragmentation, and 

also coolability of the debris bed. 
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Figure 1.1 FCI and debris bed formation in reactors. 

 

1.1 Fuel Coolant Interaction (FCI) 

 

Fuel-coolant interactions (FCI) happen when molten core falls into a water pool 

(can be imagined as shown in Figure 1.2). In the in-vessel case, molten part of the 

core pours into water in the lower plenum in the form of single or multiple streams. 

Whereas, in the ex-vessel case, the molten melt may fall into the containment 

cavity as a single or multiple jets, breaching the bottom of RPV. When the melt jet 

enters into a water pool, it undergoes fragmentation and simultaneously initiates 

the rapid vapor generation due to high heat transfer. The melt jet and the 

fragmented droplets are enshrouded by the vapor film which lowers cooling of the 

melt. The destabilization of the vapor film around the melt leads to melt-coolant 

contact, initiating the conditions for steam explosion. Characteristics of FCI 

phenomena are mainly determined by the nature of jet interaction with the water 

pool. The thermal energetics primarily depends on the hydrodynamic behavior 

such as melt jet fragmentation/breakup, droplet deformation, vapor film 

destabilization, etc. The overall heat transfer rate primarily depends on the amount 

of melt surface area exposed to the coolant. And, the rate of area enhancement is 

significantly influenced by the dynamics and the inertial effects between the two 

liquids. Moreover, the amount of pressure generated due to rapid vapor generation 

is decided by the initial heat transfer rate, which initiates the explosive interactions. 
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Figure 1.2 Conceptual picture of Fuel-coolant interactions (FCI). 

 

1.1.1 Steam Explosion 

 

When the vapor film around the droplets collapse due to some disturbances, the 

melt directly comes into contact with coolant and the time scale for heat transfer is 

less than that for the vapor generation which causes the pressure buildup locally. 

The resulted shockwave propagates destabilizing the other droplets’ vapor films in 

the entire mixture. The whole process is mainly divided into four steps: 1) 

premixing, 2) triggering, 3) propagation and 4) explosion. 

 

The initial phase, premixing occurs subsequently when the volatile liquid comes 

into contact with the molten melt and immediately forms a vapor film around it. 

This is considered as a metastable state and during this stage, both fluid 

temperatures must be in a range that they should maintain the stable film boiling 

at the interface. The triggering phase starts with the destabilization of a vapor film 

causing a liquid-liquid contact. It may initiate from a single melt droplet exposed to 

coolant creating pressure pulse which acts as a trigger for destabilizing rest of the 

melt enshrouded with stable vapor films. The resulting explosion is called as a 

spontaneous steam explosion. The pressure pulse generated from an external 

impact may also be one of the mechanisms responsible for vapor film 

destabilization. 
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After the collapse of all vapor films surrounding the melt droplets, the intensified 

shock waves propagates through the mixture causing melt fragmentation resulting 

into a high energy release. It is called as the propagation phase. A fine 

fragmentation due to liquid-liquid contact after vapor film collapse is treated as a 

thermal fragmentation when the induced pressure is not too high, whereas, at high 

pressures the fragmentation are believed to be hydrodynamic due to high relative 

velocity between melt and coolant. In the case of hydrodynamic fragmentation the 

melt-physical properties may also play a role.  

 

In the expansion phase, the high thermal energy release from hot melt to coolant 

results into mechanical energy which expands against the constraints of the 

surrounding structures. 

 

Motivated by the risk assessment on steam explosion in a LWR, extensive 

experimental works [1][2][3][4][5][6] have been carried out at various scales (melt 

mass), with various melt materials (real corium, prototypic corium and simulants) 

and coolant conditions. Many computational works have also been done for an in-

depth study of the steam explosion phenomenon and its risk assessment. Many 

fuel-coolant-interaction models were developed to improve the understanding of 

steam explosion and predict the results of experiments [7][8][9]. There is a famous 

model of thermal detonation proposed by Board et al. [10] couple of decades back, 

explaining the mechanism of vapor explosion at large scale premixing. An extensive 

review made by Berthoud [11] showed the predictive capabilities of steam explosion 

processes by the codes and pointed out the uncertain parameters including melt jet 

fragmentation, triggering mechanisms, non-equilibrium aspect of the coolant in the 

interactive zone, etc. 

 

1.1.2 Single Droplet Behavior 

 

According to the large scale experimental premixing, the explosion region spreads 

following to the explosive pressure pulse propagation. Therefore, the local 

mechanisms or the behavior of large scale steam explosion during initial coarse 

mixing of molten droplets with the coolant are similar to that of single droplet 

under pressure pulse [7]. There are experimental studies about single droplet 

steam explosion carried out using simulant materials. Patel and Theofanous [1] 

studied the morphology of fragmentation of liquid droplets in liquid medium, due 

to shock-induced flows. It is found that, for high density ratio and high interfacial 



5 
 

tension systems, the droplet fragmentation is primarily due to the penetration by 

unstable waves. Han and Bankoff [12] experimentally investigated the molten tin 

droplet triggered by a low-pressure shock in a shock tube, and studied the 

dominant mechanisms in the fragmentation of tin drops. 

 

Ciccarelli and Frost [13] carried out single droplet steam explosion experiments to 

study the fragmentation mechanisms. Especially, the cold droplet experiments 

were performed along with the hot droplets. The cold droplet experiments are 

useful to create the isothermal conditions where, the sheer hydrodynamic effects on 

the fragmentation can be studied. A recent study carried out by Hansson et al. [14] 

performing a single tin droplet experiments, show the droplet undergo 

considerable deformation before fragmentation. During the first bubble (vapor 

film) cycle, the melt droplet undergoes substantial deformation, which suggests 

that the droplet experienced interfacial instabilities and disintegration before the 

fine fragmentation itself. Authors named this stage as preconditioning of melt 

droplet for explosion. 

 

Fletcher and Anderson [15] made an extensive review of various fragmentation 

models proposed for the fine fragmentation in steam explosion. The models are 

classically divided into two classes according to pure hydrodynamic and thermal 

effects [13][16]. Thermal fragmentation is mainly responsible for the self-triggered 

steam explosions of single drops (due to instabilities at the surface of the melt drop 

resulting into vapor film collapse) and many models (e.g. [8]) are developed to 

explain the explosion of single droplets. On the other hand, the hydrodynamic 

fragmentation occurs due to relative velocity between melt droplets and coolant 

which is the result of sudden acceleration of droplets in the coolant. Due to 

presence of a vapor film around the droplet the deformation will be induced by the 

differential velocity between droplet-vapor-coolant. 

 

A lot of research has been done on hydrodynamic fragmentation of liquid droplets 

in a gaseous medium, but little information is available for the liquid droplets 

undergoing hydrodynamic fragmentation in a liquid medium. Various independent 

variables have been used for studying the drop deformation/breakup properties, 

some of which are Weber number (We), Bond number (Bo), Ohnesorge number 

(Oh), Eötvös number (Eö) and Capillary number (Ca). The dimensionless time 

parameter based on the Rayleigh-Taylor and Kelvin-Helmholtz instability has also 

been used for droplet breakup study. 
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Pilch and Erdman [17] did a literature review studying the mechanisms of the 

acceleration-induced breakup of liquid droplets. Both liquid-gas and liquid-liquid 

system have been studied. They mentioned five various mechanisms of droplet 

breakup based on the initial We, which are vibrational breakup, bag breakup, bag-

and-stamen breakup, sheet stripping and catastrophic breakup. Generally, at lower 

We, a larger deformation is restricted by the dominance of surface tension. When 

the We passes a critical value (at higher Reynolds Number, Re), the relative velocity 

overcomes the surface tension values, causing larger deformation. 

 

Study of drop deformation and secondary breakup (in the field of atomization, the 

primary breakup of the droplet is followed by the secondary breakup) under shock 

wave disturbances is carried out by Hsiang and Faeth [18] for liquid-gas systems, 

where a wide range of properties were used: Weber number (We) of 0.5-1000, 

Ohnesorge number (Oh) of 0.0006-4, liquid-gas density ratio of 580-12000 and 

Reynolds number (Re) of 300-16000. Deformation and the different modes of 

droplet breakup and its transitions were investigated in detail at lower and higher 

We and Oh numbers, in addition to the study of droplet sizes after secondary 

breakup. The discussion of deformation, breakup regimes and breakup times may 

be correlated and used for the liquid-liquid systems though the conditions could be 

different due to less density ratio. 

 

Besides, the secondary breakup of impulsively accelerated liquid droplets is 

examined by Han and Tryggvason [19] for small density ratios (1.15 and 10). 

Different modes of droplet breakup are investigated for these density ratios and the 

results are summarized by the “breakup maps”. During a droplet deformation, a 

backward-facing bag formation is seen for the density ratio of 10. This density ratio 

is relatively important since the conditions are quantitatively closer to that of a 

corium droplet in water. 

 

Moreover, an experimental investigation has been carried out by Krzeczkowski 

[20], which deals with the deformation mechanisms and breakup time of liquid 

droplets (with various viscosities) in an air stream. It is observed that the viscosity 

has small effect on the droplet deformation and the breakup time, whereas the We 

has strong influence. Most recently, a numerical analysis is carried out by Jalaal 

and Mehravaran [21] which deals with deformation, fragmentation and dispersion 

of falling liquid droplets in a bag breakup mode; Eötvös number is used for the 

analysis. 

 



7 
 

Various deformation mechanisms and breakup modes are recognized from the 

literature. It is seen that the droplet, depending on its local properties may undergo 

deformation in different patterns and go through various modes of breakup. We 

plays a dominant role in droplet deformation/fragmentation and different density 

ratios may have different breakup characteristics. In most of the cases, bag 

formation, shear and wave crest are characterized as breakup regimes. 

 

1.1.3 Molten Jet Fragmentation 

 

During the FCI, it is most likely that the molten fuel will pour into the coolant in 

the form of jet and undergo fragmentation, which then forms a coarse pre-mixture, 

an initial condition for steam explosion. During in-vessel case, the core melt may 

relocate at the bottom of reactor pressure vessel (RPV) in the form of smaller size 

multiple jets (molten part may drain through the openings from the degraded 

core), where it will interact with water. However, the melt will settle at the bottom 

and affect the bottom of pressure vessel if not coolable. Ex-vessel fuel-coolant 

interactions (FCI) are possible during a severe accident progression of some of the 

LWRs, such as Nordic BWRs, where RPV may fail near the bottom due to heating 

from non-coolable molten melt. Moreover, cavity flooding technique is employed 

by the Nordic BWRs as a severe accident management strategy. Therefore, for such 

conditions, the melt may fall into a water pool after breaching the RPV, creating the 

chances of ex-vessel steam explosion. The release of melt may be gravity driven or 

at higher velocity, depending on the pressure inside RPV. In case of BWRs, the size 

of the jet may be of CRGTs (control rod guide tube) and IGTs (instrument guide 

tubes) in case of its failure or a large break size. Severity of steam explosion can be 

decided by the quantity of melt participation in a water pool and by the limited 

breakup of the molten stream flowing into water prior to steam explosion [22]. The 

melt jet will undergo stripping on its surface due to relative flow, supported by the 

surface instabilities, which is considered as a major mechanism in jet breakup. 

 

The modes and regimes of liquid jet breakup in water are decisive for the 

intermixing of melt and water, and therefore it forms the initial conditions for 

steam explosion energetics, quenching of melt and pressurization of the system 

through vapor generation. There are several regimes of jet breakup mentioned in 

Ginsberg [22]: laminar, transition, turbulent and atomization, which vary 

according to increasing jet injection velocity. The breakup lengths and the 

transition between regimes are quantified in terms of Weber and Reynolds’ 

numbers. Bürger et al. [23] used ambient Weber number (Wea=ρl V2 D⁄σ) for jet 
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breakup study, where density (ρl) is of ambient liquid: V, D and σ are velocity, jet 

diameter and surface tension respectively. They also mentioned several breakup 

regimes of jet categorized according to Wea as shown in Figure 1.3 (the qualitative 

behavior is observed with the liquid jet in gas environment). 

 

 

Figure 1.3 Sketch of the jet breakup length curve and related breakup mechanisms [23]. 

 

Bürger et al. [23] extensively reviewed jet breakup mechanisms and investigated 

the jet fragmentation and breakup by comparing the jet breakup model results with 

various experiments at boiling and non-boiling conditions. The jet breakup 

mechanism under non-boiling conditions can be considered as an isothermal 

breakup. The breakup length varies with jet velocity, initially increases and changes 

the slope after achieving a peak. This phenomenon is supported by the changes in 

fragmentation mechanisms. Influence of surface tension is dominant at lower 

injection velocities whereas the jet enters into an atomization regime at higher 

velocities, characterized by the spray production due to intensive stripping of very 

small size particles from the jet surface. Two types of instabilities to describe the jet 

breakup process are mentioned in the literature: Taylor instability and Kelvin-

Helmholtz instability (KH). Taylor instability may occur at the leading edge due to 

deceleration of the jet in surrounding medium [23]. After the jet enters into water, 

there is continuous stripping from the jet surface which causes the thinning of jet 

and finally the coarse breakup of a coherent core may occur. This coarse breakup of 

liquid core into relatively large droplets may also be followed by a subsequent 

secondary breakup where the bigger droplets further breaks into smaller fragments 

[24]. 
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Berg et al. [25] performed the theoretical analysis of melt jets breakup at low and 

high temperatures penetrating into the liquid pools under non-boiling and strong 

film boiling conditions. The limiting case of creating non-boiling conditions is 

useful for separate effect study to understand the jet breakup mechanisms. It can 

be carried out using low melting temperature material such as Wood’s metal in 

water. The authors deduced the correlations and compared with the experimental 

data and other experimentally determined correlations. 

From the literature survey, it shows that many experimental and theoretical works 

have been done for a liquid jet in gas system for a broad range of Weber numbers. 

On the other hand, there are limited experiments and hence theoretical 

developments done in liquid-liquid systems. Although, there is experimental data 

available for the melt jets in water at smaller scale, it is rare at larger scale. 

Moreover, the study of melt jet break up in liquid coolant, closer to density ratio of 

corium and water is needed to substantiate the current understanding and most 

appropriate for the present study. 

 

1.1.4 FCI Energetics in Reactors 

 

Gaining detailed insights of the possible FCI in actual reactors during the case of 

severe accident is the main goal of the research community in the field of reactor 

FCI. Experimentation of such reactor scale scenario using realistic material is a 

difficult task. At the same time it is challenging to identify details of all the possible 

mechanisms from the experiment. Therefore, different mechanisms are separately 

investigated at smaller scale or as a part of fundamental studies, which then may be 

used to enhance the understanding of a real case scenario. However, there can be 

several limitations to this scaling effect due to underestimation of some issues 

(such as steam explosion loads) may occur particularly in reactor cases. 

 

In this regard, theoretical developments made from experimental investigations at 

comparatively smaller scale, may help to assess the FCI energetics in reactors. 

Consequently there are many FCI codes developed for estimating the FCI. Such 

codes need assumptions and simplifications at many places due to difficulties in 

calculation or lack of experimental data. It is understandable that there may be 

considerable uncertainties in estimations, for example: steam explosion loads. In 

addition to code uncertainties, there remains lack of knowledge about uncertain 

but influential parameters in FCI. Moreover, there is a need of knowledge about the 

sensitivity of those influential FCI parameters on the explosion energetics. 
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Therefore the FCI codes can be employed to reactor scale case, if supported by 

systematic uncertainty and sensitivity analysis. 

 

It is described earlier in the text that FCI may occur in various parts of reactor, 

including the containment which is the last barrier to radiation release into the 

atmosphere. Its integrity is of paramount importance and its research is one of the 

key aspects on nuclear power safety community. During severe accident 

progression, there is a possibility that core melt will breach the pressure vessel and 

eject into the flooded dry well (a reactor cavity flooding technique in Nordic BWRs) 

and the FCI may cause steam explosion giving impact loading on the surrounding 

structures. 

 

It is hypothesized that the melt will pour into the water pool in the form of jet 

stream which will undergo fragmentation. This process is followed by many 

phenomena influential to steam explosion, making the whole scenario more 

complex. There are some FCI codes developed such as MC3D, TEXAS, GEMI, etc. 

to simulate this complex behavior. These codes are validated time to time by 

simulating the experiments which are carried out at smaller scale as compared to 

the reactor case. These computer codes generally consist of many models to 

calculate the various phenomena of the whole process, which are sometimes 

simplified due to lack of understanding and/or unavailability of enough 

experimental data and thus adds the modeling uncertainty to the output results of 

the code. There are various other sources of uncertainty in code calculations such 

as simplification in the initial and boundary conditions, imprecise knowledge of the 

input variables in modeling. In such a case taking the discrete values of the input 

variables for the code calculations will not give promising results which may be far 

away from the realistic values. Moreover, the results may be highly sensitive to 

some of the input variables. Therefore to reduce the uncertainty, extensive analyses 

are needed to be carried out by considering the quantification of input variables by 

ranges and probability distributions. 

 

1.2 Debris Bed Coolability 

 

Characteristically, a debris bed is having a porous internal structure which is rather 

coolable than the molten pool. Coolability of the debris bed plays a crucial role in 

corium risk quantification, important for the stabilization and termination of a 

severe accident in light water reactors (LWRs). Debris bed cooling is an exact 
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picture of a two-phase flow in porous media per se, containing the volumetric 

source of decay heat and complicated bed characteristics. The coolability study 

mainly aims at finding if the decay heat can be completely removed by the coolant 

flowing through the debris bed [26][27][28]. The dryout heat flux is seen as the 

limiting parameter to the decay heat removal and it has been subjected to many 

experimental and theoretical studies since last three decades. 

 

 
Figure 1.4 Coolability mechanisms. 

 

Experimental investigations on debris coolability and dryout heat flux under both 

in-vessel and ex-vessel conditions have been carried out by many researchers 

[29][30][31][32]. To analyze the experiments and finally assess debris coolability in 

reactor scenarios, number of analytical models and empirical correlations were 

developed for prediction of single/two-phase flow (friction) and heat transfer 

(dryout heat flux) in particulate beds [29][33][34][35][36]. Review of the 

experimental data and empirical correlations can be found in [37] and [38]. 

 

General study shows that the dryout heat flux database exists extensively for 

particulate beds packed with single-size spherical particles. It is found that most of 

the experimental data available in literature are related to top-flooding beds in 1D-

configuration, and limited data are available for the beds packed with multi-size 

particles under coolant access by bottom-injection as well as top-flooding. 

Motivated to enhance the coolability of debris bed, several experimental 

investigations have been conducted for the debris beds provided with bottom 

forced injection and downcomer (Natural Convection Driven Cooling) 

[26][30][39][40][41]. Interestingly, these experiments have shown a significant 

increase in dryout heat flux (DHF) with bottom forced injection / downcomer 

compared to the conditions of top-flooding bed. It is believed that the models 

developed from 1D top-flooding bed experimental data are incompatible for 

conditions with a bottom water injection. Therefore the problems in applicability of 

experimental results to the plant conditions still persist. This signifies a clear need 
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for analytical study which would help to correlate the experiments to the 

understanding of processes in bottom-fed conditions and their safety implications. 

 

The predicted debris bed formed in a severe reactor accident is expected to be 

multi-dimensional in nature (Figure 1.1). One of the most important debris bed 

configurations of multi-dimensional nature is the heap-like debris beds (Figure 

1.5). Coolability of such debris beds submerged in a water pool is affected by 

coolant ingression from the top and bottom of the bed as well as from the lateral 

directions. Moreover, it should be noted that in previous study, with few 

exceptions, debris beds used for the DHF study were characteristically homogenous 

and of 1D-configuration. 

 

 

Figure 1.5 Debris Bed from DEFOR Tests [42]. 

 

Besides homogenous debris beds, there also exists a few experiments to investigate 

stratified debris bed. The axial stratification of debris bed with fine particles atop 

coarse particles is most expected, which leads to a significant reduction in the DHF. 

Possibly, there can be another type of stratification i.e. radial stratification, whose 

effect on DHF is still unclear. Available data for the radial stratified beds are 

limited. One of the tests from [43] shows that the dryout heat flux in the radial 

stratified bed is in the same range as observed in the homogenous beds of 

corresponding porosities. More data is therefore needed to understand/verify the 

effect of the radial stratified bed on coolability. From the above literature survey, it 

can be deduced that there is a clear need for an investigation on the coolability and 

the dryout heat flux for a heap like bed and the bed with radial stratification. 
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1.3 Present Work 

 

The present work is mainly based on addressing the issues in fuel-coolant 

interactions and debris coolability. Numerical analyses are carried out to 

substantiate the understanding in the process of fuel coolant interactions followed 

by the evaluation of uncertainties in estimating the steam explosion uncertainties. 

The fundamental study of droplet deformation and fragmentation in this thesis 

work is carried out to serve an addition to existing basic knowledge of single 

droplet steam explosion. The hydrodynamic study of melt droplets and jet by 

isolating the process from whole phenomena is performed to enhance the detail 

understanding. This work is useful for developing the theoretical models which can 

simulate the whole phenomenology of FCI. The part of the thesis work also deals 

with the application of sensitivity and uncertainty analysis methods to FCI code in 

order to make the data more reliable.  The coolability assessment of a debris bed 

formed after FCI is also carried out by the experimental investigations. The goal of 

this study is to investigate the characteristics of stratified bed, which are possible in 

real cases. The experimental study of more realistic debris bed helps identifying the 

crucial phenomena which, along with the data, can be used in the development of 

theoretical models. 

 

The first part of the second chapter starts with an analytical study of the ongoing 

research on steam explosion at KTH. The focus is placed on the numerical 

simulation of the pre-conditioning of a single droplet in a water pool. The current 

work is limited to the hydrodynamics of the melt droplet in a water pool, without 

considering phase change and heat transfer during the interaction. The study 

employed the volume of fluid (VOF) method using a commercial CFD code ANSYS 

FLUENT for 2D simulation of the hydrodynamics of a droplet, where the 

investigation was concentrated on seeing the impacts of various factors (e.g., 

material physical properties and droplet Weber number) on the preconditioning of 

a melt droplet prior to the steam explosion. Moreover the effect of pressure pulse 

on the droplet deformation is also studied. The droplet deformation study is then 

extended to the 3D simulations to overcome the limitations that may arise in 2D 

analysis, considering the 3D case as higher fidelity simulation. Moreover, a 2D 

circle simulating a droplet can also resemble to a cylindrical shape in 2D, and hence 

3D analysis of a droplet can be more accurate and reveal more details of droplet 

deformation and fragmentation. 
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As a next step, in third chapter, a two dimensional numerical analysis of melt jet 

fragmentation/breakup has been carried out which is motivated from the 

experimental investigation of melt jet breakup experiments carried out at KTH 

[44]. Wood’s metal is used as the molten corium simulant interacting with water, 

without film boiling. The analysis includes the pattern of jet fragmentation which is 

followed by the study of effect of jet diameter, jet velocity on the jet breakup length. 

It is then extended to study the effect of melt physical properties on the jet breakup 

length. 

 

The fourth chapter deals with evaluation of uncertainties in estimating the steam 

explosion loads on the containment cavity using MC3D code. A propagation of 

input error method is used for the uncertainty analysis and the Spearman 

correlation coefficient method for importance ranking of the input parameters. 

 

The fifth chapter of the thesis is related to the assessment of the coolability of the 

prototypical debris beds carried out by performing an experimental study at the 

test facility named POMECO-HT at KTH. The effectiveness of coolability-enhanced 

measures such as bottom injection of water and a downcomer (used for natural 

circulation driven coolability, NCDC) is also investigated. The focus is oriented on 

the determination of potential effect of the bed’s prototypical characteristics on its 

coolability, in terms of inhomogeneity with heap like (triangular shape) bed and the 

radially stratified bed, and also the effect of its multi-dimensionality. Consequently, 

four particulate beds are constructed: two beds with homogeneous configuration, 

and remaining two with radial stratification and triangular shape respectively. The 

last chapter presents the brief summary of this thesis work.  
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2 Numerical Simulation of Droplet Behavior 

 

2.1 Background 

 

In this chapter, initially the hydrodynamic study of molten melt droplet in a water 

pool is carried out. The deformation and fragmentation of a droplet is studied 

extensively using two dimensional analysis followed by a three dimensional study. 

Heat and mass transfer is not considered, assuming the droplet is in isothermal 

conditions. All the numerical analyses have been carried out using a commercial 

CFD code, ANSYS FLUENT. The VOF method is used to study the multi-phase 

system of FCI. The detailed methodology is described in the coming sections. 

 

2.2 2D Analysis of Molten Droplet 

 

2.2.1 Motivation 

 

Concerning a single droplet steam explosion, a recent experimental work 

performed by Hansson et al. [14] at Royal Institute of Technology (KTH) which is 

focused on the micro-interactions of a single droplet during the triggering phase of 

steam explosion. Analysis of the simultaneous X-ray radiography and high-speed 

photography showed that the melt droplet undergoes substantial deformation 

during first bubble cycle, i.e. prior to fine fragmentation of itself. This initial 

deformation/pre-fragmentation is named as ‘preconditioning’ by the authors, 

and if the extent is greater, it would be easier for coolant to entrain (additional 

details can be found in Hansson et al. [14] and Hansson et al. [45]). There can be 

many possible modes of droplet deformation and fragmentation during 

preconditioning prior to explosion and it needs further investigation. Furthermore, 

quantification of influential parameters only by doing experiments is not an easy 

task due to complexity of rapid thermal-dynamic process. As an analytical part of 
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ongoing study on steam explosion at KTH, a two dimensional numerical analysis 

on hydrodynamic deformation of melt droplet in a water pool is carried out using 

VOF method, where the droplet is assumed to be in the ‘preconditioning’ phase. 

Due to intense heat and mass transfer, phase change and step changes in the 

properties of this multiphase system, the study is simplified to only consider the 

hydrodynamics of the droplet. 

 

In order to get the basic understanding of single droplet behavior during steam 

explosion phenomena, the present study is carried out to deal with hydrodynamic 

deformation of a droplet during preconditioning, the initial phase of fuel coolant 

interactions. After studying the droplet deformation patterns, additional 

calculations are performed to investigate the impacts of various factors (e.g., 

material physical properties and droplet Weber number) on the deformation / 

fragmentation of a melt droplet prior to the steam explosion. The main results are 

discussed in this chapter, however the additional details can be found in Thakre et 

al. [46] and also in Appendix A. 

 

2.2.2 Numerical Methodology 

 

There are several techniques available for interface capture or tracking, such as the 

simplified line interface calculation (SLIC) method [47], level set, and the VOF 

method [48]. Other methods for calculating the fluid interfaces can be found in 

Gopala and Wachem [49]. Interface tracking scheme in Unverdi and Tryggvason 

[50] (in which the Lagrangian interface is used to reconstruct a representation of 

the density field on the Eulerian mesh) is less straightforward than the volume 

tracking method for interface reconstruction, according to Rudman [51]. The level 

set approach of [52] was used to simulate the behavior of a heavy liquid droplet 

[53] in a water pool, with some extent of success. However, it does not guarantee 

mass conservation in significantly distorted flows as per the discussion in Rudman 

[51]. In the current study, the VOF method is considered since it is relatively simple 

and accurate, with a good availability in the ANSYS FLUENT 12.1 code package 

[54]. 
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2.2.2.1 Volume of Fluid Method 

 

The VOF method is a numerical formulation for tracking fluid-fluid interfaces 

which are not inter-penetrating. It can be used for tracking two or more fluid; an 

additional variable is introduced in the model, for each phase. In each control 

volume, the sum of all volume fractions of all phases is unity. Any given cell may 

represent the properties of either one phase or the mixture of phases. All variables 

and properties field represent the volume averaged values shared by the phases. If 

αn is the volume fraction of nth fluid in the system, then following conditions may 

exist (also clears from Figure 1.5), 

 αn = 0  The cell is empty of the nth fluid. 

 αn = 1  The cell is full of the nth fluid. 

 0 < αn < 1  The cell is having the interface between the nth fluid and one or 

more other fluids. 

 

 

Figure 2.1 Phases’ treatment in VOF method. 

 

The properties are determined by the component of the phases in each control 

volume. For an n-phase system, the volume fraction averaged property, φ can be 

formulated as 

𝜑 = ∑ 𝛼𝑛 𝜑𝑛                                                         (2.1) 

In the two-phase system, for example, when the second phase volume fraction is 

being tracked, it can be written as 
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𝜑 = 𝛼2𝜑2 + (1 − 𝛼2)𝜑1                                            (2.2)  

All the properties such as density (ρ) and viscosity (µ) are computed using similar 

method. In the present study, the VOF method is employed for two and three phase 

cases. 

 

The volume fraction equation 

The tracking of the interfaces between the phases is done by solving the continuity 

equation for the volume fraction of one (or more) of the phases. For the nth phase it 

can be written as, 

1

𝜌𝑛
[

𝜕

𝜕𝑡
(𝛼𝑛𝜌𝑛) + 𝛻 ∙ (𝛼𝑛𝜌𝑛�⃗�𝑛) = 𝑆𝛼𝑛

+ ∑ (𝑀𝑚𝑛 − 𝑀𝑛𝑚)𝑖
𝑚=1 ]                  (2.3) 

where Mmn is the mass transfer from phase m to phase n and vice versa for Mnm.  

𝑆𝛼𝑛
is the source term. However, there is no mass transfer considered in the present 

study; therefore the terms on the right hand side turned zero. The volume fraction 

equation is solved for the secondary phase/s and the primary phase is calculated 

from the following constraint: 

∑ 𝛼𝑛
𝑖
𝑛=1 = 1                                                            (2.4) 

 

The momentum equation 

One momentum equation is solved throughout the simulations, and the calculated 

velocity is used by all the phases. The momentum equation is given below, which is 

dependent on the volume fractions of the phases through the density (ρ) and 

viscosity (µ). 

𝜕

𝜕𝑡
(𝜌�⃗�) + 𝛻 ∙ (𝜌�⃗��⃗�) = −𝛻𝑝 + 𝛻 ∙ [𝜇(𝛻�⃗� + 𝛻�⃗�𝑇)] + 𝜌𝑔 + �⃗�                  (2.5) 

There is a drawback of this shared-fields approximation method, when there is a 

large difference in the velocities between the phases. The accuracy in velocity 

computation may get adversely affected in such cases. 

 

Interface interpolation scheme 

There are number of interface interpolation schemes available according to the 

literature which are mainly categorized as interface capturing and interface 

tracking methods [55]. In interface tracking methods the interface is constructed 

explicitly; the advected volume fraction fluxes are explicitly calculated on the 

position of the interface within the individual computational cell. Whereas, in 

interface capturing methods, the volume fraction value at the control volume face is 

formulated by finite volume discretization scheme, without reconstructing the 
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interface. There are four schemes in ANSYS FLUENT for the calculation of face 

fluxes for the VOF model: geometric reconstruction, donor-acceptor, Euler explicit, 

and implicit. In the present case, the Euler explicit scheme is employed which treat 

the near interface cells with the finite volume discretization scheme, and does not 

use a special treatment. Modified HRIC is used as a finite volume discretization 

scheme. It is available with both explicit and implicit VOF. Modified HRIC is a 

central differencing scheme, comparatively computationally less expensive than 

geometrical reconstruction scheme. The volume fraction in ANSYS FLUENT can be 

solved either using explicit or implicit time discretization. 

 

Explicit discretization scheme 

In this approach, the volume fraction calculated from the previous time step is used 

in finite difference interpolation. This scheme does not require the iterative 

solution of the transport equation for each time step unlike implicit scheme. 

𝛼𝑛
𝑖+1𝜌𝑛

𝑖+1−𝛼𝑛
𝑖 𝜌𝑛

𝑖

∆𝑡
+ ∑ (𝜌𝑛

𝑖 𝑈𝑓
𝑖 𝛼𝑛,𝑓

𝑖 )𝑓 = [∑ (𝑀𝑚𝑛 − 𝑀𝑛𝑚)𝑖
𝑝=1 + 𝑆𝛼𝑛

]𝑉                       (2.6) 

where, i+1 is the index for the current time step, whereas, i is the index for the 

previous time step. αn,f is the face value of the secondary phase volume fraction, 

which can be calculated using various advection schemes (such as first or second-

order upwind, QUICK, or modified HRIC scheme, [54]). V is the volume of cell, and 

Uf is the volume flux. The explicit discretization scheme must be used for the time-

dependent solutions. This method along with the modified HRIC scheme is used in 

the present study. 

 

Implicit discretization scheme 

In this approach, the volume fraction values are used from the current time step, 

and a standard scalar transport equation is solved iteratively for each secondary 

phase volume fraction at every time step. A standard finite-difference interpolation 

schemes, including the modified HRIC scheme, are used to obtain the face fluxes 

for all the cells including the interface cells. The implicit scheme can be used for 

both steady and unsteady state calculations. 

𝛼𝑛
𝑖+1𝜌𝑛

𝑖+1−𝛼𝑛
𝑖 𝜌𝑛

𝑖

∆𝑡
+ ∑ (𝜌𝑛

𝑖+1𝑈𝑓
𝑖+1𝛼𝑛,𝑓

𝑖+1)𝑓 = [∑ (𝑀𝑚𝑛 − 𝑀𝑛𝑚)𝑖
𝑝=1 + 𝑆𝛼𝑛

]𝑉             (2.7) 

 

Pressure-velocity coupling 

ANSYS FLUENT provides four options to choose pressure-velocity coupling 

algorithms: Semi-Implicit Method for Pressure-Linked Equations (SIMPLE), Semi-

Implicit Method for Pressure-Linked Equations-Consistent (SIMPLEC), Pressure-

Implicit with Splitting of Operators (PISO), and Fractional Step Method (FSM) 



20 
 

[54]. The PISO scheme is more suitable for transient calculations than other 

schemes. It is part of the SIMPLE family of algorithms; however, PISO algorithm 

performs two additional corrections to improve the calculation efficiency: 

neighbour correction and skewness correction. 

 

Time-advancement scheme 

Iterative time-advancement scheme needs a significant amount of computational 

effort due to large number of outer iterations performed for each time-step. The 

Non-Iterative Time-Advancement (NITA) scheme is employed in the present 

methodology. In this technique there is no need to reduce the splitting error to zero 

in order to preserve the overall time accuracy, but only to make it the same order as 

truncation error. The NITA scheme carries out only a single outer iteration per 

time-step, which significantly speeds up the transient calculations. In the current 

study, it is used with first-order time integration. 

 

CFL condition 

Courant-Friedrichs-Lewy (CFL) condition, also called as Courant number (Co), 

exhibits a relation between, the computational cell size, the transient time-step size 

and the fluid velocity within the cell. It is given as, 

𝐶𝑜 =
∆𝑡∙𝑉

∆𝑥
                                                                    (2.8) 

where, Δt is the time-step used during the simulations, V is the fluid velocity and 

Δx is the size of the computational cell. The time step can be controlled using the 

CFL condition, which is done by specifying the particular value of Courant number 

(Co), to stabilize the numerical scheme. This condition is required while using the 

explicit solver. Co=0.25 is used in the present study considering as robust value to 

maintain the stability of calculations. 

 

Geometry and boundary conditions 

The two-dimensional domain of 20 mm (horizontal) × 50 mm (vertical) is 

employed with quadrilateral meshing made using ICEMCFD meshing software. 

Walls with free slip boundary conditions are specified to two vertical boundaries. 

Atmospheric pressure is applied at the top and bottom boundaries. For the 

pressure pulse condition, the profile is provided at the bottom boundary which 

travels upward. The melt droplet is initialized inside the domain using the User 

Defined Functions (UDFs in ANSYS FLUENT).The UDF is a routine which can be 

dynamically linked with the code and programmed by the user, which makes it 

possible to define boundary conditions, source terms, initialization, etc. The 
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diameter of the droplet (circular shape in 2D analysis) is considered as 3 mm. In 

the later part of the simulation, an external pressure pulse is supplied using UDF. 

 

2.2.3 Mesh Adaptivity 

 

In the multi-phase systems, it is important to capture the interfaces with a 

considerable accuracy which needs enough fine mesh. It is not justifiable to refine 

the whole mesh of the domain which will increase the calculation efforts 

exponentially. In such circumstances, the mesh adaptivity technique is a very 

useful, which helps to refine the grid size (increases the mesh density) in the area of 

concern. Increasing the number of cells in the crucial region really improves the 

solution accuracy with an acceptable computational cost. In the current case, mesh 

adaptivity is employed at the interfaces using a gradient adaption method (as 

shown in Figure 2.2). 

 

 

 

Figure 2.2 Geometry and type of mesh. 
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2.2.4 Simulation of Rayleigh-Taylor Instability 

 

The capability to simulate Rayleigh-Taylor instability is considered as a benchmark 

for validation of interface capturing codes. In the current case, the instability 

between the fluids of water and diesel (with initiated sinusoidal disturbance at the 

interface), where water on the top starts penetrating through diesel due to the 

gravitational force is simulated. The Figure 2.3 shows that the contour plots of the 

volume fraction at different time intervals, indicating the growth of instability with 

time. Generally, the heavier fluid will go downwards from side because of the 

gravitational force. It is found that in the earliest stage, the instability grows 

linearly and finally the non-linear effects become dominant, as discussed by Hirt 

and Nichols [48]. 

 

 

Figure 2.3 Volume fraction of the water and diesel (diesel colored red and the water colored blue). 

 

Concerning the global behavior of the interfaces, the present results are similar to 

the observations in literatures (e.g.: [51][56]) in which the initial growth form a 

spike going downwards near the side wall and starts rolling up which finally 

          

   0s                     0.42s              0.55s                0.7s 

          

                                                                       0.8s                0.9s                    1s                 1.19s 
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becomes more distorted (non-linear growth of interfaces). Similar studies have also 

been carried out using Lattice Boltzmann scheme to simulate Rayleigh-Taylor (R-

T) instability [57][58]. Thus, it can be concluded that the current model is capable 

of simulating the behavior of interface between immiscible fluids. 

 

2.2.5 Droplet 2D Deformation 

 

2.2.5.1 Behavior of a droplet in a water pool 

 

After carrying out basic R-T instability simulation, the methodology is then 

continued for the 2D droplet analysis. In this case, a two-phase system of melt 

droplet and water is considered by neglecting the vapor phase resulting from film 

boiling (for detailed assumptions, refer Appendix A or Thakre et al. [46]). In 

particular, the tin melt droplet is initialized in the simulation at some location 

inside the pool, and falls down subsequently. The initial circular shape of the 

droplet is assumed for simplification. Initiated as a circular shape, at the very 

beginning the droplet takes an approximately elliptical shape which is then 

evolving into a semicircle (Figure 2.4). Thereafter, the continued deformation leads 

to a crescent shape. A similar kind of deformation pattern is found by Ma et al. [53] 

though, here it starts releasing fragments from its lateral ends which resembles the 

sheet stripping breakup. 

 

 
[V=2.5 m/s; D=3 mm; ρc=6600 kg/m

3
; σ=0.468 N/m; µ=0.0032 Pa∙s] 

Figure 2.4 Behavior of a molten tin droplet in water pool. 

 

 

 

                                

 

                               0 ms                                                               1 ms                                                                      2 ms 
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2.2.5.2 Effect of Weber number on droplet’s behavior 

 

It is well known that the Weber number is a dimensionless number which is 

defined as We=ρcV2D/σ, where, ρc, V, D and σ are the coolant density, relative 

velocity, droplet diameter and surface tension of a droplet respectively. It can be 

thought of as a measure of the relative importance of the fluid's inertia compared to 

its surface tension. The quantity is useful in analyzing the formation of droplets and 

bubbles. Tin droplets with different initial Weber numbers are chosen to 

investigate the effectiveness of Weber numbers on droplet deformation. The 

calculations are carried out for different initial Weber numbers: 6, 13, 23 and 93. It 

can be seen that in a given time period the aspect ratio and hence the deformation 

increases with the Weber number significantly (Figure 2.5). In particular, the rate 

of deformation of the droplet appears to be directly proportional to the relative 

velocity and inversely proportional to the droplet surface tension. This indicates 

that hydrodynamic deformation is getting pronounced at high speed of the droplets 

and also at lower surface tension. 

 

 

Figure 2.5 Aspect ratio of droplet diameter with time at different Weber numbers. 

 

2.2.6 Droplet Behavior under Pressure Pulse 

 

Deformation and fragmentation of droplets due to shock wave is more likely in case 

of fuel coolant interactions. The bigger size droplets formed after initial 
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fragmentation may get exposed to a pressure pulse formed by fuel-coolant contact, 

and the intensity of pressure pulse determines the mode of deformation, breakup 

and the size of fragments. In the present kind of computational analysis, an 

external trigger/pressure pulse of various intensities can be used to study the 

droplet deformation/breakup and hence an external pressure pulse has been 

introduced in the domain which disturbs the melt droplet by passing across it. A 

triangular shaped pressure pulse (shown in Appendix A) is used which has a time 

period of 100 µs. It is specified at the inlet travelling upward to the outlet. Two 

different magnitudes of pressure pulse have been used in the study in order to 

understand its effect on the hydrodynamic deformation. It may ultimately decide 

the severity of steam explosion. In order to prove the quality of numerical data, its 

validation is prerequisite. Therefore, for the comparison, experimental data on 

single cold drop experiment from Ciccarelli and Frost [13] has been used in the 

present study. Simulation case is carried out using conditions similar to the 

experiment (V = 40 m/s), keeping the Weber number, We = 8500. Figure 2.6 

shows the comparison of the simulation results with experimental data in terms of 

dimensionless spreading length varying with respect to time. It illustrates that, 

though underestimated, the trend predicted by the simulation results is found to be 

in an acceptable range. 

 

 

Figure 2.6 Comparison of numerical results with cold drop experimental data [13]. 

 

The study is then continued using 5 bar pressure pulse crossing the droplet. The 

Figure 2.7 shows that, it does not cause obvious disturbance on droplet surface and 

the droplet deforms uniformly, in a similar fashion that observed in case of a 
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droplet falling under gravity with some initial velocity. There is no non-uniform 

disturbance appeared on the droplet surface and hence no droplet breakup (Figure 

2.7). On the other hand, a 50 bar pressure pulse has a significant effect on the 

deformation of droplet (Figure 2.8). Higher magnitude of pressure pulse causes 

more deformation. The droplet starts deforming primarily from its lateral 

periphery and releases very small fragments from its surface. It initially (Volume 

fraction contour at 0.15 ms in Figure 2.8) forms a Kelvin-Helmholtz type of 

instability on its surface which becomes severe afterwards, leading to so called 

“Catastrophic breakup”. 

 

 

Figure 2.7 The volume fraction contours of melt droplet disturbed by 5 bar pressure pulse. 

 

 

Figure 2.8 The volume fraction contours of melt droplet disturbed by 50 bar pressure pulse. 

 

 

 

 

                                       0 ms                                                                       2 ms                                                                                 3 ms                           

 

 

 

                              0 ms                                                 0.15 ms                                                      0.5 ms                                                     1 ms 
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 It is observed from the result that, at the end of 0.15 ms after crossing the pressure 

pulse, the aspect ratio under 50 bar pressure pulse is double than that of 5 bar 

pressure pulse. The droplet deformation is directly related to the surface area 

exposed to the coolant; therefore higher the deformation more is the surface 

exposed to the coolant causing coolant penetration and rapid heat transfer which 

may enhance the severity of steam explosion. 

 

2.2.7 Effect of Material Properties 

 

It is known from experiments that the material properties (physical and chemical) 

of the melt have considerable effect on the occurrence of steam explosion and its 

energetics [59]. Therefore, density and a surface tension of droplet are chosen as 

parameters for sensitivity analysis of droplet deformation. For the analysis of 

density effect, values of two materials have been chosen: Corium simulant (ρd = 

3878 kg/m3) and Corium (ρd = 8045 kg/m3), because of the large difference in 

their densities, which may show a considerable effect in a limited time span. Rests 

of the properties are kept similar in both cases. 

 

The calculations for the materials with different densities are carried out in 

presence of a 5 bar pressure pulse. Results show that the droplet with higher 

density deforms at higher rate. In the initial period of preconditioning, i.e. till 2.5 

ms, there is no significant difference in the deformation, but it proclaims a 

considerable difference in the later phase. When the density is doubled, 

deformation can increase by 40 % at the end of 4 ms. Comparing the effect of 

density in presence of pressure pulse to without pressure pulse, it is revealed that 

the deformation is almost linear in case of a condition without pressure pulse. On 

the other hand, in conditions with a pressure pulse, the droplet deformation rate is 

not constant. 

 

In order to see clear effect of surface tension, two values used are quite apart. 

Logically, the droplet with higher surface tension shows the less deformation. But it 

also shows the negligible difference in the deformation rate till first 2.5 ms, similar 

to the earlier cases.  
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2.3 3D Analysis of Molten Droplet 

 

2.3.1 Motivation and Objectives 

 

The hydrodynamics study of a molten droplet in a water pool, which is carried out 

in last section using two-dimensional analysis is extended to three-dimensional 

study in the present case. Refer Thakre et al. [60] or Appendix B for more details. 

The analysis carried out in 2D, may have some limitations for this specific problem 

of drop fragmentation when compared to 3D analysis. While a droplet undergoes 

fragmentation, it releases fine fragments from the periphery due to shear striping 

which is already observed in 2D hydrodynamic study. In 3D case, though the 

droplet deformation is symmetric, some part of fragments detaching from the 

temporal periphery (also from rear half) is not in a fashion that will always be 

captured in 2D. It may make a slight difference in the total surface area exposed to 

the coolant and thus the 3D case can be considered as higher fidelity simulation. 

Moreover, a 2D circle simulating a droplet may also resemble a cylindrical shape in 

2D, and hence 3D analysis of a droplet can be more accurate and reveal more 

details of droplet deformation and fragmentation. 

 

As a result, the present study deals with a 3D analysis on a hydrodynamics of a melt 

droplet in a water pool. Numerical methodology is used similar to 2D analysis 

presented in the earlier section. First part of results and discussions presents 

droplet deformation patterns at different Weber numbers and effect of material 

properties on deformation. Later in the discussion, the effect of pressure pulse and 

the effect of its magnitude on the rate of deformation in terms of surface area 

exposed are studied. 

 

2.3.2 Geometry and Boundary Conditions 

 

A three-dimensional calculation domain similar to a vertical channel (square cross-

section) is used for a droplet simulation, which is shown in Figure 2.9. A structured 

mesh is used which is done by the ICEMCFD meshing software. There is inlet and 

outlet at the bottom and top respectively, whereas, remaining four sides of the 

channel are treated as walls. Atmospheric pressures are specified at the inlet and 
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outlet boundaries. A melt droplet of 3 mm diameter is initialized at the centre of 

the channel using the user defined functions (UDF). 

 

Figure 2.9 Sketch of the initial conditions and dimensions of the domain. 

 

2.3.3 Droplet 3D Deformation Patterns 

 

A general picture shows that the spherical droplet becomes elliptical during its 

initial stage of deformation, followed by a hemisphere formation, and further it 

starts forming a hollow hemisphere similar to shape of bowl (crescent shape in 2D). 

Finally, a rupture occurs after thinning of bowl shape resulting into the droplet 

disintegration. The deformations in the cases We=58 (Figure 2.10b) and We=90 

(Figure 2.10c) leads to formation of bowl shape having the opening on downstream 

side, which then undergo deepening followed by the rupture of hollow area in the 

latter case. The rupture results into a formation of ligaments, still part of the 

droplet which is expected to deform until it forms stable fragments. For We=150 

(Figure 2.10d), it forms a similar shape along with a crown shaped part 
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disintegrated on the downstream side of the drop. A deformed but non-

disintegrated droplet can be simulated with considerable accuracy in 2D (a similar 

pattern of deformation is seen in earlier study), however, the disintegrated drops 

may not be captured accurately since the droplet detaches some of its portion from 

its downstream side which is not azimuthally continuous even if 

periodic/axisymmetric. Therefore, 3D analysis is preferable to study the droplet 

breakup/fragmentation. 

 

                                                      

                                       

                             

                      

                
               a)                                  b)                                 c)                               d) 

[a) We = 6, V = 1 m/s; b) We = 58, V = 2.5 m/s; c) We = 90, V = 3.75 m/s; d) We = 150, V = 4.84 m/s (material: 

Tin; D = 3 mm; ρd = 7000 kg/m
3
; µd = 0.0032 Pa·s; σ = 0.468 N/m)] 

Figure 2.10 Deformation patterns of a melt droplet at different Weber numbers. 
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[Material: Tin, D =3 mm;𝑊𝑒 = 𝜌𝑐𝑉2𝐷 𝜎⁄ ] 

Figure 2.11 Droplet deformation rate at various Weber numbers. 

 

It is known that the total surface area exposed to coolant is decisive in the process 

of steam explosion and hence its study is important. As mentioned earlier, during 

preconditioning, droplet may undergo severe deformation prior to fragmentation, 

and therefore the deformation rate in terms of surface area is studied for droplets 

with different We (Figure 2.11). A droplet with initial We = 6 shows obvious lowest 

deformation rate and increase in the surface area is approximately 2.5 times at the 

end of 4 ms. Whereas, a droplet with initial We = 150 shows 8 times rise in the 

surface area with highest deformation rate. 

 

2.3.4 Droplet Deformation under Pressure Pulse 

 

Similar to 2D analysis, a triangular shaped pressure pulse is used which has a time 

period of 100 µs. It is specified at the inlet travelling upward to the outlet. Two 

different magnitudes of pressure pulse have been used in the study. 

 

2.3.4.1 Deformation patterns 

 

Two different magnitudes of pressure pulse has been used, P = 10 bar and P = 50 

bar, to study the deformation modes and its comparison. Figure 2.12 shows the 

deformation pattern is the same as observed before in case of falling droplets and 
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there is no breakup/fragmentation of a droplet within a considered time span. It 

can be noted from the previous 2D study that, generally, at comparatively smaller 

pressure pulse, droplet will initially take an elliptical shape finally leading towards 

crescent shape formation. Similarly, in the current results, a droplet deforms from 

spherical shape to elliptical and hemispherical till finally taking a bowl shape. 

Moreover, in all the cases the droplet’s front half (facing the pressure pulse) forms 

a convex shape and becomes hollow from downstream side. This may be due to the 

movement of the lateral surface (azimuthal periphery) where the relative velocity is 

significant (at higher velocities the droplet is expected to release fragments from 

the periphery, called as sheet striping mode) and as a result, part of droplet 

accumulates in the rear side forming a bowl shape. Another factor may be the high 

pressure zone formed behind, which pushes the droplet and forms a hollow region. 

 

    
             (a)                            (b)                                  (c)                                      (d) 

[a) t = 0 ms; b) t = 1.41 ms; c) t = 2.63 ms; d) t = 3 ms (P=10 bar; material: Tin; D = 3 mm)] 

Figure 2.12 Deformation patterns of a droplet. 

 

Figure 2.13 shows when a droplet exposed to a 50 bar pressure pulse, which is 

quite rapid due to higher relative velocity, it forms a saucer shape during initial 

stage of deformation and also partially disintegrates, leaving fragments on the 

trailing side. It can be considered analogous to stripping mode breakup, since its 

vertical cut section resembles the same shape. Further in the process of 

deformation, a ring releases from the droplet along with small fragments and 

simultaneously thinning of a remaining saucer shape occurs. Moreover, the ring 

disintegrates and forms circular segments; meanwhile, a deforming droplet 

releases one more ring which again disintegrates. These formed segments undergo 

elongation and increases the surface area. Finally, a rupture of a thinned surface 

occurs (see Figure 2.13f) and a ring remains at the periphery which finally breaks. 

In the current case of 50 bar pressure pulse (We=3700), there are multiple rings 

detaching from the droplet during breakup process. A ring remains after bowl 

shape ruptures and finally disintegrates into small segments (Figure 2.13h) which 

are similar to what is observed in liquid-gas systems at lower We [61]. A 

comparison of the present simulation results with the experimental results having 
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similar conditions is difficult due to limited availability of experimental data at 

such lower density ratios.  

 

In this mode of deformation at high-intensity pressure pulse resulting into a 

droplet breakup, the previous 2D analysis may not reproduce the complex physical 

pictures, since the breakup is not azimuthally continuous even if axially symmetric 

(can be observed from Figure 2.13). However, it can be properly captured in the 

present 3D analysis. 

 

                         
                   a)                                     (b)                                           (c)                                       (d) 

    
                       (e)                                      (f)                                      (g)                                       (h) 

[a) t = 0 ms; b) t = 0.56 ms; c) t = 0.67 ms; d) t = 0.78 ms; e) t = 0.89 ms; f) t = 1.0 ms; g) t = 1.13 ms; h) t = 

1.39 ms (P = 50 bar; material: Tin; D = 3 mm)] 

Figure 2.13 Deformation patterns of droplet. 

 

It is already known in the present context that the surface area of melt exposed to 

coolant is crucial because it determines the heat transfer in fuel-coolant interaction 

(FCI) phenomena. If a molten liquid droplet undergoes deformation or 

fragmentation, more surface area is exposed to coolant. The comparison is carried 

out also in the present study similar to 2D analysis. From the comparison it is seen 

that, a growth in surface area is three times in the case of 10 bar pressure pulse, 

while in the case of 50 bar pulse it is more than ten times. At higher pressure pulse 

the droplet undergoes severe deformation and fragmentation at higher rate, due to 

which there is great enhancement in droplet surface area exposed to coolant. 

Whereas, at lower pressure pulse the droplet doesn’t undergo severe deformation 

and its deformation rate is comparatively less. Therefore, aspect ratio for 50 bar 

pressure pulse exhibits plateau (Figure 2.14) which is not visible in case of 10 bar. 
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Figure 2.14 Fragmentation rate comparison of a droplet exposed to different pressure pulse. 

 

2.3.4.2 Effect of material properties 

 

Density and viscosity of the droplet are chosen as parameters for sensitivity 

analysis of droplet deformation. Similar to previous analysis, values of two 

materials densities have been chosen: Corium simulant (ρd = 3878 kg/m3) and 

Corium (ρd = 8045 kg/m3. Rest of the properties are kept similar in both cases. 

Initial Weber number is specified as We = 58 in both the cases. Result shows that 

the denser droplet deforms at higher rate however the change is not significant 

(24%) in a considered time span, comparing to two times difference in the density. 

In this case, the fuel-coolant density ratios (ρd /ρc) are 3.9 and 8.0 respectively, and 

in real case scenario the density ratio between 7 and 9 is more likely which may 

have little impact of the droplet deformation rate. 

 

Another parameter of a droplet which may affect its deformation is viscosity. 

Therefore its analysis is included in the present study. Result shows more viscous 

droplet is less resilient to deformation though the effect is negligible. Ohnesorge 

number governs the droplet deformation taking the effect of viscosity into 

consideration, which is a ratio of liquid viscosity to surface tension forces. 

 

The effect of droplet viscosity is investigated by many researchers (see review by 

Dai and Faeth [61]; Hsiang and Faeth [62]) and it is stated that the effect of droplet 

viscosity on deformation is negligible when Oh<0.1. In the present cases, the Oh is 
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less than 0.1. The effect of viscosity on deformation may be significant (at higher 

viscosities Oh number is Oh>0.1) when a high temperature melt droplet lead to 

solidification, since the viscosity increase drastically near solidification. Moreover, 

the droplets near solidification may undergo significant deformation 

/fragmentation only at higher Weber numbers.  Therefore, it is interesting to see 

the effect of viscosity at higher Oh (>0.1) and We numbers. To demonstrate this, 

two droplets (in separate simulations), one with Oh<0.1 and other with Oh>0.1 

(higher viscosity, may be treated as a droplet about to undergo solidification) are 

exposed to 50 bar pressure pulse. The comparison of the resulted deformation 

rates reveals that the droplet with Oh>0.1 is more resilient and shows around 36% 

less deformation. 

 

2.3.4.3 Deformation of droplets about to solidify 

 

Many experimental investigations have stated that, not only the liquid droplets but 

the partially solidified droplets may also participate in the fine fragmentation in 

water [63]. The droplets which already started solidification may have different 

effect on deformation, when exposed to a pressure pulse. Though the 

hydrodynamic effect will be less on the partially solidified droplets, it may undergo 

some deformation, depending on the thickness of the solidified surface of the 

droplet. It is known that Weber number is generally used for characterization of 

liquid droplets. Below a critical value of Weber number, surface tension is able to 

keep the droplet in its original shape, whereas, exceeding the critical Weber 

number results into a fragmentation of droplet. When a droplet is to undergo 

solidification, it will start from the surface, progressing towards center. After start 

of solidification, a Weber number may not govern the deformation of the droplet, 

since the surface tension will be replaced by the surface force of solidified crust. For 

these conditions Uršič et al. [63] proposed a modified Weber number which 

compares the effect of hydrodynamic forces with crust stiffness of a droplet surface. 

The modified Weber number (We*) is written as, 

𝑊𝑒∗ =
𝜌𝑐𝑉2𝐷2

𝐸𝛿𝑠
3 (1 − 𝜈2)                                                        (2.9) 

where E is the modulus of elasticity, δs is the crust thickness, ν is the Poisson’s ratio 

and V is the relative velocity between droplet and coolant. If this modified Weber 

number is equalized with a normal Weber number (We) for liquids, a new surface 

tension value can be deduced which will be equivalent to the crust stiffness. 
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𝜎∗ =
𝐸𝛿𝑠

3

𝐷(1−𝜈2)
                                                             (2.10) 

Specifying this surface tension to a droplet, its deformation can be calculated. In 

their studies, Haraldsson et al. [64] and Yang and Bankoff [65] considered the crust 

thickness which can undergo hydrodynamic deformation was up to 10 µm. 

According to Uršič et al. [63], some researchers specified that the crust thickness 

below 100 µm is relevant to undergo fragmentation in case of steam explosion. 

However, there can be other modes of fragmentation at higher crust thicknesses 

like crack and burst of droplet due to expansion of liquid inside. Moreover, at 

comparatively lower crust thicknesses, hydrodynamic forces may be sufficient for 

the deformation and fragmentation of droplets. In the present study, two different 

crust thicknesses are considered and the equivalent surface tension (Table 2.1) is 

calculated and then used in the droplet deformation simulation. The material 

properties of Tin are used for the calculations (modulus of elasticity, E=58 GPa; 

poisson ratio, ν=0.36). The droplet diameter and the relative velocity are 

considered as 3 mm and 2 m/s, respectively.  

 

Table 2.1 Tin droplet properties calculated from eq. (2.9) and (2.10). 

Crust thickness, δs (µm) Equivalent surface tension, σm (N/m) 

10 7.4 

20 59.23 

 

Figure 2.15 shows, for 10 µm crust thickness the deformation rate is almost half 

compared to that of liquid droplet, whereas, it is almost three times less for a 

droplet with 20 µm crust thickness. 
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[(D = 3 mm; ρd = 7000 kg/m
3
; V = 2 m/s)] 

Figure 2.15 Deformation rate comparison of solidifying droplets. 

 

2.4 Summary of Droplet Behavior Simulations 

 

This chapter presents the results of an effort employing the VOF method present in 

the ANSYS FLUENT code to simulate the molten droplet in water pool, using two 

and three dimensional analysis. 

 

First section of the chapter deals with analysis of deformation and pre-

fragmentation (preconditioning) of a molten droplet in a water pool prior to its 

steam explosion. Initially, the capability VOF method predicting Rayleigh-Taylor 

instability problem of two-phase flow is evaluated by a plausible agreement with 

the previous works in literature. For the two-phase case, the deformation of the 

droplet is significantly affected by the initial Weber number which attributes the 

effect of relative velocity and the interface tension between the two phases (water 

and droplet), and the deformation rate increases with increasing Weber number. 

The effect of the material properties on the deformation rate is also studied and it 

reveals that the droplet with lower density and higher surface tension is resilient to 

deformation. Moreover, the study is extended to more realistic cases, i.e. the 

inclusion of a pressure pulse to simulate triggering of steam explosion by a shock 

wave. The effect of the magnitude of pressure pulse on the severity of droplet 
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deformation is also studied, which reveals that increasing the magnitude of 

pressure pulse by 10 times causes an increase in droplet deformation by double at 

the end of 0.15 ms after crossing the pressure pulse. It is also revealed that the 

deformation is almost linear in case of without pressure pulse condition. On the 

other hand, in pressure pulse condition, the droplet deformation rate is not 

constant. 

 

The second section of the chapter extends the work to a three-dimensional (3D) 

analysis of a molten droplet in a water pool. The focus of the analysis is placed on 

deformation and breakup of droplets which are having different relative velocities 

with coolant. The simulations of droplet deformations with different initial Weber 

numbers show various deformation patterns, bowl shape formation and breakup at 

higher Weber numbers. Moreover, from the results it is clear that the droplet 

fragmentation/breakup may be captured more precisely in 3D simulation than in 

2D simulation. The separate-effect study indicates that a droplet with two times 

higher density results in 24% increase in deformation rate. The simulation on a 

droplet with Oh>0.1 (due to very high viscosity) at higher Weber number shows 

considerable decrease in the deformation rate of the highly viscous droplet. Further 

in the study for the deformation of droplet starting solidification, a modified 

surface tension is deduced from the modified Weber number, to specifically 

account for the droplets having already solidified crust. The simulation results 

show that the droplets with crust on surface undergo less deformation rates, as 

compared to the liquid droplet. This gives an idea how the first solidification and 

rapid crust formation of a droplet affects its deformation and breakup. 
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3 Simulations of Melt Jet Interaction in Water Pool 

 

3.1 Overview 

 

Melt jet fragmentation, modes of breakup and jet-breakup length has been studied 

previously by many investigators, experimentally and numerically 

[23][24][25][66][67]. Despite of many experiments and numerical work done on 

liquid-liquid systems, it has not yielded to a sufficient understanding of the 

fragmentation process. Due to complexity of the phenomena during intermixing of 

the jet with water, it makes difficult to understand the several mechanisms 

simultaneously. However, it can be worthwhile to study the melt jets fragmentation 

at lower temperature which can help to analyze the separate phenomena 

(hydrodynamic fragmentation in non-boiling) and understand the mechanism by 

standalone method. It can also be helpful for model development and validation. 

There are some experiments performed using the jets of low-melting Wood’s metal 

in water [68], having non-boiling conditions. 

 

3.2 Objective of the Study 

 

In the present work, a two dimensional numerical analysis of melt jet 

fragmentation/breakup has been carried out using a commercial CFD code, ANSYS 

FLUENT 14.0. The numerical work is motivated with experimental investigation of 

melt jet breakup experiments carried out at KTH [44]. Wood’s metal is used as a jet 

interacting with water, without film boiling. The two phase calculations employ 

VOF method where the phases are treated immiscible. The present analysis 

includes the pattern of jet fragmentation which is followed by the study of effect of 

jet diameter, jet velocity on the jet breakup length. It is then extended to study the 

effect of melt physical properties on the jet breakup length followed by 

characterization of droplet size distribution in the premixing region. For more 

details, refer Thakre et al. [69] or Appendix C. 
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3.3 Numerical Method 

 

A VOF method is a mathematical model used for tracking fluid-fluid non-

penetrating interfaces. Due to assumption of isothermal conditions, energy 

equation is not used in the present calculations. Although the jet may not possess 

symmetry after jet starts destabilization as seen in experiments, the 2D simulations 

can still capture some extent of the instability and breakup phenomena, while 

keeping computations affordable. Therefore, in this study the 2D domain is 

considered for analysis as shown in Figure 3.1a. There is an inlet for melt jet at the 

top of the domain. The details of a geometry are used same as test section of 

experimental facility employed for jet fragmentation study. A structured mesh is 

used which is done by the ICEMCFD meshing software. A melt jet is initialized 

using the user defined functions (UDF). 

 

A non-Iterative Time Advancement (NITA) technique is employed for optimizing 

the computation time and an explicit time marching scheme has been used for the 

volume fraction calculations. Pressure-Implicit with Splitting Operators (PISO) 

scheme is employed for pressure-velocity coupling, and a Geo-Reconstruct scheme 

is used for interface reconstruction calculations. Mesh adaption is used at the 

liquid-liquid interfaces. Properties of Wood’s metal are specified to the secondary 

liquid (melt jet) in simulations, which are given in Table 3.1. 

 

Table 3.1 Properties of Wood’s metal. 

Material Surface tension 
(N/m) 

Density 
 (kg/m3) 

Viscosity  
(Pa.s) 

Wood’s metal 1 9700 0.00194 
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                 (a)                                                                                     (b)                                               

Figure 3.1 A geometry details and boundary conditions, (b) mesh adaption. 

 

3.4 Jet Fragmentation Patterns 

 

The melt jet falling into a coolant may undergo various types of breakup 

quantitatively depending on the factors such as jet velocity or relative velocity 

between jet-coolant, and jet diameter. The phenomena involved in the process of 

jet breakup are instabilities at the leading edge and on the jet surface parallel to 

flow. The dominance of these phenomena depends on the relative velocity (jet-

coolant), though it may have a combined effect on the jet breakup. At lower jet 

velocities, generally the jet surface tends to remain intact due to dominance of 

surface tension effect. However, the jet deforms at the leading edge due to 

deceleration forces (as shown in Figure 3.2a) and starts stripping in the form of 

ligaments which further breaks into droplets (it may be treated as a coarse 

breakup). At some jet velocities, the leading edge deforms into a mushroom-like 

500 mm 

75 mm 

walls 

Outlet Inlet 
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shape which starts releasing ligaments from its periphery. These leading edge 

instabilities are recognized as Taylor instabilities whose occurrence depends on the 

strong enough deceleration forces [23].  

 

At higher jet velocities, the relative flow parallel to the jet surface overcomes the 

surface tension effect and leads to stripping of droplets. These stripping from the 

jet surface can be of the form of Kelvin-Helmholtz instability (Figure 3.2b) which 

further causes the thinning of jet.  

 

Figure 3.2 shows the volume fraction contours (at different time intervals) of the 

Woods metal jet at various Weber numbers. Ambient Weber number (Wea) used in 

this study is to maintain the similar terminology of earlier researchers which makes 

easier for data comparison. There are several jet breakup regimes identified with 

increasing injection velocities or Weber number [22][23]. It varies from surface 

tension influenced axisymmetric regime at lower velocities to atomization 

zone/severe fragmentation at higher velocities. Figure 3.2a is an example of jet 

deformation and breakup at lower velocity/Weber number, where the jet is mostly 

axisymmetric in the beginning and deforms at the leading edge, with no instability 

on the surface in tangential direction. It undergoes sinusoidal destabilization after 

achieving some length and its growth leads to the jet breakup. The droplets are of 

bigger size and mainly stripped from the leading edge. The jet breakup pattern 

shown in Figure 3.2b is at moderate Weber number which has, in addition to 

leading edge deformation, stripping in tangential direction at the jet surface. This is 

mainly the K-H instability which grows further downwards and causes thinning of 

jet. It is then followed by the instability in the transverse direction (Rayleigh-Taylor 

instability type), due to which, the jet cross-section starts decreasing at many 

places and the jet forms small segments joined to each other by a small ligament. 

After a further growth in instability, finally a jet breakup occurs at one of the small 

cross-sectional areas. 
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(I) (II) (III) (IV) 

a) Wea = 1.25; Dj = 5 mm; Vj = 0.5 m/s 

    

(I) (II) (III) (IV) 

b) Wea = 125; Dj = 5 mm; Vj = 5 m/s 

    

(I) (II) (III) (IV) 

c) Wea = 1280; Dj = 5 mm; Vj = 16 m/s 

Figure 3.2 Jet deformation and breakup while progression in a water pool. 

 

The case shown in Figure 3.2c is jet breakup in atomization regime where severe 
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stripping occurs from the jet surface parallel to the flow. Due to shorter wavelength 

of K-H instabilities the sizes of the fragmented droplets are very small and the area 

around the jet is occupied by the cloud of the fine fragments. The destabilization of 

the jet occurs at early stage and therefore has a shorter breakup length. From the 

above described three cases, it is seen that the size of the fragmented droplets gets 

smaller with increasing Weber number and also increase in the amount of 

fragmented mass due to excessive stripping from the jet surface. However, in most 

of the regimes, during breakup, the jet breaks into bigger droplets of ligament 

shape which further undergoes secondary fragmentation. In the present analysis, a 

jet breakup length is taken as a length of a coherent jet similar to the terminology 

used in Bürger et al. [23]. 

 

Similar type of jet fragmentation/breakup pattern can be observed in snapshots of 

Figure 3.3 from the experiments conducted at KTH (carried out with Wood’s metal 

as a jet in water). Figure 3.3a shows the jet with lower injection velocity, where 

there is no sideways stripping on the jet surface. However, the jet is deformed near 

the leading edge may be due to the deceleration forces as mentioned earlier in the 

text. Moreover, the fragmentation occurs near the leading edge but not from the 

sides of the jet, which is clear from both experimental and simulations cases. In 

Figure 3.3b, there is significant stripping from the side surface of jet (in addition to 

fragmentation at leading edge) to form a cloud of particles around the jet surface. 

As mentioned earlier, it is due to the K-H instability which occurs at higher Weber 

number. Such case makes it difficult to visualize the breakup in experimental 

conditions. 

 

 

 

 

 

(a) Wea =14.4; Dj=10 mm; 

Vj=1.2 m/s 

(b) Wea =192; Dj=20 mm; Vj=3.08 

m/s 

Figure 3.3 Snapshots of jet deformation and breakup from experiments at KTH, compared with 

simulation results. 
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3.5 Jet Breakup Length 

 

It is obvious from the above description that the melt jet breaks at some length 

while falling into the coolant. The first instance when the jet detaches from its 

leading part can be considered as a breakup and the coherent part can be 

considered as a jet breakup length which is followed in the present study. There are 

the possible effects of various parameters of jet including material properties on the 

jet breakup length which are studied and presented in the following sections. 

 

3.5.1 Effect of Jet Diameter 

 

The variation in the breakup mechanism of jet fragmentation may appear due to 

diameter effect. Significantly larger diameter may strongly increase Weber number 

(Wea), which may support atomization, i.e. an increased contribution of stripping 

from the jet surface [23]. However the jet diameters considered in the present 

calculations are at smaller scale.  

 
In order to understand the effect of jet diameter (Dj) on the jet breakup length (L), 

simulations with different diameter sizes are carried out. Figure 3.4 shows the 

variation in jet breakup length with a size of melt jet. It illustrates the breakup 

length increases with increase in the jet diameter. The data from Wood’s metal 

experiments at KTH is used for comparison. In the experiments, the jet diameter is 

measured at the time when jet is about to enter into water pool. Moreover, the jet 

velocities measured at the same instant is in the range of 1.4-1.7 m/s recorded after 

test repetitions. It significantly varies the absolute percentage in Weber number. It 

can be noted from Figure 3.5, at lower Wea (1-30), the jet breakup length can have 

significant variation. Therefore, such variation in jet breakup length for a same jet 

diameter, in experiments can be plausible. The comparison between simulation 

results and experimental data shows some overestimation by the simulations for 

smaller diameters, though it less than 25%. This overestimation of the values may 

be comprehended by the limitations of two dimensional analyses.  
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Figure 3.4 Variation of jet breakup length with respect to jet diameter (Vj = 1.5 m/s). 

 

It is known that the jet fragmentation/breakup primarily involves two mechanisms: 

sideways stripping and the coarse breakup. The sideways stripping mechanism 

causes the thinning of a jet and leads to a coarse breakup near leading edge, where 

the jet breaks into multiple small segments (as discussed in earlier section). It may 

be understandable that the dimensional jet breakup length is higher for bigger 

diameter. For bigger jets, more surface area is available for sideways stripping 

which gives more droplets around the jet. If the dimensionless quantity is taken 

into account, the Weber number increases with jet diameter in a direct proportion. 

Therefore more stripping at higher Wea also satisfies the criteria. The coarse 

breakup occurring near the leading edge may happen earlier for bigger diameter, 

even before enough thinning of the jet due to stripping. It may be the possible 

reason for the decrease in L/D ratio with a rise in diameter, in the present analysis. 

However the possibility may not be avoided that the trend will not be similar for big 

scale jets. 

 

3.5.2 Effect of Jet Velocity 

 

The qualitative behavior of a jet breakup length (represented by L/D) with jet 

velocity shows different breakup regimes as mentioned and shown by Ginsberg 

[22] and Bürger et al. [23] (Appendix C). The several regimes include the laminar, 

transition, turbulent and atomization regimes and the transitions are expressed in 
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terms of Weber number (Wea) and Reynolds number (Re). These breakup regimes 

and mechanisms are mostly found with smaller diameter jet cases and in gaseous 

environment. In order to get insights of the breakup regimes and study the 

variation in the trend of breakup length with injection velocities, the simulations 

are carried out using wide range of velocities. The results are represented by L/D 

ratio vs Wea, as shown in Figure 3.5. The preliminary observation illustrates that 

the behavior of the melt jet is qualitatively similar to that shown in Bürger et al. 

[23]. There are two peaks found in the L/D curve between Wea=1-100. It is 

observed that near Wea=10, the jet fragmentation/breakup is dominated by the 

transverse instability (R-T type) resulting into coarse breakup. As the Wea 

increases, sideways stripping initiates, and after Wea=60, there is the combined 

effect of the stripping mechanism and coarse breakup. Further, at very high Wea, 

the stripping becomes severe resulting into smaller size droplets which is treated as 

atomization zone. 

 

 

Figure 3.5 Variation in the breakup length with respect to Weber number (Dj = 5 mm). 
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Figure 3.6 Comparison of jet breakup length with correlations and experimental data. 

 

A number of simulations are carried out with the same density ratio (Wood’s 

metal), but with various jet diameters and velocities, in order to simulate the 

experiments. Comparison of the results in Figure 3.6 illustrates that the simulated 

results of their respective experimental data shows remarkable predictions though 

it slightly overestimate the values in some cases. There is a significant variation in 

the L/D ratio for 5 mm jet diameter case, plotted over a wide range, but lacks the 

experimental data points for comparison. Although, most of the experimental and 

numerical data points are within the upper and lower bound of the Epstein and 

Fauske [70] correlation and closer predictions with the Taylor’s correlation, its 

application specifically to the small scale jets may be still questionable where the 

effect of jet diameter and injection velocity by the correlations are neglected. 

 

3.5.3 Effect of Material Properties 

 

In order to understand the effect of jet material properties on its breakup, separate 

effect studies have been carried out by changing one parameter at a time. Initially, 

the effect of melt density is studied. The melt to water density ratio is varied from 

6-9 and the breakup length shows 65% enhancement. 
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As a next step, effect of jet dynamic viscosity on its breakup length is carried out. 

The variation in non-dimensional jet breakup length (L/D) with respect to viscosity 

illustrates that the L/D ratio is slightly higher for the less viscous jet. However the 

effect on the jet breakup length is not significant and non-linear for the considered 

range of values. 

 

The effect of surface tension in case of smaller jets can be more pronounced and 

therefore it has been considered in the present calculations. It is understandable 

that at lower surface tension, the jet surface is more prone to generate surface 

instabilities which cause stripping of the droplets leading to thinning of the jet. 

These conditions may be responsible for an early breakup of jet as compared to that 

having high surface tension where it can keep the jet surface intact. As stated 

earlier in the text, the Rayleigh-Taylor type instability occurs to the jet in the 

normal direction near leading edge which causes the jet breakup. Surface tension is 

one of the influencing factors in R-T instability theory. In linear theory, the surface 

tension stabilizes the perturbations shorter than a critical wavelength [71] and can 

be given in the present case as 𝜆𝑐 = √𝜎 𝑔(𝜌𝑗 − 𝜌𝑐)⁄ . Therefore, the surface tension 

may have some critical value deciding the critical wavelength for the jet of a specific 

melt-liquid density ratio. Consequently, the higher surface tension value may grow 

the perturbations on the jet, leading to shorter breakup length. 

 

However, in the present study, the results from the considered values of surface 

tension show the non-linear variation in the jet breakup length. The Wea ranges 

from 9-23 approximately for the considered surface tension values. We have earlier 

seen that the significant variation in the jet breakup length at lower Weber number 

is possible (from Figure 3.5). Therefore the non-linear variation in the jet breakup 

length may be comprehended by the inclusive effect of surface tension in the Wea. 

 

3.6 Summary of Jet Fragmentation Simulations 

 

The chapter presents a two dimensional numerical analysis of melt jet 

fragmentation/breakup in a water pool using VOF method in ANSYS FLUENT 

code. The geometry and initial conditions for the simulations are taken similar to 

the experiment of Wood’s metal molten jet breakup carried out at KTH. The study 

includes identification of the jet fragmentation pattern as well as the influences of 

Weber number and physical properties on the jet breakup length. It is 

demonstrated that the VOF method is capable of simulating jet fragmentation in 
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melt coolant interactions. The jet breakup pattern shows that it is axisymmetric 

during initial deformation of the jet, which deteriorates further due to growth of 

instability. At lower jet injection velocities, the leading edge breakup is dominant 

whereas, there is a combined effect at higher velocities including the sideways 

stripping mechanism. The jet breakup length increases with an increase in the jet 

diameter. The study of dimensionless jet breakup length over a wide range of 

Weber number shows a trend qualitatively matching to the behavior discussed in 

the earlier literatures. The dimensionless jet breakup length is found to be 

increasing with jet to coolant density ratio whereas, the surface tension shows the 

non-linear behavior for the considered range which may be comprehended by the 

inclusive effect of surface tension in ambient Weber number. The jet breakup 

length is slightly higher for the less viscous jet. However, the effect on the jet 

breakup length is not significant.  
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4 Assessment of FCI Energetics in Reference BWR 

 

4.1 Background 

 

It may be necessary to use a more realistic approach together with the evaluation of 

related uncertainties in order to get the calculations results comparable to the 

acceptance criteria. There is a well-known approach referred to as a Best Estimate 

Plus Uncertainty (BEPU) which can provide more realistic information about the 

physical behavior and supply information about the actual existing margins 

between results and the actual acceptance criteria [72]. In the process of 

establishment of best estimate calculations for safety analysis, the understanding of 

the related potential uncertainties is important together with putting additional 

effort towards reducing output uncertainty by quantification of its source and 

magnitude. Consequently, the uncertainty and sensitivity analyses are the essential 

tools to give the quantitative solutions appropriate demonstration ability of the 

considered model to represent the real physical behavior. 

 

4.2 Objective of the Study 

 

The present study aims at the assessment of explosion impact loading on the 

surrounding structure of the containment. The fuel coolant interactions code 

MC3D is used for the calculation of explosion impact on the surrounding walls. In 

this work, the role of sensitive input variables on the output result for a Nordic 

BWR drywell is investigated. The sensitivity analysis is followed by the study of 

uncertainty of the input variables on the overall output uncertainty. The ranking of 

the input variables with the output results are carried out using Spearman 

correlation coefficient method. Eliminating the negligible sensitive parameters, 

rests of the input parameters are used for further uncertainty analysis which is 

carried out using PIE (Propagation of Input Errors) method. There are many 

influential parameters which may significantly affect the steam explosion 
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energetics, mostly from the physical properties of molten Fuel and the coolant, 

fragmentation mechanism and geometry conditions. The factors such as melt jet 

diameter and velocity affects the fragmentation pattern and consequently the steam 

explosion mechanism. Moreover, the code model parameters are an addition to the 

overall output uncertainty of the code calculations. Therefore to represent the data 

obtained by the MC3D code to the acceptable criteria, a systematic sensitivity and 

uncertainty analysis is carried out. 

 

4.3 Overview of MC3D Code 

 

MC3D (Multi Component 3D) is multidimensional Eulerian code developed by 

IRSN, France, to study multiphase flow in the field of nuclear power safety [73]. It 

simulates the interaction between the molten fuel and the coolant in the frame of 

reactor safety studies. The code consists of two FCI codes using a common numeric 

solver, where, the first code treats the premixing phase and the other calculates the 

vapor explosion phase. During premixing phase of the code, melt jet fragmentation 

into large droplets and its further fragmentation, heat transfer between fuel and 

coolant, and other processes such as boiling and vaporization processes are 

calculated. It creates a pre-mixture of molten fuel droplets and coolant, where it is 

in dispersed form. The concentration of these liquid fuel droplets in low void zone 

serve as initial conditions for triggering explosion phase. Conditions of the 

premixing phase are exported to the explosion calculation code which includes 

triggering phase, propagation and initiation of expansion phase. 

 

In MC3D premixing model, the molten material is in continuous phase (in the form 

of jet or molten pool) and in dispersed phase (in the form of melt droplets). 

Whereas, in explosion phase model, there are two dispersed phases of the melt; 

droplets phase and fragments phase. 

 

4.4 Statistical Analysis Approach 

 

Such FCI codes are typically complex with large number of input variables and 

several output parameters and therefore its analysis, determining the propagation 

of uncertainties from input to output can be a delicate task. There are number of 

uncertainty and sensitivity analysis methods, which are used for various 

applications based on their advantages and disadvantages. Computational cost is 
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one of the main determining factors while selecting these methods. The sensitivity 

analyses methods are mainly divided into two categories; local and global methods, 

based on the organization of input variables. In local sensitivity analysis methods, 

the input variables follow one at a time approach, whereas, in global methods all 

the input variables are varied at a time, making samples of the combination of 

variables. 

 

In the present study, a model can be simply represented as 𝑌 = 𝑓(𝑋), where Y is the 

output and 𝑋 = [𝑋1, 𝑋2, … , 𝑋𝑚−1, 𝑋𝑚] is the vector of input variables. Only single 

output Y is considered in the analysis. Moreover, the probability distributions (such 

as uniform and normal distributions) for each input variable Xi are used. It is 

assumed there is no correlation between the input variables and all are 

independent. 

 

In the present approach, initially, a ranking of the input variables is carried out 

using Spearman correlation coefficients. It is an extension of the linear model, 

Pearson correlation coefficients, which is applicable also to nonlinear monotonic 

functions. This sensitivity method has been widely used for the classifying the 

importance of input parameters in models, also in nuclear engineering field 

[74][75]. In this method the input variable and the output data are ranked in their 

descending order from 1 to n. The correlation coefficient, ri is calculated as, 

𝑟𝑖 = 1 −
∑ 6𝑑2

𝑛(𝑛2−1)
                                                         (4.1) 

Where d is the difference between the ranks input variable and corresponding 

output, whereas, n is the length of vector of the input variable. The value of 

coefficient ri is always between -1 to 1. A value closer to 1 shows strong dependency, 

and a value closer to -1 shows strong inverse dependency of the input variable on 

output. The limitation of this method is its unsuitability for the input variables 

which are correlated with each other. Moreover, it may not be applicable to non-

monotonic relation models. 

 

Further, for the determination and quantification of uncertainties of the input 

variables through the code on the output uncertainty, GRS method has been 

employed. It is also called as PIE (Propagation of Input Errors) method. Similar to 

global uncertainty measures, in this method, all identified uncertain parameters 

are varied simultaneously for each code run. The selected input parameters are to 

be provided with their respective probability distributions (Figure 4.1). The 

advantage of using this method is that the numbers of code runs are independent of 

the number of input uncertain parameters. Therefore this technique is quite 
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economical for time consuming codes such as the MC3D. The number of code 

calculations in PIE method depends on the decided probability content and the 

confidence level of the statistical tolerance limits [74].  

 

Figure 4.1 Consideration of input parameters [74]. 

 

The required number of code runs, N is calculated by Wilks’ formula. For two sided 

statistical tolerance interval, the formula is given as, 

1 − 𝛼𝑁 − 𝑁(1 − 𝛼)𝛼𝑁−1 ≥ 𝛽                                             (4.2) 

One can be β% confident that at least α% of the combined influence of all the 

characterized uncertainties is below the tolerance limit. The minimum number of 

calculations can be found from Appendix E. Two-sided statistical tolerance limit for 

95%/95% is to be used in the present study. 

 

In this method of uncertainty analysis, effect of input uncertainty is also supported 

by the study of its probability distribution function. In uniform distribution 

function, each value between minimum and maximum limit has equal probability 

to be considered as parameter for calculation. Whereas in the case normal 

distribution, the probability of occurrence is more near the mean value of a given 

range, and its distribution varies according to the specified standard deviation. 
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4.5 Simulation Conditions 

 

As specified earlier, a flooded drywell of a reference Nordic BWR is considered for 

the two-dimensional analysis using MC3D code. The sketch of BWR cavity is as 

shown in Figure 4.2. According to the severe accident management strategy of 

Swedish BWRs, the drywell is filled of water. Water level and the other conditions 

are considered as per the assumed accident scenario. The half of the geometry is 

used due to the axisymmetric conditions. The domain is modified as shown in 

Figure 4.2b. The calculation domain consist of a central axis, bottom and side walls. 

The upper boundary is specified with a constant pressure. The mesh size is 61 × 26. 

 

  
                                          a)                                                                                                     b) 

Figure 4.2 a) Sketch of the Reference Nordic BWR cavity; b) Calculation domain. 

 

The selection of influential input parameters are carried out mainly from 

initial/boundary conditions, melt-physical properties and modelling parameters. 

All of the input parameters with their variation range and distributions are 

provided in Table 4.1. The ranges of parameters are decided from the assumption 

conditions. For example, at equal pressure, inside and outside the RPV will have a 

jet velocity of 4 m/s, whereas, the pressure rise inside the RPV up to 10 bar may 

cause the jet injection velocity rise till 11 m/s. The variations of the melt physical 
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properties are considered corresponding to the possible variation in its 

composition. 

 

Table 4.1 Details of the sensitive parameters. 

Parameter 
Variation 

range 
Type of 

distribution 
Std. 

dev. (σ) 
Avg 

Initial/Boundary conditions 

Velocity (m/s) 4.0-11.0 Uniform 0.466 7.5 

System pressure (bar) 1.0-5.0 Uniform 0.666 3 

Water pool depth (m) 5-8.5 Uniform 0.259 6.75 

Melt temperature (K) 2880-3300 Uniform 0.068 3090 

Water temperature (K) 293-363 Uniform 0.107 328 

Melt physical properties 

Viscosity (Pa∙s) 0.0035-0.008 Uniform 0.39 0.00575 

Density (kg/m3) 7000-9000 Uniform 0.125 8000 

Specific heat (J/kg/K) 510-680 Uniform 0.142 595 

Latent heat (kJ/kg) 280-428 Uniform 0.209 354 

Thermal conductivity 
(W/m/K) 

2-3.6 Uniform 0.285 2.8 

Emissivity (/) 0.8-1.0 Uniform 0.111 0.9 

Model parameters 

Melt droplet size (m) 0.001-0.011 Uniform 0.83 0.006 

Coefficient 1 1.0-2.0 Uniform 0.33 1.5 

Coefficient 2 0.2-1.0 Uniform 0.66 0.6 

Coefficient 3 0.5-1.5 Uniform 0.5 1 

Coefficient 4 100-200 Uniform 0.33 150 

 

4.6 Results and Discussion 

 

This section mainly consists of the results obtained from sensitivity and uncertainty 

calculations. Initially, the ranking technique is applied to sensitivity calculations 

ranking the importance of input parameters according to their sensitivity towards 

the output results. In the next part, the uncertainty analysis using PIE method is 

described. 
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4.6.1 Ranking Importance of Parameters 

 

In total, 112 calculations are carried out for this sensitivity study. There are 16 input 

parameters used in these calculations which are listed in Table 4.1. Similar to 

separate effect study, only one parameter is varied at a time, keeping other 

parameters constant. Maximum impulse on wall is used from output results for the 

analysis. Importantly, from almost all of the calculations the maximum impulse is 

found near the bottom of a side wall. Moreover, the mass of liquid melt droplet in 

contact with water can be obtained as a result from premixing phase calculations. 

The intensity of explosion impulse is expected to vary with the liquid melt droplet 

mass in direct proportion. Therefore it is also considered as an output result to 

study. 

 

 

Figure 4.3 Spearman rank correlation coefficient plotted for various input parameters. 

 

The Spearman correlation coefficient technique is suitable for the input parameters 

having monotonous correlation with that to output results. Most of the input 

parameters follow the monotonous behaviour. Moreover, from the experience of 

calculations carried out in the past using the sensitive parameters are considered 

having linear relationship with the output results. 
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The Spearman rank correlation coefficients are then calculated for every input 

parameter, as shown in Figure 4.3. In this method, a coefficient value less than 0.4 

signifies weak correlation between input variable and the output, whereas, a value 

less than 0.2 implies very weak correlation. 

 

Results show that velocity, latent heat, drop size, water pool depth and melt 

temperature shows higher sensitivity to the output results whereas the melt density 

and system pressure are moderately sensitive as far as impulse on the wall is 

concerned. Moreover, the viscosity, thermal conductivity, emissivity and the 

coefficients 2-4 (of MC3D) shows no effect on the output results. It can also be 

confirmed from the correlation coefficient for the liquid droplet mass in contact 

with water. There is a difference in sensitivity results from liquid melt drop mass 

and the impulses, specially the density and coefficient 1 which is shown less 

sensitive by the impulses results. In such a case, most sensitive parameters from 

both the results are selected.  

 

4.6.2 Uncertainty Analysis using PIE Method 

 

It is understood that, due to lack of knowledge about the precise value of certain 

input parameter, its distribution between possible minimum and maximum limit 

may be used for the uncertainty analysis. In such a case, consideration of different 

possible distributions of the input parameters is feasible. Therefore, in the present 

study of uncertainty assessment, initially, uniform distribution of input parameters 

is considered (Table 4.2). It is followed by the additional analysis using the normal 

distribution. The output parameter is kept same as a maximum impulse on the wall 

of the containment cavity. 
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Table 4.2 List of uncertain input parameters. 

Parameter 
Variation 

range 
Type of 

distribution 
Std. dev. (σ) Avg. 

Initial/Boundary conditions 

Velocity (m/s) 4.375-5.625 Uniform/Normal 0.125/0.072 5.005 

System pressure 
(bar) 

2.7-3.3 Uniform/Normal 0.1/0.058 
3 

Water pool depth 
(m) 

6.8-8.3 Uniform/Normal 0.1/0.058 
7.55 

Melt temperature (K) 2900-3000 Uniform/Normal 0.0085/0.00981 2950 

Water temperature 
(K) 

316-350 Uniform/Normal 0.05/0.0295 
333 

Melt physical properties 

Density (kg/m3) 7200-8800 Uniform/Normal 0.1/0.058 8000 

Specific heat 
(J/kg/K) 

459-561 Uniform/Normal 0.1/0.058 
510 

Latent heat (kJ/kg) 288-352 Uniform/Normal 0.1/0.058 320 

Model parameters 

Melt droplet size 
(mm) 

2.7-3.3 Uniform/Normal 0.1/0.058 
3 

Coefficient 1 0.9-1.1 Uniform/Normal 0.1/0.058 1.0 

 

4.6.2.1 Uniform Distribution of Input Variables 

 

The upper and lower limit considered for the uniform distribution of input 

parameter is defined by the deviation from the mean value. The mean value of 

every input variable is the value considered in the basic case calculations. Figure 

4.4 shows the results as maximum impulse derived from all the calculations. The 

mean value of all the impulses results is calculated as 45 kPa∙s. The (±) 25% at 

most uncertainty of the uniformly distributed input variables show 76% total 

uncertainty in the output results. Figure 4.5 represents the count of the calculations 

categorized according to its estimated impulse. It reveals that the maximum 

percent (40%) of the calculations calculated the impulse between 41-50 kPa∙s, 

whereas, 31% of the impulses are between 51-60 kPa∙s, followed by the 28% 

between 31-40 kPa∙s. Therefore it can be stated that, in spite of uniformly 

distributed, input variables shows non-uniform distribution of the output results 

but populated near the mean value. 
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Figure 4.4 Impulses results for uniform distribution of input variables. 

 

 
Figure 4.5 Distribution of impulses for uniform distribution of input variables. 

 

4.6.2.2 Normal Distribution of Input Variables 

 

In this case, the input variables are provided with a normal distribution about its 

mean value. Figure 4.6 shows the impulses resulted from all the calculations. The 

mean value of impulses is 44 kPa∙s, which is approximately equal to the estimated 

0

5

10

15

20

25

30

35

40

21-30 31-40 41-50 51-60 61-70

C
o
u

n
t 

Impulse values on wall (kPa∙s) 



61 
 

in earlier case of uniform distribution. The 25% at most uncertainty in the input 

parameters resulted in 96% total uncertainty of the impulse values. 

 

 
Figure 4.6 Impulses results for normal distribution of input variables. 

 

Figure 4.7 shows the distribution of the impulses categorized according to the 

ranges. It illustrates that 52% of the calculations estimate the impulse values 

between 41-50 kPa∙s, whereas, 26% of the calculations show values between 31-40 

kPa∙s, and only 18% cases calculates impulses between 51-60 kPa∙s. It is 

understandable that the normal distribution of the input parameters shows 

populated values near mean value and consequently more cases estimate impulses 

near mean value. 
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Figure 4.7 Distribution of impulses for normal distribution of input variables. 

 

4.7 Summary of FCI Energetics Analysis 

 

Aim of this chapter is to assess the uncertainties in quantification of steam 

explosion energetics in the containment of a reference Nordic BWR during severe 

accidents. The PIE (Propagation of Input Errors) approach is utilized to perform 

the MC3D calculations with varied input variables and their distributions. The 

Spearman rank correlation coefficients of the input variables are obtained through 

sensitivity analysis, and then serve as the rationale for the most influential input 

variables chosen in the uncertainty study. 

 

The comprehensive calculations and analysis indicate that the 25% at most 

uncertainty of the uniformly distributed input variables show 76% total uncertainty 

in the output results. On the other hand, the 25% at most uncertainty in the 

normally distributed input parameters resulted into 96% total uncertainty of the 

impulse values. However from both cases the mean value of the steam explosion 

impulses (45 kPa∙s) is approximately similar and, most calculations estimate the 

impulse values between 41~50 kPa∙s. 

 

The sensitivity and uncertainty analysis in the assessment of steam explosion 

energetics using the time-consuming code such as MC3D may help to reduce the 

calculation runs and increase the acceptance of the results in the loading estimate.  
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5 Debris Bed Coolability 

 

5.1 Background and Objectives 

 

In porous media, semi-empirical model such as the Ergun equation [76], due to its 

acceptable predictions, is widely used for the calculation of frictional pressure 

drops of single-phase flow  

    2
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                         (5.1) 

where dp/dz is the pressure gradient along the height of the bed, the first term of 

the right-hand side is the viscous loss (proportional to velocity) and the second 

term is the inertial loss (proportional to velocity squared), where the parameters K 

and η are called permeability and passability, respectively. In the expressions of 

Eq.(5.1), 150 and 1.75 are called the Ergun constants, and d is the diameter of 

particles, ε is the bed porosity , μ is the dynamic viscosity of fluid, ρ is the density 

and J is the superficial velocity of fluid. 

The Ergun equation was modified for the case of two-phase flow through the 

particulate beds by introducing relative permeability Kr, relative passability r, 

interfacial friction Fi and the capillary pressure
lg pp  . 
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The above mentioned method was initially used in the 1D-configuration model like 

Lipinski model [33] and with its modifications [29][34][35][36]. These models are 

principally based on the maximum heat removal from a 1D-configuration 

particulate bed with top flooding where coolability depends on Counter-Current 

Flooding Limit (CCFL). Details about the mostly used dryout heat flux (DHF) 

models can be found in the Appendix D. 
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From the literature review, it is clear that there is a need of experimental database 

of dryout heat flux for the multi-size spherical particles bed under top flooding as 

well as bottom-fed conditions. Moreover, there is a need to fill the knowledge gap 

on the coolability of more realistic debris beds such as stratified debris beds.  

 

The objectives of the present study are 1) to obtain the dryout behavior of debris 

beds with triangular shapes (heap-like bed) and 2) to examine the effects of particle 

stratification on dryout heat flux using tests with radial stratification bed. In order 

to get an idea on how the configuration of a debris bed affects its coolability, the 

dryout behavior of both (triangular shape and radial stratified) beds are compared 

with that of a homogeneous configuration. 

 

A test facility named POMECO-HT commissioned at KTH is used to perform the 

debris coolability experiments. The facility is designed in such a way that it enables 

to reach the coolability limit (dryout heat flux) of particulate beds to a broad range 

of porosity and particle diameters. The effectiveness of coolability-enhanced 

measures such as bottom injection of water and a downcomer (used for natural 

circulation driven coolability, NCDC) is also investigated. The dryout heat fluxes of 

such beds are measured for both top-flooding and bottom-fed schemes. The focus 

is oriented on the determination of potential effect of the bed’s prototypical 

characteristics on its coolability, in terms of inhomogeneity with heap like 

(triangular shape) bed and the radial stratified bed, and also the effect of its multi-

dimensionality. Therefore, four particulate beds are constructed with the 

configuration of two homogeneous, radial stratification and triangular shape 

respectively. Thakre et al. [77] or Appendix D can be referred for more details. 

 

5.2 Description of the Experiments 

 

5.2.1 POMECO-HT Test Facility 

 

The POMECO-HT facility features a high heat flux up to 2.1 MW/m2, which enables 

a sufficient internal power for particulate beds of various characteristics to reach 

dryout condition for both top-flooding and bottom-fed cases. The schematic of the 

POMECO-HT facility is shown in Figure 5.1, which consists of test section, water 

supply system, electrical heaters and their power supply system, instrumentation 
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(thermocouples, flowmeters and pressure transducers) and data acquisition system 

(DAS).  

 

In(bottom fed)

vapor

In (top flooding)
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(bottom fed) 1000
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1-water tank, 2-water flowmeter, 3-particle bed, 4-heaters, 5-data acquisition system, 

6-steam flowmeter, 7-pressure transducer, 8-thermocouples, 9-water level gauge 

Figure 5.1 Schematic Diagram of POMECO-HT Facility. 

 

The test section for accommodating the particulate bed and heaters is a stainless 

steel vessel whose cross-sectional area is 200 mm×200 mm rectangular with the 

height of 620 mm. Over the test section is sitting a stainless steel water tank (200 

mm×200 mm) which is 1000 mm tall and connected to the test section through 

flanges. A level meter is installed on the water tank to monitor the water level 

during the experiments. The test section and the water tank are well insulated. A 

total number of 120 electrical resistance heaters are uniformly distributed in the 

particulate bed with 15 vertical layers and each layer has 8 pcs of heaters, as shown 
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in Figure 5.2. The average distance between the two adjacent heaters is about 38 

mm in vertical direction and 25 mm in horizontal direction. The power rating of 

each heater is 700 W, so the maximum power capacity of facility is 84 kW. The 

particulate bed is also provided with 96 thermocouples installed at 16 vertical 

levels, each having 6 thermocouples at different locations of the cross-section. 

Basically, the thermocouple layer is 19 mm away from the heater layer. Moreover, 6 

thermocouples are specially installed which are very close to the heaters in 6 

different layers for monitoring the temperature of heaters. These thermocouples 

have the same direction with the heaters and are only 2 mm away from the heaters, 

and the measured location is near the center of the heaters. The diameter of each 

thermocouple is 1.5 mm with inserted at various distances within the bed, as shown 

in Figure 5.2b. While each heater has a diameter of 3 mm and a total length of 235 

mm, with the heated part of 195 mm. The heaters and thermocouples occupy about 

0.7% in volume of the test section. 

 

 
 (a) side view               (b) top view 

Figure 5.2 Distribution of Heaters and Thermocouples. 
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5.2.2 Particulate Beds for Test 

 

Figure 5.3 illustrates the schematic diagram of four particulate beds with different 

configurations. Figure 5.3a and Figure 5.3b show one-dimensional beds packed 

with stainless steel spheres of 1.5 mm (with porosity 0.363) and glass spheres of 3 

mm (with porosity 0.367) diameter respectively. These beds can be treated as a 

homogeneous bed of 1D-configurations. Figure 5.3c shows the bed packed with a 

radial stratified configuration of stainless steel spheres, whereas Figure 5.3d 

represent the triangular bed, details of which are provided in Appendix D. The 

cross section of the bed is 200×200 mm2, and the height is about 610 mm, so the 

volume of bed is about 24.4 liters. 

 

 

                                 
     a) Bed-1             b) Bed-2                 c) Bed-3                   d) Bed-4             

Figure 5.3 Schematic Diagram of various test Beds. 

 

Once the calibration of instrumentation is done, the test facility along with its 

measurement system is qualified by conducting a single-phase flow measurements 

through a bed packed with single-size of 1.5 mm diameter stainless steel spheres. 

Water is employed as a working fluid (refer Appendix D for more details). 

 

5.3 Dryout Heat Flux in Homogeneous Beds 

 

This section deals with the dryout heat flux study in homogeneous beds. Two 

configurations of particulate beds have been studied, namely: Bed-1 packed with 1.5 

mm steel sphere particles and Bed-2 of 3 mm particles respectively.  
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Initially the top-flooding experiment with a homogeneous bed (Bed-1) of 1.5 mm 

spheres is carried out on the POMECO-HT facility, for a dryout heat flux 

prediction. The power at which dryout occurs is observed to be 14 kW and the 

corresponding dryout heat flux is 350 kW/m2. As shown in Figure 5.4, the value for 

dryout heat flux in a top flooding bed is relatively closer to that predicted by Reed 

model. The dryout initially occurred near the bottom of test section for this bed. 

For the top-flooding cases in one-dimensional particulate bed, the location of the 

dryout depends on the counter-current flow limit (CCFL) condition. It represents 

the condition in which vapors flow from the bottom of the bed, thereby restricting 

the downward flow of water in the bed. It is the key reason to differentiate between 

top-flooding and bottom-fed cases.  

 

 To study the effectiveness of natural circulation driven coolability (NCDC), a 

downcomer (DC) is used in a top flooding test on POMECO-HT facility. Using 8 

mm size downcomer, the dryout heat flux increased by 19%, whereas there is a rise 

in dryout heat flux up to 34% using 12 mm downcomer size. Therefore, it is found 

that the dryout heat flux dramatically increases as compared to top-flooding 

configuration, when a downcomer is employed to provide the natural circulation 

carrying coolant to the bottom of the bed. 

 

 
Models: a- Hu & Theofanous, b- Schulenberg & Műller, c- Reed, d- Lipinski 

Figure 5.4 Dryout Heat Flux in Bed-1 with 1.5 mm sphere particles. 
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The dryout heat flux test is carried out using Bed-2, representing the 3 mm sphere 

particles. The dryout heat flux for top-flooding case in this test is found as 790 

kW/m2. It is 2.3 times higher than that of Bed-1. As illustrated in Figure 5.5, the 

Reed model predicted dryout heat flux closer to experimental value for top-

flooding, than other models. The dryout heat flux obtained with top-flooding test 

using 8 mm and 12 mm size downcomer are around 8% and 16% respectively 

higher than that of top-flooding without the downcomer. Comparing Bed-1 and 

Bed-2, the percentage increase in dryout heat flux using the downcomer is found 

more in Bed-1. Therefore it can be stated that the effect of downcomer becomes 

more dominant for the particulate bed with smaller size particles.  

 

 
Models: a- Hu & Theofanous, b- Schulenberg & Műller, c- Reed, d- Lipinski 

Figure 5.5 Dryout Heat Flux in Bed-2 with 3 mm sphere particles. 

 

The bottom-fed cases are also carried out to study the effect of bottom forced 

injection on the dryout heat flux. In bottom-fed cases, there is an ingression of 

extra water from the bottom of the bed, which flows in the same direction as the 

vapor flow and it breaks the CCFL condition. The tests are performed with different 

bottom injection flow rates which show that the dryout heat flux rises almost 

linearly with an increase in the bottom injection flow rate. 

 

 



70 
 

5.4 Dryout Heat Flux in Radially Stratified Bed 

 

It is clear from Figure 5.6 that the dryout heat flux found in radial stratified bed is 

much higher (212%) than the bed packed with smaller size particles (Bed-1) and 

slightly smaller (93%) than that of Bed-2, consisting bigger size particles. It is 

already seen that the bed packed with smaller size particles is having lower dryout 

heat flux. In case of the bed packed with smaller size particles, the counter current 

flooding limit (CCFL) reaches at lower heat flux value, due to lack of further 

upward penetration of vapors through lower porosity region, resulting in a dryout. 

However, in case of bigger size particles bed, CCFL reaches at comparatively higher 

heat flux. In case of radially stratified bed, the vapor captured in smaller size 

particle zone may escape into the bigger size particle zone, and then move upwards. 

Therefore, it is believed from the present study that the bigger size particle layer 

dominates the dryout heat flux in stratified beds. 

 

 
Figure 5.6 Dryout heat flux comparison of Bed-1, Bed-2 and Bed-3 in Top-flooding conditions. 
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There is an interesting observation in present study about the location of dryout. It 

is found that for all cases, including top flooding, nature driven circulation by 

downcomer and bottom forced injection, the dryout mostly occurred initially in the 

boundary of two layers, after that it expands towards the smaller size particles 

layer. Usually, the first dryout position is located at the top of the bed within 250 

mm from the top, while the depth of Bed-3 is 610 mm. This is different from the 

earlier study on axial stratified beds and homogenous beds, where the dryout 

mostly occurs in the lower porosity layers for axial stratified beds and located in the 

bottom of bed for the homogenous beds at top flooding conditions. As discussed 

earlier, the reason may be imaged laying on the transgression way of steam 

generated in the smaller size particles /or lower porosity layers. In addition to 

escape from the top of bed, parts of steam in the smaller size particles / or lower 

porosity layers also preferred flowing to the bigger size particles / or higher 

porosity layer. It leads to the increasing of steam quantity in the boundary of two 

layers and consequently results in the dryout. 

 

5.5 Dryout Heat Flux in Triangular Bed 

 

For a heap-like bed such as triangular shape bed, the heat flux is not uniform along 

the bed height since the cross section area is reduced with the height of triangular 

bed. Therefore the dryout power density (kW/m3) is considered in triangular bed 

study, which is the dryout power divided by the total volume of the debris bed. 

 

Top-flooding test with triangular bed is performed on POMECO-HT facility and the 

dryout occurs at the power of 23.6 kW, resulting in the dryout power density of 

1787.9 kW/m3. For the comparison of triangular shape bed with 1D homogeneous 

bed, Bed-1 is represented as a homogeneous configuration, which is then 

considered as Bed-1C having a volume equivalent to that of triangular shape bed 

(described in Table 4 of Appendix D). It can be seen that, at top flooding condition, 

the dryout power density of triangular bed is around three times of homogeneous 

bed which has the same height and bottom cross section but nearly double the 

volume of triangular bed. 

 

Figure 5.7 clearly shows 69% rise in the dryout power density of triangular bed as 

compared to 1D homogeneous bed (Bed-1C). For heap-like debris beds submerged 

in a water pool, similar to a triangular shape bed in present study, the thermal-

hydraulics is characterized by coolant ingression from the sides and bottom of the 
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bed as well as from the top. As a result, the multi-dimensional coolant ingression 

scheme circumvents the CCFL limit and consequently enhances the coolability. 

Notably, the dryout power density of 1D bed equals the dryout heat flux divided by 

the height of the bed. 

 
Figure 5.7 Dryout heat flux comparison of Bed-1C and Bed-4 in Top-flooding conditions. 

 

A test with 12 mm size downcomer is also conducted to study the effectiveness of 

natural circulation-driven coolability (NCDC) on triangular shape bed (Bed-4). 

According to Figure 5.8, much higher dryout power density of 2197 kW/m3 is 

recorded under this condition and consequently, 23% of gain in dryout power 

density is found compared to that of top flooding configuration. It is already seen in 

the earlier section that the gain in the dryout heat flux using 12 mm downcomer in 

Bed-1 is 34%. Therefore, it can be concluded that, when a downcomer is installed to 

ingress water from beneath the beds, its effectiveness to dryout power density of 

one dimensional homogenous bed is relatively higher than that for a triangular 

shape bed. 
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Figure 5.8 Dryout heat flux of Bed-4 at different conditions. 

 

5.6 Summary of Investigation on Debris Bed Coolability 

 

The present chapter deals with the study of prototypical debris bed coolability and 

effectiveness of bed characteristics, by carrying out experiments on the POMECO-

HT facility at KTH. The particulate beds employed for the tests involved two 1D 

homogeneous bed, stratified bed and triangular bed respectively. Along with top-

flooding conditions, bottom-fed cases are also carried out for each of the test bed 

configurations to obtain dryout heat fluxes/dryout power densities. To study the 

effectiveness of natural circulation driven coolability (NCDC), a downcomer was 

employed with the test section. It shows that the dryout heat fluxes in case of 

homogeneous beds under top-flooding conditions are comparable with the 

prediction of Reed’s model. The coolability of all the beds is enhanced by the 

natural circulation induced by the downcomer and the forced injection of coolant 

from bottom. In case of stratified bed, it is found that the dryout heat flux is 

dominated by the bigger size of particle layer, and the dryout mostly occurred 

initially in the boundary of two layers. The enhancement in the dryout heat flux is 

found as compared to homogeneous beds, but not in the dryout elevation. For the 

triangular bed, the dryout power density under top-flooding condition increases by 
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around 69% as compared to the cuboidal bed which has the same volume, due to 

the multi-dimensional ingression of coolant in heap-like bed.  
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6 Summary 

 

The core aim of the present work is to study the influential processes in fuel-

coolant interactions (FCI), a molten melt droplet behavior and molten melt jet 

fragmentation in water pool, both of which are attempted separately. This work 

also includes the study of FCI energetics on reactor scale, when the uncertainties in 

its estimation are also addressed. The second goal of the work is to study the 

coolability of prototypical debris bed formed after FCI, such as, multi-dimensional 

and inhomogeneous beds. 

 

The study started with the numerical investigation of a molten droplet 

hydrodynamics in a water pool, carried out using VOF method in CFD code ANSYS 

FLUENT. This fundamental study is related to single droplet in a preconditioning 

phase, i.e. deformation/pre-fragmentation prior to steam explosion. The droplet is 

considered almost in contact with the coolant assuming negligible film thickness 

and in isothermal condition. From the results, the droplet with increasing initial 

Weber number shows enhanced rate of deformation. The pattern of deformation of 

a droplet at lower and higher Weber number is identified where it is seen that, at 

lower Weber numbers the surface of the droplet undergoes linear deformation 

forming hemisphere followed by a crescent shape formation. The deformation of 

droplet on exposure to a pressure pulse is also studied. The effect of pressure pulse 

intensity on droplet deformation is investigated. The findings have shown that the 

droplet deformation rate is not constant but is nonlinear, when disturbed by the 

pressure pulse. Moreover, the effect of material physical properties such as density, 

surface tension and viscosity on the deformation is also investigated; of which 

density and surface tension showed the notable influence on the droplet 

deformation. 

 

The 2D analysis may have some limitations for the specific problems of droplet 

deformation addressed in this work. It is seen that, during fragmentation of a 

droplet, it releases fine fragments from the periphery due to shear striping which is 

also observed in the 2D analysis. In 3D case, though the droplet deformation is 

symmetric, some part of fragments detaching from the temporal periphery (also 
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from rear half) is not in a fashion that will always be captured in 2D. Therefore, the 

work is then extended to 3D analysis as a part of high fidelity simulations, in order 

to overcome the possible limitations of 2D simulations. The results show that the 

droplet takes the hemispherical shape initially, followed by the bowl shape 

formation which is in accordance with the findings in 2D simulations. Moreover, as 

predicted, there can be seen release of fragments and ligaments from the droplets’ 

periphery during deformation which is not in continuous fashion but periodic in 

occurrence. Such cases may not be captured in 2D simulations. Among the effect of 

material properties, the higher density showed an increased deformation rate, 

whereas, among the viscosity effect, the change in deformation rate is more 

prominent for Ohnesorge number greater than 0.1 which is in accordance with the 

literature. The deformation study of the droplet about to undergo solidification is 

also investigated. The droplets with various crust thicknesses are simulated using a 

modified surface tension to estimate the effect on the droplet deformation rate. 

This gives an idea how the first solidification and rapid crust formation of a droplet 

affects its deformation and breakup. 

 

Investigations of FCI processes is then extended to the analysis of molten melt jet 

fragmentation in water pool, since it is the crucial phenomena which creates the 

melt-coolant pre-mixture, an initial condition for steam explosion. The 

characteristics of melt jet pouring into water influences the conditions of pre-

mixture; those are mainly the instabilities on the jet side. Therefore, the 

characteristics of melt jet fragmentation and breakup is extensively studied. The 

calculations are carried out assuming the non-boiling conditions and considering 

the properties of Wood’s metal. Initially the jet fragmentation and breakup pattern 

are carefully observed at various Weber numbers. Ranging from lower to higher 

Weber numbers, the characteristics of breakup varies significantly; at lower Weber 

number there is no surface stripping, and breakup mainly occurs by transverse 

instabilities such as R-T instability. On the other hand, at higher Weber numbers, 

surface stripping similar to K-H instability causes thinning of jet which leads to 

excessive fragmentation and variation in the jet breakup length. Other properties 

such as, effect of jet diameter and jet velocity are investigated, of which increased 

diameter showed the increase in the jet breakup length for a considered range. A 

broad range of jet velocities are simulated to compare the jet breakup length over a 

wide range of Weber numbers. It showed that the breakup length has non-linear 

variation which is in accordance with the findings in literature. Moreover the effect 

of melt material physical properties on the jet fragmentation and breakup are 

studied. The findings from the study are of importance to enhance the 

understanding of the mechanisms of melt jet fragmentation and thus FCI process, 
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which is supported by the validation with the experimental data. 

 

After the fundamental studies, the work has been extended to reactor scale FCI 

energetics. Complete knowledge of FCI mechanisms on reactor scale, is the final 

objective of all the FCI research. There are significant theoretical developments and 

as result many FCI codes are being used for the analysis. Since there are many 

sources of uncertainties including parameters and modeling uncertainties, the 

estimates made by the codes must be carefully evaluated. The results obtained by 

such code can be presented through the systematic uncertainty quantification. In 

the present study, MC3D code is used for estimation of steam explosion energetics 

in a containment cavity of reference BWR. A systematic sensitivity and uncertainty 

analysis is carried out to represent the result of MC3D through more meaningful 

approach. After the selection of possible influential parameters in FCI, their 

importance ranking is estimated from the sensitivity calculations. It helped to 

identify the most influential input parameters and thus discarding the least 

sensitive ones. Considering the significant calculation time taken by MC3D code, an 

affordable approach is used for the uncertainty analysis; a propagation of input 

errors (PIE) method. The normal and uniform distributions of input parameters 

are used for this global uncertainty analysis to estimate the uncertainty in the 

output. The steam explosion load on the containment cavity walls is used as an 

output parameter. The comprehensive calculations and analysis indicate that the 

25% at most uncertainty of the uniformly distributed input variables show 76% 

total uncertainty in the output results. On the other hand, the 25% at most 

uncertainty in the normally distributed input parameters resulted into 96% total 

uncertainty of the impulse values. In this way, it is shown that the sensitivity and 

uncertainty analysis in the assessment of steam explosion energetics using the 

time-consuming code such as MC3D may help to reduce the calculation runs and 

increase the acceptance of the results in the estimation of steam explosion loads. 

 

The last part of the work deals with the coolability assessment of the prototypical 

debris bed formed after the FCI process, which is important for the stabilization 

and termination of the accident progression. From literature review it is seen that 

most of the experiments are carried out for one dimensional homogenous bed with 

top flooding conditions. The theoretical models developed are specific for one 

dimensional configuration. However, in real cases the debris bed is likely to be 

multi-dimensional in nature and stratification is also possible. Therefore in the 

present study, the multi-dimensional debris bed consisting of standard shape 

particles are investigated. The experimental investigations to study the dryout heat 

flux of the particulate test beds are carried out using the POMECO-HT facility at 
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KTH. Moreover, other coolability measures such as the effect of bottom injection of 

coolant and the natural convection driven coolability (NCDC) are also studied. 

Study shows that the radially stratified bed and the triangularly stratified bed have 

higher coolability than those of the homogeneous beds of same particles. Another 

finding shows that the coolability enhancement of such multi-dimensional bed is 

supported by the side ingression of the coolant. Moreover, the coolability 

enhancement measure such as bottom coolant injection and the downcomer 

(NCDC) effect shows significant rise in the dryout heat flux of the beds. 

 

6.1 Major Outcomes of Thesis 

 

The major outcomes of this thesis work can be summarized in brief as follows. 

 

 The limited case of liquid-liquid (melt-coolant) system of density ratio 6-9 is 

considered for analysis of melt droplet behavior in water pool, for which the 

experimental data is rare. The numerical methodology is developed for the 

specific problem of melt droplet deformation during the process of FCI. The 

behavior of the droplet under normal conditions and also during the disturbance 

by pressure pulse is realized. 

 The study of melt jet helped to identify the main mechanisms in hydrodynamic 

fragmentation. The number of simulations for a wide range of Weber number 

gave the quantitative and qualitative behavior of the jet fragmentation and 

breakup. 

 In the reactor scale FCI study, a systematic approach of sensitivity and 

uncertainty analysis for a time consuming code, MC3D is attempted which 

helped to represent steam explosion impact on the containment walls of 

reference Nordic BWR. 

 The study of coolability of stratified debris beds helped in identifying the various 

mechanisms of water ingression into the beds which affect its coolability. 

 

The qualitative and quantitative data produced from the analyses is novel and 

useful for model development and reducing the uncertainties in understanding the 

FCI and debris coolability. 
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