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Abstract: The study analyzes the splash dynamics of liquid steel jets impacting solid
surfaces, using a physical model with scaled-down water experiments. Two turbulence
inhibitor designs are compared, focusing on droplet formation and distribution. The inter-
action of the jet with the inhibitors influences droplet generation and dispersion, impacting
the safety and quality of the continuous casting process. Key parameters such as the Weber
number and surface tension are identified as factors affecting the stability of liquid films.
Finally, similarities between splash dynamics in water and steel are highlighted.

Keywords: steel droplet; splashing; steel jet; potential energy; capillary energy; kinetic
energy; tundish; turbulence inhibitor

1. Introduction
The splashing phenomenon of impacting jets on solid surfaces is critical in various

fields, including steelmaking, foundries, pharmaceuticals, automotive painting, thermal
coatings, natural waterfalls, the food industry, and inkjet printing [1–4]. Although some-
what underestimated, splashing had not been thoroughly studied until recent years, largely
due to advancements in high-speed imaging technology [5–7]. High-speed imaging of
droplets and bubbles has significantly improved the understanding of these processes.

Liquid jet splashing generates droplets with size distributions that depend on the
specific dynamic conditions of a given process. In some applications, the generation and
subsequent fragmentation of droplets are desirable phenomena. However, in continuous
steel casting, the formation of multiple small droplets leads to reoxidation, particularly
during the first heat of a casting sequence. The overall fluid dynamics of continuous
casting were previously addressed in an earlier publication [8]. The present study focuses
specifically on the detailed analysis of splashing and droplet generation. In the context of
steel casting, controlling droplet size distribution is not necessarily the primary objective;
rather, flow reorientation and turbulence control are the key considerations.

Understanding the fluid dynamics of splashing during steel jet impact on solid sur-
faces is impossible in an actual industrial system. Therefore, as in the previous publication,
a water model is employed. Water-downscaled modeling is a well-established technique
for studying steel fluid flow in industrial tundishes, based on the Froude similarity cri-
terion. The Froude number is equivalent for both the model and the prototype of the
distributor. The model’s flow rate Qm is calculated based on the liquid steel flow rate
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Qp, Qm = λ2.5Qp. [9–12]. However, using water to investigate steel jet impact and its
associated phenomena does not replicate the physical behavior of the real system due to
the significantly different physical properties of both liquids, as shown in Table 1. For
example, the surface tension ratio between steel and water is approximately 25, while their
density ratio is about 7. Physically, one would expect larger air bubbles in water compared
to liquid steel. Consequently, a direct translation between water and steel jet behavior is
not feasible. Nevertheless, since this study is a comparative analysis of the two turbulence
inhibitor (TI) designs tested in the previous publication [8], generating qualitative insights
remains a viable approach. The reason for using water to model steel lies in their kinematic
viscosity, as both values are very similar (see Table 1). This implies that the dimensionless
numbers exhibit good agreement, ensuring kinematic similarity. Additionally, the tundish
and turbulence inhibitor models comply with the laws of geometric similarity.

Most research on tundish fluid dynamics has focused on steady-state flows, reactor-
like behavior, flow characterization, inclusions removal, temperature distribution, and
flow modifiers [13–17]. However, the transient phase at the start of casting remains
largely unexplored, despite being a critical period where reoxidation and cleanliness
issues arise. During the initial moments of casting, the liquid steel jet impacts the tundish
surface, generating splashing and mixing with atmospheric air. This phenomenon in-
troduces oxygen into the molten steel, leading to the formation of exogenous oxide
inclusions—such as alumina—and increasing the levels of dissolved oxygen and nitrogen,
ultimately degrading steel cleanliness.

Reoxidation-induced inclusions tend to agglomerate, forming larger clusters that
can cause defects such as cracks, surface lines, or “slivers” in rolled products, as well as
deterioration of mechanical properties, including toughness and fatigue resistance [18]. Ad-
ditionally, severe reoxidation contributes to nozzle clogging, leading to casting obstructions,
mold level fluctuations, surface defects, and even process interruptions. In response, steel
mills often rework the first cast tons if they have undergone severe reoxidation. However,
the ultimate goal is to implement practices that ensure consistent quality from the first
casting. Despite the significant impact of these issues, research has primarily focused on
steady-state casting, leaving a gap in understanding the transient phase and its effects on
steel quality.

Table 1. Properties of the steel at 1550 ◦C [19] and the water at 20 ◦C.

Steel [1550 ◦C] Water [20 ◦C]

Density [kg/m3] 7000 1000
Viscosity [Pa·s] 0.0065 0.001

Kinematic viscosity [m2/s] 0.928 × 10−6 1.0 × 10−6

surface tension [N/m] 1.8 0.0728

2. Physical Model
The water model is the same as that presented in the former publication [7]; it consists

of a 1/3-scale, three-strand tundish, and two turbulence inhibitor designs to be tested. The
three elements are reported in Figures 1–3 for illustration purposes, avoiding referring
to the original paper. The experimental setup consists of piping connections, a water
flowmeter, a high speed, and conventional video cameras to capture the generations of
droplets and bubbles at the jet impact times. A red dye was injected in the 1◦ orifice to
ensure a correct mix with water and better contrast during video and photo recordings.
Flowmeters were calibrated before testing the flows (30 L/min, 46 L/min, 60 L/min), then
the red dye was injected, and water began coming up from the tank and started to fill the
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tundish; cameras recorded the filling process. The process was stopped when the tundish
model bottom was covered.
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(c) TI2 front view. The liquid outlet ports have been circled in orange and the upper mouth in red.
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The images from the recording systems were subjected to quantitative analysis using
a MATLAB subroutine in the version R2022b, to determine the droplet size distribution
upon impact on the tundish back wall. Figure 4 shows a schematic representation of the
experimental setup. The hand valve was used to start and stop the experiment, while the
flow meter allowed us to regulate the flow rate. The red dye was injected into Orifice 1
before the valve was opened. The strands served as the water outlets, which was finally
collected in the open-top tank.
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Figure 4. Diagram of the water model test bench configuration used in the experiments. Dimensions
are presented in Figures 1–3.

In these experiments, three tundish liquid feeding rates were tested: the current rate
(30 L/min), one higher (60 L/min), and one lower (30 L/min). Table 2 shows the flow rates
for the model (water) and the corresponding values for the steel in the plant. Performing
this allowed us to observe how the turbulence inhibitor behaves in different situations.
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Table 2. Flow rate tested in the experiments.

Steel [L/min] Water [L/min]

IT1
467 30
717 46
935 60

IT2
467 30
717 46
935 60

3. Results and Discussion
3.1. Initial Flow Patterns

Figures 5 and 6 show the impact of time frames during the jet impact on turbulence
inhibitor (TI) TI1 and TI2, respectively, using the working tundish filling rate (46 L/min).
The impact flow pattern on TI1 indicates the liquid sheet’s instability and the fingers’
formation at the spreading front in the very early stages of droplet formation. Once the
pool is developed inside the TI1, the jet impacts its surface, completely changing the
droplet formation mechanism due to the development of a pool. On the other hand,
due to its design, the jet-impacting TI2 does not develop a pool because the liquid is
continuously drained through the two ports and used to fill the tundish. In its early
stages, splashing develops a crown-type flow in both TIs. The dimensionless variables
governing the splashing dynamics and subsequent droplet formation are reported in
Table 3. The Froude number is so large that it has practically no influence on the involved
phenomena. Other significant dimensionless numbers include Reynolds, Weber, Ohnesorge,
and Capillary, which account for inertia, surface tension, and capillary forces. The density
and viscosity ratios between the gas and liquid phases are also influencing factors, but both
are encompassed in the Stokes number, as reported in the same table.
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Figure 5. Collection of frames from the impact pattern during the tundish filling process at a flow
rate of 46 L/min, using IT1. The first three frames (a–c) correspond to the 0.06 s, 0.12 s, 0.20 s in the
modeling, depict the formation of the Worthington–Edgerton crown inside the IT. Frame (d) shows
the fully developed pool, (e) illustrates the initial spreading of the pool, and (f) captures the way the
water covers the floor.
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Figure 6. Collection of frames from the impact pattern during the tundish filling process at a flow
rate of 46 L/min, using IT2. The first two frames (a,b) correspond to 0.06 s, 0.12 s in the modelling,
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through the ports begins to be observed. Frame (d) shows the fully developed pool, (e) illustrates the
initial spreading of the pool, and (f) captures the way the water covers the floor.

Table 3. The dimensionless variables that governing the splashing dynamics and the subsequent
drop formation are reported in.

Dimensionless
Number Equation Meaning

Reynolds Re = ρl DV/µl (1) Inertial forces/viscous forces
Weber We = ρl DV2/σ (2) Inertial forces/tensile forces

Ohnesorge Oh= µl/
√

ρl Dσ (3) Viscous forces/surface tension forces
Capilar Ca = µlV/γ (4) Viscous forces/surface forces
Stokes St = µg

ρl DV =
(

µg
µl

)
( 1

Re )
(5) Gas viscous forces/liquid viscous forces

Under atmospheric conditions, before the jet contacts the solid surface, it first encoun-
ters a compressed layer of air 2 to 5 µm thick. This trapped air is displaced before the liquid
can reach the surface. As the air disk forms, it contracts, causing the liquid to spread against
increasing resistance, which results in a crown or finger-like structure. This phenomenon
can be seen in Figure 5a,b for TI1 and Figure 6a,b for TI2 for the regular tundish filling
rate. The finger structures that develop during the initial moments of jet impact at filling
rates of 30 and 60 L/min using TI1 are shown in Figure 7a–f. The corresponding structures
for filling rates of 30 and 60 L/min using TI2 are depicted in Figure 8a,f. A pool is not
developed since the liquid drains TI2 through the ports oriented toward the tundish back
wall. TI1 develops a pool given its wrapping geometry, while in TI2, the finger structures
last longer until a draining pool develops, as seen in Figure 6e,f. The accumulation of
liquid in the area behind the tundish back wall at TI1, observed at 2.755 and 3.03 s, seen in
Figure 5e,f, is minimal. In contrast, the accumulation of liquid in the same area with TI2
results in a significant water layer, as shown in Figure 6e,f. This latter condition maintains
a sufficiently large liquid steel temperature, ensuring it is high enough to prevent freezing
upon reaching the strand nozzles.
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3.2. Drop and Splashing Dynamics

The average drop velocities measured using fast video recordings for both tundish
inhibitors (TIs) are displayed in Figure 9. The velocity of the flying ejecting drops increases
with the tundish filling rate, in the case of TI2, through the upper mouth and the ports.
Notably, the velocities are higher when the drops pass through the ports than the upper
mouth. This phenomenon occurs because TI2 drains quickly during filling. In contrast,
when using TI1, the drop velocity shows a reverse trend due to the splashing in the
deep pool maintained by its wrapping geometry. Figure 10a–c show the normal drop
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size distributions for both TIs and tundish filling rate; the average drop size becomes
independent as the tundish filling rate increases. The size distribution widens with larger
tundish filling rates. Figure 11a,b show the developed flying drops Reynolds and Weber
numbers during the liquid splashing owing to the jet impact. As expected, both plots follow
the same trends as the velocities, as explained before.
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Figure 10. Normal distribution of droplet size by flow rate: (a) 30 L/min, (b) the working flow rate,
and (c) 60 L/min. The X-axis corresponds to the measured diameters, with the upper part of the
plot representing the most frequently occurring values. The Y-axis corresponds to the probability
percentage of obtaining the diameter values.
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Liquid splashing in deep pools, such as TI1, is dominated by the balance of surface,
gravitational potential, capillary, and drop kinetic energies. The gravitational-potential
energy transforms into kinetic energy, which is employed to deform the pool’s surface, as
shown in Figure 12. These three energies are the potential energy (U), the kinetic energy
(T), and the surface energy (C), as follows:

U =
π

2
ρl gH2R2 (6)

T =
1
2

MdV2
i (7)

C = 2πγHR (8)

where H = 0.0019 m, which is the height of the pool, R is the radius from 1 × 10−3 m
to 5 × 10−3 m, Md is the mass of the droplet, Vi the impact velocity, and γ the surface
tension. The velocity is evaluated between 0.86–3.37 (m/s), as a minimum and maximum
value, the Table 1 shows the values of density and surface tension. Figure 13 shows these
energies using the average drop flying velocities, the drop mass assuming a spherical
geometry, the liquid’s surface tension, the dimple depth H, and its radius R, both read from
the records of the former reported mathematical model in the steel case [20,21]. This plot
shows the energies corresponding to water and liquid steel at 1550 ◦C and helps compare
both splashing dynamics. It is seen that at slow impacts, gravitational and surface values
are similar.
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Figure 12. Side view of the typical deformation in a liquid pool. Where H is the dimple depth and R
the radius.
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Figure 13. Collection of plots showing the relationship between the droplet radius and its energies
for both steel and water: (a) kinetic energy (T), represented in blue for steel and black for water;
(b) potential energy (U), shown as a continuous red line for steel and a dashed red line for water; and
surface energy (C), depicted as a black line for steel and a black dashed line for water, in the same figure.

3.3. Splat Dynamics

Once a droplet splashes and is ejected from the tundish, it travels through the air
until it impacts one of the tundish walls. In the case of liquid metal, it forms a splat upon
contact, whereas in the model, it simply creates an adhered water droplet. Due to its
closed geometry, only a few water droplets impact the model walls when using TI1. The
population of droplets impacting the walls with TI1, after the water covers the floor (5.3 s
on average), is reported in Figure 14a–c for tundish-filling rates of 30, 46, and 60 L/min,
respectively. The results indicate that the droplet population is independent of the filling
rate and, from the perspective of casting floor safety, TI1 provides a safer environment.
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Figure 14. Collection of images showing the splashing droplet on the back wall model, using both
turbulence inhibitors: (a) TI1 at 30 L/min, (b) TI1 at 46 L/min, (c) TI1 at 60 L/min; (d) TI2 at
30 L/min, (e) TI2 at 46 L/min, and (f) TI2 at 60 L/min.

On the other hand, the number of droplets impacting the tundish walls when using
TI2 is considerably higher than with TI1, as shown in Figure 14d–f for tundish-filling rates
of 30, 46, and 60 L/min, respectively, with an average time of 5.9 s. Although splashing and
droplet ejection with TI2 greatly exceed the corresponding splash intensity observed with
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TI1, most of the droplets impact the tundish back wall. Since the operators are positioned on
the opposite side, near the tundish front wall, safety concerns are mitigated. Additionally,
having the droplet population concentrated on the back walls ensures that the outlets
remain free from blockage due to steel droplet freezing. Figure 15 shows that the droplet
population is practically independent of the tundish-filling rate, indicating that TI2 exhibits
a more stable behavior under different conditions.
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Figure 15. Plot of the population as a function of the flow rate for both turbulence inhibitors. For TI2,
the flow rate does not significantly affect the droplet population, resulting in predictable behavior. In
contrast, TI1 exhibits less predictability under the same conditions.

When a droplet impacts a surface, it can either remain intact or break apart due to
inertial forces affecting its stability. The stability of the droplet or splat on the tundish
wall or model depends on several factors, including the liquid’s physical properties, the
system’s temperature, the substrate’s smoothness, and its wettability characteristics.

A droplet, whether water, liquid metal, or any other liquid with intermediate prop-
erties, will produce stable impact patterns and shapes, as shown in Figure 16a–c. The
conditions leading to these patterns can be evaluated through a balance of the free energy
involved, as expressed in the following equation [22]:

∆Fhole = γlg

(
Ai − πr2

2

)
+ γsl

(
Ai − πr2

1

)
+ Sγlg + πr2

1γsg (9)

where ∆Fhole is the free energy change of film with a hole, γlg liquid-gas surface tension,
γsl solid-liquid surface tension, Ai surface area of intact liquid film, r1 dimensionless hole
radius at solid surface, r2 the hole radius at liquid’s free surface, and S the hole surface area.

Using the Young’s Equation [23,24] in Equation (9) yields:

∆F = γlg

(
S − πr2

2 + πr2
1cos θ

)
(10)

If ∆F < 0, the hole formed in an unstable droplet will expand. If ∆F > 0, the hole will
spontaneously close, and the film will remain stable. Therefore, S must be greater than the
other subtracting terms in parentheses.
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Figure 16. Side view of the typical droplet pattern, characteristic of any liquid impacting a solid rigid
surface. r1 represents the ratio measured at the base of the cavity formed by the droplet impact, while
r2 corresponds to the ratio in the upper zone of the cavity; h is the high of the liquid film and θ is the
contact angle. (a) a small θ and a large S result in a stable film, (b) an intermediate θ with a small S
deliver an unstable film and (c) large θ and a large S result in a stable film.

The surface area, S, can be calculated using the following expression [25]:

S =
1
2

πr2
1

{(
1 + cos2θ

)
sinh

(
2

h/r1

sin θ

)
+ 2cos θ

[
cosh

(
2

h/r1

sin θ

)
− 1

]
+ 2

h
r1

sin θ

}
(11)

S is large if the angle θ approaches 0◦ or 180◦, which corresponds to the cases of
water and well-deoxidized steel. From this perspective, it can be concluded that water
can be used to model the splat phenomena of steel droplets. A dimensionless version of
Equation (10) is:

∆F* =
∆F

γlgπr2
1
=

[
S

πr2
1
−

(
r2

r1

)2
+ cos θ

]
(12)

The ratio r2/r1 is given by:

r2

r1
=

[
cosh

(
h/r1

sin θ

)
+ sinh

(
h/r1

sin θ

)
cos θ

]
(13)

The relationship between r2 and r1 is:

r2 = r1 +

(
h

tan θ

)
(14)

S =
π(r1 − r2)h

senθ
(15)

Using Equations (13)–(15) in Equation (12), the dimensionless free energy plot is shown
in Figure 17. The film is stable if it is thick, approximately on the order of magnitude of
the hole size (h/r1 = 1). However, if the film thickness is small (h/r1 = 0.1), it becomes
unstable except at the two extremes of 0◦ and 180◦. The regions of stable and unstable film
thickness are determined by setting ∆F = 0 in Equation (12) and combining the result with
Equations (13) and (15), allowing the estimation of hc, i.e., the critical film thickness.
Figure 18 shows the dimensionless critical film thickness as a function of the contact angle.
When this angle is 118◦, the critical film thickness reaches its maximum value. Therefore,
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metal droplets (with large contact angles) and water droplets (with small contact angles)
will develop stable films.
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Figure 18. The stable and unstable region for the critical film thickness as a function of the contact angle.

In the case of molten metals, when a droplet impacts a wall, the liquid spreads,
increasing the diameter of the splat. However, under heat transfer conditions, the spreading
rate decreases. As the splat cools and solidifies, these processes experience further delays
in spreading, resulting in the formation of a solid ring around it. This ring acts as a local
barrier, preventing the liquid from spreading further from the splat’s center.

The splat’s spreading and the stability of its film depend on several factors, including
the wall’s roughness and temperature, the liquid’s surface tension, and the contact angle
between the liquid and the wall. Higher wall temperatures promote droplet spreading,
while greater roughness enhances the system’s wettability. The spreading ratio is defined
as Rmax/R0, where Rmax is the maximum disk spread radius, and R0 is the original droplet
radius. The dynamic effects are expressed through the Reynolds and Weber numbers [26].

β =

√√√√ We + 12

3(1 − cos θd) + 4
(

We/
√

Re
) (16)
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where β is the spreading ratio and θd is the dynamic contact angle.
For the case of TI2, the relationships between the Reynolds and Weber numbers

and the average droplet velocities through the ports and the upper open mouth, at the
conventional tundish filling rate, are shown in Figure 19a,b, respectively. The Reynolds
and Weber numbers for liquid steel, estimated from the velocities obtained through the
mathematical model in the first paper [7], are approximately one order of magnitude higher
than those for water. This difference arises because the velocities in the water model are
scaled down according to the Froude similarity criterion.
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Figure 19. Comparison of the dimensionless numbers measured for droplets in different zones:
(a) Reynolds number in the simulation, where RED represents droplets in the upper mouth zone and
YELLOW represents droplets in the ports zone. For the model: GREEN corresponds to measurements
in the upper mouth zone, and BLUE corresponds to measurements in the ports zone. On the other
hand, (b) shows the comparison of the Weber number for the same droplets. As observed, there is a
linear relationship between the behavior of steel droplets and water droplets.

Using these data, the spreading ratios for both liquids, calculated through Equation
(16), are presented in Figure 20.
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According to the results and their discussion presented above, it can be said that
the splat phenomena between liquid and water maintain some similarities regarding
film stabilization.

4. Conclusions
The flow dynamics of liquid jets impacting on solid surfaces of two turbulence in-

hibitors observed during the start of a continuous casting sequence are modeled using a
water model, and the conclusions based on the found results are as follows:

The liquid jet impacts the solid surfaces, developing a crown type of fluid flow pattern
at the first instant of the start casting operation. TI1 developed a bigger one than the TI2,
and the reason for this was the concavity of the floor of each TI.

Due to its geometry, TI1 forms a deep pool in which droplets continuously splash until
they reach the overfill. Splashing kinetics is governed by the balance among gravitational,
kinetic, and surface energies. TI2 drains the feeding liquid through the two ports imple-
mented in its geometry. Hence, the formation of a pool is not possible, but this way, TI2
used the kinetic energy of the jet to fill the tundish floor.

Despite TI2 generating more splashing on the tundish back wall compared to TI1,
it exhibits more stable behavior under different flow rates, whereas TI1 does not. This
stability provides greater reliability to the process. A possible redesign of the TI2 bottom
could mitigate this phenomenon, opening a new line of research.

In contrast to TI1, TI2 demonstrates better management of the kinetic energy of the
steel jet from the ladle. As shown in previous studies, TI2 effectively utilizes the kinetic
energy of the jet to initiate tundish floor coverage more efficiently. In contrast, TI1 does not
exhibit proper fluid handling.

The splat phenomenon occurs when a liquid impacts on a solid surface, and the surface
tensions between the liquid, gas, and solid phases primarily influence it. The free energy
involved in this process suggests that liquid-solid systems with poor and high wettability
tend to form stable liquid films. This is particularly evident when water meets transparent
plastic or when liquid steel interacts with the tundish lining refractories.

The spreading of liquid splats is governed by the fluid flow dynamic factor of the
droplet interpreted through the Reynolds and Weber numbers.

The presence of small droplets results in a larger surface area for the same volume,
thereby increasing steel reoxidation and consequently leading to the formation of more
inclusions. However, in the case of TI2, this disadvantage is less significant due to the way
the kinetic energy of the flow is utilized to minimize surface flow areas.

Droplet size is a crucial factor in preventing the reoxidation of molten steel and
avoiding the blockage of any strand if a droplet reaches an outlet. In the case of TI2, all
droplets were directed toward the back wall, ensuring a safer start to casting. Additionally,
the quantity and size of the droplets become less critical if the steel flow has a smaller
surface area, as this minimizes the reoxidation process and accelerates cooling. A smaller
surface area results in reduced heat loss.
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