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Abstract: Characteristic dynamics in lava flows, such as the formation processes of lava levees,
toe-like tips, and overlapped structures, were reproduced successfully through numerical simulation
using the smoothed particle hydrodynamics (SPH) method. Since these specific phenomena have a
great influence on the flow direction of lava flows, it is indispensable to elucidate them for accurate
predictions of areas where lava strikes. At the first step of this study, lava was expressed using a
molten metal with known physical properties. The computational results showed that levees and
toe-like tips formed at the fringe of the molten metal flowing down on a slope, which appeared for
actual lava flows as well. The dynamics of an overlapped structure formation were also simulated
successfully; therein, molten metal flowed down, solidified, and changed the surface shape of the
slope, and the second molten metal flowed over the changed surface shape. It was concluded that the
computational model developed in this study using the SPH method is applicable for simulating and
clarifying lava flow phenomena.

Keywords: lava flow; lava levee; accretion; solid–liquid phase change; smoothed particle
hydrodynamics method; particle method

1. Introduction

Volcanic eruptions accompanied by lava flows often occur in various volcanos and
have caused extensive damage to the areas where the lava flowed. Volcanic eruptions in
Iceland in 2023–2024 caused damage to a nearby town because of a lava flow. In order
to mitigate damage by lava flows, it is necessary to accurately predict areas where the
lava flows by taking measures such as city planning and creating hazard maps based on
these predictions. Elucidating the characteristics of lava and specific lava flow phenomena,
and considering them in predictions, are essential steps for more accurate predictions.
Therefore, a lot of studies have been conducted [1–13].

These previous studies include field studies, experimental studies using wax, which is
similar to lava in terms of crust formation due to surface cooling and solidification [1,2],
and numerical simulations. Field studies are hazardous, and opportunities for them are
limited because volcanic eruptions with lava flows are infrequent phenomena. Further-
more, it is difficult to clarify the behaviors of a convective flow and heat transfer with
solidification in and on the surface of lava through such field and experimental studies
because those of actual lava flows are hard to observe and measure directly and are affected
by various factors interacting with each other. Therefore, numerical simulation is effective
in reproducing and elucidating lava flow phenomena.

Some characteristic phenomena are observed in a lava flow. The lava changes from a
Newtonian fluid to a more complex fluid due to suspended crystals and gas bubbles [3].
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Moreover, a toe-like shape and a lava levee are formed. Hon et al. photographed the tip
shape of solidified lava at Mt. Kilauea (See Figure 2c in Ref. [4]). In this photograph, a
toe-like structure had formed at the tip of the lava. The lava was overlapped because new
lava flowed on the solidified lava. It is known that solidified lava causes the accretion of
the topography and affects the flow direction of following lava flows.

The lava levee is a levee-like structure. The outside and bottom of a lava flow are easily
cooled and solidified. On the other hand, the inside lava flows without solidifying for a
relatively long distance due to its low cooling rate. Because of differences in the cooling
rate, a levee-like topography is formed. Figure 1 shows a schematic of a cross-section of a
lava levee. The formation process of lava levees has a great influence on the flow direction
of lava flows. Therefore, clarification of the formation process will improve the accuracy of
predicting areas where lava flows.
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The complex viscosity, the solidification of lava, and the deformation of the solid–
liquid interfaces make numerical simulations difficult. Some previous studies [14–17]
proposed methods to simulate the behavior of non-Newtonian fluids. Some previous
studies [5–7] took a simplified approach to the solidification of lava and the deformation
of the solid–liquid interfaces. For example, Tsepelev et al. [6] represented crust forma-
tion and fracture at the lava surface by introducing rafts directly onto the fluid without
considering heat transports. Mesh-based computational methods such as finite volume
and finite element methods have the disadvantage of requiring remeshing because of the
deformation of the solid–liquid interfaces and lava flow itself [6,8]. Therefore, a smoothed
particle hydrodynamics (SPH) method, which is one of the mesh-free methods, is useful
for reproducing these phenomena. Previous studies [18–22] have attempted to apply an
SPH method to non-Newtonian fluids. Lava flow simulations that take into account non-
Newtonian behavior and viscous changes have also been conducted [9–13]. On the other
hand, only a few reports have considered heat transport and solid–liquid phase changes in
lava flow phenomena.

Lan et al. [23] proposed an SPH method that considers solid–liquid phase changes to
simulate the spreading and solidification of nuclear reactor core melting. In this study, the
formation of crust at the surface of the flow was reproduced. However, the levee-like shape
and accretion were not observed. Zago et al. [10–12] conducted simulations considering
heat transport and solid–liquid phase changes for lava flow phenomena. However, their
simulation did not reproduce the lava levees or accretion. Hérault et al. [13] simulated
a lava flow on the topography of Mt. Etna considering heat transport and solid–liquid
phase changes. They succeeded in reproducing the lava levees formed on the sides of the
lava flow. However, the discussion on its shape and elucidation of its formation process
were not enough. They mentioned the representation of accretion. However, its actual
reproduction in the simulation was not mentioned, and its influence on the following flow
was not discussed.

Therefore, the eventual goal of this study was to simulate and clarify specific lava flow
phenomena such as lava levees and lava overlapping in order to improve the prediction
accuracy of inflow areas. As the first step, this study aimed to verify the feasibility of
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simulating lava flows with solidification. For simplicity, lava flows on a tilted surface were
modeled with molten metal, with physical properties that are easily obtained, and treated
as Newtonian fluid with constant viscosity.

2. Computational Method
2.1. Governing Equations

In this study, the computational object is the flow of molten metal and its solidification.
The governing equations for molten metal are as follows. The continuity equation for a
flow with constant density is expressed as

∇·⇀u = 0, (1)

where
⇀
u is the velocity. The Lagrange form of the Navier–Stokes equation for describing

the motion of a flow with constant density and viscosity is given by

D
⇀
u

Dt
= −1

ρ
∇p +

µ

ρ
∇2⇀u +

⇀
F
ρ

, (2)

where t is the time, ρ is the density, p is the pressure, µ is the constant viscosity, and
⇀
F is the

external force, which includes buoyancy force and surface tension force with temperature
dependence. The lava changes from Newtonian fluid to a more complex fluid due to
suspended crystals and gas bubbles [3]. However, a previous study [24] indicated that
melted silicate can be treated as a Newtonian fluid under a wide range of phenomena.
Moreover, another study [25] showed that melted silicate can be treated as Newtonian
fluids when the crystal fraction in the melted silicate is low. This study focused on lava
levees and accretion due to heat transport and solid–liquid phase changes in lava, which
were not sufficiently discussed in previous studies. Therefore, the lava was simplified as a
Newtonian fluid with constant viscosity for a more low-cost model.

The energy transport equation for the temperature change in a fluid is written as

DT
Dt

=
1

ρC
∇·(κ∇T) +

Q
ρC

, (3)

where T is the temperature, C is the specific heat, κ is the temperature-dependent thermal
conductivity, and Q is the heat generation rate, which involves the heat flux to the ambient
gas, radiation on the surface, and heat input for generating molten metal.

2.2. Discretization of Governing Equations in SPH Method

In the SPH method, the physical quantity ϕ defined on particle a located at
⇀
r a(x, y, z)

is described using the following equation, considering the effect of the neighbor particles
b [26]:

ϕ
(
⇀
r =

⇀
r a)

= ∑
b

mb
ϕb
ρb

Wab, (4)

where m is the mass, and W is the kernel function that expresses the spread of the physical
quantity of a particle. This function is determined using the particle diameter h and the
distance between particles a and b,

∣∣∣⇀r ab

∣∣∣ = ∣∣∣⇀r a −
⇀
r b

∣∣∣. In this study, the M4 spline function
for a three-dimensional space was used as the kernel function [26].

In the SPH method used in this study, there is no need to explicitly treat the continuity
equation because the mass of particles is constant and the number of particles in the
computational domain is conserved. Therefore, the Navier–Stokes equation and the energy
transport equation are solved.
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2.2.1. Discretization of Navier–Stokes Equation

In discretizing Equation (2) using the SPH method, the following equation is obtained:

D
⇀
u a

Dt
= −∑

b
mb

(
pa

ρ2
a
+

pb

ρ2
b

)
∇Wab +

2δ

λanaρa
µ∑

b

(
⇀
u b −

⇀
u a

)
Wab +

⇀
F a

ρa
, (5)

where δ is the number of dimensions of the computational domain, λ is the parameter in
the moving particle semi-implicit (MPS) method, and n is the number density. The first
term on the right-hand side in Equation (5) is the pressure gradient term. It is discretized to
satisfy the action–reaction law. In this simulation, this term is replaced by the algorithm of
incompressibility described in Section 2.2.2. The second term on the right-hand side is the
viscosity term. It is discretized using the Laplacian model of the MPS method [27]. The
third term on the right-hand side is the external force term, which includes buoyancy force
and surface tension force with temperature dependence. The surface tension force acting
on the interface can be divided into a normal component, which appears as the Laplace
pressure, and a tangential component, which appears as the Marangoni effect due to the

surface tension gradient. Therefore, external force
⇀
F a is expressed as

⇀
F a =

⇀
F

L

a +
⇀
F

M

a +
⇀
F

B

a , (6)

where
⇀
F

L

a is the normal surface tension force,
⇀
F

M

a is the tangential surface tension force,

and
⇀
F

B

a is the buoyancy force.
The normal surface tension force is modeled as an inter-particle attraction and formu-

lated as follows [28]:
⇀
F

L

a =
1.2γh

Va
∑
b ̸=a

⇀
f

attract

ab , (7)

where γ is the surface tension coefficient, and V is the volume of the computational particle.
⇀
f

attract

ab is the following weight function obtained using the distance
∣∣∣⇀r ab

∣∣∣:
⇀
f

attract

ab

(∣∣∣⇀r ab

∣∣∣, h
)
=



∣∣∣⇀r ab

∣∣∣
h

(
0 ≤

∣∣∣⇀r ab

∣∣∣ < h
)

2 −
∣∣∣⇀r ab

∣∣∣
h

(
h ≤

∣∣∣⇀r ab

∣∣∣ < 2h
)

0
(

2h ≤
∣∣∣⇀r ab

∣∣∣)
. (8)

In this model, Ito et al. [28] confirmed that when the surface tension coefficient is set
to a function of temperature, the inter-particle stress becomes unbalanced, which finally
causes a reduction in computational accuracy. Therefore, the surface tension coefficient
was set to be constant without considering the temperature dependence to avoid reducing
the computational accuracy.

On the other hand, in modeling a tangential surface tension, the temperature de-
pendence of the surface tension is taken into account because the force is caused by the
temperature gradient in the surface tension. It is expressed as

⇀
F

M

a =
∂γ

∂T

Sa

[(
⇀
η a ×∇Ta

)
×⇀

η a

]
Va

, (9)

where S is the cross-sectional area through the center of the computational particle, and
⇀
η

is the unit vector normal to the interface.
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The buoyancy force is formulated using the Boussinesq approximation as follows:

⇀
F

B

a = (Ta − T0)βρa
⇀
g , (10)

where T0 is the reference temperature, β is the coefficient of thermal expansion, and
⇀
g is

the gravitational acceleration.

2.2.2. Algorithm of Incompressibility

In the calculation process of SPH methods, the density field becomes non-uniform
instantaneously with the movement of each particle due to its inertia, viscosity, and external
force terms. For treating flows with constant density, the algorithm of incompressibility
proposed by Shigeta et al. [29] is adopted. This algorithm adjusts the particle positions
based on the pressure gradient due to the density gradient until the density field becomes
approximately uniform in the virtual time step. This process is described as follows:

⇀
r a(t + ∆t) =

⇀
r a(t) +

⇀
u
∗
a(t)∆t − c2

2

N
∑

i=1
∑

b ̸=a
mb

(
ρa,i−ρ0

ρ2
a,i

+
ρb,i−ρ0

ρ2
b,i

)
∇Wab,i∆t′i

2, (11)

where ∆t is the time step width,
⇀
u
∗

is the velocity calculated using the inertia force obtained
at last time step, c is the speed of sound, i is the number of iterations, N is the maximum
number of iterations, ρ0 is the reference density, and ∆t′i is a fractional time step suitable
for the adjusting in the virtual time step. In repeating the calculation of Equation (11), the
density gradient in the field gradually becomes flatter, and the overall density approaches
asymptotically to a constant value. This algorithm works as the acceleration on particles
caused by the pressure gradient instead of calculating the first term of the right-hand side
in Equation (5). In this calculation, the reference density ρ0 was given a value of 0.975 times
the density of the properties, and the maximum number of iterations was set to N = 5,
following the previous study [28].

2.2.3. Discretization of Energy Transport Equation

In discretizing Equation (3) using the SPH method, the following equation is obtained:

DTa

Dt
=

2δ

λanaρaCa
∑
b

κa + κb
2

(Tb − Ta)Wab +
Qa

ρaCa
, (12)

where the first term on the right-hand side is the heat conduction term, which is discretized
using the Laplacian model of the MPS method [27]. The second term on the right-hand
side is the heat source term. Qa is the heat generation rate, which involves the heat flux
to the ambient gas Qf

a, radiation on the surface Qe
a, and heat input for generating molten

metal Qi
a. It is expressed as

Qa = Qf
a + Qe

a + Qi
a. (13)

These effects are assigned only to surface particles. To determine the surface particles,
the method by Ito et al. [30] was used. In their method, the distance between a particle and
weight center is calculated as follows:

∆
⇀
r

wc
a =

∑b
⇀
r bWab

∑b Wab
−⇀

r a. (14)

The values of ∆
⇀
r

wc
a tend to be larger near the surface because the ambient gas is not

represented by computational particles. In this simulation, particles that satisfy
∣∣∣∆⇀

r
wc
a

∣∣∣ >
0.1h are treated as surface particles.
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The heat flux to the ambient gas is formulated as follows [31]:

Qf
a =

Sa

Va

κGASκa(TGAS − Ta)

κGASdz + κadz′
, (15)

where dz is the radius of a computational particle, and dz′ is a small distance from the
surface to a gas phase. The subscript GAS denotes that it is a physical quantity of ambient
gas. This equation can be obtained when the heat fluxes from the particle center to the
particle surface and from the particle surface to the gas phase are assumed to be equal,
which are formulated as a simultaneous equation.

The heat loss due to radiation is expressed by Stefan–Boltzmann’s law as follows:

Qe
a = − Sa

Va
εα
(

T4
a − 3004

)
, (16)

where ε is the emissivity, and α is the Stefan–Boltzmann constant.
The heat input for generating molten metal Qi

a is expressed through ion recombination
under an arc plasma condition [31], which is useful for developing an experimental system
using arc plasma in a future work.

In this simulation, the phase change in the particles due to the temperature change
is represented while considering the latent heat. When a liquid particle releases thermal
energy and the particle temperature reaches the solidification point, temperature decreasing
stops temporarily. During this time, the latent heat energy is released, and when the energy
loss reaches half of the latent heat, the phase of the particle changes to solid. When the
latent heat energy is completely released, temperature decreasing resumes. When the phase
of a solid particle changes to liquid due to obtaining thermal energy, the process is the
reverse of the above.

2.3. Computational Conditions

Figure 2 shows the computational domain. A stainless steel SUS304 flat plate with
dimensions of 40.0 mm (x) × 37.5 mm (y) × 5.0 mm (z) is placed on the xy-plane, and the
angle between the x-axis and the gravitational direction is set to 30◦. The center of the heat
source used to generate the molten metal was set to (x, y, z) = (5.0 mm, 18.75 mm, 5.0 mm).
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A molten metal (SUS304) with a volume Vm = 2.375 mm3 and specific enthalpy
hm = 1.93 × 103 kJ/kg was provided at a period of 10 ms in order to model lava outflow.

In this simulation, the supply of lava was modeled using the melting of a flat plate and
the provision of molten metal. The supply of lava was modeled by melting the base metal
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and electrode, because the use of arc plasma in an experimental system is being developed
for future research.

For developing the experimental system, the gas-phase temperature under arc plasma
conditions was used in the present calculation of the heat flux to or from the gas phase.
Figure 3 shows the two-dimensional axisymmetric temperature distribution of gas at
z = 5.1 mm. It was simulated through the heat source model developed in a previous
study [32]. The horizontal axis r is the distance between the center of the heat source and
the position of the particle when projected onto the xy-plane.
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Figure 3. The temperature distribution of gas at z = 5.1 mm [32].

Figure 4 shows the heat input distribution for generating molten metal, which is
expressed as ion recombination under plasma conditions [31].
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nation under arc plasma conditions [31].

Table 1 shows the physical properties of SUS304, which was assumed as the material
of the flat plate in this simulation. The values of density, thermal conductivity, specific heat,
and temperature gradient in the surface tension coefficient were measured by previous
studies [33,34]. For other physical properties, the values used in previous studies [31,35,36]
that used SUS304 as the base metal were set.
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Table 1. Physical properties of SUS304.

Property Parameter

Density 7850 kg·m−3

Melting point 1750 K
Viscosity 4.0 × 10−3 Pa·s

Thermal conductivity 30.0∼73.0 W·m−1·K−1

Specific heat 0.44∼1.04 kJ·kg−1·K−1

Latent heat 270 kJ·kg−1

Emissivity 0.1
Thermal expansion 5.54 × 10−5 K−1

Surface tension 1.0 N·m−1

Temperature gradient in surface tension −1.0 × 10−4 N·m−1·K−1

Table 2 shows the parameters used in this simulation. For the thermal conductivity
of the ambient gas, the temperature dependence was considered. It was determined to be
between 30.0 and 89.5 W·m−1·K−1 according to the temperature distribution of the gas
phase shown in Figure 3.

Table 2. Computational conditions.

Property Parameter

Diameter of computational particle 5.0 × 10−4 m
Time step width 1.0 × 10−4 s

Gravitational acceleration 9.8 m·s−2

Thermal conductivity of the gas 30.0∼89.5 W·m−1·K−1

3. Results and Discussion
3.1. Molten Metal Behavior on Tilted Surface

Figure 5 shows snapshots of a bird’s-eye view of the simulation results. In Figure 5,
gray, red, and black particles indicate the base metal, the molten metal, and the resolidified
molten metal, respectively.

As shown in Figure 5a, the base metal surface begins to melt because it receives
sufficient heat energy from the heat source. The molten metal flows slowly in the x-direction
under gravity, and a molten pool is formed (Figure 5b). The molten metal accumulates due
to being dammed up in the x-direction while spreading in the y-direction (Figure 5c). After
t = 5.74 s, as shown in Figure 5d, the accumulated molten metal overflows greatly in the
x-direction. The outer edge of the flow is solidified, and a levee-like structure is formed, as
shown in part A in Figure 5d. Moreover, the tip of the flow becomes rounded, which is
a toe-like shape, as shown in part B in this figure. At t = 7.08 s, the flowed molten metal
is cooled and solidified entirely, as shown in Figure 5e. The solidified tip is rounded and
raised up.

Thereafter, the volume of the molten pool increases again through a continuous
supply of molten metal (Figure 5f). At t = 9.55 s, when the volume of the molten pool
increases sufficiently, the molten metal begins to flow in the x-direction as shown in part
C in Figure 5g. However, this overflow is held back, and the volume of the molten pool
increases because the edges of the flow are quickly cooled and solidified at the solid–liquid
interfaces (Figure 5h). After the molten metal accumulates sufficiently again, the molten
metal overflows greatly in the x-direction again, as shown in Figure 5i. The molten metal
flows on the resolidified metal, which flowed down first. At t = 10.99 s, the second molten
metal flow is cooled and solidified entirely, as shown in Figure 5j.
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3.2. Discussion of the Formation Process of Structures Unique to Lava Flow 
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Figure 5. Flow and solidification processes of molten metal with time evolution: (a) at t = 0.80 s;
(b) at t = 2.45 s; (c) at t = 5.70 s; (d) at t = 5.97 s; (e) at t = 7.08 s; (f) at t = 9.49 s; (g) at t = 9.55 s;
(h) at t = 9.73 s; (i) at t = 10.01 s; (j) at t = 10.99 s.

3.2. Discussion of the Formation Process of Structures Unique to Lava Flow
3.2.1. Levee-like Structure

Figure 6a shows the velocity in x-direction ux, and Figure 6b, temperature distribu-
tions at t = 5.97 s during the first flow. Figure 7a shows the velocity ux, and Figure 7b,
temperature distributions at t = 10.01 s during the second flow. In the temperature distri-
butions, gray particles indicate that their temperature is lower than the solidification point.
As shown in Figures 6 and 7, the outer edges are solidified and stationary because their
temperatures become lower than the solidification point. On the other hand, the inside
flows as a liquid phase because its temperature is still higher than the solidification point.
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Figure 7. Molten metal flow at t = 10.01 s: (a) x-directional velocity distribution; (b) temperature
distribution.

Figure 8 shows cross-sections at x = 18.0 mm and at t = 5.97 s. Only the particles
located in 18.0 mm ≤ x ≤ 20.0 mm are visualized. As shown in Figure 8a–c, the edges and
bottom of the flow are cooled, solidified, and stationary. On the other hand, the top is still
hot and flows. The solidified regions at the sides increase more in the z-direction than on
the inside. Therefore, the levee-like structure is formed. This is a similar structure to that
shown in Figure 1.
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Figure 8. Cross-sections at x = 18.0 mm and t = 5.97 s: (a) phase of particles; (b) x-directional
velocity distribution; (c) temperature distribution.

Figure 9 shows cross-sections at x = 20.0 mm and at t = 10.01 s. Only the particles
located in 20.0 mm ≤ x ≤ 22.0 mm are visualized. Line D–E traces the shape of the
base metal and the resolidified metal, which flowed first. This line is used to distinguish
the second flow from the first flow. The second molten metal flows on the base metal
and the resolidified area of the first flow. During the second flow, the low-temperature
solidified area increases from the solid–liquid interfaces indicated by the line D–E, as
shown in Figure 9a–c. On the other hand, the molten metal away from the interfaces flows
because its temperature is still higher than the solidification point. Therefore, the simulation
considering the topographical change in the surface due to the solidification of the molten
metal was successful.
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Therefore, the present method is applicable to simulating lava levees and the accretion
of the topography affecting the flow direction.

3.2.2. Shape of Tip

The tip shape of the flowing molten metal was rounded in this simulation, as shown
in Figure 5d. This result was compared with that of an actual lava flow. Schott [37]
photographed the tip shape of a lava flow at Mt. Kilauea. The tip shape in this simulation
was similar to the toe-like shape of the actual lava tip. The solidified tip shape becomes
rounded and raised up in this simulation, as shown in Figure 5e. This was similar to the
shape observed at the solidified tip of the lava photographed by Hon et al. at Mt. Kilauea
(See Figure 2c in Ref. [4]). The solidification areas overlap in this simulation, as shown in
Figure 5j. This was also similar to the overlapping of solidified lava as shown in the photo
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by Hon et al. Therefore, the tendencies of the shape observed in this simulation show good
agreement with the actual lava.

4. Conclusions

The eventual goal of this study was to simulate and clarify specific lava flow phenom-
ena such as lava levees and lava overlapping in order to improve the prediction accuracy
of inflow areas. As the first step, this study aimed to verify the feasibility of simulating
lava flows with solidification. For simplicity, the lava was modeled with molten metal,
with physical properties that were easily obtained, and treated as Newtonian fluid with
constant viscosity, and it flowed down on a tilted surface. The conclusions of this study are
summarized as follows:

1. The levee-like shape was formed during the molten metal flowing down in this
simulation. The outer edge of the flow was solidified and stationary due to its high
cooling rate. On the other hand, the inside flowed as a liquid phase due to its low
cooling rate. These flows resulted in formations that were qualitatively similar to the
formations of lava levees in actual lava;

2. The tip of the flow became rounded in this simulation. It was similar to the toe-like
shape at the tip of lava. The tip became rounded and raised up after solidification.
This was similar to the solidified tip of lava. It was also successfully simulated that
molten metal flows on a surface that changes topographically due to the solidification
of the molten metal.

As stated above, the computational model developed in this study using the SPH
method is applicable to simulating lava levees, the influence of accretion, and the flow
at the tip of lava. This study conducted only qualitative comparisons of the phenomena
in this simulation with those in actual lava. However, the computational scheme used in
this study has already made some achievements in simulating molten metal flow under
welding conditions. For example, a previous study [31] simulated bead formation under
arc welding, which is a similar phenomenon to the subject of this study. In the study, the
simulation results were compared with experimental results. Quantitative agreement was
obtained for bead shape and size. This indicates that our scheme is sufficiently reliable.
In order to realize more accurate predictions, it will be necessary to conduct quantitative
comparisons. To solve this problem, an experimental system is being constructed. This
computational model is simpler than the model of Hérault et al. [13] and can be used to
design the experimental system on a lab scale, which will be useful for future quantitative
evaluations. In the system, lava flows will be modeled using molten metal flows during
an arc welding process. It will be different from previous experiments in that it will allow
the consideration of oxidation on the surface of lava. Moreover, lava was treated as a
Newtonian fluid for a simplified model in this study. As discussed in Section 1, previous
studies [13,18–22] have applied the SPH method to non-Newtonian fluids. In future work,
it is also necessary to consider the non-Newtonian behavior of lava.
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