
Citation: Sánchez-Pérez, J.F.;

Jorde-Cerezo, G.; Fernández-Roiz, A.;

Moreno-Nicolás, J.A. Mathematical

Modeling and Analysis Using

Nondimensionalization Technique of

the Solidification of a Splat of

Variable Section. Mathematics 2023,

11, 3174. https://doi.org/10.3390/

math11143174

Academic Editors: David Bassir and

Hongyu Liu

Received: 6 June 2023

Revised: 12 July 2023

Accepted: 17 July 2023

Published: 19 July 2023

Copyright: © 2023 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

mathematics

Article

Mathematical Modeling and Analysis Using
Nondimensionalization Technique of the Solidification of a
Splat of Variable Section
Juan Francisco Sánchez-Pérez 1,* , Guillermo Jorde-Cerezo 2, Adrián Fernández-Roiz 2

and José Andrés Moreno-Nicolás 3

1 Department of Applied Physics and Naval Technology, Universidad Politécnica de Cartagena (UPCT),
30202 Cartagena, Spain

2 Fundación Centro Tecnológico Miranda de Ebro, 09200 Miranda de Ebro, Spain; gjorde@ctme.es (G.J.-C.);
adrianfernandez@ctme.es (A.F.-R.)

3 Department of Mechanical Engineering, Materials and Manufacturing, Universidad Politécnica de
Cartagena (UPCT), 30202 Cartagena, Spain; josea.moreno@upct.es

* Correspondence: juanf.sanchez@upct.es

Abstract: In this work, the solidification and cooling process of an irregularly shaped splat is modeled
using the network simulation method. The procedure for its implementation, which uses the finite
difference method and optimized circuit analysis algorithms, allows the precise incorporation and
assessment of the effect of certain conditions in the thermal process, offering its specificity and high
performance in numerical simulation. It should be noted, on the one hand, that the geometry used
for the simulation has been obtained from experimental splat data visualized using an electron
microscope and, on the other hand, that the model implements both the phase change phenomenon
and the variability of the material properties with temperature. Finally, the study of the physical
behavior of the problem is carried out using the mathematical technique of nondimensionalization,
allowing the interpretation of the results obtained by simulation, where the formation of horizontal
bars and columns that maintain the structure of the splat while the solidification process is taking
place stands out. It is worth highlighting the obtaining, among others, of two monomials. The first
relates the phenomenon of radiation to conduction and is equivalent to the Nusselt number with
convection, and the second relates the solidification time with the Stefan number.

Keywords: network simulation method; nondimensionalization; ceramic coatings; phase change;
differential equations; engineering problem

MSC: 00A73; 00A69; 00A79; 00A72

1. Introduction

One technique for creating a protective layer consists of a thermal spraying of small
molten particles of ceramics, alloys or metals. When the particles hit the substrate, they
solidify and form splats, thin and dense sheets, whose shape depends on many variables
such as temperature, size and properties of the sprayed drops, substrate temperature,
etc. [1–4]. The importance of these factors lies in the properties that the splat acquires, that
are, adhesion strength, interface stresses, etc. The final form that the splat acquires has been
studied in numerous studies [4–15].

In this way, it is necessary to achieve a deep understanding of the phenomena involved
in the splat creation process, including its cooling and solidification, in order to improve
the quality of the final coating [16].

Therefore, one of the main factors involved in the process is the cooling speed, which
various works have established to be in a range that covers from 1 to approximately 109 K/s
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depending on the phase (amorphous, gamma or alpha) or the process [1,17–21]. Various
analytical models have established their dependence on the latent heat of fusion, the contact
between the substrate and the splat, thermal diffusivities, etc. [1,21–24].

Another factor that influences the cooling rate is the so-called thermal contact resis-
tance that forms between the substrate and the splat. On the other hand, the properties
mentioned above, which influence the cooling rate, change with temperature, so to make a
more accurate model, it is necessary to include these variations. In addition, it is necessary
to include the irregularity that the splat presents in the model [25–33].

Therefore, the main objective of this study is twofold. On the one hand, the objective is
to create a reliable and accurate network model for the solidification problem based on the
network simulation method, which is an evolution of previous models, and which includes
splat irregularities and properties variability with temperature. In addition, the model,
which will be simulated using the free code NgSpice [34], should allow the study of both
the evolution and distribution of temperatures in the splat as well as the cooling rate. The
network simulation method, like other methodologies [35–40], makes it possible to solve
coupled systems of partial differential equations that represent the science or engineering
problem to be solved. The importance of this method lies in the fact that if any problem is
well defined, it can be solved by following a series of application rules. The creation of the
network model will be explained in depth in Section 4.

On the other hand, for a reliable and precise interpretation of the physical phenomena
involved in the cooling and solidification process, the mathematical technique of nondi-
mensionalization is used, which can obtain groupings of the variables that influence the
process, indicating what weighting they have on the mentioned physical phenomena that
take place, and can thus explain the behavior of the splat in its cooling and solidification.

Both the network simulation model and the nondimensionalization technique have
demonstrated the effectiveness of their application in numerous engineering problems such
as diffusion of chlorides, chemical reactors, soil consolidation, etc. [41–44]. Finally, there
are several main contributions of this paper. On the one hand, the implemented network
model encompasses both the phase change and the variability of the material properties
with temperature, implying a change in the model to implement both phenomena. In
addition, the splat shape obtained by electron microscopy is modeled. On the other hand,
the application of the nondimensionalization technique has led to the appearance of, among
others, two monomials. The first relates the phenomenon of radiation to conduction and
is equivalent to the Nusselt number with convection, and the second relates the Stefan
number to the time it takes for the phase change to occur. Thus, the combination of both
methodologies allows us to interpret the results obtained as the appearance of horizontal
bars and columns that maintain the splat structure while the solidification process is
taking place.

2. Splat Morphology

Before employing the mathematical model to calculate the evolution of temperatures
during the solidification and cooling process of the splat, we must know its geometry.
For this, numerous splat sprays have been carried out under different thermal spraying
conditions, obtaining similar geometries to those shown in the example below.

In a schematic way, the thermal spray is an ionized plasma gas produced using inert
gases heated up by a DC electric arc. The sprayed material ceramic drops, which come from
ceramic powder carried in an inert gas stream into the plasma jet, are propelled towards
the substrate. The thermal spray system used was the SURFACE ONE from Oerlikon
Metco, Switzerland, which includes a robot IRB 2600 of ABB, Switzerland. As González
et al. [45] explain, the parameters that control the spray process are electric current and
Ar/H2 gas flow.

The powder used in this work was Metco 450NS −90 + 45 µm, which means that its
size distribution is such that 90% of the particles have a size equal to or less than 45 µm. Its
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composition is Ni5Al. A suitable torch speed and a low powder flow were chosen in order
to obtain isolated splats.

Once the splats had been formed, they were visualized using an electronic microscope
with the capacity to perform microscopic sections using a Ga beam. The microscope used
was a field emission scanning electron microscope from Carl Zeiss Microscopy GmbH,
Germany. The spraying parameters used for the figures shown below were 450, 550 and
650 A for the supply current, and 6.5, 9.5 and 12 slpm for the H2 flow.

The splat obtained using 650 A and 6.5 slpm is shown in Figure 1. Figure 2 shows
the way in which the edge of the splat has peeled off from the substrate. Figure 3 shows
the section of the splat in the central zone. From this information, the diagram of the
model represented in Figure 4 has been generated. This figure represents a cross-section
of the splat, taking the dimensions of height and length from its centre and including the
cantilever, as well as the cross-section of the substrate. Finally, Figure 5 shows the splat
dimensions with the cantilever, where Lg and H are the splat length and height, respectively.
These dimensions are the ones that will be used for the mathematical modeling and for its
subsequent simulation.
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3. Mathematical Model

The system of coupled differential heat transfer equations for a homogeneous, constant,
axisymmetric and isotropic domain, which absorbs or emits heat, is [1,46,47]:

Dl

(
∂2Tl

∂x2 +
∂2Tl

∂z2

)
=

∂Tl
∂t

(1)

Ds

(
∂2Ts

∂x2 +
∂2Ts

∂z2

)
=

∂Ts

∂t
(2)

D =
k
ρcp

(3)

where T is the temperature in K, D is the thermal diffusivity in m2/s, x and z indicates
the spatial coordinates, and finally, the subscripts s and l denote the solid or liquid phase,
respectively. In addition, k is the thermal conductivity in J/m K, cp is the specific heat in
J/K kg and ρ is the density in kg/m3. On the other hand, another phenomenon involved is
the phase change from liquid to solid that is taking place in the splat. Because when this
change occurs, the material properties vary or the temperature remains constant while the
change is taking place, it is necessary to implement where this change is taking place in the
mathematical model. To determine the position of these zones, Stefan’s equation was used,
which is given by:

ks·
∂T
∂n
− kl·

∂T
∂n

= ρ·L·∂un

∂t
(4)

where n is the norm to the surface and un is the displacement interface. An alternative
expression for Equation (4) is to assume that an infinitesimal volume of liquid changes
state, in this case from liquid to solid, when it reaches the temperature of solidification
while latent heat is transferred [1]:

−kl·
(

∂Tl
∂x

+
∂Tl
∂z

)
dS = L·ρ·dΩ

dt
(5)

where Ω is the volume in m3 and L is the latent heat of fusion in J/Kg. When the equations
are implemented in the model to be simulated, the splat can be studied as a rectangle
(Figure 1) with a typical cantilever that appears in this type of splat, where the axis of sym-
metry is considered adiabatic, with the upper and lateral limit as radiant and convective:

dQ
dt

= h·
(

Tsplat − Tenv

)
·dS (6)

dQ
dt

= ε·σ·
(

Tsplat
4 − Tenv

4
)
·dS (7)

where h is the heat transfer coefficient in W/m K, Q is the heat in J, σ is the Stefan–
Boltzmann constant in W/m2 K4, ε is the emissivity, S is the contact surface with the air in
m2, and finally, the subscripts env and splat denote contact with the air and contact with
the splat surface, respectively. In addition, the union between the substrate and the splat
must be considered due to the change in material and possible discontinuities. That is,
heat transfer must be implemented between the area of the splat that is in contact with the
substrate and the substrate itself. To implement it, a model similar to Sobolev’s is used,
where the heat transfer through the thermal gradient between two adjacent cells, one in the
splat and the other in the substrate, and the resistance to the transfer of this energy due to
the change in medium are related [19,32,33]:

dQ
dt

= hc·
(

Tsplat,subst − Tsubst

)
·dA =

(
Tsplat,subst − Tsubst

)
Rth

dA (8)
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where hC is the transfer coefficient between the substrate and the splat in W/m K, A is the
contact area between the splat and the substrate in m2, and hC is equal to 1/Rth, where Rth
is the contact resistance in m K/W. Finally, the subscript subst denotes substratum and
splat; subst is the splat area in contact with the substrate.

4. Network Model

The method selected to solve the complex system of equations above is the network
simulation method. Both examples and descriptions of the foundations and applicability of
the method to science and engineering can be found in descriptions by González-Fernández
et al. [48] and Sánchez-Pérez et al. [41,49].

This methodology has been widely applied to different engineering problems such as
chloride diffusion, heat transfer, oxidation problems, inverse problems and phase change
problems [1,41,43,47,50]. All of the above problems present coupled and nonlinear systems.

However, a summary of the applied methodology will be presented. The network
simulation method consists of creating a network of electrical circuits that is equivalent
to the mathematical model that represents the physical problem, for which several well-
differentiated stages must be followed for the construction of the model:

1. In the first place, the relationship between the voltage in the central node and the
variable to be studied is established;

2. Each sum of the equations is implemented by means of currents that are balanced in a
central node. For this, there are different electrical devices with which to implement
the addend, such as resistors, current generators, capacitors, batteries, etc.;

3. The circuit created must comply with Kirchhoff’s laws.

Once the network model has been built, it is simulated using an electrical circuit
simulator such as NgSpice [34].

Thus, the network model used to solve the complex problem of solidification is shown,
where the first circuit describes the thermal behavior of the splat, that is, the thermal
diffusion equations. In order to implement the variability of the properties, that is, of
the thermal diffusivity, Equations (1) and (2) have had to be developed, as shown in
Equation (9). In this way, the second derivatives are implemented as resistors that include
the first addends of Equations (9) and (10) to give stability to the circuit and as current
generators, where two values regulated by switches appear, one for the liquid state and
another for the solid state. As the value of the first addends in Equations (9) and (10)
is the same, it is implemented as two resistors for each addend, where each of them
links the central node with the extremes, as shown in Figure 6. The time derivative is
implemented as a capacitor with infinite resistance to give stability when the solidification
process occurs. Finally, during the phase change, the temperature remains constant with
a voltage source, as shown in Figure 6. Equation (5), which regulates the phase change
process, is implemented by means of a linear current-controlled current source, switches
and a capacitor. Switches are used to start and end the solidification process. The circuit
is programmed so that when the unitary value is reached in the capacitor, solidification
ends, as shown in Figure 7 [1]. Finally, the variability of the properties is implemented with
voltage sources and conditionals typical of the spice code, as shown in Figure 8.

∂T
∂t

= Dl
∂2T
∂x2 +Dl

∂2T
∂z2 =

∂2T
∂x2 +

∂2T
∂z2 + (Dl − 1)

∂2T
∂x2 + (Dl − 1)

∂2T
∂z2 (9)

∂T
∂t

= Ds
∂2T
∂x2 +Ds

∂2T
∂z2 =

∂2T
∂x2 +

∂2T
∂z2 + (Ds − 1)

∂2T
∂x2 + (Ds − 1)

∂2T
∂z2 (10)
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5. Nondimensionalization

In this section, a study of the behavior of variables will be carried out through their
grouping into dimensionless monomials. For this, a mathematical procedure known as
the nondimensionalization technique will be applied where the variables are grouped into
monomials that have a physical meaning and that control the problem [44,51]. One of
the major difficulties of this technique is the appropriate choice of references to obtain
the dimensionless variables, which implies a deep knowledge of the physical phenomena
involved. On the other hand, the discrimination technique must also be implemented,
which implies, among other things, anisotropy. Despite the fact that in this problem some
properties have values that vary with temperature, for the application of the technique it
will be assumed that they take constant values, an assumption that will be justified below,
thus facilitating its application.

Firstly, the dimensionless variables are established, which due to the correct choice of
references are in the range of [0–1], Equation (11).

T′ =
T− Ti

Tenv − Ti
x′ =

x
Lg

z′ =
z
H

t′ =
t
τ

(11)

where Tenv is the ambient temperature in K, Ti is the initial temperature in K, Lg is the
length in m, H is the height in m, and τ is the time at which the problem reaches a steady
state in s. Obviously, because of the type of problem described in the previous sections, the
splat is cooling down.

Once the dimensionless variables have been established, they are introduced into
Equations (1) or (2) to obtain dimensionless equations.[

D(Te − Ti)

Lg2

]
∂2T′

∂x′2
+

[
D(Te − Ti)

H2

]
∂2T′

∂z′2
=

[
Te − Ti

τ

]
∂T
∂t′

(12)

Because dimensionless variables by definition are of the unit order of magnitude, it is
assumed that their changes are also of this order of magnitude. Thus, the dimensionless
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equation gives three coefficients, shown in square brackets, and among them, two monomi-
als which must be of the unit order of magnitude, as shown in Equation (14). As expected,
the monomials that will be formed do not depend on the temperature variation.

D(Te − Ti)

Lg2
D(Te − Ti)

H2
(Te − Ti)

τ
(13)

π1 =
Dτ

Lg2 π2 =
Lg2

H2 (14)

where the monomial π1 relates the diffusive phenomena and the time to reach the steady
state, and the monomial π2 relates the geometric relation of the splat.

Given that both convection and radiation phenomena occur in the process, if the dimen-
sionless technique is applied to Equations (6) and (7), and knowing that dQ = ρ cps Lg dT,

D = k
ρ cp

and the approximation dQ
dt = εσ

(
Tsplat

4 − Tenv
4
)

dS ≈ 4εσTenv
3
(

Tsplat − Tenv

)
dS,

two coefficients appear for each equation that are grouped into the monomials π3 and π4.

Dh
Lgk

1
τ

D4ε·σ·Tenv
3

Lgk
1
τ

(15)

π3 =
Dhτ

Lgk
π4 =

D4ε·σ·Tenv
3τ

Lgk
(16)

Because the unknown τ appears in all three monomials, and it is interesting that it is
found in only one of them, two new monomials without this unknown can be obtained by
simple mathematical operations between the monomials.

π5 =
hLg

k
π6 =

4ε·σ·Tenv
3Lg

k
(17)

It should be noted that the monomial π1 is the well-known Fourier number, and π5 is
the Nusselt number, Nu [52]. Similarly, π6 is a dimensionless number similar to the Nusselt
number, but which relates radiation and conduction phenomena.

Finally, the time in which the stationary state is reached, unknown τ, can be obtained
by applying the π-theorem, π1 = Ψ (π2, π5, π6).

τ =
Lg2

D
Ψ

(
Lg2

H2 ,
hLg

k
,

4ε·σ·Tenv
3Lg

k

)
(18)

where Ψ is an unknown function.
On the other hand, this technique must also be applied to Stefan’s equation, which

indicates the position at which solidification is occurring. Obviously, the time in which the
solidification process takes place is different from that of the cooling process. Moreover,
the solidification time influences the cooling time because before the end of this process,
solidification has to take place. In this way, a new characteristic time must be introduced,
which, in this case, is associated with the solidification process. Thus, the dimensionless
variables for this process are the following:

T′ =
T− Ti

TM − Ti
x′ =

x
Lg

z′ =
z
H

t′s =
t
τs

(19)

where TM is melting temperature, Ti is the initial temperature and τs is the time in
which solidification has finished. By introducing the above dimensionless variables into
Equation (4), its dimensionless form can be obtained.
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[
ks(TM − Ti)

Lg

]
· ∂T′

∂x′
+

[
ks(TM − Ti)

H

]
· ∂T′

∂z′
−
[

kl(TM − Ti)

Lg

]
· ∂T′

∂x′
−
[

kl(TM − Ti)

H

]
· ∂T′

∂z′
=

[
ρ · L · Lg

τs

]
· ∂x′

∂t′
+

[
ρ · l ·H

τs

]
· ∂z′

∂t′
(20)

The equation provides six coefficients from which two monomials emerge, instead
of five, because three of them are a combination of the other two. The first relates the
change in thermal conductivity from liquid to solid and the geometrical relationship, and
the second relates the solidification time to the geometrical variables of the problem and
the material properties.

ks(TM − Ti)

Lg
ks(TM − Ti)

H
kl(TM − Ti)

Lg
kl(TM − Ti)

H
ρ·L·Lg

τs

ρ·L·H
τs

(21)

π7 =
ks

kl

Lg
H

π8 =
kl(TM − Ti)τs

ρ·L·Lg2 (22)

Finally, the time in which solidification has finished, unknown τs, can be obtained by
applying the π-theorem, π8 = Ψ′ (π7).

τs =
ρ · L · Lg2

kl(TM − Ti)
Ψ′
(

ks

kl

Lg
H

)
(23)

Note that this expression includes Stefan’s number, Ste =
cp∆T

L [53,54]. Consequently,
Equation (23) can be rewritten as:

τs =
Lg2

DlsTe
Ψ′
(

ks

kl

Lg
H

)
(24)

Finally, as a conclusion, the influence of this solidification time on the final time of
the process should be highlighted. Furthermore, it must be taken into account that the
properties of materials vary with temperature, and the expression that defines them must
be included in the monomials that have been obtained.

As previously stated, the nondimensionalization technique applied in this work is
used to establish the behavior of the variables by grouping them into monomials and to
be able to later interpret the results obtained from the simulation. Therefore, an in-depth
study of the monomials and relations obtained in this work and the possibility of obtaining
universal solutions remains for future work.

6. Material Properties

The material that solidified was a splat of Ni5Al on an AISI 1045 steel substrate. The
properties of the materials and starting parameters are shown in Tables 1–6 [55].

Table 1. Ni5Al properties.

Solid Density
(kg/m3)

Liquid Density
(kg/m3)

Melting
Temperature (◦C)

Latent Heat
(J/kg) Emissivity Heat Transfer

Coefficient (W/m2K)
Initial

Temperature (◦C)

8700 6853 1454 293,000 0.2 100 2000

Table 2. Specific heat of Ni5Al as a function of temperature.

T (◦C) 0 200 400 600 800 1000
Cp (J/kg·K) 220 129.03 132.43 135.84 139.25 142.66

T (◦C) 1200 1400 1454 1500 3000
Cp (J/kg·K) 146.06 149.47 156.75 156.75 156.75
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Table 3. Thermal conductivity of Ni5Al as a function of temperature.

T (◦C) 0 200 400 600 800 1000
k (W/m2) 70 70 70 70 70 70

T (◦C) 1200 1400 1454 1500 3000
k (W/m2) 70 70 60 60 60

Table 4. AISI 1045 steel properties.

Solid Density (kg/m3) Emissivity Heat Transfer
Coefficient (W/m2K)

Initial Temperature
(◦C)

7870 0.3 100 27

Table 5. Specific heat of AISI 1045 steel as a function of temperature.

T (◦C) 0 200 400 600 800 1000
Cp (J/kg·K) 510 600 725 900 562 600

T (◦C) 1200 1400 1454 1500 3000
Cp (J/kg·K) 618 637 637 637 637

Table 6. Thermal conductivity of AISI 1045 steel as a function of temperature.

T (◦C) 0 200 400 600 800 1000
k (W/m2) 45 41 36 32 27 23

T (◦C) 1200 1400 1454 1500 3000
k (W/m2) 18 13 13 13 13

In addition, the specific heat and thermal conductivity have different values depending
on the temperature, as shown in Tables 2 and 3.

In addition, the specific heat and thermal conductivity have different values depending
on the temperature, as shown in Tables 5 and 6.

7. Results

After implementing the network model corresponding to the equations in Section 3,
the results of the simulations are shown.

Figure 9 shows the temperature distribution at 7.3447 µs where three zones can be
identified. In the first, the blue zone, solidification has already occurred, and it was the first
to solidify. As can be seen, horizontal bars are formed that maintain the splat integrity. Next,
in the second zone, mainly orange, columns are being formed that maintain the previous
bars and therefore the splat structure. Finally, in the last zone, which is yellow in color,
solidification is taking place. This is corroborated by Figure 10, which shows the cooling
rate of the splat. As can be seen, the white areas have zero velocity, i.e., they neither cool
down nor heat up, as the temperature remains constant during the solidification process.

As previously shown in the mathematical analysis of the process by nondimension-
alization, the cooling of the splat depends on four dimensionless numbers, the Fourier
number, the Nusselt number, one that involves radiation phenomena (similar to the Nus-
selt number, but with radiation instead of convection phenomenon), and the geometric
relationship between the height and width of the splat. The formation of the horizontal
bars is due to the fact that the conduction phenomenon (Forurier number) predominates
over the radiation and convection phenomena (Nusselt number and radiation monomial)
on the vertical axis, together with the horizontal radiation and convection form the afore-
mentioned horizontal bars. This behavior is also justified by the monomial that relates
the geometry of the problem, because the width, Lg, is approximately 33 times the height,
H. Next, the formation of the columns is due to cooling by conduction, convection and
radiation on the vertical axis, with conduction again predominating, because the columns
begin to form from the substrate. As already mentioned, the fact that the horizontal bars are
formed before the vertical ones is also due to the dimensionless geometric number because
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the length is much greater than the height. This explains that because the bars and columns
are formed first, there are areas that are the last to solidify (yellow areas). On the other
hand, expression 24, which is related to the solidification process, corroborates the results
and the analysis carried out because through geometric factors and changes in thermal
conductivity, it favors the formation of columns through the cooling process by conduction,
radiation and convection. Thus, this process can be clearly illustrated in Figures 11 and 12.
At 7.2332 µs, the bars that will support the structure have formed and the rest of the splat is
in the process of solidification (yellow zone). A total of 5 ns later, the formation of columns
begins (7.2382 µs) to be completely formed at 7.3447 µs (Figure 9). Finally, Figure 13 shows
the evolution of the temperature at different points of the central axis in the y-coordinate of
the splat, where it can be observed how the solidification process occurs practically simulta-
neously in this axis because it corresponds to the formation of a horizontal bar. It should be
noted that after solidification, a rapid cooling of the cell occurs due to the release of energy
and the change in the properties of the material. Afterwards, it suffers a temperature rise
due to the release of energy in adjacent cells after completing its solidification process. As
shown in Figure 13, this phenomenon is more pronounced the deeper the position of the
cell as it will receive the energy released from a larger number of cells.
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8. Conclusions

In this work, a network model has been presented for the simulation of the cooling
and solidification process of an irregularly shaped splat. Furthermore, the study of the
solutions obtained has been carried out using the nondimensionalization technique, which
has made it possible to justify the results obtained by simulation, by grouping the variables
that influence the process.

In this way, the model allows simulation of the cooling and solidification of the splat
of different materials, facilitating the study of the factors that can influence the final shape
of the splat. However, due to the meshing used and the phenomena that occur, which are
implemented in the mathematical model, the time required to carry out the simulation
is long.

This study shows that the process initially forms horizontal bars to maintain the splat
structure, and then columns are formed to support them. Finally, the solidification of the
gaps between the bars and the columns takes place. This behavior has been explained by
grouping the variables into monomials, the main factors affecting it being the relationship
between height and length and the relationship between the three phenomena that produce
cooling, conduction, convection and radiation. Thus, the formation of the horizontal bars
is due to the fact that the conduction phenomenon (Fourier number) predominates over
the radiation and convection phenomena (Nusselt number and radiation monomial) on
the vertical axis, together with the horizontal radiation and convection which form the
aforementioned horizontal bars. This phenomenon is also related to the geometric relation
of the problem, because the width is approximately 33 times the height. As mentioned, the
columns are then formed where all the phenomena of heat transfer are involved, especially
conduction through the substrate. Together, the horizontal bars and the columns maintain
the structure of the splat until the solidification process is finished.

Finally, the study carried out using the nondimensionalization technique has been
very interesting, because it has allowed us to differentiate two characteristic times, one
for cooling and the other for solidification, the second influencing the first. In addition,
from its application, dimensionless numbers that are already known as Nusselt, Fourier
or Stefan have appeared, or the formation of groupings that relate the square of the
geometric dimensions of the problem, among others, highlighting a monomial that relates
the phenomenon of radiation and conduction, and is equivalent to the Nusselt number
with the phenomenon of convection, and another that relates the solidification time to
the Stefan number. Therefore, it will be interesting for future work to further investigate
the monomials obtained, as well as the possibility of obtaining universal solutions for
the problem.
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