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1

Introduction

In a conventional method of defining an interface via the level set, an analytic function is required to
initialize the material boundary [1]. It is often the case that a realistic material interface is never circular or
rectangular, rather it is complex and three-dimensional in its shape. Thus defining and initializing such
material interface as a zero level-set has been a great challenge for multi-material hydrodynamic simulation.
In this paper, we present a novel interface initialization algorithm for defining a zero level-set for
constructing any complex 3D geometry that utilizes STL (Stereolithography) file format [2]. The algorithm
is tested in the deflagration spreading problem associated with a complicated plant facility. The gas tank
explosion by leakage of hydrocarbons is simulated as a process of catastrophic failure of gas storage in the
industrial fires.

2 Numerical consideration
2.1 Interfacial algorithm based on the level-set algorithm
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The embedded interface Γ in 3D computation domain is defined as the zero level set of the signed distance
function, . The evolution equation [1] for the level set function (1) is given by

∂φ
+ V i∇ φ = 0
∂t

(1)

where the velocity field, ⃗ is usually given by the external flow. Here, we replace function, ϕ with a new
signed distance function developed on the basis of the STL file format rather than the commonly known
spherical or cylinder equations. The STL format can be extracted as ASCII or Binary in various CAD
programs, and we accessed this algorithm based on ASCII format. Basically, the STL format divides any
modeled shape into triangles, providing the position coordinates for the three vertices of each triangle and
the normal vector outward looking at the triangles. A method of determining interfaces with an interest to
the STL file format has been reported in [3]. However, we have independently utilized the classification
method of Gram-Schmidt Orthogonalization to constrain the triangles on the plane and defining the level
value at the grid point in 3D space within the limited triangular column.

Figure 1. Left: Features of STL format including normal vector information and location of the vertex of a triangle;
Center: the vectors , , , , , created by Gram-Schmidt Orthogonalization process with , , , , , vectors;
Right: A triangular column formed by three planes perpendicular to the plane including the triangle in 3D space

Here n is the total number of triangles in geometry divided by STL format. We specify the vertices and the
surface outward normal vectors of the triangle as , , , , , and
in order as shown in Fig. 1 (left),
and create temporary vectors , , , , , as shown in Fig. 1 (center).
U 2, n ⋅U1, n
v1, n =U 2, n − (
)⋅U1, n
U1, n ⋅U1, n

,

U 3, n ⋅U 2, n
)⋅U 2, n
v2, n =U 3, n − (
U 2, n ⋅U 2, n

U1, n ⋅U 3, n
v3, n =U1, n − (
)⋅U 3, n
,
(2)
U 3, n ⋅U 3, n

Here , , , , , are temporary vectors that are perpendicular to each side of the STL triangle generated
by Gram-Schmidt orthogonalization using Eq. (2). New planes created by vectors , , , , , and
vertices , , , , , surrounding one triangle on the surface of a geometry become a triangular column,
as shown in Fig. 1 (right).
The signed distance function reconstructed from the STL triangular surface replacing in Eq. (1) is defined
by

27th ICDERS – July 28th - August 2nd, 2019 – Beijing, China

2

Kim, H. J.

3D level-set for deflagration spreading in structures

φɶn (Gk ) =

N n , x ∗ Gk , x + N n , y ∗ Gk , y + N n , x + Gk , z + d
N n2, x + N n2, y + N n2, z

Where d = − N n, x * P1,n, x − N n , y * P1,n , y − N n, z * P1,n, z

(3)

φn (Gk ) = min(φɶn (Gk ))

(4)

n

where
is the grid point of the computation domain, and
is the normal vector of the STL triangle. The
Eq. (3) is a signed distance function and the distance can be obtained simultaneously with the creation of a
plane using
with one of the vertex
, where m represents one of the vertex of the triangle. Especially
with respect to the normal vector of a plane, if any grid point
is above the normal direction of the surface,
the result value of Eq. (3) has a positive sign and if it is in the opposite direction, it has a negative sign.
This is because the absolute value symbol from the equation that calculates the distance between the point
and the plane is removed. Through Eq. (3), it is possible to judge whether the grid point is inside or outside
the geometry to be calculated in the level-set technique. As shown in Fig. 2 (left), the distance from one
triangular surface, limited by triangular columns, to the grid point is automatically identified. Since there
may be several surfaces around the grid point, the level-set value is specified using Eq. (4) to obtain the
shortest distance.

Figure 2. Left: the concept of a distance formation between a grid point and a plane viewed from a side; Center: a
case where the grid point is not included in any triangular column of 3D; Right: exceptional case of section view

The reason for the distance to be obtained with these limited triangular columns is that geometry cannot
be constructed in the form of Eq. (4) in complex cases, such as bending tube, pipe and torus structures with
holes. Because if a plane is constructed without the limited triangular column, it becomes an infinite plane.
In this case, the infinite plane passes through the configured geometry and disables the geometry itself, so
the shortest distance and sign of each grid point can not be assigned accurately. Therefore, limiting the STL
triangles in infinite planes is a key concept in a CAD-inspired level-set algorithm.
But there are still exceptional circumstances. In the case of a bended geometry as shown in Fig. 2 (center),
the grid point
is located outside each restricted triangular column boundary, so no proper level is
assigned. Therefore, a second distance function is used to find the shortest distance between the edge and
the grid point
that meets each triangle. The equation is defined as,
ɶ

φˆn (Gk ) =

( P3,n − P1,n ) × ( P1,n − Gk )
P3,n − P1,n

or
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(5)

P2,m − P1,m
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Here, φɶˆn ( G k ) is an equation for obtaining only distance. Eq. (5) summarizes how to find the distance
between the line and the point where the n-th triangle and the m-th triangle are two points in space. As the
characteristics of the STL, the neighboring triangles share two vertices. So it is possible to calculate the
distance by choosing one of the above two expressions. The method of assigning sign to Eq. (6) can be
defined as,

sign =

(Gk − P1,n )i N n
(Gk − P1,n )i N n

or

(Gk − P1, m )i N m
(Gk − P1, m )i N m

(6)

In Eq. (6), one of the three vertices of the STL may be used, so that it is represented by an expression for
is made into a vector using one of the vertices of the triangle. Since the normal
one point. The grid point
direction of the surface always faces outward, only sign is left in the result of dot product of two vectors.
not included in a triangular column like Fig. 2 (Right), we can define a second signed
So, for a grid point
distance function using Eq. (5) and (6) as

ɶ

φˆn (Gk ) = min sign ∗ φˆn (Gk )

(7)

n

As in Eq. (4), since there may be several surfaces around the grid point, the shortest signed distance is
obtained by using Eq. (7). Once this whole process is performed for all triangles in the STL file in turn, all
grid points are given a level value for 3D geometry.

3

Results

3.1 3D- reconstruction and deflagration spreading
We refer to the experimental setting [4] for modeling the 3D-reconstruction. Figure 3 (Left) is the result of
importing Autocad file directly into a 3D level-set reconstruction. The size of the corresponding tank facility
is 2m x 8m x 2.5m that includes 8 large and small tanks with support joints and metal frames.

Figure 3. Left: 3D-reconstruction free view; Center: Fuel tank showing internal space (in green dash line) viewed
with XZ-plane; Right: Crack formed at tank surface (in red line) viewed in Y-plane

Based on the newly developed algorithm, a zero level-set value is set such that the dinstinction between
inside and outside is naturally considered. As shown in Fig. 3 (Center), the wall thickness of a tank is
modeled as 50 mm. The figure on the right shows a crack of 10 mm in width that is not visible on the outer
wall of the tank. The ethylene-air flame in stoichiometic condition leaks and spreads from a crack opening
and is wached to grow into a large fire.
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Figure 4. Isosurface contour for flame propagation shape according to each time. First and third row: free view;
Second and forth row: section view with XZ-plane

Figure 4 shows the spreading over the entire facility at each time delay. At t = 0.12 ms, it was confirmed
that the flame developed inside the tank started to break through the crack. Thereafter, it can be seen that
deflagration spreads to the entire structure.
3.2 Wall deformation by deflagration spreading
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Figure 5. Top: the structure cutting view with Y-plane. Bottom: Crack width changes with time step

The crack on the wall of the tank was observed as shown in Fig. 5 (Top). The width of the initial crack was
10 mm, and it reached up to 80 mm as the reaction progressed. Over time, it was also confirmed that
deflagration increases the pressure and deforms the columns of the structure in the plant facility.
As a result, the Eulerian based hydrodynamic code is equipped with a CAD-inspired level-set approach that
is reliable for simulating any complex geometry. Various fuels will be tested at wide variety of real plant
scenarios in the future.
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