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Highlights
Fragmentation and solidification of fusible alloy melt by water
spray

Wataru Hikita, Shodai Hirayama, Chihiro Inoue, Zhenying Wang, Makoto
Nakaseko, Takuya Takashita

• Successful visualization of disintegrating alloy ligaments inside a water
spray

• Fragmentation follows capillary timescale with partial stretching by
impinging water

• Non-uniform solidification of elongated drops creates particles with less
circularity
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Abstract

To elucidate from a thermo-fluid perspective the fragmentation and solidi-
fication processes that occur during the production of a metal powder, we
conducted experiments to visualize the water atomization of molten 42Sn–
58Bi fusible alloy and made measurements of the circularity of the resulting
metal powder. The fragmentation process inside a fully developed fast water
spray with a pressure up to 5 MPa was clearly captured. The time-resolved
images revealed fragmentation patterns involving extending molten ligaments
resulting from splashing, vapor explosions, and splitting. The time variation
of the thinning of the neck diameter of the ligaments revealed that the frag-
mentation is rate-controlled by the capillarity of the molten drop itself, and
solidification and viscosity have no influence on the pinching-point dynamics.
The produced metal powder displayed size-dependent circularity, and larger
particles tended to be less spherical than small particles. The mechanism is
attributed to non-uniform solidification, which is enhanced at the pinching
part of a droplet, consistent well with the images obtained.

Keywords: Liquid metal, Fusible alloy, Fragmentation, Capillarity,
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Nomenclature
a Diameter of nozzle for molten alloy, m
C Circularity
d Drop diameter, m
D Neck diameter, m
m Mass of a water drop, kg
M Mass of an alloy drop, kg
n Number density in a unit area, m−2

Nu Nusselt number
Ṅ Frequency of impingement, s−1

Oh Ohnesorge number
P Water injection pressure, Pa
Re Reynolds number
S Surface area, m2

t Time, s
T Temperature, K
u Velocity of alloy, m/s
V Velocity of water spray, m/s
We Weber number
x, y, z Coordinates, m
⟨X⟩ Mean value of X

Greek symbols
α Thermal diffusivity, m2/s
λ Thermal conductivity, W/m·K
µ Coefficient of viscosity, Pa·s
ν Kinematic viscosity, m2/s
ρ Density, kg/m3

σ Surface tension coefficient, N/m
τ Timescale, s
ξ Normalized drop diameter (d/⟨d⟩)

Subscripts
0 Initial value
m Metal
α Thermal diffusion
ν Viscosity
σ Capillarity
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1. Introduction

Metal powders have applications in areas including sintering, welding,
and metal injection molding [1–4], as well as additive manufacturing [5, 6],
and demand for them is continuing to grow. It is thus desirable to produce
large quantities of high-quality fine spherical particles with the lowest possible
cost [7, 8]. Gas and water atomization techniques are widely applied to the
production of metal powders. The large momentum of a inert gas jet or
a fast water spray disintegrates the melt into droplets, which solidifies to
become metal powder [6, 9]. Gas atomization can produce particles that are
more spherical [1, 3, 10–13], while water atomization is more cost-effective
[1, 3, 14–18].

Historically, research examining water atomization has been conducted
for production of powders in materials engineering [19–26]. However, a good
physical understanding of the process from thermo-fluid perspective is essen-
tial to enable the efficient production of higher-quality powders. However,
there is as yet a lack of clarity regarding the specifics of the mechanisms
involved in this process; the topological conversion from the initial molten
metal to a fine metal powder involves heat transfer accompanied by the phase
changes of boiling water drops on the molten metal and the solidification of
the metal particles.

Recently, the pinch-off process of a metal jet was examined for the produc-
tion of satellite-free metal drops, applicable to on-demand printing [27, 28].
Persson et al. [26] established the mechanism causing low circularity in the
carbon steel particles produced by a V-jet-type water atomization; this was
attributed to collision and coalescence between metal droplets, but the frag-
mentation and solidification processes were not directly visualized. Hikita
et al. [29] successfully visualized the sequential water atomization process of
a fusible alloy melt, leading to a physical model for predicting the powder
size. They suggested that when fragmenting metal particles smaller than a
certain threshold, typical metal-powder production processes are strongly af-
fected by solidification, based on the balance between thermal diffusion and
capillarity. In this work, however, the essential fragmentation process inside
the water spray was not visible, which should be clarified to gain a more sub-
stantial understanding of the water atomization process. To the best of the
present authors’ knowledge, no sequential images of a disintegrating molten
melt inside a water spray accompanied by fast water droplets have yet been
obtained.
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In light of the above, in the present study, we sought to understand
exactly how a metal powder is produced by a water spray. To this end, we
conducted time-resolved visualizations of a fusible alloy drop colliding with a
fully developed water spray using a high-speed imaging with a high-frequency
pulsed laser. The detailed fragmentation and solidification processes were
quantitatively clarified by Lagrangian tracking measurements, leading to the
proposal of a mechanism determining the circularity of the resulting powder.

The remainder of this paper is structured as follows. The experimental
methods are explained in Section 2, the results and discussion are presented
in Section 3, and conclusions are summarized in Section 4.

2. Experimental Method

Fig. 1 illustrates the experimental apparatus, which consists of a single
water spray spreading horizontally and a nozzle dropping molten fusible alloy
perpendicularly onto this water spray. We define the origin of the coordinate
system at the center of the water-nozzle exit, and the x, y, and z axes point
in the horizontal direction, the water-spray width direction, and the vertical
direction, respectively. In this system, the water spray is pressurized by a

x

y

z

Camera

Pulse laser

Water spray

Slit

Molen metal

Figure 1: Experimental setup. The center of the water spray passes through a slit of
20 mm width between two metal plates.
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pump (Kärcher HD 13/15 S) and ejected from a nozzle (Kärcher nozzle tip
15◦ 055) into still air. The two plates are set at x = 400 mm to reduce the
width of the water spray, which is 20 mm in the y direction, so that closeup
observations of the fragmenting fusible alloy inside the water spray can be
made. Since the fusible alloy melt collides with center of the water spray, the
plates do not affect the fragmentation events.

High-speed visualizations were conducted at x = 700 mm. We used a
high-frequency pulsed laser (Cavitar CAVILUX Smart) as a back-lighting
source, and this was synchronized to the exposure of a high-speed camera
(Photron FASTCAM SA-Z) with a resolution of 1024 × 1024 pixels at a
framerate of 20 kHz. The attached lens was a Micro-Nikkor 105 mm. For the
close-up visualization of the fragmenting molten drops, the working distance
to the plane of y = 0 mm was approximately 100 mm, and the typical depth
of field was 2 mm. The water spray, which was moving at 100 m/s, traveled
3 µm in a single image illuminated by a short flashing pulse of 30 ns, and this
was well captured by the unit pixel resolution of 20 µm. An image analyzer
(Morphologi G3, Malvern Panalytical) was used to measure the circularity of
the metal powders that were produced, as well as their diameter distributions,
as described in our previous report [29]. Lens magnifications were 2.5x and
10x, and area-equivalent particle diameters were 3.5 ≤ d ≤ 1, 000 µm with
the typical resolution of 0.5 µm.

The fusible alloy 42Sn–58Bi was used as the molten metal. As shown in
Table 1, the melting point of this alloy is Tm = 412 K, which is much lower

Table 1: Properties of fusible alloy 42Sn–58Bi.

Melting point Tm 412 K
Density ρm 8.7× 103 kg/m3

Surface tension coeff. σm 0.5 N/m
Kinematic viscosity νm 1.6× 10−7 m2/s
Thermal diffusivity αm 4.2× 10−5 m2/s

Table 2: Experimental conditions.

Water injection pressure P 3 or 5 MPa
Liquid metal temperature T0 520 K
Nozzle diameter for metal a 1 or 2 mm
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than the melting point of practical metals used in industrial water atom-
ization, e.g., stainless steel, which has a melting point of over 1500 K. The
fragmentation process, however, is consistent, because the momentum of the
water spray is still dominant when compared to the momentum of the molten
metal. Moreover, the ratio of the capillary timescale (ρmd

3/σm)
0.5 to the vis-

cous timescale of d2/νm—the so-called Ohnesorge number—is much less than
unity for a particle size of d ∼ 10−4 m; thus, the effects of viscosity on the
metal-fragmentation process are negligible (see Appendix A). At room tem-
perature, the water spray has a density of ρ = 103 kg/m3, a surface tension
coefficient of σ = 0.07 N/m, and a kinematic viscosity of ν = 10−5 m2/s.

The experimental conditions are summarized in Table 2. The total pres-
sure of the water spray was P = 3 or 5 MPa. After the water spray had
fully developed, the fusible alloy melt—which was heated to T = 520 K by a
mantle heater—was freely dropped toward the −z direction from the nozzle,
which was located z = 150 mm above the spray. Two diameters were used
for the nozzle: a = 1 and 2 mm.

3. Results and discussion

We first present an overview of the water sprays and their velocity and size
distributions. This is followed by the presentation of sequential fragmentation
images of the fusible alloy melt inside the water spray and a description of
the solidification process determining the circularity of the resulting powder.

3.1. Water spray
Fig. 2 shows images of the water spray in the x–y and z–x planes, as well

as velocity distributions along the centerline in the x–y plane in the absence
of the fusible alloy. At P = 3 MPa, a flat fan-type spray develops with an
apex angle of 20◦ in the x–y plane, and this disintegrates into ligaments and
droplets. In the z–x plane, the spray thickens to 10 mm in the z direction.
We manually conducted particle-tracking velocimetry using the ImageJ soft-
ware package [30], measuring the displacements of ten specified ligaments or
droplets between two frames at an axial position. The mean axial velocity
of the water spray along the centerline was V ≈ 50 m/s. At P = 5 MPa, the
spray velocity increased to V ≈ 80 m/s, but the overall spray structure, in-
cluding the apex angle and thickness, coincided with the case at P = 3 MPa.
As the spray develops, the axial velocity gradually decreases downstream due
to aerodynamic drag.
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At x = 700 mm, the diameters, d, of over 50,000 particles were measured
as the area-equivalent diameter by using ImageJ [30]. The size distribution
of ξ = d/⟨d⟩, depicted as probability density function (PDF) for a fully
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Figure 2: Snapshots the of water spray and plots of its axial velocity distribution. The
spray velocity was measured along the centerline in the x–y plane.
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Figure 3: Water droplet diameter distributions with the spray images at x = 700 mm.
Here, the two plates are installed at at x = 400 mm.

developed spray obeys a unique Gamma distribution[31, 32].

PDF(ξ) =
kk

Γ(k)
ξk−1e−kξ. (1)

In the present experiment, the mean diameter was ⟨d⟩ ≈ 0.10 mm in both
cases of P = 3 and 5 MPa. Fig. 3 shows that the PDFs for small drops in
the range ξ ≤ 2 are independent of the water injection pressure; however,
for P = 5 MPa, large drops of ξ > 2 are slightly less common than for
P = 3 MPa. We confirm that the overall trend of the PDF as a function of
ξ follows the Gamma distribution with k = 4. This provides evidence that
the water spray is fully discretized at this position, as can also be deduced
qualitatively from the spray images. The two plates set upstream at x =
400 mm demonstrate no essential effects to the water spray characteristics.

For a water spray of P = 3 or 5 MPa, at x = 700 mm, the water drop
velocity decreases to V ≈ 30 m/s. A denser spray is produced at P = 5 MPa
than at P = 3 MPa, while the number density is consistently n ≈ 5 mm−2.
The rate of impingement of the water spray on the molten metal dropped
from a nozzle of diameter a ∼ O(10−3) m is estimated as Ṅ ≈ naV ∼ 105 s−1.
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Figure 4: A fusible alloy drop being fragmented by impinging water droplets at P = 3 MPa
in the z–x plane.

3.2. Fragmentation of fusible alloy melt
Fig. 4 shows an instantaneous image of a fragmenting fusible alloy melt

drop released from a nozzle of a = 1 mm inside the water spray at x =
700 mm. Rapidly spreading water droplets impact on the alloy drop’s up-
stream surface, producing ligaments of the fusible alloy melt [33, 34]. Simul-
taneously, the large-momentum water droplets split the upper edge of the
molten drop producing a stretched ligament. Conversely, the downstream
surface remains smooth without the impingement of the water spray. Con-
sistently, most of the fragmentation process is completed in a single event by
ligament breakup rather than through the impingement of multiple successive
water droplets [35].

Fig. 5 presents time-series visualization results of fragmenting fusible al-
loy melt at a = 1 mm. At P = 3 MPa, the falling fusible alloy collides
with the spreading water droplets, moving in the positive x direction. The
deformation of the fusible alloy is not significant. At P = 5 MPa, the fusible
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alloy is strongly distorted by the impingement of fast water droplets, which
leads to fragmentation of small alloy droplets from the top and bottom sides
during t = 1–3 ms. It is evident that the large momentum of the water spray
splits the alloy droplets, and this is the primary mechanism of metal pow-
der generation. During t = 4–7 ms, the remaining fusible alloy deforms as it
moves downstream. The timescale for water droplets passing the fusible alloy
is a/V ∼ O(10−4) s, much shorter than the visualization time of O(10−2) s
in Fig. 5. This indicates that the fragmentation of the alloy proceeds not
instantaneously but gradually, originating from the alloy’s surface by direct
impingement of water droplets.

In Fig. 5, for a molten drop with mass M ∝ ρma
3, the increase of velocity

along the x direction is ∆u ∼ 1 m/s in the period ∆t ∼ 10 ms. Assuming that
the inertia of a single water droplet with the mean mass of ⟨m⟩ ∝ ρ⟨d⟩3 is fully
converted to the momentum change of the molten metal at the impinging

3mm0 4

3

2

1

t [ms]

5

6

7

(a) P = 3 MPa.

0 4

3

2

1

t [ms]

5

6

7

(b) P = 5 MPa.

Figure 5: Time-variant fragmentation process at a = 1 mm in the z–x plane.
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frequency of Ṅ in the x direction, the momentum conservation between the
molten drop and water droplets is deduced as:

Ṅ∆t⟨m⟩V ≈ M∆u. (2)

We find that the rate of impingement of water droplets is Ṅ ∼ 105 s−1,
and this is consistent with the measurements of the water spray in Fig. 3.
Throughout the fragmentation and deformation of the molten drop, the in-
crease in the surface area is ∆S, as obtained by energy conservation:

Ṅ∆t
1

2
⟨m⟩V 2 ∼ σm∆S. (3)

Here, the change in the kinematic energy of the molten drop is negligible.
During the period ∆t ∼ 10 ms in Fig. 5, we can deduce ∆S ∼ 10−5 m2; the
surface area rapidly becomes ten times greater than the original surface area
as a result of colliding with the water spray.
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Figure 6: Time-variant fragmentation process at a = 2 mm in the z–x plane.
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Fig. 6 shows the fragmentation process at a = 2 mm. The shape of the
fusible alloy is a column rather than a sphere, as observed at a = 1 mm. At
P = 3 MPa, the larger mass of the molten column restricts its horizontal

0

0.20

0.15

0.10

0.05

t [ms]

(a)Bursting water (b)Droplet ejection (c)Ligament separation

Figure 7: Typical events during water atomization in the z–x plane.
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displacement when compared with Fig. 5(a). The column rotates in the
anti-clockwise direction because the bottom of the column penetrates the
water spray first. At P = 5 MPa, we can clearly confirm fragmentation from
the fusible column surface and deformation of the column body. Visible
topological changes in the fusible alloy melts suggest that they are in the
liquid phase, and this is consistent for both a = 1 and 2 mm.

Magnified images are shown in Fig. 7. In Fig. 7(a), a water droplet adher-
ing to the surface of the hot alloy nucleates and bursts, forming a transparent
bubble. When a water droplet penetrates into the upstream surface of the
alloy, the water is heated by the surrounding melt to a temperature exceed-
ing 373 K. The rapid vaporization causes a bursting bubble to form, leading
to ligament ejection and droplet disintegration [36] in the upstream direc-
tion (the opposite of the water spray direction), as shown in Fig. 7(b). This
was also confirmed in a previous report [29]. In Fig. 7(c), large-momentum
water droplets impinging on the rim of the alloy melt split the ligament
downstream, and this becomes separated from the melt body.

Since all the metal droplets are produced through ligaments, we tracked a
neck or constriction point on a ligament to measure its time-variant diameter
D in the z–x plane. As shown in Fig. 8(a), the initial diameter of D = D0

is visible at t = 0 s, and the neck becomes thinner until D = 0 at t = τσ.
Assuming that the disintegration of the metal ligament is rate-controlled by
capillarity in the liquid phase, we deduce τσ ∼ (ρmD

3
0/σm)

0.5 or τσ − t ∼
(ρmD

3/σm)
0.5, in which D = D0 at t = 0 and D = 0 at t = τσ. The pinching

of the normalized neck diameter obeys the equation:

D

D0

∼
(
1− t

τσ

) 2
3

. (4)

In Fig. 8(b), it can be seen that most of the measured neck diameter thins
following Eq. (4). This provides evidence that the neck-pinching process
is dominated by capillarity in the liquid phase, there are no effects from
solidification, and the surface tension coefficient is constant. Some ligaments
shrink more rapidly than the capillary timescale, indicating that stretching
by the impingement of the fast water spray partially affects their extension.
The moment of pinching, however, is dominated by capillarity. When the
inertia of a ligament overcomes the capillary force, it extends with velocity
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u, following We = ρmu
2D0/σm ∼ O(101), corresponding with:

u ∼
√

σm

ρmD0

. (5)

We confirm in Fig. 8(c) that the ligaments produced by splashing water
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D
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z

(a) Extending ligament.
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(b) Time-variant neck diameter.
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Figure 8: Experimental results of ligament dynamics. The bold line in (b) follows the
capillary timescale. The solid and dashed lines in (c) indicate We = 10 and We = 1000,
respectively. Blue and red circles correspond to lines of the same color in (b).
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droplets and water-vapor explosion extend following We ∼ O(101). Liga-
ments split by the fast water droplets on the rim of the molten drop extend
rapidly as We ≫ O(101), having approximately the same spreading velocity
as the water droplets.

The above discussion convinces us that the fragmentation process of a
molten drop by a fast water spray is a capillary-dominant phenomenon,
wherein the viscosity and solidification are both insignificant to the final
pinching point.

3.3. Solidification and circularity
Molten droplets fragmenting through ligament breakup in the liquid phase

eventually solidify to become metal particles. We measured the circularity of
the powder produced by a water spray at P = 5 MPa at the collision point of
x = 100 mm, and the results are shown in Fig. 9. The experimental results
plotted for 50,000 particles depicted by the gray cross marks in Fig. 9(a)
show that the circularity varies widely for small particles of d ≤ 50 µm, and
it converges to become constant for large particles of d ≥ 100 µm. The mean
circularity ⟨C⟩ is, however, high for small particles and low for large ones,
such that ⟨C⟩ ≈ 0.9 at d = 10 µm and ⟨C⟩ ≈ 0.7 at d = 100 µm. This trend
is consistent with the recent results of Persson et al. [26], in which larger
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Figure 9: Experimental results of circularity at P = 5 MPa. These experiments were
conducted at an impinging point of x = 100 mm.
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particles were found to be less spherical.
Fig. 9(b) shows the PDFs of the circularity at d = 10 and 100 µm along the

dashed lines in Fig. 9(a). We can quantitatively confirm that high-circularity
particles are more frequent at d = 10 µm than at d = 100 µm. The fact that
small particles are highly circular is counter to the idea that larger particles
will have more time to become spherical in the liquid phase; specifically,
the time available to become spherical is proportional to d1.5, following the
capillary timescale, and the time to freeze is approximately proportional to
d2, obeying the thermal-diffusion timescale (see Appendix B). This idea,
however, hypothesizes that the solidifying particles will experience uniform
solidification.

Fig. 10 reveals the size-dependent nature of the fragmentation and so-
lidification processes. During 0.1 ≤ t ≤ 0.4 ms, the small spherical droplet
indicated by the blue arrow is pinched from the ligament tip, becoming spher-
ical in 0.1 ≤ t ≤ 0.2 ms as a result of the surface tension of the molten drop
itself. Following larger droplets depicted by the green and red arrows in
0.6 ≤ t ≤ 3.0 ms reveals that they are not spherical. Focusing on the last

t [ms]
0

0.4

0.2

0.1

0.3

1mm

0.6

0.5

0.7

0.8

1.0

1.6

1.4

1.2

2.0

1.8

2.2

2.8

2.6

2.4

3.0

Figure 10: Typologies of pinched droplets in the z–x plane.
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drop in the period 1.0 ≤ t ≤ 3.0 ms, we can confirm that the shape does not
change from its non-spherical topology, and it is identical to the disintegrat-
ing ligament at t = 1.0 ms.

Throughout the present visualization experiments, which have a spatial
resolution of 20 µm/pix, we did not encounter any coalescence events of
molten droplets after they had fragmented from the mother molten drop;
this is consistent in Figs. 5 and 6, wherein the dense fragments near the
mother molten drop spread to become sparse downstream, and coalescence
rarely occurs. Previous scanning electron microscope images have revealed
that small particles of d ≤ 10 µm can coalesce with a large particle [26, 37]
in a region of dense fragments, partially decreasing its circularity.

Based on the direct visual evidence, we propose a simple solidification
model, as shown in Fig. 11. This is distinct from the mechanism based
on coalescence of molten drops proposed by Persson et al. [26]. When a
droplet that was originally a part of a columnar ligament disintegrates, the
pinching points at the top and bottom parts in the illustration consistently
have large curvature, and the strong surface tension in these regions causes
the distorted tips to become hemispherical. Deformation of the pinching
point soon ceases because this part is thin and solidification thus proceeds
rapidly. Ultimately, the sphericalization cannot fully complete. The thick
central body takes longer to solidify, in which the surface tension is weak due

Figure 11: Solidification model. Solidifying short (left) and long (right) molten drops are
shown after pinch-off from a ligament. Green shows the liquid phase, and blue indicates
the solid phase.
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to its small curvature. As a result, the shape of the droplet changes slightly
at the pinched point. A short molten drop (Fig. 11, left) will thus tend to
become more spherical and will have high circularity; in contrast, a long
molten drop (Fig. 11, right) will remain elongated and have lower circularity.

Let us measure the representative drop size in Fig. 10 as d ∼ 10−4 m
and assume that the neck diameter is one-tenth of this, dn ∼ 10−5 m. We
can then compare the timescales for solidification and sphericalization, as
previously analyzed by Nichiporenko [38] (see Appendix B). We estimate
that the overall solidification time of τα ∼ d2/αm ∼ 10−3 s, wherein the
sensible heat becoming Tm and the latent heat of fusion are comparable, is
longer than the time required to form a sphere in τσ ≈ (ρmd

3/σm)
0.5 ∼ 10−4 s.

This indicates that the drops will become spherical, but this is inconsistent
with the visual evidence in the period 1.0 ≤ t ≤ 3.0 ms in Fig. 10. The
pinching point can quickly solidify in a timescale of τα ∼ 10−5 s, which is
equivalent to the local τσ, and this proceeds prior to overall solidification
and sphericalization. The size-dependent circularity is thus the result of a
mechanism whereby solidification occurs non-uniformly in the molten drops,
progressing more quickly in thin areas.

4. Conclusion

We successfully conducted direct-visualization experiments to observe the
fragmentation and solidification processes of molten 42Sn–58Bi fusible alloy
inside a water spray with a pressure up to 5 MPa using high-frequency light
pulses. From images of the impingement of fast water droplets on a falling
molten drop, we confirmed that splashing and water-vapor explosions on the
upstream molten surface and splitting of parts of the droplet’s rim all produce
extending ligaments. The fragmentation proceeds following the capillary
timescale of the molten drop and is unaffected by solidification and viscosity.
Measurement of the collected particles demonstrated size-dependent circular-
ity: small particles are more spherical and large particles are irregular. This
can be attributed to the non-uniform solidification of molten drop fragments.
Surface tension, as the driving force leading to sphericality, works strongly at
the pinching point; however, this thin part quickly freezes, meaning that long
particles solidify with topology similar to that at their fragmenting moment,
resulting in them having lower circularity.
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Appendix A

Previous research has proposed timescales for a metal droplet to become
spherical. Let us use the values listed in Table 2 and a droplet diameter
of d ∼ 10−4 m. The coefficient of viscosity of the metal is given by ηm =
ρmνm = 1.4 mPa·s. Nichiporenko [38] proposed viscous-capillarity timescale
for the spheronization:

τσν ∼ ηmd

σ
∼ O(10−7) s. (6)

Yule and Dunkley [2] argued that Eq. (6) results in a significant underesti-
mation, and they provided a viscous timescale:

τν ∼ d2

νm
∼ O(10−1) s. (7)

As shown in Fig. 10 (0.1 ≤ t ≤ 0.4 ms), we confirmed that the time to become
spherical follows the capillary timescale of τσ ≈ (ρmd

3/σm)
0.5 ∼ O(10−4) s.

This fact is consistent with the Ohnesorge number being much less than
unity, as Oh = τσ/τν ∼ O(10−3) ≪ 1. In the present study, the viscosity was
found to have no influence on the fragmentation and spheronization of the
molten fusible alloy.

Appendix B

In the case of a small Biot number, the time taken for a spherical parti-
cle to cool down to the melting temperature can be deduced by solving an
equation for heat transfer [38]:

τα =
1

6Nu

λm

λ

d2

αm

ln
T0 − T∞

Tm − T∞
. (8)

At a Reynolds number of Re = (V −u)d/ν ∼ O(102), we estimate the Nusselt
number is Nu ∼ O(101). By using λm/λ ∼ O(103) and ln T0−T∞

Tm−T∞
∼ O(10−1)
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at T∞ = 300 K, Eq. (8) can be simplified to τα ∼ d2/αm for the present
experimental conditions. The visualization results in Fig. 10 show that the
molten drops are cooled down by ambient air and possibly steam, whose
values of thermal conductivity are similar (λ ∼ 10−2 W/m·K). τα can become
shorter as a result of boiling heat transfer [38].
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