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Abstract 

Steam explosions may be encountered in severe accidents of light water reactors (LWRs), which 

are thermal detonations caused by rapid and intense vaporization of the coolant upon its direct 

contact with the core melt (corium). Motivated by the interest in understanding and mitigation 

of severe accident progression, many studies have been conducted to investigate the steam 

explosion phenomena during severe accidents. However, most of the previous studies did not 

consider the effect of chemical additives in the coolant of nuclear power plants, such as additions 

of H3BO3, NaOH and Na3PO4 for water chemistry control, and direct utilization of seawater 

(NaCl additive) under an extreme condition like the Fukushima accident. The present thesis work 

is motivated to fill the knowledge gap concerning the impacts of the chemical additives (H3BO3, 

NaOH, Na3PO4, and NaCl) on steam explosions.   

The primary objective of the present research is to obtain characteristics of steam explosions in 

seawater and chemical solutions of H3BO3/NaOH/Na3PO4 with prototypical concentrations. To 

achieve this goal, a series of experiments have been carried out in the MISTEE experimental 

platform at KTH, involving single droplet and multiple droplets falling into a variety of coolant 

pool filled with seawater or chemical solutions of H3BO3/NaOH/Na3PO4 additives. The thesis 

work consists of four parts as follows. 

The first part is a description of the experimental methodology developed in the present study. 

Two experimental facilities, dubbed MISTEE-CE and MISTEE-SEA of respective mechanical 

plug and aerodynamic levitation for melt delivery, were designed on the MISTEE platform. Both 

setups were equipped with high-speed cameras for visualization, a pressure sensor for dynamic 

pressure measurement, and a fragment catcher for debris collection. A double-crucible design 

was employed to enable induction heating while avoiding melt contamination. The aerodynamic 

levitation system was implemented in MISTEE-SEA to reduce the disturbance of the mechanical 

plug. All chemical solutions were prepared in the laboratory with degassed deionized water. Tin 

(Sn) was chosen as the melt material due to benign properties suitable for safe handling in the 

laboratory. 

The second part is the presentation of visual observations and parameters selected to characterize 

steam explosions. The visualization includes the phenomena of droplet-coolant interactions and 

steam explosion occurrences. A molten single droplet falling into the coolant pool with deionized 

water or chemical solution might experience one of the three typical phenomena: deformation 

without fragmentation, minor fragmentation, or spontaneous steam explosion. In contrast, a 

multi-droplet test might involve merging and multiple explosions of droplets, resulting in a more 

complex set of phenomena. The quench depth and the lateral deformation ratio were defined and 

used to analyze the dynamic process of a single droplet in the coolant, while the peak pressure 
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was employed to compare steam explosion energetics. In addition, the size distribution of debris 

particles was scrutinized. 

The third part is a summary and highlights of the experimental study on single-droplet steam 

explosion in different chemical solutions, using 1g of melt sample. The results revealed that the 

H3BO3 additive had little impact on steam explosion when the H3BO3 concentration was lower 

than 1.2 wt.%, but the risk of steam explosion in 3.2 wt.% H3BO3 solution was higher. The 

addition of NaOH and Na3PO4 to a H3BO3 solution significantly offset the influence on steam 

explosion. This suggests that the presence of PO4
3- and H+ ions play a significant role in 

spontaneous steam explosions. Additionally, seawater enhanced the occurrence of spontaneous 

steam explosions, with a clear correlation between increasing salinity and a higher likelihood of 

steam explosion. Compared to deionized water, chemical solutions (including seawater) caused 

more pronounced deformation in molten droplets at equivalent depths prior to direct contact of 

melt with coolant. Furthermore, the peak pressures of steam explosions in chemical solutions 

had the potential to reach notably higher values than those in deionized water. The chemical 

solutions except for the one of 1.2 wt.% H3BO3 tended to produce higher fractions of finer debris 

particles.  

The fourth part is about the experimental results of an investigation on steam explosion involving 

multiple droplets falling into deionized water and chemical solutions, using 5 g and 20 g of melt 

samples, respectively. It was found that under identical test conditions the peak pressure of steam 

explosion increased with melt sample mass, resulting in a noticeably higher fraction of fine 

debris particles in the case of 20 g melt sample. The steam explosion location was concentrated 

within a shallower range when using chemical solutions instead of deionized water. In contrast 

to single-droplet experiments, the influence of the chemical solutions on steam explosion was 

diminishing in the tests with multiple droplets. 

Keywords: Severe accident; fuel coolant interactions; steam explosion; chemical additives; 

seawater. 
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Sammanfattning 

Ångexplosioner kan uppstå vid svåra haverier i lättvattenreaktorer (LWR), vilka är termiska 

detonationer orsakade av snabb och intensiv förångning av kylvätska vid direkt kontakt med 

härdsmälta (corium). Intresset av att förstå och mildra händelseutvecklingen vid svåra haverier 

har drivit fram många studier som syftar till att undersöka ångexplosionsfenomenen vid svåra 

haverier. De flesta av de tidigare studierna tog dock inte hänsyn till effekten av kemiska tillsatser 

i kylvätskan i kärnkraftverk, såsom tillsatser av borsyra, NaOH och Na3PO4 för kontroll av 

vattenkemi, och direkt nyttjande av havsvatten (NaCl-tillsats) vid extrema situationer som vid 

Fukushima-olyckan. Detta doktorsavhandling är motiverat att fylla kunskapsluckan om 

effekterna av de kemiska tillsatserna (H3BO3, NaOH, Na3PO4 och NaCl) på ångexplosioner. 

Det primära syftet med föreliggande forskning är att erhålla egenskaper hos ångexplosioner i 

havsvatten och kemiska lösningar av H3BO3/NaOH/Na3PO4 med prototypiska koncentrationer. 

För att uppnå detta mål har en serie experiment genomförts i MISTEE-experimentplattformen 

vid KTH, där enstaka droppar och flera droppar faller ner i en mängd olika kylvätskebassänger 

fyllda med havsvatten eller kemiska lösningar av H3BO3/NaOH/Na3PO4. Doktorsavhandlingen 

består av fyra delar enligt följande. 

Den första delen är en beskrivning av den experimentella metodik som utvecklats i denna studie. 

Två experimentanläggningar, kallade MISTEE-CE och MISTEE-SEA av respektive mekanisk 

plugg och aerodynamisk levitation för smälttillförsel, designades på MISTEE-plattformen. Båda 

uppsättningarna var utrustade med höghastighetskameror för visualisering, en trycksensor för 

dynamisk tryckmätning och en fragmentfångare för skräpuppsamling. En design med 

dubbeldegel användes för att möjliggöra induktionsuppvärmning samtidigt som man undviker 

smältkontamination. Det aerodynamiska levitationssystemet implementerades i MISTEE-SEA 

för att minska störningen av den mekaniska pluggen. Alla kemiska lösningar framställdes i 

laboratoriet med avgasat avjoniserat vatten. Tennet (Sn) valdes som smältmaterial på grund av 

godartade egenskaper lämpade för säker hantering i laboratoriet. 

Den andra delen är en redovisning av visuella observationer och parametrar valda för att 

karakterisera ångexplosioner. Visualiseringen inkluderar  förekomsten av ångexplosioner samt 

fenomen med växelverkan mellan smältdroppar och kylvätska. En smältdroppe som faller ner i 

kylvätskebadet med avjoniserat vatten eller kemisk lösning kan genomgå ett av de tre typiska 

fenomenen: deformation utan fragmentering, mindre fragmentering eller spontan ångexplosion. 

Ett test med flertal droppar kan dock innefatta sammanslagning och ett flertal explosioner av 

droppar, vilket resulterar i en mer komplex uppsättning fenomen. Avkylningsdjupet och det 

laterala deformationsförhållandet definierades och användes för att analysera den dynamiska 

processen för en enskild smältdroppe i kylvätskan, medan det högsta trycket användes för att 
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jämföra ångexplosionsenergi. Dessutom undersöktes fördelningen av partikelstorlekar i 

smältesterna. 

Den tredje delen är en sammanfattning och en redogörelse av intressanta observationer under 

experimenten med ångexplosioner med en enskild smältdroppe i olika kemiska lösningar och 

med 1 g smältprov. Resultaten visade att borsyratillsatsen hade liten inverkan på ångexplosion 

när borsyrakoncentrationen var lägre än 1,2 viktprocent, men risken för ångexplosioner var 

högre med 3,2 viktprocent borsyralösning. Tillsatsen av NaOH och Na3PO4 till en 

borsyralösning begränsar avsevärt inverkan på ångexplosioner. Detta tyder på att närvaron av 

PO4
3- och H+-joner har en betydande roll för spontana ångexplosioner. Dessutom medförde 

havsvatten en ökad förekomst av spontana ångexplosioner, med en tydlig korrelation mellan 

ökande salthalt och en större sannolikhet för ångexplosion. Jämfört med avjoniserat vatten 

medförde kemiska lösningar (inklusive havsvatten) mer uttalad deformation i smältdroppar på 

samma djup, innan smälta kom i direktkontakt med kylvätska. Vidare hade de högsta trycken 

vid ångexplosioner i kemiska lösningar potential att nå betydligt högre värden än de i avjoniserat 

vatten. De kemiska lösningarna, förutom den med 1,2 viktprocent H3BO3, tenderade till att bilda 

en större andel finfördelade partiklar av smältresterna. 

Den fjärde delen handlar om de experimentella resultaten av en ångexplosionstudie med flertal 

smältdroppar som faller ner i avjoniserat vatten och kemiska lösningar, med 5 g respektive 20 g 

smältprover. Det visade sig att under identiska testförhållanden ökade det högsta trycket vid 

ångexplosionerna med smältprovets massa, vilket resulterade i en märkbart större andel 

finfördelade smältrestpartiklar i fallet med 20 g smältprov. Ångexplosionerna var koncentrerade 

till ett grundare område när man använde kemiska lösningar istället för avjoniserat vatten. I 

jämförelse med experimenten med en enskild droppe förminskades inverkan av de kemiska 

lösningarna på ångexplosioner i testerna med flertal droppar. 

Nyckelord: Svåra haverier; bränsle-kylmedelsinteraktioner; ångexplosion; kemiska tillsatser; 

havsvatten. 
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Chapter 1 Introduction 

1.1 Background 

Nuclear power is one of the most important sources in the world to meet the energy consumption 

and sustainability of society [1]. However, severe accidents due to core damage and radioactivity 

release in a nuclear power plant (NPPs) may lead to significant consequences to people and the 

environment, as manifested in the Three Mile Island [2], Chernobyl [3] and Fukushima [4] 

accidents in history. Thus, investigations on severe accidents of NPPs have received the attention 

of many researchers for better understanding of complex severe accident (SA) phenomena, and 

effective assessment of any severe accident management strategy (SAMS) toward mitigating 

accident consequences [5]. 

 

Figure 1.1: Schematic of steam explosion during the ex-vessel FCI phenomena in a SA 

scenario of Nordic BWR. 
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During the progression of severe accidents, particularly in boiling water reactors (BWRs), it is 

anticipated that the core melt, known as corium, will be discharged into the reactor cavity 

following a failure of the reactor pressure vessel (RPV). Then, the corium will experience benign 

fuel-coolant interactions (FCI) in a deep-water pool within the reactor cavity. During this process, 

as depicted in Figure 1.1, there exists a high potential for triggering a steam explosion which 

poses a significant threat to the integrity of the containment structure, regarding as the ultimate 

barrier to prevent the release of radioactive fission products into the environment. Thus, it is 

urgently necessary to quantify the mechanism of steam explosion forwarding the assessment of 

safety analysis in the severe accident mitigation strategy (SAMS).  

1.2 Steam explosion 

The steam explosion or vapor explosion is a thermal detonation caused by the rapid and intense 

vaporization of the coolant upon direct contact with the hot melt. This, in turn, generates a shock 

wave because the transfer of thermal energy from the molten core to the coolant occurs much 

faster than the reduction of system pressure. This shock wave has the potential to inflict 

significant damage on internal structures and the containment boundary. As a result, FCI and the 

potential for steam explosions have garnered significant attention in safety analysis.  

Considering the importance of steam explosion in nuclear power safety [6-8], many studies [9] 

[10] have been conducted, including tests in different scales from the single droplet around 1 

gram to the molten jet at several kilograms. Table 1.1 provides a summary of the representative 

experiments. Effects of various factors on the steam explosion, such as melt and coolant 

temperature, coolant properties, and non-condensable gas have been examined.  

 

Figure 1.2: Phases of steam explosions. 

It is well-known that a steam explosion resulting from molten fuel entering coolant can be 

subdivided into four phases [11]: premixing, triggering, propagation, and explosion (as depicted 

in Figure 1.2). During the premixing phase, a high-temperature molten jet interacts with coolant 

and fragments into dispersed droplets surrounded by vapor films [12-14]. In the triggering phase, 



 

 
3 

instability and collapsing of the vapor film of a droplet lead to a localized steam explosion and 

shock wave due to direct contact between the molten droplet and coolant [6, 8, 15]. The 

propagation stage [16, 17] is characterized by rapid spreading of shock waves across the droplets 

formed in premixing phase, resulting in explosions of more droplets.  

Table 1.1: Previous studies on influential factors of steam explosion 

Researchers 
Material  

(melt & coolant) 
Melt type  Influential factors 

Wang et al., 2021 [23] Sn & water Droplet 
Initial temperature and 

free-fall height 

Manickam et al., 2019 [24] 
Binary oxide & 

water 
Droplet Melt composition 

Kouraytem et al., 2016 [25] 
Field's metal & 

water 
Droplet 

Melt superheat and 

coolant subcooling 

Hansson et al., 2013 [26] 
Binary oxide & 

water 
Droplet Melt composition 

Hansson et al., 2009 [27] Sn & water Droplet Non-condensable gas 

Kowal et al., 1993b [28] 
Sn & dilute 

aqueous solutions 
Droplet Coolant surface tension 

Nelson et al., 1981 [29] 

Iron oxide & pure 

water, pure n-

pentadecane (a 

paraffin 

hydrocarbon), and 

an aqueous 

solution of 

ammonium sulfate 

Droplet Coolant composition 

Nelson and Guay, 1986 [30] 

Fe-Al2O3 & 

cellulose gum 

solution 

Jet & Droplet Coolant viscosity 

Manickam et al., 2016 [31] 
Binary oxide & 

water 
Jet 

Melt superheat and 

coolant subcooling 

Magallon et al., 1992 [32] UO2 & Na Jet Mass of melt 

Huhtiniemi and Magallon, 

2001 [33] 

Corium melt & 

water 
Jet External trigger 

Song et al., 2002 [34] 
Corium melt & 

water 
Jet Melt composition 



 

 
4 

As mentioned above, there are two primary groups of experiments based on the mass of molten 

material involved in this research field: single molten droplet tests and molten jet experiments.  

The single-droplet tests contain the premixing, the triggering, and the explosion but without the 

propagation phase. The single-droplet tests only have one droplet interacting with coolant during 

the experiments, which makes the experimental conditions well controlled. Moreover, a single 

droplet explosion is possible observed by the high-speed camera or the X-ray image technology 

[18-22]. Thus, the single-droplet tests are designed to investigate the effects of various factors 

on droplet explosion phenomena and mechanisms, offering the advantage of visualizing these 

phenomena, which is essential for comprehending the underlying mechanisms of steam 

explosions. 

The molten jet experiments contain all four phases. Also, as it involves more molten melt 

interacting with the coolant during the experiments, the molten jet experiments are naturally 

close to the prototypical situation in NPPs during a hypothetical severe accident. However, 

observing the FCI dynamic process in molten jet experiments is challenging due to the violent 

evaporation of the coolant and the generation of a substantial number of bubbles. Thus, the 

molten jet experiments mainly focus on the jet breakup and final debris bed formation. 

In the above studies, water has been the predominant coolant of choice. Little attention has been 

paid to the potential impact of chemical additives on steam explosions despite their widespread 

use in reactor coolant systems. For instance, H3BO3 serves as a chemical additive in the coolant 

of emergency core cooling systems (ECCS) in LWRs. This underscores the need for further 

investigation and study in this critical area of research to enhance our understanding of steam 

explosions. 

1.3 Chemical additives reactor coolant 

In light water reactors, the coolant contains many chemical additives. H3BO3 serves as a neutron 

absorber in the primary circuit of PWRs, regarded as one of the most effective approaches to 

control the neutron flux and nuclear reaction in the designed range. Its application makes 

significant contribution to the reactor safety during various operational phases, such as start-up, 

power changes, shutdown, refueling, and maintenance. Although, BWRs do not rely on borated 

water for reactivity control during routine operations. H3BO3 is also employed as a last-resort 

measure to manage reactor reactivity in a severe accident [35]. 

During a severe accident, the concentration of H3BO3 in the coolant might increase significantly 

from a negligible level to several hundreds of grams per kilogram, which may even result in the 

crystallization of H3BO3 due to the coolant evaporation in the duration of emergency cooling 

[36, 37]. As the concentration of H3BO3 increases, the solution acidity becomes stronger. 
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However, acidic solutions are known to be corrosive to metal components, and high temperature 

exacerbates the corrosion. Furthermore, the acidic solutions are not conducive to absorbing 

radioactive iodine in the reactor. Therefore, for design-basis accidents, it is crucial to maintain a 

sufficiently high pH level (no less than 7.0) in the containment sump to prevent significant long-

term iodine re-evolution [38, 39]. However, in the case of severe accidents, the situation becomes 

even more critical, necessitating the consideration of additional redundancies. Generally, the pH 

value adjustment is achieved by initiating the spray recirculation mode. In LWRs, NaOH and 

Na3PO4 are commonly used chemical additives for pH adjustment. Na3PO4 is typically stored in 

wire mesh baskets within the sump, which will dissolve into the coolant in case of an accident 

[40]. And NaOH is stored in the chemical additives system, which will dissolve into the spray 

cooling circle during an accident [41]. However, limited studies have explored the impact of 

H3BO3 in coolant on steam explosions. There is a notable absence of experimental data regarding 

the influence of NaOH or Na3PO4 on steam explosions. 

In literature, two experimental studies [42, 43] were found to investigate the effect of H3BO3 

solution on steam explosion. In Skelton's experiment, twelve grams of molten tin at 800°C were 

introduced into two H3BO3 solutions at room temperature, with concentrations of 0.05 wt.% (500 

ppm) and 0.2 wt.% (2000 ppm), respectively. Multiple repetitions of the tests allowed for 

statistical outcomes comparison between steam explosions occurring in water and H3BO3 

solutions. The pressure and impulse data indicated that the 0.05 wt.% H3BO3 in the coolant did 

not significantly alter the severity of fuel-coolant interactions (FCI) — however, the 0.2 wt.% 

H3BO3 concentration was found to enhance the fragmentation of the molten material. In Buxton's 

experiment, a series of tests were conducted to examine the explosive behavior of various corium 

simulants. These simulants were generated by arc-melting 10-37 grams of samples, followed by 

immersion in water or chemical solutions. Steam explosions were triggered by a bridge wire. 

Notably, the H3BO3 concentration in these experiments was 0.3 wt.% (3000 ppm), and the 

experimental results suggested that when the concentration of H3BO3 solutions is smaller than 

0.3 wt.%, the influence of H3BO3 on steam explosions is limited. However, the H3BO3 

concentration could be much higher than tested coolants during a severe accident. It is unclear 

whether the higher concentration of H3BO3 impacts the steam explosion. Also, considering the 

stochastic feature of steam explosion, these results still need to be further verified due to the 

limited number of tests.  

1.4 Seawater and severe accidents 

In LWRs, water is used as a moderator and heat transport media to take away the heat released 

by the fission reaction. The water requirement (sufficient water) of an LWR is significantly 

higher (twice that of a thermal power plant), making it imperative to locate the plant in areas 

with ample water sources such as rivers, lakes, or seaside.  
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During the Fukushima nuclear accidents, seawater was employed as an emergency coolant [44], 

although it is not designed as a backup coolant source. Learned from the accident, seawater 

injection was proposed as the ultimate emergency measure to ensure a nuclear power plant safe 

in cases where all designed power or water supplies were lost [45, 46]. Furthermore, the effects 

of impurities in water on core degradation, chemistry, and FCI emerged as compelling topics in 

severe accident research. Recent studies have illustrated the enhanced cooling effects of seawater 

on the surface of fuel rods, debris particles, and the vessel wall [47-50]. The corresponding 

findings have also improved our understanding of the chemical reactions between sea salt, 

corium, and structural materials [51, 52]. However, experimental data concerning FCI 

phenomena is relatively scarce.  

Among the existing studies, experiments conducted by Masahiro Furuya and Izumi Kinoshita 

[53] investigated the impact of salt additives (such as NaCl, CaCl2, CaSO4, and Na2SO4) on the 

steam explosion. Their study suggested that a salt solution expanded the range of initial molten 

alloy temperatures at which vapor explosions occurred. It is worth noting that in their 

experiments, the salt solution droplet was introduced into the molten alloy pool. This 

experimental configuration differs significantly from a severe accident scenario. Furthermore, 

natural seawater comprises a diverse range of dissolved salts. To further complicate coolant 

conditions, the composition of seawater and the concentration of sea salt are not uniform globally 

and the seawater salinity hovers around 35 g/kg in most marine areas [54, 55]. The term "salinity", 

which serves as a crucial indicator of salt concentration in seawater, refers to "Absolute Salinity," 

defined in terms of the mass fraction of dissolved materials in seawater [56]. 

1.5 Objectives and tasks 

This thesis contributes to the progressive experimental research database in nuclear safety with 

a specific focus on the dynamics of steam explosions in prototypical chemical solutions and 

seawater. In this study, the detailed aspects of chemical additives and seawater on steam 

explosion dynamic phenomenology are experimentally studied with an interest in 1) filling the 

knowledge gap in the characteristics of steam explosion affected by the chemical additives and 

seawater; 2) clarifying the existing steam explosion hypothesis and improving the mechanism 

understanding; 3) providing data useful for steam explosion model developing. In this regard, 

the general set of objectives is accomplished by the tasks summarized as follows: 

I. Improved experimental facilities to conduct experiments on the steam explosion and 

prepared different coolants (Chapter 2). 

• To develop the MISTEE-CE facility for studying the effect of the chemical 

additives in the coolant on the single and multiple droplets’ steam explosion. 
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• To upgrade the MISTEE-SEA facility for studying the effect of coolant salinity 

on the single droplet steam explosion. 

• To prepare various coolants under lab conditions.  

II. Investigated the effect of chemical additives and seawater on single droplet spontaneous 

steam explosion through FCI phenomena. Defined several characteristic parameters to 

describe single droplet phenomena. (Chapter 3 & 4). 

• To perform the FCI phenomena of the single and multiple droplets falling into 

the coolant. 

• To introduce several characteristic parameters for FCI dynamic phenomena 

analysis of the single droplet test. 

• To analyze the effect of various chemical additives and seawater on steam 

explosion by comparing obtained results. 

III. Investigate the multiple droplets steam explosion in different coolants (Chapter 5). 

• To perform the FCI phenomena resulting from a series of Sn molten droplets 

falling into various solutions.   

• To analyze the characteristics of steam explosion impacted by the multiple 

droplets’ interaction. 

• To compare the characteristics of steam explosion in various solutions with the 

effect of multiple droplets’ interaction.  

Chapter 6 summarizes the conclusions and proposes future work.  
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Chapter 2 Experimental methodology 

This chapter is focused on the methodology of experimental investigations on the dynamic of 

steam explosion in different chemical solutions and seawater. The details of measurements and 

procedures in the MISTEE-CE facility and the upgraded MISTEE-SEA facility are introduced. 

Besides, the coolants (various chemical solutions, and artificial seawaters) are prepared in the 

lab conditions with the degassed DI water. The preparation methods of different coolants are 

introduced.  

2.1 Test facilities 

The tests in this study are conducted in the MISTEE-CE facility (see Figure 2.1) for the chemical 

solutions of H3BO3/NaOH/Na3PO4 and the MISTEE-SEA facility (see Figure 2.2) for seawater. 

The experimental facility encompasses three components: melt preparation unit, testing segment, 

and data acquisition system (DAS). The induction coil is used to heat the sample within a double-

layer crucible in the furnace. Throughout the sample heating process, argon is continuously 

introduced into the furnace through a gas tube to maintain an inert atmosphere within the crucible. 

Tin (Sn) is utilized as melt material, ensuring a safe operation of spontaneous steam explosion 

tests in the laboratory. The double-layer crucible comprises an inner MgO crucible and an outer 

graphite crucible. The MgO crucible here is set to accommodate the Sn sample since the MgO 

surface is more stable and less wettable for Sn melt, while the graphite crucible is heated 

efficiently by the induction coil. All these configurations contribute to the control of test mass 

(all the melt released from the crucible). The test section is a rectangular tank filled with different 

coolants (including DI water, H3BO3 solutions, and neutral solutions containing H3BO3 and 

Na3PO4 or H3BO3 and NaOH). All these tested chemical solutions are prepared in the lab with 

degassed deionized water. A fragments catcher is positioned at the bottom of the coolant tank to 

collect all particles produced during the tests. A high-speed camera (phantom V311) records the 

droplet-coolant interactions and steam explosion. The DAS is set to monitor and save the signals 

for two K-type thermocouples (0.5 mm from Omega Inc.) and a pressure sensor (PCB 102B06). 

The response time of the pressure sensor is less than 1 microsecond (µs), and the measurement 

frequency is 25 kHz. The thermocouple is an insulated armored, capable of accurately measuring 

the conductive metal liquid. The sample rate of thermocouples is 100 Hz. The heating power is 

sustained for approximately 1-2 minutes when the melt reaches the desired temperature to ensure 

the sample met the thermal equilibrium conditions.  

Due to the advantageous properties of MgO, a rod made of MgO is employed as a plug for the 

bottom nozzle of the inner crucible in the MISTEE-CE facility. The melt is discharged from the 

crucible by the plug rapid lift. While in the MISTEE-SEA facility, to reduce the break-up of the 

droplet during the discharge process, an aerodynamic levitation system [57] is implemented. 



 

 
10 

Figure 2.3 provides a schematic representation of how the aerodynamic levitation subsystem 

operates. During operation, a fast-acting three-way valve controls the opening or closing, 

enabling continuous argon gas (also for an inert atmosphere in the crucible) to flow through a 

tube from the bottom of the crucible. The flow meter is employed to control the input argon gas, 

and the electric rotor is used to turn the three-ways valve quickly. This control mechanism 

ensures the levitation and discharge of single molten droplets during the test. 

 

Figure 2.1: Schematic of MISTEE-CE facility. 

During the experiments, a sample of 1.0 g, 5.0 g or 20.0 g Sn will be heated and melted in the 

MgO crucible with the thermocouple monitoring the temperature. Subsequently, the molten 

droplet will be released into the coolant tank after the melt temperature is sustained for 

approximately 1-2 minutes at the pre-set temperature. As illustrated by Figure 2.4, the pressure 

sensor is positioned 35 mm beneath the water level, recording the pressure signal during the 

process. The free-fall distance (height from the outlet of the crucible bottom nozzle to the water 

surface) is 100 mm and kept the same for all tests. Consequently, the velocity of the droplet at 

the water surface is estimated to be approximately 1.4 m/s, as determined from the analysis of 

high-speed camera images. A pressure sensor, aligned perpendicular to the central axis of the 

water tank, captures the pressure signal, and the high-speed camera records the dynamic descent 

of the droplet at a rate of 3000 frames per second (fps). For the 1-gram tests, the experiment is 

repeated twenty times; for the 5-gram tests, the experiment is repeated four times; and for the 

20-gram tests, it is conducted once, allowing the collection of data on droplet-coolant 

interactions under identical experimental conditions with the same total mass. The debris catcher 
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collects fragments from the same category test (20.0 g) for subsequent post-test analysis. These 

fragments are subsequently dried and sieved to determine their size distribution. All the 5.0 g 

and 20.0 g tests are conducted on the MISTEE-CE facility because the capacity of the levitation 

system is about 1.0 g. 

 

Figure 2.2: Schematic of MISTEE-SEA facility. 

 

Figure 2.3: Schematic of the aerodynamic levitation subsystem operation.  
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Figure 2.4: Diagram of pressure sensor location. 

2.2 Coolant preparation 

The coolants in this work include deionized (DI) water, artificial seawater, H3BO3 solutions with 

concentrations from 0 to 3.2 wt.%, and neutral solutions containing H3BO3 and Na3PO4 or 

H3BO3 and NaOH. In this section, the preparation of these tested coolants is introduced.  

All the DI water employed in this work is degassed. The H3BO3 solutions were prepared in the 

lab by dissolving different amounts of H3BO3 powder in DI water.  

The related neutral solutions were synthesized step by step in a laboratory setting. The initial 

step is the preparation of H3BO3 solutions, as mentioned above. The resulting H3BO3 solution 

exhibited acidity. To accurately reproduce the same conditions of coolant, as those in a nuclear 

power plant, Na3PO4·12H2O powder and 0.1 mol/l NaOH solution were utilized for adjusting 

the pH level of the coolant in this test. However, the introduction of NaOH solution into the 

mixture would lead to a reduction of H3BO3 concentration. To maintain consistent experimental 

conditions, it is necessary to pre-calculate the requisite quantities of each chemical component 

within the solution. Via this, the mixed solutions are all ensured the same H3BO3 concentration 

and to have a pH of 7 (± 0.01). 



 

 
13 

The artificial seawater with varying salinities from 7.7 to 35.0 g/kg are prepared in the lab by 

dissolving different amounts of sea salt in DI water. The determination of the mass of sea salt 

and the volume of deionized water for the seawater mixture was carried out using Eq. (2.1). To 

prepare seawater with the desired salinity, an analytical balance (Sartorius BP 61S, Precision 0.1 

mg) and a glass graduated cylinder (2000 ml, increments of 20 ml) were employed. This 

approach ensured precise control over the salinity levels of the artificial seawater used in the 

experiments. 

 ( )
1000

/seasalt seasalt
A

seasalt DIwater seasalt DIwater

M M
S g kg

M M M V


= =

+ +
 (2.1) 

Where SA is absolute salinity (unit: g/kg), M denotes mass, ρ represents the density of DI water, 

and V is the volume. Figure 2.5 illustrates that the weight fraction of the dissolved composition 

in the prepared seawater closely resembles that of natural seawater, IAPSO (The International 

Association for Physical Sciences of the Ocean) Standard Seawater [56], and substitute ocean 

water prepared according to ASTM D1141-98 (2013) standard practices. This alignment ensures 

prepared seawater is consistent with natural seawater and established standards. 

  

(a) (b) 

Figure 2.5: Elements concentration in seawater under different standards. 

2.3 Summary 

The details of the MISTEE facility, related instrumentation, and equipment (e.g., furnace, heater 

high-speed cameras, pressure sensor) are introduced. The difference between MISTEE-CE and 

MISTEE-SEA is the melt discharge method. The aerodynamic levitation sub-system is 

implemented in MISTEE-SEA to reduce the droplet break-up during the discharge. The 

experimental procedure remained the same across all the experiments. These tested coolants (DI 
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water, seawater, and various chemical solutions) are prepared under identical conditions in the 

lab. 
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Chapter 3 Visualization and characteristic parameters 

This chapter intends to introduce some typical phenomena observed in the experiments and the 

definition of several critical parameters for FCI analyses of the single droplet test and the steam 

explosion phenomenon. 

3.1 Experimental phenomena 

3.1.1 Single-droplet tests 

In the single droplet experiments, as illustrated by Figure 3.1, upon leaving the crucible, the 

droplet will experience three distinct stages: 

Stage I: Free falling. 

This initial stage involves the free-falling of the molten droplet from the crucible to the surface 

of the coolant.  

Stage II: Quenching and premixing (stable film boiling). 

Stage II marks the pre-conditioning phase of the steam explosion, commencing as the molten 

droplet enters the coolant. This phase is characterized by a vapor film surrounding the droplet 

due to intense film boiling at the droplet’s surface, which effectively prevents direct contact 

between the melt and the coolant. 

Stage III: Vapor film collapsing (transitional boiling and nucleation boiling). 

The direct contact between the melt and the coolant initiates Stage III due to the destabilization 

of the vapor film as film boiling transits to nucleate boiling. During Stage III, three typical 

phenomena may occur no fragmentation, minor fragmentation, or a steam explosion. 

Figure 3.2 shows these three typical phenomena (namely A, B and C) observed in the 

experiments: 

• Phenomenon A: Steam explosion. 

This phenomenon occurs when the vapor film collapses, which leads to direct contact between 

molten droplets and the coolant, followed by intense phase change. Notably, this event results in 

a discernible peak in pressure (cf. Figure 3.4). 

• Phenomenon B: Minor fragmentation. 
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When phenomenon B occurs, the droplet experiences minor fragmentation. Additionally, the 

pressure sensor on the coolant tank wall cannot record any notable pressure peak in this case. 

• Phenomenon C: No fragmentation. 

In this scenario, the surface of the tin droplets solidifies upon directly contacting with the coolant, 

and there is no substantial fragmentation of the droplets. 

 

Figure 3.1: Schematic of the droplet's three stages in the experiment. 

Visual observation from the high-speed camera has proved to be a valuable tool for effectively 

classifying three phenomena. In both Phenomenon A and B, there is a moment when the vapor 

film surrounding the droplet experiences partial rupture, leading to direct contact between the 

melting surface and the coolant (see Figure 3.2: at 99.6 ms for Phenomenon A and at 112.6 ms 

for Phenomenon B). Consequently, the corresponding interface between the melt and coolant 

became unclear due to the cloud shadow of fragments. In Phenomenon C, a clear profile of the 

droplet can always be observed throughout the quenching process of the droplet. 

Additionally, the morphology of the debris collected after the tests exhibits significant 

differences among these phenomena. Figure 3.3 clearly illustrates the typical morphology of 

large fragments, corresponding to three different phenomena. In the case of phenomenon C, the 

surface of the collected particle appears smooth. Conversely, fragments for A and B are 
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characterized as porous surfaces. Furthermore, due to the intense explosion, fragments in the 

presence of phenomenon A exhibit a fully porous structure.  

 

Figure 3.2: Snapshots of three typical phenomena observed in the experiments (1 g Sn, 

Tm=800°C, Tc=20°C, DI water. 

 

Figure 3.3: Morphology of debris from three typical phenomena in tests. 

Except for the distinct features of falling process and debris morphology mentioned above, steam 

explosion (Phenomenon A), the focus of this research, presents a discernible pressure peak, as 

shown in Figure 3.4, and serves as a criterion for distinguishing Phenomena A from B and C. 



 

 
18 

 

Figure 3.4: Pressure signals of three typical phenomena in tests. 

 

Figure 3.5: Snapshots of two typical melt-coolant direct locations observed in the experiments 

(3.2 wt.% H3BO3 + Na3PO4 neutral solution, Tm=800℃, Tc=20℃). 

As mentioned above, the critical moment between stages II and III is when the droplet comes 

into direct contact with the coolant. It can be observed at 112.6 ms for phenomenon B and 99.6 

ms for phenomenon C in Figure 3.2, when the interface becomes obscured, and a murky shadow 

appears. This moment can be defined as the onset of melt-coolant contact. To magnificently 

quantify the experimental data, two typical locations of melt-coolant direct contact, namely 

location C and location S, are identified, which can dramatically contribute to further melt-water 

interactions. To be more precise, location S was found to be associated with the direct contact 

between the coolant and the edge of the molten droplet, while location C corresponds to the 



 

 
19 

direct contact between the coolant and the bottom central region of the molten droplet (cf. Figure 

3.5). 

3.1.2 Multi-droplets tests 

As shown in Figure 3.6, the initial moment of contact between the first droplet and the coolant 

surface is defined as 0 ms. Over the following 14 ms, a merging process of two droplets takes 

place. Subsequently, from 36 ms to 85 ms, the combined droplet undergoes a dramatic 

deformation, as illustrated in Figure 3.6. The first direct contact between the melt and the coolant 

occurs at 96 ms, leading to a steam explosion at 99 ms in Figure 3.6. This initial explosion 

triggers another explosion around 102 ms. There is a final explosion in this test after 116 ms, 

and it is challenging to determine whether this explosion is self-triggered or a result of the 

previous explosions. 

Figure 3.7 illustrates the typical propagation of the steam explosion observed in the tests with 20 

g initial mass. Same as the 5 g test, 0 ms is the moment that the first droplet arrives on the coolant 

surface. Between 10 ms and 33 ms, the first two droplets merged and deformed intensively, 

resulting in direct contact with the coolant, but no steam explosion occurred at this point. Around 

80 ms, an explosion was observed at the bottom of the molten material, leading to another steam 

explosion (cf. 83 ms in Figure 3.7). Subsequently, the explosion at 83 ms triggered the explosion 

at 89 ms, which led to one more explosion at 92 ms. At this moment, all the droplets within the 

coolant exploded, while those in the air remained unaffected by this round of explosion. During 

this round, the explosion occurred from the bottom to the top in sequence within the coolant.  

 

Figure 3.6: Snapshots of the FCI phenomena observed in the DI water experiments (5 g Sn, 

Tm=800°C, Tc=20°C). 
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Figure 3.7: Snapshots of the first round of steam explosion observed in the DI water 

experiments (20 g Sn, Tm=800°C, Tc=20°C). 

Figure 3.8 displays the pressure sensor signal (gauge pressure) captured from tests. Each 

significant change in the pressure signal corresponds to a round of steam explosion. There were 

three distinct rounds of steam explosions throughout this test, occurring approximately at 0.08 s, 

0.2 s, and 0.3 s after the initial contacting of droplet with the coolant surface (steam explosion is 

found in high-speed videos at these corresponding instants). 

 

Figure 3.8: Pressure (gauge pressure) history measured in the experiments (20 g Sn, Tm=800°C, 

Tc=20°C, DI water. 



 

 
21 

3.2 Characteristic parameters 

3.2.1 Quench depth and lateral deformation ratio  

As aforementioned, the critical signal separating Stages II from III in single-droplet tests is when 

the droplet directly contacts the coolant. In Figure 3.9, the quench depth is defined as the depth 

of the first droplet-coolant contact in the coolant. The lateral deformation ratio that is defined as 

the ratio of the droplet’s lateral width to its initial diameter before falling into the water pool 

(lateral deformation ratio = L/D0, cf. Figure 3.10), is employed here to quantify the extent of 

droplet deformation. The quench depth and lateral deformation ratio are obtained only for 

Phenomena A and B to examine the effects of coolant salinity on the FCI process during Stage 

II. 

 

Figure 3.9: Schematic definition of quench depth. 
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Figure 3.10: Schematic definition of lateral deformation ratio. 

3.2.2 Peak pressure  

The peak pressure of a steam explosion is an important measurement of explosion energetics. 

The impulse can be computed from the pressure-time curve in a steam explosion. However, in 

experiments the position of the pressure sensor is fixed, whereas the locations of steam explosion 

may vary between tests, causing the difficulty to compare the measured pressures due to different 

attenuations of pressure waves. To overcome this problem, the pressure measured at the point B 

is converted to a corresponding value at the point C, as shown in Figure 3.11. Such treatment 

ensures the attenuations of pressure waves are the same in two tests, if the explosions occur in 

the centerline of the coolant tank (which is the case in most tests).  

More specifically, the pressure at any point i induced by the underwater explosion at the point A 

can be estimated by the following equation [58]. 

 
1/3
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where Pi is the pressure at the point i, Ri the distance from the explosion location to the point i, 

m the mass of the explosive, and a and b the constants only depending on the type of explosion. 

Assuming the mass involved each explosion is the same, then the pressures P2 and P1 at the 

points C and B have the following relationship: 
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where P1 is measured by the pressure sensor, and R1 denotes the distance from the center of the 

explosion to the measurement point (could be obtained by image processing). R2 is 60 mm, the 

same for all tests. The constant a is in the range from 1.12~1.13, and it was set as 1.13 here. 
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Figure 3.11: Schematic of explosion center and analysis points.  

As depicted in Figure 3.12, we define the explosion depth as the distance from the explosion 

center to the water surface. 

 

Figure 3.12: Definition of steam explosion depth. 

3.2.3 Debris size distribution 

A more powerful steam explosion should result in finer fragmentation of droplets. Consequently, 

the size distribution of debris particles becomes another indicator of the steam explosion's 

intensity. Examining the debris size distribution in different chemical solutions can provide 

insights into how the chemical additives and seawater impact the occurrence of steam explosions. 

To observe the trend of debris size distribution, we performed 20 tests with 1 g initial mass, 4 

tests for 5 g, and one test with 20 g to minimize the impact of randomness. After each group of 
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tests, all fragments were collected using a catcher and cleaned, then sized to provide an overall 

trend. The inevitable escape of the smallest fragments (0.038 ~ 0.075 mm) was attributed to the 

mass loss in the experiment. Figure 3.13 depicts the typical fragments collected in our tests, and 

their size is categorized into 11 groups. 

 

Figure 3.13: Photos of debris at different sizes collected from tests. 

3.3 Summary  

This chapter introduced three distinct phenomena observed in both single- and multi-droplet tests. 

The behavior of a single droplet in the single droplet test is characterized by three distinct stages 

in response to its surrounding medium. In contrast, the multi-droplet test involves the merging 

and interaction of multiple droplets, resulting in complex phenomena. 

Two key parameters are defined here to analyze the dynamic process of a single droplet within 

the coolant: the quench depth and the lateral deformation ratio. Additionally, we standardized 

the peak pressure to facilitate comparisons, considering the varying explosion positions. We also 

present the methodology used to assess the distribution of debris sizes in this study. 



 

 
25 

Chapter 4 Effect of chemical additives on single-droplet 

steam explosion 

Motivated by the diverse chemical additives present in the coolants of NPPs, which may 

influence steam explosions, the MISTEE-CE research utilized various coolants, including DI 

water, H3BO3 solutions, sodium phosphate and H3BO3 neutral solutions, as well as sodium 

hydroxide and H3BO3 neutral solutions. Furthermore, recognizing the potential use of seawater 

as an emergency coolant, the MISTEE-SEA research investigated the impact of artificial 

seawater salinity on the steam explosion of single droplets. 

4.1 Effect of boric acid and neutral solutions 

4.1.1 Test matrix 

The test matrix, as shown in Table 4.1, where seven groups of tests are listed. The first three test 

groups listed in Table 4.1 are the references for the present study, which come from our previous 

work [59].  

Table 4.1: Test matrix for effect of chemical additives 

Test No. Coolant 

Coolant 

temperature 

(℃) 

Coolant 

subcooling 

(℃) 

Melt 

mass 

(g) 

Free-fall 

distance 

(mm) 

Melt 

temperature 

(℃) 

pH 

value 

Number 

of tests 

DI-n Deionized water 

20.0 

(±1.5) 

80.0 

(±1.5) 

1.00 

(±0.01) 
100 

800 

(±6) 

6.70 

(±0.01) 

20 

BA0.2-n 
0.2 wt.%H3BO3 

solution 
\ 

BA1.2-n 
1.2 wt.%H3BO3 

solution 

4.87 

(±0.01) 

BA2.2-n 
2.2 wt.%H3BO3 

solution 
\ 

BA3.2-n 
3.2 wt.%H3BO3 

solution 

4.10 

(±0.01) 

BA1.2-NP-n 

1.2 wt.%H3BO3 

+Na3PO4 neutral 

solution 

7.00 

(±0.01) 

BA3.2-NP-n 

3.2 wt.%H3BO3 

+Na3PO4 neutral 

solution  

BA3.2-NH-n 

1.2 wt.%H3BO3 

+NaOH neutral 

solution 

BA3.2-NH-n 

3.2 wt.%H3BO3 

+NaOH neutral 

solution 
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To achieve the statistics of spontaneous steam explosion of a single droplet under different 

conditions, the melt and water temperatures in all the tests are fixed respectively at 800°C and 

20°C and repeated 20 times, but their coolants are different. Specifically, the solutions employed 

are DI water, two different concentrations of H3BO3, a neutral mixture of H3BO3 and Na3PO4, 

and a neutral mixture of H3BO3 and NaOH. The Na3PO4 concentration in the BA1.2-NP-n and 

BA3.2-NP-n are 0.028 wt.% and 0.347 wt.%, respectively. The NaOH adopted in BA1.2-NH-n 

and BA3.2-NH-n has a concentration of 0.012 wt.% and 0.081 wt.%, respectively. As a result, 

140 runs of tests in total are analyzed in the present study. 

4.1.2 Explosivity 

Figure 4.1 illustrates the probability of steam explosion (phenomena C) in different solutions 

varying with H3BO3 concentration (The probability denotes the faction of steam explosion within 

20 runs of the test). It was found that as the concentration of H3BO3 in the coolant increases from 

0 to 1.2 wt.%, the likelihood of spontaneous steam explosion decreases from 45% to 25%. Then, 

further increased the H3BO3 concentration to 3.2 wt.%, the probability of steam explosion was 

increased from 25% to 75%. However, in neutral solutions mixed with H3BO3 and NaOH, the 

probability of steam explosions was not significantly affected by the concentration of H3BO3, 

which was maintained at approximately 50% (ranging from 40% to 50%). In neutral solutions 

of H3BO3 and Na3PO4, the probability decreases from 70% to 40% when the concentration of 

H3BO3 varies from 1.2 wt.% to 3.2 wt.%. 

 

Figure 4.1: Steam explosion probability against H3BO3 concentration in different solutions. 
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The experimental results indicate that adding NaOH or Na3PO4 to the H3BO3 solution 

significantly influences the occurrence probability of spontaneous steam explosion. The most 

significant effect is the variety of hydrogen ions in different solutions, which contributes to the 

steam explosion since the effect of boric acid neutralized with NaOH is similar to that of 

deionized water. Furthermore, by comparing the probability of steam explosions in neutral 

solutions of Na3PO4 and NaOH, it can be inferred that the presence of various derivatives of 

phosphate ions and their hydrated forms may affect steam explosions. Additional investigations 

on the phenomena are still required to comprehend how these chemical additives affect the 

spontaneous steam explosion of tin-molten droplets. 

4.1.3 Characteristic parameters 

The quench depth from 20 repeats in different solutions is depicted in Figure 4.2. The 

designations S and C represent unique locations of liquid film collapse. For instance, the legend 

H3BO3-S signifies a test conducted in an H3BO3 solution resulting in a film collapse 

characterized at location S. The experiments performed in DI water were merged with those in 

the H3BO3 solution with a concentration of 0. The results of quench depth indicate that the 

average quench depth of location S is significantly more in-depth than that of location C. 

Additionally, in DI water (H3BO3 concentration at 0), the quench depth exhibits a broad 

distribution spanning from 28 to 77 mm. Chemical additives in the solutions create a more 

concentrated distribution range at a shallower depth. Compared with pure H3BO3 solution, the 

quench depth in the neutral solutions (adding Na3PO4 or NaOH) could be shorter. These results 

suggest that the chemical composition of the solution has a significant impact on the quench 

depth. 
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Figure 4.2: Statistics of quench depth in different solutions. 

The lateral deformation ratio data from 20 experimental runs conducted in each solution are 

depicted in Figure 4.3. The legend in Figure 4.3 is consistent with that of Figure 4.2. The molten 

droplets deform, leading to a collapse of the vapor film, which in turn causes the melt to make 

direct contact with the surrounding coolant. Vapor film collapse can occur at two specific 

locations, namely location C and location S. This phenomenon is more likely to happen when 

the lateral deformation ratio is within the range of 0.9 to 2.7. In 3.2% of H3BO3 solutions, 

including pure H3BO3 solution and two types of neutral solutions, location C tends to occur with 

more significant deformation. 
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Figure 4.3: Statistics of lateral deformation ratio in various solutions. 

The comprehension of the above two parameters implies that the quenching depth in neutral 

solutions supplemented with NaOH or Na3PO4 exhibits a comparatively shallower than that of 

pure H3BO3 solutions. In contrast, the lateral deformation ratio remains consistent across all 

employed solutions. These findings propose a more significant deformation for molten Sn 

droplets at equivalent depths during Stage II in the neutral solution with NaOH or Na3PO4. This 

reflects the contribution of the tested chemical additives to the FCI during Stage II. 

4.1.4 Peak pressure  

Figure 4.4 shows the peak pressure on the wall (point C) generated by the steam explosion in 

different solutions. The legend in Figure 4.4 is the same as in Figure 4.3 and Figure 4.2. The 

experimental results indicated that the average value of the peak pressure generated in the cases 

of location S was higher than location C for all the examined solutions. In particular, the highest 

peak pressure was observed in the 1.2 wt.% H3BO3 and Na3PO4 neutral solution. Moreover, the 

addition of chemical additives was found to significantly enhance the peak pressure of steam 

explosion as compared with deionized water. When solutions contained equivalent 

concentrations of H3BO3 (including the H3BO3 solutions and the tested neutralized solutions), 

the peak pressure of the spontaneous steam explosion was similar across the various test 

solutions by blending with NaOH or Na3PO4. These findings provide crucial insights into the 

complex phenomenon of steam explosion and emphasize the importance of considering the 

impact of solution composition on the resulting pressure dynamics. 
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Figure 4.4: Peak pressure of steam explosion in different solutions. 

 

Figure 4.5: Peak pressure of steam explosion against quench depth in different solutions. 

Figure 4.5 shows the relationship between the peak pressure of the steam explosion and the 

quench depth, as observed across various solutions. The findings demonstrate that, when 
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subjected to identical testing parameters, the droplet's steam explosion within the chemical 

solutions yields higher peak pressure values, predominantly concentrated within the quench 

depth range of 28 mm to 40 mm. Compared to DI water, including chemicals in the experimental 

setup leads to the spontaneous explosion of tin droplets at a shallower position. 

4.1.5 Debris size distribution 

The cumulative mass percentage of debris particles in various size categories is illustrated in 

Figure 4.6. Using the same experimental setup, compared to experiments conducted in DI water 

and a 1.2 wt.% H3BO3 solution, it is evident that more fine fragments are generated in the other 

tested solutions. This outcome can be attributed to the heightened likelihood of steam explosions 

occurring in chemical solutions and an intense explosion. 

 

Figure 4.6: Cumulative mass percentage of fragments in different sizes. 

Furthermore, as depicted in Figure 4.7, the distribution of mass fractions ranging from 0 to 2.8 

mm reveals that all the chemical solutions employed, except for the 1.2 wt.% H3BO3 solution 

yields twice as much fine powder as DI water within the fragment size range of 0.15 mm to 0.71 

mm. This range is considered a key indicator of steam explosion strength. In other words, the 

chemical solutions significantly enhance steam explosion effects, aligning with the earlier 

conclusions based on visualization (section 4.1.3) and pressure measurements (section 4.1.4). 
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Figure 4.7: Mass percentage of fragments with different sizes. 

4.2 Effect of seawater 

4.2.1 Test matrix 

Table 4.2 presents the text matrix labelled with the nomenclature 'coolant plus number.' A series 

of tests are conducted to investigate spontaneous steam explosions of single droplets in seawater.  

Table 4.2: Test matrix for effect of seawater 

Test No. 

Coolant 

salinity 

(g/kg) 

Coolant 

temperature 

(℃) 

Coolant 

subcooling 

(℃) 

Melt 

mass 

(g) 

Free-fall 

distance 

(mm) 

Melt 

temperature 

(℃) 

DI-n 0 

20.0 

(±1.5) 

80.0 

(±1.5) 

1.00 

(±0.01) 
100 

800 

(±6) 

SA-7.7-n 7.7 

SA-17.5-n 17.5 

SA-35.0-n 35 
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The temperature of both the sample and coolant remained consistent throughout all tests, at 

800°C and 20°C, respectively. Given that the average salinity of seawater worldwide stands at 

35 g/kg and varies by region (e.g., the Baltic Sea [60] exhibits a lower average salinity at 7 g/kg), 

we have set the salinity levels of the coolant in this experiment to 0, 7.7, 17.5, and 35 g/kg. Each 

of these tests was repeated 20 times. As a result, 80 runs of tests in total are conducted in the 

present research. 

4.2.2 Explosivity 

Figure 4.8 illustrates the occurrence probability of different phenomena in the coolants varying 

with coolant salinity (the probability denotes the faction of occurrence within 20 runs of each 

test). Notably, as the salinity of seawater increases from 0 to 35.0 g/kg, there is a corresponding 

increase in the probability of phenomenon A (steam explosion) from 45% to 65%. Furthermore, 

the occurrence of phenomenon B, namely with minor fragmentation in seawater with a salinity 

of 7.7 g/kg, is consistent with that in DI water (salinity = 0), which is at 45%. However, in 

seawater with salinities at 17.5 g/kg and 35.0 g/kg, the likelihood of phenomenon B among 20 

repetitions decreases to 35%. As for phenomenon C, the possibility in DI water is 10%, while 

seawater with a salinity of 7.7 g/kg and 17.5 g/kg exhibits a lower likelihood at 5%. Phenomenon 

C is not observed in seawater with 35.0 g/kg. These experimental results underscore the 

significant impact of seawater salinity on the likelihood of single-droplet spontaneous steam 

explosions. 

 

Figure 4.8: Occurrence probability of different phenomena against coolant salinity. 
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4.2.3 Characteristic parameters 

Figure 4.9 presents the quench depth data obtained from tests with varying salinities (20 

repetitions in one salinity), where the black dashed line represents the average trend. The results 

indicate that as salinity increases from 0 to 17.5 g/kg, the quench depth becomes shallower 

significantly. This implies that higher salinity would result in a reduced quench depth. Further 

increasing the salinity from 17.5 g/kg to 35.0 g/kg, we observe a consistent trend in quench depth. 

Furthermore, when sea salt is introduced into the solutions, the distribution range becomes 

concentrated. The findings suggest that the composition of sea salt in the coolant significantly 

affects the stability of the vapor film surrounding the droplet. As the salinity of coolant increases 

from 0 to 17.5 g/kg, the likelihood of melt-coolant contact also increases. However, when the 

salinity is further increased to 35 g/kg, the impact of seawater on droplet dynamics during Stage 

II remains comparable to that at a salinity of 17.5 g/kg. 

 

Figure 4.9: Statistics of quench depth against the salinity of coolants. 

Figure 4.10 shows the lateral deformation ratio versus coolant salinity at the quench depth. It 

illustrates that the coolant salinity slightly affects the statistical values of the lateral deformation 

ratio and their mean (the dashed line in Figure 4.10). In DI water, the lateral deformation ratio is 

similar to that in seawater with a salinity no higher than 17.5 g/kg but slightly smaller than that 

in seawater with 35 g/kg. 
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The comprehension of the above two parameters implies that the tin droplet seems to deform 

more at the same depth in coolant as the salinity increases, thus increasing the probability of 

melt-coolant contact. Consequently, the potential for spontaneous steam explosion is elevated 

with increasing coolant salinity since melt-coolant contact is a prerequisite for steam explosion. 

This reflects the influence of seawater salinity on steam explosion.  

 

Figure 4.10: Statistics of lateral deformation ratio against the salinity of coolants. 

4.2.4 Peak pressure 

Figure 4.11 illustrates the peak pressure on the wall (point C) generated from the steam explosion 

in various solutions. The experimental results strongly suggest that in comparison to DI water, 

the steam explosion in seawater may yield significantly higher peak pressures. However, there 

is currently no concrete evidence to establish a direct correlation between the peak pressure of 

steam explosions and the salinity of the coolant. It underscores the complexity of this 

phenomenon and the importance of comprehensive research to mitigate the associated risks. 
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Figure 4.11: Peak pressure of steam explosion in the solutions at different salinity. 

 

Figure 4.12: Peak pressure of steam explosion against the quench depth in the coolants at 

different salinity. 
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Figure 4.12 shows the relationship between the peak pressure and the quench depth, with varying 

salinity. The findings demonstrate that, when subjected to identical experimental conditions, the 

droplet's steam explosion in the coolant with different salinities yields higher peak pressure 

values, and the quench depth mainly falls in the range from 20 mm to 40 mm. Compared to DI 

water, the sea salt leads to the spontaneous explosion of tin droplets closer to the surface. 

4.2.5 Debris size distribution 

Figure 4.13 and Figure 4.14 illustrate the cumulative mass percentage and mass percentage of 

debris particles in the coolants with different salinities. Under the constant experimental 

conditions, as the salinity increases from 0 to 35 g/kg, the powder generated by the steam 

explosion shows a significant increase trend. This outcome matches the result of the heightened 

likelihood of steam explosions occurring in the coolant with salinity increasing. Furthermore, as 

shown in Figure 4.14, the distribution of mass fractions ranging from 0 to 2.8 mm reveals that 

in all the coolants employed, the fine powder within the range of 0.15 mm to 1.4 mm increased 

with the coolant salinity increasing. Namely, the sea salt can significantly enhance the steam 

explosion consistent with the above conclusion from explosivity (section 4.2.2) and pressure 

measurement (section 4.2.4). 

 

Figure 4.13: Cumulative mass percentage of debris in different sizes. 
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Figure 4.14: Mass percentage of fragments with different sizes. 

4.3 Summary  

A series of tests are conducted in the MISTEE-CE and MISTEE-SEA facilities to investigate the 

characteristics of spontaneous steam explosions in single droplets across different coolant types. 

These tests are designed to assess the potential impact of chemical additives in coolants and 

seawater on ex-vessel steam explosions during severe accidents in LWRs. 

The results reveal that the NaOH or Na3PO4 in the H3BO3 solution significantly influence the 

likelihood of spontaneous steam explosion. Additionally, seawater enhances the occurrence of 

spontaneous steam explosions, with a clear correlation between increasing salinity and a higher 

likelihood of steam explosion. 

Compared to DI water, chemical solutions and seawater cause more pronounced deformation in 

molten droplets at equivalent depths before direct contact with the coolant. Furthermore, the 

peak pressures during steam explosions in these tested coolants have the potential to reach 

notably higher values than those in DI water. The test sample shows a more significant fragment 

trend in these test coolants except for the 1.2 wt.% H3BO3 solution.  
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Chapter 5 Steam explosion of multiple droplets 

Motivated by the pursuit of a more comprehensive understanding of steam explosions in severe 

accidents and examining the effects of the mentioned chemical additives and seawater, a series 

of tests have been conducted at the MISTEE-CE facility. As detailed in Chapter 3, the steam 

explosion phenomena involving multiple droplets are notably more complex than those observed 

in single droplet tests. This chapter aims to provide insights into the differences in steam 

explosions between the multi-droplet and single-droplet tests. Furthermore, it investigates the 

impact of the mentioned chemical additives and seawater on steam explosions under multi-

droplet conditions. 

5.1 Test matrix 

The test matrix is shown in Table 5.1, where five groups of tests are listed. To compare the steam 

explosion under the same conditions, the melt and water temperatures in all tests are fixed 

respectively at 800°C and 20°C. In the first group of tests, the initial mass of the melt in the 

crucible is different as 1 g, 5 g and 20 g. For 1-g tests, the experiments are repeated twenty times. 

For 5-g tests, the experiments are repeated four times. Whilst, the 20-g test will be conducted 

only once, ensuring the identical total mass involved in different tests.  Furthermore, the initial 

mass is fixed in the last four groups of tests (with 20-g melt), but the coolant is changed so that 

their effects on the steam explosion by multiple droplets were investigated. 

Table 5.1: Test matrix for effect of muti droplets in different coolants  

Test No. 
Coolant  

 

Nozzle 

diameter 

(mm) 

Coolant 

temperature 

(℃) 

Melt 

temperature 

(℃) 

Free-fall 

distance 

(mm) 

Melt 

mass 

(g) 

Repeated 

times 

DI-20/5g-n DI water 

5 
20.0 

(±1.5) 

800 

(±6) 
100 

5.00 

(±0.01) 
4 

20.00 

(±0.01) 
1 

BA1.2-20/5g-n 

1.2 wt.% 

H3BO3 

solution  

20.00 

(±0.01) 
1 

BA3.2-20/5g-n 

3.2 wt.% 

H3BO3 

solution 

BA1.2NP-

20/5g-n 

1.2 wt.% 

H3BO3 

+Na3PO4 

solution 

SEA-20/5g-n 
35 g/kg 

seawater 
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5.2 Effect of melt mass  

5.2.1 Peak pressure 

Figure 5.1 shows the variation of peak pressure versus the melt sample mass from 1 g to 20 g. 

From the Figure 5.1, one can see that releasing 20-g melt into the coolant would lead to a higher 

release of mechanical energy by steam explosion, compared to experiments for 5-g and 1-g cases, 

since the peak pressure of steam explosion increases significantly as the melt mass grows. 

 

Figure 5.1: Peak pressure of steam explosion against melt sample mass.  

Besides the pressure signal, the explosion depth is also an important parameter. Figure 5.2 

illustrates the relationship between explosion depth and explosion peak pressure. The deeper the 

explosion depth, the higher the explosion energy when the initial mass is 1 g or 5 g. Additionally, 

as the initial mass rises, so does the explosion depth. However, for the 20-g initial mass, there is 

no significant correlation between the explosive strength and the explosion depth. Moreover, the 

distributive range of explosion depth is notably wide in the 20-g test. This shows that the physical 

phenomena involved in multi-droplet interaction are more complex than in a single-droplet 

spontaneous steam explosion indicated in section 3.1. 

The differences in steam explosions are influenced by several factors among different initial 

mass experiments. Among the tests, the experimental setup remains identical, variation in the 

initial mass leads to inconsistent melt breakup and fusion phenomena, which further results in 

varying explosive mass and corresponding intensity. Moreover, in multi-droplet experiments, 
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chain explosion can be observed, and the pressure wave produced in the former explosion 

significantly enhances the melt-coolant interaction. Therefore, the strength of individual 

explosions is augmented, and more steam explosions at different explosion depths would be 

triggered. 

 

Figure 5.2: Peak pressure of steam explosion against explosion depth in deionized water for 

different melt samples. 

5.2.2 Debris size distribution 

The cumulative distribution of tests with different initial masses is plotted in Figure 5.3. Given 

the same other conditions, it becomes apparent that the size distribution of debris particles 

collected from 1-g and 5-g tests exhibits insignificant differences. This observation suggests that 

the fusion of droplets would not affect the distribution of debris. However, when the initial mass 

is increased to 20 g, a notable increase in the fraction of fine particles can be observed in Figure 

5.3. When the initial mass is 20 g, the peak pressure of the explosion could be much higher in 

section 5.2.1. As shown in section 3.1, more steam explosions were triggered by the initial steam 

explosion in the 20-g test. This demonstrates that the steam explosion's propagation significantly 

impacts fragmentation.  
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Figure 5.3: Cumulative mass percentage of debris particles in different sizes. 

5.3 Effect of chemical additives in coolant 

The explosion peak pressure against the explosion depth of common chemical additives and 

seawater are plotted in Figure 5.4 and Figure 5.5, respectively. The legends represent various 

coolants: DI, deionized water; SEA, seawater; BA1.2, the H3BO3 solution with a concentration 

of 1.2 wt.%; BA3.2, the H3BO3 solution with a concentration of 3.2 wt.%; BA1.2-NP, a neutral 

solution containing a mixture of 1.2 wt.% H3BO3 solution and sodium phosphate. 
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                 (a) Peak pressure (b) Explosion depth 

Figure 5.4: Characteristics of steam explosion in different chemical solutions. 

Figure 5.4 reveals the chemical additives in the coolant will impact the steam explosion 

characteristics. In specific, the explosion peak pressure in the neutral solution, which includes a 

mixture of 1.2 wt.% boric acid and sodium phosphate, is notably lower than that observed in 

other coolants. Moreover, the explosion depth decreases as the boric acid concentration increases. 

This suggests that the sodium-phosphate in the boric acid solution will make the steam explosion 

occur at the shallower location with weaker peak pressure.  

As shown in Figure 5.5, it is evident that under identical test conditions, the explosion depth of 

cases in the seawater is shallower, compared with those of DI water. Furthermore, a greater 

number of steam explosions occurred under these identical test conditions.  

In summary, when compared to the DI water tests, the chemical additives and seawater tend to 

contribute to shallower explosions. Additionally, the intensity of these steam explosions is 

suppressed in the 1.2 wt.% boric acid and sodium-phosphate neutral solution.  

Chemical additives and seawater primarily impact the stability of vapor films surrounding the 

droplets. This effect leads to the initial spontaneous steam explosion (cf. Figure 3.6 at 82 ms) in 

each round of steam explosion commencing from a shallower location. The observation is 

attributed to the molten droplets coming into direct contact with the coolant before descending 

to deeper positions, leading to steam explosions concentrated at shallower depths. Furthermore, 

in the case of the neutral solution, the inhibition is primarily attributed to phosphate, which acts 

as an anionic surfactant. Similarly, relevant research [61] [28] [43] also reported that the 

surfactants have inhibitory effects on steam explosions. 
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Figure 5.5: Peak pressure of steam explosion vs. explosion depth in deionized water and 

seawater. 

 

Figure 5.6: Cumulative mass percentage of debris particles in different sizes. 
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Figure 5.6 illustrates the cumulative mass percentage of debris particles among various sizes. 

When keeping the other test conditions unchanged, the difference in debris distributions among 

different coolants is slight. This suggests that, under the given test conditions, the coolants have 

limited impacts on melt fragmentation. 

5.4 Summary 

This chapter delves into the characteristics of melt-coolant interactions and the steam explosion 

of multiple droplets in various coolants. The test results demonstrate that, under identical test 

conditions, the explosion strength increases with the initial mass, and a noticeable increase in 

fragmentation is observed in the 20-g test. Furthermore, the explosion depth is concentrated in a 

shallower range when using seawater and tested chemical solutions, as opposed to DI water. It's 

worth noting that the steam explosion intensity is significantly reduced in a neutral solution 

containing 1.2 wt.% boric acid and sodium phosphate compared with other solutions. In contrast 

to single-droplet spontaneous steam explosions, the influence of tested chemical additives and 

seawater on steam explosions is affected by the interactions among multiple droplets. 
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Chapter 6 Conclusions and outlook 

6.1 Conclusions 

Motivated by an interest in steam explosions during severe accidents of light water reactors, a 

series of experiments were carried out in the MISTEE facilities at KTH to investigate the impacts 

of chemical additives on steam explosion characteristics. The experiments involved releasing a 

tin molten sample whose mass was 1 g, 5 g or 20 g, forming single droplet or multiple droplets 

in the coolant pool of deionized water or chemical solutions of H3BO3/NaOH/Na3PO4/NaCl. The 

aspects and parameters examined to characterize steam explosions were droplet dynamics, 

likelihood of steam explosion (explosivity), explosion location, pressure wave (peak pressure), 

and debris size distribution. Based on the experimental findings and analyses, the following 

points can be drawn: 

• A molten droplet falling into the coolant pool of deionized water and chemical solutions 

may experience one of the three typical phenomena: deformation without fragmentation, 

minor fragmentation, and spontaneous steam explosion. 

• The occurrence probability of spontaneous steam explosion in single-droplet experiments 

was increasing with H3BO3 concentration from 1.2 wt.% to 3.2 wt.%. However, the 

neutral solutions by adding NaOH and Na3PO4 to the H3BO3 solution significantly offset 

such tendency. 

• Compared with the case in deionized (DI) water, the single droplet in a chemical solution 

(including seawater) experienced more pronounced deformation at the depth when the 

vapor film had an initial collapse. The peak pressures of steam explosions in the chemical 

solutions also had the potential to reach notably higher values compared to those in DI 

water. The debris size distributions are similar in the tests using DI water and 1.2 wt.% 

H3BO3 solution, but with a higher fraction of finer particles in other chemical solutions. 

• The occurrence probability of spontaneous steam explosion increased as the salinity in 

coolant was raised. This implies that the coolant salinity had a considerable impact on 

the incidence of spontaneous steam explosions. In comparison with the droplet behaviour 

in deionized water, the droplet in seawater experienced more noticeable deformation at 

equivalent depths. The peak pressure recorded in seawater was higher than that observed 

in DI water. Furthermore, the debris particles were shifted to a profile containing more 

finer particles as the coolant salinity increased from 0 to 35 g/kg.   

• The peak pressure of steam explosion was elevated with the mass of melt sample, and a 

noticeable increase in fine fragmentation were observed in the tests with 20 g melt 



 

 
48 

samples. The explosion locations were concentrated in a shallower range in seawater and 

other chemical solutions, compared with those in deionized water.  

• In multi-droplet experiments, the impact of chemical additives on steam explosion tends 

to be less pronounced than in single-droplet experiments. 

6.2 Outlook 

The present study delves into the influence of various chemical additives and seawater on steam 

explosions. It is evident from the experimental data that chemical additives may play a role in 

the occurrence and energetics of steam explosions. The experimental data offers valuable 

insights into the question on the impact of water chemistry on steam explosion. Another notable 

step forward is the comparison between single-droplet and multi-droplet tests, as this bridges the 

gap between single-droplet steam explosion and multi-droplet steam explosions (propagation 

phase). This data can serve as a basis for validating and refining steam explosion models. 

However, it is crucial to recognize that most tests in this study involved a metallic material 

(specifically Sn) with a relatively low melting point, which possesses distinct properties from 

Zr/Fe (the component of metal-rich corium in severe accidents of LWRs). Particularly, these 

tests could not replicate the oxidation of Zr/Fe and the hydrogen generation during the melt-

coolant interactions. Therefore, further experimental studies are expected to use melt simulants 

with melting points closer to the prototypical materials, so to narrow the property gap. In addition, 

oxidic materials should also be considered in further experimental studies since corium has the 

primary component of UO2/ZrO2. Melt jets and multiple droplets should be foreseen since they 

are closer to the nature of fuel-coolant interactions in reality. 

Finally, it is recommended to develop models and simulation capabilities for single-droplet and 

multi-droplet steam explosions, which cannot only help interpret and generalize the experimental 

findings but can be employed to transfer the knowledge from experiments to reactor cases. 
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