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Abstract 

To better understand the fundamental interactions between melt jet and coolant during a core-

disruptive accident at a sodium-cooled fast reactor, the jet breakup and droplet formation in immiscible 

liquid-liquid systems were studied experimentally. Experiments using two different pairs of test fluids 

were carried out at isothermal conditions. The observed jet breakup behavior was classified into 

characteristic regimes based on the classical Ohnesorge classification in liquid-gas systems. The 

variation in breakup length obtained in the present liquid-liquid system was similar to that in a liquid-

gas system. The droplet size distribution in each breakup regime was analyzed using image processing 

and droplet formation via pinch-off, satellite formation, and entrainment was observed. The measured 

droplet size was compared with those available from melt jet experiments. Based on the observation 

and analysis results, the breakup regimes were organized on a dimensionless operating diagram, with 

the derived correlations representing the criteria for regime boundaries of a liquid-liquid system. 

Finally, the experimental data were extrapolated to the expected conditions of a sodium-cooled fast 

reactor. From this, it was implied that most of the hydrodynamic conditions during an accident would 

be close to the atomization regime, in which entrainment is the dominant process for droplet formation. 

 

Nomenclature 

d droplet diameter 

Dj0 nozzle diameter 

Fr Froude number 

L breakup length 

n number of droplets 

Oh Ohnesorge number 
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Re Reynolds number 

uj0 jet velocity 

us settling velocity 

We Weber number  

 

Greek symbol 

γ density ratio 

η viscosity ratio 

µ dynamic viscosity 

ρ density 

σ interfacial tension or surface tension 

 

Subscript 

a ambient 

c continuous phase (ambient) 

cr critical state 

j dispersed phase (jet) 

m mass median 

 

1. Introduction 

 

  The next generation of nuclear reactors is likely to include sodium-cooled fast reactors (SFRs), 

which are designed to shut down passively and non-energetically in the event of a core-disruptive 

accident (CDA) (Suzuki et al., 2014a). Even if the event is non-energetic, a considerable amount of 

the fuel may melt in the core region. Therefore, it is essential that this core material can be held in the 

reactor vessel for a long time after it has solidified and cooled sufficiently. In other words, post-

accident heat removal (PAHR) must be part of the safety assessment. Fig. 1 depicts a possible CDA 

scenario in which the molten core material enters the coolant as melt jets. It is therefore particularly 

important in PAHR to be able to estimate and evaluate the behavior known as jet breakup or 

fragmentation in the coolant. A fair amount of coolant (liquid sodium) could remain during a CDA in 

an SFR, unlike a loss-of-coolant accident in a light-water reactor. Qualitatively, the melt jets in an SFR 

accident are considered to fragment, of which would prevent the reactor structure from being attacked 

by concentrated jets, as well as helping the generated debris to cool down more quickly. 
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Fig. 1. Concept of a core-disruptive accident in an SFR 

 

  However, it would be very difficult to investigate the breakup of a melt jet directly in an SFR using 

actual materials. Instead, a scoping study of the fundamental process is an effective approach to 

understanding the actual situation. To date, there have been many experimental efforts under various 

conditions that have been aimed at clarifying the melt-coolant interaction, including UO2 into sodium 

(Magallon et al., 1992; Schins and Gunnerson, 1986), molten oxide into sodium (Kaiser et al., 1998; 

Matsuba et al., 2015; Schins and Gunnerson, 1986), molten metal into sodium (Kaiser et al., 1998; 

Matsuba et al., 2016a; Nishimura et al., 2010; Schins and Gunnerson, 1986), corium into water 

(Huhtiniemi and Magallon, 2001; Magallon, 2006; Magallon and Huhtiniemi, 2001; Spencer et al., 

1994), molten oxide into water (Kaiser et al., 2001; Karbojian et al., 2009; Kudinov et al., 2013; 

Manickam et al., 2014, 2016; Moriyama et al., 2005) and molten metal into water (Abe et al., 2006; 

Bang et al., 2003; Bang and Kim, 2014; Bürger et al., 1995; Cho et al., 1991; Dinh et al., 1999; 

Iwasawa et al., 2015b, 2015c; Kondo et al., 1995; Mathai et al., 2015; Matsuo et al., 2008; Pillai et al., 

2016; Spencer et al., 1986; Wei et al., 2016). The aim of all these experiments and tests was not limited 

to understanding a CDA in an SFR; a severe accident in a light-water reactor was also included as a 

possible scenario.  

  In the context of FARO/TERMOS, Magallon et al. (1992) performed two experiments that involved 

pouring 100 kg-scale molten UO2 into sodium. These experiments are often referenced as T1 and T2. 

Part of the debris was collected to analyze the size distribution of particles that settled in the test section. 

The evaluated particle sizes were in the range of 101–103 μm. The penetration distance of the melt was 

estimated to be as much 1 m, whereas the released diameters were 50 mm (T1) and 80 mm (T2). 

Suzuki et al. (2014a) pointed out that the distance was much smaller than that predicted by the Saito 

correlation (Saito et al., 1988) [see Fig. 22 in Suzuki et al. (2014a)]. Recently, Matsuba et al. carried 

out experiments involving molten aluminum (Al) into sodium (Matsuba et al., 2016a) and molten 

alumina (Al2O3) into sodium (Matsuba et al., 2016b). Although the debris that settled onto the bottom 
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of the test section could be collected after the experiments, it was difficult to visualize and observe the 

jet breakup process in detail. 

  During the interactions between melt jet and coolant, thermal interactions (e.g., surface freezing or 

coolant-vaporization) and hydrodynamic interactions (e.g., interfacial instability between two fluids, 

such as Kelvin–Helmholtz/Rayleigh–Taylor instabilities, and liquid entrainment or stripping from the 

interface) are considered to occur simultaneously. In an SFR accident, there may be no significant 

vapor film on the jet surface (Kondo et al., 1995; Suzuki et al., 2014a), thus it is important to 

investigate the jet breakup behavior under the condition of liquid-liquid direct contact. Separate 

investigations of these thermal and hydrodynamic interactions would help to further understand the 

fundamental processes of jet breakup. Hence, a number of experimental studies have focused on the 

hydrodynamic interactions by using various test fluids in immiscible liquid-liquid systems (Abe et al., 

2007; Dinh et al., 1999; Kuroda et al., 2012; R. Saito et al., 2014, 2016; S. Saito et al., 2014a; 2016b). 

Recently, the literature has been supplemented by numerical studies on jet breakup in immiscible 

liquid-liquid systems by using the volume-of-fluid method (Thakre et al., 2015), the advanced 

interface tracking method (Suzuki et al., 2014b), and the lattice Boltzmann method (Iwasawa et al., 

2015a; Matsuo et al., 2015; S. Saito et al., 2016a). 

  As mentioned above, the hydrodynamic interaction is considered to be an important factor in melt-

jet breakup. Nishimura et al. (2010) suggested a hydrodynamic fragmentation model that agreed well 

with their copper/sodium experiments at high ambient Weber numbers (> 200). The ambient Weber 

number,  

𝑊𝑊𝑒𝑒𝑎𝑎 =
𝜌𝜌𝑐𝑐𝑢𝑢𝑗𝑗0

2 𝐷𝐷𝑗𝑗0
𝜎𝜎

, (1) 

is often used to characterize the jet breakup length (Bürger et al., 1995; Ginsberg, 1985; Thakre et al., 

2015) and the diameters of the resulting fragments (Matsuba et al., 2016b; Nishimura et al., 2010). 

Matsuo et al. (2008) concluded from their melt-water experimental data that the dominant effect on 

jet breakup was the shear force that acted on the interface. They further concluded that, in such shear-

force-dominated conditions, the Epstein–Fauske correlation (Epstein and Fauske, 2001) could be used 

to predict the jet breakup length. The key aspect of the Epstein–Fauske correlation is the assumption 

of entrainment on the basis of the Kelvin-Helmholtz instability. Epstein and Fauske (2001) indicates 

that their correlation agreed well with the previous data on breakup length, which are considered to be 

in the atomized state. The conditions for the appearance of atomized breakup in liquid-liquid systems 

is an issue that is yet to be clarified. Identifying those conditions would enables us to use a simplified 

physical model to predict breakup length and fragment diameter and hence be able to evaluate melt 

coolability (e.g., Abe et al., 2005, 2006). 

  The breakup of a liquid jet into droplets is itself an important phenomenon in natural and industrial 

processes, so the instability of liquid jets has been studied extensively [see the comprehensive reviews 
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by Eggers and Villermaux (2008), Lin and Reitz (1998), and McCarthy and Molloy (1974)]. Based on 

his experimental observation, Ohnesorge (1936) showed that liquid jets generally falling into one of 

four regimes (Kolev, 2005; McKinley and Renardy, 2011): 

(0) Slow dripping from the nozzle under gravity with no formation of a jet (dripping regime), 

(I) Breakup of a cylindrical jet by axisymmetric perturbations of the surface (varicose regime), 

(II) Breakup by screw-like perturbations of the jet (sinuous regime), 

(III) Atomization of the jet (atomization regime). 

Furthermore, he expressed the criteria for the breakup regimes I–III qualitatively on a dimensionless 

operating diagram [see Fig. 1 in Ohnesorge (1936) or Fig. 4 in McKinley and Renardy (2011)]. 

According to his article, the appropriate dimensionless groups are the Ohnesorge number Oh and the 

Reynolds number Re based on the dispersed phase: 

𝑂𝑂ℎ =
𝜇𝜇𝑗𝑗

�𝜌𝜌𝑗𝑗𝜎𝜎𝐷𝐷𝑗𝑗0
, (2) 

𝑅𝑅𝑒𝑒 =
𝜌𝜌𝑗𝑗𝑢𝑢𝑗𝑗0𝐷𝐷𝑗𝑗0

𝜇𝜇𝑗𝑗
. (3) 

The operating diagram considers the inertia, viscous, and interfacial forces of a liquid jet. The 

boundaries of each regime can be described in following functional form: 

𝑂𝑂ℎ = 𝑎𝑎𝑅𝑅𝑒𝑒𝑏𝑏 or 𝑅𝑅𝑒𝑒 = 𝑎𝑎𝑂𝑂ℎ𝑏𝑏, (4) 

where a and b are arbitrary constants that are generally determined by fitting from experimental data. 

Based on Ohnesorge’s experimental data, Kolev (2005) later provided a quantitative expression for 

the functional form of the boundaries between regimes I–III: 

𝑅𝑅𝑒𝑒 = 46𝑂𝑂ℎ−4/5 (between (I) and (II)), (5) 

𝑅𝑅𝑒𝑒 = 270𝑂𝑂ℎ−4/5 (between (II) and (III)), (6) 

Note that the coefficient values in Eqs. (5) and (6) are simply fitting values; it remains to identify the 

physical meaning of the constants (Kolev, 2015). Using the aforementioned functional forms, the jet 

breakup regimes can be estimated approximately. Functional forms similar to Eqs. (5) and (6) have 

been proposed elsewhere (Grant and Middleman, 1966; Merrington and Richardson, 1947; Tanasawa 

and Toyoda, 1954).  

  Liquid-liquid jet dynamics occur in fields such as chemical engineering (Das, 1997; Kitamura et al., 

1982; Meister and Scheele, 1969a, 1969b, Takahashi and Kitamura, 1972, 1971) and ocean 

engineering (Riestenberg et al., 2004; Tang and Masutani, 2003). Experiments using a characteristic 

of liquid-liquid systems known as refractive index matching have also been reported to further 

understand jet breakup dynamics (Longmire et al., 2001; Milosevic and Longmire, 2002; S. Saito et 

al., 2014b; Saito et al., 2015b). Takahashi and Kitamura (1971) observed jet breakup in liquid-liquid 

systems using various combinations of test fluids and focusing on jets in the laminar state. Riestenberg 
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et al. (2004) injected water into liquid CO2 and classified the data into three regimes similar to those 

of Ohnesorge (1936). While studies on liquid-liquid systems such as those discussed above provide 

significant insights into the jet breakup regimes, most have been limited to dripping or laminar flows; 

there have been fewer studies on the transition from dripping to atomization in liquid-liquid systems.  

  In this study, we carried out jet injection experiments using test fluids to investigate the dynamics 

of jet breakup and droplet formation in immiscible liquid-liquid systems as a fundamental process of 

melt-jet-coolant interactions. The rest of the article is organized as follows. In Section 2, the 

experimental method and conditions are presented. The image processing procedure for droplet size 

analysis is also given in this section. In Section 3, the experimental results and discussion are provided. 

The breakup regimes observed in the present experiments are classified and discussed in the context 

of breakup length and droplet size distribution. The evaluated droplet diameters are compared with 

those from available melt-jet experiments. Finally, the breakup regime under conditions of an SFR 

accident is considered by extrapolation from the experimental data. Section 4 concludes this article. 

 

2. Experimental method 

 

2.1. Experimental apparatus 

 

  Fig. 2 is a schematic diagram of the experimental apparatus, consisting of a test section, a light 

source and a high-speed video camera. A test fluid for the dispersed phase was injected into an acrylic 

reservoir (200 × 200 × 450 mm) that was filled with a second test fluid for the continuous phase. The 

dispersed-phase fluid was kept at a constant hydraulic head in an overflow tank, as shown in Fig. 2, 

thus forming a steady-state jet flow in the test section. The injection velocity was adjusted by changing 

the opening ratio of a needle valve. We employed four types of cylindrical nozzle with inner diameter 

Dj0 = 3, 5, 7, and 10 mm. A high-speed video camera (FASTCAM mini UX100, Photron) was installed 

to record the flow images of the jet interface. The high-speed visualization was performed at 500–

4,000 fps with a shutter speed of 0.000125–0.00025 s depending on the injection conditions. The 

image resolution of image was 512 × 1024 pixels. A metal halide lamp (HVS-SL, Photron) was placed 

at the opposite side of the test section to the high-speed camera to provide backlight illumination.  

 

2.2. Test fluids and experimental conditions 

 

  Under actual SFR conditions, the dispersed and continuous phases are the mixed oxide (MOX) fuel 

and sodium, respectively., whose physical properties are given in Table 1 for reference. One of the 

major characteristics of the system is that sodium has a comparatively low viscosity. The physical 

properties in Table 1 will be used in Section 3.5 to estimate the reactor conditions. 
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  We employed two pairs of immiscible liquids as the test fluids, the combinations and physical 

properties of which are summarized in Table 2. The pairs were Fluorinert (FC72, 3M Co.) into water 

and water into silicone oil (KF-96L-0.65CS, Shin-Etsu Chemical), in both of which the heavier fluid 

was injected into the lighter fluid. The experiments were carried out at room temperature (25 oC). Note 

that the densities and viscosities of the continuous phases in Table 2 are of the same order as the actual 

conditions (Table 1).  

 

 
Fig. 2. Schematic diagram of experimental apparatus 

 

 

 

Table 1 Physical properties of SFR conditions (Chawla et al., 1981; Golden and Tokar, 1967). 

Dispersed phase (jet fluid) Continuous phase (ambient fluid)  

Substance 
Density 

[kg/m3] 

Viscosity 

[mPa∙s] 
Substance 

Density 

[kg/m3] 

Viscosity 

[mPa∙s] 

Surface tension* 

[mN/m] 

MOX fuel 

(3000 oC) 
8663 4.0 Sodium 856 0.28 465 

* The term “surface tension” indicates that the values are determined against the gas phase. 

 

Table 2 Physical properties of test fluids at 25 oC. 

Dispersed phase (jet fluid) Continuous phase (ambient fluid)  

Substance 
Density 

[kg/m3] 

Viscosity 

[mPa∙s] 
Substance 

Density 

[kg/m3] 

Viscosity 

[mPa∙s] 

Interfacial tension 

[mN/m] 

FC-72 1680 0.67 Water 997 0.89 52 

Water 997 0.89 Silicone oil 760 0.49 40 
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3. Results and discussion 

 

3.1 Typical breakup regimes and breakup-length curve 

 

  Firstly, we conducted qualitative observations of the jet breakup regimes in the present experiments, 

typical snapshots of which are shown in Fig. 3. The test fluid pair was water (dispersed phase) and 

silicone oil (continuous phase); the nozzle diameter Dj0 was 7 mm. Thus, the variable parameter was 

the injection velocity uj0. From left to right, we can see that the droplet size decreased and the number 

of droplets increased with increase of jet velocity. Also, the scale of the waves on the interface became 

smaller with the velocity was increased. 

  Next, we measured the jet breakup length. The term breakup length refers to the length of the 

continuous liquid column from the nozzle (Lin and Reitz, 1998; McCarthy and Molloy, 1974). Jet 

breakup length is one of the indices that characterize the jet breakup behavior. The measured jet 

breakup length L scaled on the nozzle diameter Dj0 is plotted in Fig. 4 against the ambient Weber 

number Wea [Eq. (1)]. The conditions were the same as those mentioned in the previous paragraph. 

The jet breakup length was defined as the mean continuous jet length over 1.0 s. The corresponding 

visual images are also included in the figure. The curve of jet breakup length in Fig. 4 shows certain 

characteristic behavior. With increase of Wea, the breakup length increases at first to a local maximum, 

decreases to a local minimum, then increases again. For Wea > 100, it was difficult to identify the 

breakup length from the backlight visual images. Thus, results from index-matched laser-induced 

fluorescence (LIF) measurements are additionally plotted in Fig. 4 with the corresponding snapshots 

(Saito et al., 2015b). Note that the latter measurement results were processed based on vertical-plane 

images of the jet flow, and suggest that the Weber number dependence of the breakup length is no 

longer significant.  

  The variation in breakup length shown in Fig. 4 is similar to that reported for liquid-gas systems 

(Bürger et al., 1995; Ginsberg, 1985). It is also similar to results from numerical simulations of Wood’s 

metal into water (Thakre et al., 2015). We found the quantitative tendency of the breakup-length curve 

for our liquid-liquid system to be similar to that for a liquid-gas system.  

 



Manuscript for Nuclear Engineering and Design 
 

 
Fig. 3. Snapshots of typical breakup regimes observed in the experiments. The jet velocity increases from left to right: 

(a) 0.041 m/s, (b) 0.076 m/s, (c) 0.21 m/s, (d) 0.83 m/s, (e) 2.1 m/s. The scale bar in each image represents 5 mm. 

 

 
Fig. 4. Jet breakup length versus ambient Weber number. Open circles (○) represent data obtained via planar LIF (laser-
induced fluorescence) using the index-matching technique (Saito et al., 2015b). The three images on the right are of 
the vertical plane of the jet illuminated by a laser sheet. 

 

 

  



Manuscript for Nuclear Engineering and Design 
 

3.2 Droplet formation process and droplet size distribution 

 

3.2.1 Droplet analysis procedure 

  Image processing was used to analyze the droplet size. Because the droplets were not necessarily 

circular in outline, an elliptical approximation was used instead to evaluate the droplet diameter. 

 Fig. 5 shows the original image to be processed [Fig. 5(a)] and the post-processed analyzed image 

[Fig. 5(b)]. The procedure of the present analysis can be summarized briefly as follows:  

1. The five coordinate values were extracted from the visual image of droplets. 

2. The elliptical approximation was applied to the five coordinate values. 

3. An area-equivalent diameter was calculated from the ellipse equation. 

  The Cartesian coordinate system used for droplet analysis is shown schematically in Fig. 6. The 

shape of an ellipse with angle θ is given by 

�
(𝑥𝑥 − 𝑥𝑥0) cos𝜃𝜃+ �𝑦𝑦 − 𝑦𝑦0� sin𝜃𝜃

𝑎𝑎
�

2

+ �
−(𝑥𝑥 − 𝑥𝑥0) sin 𝜃𝜃+ �𝑦𝑦 − 𝑦𝑦0� cos𝜃𝜃

𝑏𝑏
�

2

= 1, (7) 

where a and b are the major and minor half widths of the ellipse, respectively, and (x0, y0) is the central 

point of the ellipse. Eq. (7) can be expanded as follows: 

𝑥𝑥2 + 𝐴𝐴𝑥𝑥𝑦𝑦+ 𝐵𝐵𝑦𝑦2 + 𝐶𝐶𝑥𝑥+ 𝐷𝐷𝑦𝑦 + 𝐸𝐸 = 0, (8) 

where A, B, C, D, and E are constants. In the droplet analysis, the five coordinate values are substituted 

to Eq. (8), and then the area-equivalent diameter of the droplet de was calculated by  

𝑑𝑑𝑒𝑒 = 2√𝑎𝑎𝑏𝑏. (9) 

Hereinafter, we will evaluate the area-equivalent diameter de as the droplet diameter d using the 

aforementioned procedure.  

 

 
Fig. 5. Example of droplet size analysis: (a) pre-processed original image, (b) analyzed image. 
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Fig. 6. Coordinate system for image processing of a droplet. 

 

 

3.2.2 Characteristics of breakup regimes 

 

  We now classify the breakup regimes obtained from the experiments. In the present study, we extend 

the classical Ohnesorge classification (McKinley and Renardy, 2011; Ohnesorge, 1936) to liquid-

liquid systems based on the observation results. The five types of breakup regimes as shown in Fig. 3 

are subjected to Ohnesorge’s classification. A brief summary of the classified breakup regimes and 

their characteristics is given in Table 3. The Roman numerals for each regime correspond to those 

mentioned in Section 1, except for Regime II. Since different droplet-formation processes were 

observed experimentally, Regime II is divided into two sub-regimes: Regime IIa and Regime IIb. 

Details of the characteristics of each sub-regime are given later in this section. 

 

Table 3 Summary of breakup regimes. 

Regime Characteristics 

0 Dripping from nozzle (no jet formation) 

I Varicose breakup 

IIa Sinuous breakup without entrainment 

IIb Sinuous breakup with entrainment 

III Atomization 

 

  Next, we investigate the droplet size and its distribution. The droplet size itself and its distribution 

are also considered to be characteristics of the jet breakup behavior in conjunction with the breakup 

length. The number of measured droplets n was 100–500 depending on the conditions, although that 

of Regime 0 was only approximately 20. Since the injection velocity was very small in Regime 0, 

fewer droplet images were available compared with the other regimes. 

  Fig. 7 shows typical snapshots of the whole jet flow (left panel), the vicinity of droplet formation 

(upper-right panel) and the evaluated droplet-size distribution (lower-right panel) in each breakup 
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regime. The histograms show the probability density of the measured droplet diameter. The vertical 

axis, pdf (probability density function), is normalized by number of droplets n, thus the area is to be 1 

when it is integrated over the entire range. The pdfs here are based not on droplet volume but on 

droplet number. The droplet formation process and characteristics of droplet size distribution in each 

regime are described below.  

 

3.2.2.1 Regime 0 (Dripping) 

  The results for Regime 0 are shown in Fig. 7(a). A droplet formed very near the nozzle by expansion 

of the neck part; no obvious liquid column formed. The so-called pinch-off phenomenon was dominant 

during this breakup regime. The resulting droplet was marginally wider than the nozzle. This tendency 

is similar to that predicted by classical Rayleigh theory (Rayleigh, 1878) for a liquid column in a 

vacuum: 

𝑑𝑑 = �3𝜋𝜋
1.4

3
𝐷𝐷𝑗𝑗0, (10) 

Eq. (10) leads to d ≈ 1.89Dj0, which appears to overestimate the present experimental results slightly. 

According to Kolev (2005), breakup in this regime is influenced by density ratio and gravity. The 

difference in density ratio between liquid-gas and liquid-liquid systems is considered to be partly 

responsible for such an overestimation. 

 

3.2.2.2 Regime I (Varicose breakup) 

  The results for Regime I are shown in Fig. 7(b). Clearly, a continuous liquid column now formed 

from the nozzle, unlike in Regime 0. The liquid column was nearly axisymmetric (varicose), and 

droplets formed at its top. Two types of breakup pattern were observed in this regime: droplet pinch-

off and the formation of satellite droplets just after the pinch-off. This explains the obvious double-

peaked histogram of droplet size. Since the satellite droplets were much smaller than the nozzle 

diameter, the two distributions can be easily identified. The larger one corresponds to pinch-off 

droplets whose sizes ranged around the nozzle diameter, which is a little different from classical theory 

(Rayleigh, 1878; Tomotika, 1935). As pointed out by Kitamura et al. (1982), the theoretical prediction 

may be valid only when the velocity difference across the interface is sufficiently small. 

 

3.2.2.3 Regime IIa (Sinuous breakup without entrainment) 

  The results for Regime IIa are shown in Fig. 7(c). The liquid column transitioned to being 

asymmetric (sinuous) in this regime. However, droplets continued to form at the column tip, as in 

Regime I. The droplet size distribution seems to possess two peaks, but this tendency is no longer as 

clear as it is in Regime I. The observed process of droplet formation was again pinch-off and satellite 
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formation.  

  One of the reasons why the liquid column became sinuous in this regime is considered to be that 

the settling velocity exceeded the jet velocity at the inlet. The settling velocity of a particle is given by 

𝑢𝑢𝑠𝑠 = �
4

3𝑐𝑐𝑓𝑓
�
𝜌𝜌𝑝𝑝 − 𝜌𝜌𝑎𝑎
𝜌𝜌𝑎𝑎

𝑑𝑑𝑝𝑝𝑔𝑔, (11) 

where cf is the drag coefficient, dp is the particle diameter, ρp is the particle density, and ρa is the 

density of the ambient fluid. By replacing ρp and ρa with ρj and ρc, respectively, and assuming that (i) 

the particle diameter dp for a pinch-off droplet is equal to the nozzle diameter Dj0, and (ii) the drag 

coefficient acting on the particle is cf ≈ 0.44 (Newtonian regime), the settling velocity is evaluated as 

us ≈ 0.25 m/s for the conditions in Fig. 3. The jet velocity in this regime [Fig. 3(c)] was 0.21 m/s, 

which is clearly comparable with the predicted settling velocity.  

 

3.2.2.4 Regime IIb (Sinuous breakup with entrainment) 

  The results for Regime IIb are shown in Fig. 7(d). The sinuous shape of the liquid column was 

similar to that in Regime IIa. Regarding the droplet formation process, droplet entrainment at the side 

of the liquid column began in this regime, with pinch-off and satellite formation at the tip of the liquid 

column. As can be seen in the relevant histogram, the diameters of the entrainment and satellite 

droplets were less than the nozzle diameter. It was difficult to identify from the visual images whether 

such small droplets were due to satellite formation or entrainment. In this regime, droplets 

comparatively larger than the nozzle diameter could be observed, although they were few in number.  

 

3.2.2.5 Regime III (Atomization) 

  The results for Regime III are shown in Fig. 7(e). The liquid column was now covered with a 

proliferation of entrainment droplets that were much smaller than the nozzle diameter. Note that in 

this regime, pinch-off and satellite formation may still have been occurring at the tip of the liquid 

column, but the overwhelming number of entrainment droplets prevented us from identifying such 

behavior.  
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(a) Regime 0: Dripping from nozzle (no jet formation) 

 

 

(b) Regime I: Varicose breakup 

 

 
(c) Regime IIa: Sinuous breakup without entrainment 

Fig. 7. Droplet formation process and evaluated droplet-diameter distribution in each breakup regime. 
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(d) Regime IIb: Sinuous breakup with entrainment 

 
(e) Regime III: Atomization 

Fig. 7. (continued) 

 

  The observed droplet-formation process can be finally classified to three types: pinch-off, satellite 

formation, and entrainment. It is known that the processes of breaking up into droplets can be divided 

into the so-called primary breakup (Gorokhovski and Herrmann, 2008; Pilch and Erdman, 1987) and 

secondary breakup (Guildenbecher et al., 2009; Jain et al., 2015) during liquid jet breakup (Lasheras 

et al., 1998). Primary breakup forms droplets directly from the liquid column, after which secondary 

breakup occurs depending on the flow conditions. Pinch-off and entrainment are elements of primary 

breakup; satellite drop formation is part of secondary breakup. Hereinafter, the droplets formed by 

primary breakup (pinch-off and satellite) and secondary breakup (satellite formation) will be 

considered separately for droplet size evaluation. 

  The distribution of droplet diameter and the typical droplet-formation process in each breakup 

regime are summarized in Fig. 8. We can see that the dominant process transitioned from pinch-off to 

entrainment with increase of jet velocity. Qualitatively, the characteristic droplet size decreases as we 

progress through the series of breakup transition regimes.  
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Fig. 8. Summary of transitions in droplet diameter distribution (left) with typical snapshots of the droplet formation 

process (right). 

 

3.3 Breakup regimes on dimensionless map 

 

  The experimental results classified into the regimes defined in Table 3 are shown in Fig. 9 with 

available experimental data (Saito et al., 2015a; Takahashi and Kitamura, 1971). A schematic 

illustration describing the characteristics of each regime is also shown within the figure. For reference, 

the boundaries of the liquid-gas systems of Ohnesorge (1936) [Eqs. (5) and (6), obtained by Kolev 

(2005)] are drawn as the dashed lines. We can see that the correlations for liquid-gas systems cannot 

be applied to liquid-liquid systems on the diagram. The increase of ambient density is considered to 
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be responsible for the difference between liquid-liquid and liquid-gas systems. In general, the density 

ratio (dispersed phase to continuous phase) γ is of the order of 1 for liquid-liquid systems and 1,000 

for liquid-gas systems. Modification or reformulation of the boundaries into those for liquid-liquid 

systems is required in order to predict the breakup regime in liquid-liquid systems. 

 

 
Fig. 9. Operating diagram of jet breakup regimes observed in the present experiments and in previous studies (Saito et 

al., 2015a; Takahashi and Kitamura, 1971). Dashed lines are the boundaries for liquid-gas systems obtained by 

Kolev (2005) based on Ohnesorge’s experimental data (Ohnesorge, 1936). The correlations for liquid-gas 

systems are not applicable to liquid-liquid systems. 

 

3.4 Evaluation of median diameter 

 

3.4.1 Droplet size in each regime 

  Next, we calculate the median diameter to evaluate the droplet size. Here we use the mass-median 

diameter (MMD) as the index of droplet size. The MMD has been employed by several authors to 

evaluate the fragment size during melt-coolant interactions (e.g., Matsuba et al., 2016b; Matsuo et al., 

2008; Nishimura et al., 2010). Therefore, we can compare our results with the available data on the 

same basis. The discussion including available experiments will be given later.  

  The results plotted in Fig. 10 show the velocity dependence of MMD for Dj0 = 7 mm for water and 

silicone oil. It should be noted that we defined two MMDs for the same jet velocity condition when 

two peaks were observed in the droplet size distribution [e.g., Fig. 7(b) and (c)]. Such a double-peaked 

distribution was observed whenever satellite drops formed. Satellite droplets were smaller than pinch-
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off ones, but the numbers of each were comparable. This indicates that the total mass of the satellite 

droplets can be neglected, and that treating them separately would not yield a significant effect on the 

MMD. Singly distributed droplets and the larger ones in the double-distributions were mainly due to 

pinch-off or entrainment. Also, the vertical error bars in Fig. 10 indicate the 95% confidence interval 

for MMD, which we use to express the width of the droplet size distributions even though the 

distributions were not necessarily Gaussian ones. Unless otherwise stated, the procedure mentioned in 

this paragraph will be adopted in the rest of this article. 

  From Fig. 10, we find that when the jet velocity is small (Regimes 0, I, and IIa), the droplets are 

either the same size as the nozzle diameter or a little larger. In contrast, at high velocity (Regime III), 

the droplet diameter seems to depend on the jet velocity. 

 

 

 

 
Fig. 10. Velocity dependence of droplet size, with histograms of droplet diameter distribution. The vertical and 

horizontal axes in the histograms denote the probability density and droplet diameter (d/Dj0), respectively.  
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3.4.2 Comparison with classical hydrodynamic instabilities 

 

  According to previous work, the fragment size is affected by classical instabilities (Abe et al., 2004, 

2005, 2006; Bang et al., 2003; Matsuo et al., 2008). The relationship between the evaluated droplet 

size and the critical wavelength of each instability is compared here.  

  The critical wavelengths of the classical Rayleigh–Taylor and Kelvin–Helmholtz instabilities in 

two-dimensions are given by (Chandrasekhar, 1961) 

𝜆𝜆𝑐𝑐𝑐𝑐 = 2𝜋𝜋 �
𝜎𝜎

�𝜌𝜌𝑗𝑗 − 𝜌𝜌𝑐𝑐�𝑔𝑔
�

1
2

, (12) 

𝜆𝜆𝑐𝑐𝑐𝑐 = 2𝜋𝜋
𝜌𝜌𝑗𝑗 + 𝜌𝜌𝑐𝑐
𝜌𝜌𝑗𝑗𝜌𝜌𝑐𝑐

𝜎𝜎
𝑢𝑢𝑗𝑗02 , (13) 

respectively, where σ is the interfacial tension and g is the gravitational acceleration. The jet velocity 

is used as the scaling velocity under the assumption that the ambient fluid is stationary in Eq. (13). 

One can draw the critical wavelength curve for the data using the same physical quantities.  

  Fig. 11 shows the variation in MMD when jet velocity for various nozzle diameters, and the critical 

wavelength curves described by Eqs. (12)(13). The test fluid pair was again water/silicone oil. The 

wavelength of the Rayleigh–Taylor instability is constant (26.4 mm for the present liquid-liquid 

system) with velocity, whereas that of the Kelvin–Helmholtz instability depends on the jet velocity. 

All the nozzle diameters used in the present study were smaller than the critical wavelength of the 

Rayleigh–Taylor instability. From Fig. 11, the size of the droplets formed at lower velocities are of the 

same order as the nozzle diameter and smaller than the wavelength of the Rayleigh–Taylor instability. 

The velocity dependence on droplet diameter seems to appear at higher velocity regardless of nozzle 

diameter. The slope of this variation is similar to that of the Kelvin–Helmholtz instability, although 

there is some discrepancy between droplet size and instability wavelength. In Fig. 11, the dominant 

mechanism of droplet formation transitioned from pinch-off to entrainment among 0.3–0.7 m/s. The 

observation through the present experiments showed that the size of the pinch-off droplets depended 

on the nozzle diameter. In contrast, the size of the entrainment droplets clearly depended on velocity 

regardless of nozzle diameter. 

  It is noticeable that that the velocity dependence seems to appear beyond the intersection point of 

the Rayleigh–Taylor and Kelvin–Helmholtz instabilities. This would imply that the intersection point 

is related to the transition between breakup regimes, namely whether or not entrainment dominates. 
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Fig. 11. Comparison of measured droplet diameter for variable nozzle diameters and two-dimensional hydrodynamic 

interfacial instability theories: Rayleigh–Taylor (dotted) and Kelvin–Helmholtz (broken) instabilities.  

 

3.4.3 Summary of droplet size and comparison with melt-coolant experiments 

 

  Next, we plot all the present experimental results against the ambient Weber number [Eq. (1)] to 

summarize the data obtained in different systems and to quantitatively compare the available 

experimental data from melt-coolant systems.  

  Fig. 12 shows the droplet MMD obtained from the present experiments and the fragment MMD 

obtained from the previous works: U-alloy78/water system (Matsuo et al., 2008), copper/sodium 

system (Nishimura et al., 2010), and aluminum-oxide/sodium system (Matsuba et al., 2016b). The 

vertical axes in Fig. 12(a)(b) differ as to whether or not they are normalized by nozzle (inlet) diameter. 

The normalized MMD at lower Weber number is around 1 (d = Dj0) except for the satellite droplets 

[see Fig. 12(b)]. The normalized MMD obtained by Matsuba et al. (2016b) was evaluated as being 

much smaller than in the present liquid-liquid experiments. Two reasons for this can be considered. 

Firstly, the nozzle diameters used in their experiments were 40–63 mm, which is larger than those in 

other experiments (3–10 mm (present), 7–20 mm (Matsuo et al., 2008), 7.6–18 mm (Nishimura et al., 

2010)). Based on such diameters, the normalized MMD of Matsuba et al. (2016b) results in much 

smaller values compared with the others. Secondly, Matsuba et al. used melt oxide as the jet material. 

As pointed out by Schins and Gunnerson (1986), the thermal stress characteristics of molten oxide 

lead to fracturing-type fragmentation. At higher Weber numbers, the non-normalized MMD of the 

present experiment and the previous data are well correlated [see Fig. 12(a)]. This seems to suggest 
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that droplet formation at higher Weber numbers is dominated by the mechanisms that are independent 

of nozzle size; the Kelvin–Helmholtz instability correlates with droplet formation at higher Weber 

numbers. This fact is reasonable because the Kelvin–Helmholtz instability itself is independent of 

nozzle (inlet) diameter.  

  The threshold value at which the tendency of droplet or fragment size changes is found to be Wea ≈ 

20. This value is the same order of magnitude as the critical Weber numbers for droplets: 12 (Pilch 

and Erdman, 1987) or 18 (Matsuo et al., 2008).  

 

 
Fig. 12. Experimental results compared with available experimental data, including U-alloy 78/water (Matsuo et al., 

2008), copper/sodium (Nishimura et al., 2010) and aluminum-oxide/sodium (Matsuba et al., 2016b): (a) 

normalized by nozzle diameter, (b) dimensional expression. 
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3.5 Breakup regime map for liquid-liquid systems 

 

3.5.1 Formulation of breakup-regime boundaries  

 

  As discussed in Section 3.4, the regime boundaries in liquid-gas systems are not suitable for liquid-

liquid systems on the dimensionless operating diagram. We consider the physical meanings of the 

boundaries for liquid-liquid systems and modify the boundaries. 

  In the framework of linear theory, the following dimensionless parameters are considered to 

describe the breakup of a viscous jet in a viscous fluid (Lin and Reitz, 1998): 

(𝛾𝛾,𝜂𝜂,𝑅𝑅𝑒𝑒,𝑊𝑊𝑒𝑒,𝐹𝐹𝑐𝑐), (14) 

where γ is the density ratio and η is the viscosity ratio. The Ohnesorge number can be written as Oh = 

We1/2/Re. By using the above dimensionless groups, we obtain the functional form on the Ohnesorge’s 

operating diagram. We follow here the functional form expressed by Eq. (4). 

  As mentioned in Section 3.3, the transition from varicose to sinuous breakup (Regime IIa) may be 

explained from the viewpoint of the settling velocity of a formed pinch-off drop by Eq. (11). We 

assume that the transition from varicose breakup (Regime I) to sinuous breakup (Regime IIa) occurs 

at the point at which the jet velocity at the inlet corresponds to the settlement velocity: 

𝑢𝑢𝑗𝑗0 = 𝑢𝑢𝑠𝑠 or 𝑢𝑢𝑗𝑗0 = �
4

3𝑐𝑐𝑓𝑓
�
𝜌𝜌𝑗𝑗 − 𝜌𝜌𝑐𝑐
𝜌𝜌𝑐𝑐

𝐷𝐷𝑗𝑗0𝑔𝑔. (15) 

By transforming Eq. (15) to the form of Eq. (4) using the dimensionless groups [Eq. (14)], one can 

obtain the following relation: 

𝑂𝑂ℎ = �
4

3𝑐𝑐𝑓𝑓
(𝛾𝛾 − 1) ⋅ 𝑊𝑊𝑒𝑒 ⋅ 𝐹𝐹𝑐𝑐−1�

1
2
𝑅𝑅𝑒𝑒−1, (16) 

where γ = ρj/ρc, We = ρjuj02Dj0/σ and Fr = uj02/gDj0. 

  As mentioned in Subsection 3.4.2, the intersection point of the Rayleigh–Taylor and Kelvin–

Helmholtz instabilities can be viewed as the transitional point. Beyond this point, the droplet size 

showed a clear dependence on the jet velocity, which suggests that entrainment now dominates the 

breakup behavior. Here, we assume the following relationship: 

2𝜋𝜋�
𝜎𝜎

�𝜌𝜌𝑗𝑗 − 𝜌𝜌𝑐𝑐�𝑔𝑔
= 2𝜋𝜋

𝜌𝜌𝑗𝑗 + 𝜌𝜌𝑐𝑐
𝜌𝜌𝑗𝑗𝜌𝜌𝑐𝑐

𝜎𝜎
𝑢𝑢𝑗𝑗02 . (17) 

With the dimensionless groups, Eq. (17) can be rewritten as 

𝑂𝑂ℎ = �(1 + 𝛾𝛾)�1−
1
𝛾𝛾
⋅ 𝐹𝐹𝑐𝑐−

1
2� 𝑅𝑅𝑒𝑒−1. (18) 
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We find that the value of the exponent part [or b in Eq. (4)] is −1 in both Eqs. (16)(18) based on these 

simple assumptions. The coefficient [or a in Eq. (4)] is, however, in a complicated form in both Eqs. 

(16)(18), so we determined the value instead by least-squares fitting the experimental data by using 

the breakup-regime data as shown in Fig. 13. Finally, the following correlations describing the 

boundaries of each breakup regime in liquid-liquid systems can be obtained from the present study 

and previous work (Saito et al., 2015a; Takahashi and Kitamura, 1971): 

𝑂𝑂ℎ = 2.8𝑅𝑅𝑒𝑒−1 (between Regimes I and IIa), (19) 

𝑂𝑂ℎ = 22𝑅𝑅𝑒𝑒−1 (between Regimes IIb and III). (20) 

The ambient viscosities considered in Eqs. (19)(20) were 0.36−0.89 mPa·s; the related dimensionless 

parameters [appeared in Eqs. (16)(18)] were γ = 1.3−1.8, We = 8.2×10−3−1.3×103, and Fr = 

2.9×10−3−1.1×102.  

 

 
Fig. 13 Fitting to determine the coefficient between: (a) Regime I and Regime IIa, (b) Regime IIb and III. 

 

3.5.2 Summary of experimental data and extrapolation to SFR accident conditions 

 

  Fig. 14 summarizes again the experimental results with the obtained boundaries for liquid-liquid 

breakup regimes [Eqs. (19)(20)]. On the diagram, the boundaries for liquid-liquid systems result in 

being located in the left-hand side compared with those for liquid-gas systems. As discussed in Section 

3.3, the difference of density ratio in each system is considered to be responsible for such a shift in the 

diagram. 

  The boundaries of the jet breakup regimes were extrapolated to the region in which no experimental 

data is available. The FARO/TERMOS experiments (UO2/sodium system) carried out by Magallon et 

al. (1992) are also plotted in Fig. 14 with the symbol ‘×’, where the release channel diameter and the 

velocity upon impact with the sodium [see Table 1 of Magallon et al. (1992)] were taken as the 
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characteristic length and velocity, respectively. We find that Magallon’s experimental data are in the 

atomization regime. One of the characteristics of jet atomization is that the droplets are much smaller 

than the jet diameter (Lin and Reitz, 1998). From a hydrodynamic viewpoint, this might explain the 

fact reported by Magallon et al. (1992) that the debris was observed to be fine fragments whose size 

was of the order of 101−103 μm. 

  The expected SFR conditions are also shown in Fig. 14 as the closed (grey) region with dashed line. 

The reactor conditions were estimated using the physical properties of the dispersed phase in Table 1 

and the following conditions: 

 jet diameter Dj0 = 10−500 mm, 

 jet velocity uj0 = 0.5−50 m/s. 

By using the above assumptions, the UO2/sodium data of Magallon et al. (1992) can be included in 

the reactor conditions. We can see that most of the expected reactor conditions are located in Regime 

III. It is only the case of low jet velocity and small diameter (uj0 = 0.5 m/s and Dj0 = 10 mm) that is in 

Regime II. The reactor conditions do not extend to Regimes 0 or I under the aforementioned 

assumptions. Of course, thermal interactions could be involved in promoting jet breakup in actual 

situations, such as the local vaporization of sodium (Matsuba et al., 2016b) or surface freezing (Fauske 

et al., 2002). However, the hydrodynamic interactions considered in this article imply that the jet 

breakup regimes under SFR conditions appear to be in the atomization regime. Thus, the fragments 

would be much smaller than the jet diameter in an actual reactor.  

 

 

Fig. 14. Flow transition criteria of jets in liquid-liquid systems with experimental data and expected accident conditions. 

  



Manuscript for Nuclear Engineering and Design 
 

4. Conclusions 

 

  The dynamics of jet breakup and droplet formation in immiscible liquid-liquid systems were studied 

experimentally in order to better understand the fundamental interactions between a melt jet and the 

surrounding coolant during a CDA at an SFR. We performed experiments using two-types of test-fluid 

pairs under isothermal conditions.  

  The jet breakup behavior was observed by changing the jet velocity. The variation of measured 

breakup length with ambient Weber number obtained in the present liquid-liquid system was similar 

to that in a liquid-gas system. The breakup regimes were classified based on Ohnesorge’s idea. 

However, it was found that the empirical correlations representing the boundaries of the breakup 

regimes in liquid-gas systems could not be applied to liquid-liquid systems. 

  The droplet size distribution in each breakup regime was analyzed using image processing. 

Observations showed that pinch-off, entrainment, and satellite formation appeared as the droplet 

formation process. The characteristics of the droplet diameter distribution changed demonstrably with 

the breakup-regime transitions. The velocity-dependence of droplet size was confirmed when 

entrainment was dominant. Comparison with hydrodynamic instabilities suggested that the velocity-

dependence was correlated with the Kelvin−Helmholtz instability. The variation of droplet size with 

ambient Weber number was compared between the present study and available melt-jet experiments. 

The droplet diameter normalized by the inlet diameter was well correlated with Weber number at lower 

Weber numbers; at higher Weber numbers, the droplet size in dimensional (non-normalized) form was 

well correlated with Weber number. 

  Based on the observation and analysis results, the breakup regimes were organized on a 

dimensionless operating diagram. By using simple assumptions, the correlations representing the 

criteria for the regime boundaries of liquid-liquid systems were derived as follows: 

𝑂𝑂ℎ = 2.8𝑅𝑅𝑒𝑒−1 (between Regimes I and IIa),  

𝑂𝑂ℎ = 22𝑅𝑅𝑒𝑒−1 (between Regimes IIb and III).  

Finally, extrapolation of the experimental data to the expected conditions of an SFR was considered. 

The extrapolation results implied that most of the hydrodynamic conditions during an accident would 

be covered by Regime III, the atomization regime. It should be noted that the present results were 

performed under isothermal liquid-liquid systems, thus they did not simulate a high-temperature 

conditions with phase changes from the views of prototypicality. It is necessary to separately evaluate 

the thermal interactions; such studies have also been carried out by many researchers (e.g., surface 

solidification (Iwasawa et al., 2015b, 2015c) and coolant subcooling (Manickam et al., 2016)). As far 

as the SFR conditions are considered, thermal interactions would promote jet fragmentation (Suzuki 

et al., 2014a). A careful consideration on the thermal interactions in the reactor conditions should be 

taken into account to assess the reactor conditions. However, the authors believe that the results 
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obtained in this article, based on the phenomenological discussion supported by the detailed 

experiments, provide fundamental knowledge with which to assess melt-jet breakup and fragmentation 

under the conditions that would pertain to an accident conditions. 
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