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Abstract. The porosity parametrization of complex geometry is very common in explosion simulation. This project pro-
poses a novel approach to calculate the mesh porosity (volume and area) based on the Gilbert—Johnson—Keerthi (GJK)
distance algorithm. The GJK algorithm can be used to check the collision between convex objects. This concept is used
in the current work to check the collision between an element of the mesh and an object of the geometrical model. The
approach also concerns the breaking of the element of the mesh recursively to obtain refined values of porosity. This novel
approach has demonstrated that it can handle complex geometries using short computational time. The proposed model
is implemented in an "in house" Euler solver. Analysis of the flow over a bluff body shows consistency with the expected
results.

Keywords: Porosity Distributed Resistance - PDR, Gilbert—Johnson—Keerthi (GJK) distance algorithm, Computational
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1. INTRODUCTION

The Porosity/Distributed Resistance (PDR) model is widely used to assess gas explosion in complex geometries (Bjgrn
H. Hjertager, 1992; Vianna and Cant, 2010; Savill and Solberg, 1994; Forthergill et al., 2003). It is applied to model the
geometry in CFD simulations and thus assess a great level of geometrical details. By using this method, the large-scale
geometry is fully represented and resolved and the small-scale objects are taken together locally and approximated in
terms of their effective porosity and resistance to the flow.

The concept of Porosity Distributed Resistance (PDR) was introduced by Patankar & Spalding to handle multi ob-
stacles flows. Initially, the method was implemented in heat exchanger geometries and it was progressively applied for
complex geometries (Bjgrn H. Hjertager, 1992; Vianna and Cant, 2010).

The main idea of PDR is to consider the small scales objects, which are not solved by the computational mesh, as a
porous media. This medium would offer a resistance to the fluid flow (Savill and Solberg, 1994). This technique allows
the use of a much coarser computational mesh than that required to resolve the fine scales of the geometry, which in turn
permits the use of a less detailed specification of the geometry.

This work presents a method to represent different geometry types and sizes as a porous media in a mesh calculation
to be used in CFD simulations. The method has been implemented in the "in house" code developed by the University of
Campinas. Preliminary results for a cold flow across a cubic geometry are presented.

2. THE PDR METHOD

In the PDR approach, due to the presence of small unresolvable obstacles, only part of each computational cell volume
is available for the flow. It also considers that such objects offer additional resistance to the flow and are responsible for
increasing the production of turbulence. As consequence, the transport governing equations are modified.

Considering a typical control volume shown in Fig. 1, the porosity or volume fraction occupied by the fluid can be
defined as:
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Here, V is the volume of fluid and V; is the volume of solid obstruction. In the same way, the area porosity for each
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of the three directions (x, y and z) can be defined. The porosity area in the x direction, for example, can be expressed as:
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Figure 1: Typical computational cell showing a part occupied by solid objects and the area projected in the faces (Vianna
and Cant, 2010).

The values of volume and area porosities range from 0.0 (when the computational cell is completely blocked) to 1.0
(the computational cell is completely open).

2.1 Modified Transport Equations

The application of the conservation concepts in the control volume shown in Fig.1 leads to the following modified
transport equations for mass (Eq. 3) and momentum (Eq. 4):
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U, is the velocity component in the x; direction; p is the density; p is the pressure; g; is the gravitational acceleration;
0;; is the turbulent flux of momentum and R; is the additional resistance caused by the obstacles (Vianna and Cant, 2010,
2012; Bjgrn H. Hjertager, 1992).

It is important to bear in mind that rather than the additional resistance term in the momentum equation, all terms carry
an aditional 3 variable in the modelling. 3 represents the porosity value. It comes in two ways. The first, 3;, concerns the
area porosity and it is used to correct the flux through the computational cell face. The second, namely 3y, deals with all
quantities in the equation which are per unit volume.

The current PDR approach was implemented in a finite-volume code that uses the PDR concepts to represent the
geometry for reacting flow. At this stage the Euler equation is considered, therefore equation 4 becomes;
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3. METHODOLOGY

The developed approach relies on the Minkowski Addition and Gilbert-Johnson-Keerthi Distance Algorithm concepts
to calculate the porosity values which parameterizes the real 3D geometry.

3.1 Minkowski Addition
Given two sets A, B € R" of position vectors in the euclidean space, the Minkowski addition is formed by adding

every vector in A to every vector in B:

A+B={a+blac A, be B} (6)
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Similarly, the Minkowski difference is formed by subtracting ever vector in B from every vector in A, equation 7.

A-B={a—-blac A be B} (7)

One important property of the Minkowski difference is that if the two sets are colliding, the resulting difference will
contain the zero vector.

3.2 Gilbert-Johnson-Keerthi Distance Algorithm Implementation

The Gilbert-Johnson-Keerthi Distance algorithm (GJK algorithm), (Gilbert and Foo, 1989; Gilbert et al., 1988), is a
method for obtaining the minimum distance between two convex objects based on the concept of the Minkowski differ-
ence. This algorithm can also be used to check the collision between two convex objects.

The main advantages of the GJK algorithm is the stability and speed. The speed is of the order O(n) where n is the
number of points in the Minkowski Difference. For this reason, it is extensively used to check for collision detection in
video games (Ericson, 2004a,b; van den Bergen et al., 1999). The algorithm also relies on a support function that allows
the checking for collisions between any kind of discrete and analytical objects, in any kind of format.

The porosity of a geometry can be obtained using the GJK algorithm to check for a collision between a cell of the
mesh and each solid part of the geometry. This process is described in Figure 2 and it is implemented as follows:

e on step 1 a geometry is imported into a domain.
e on step 2 a mesh is created over the domain.
e on step 3 the GJK technique is used to calculate the porosity of the mesh.

In this approach, every cell fully occupied by a solid has a porosity value of 0.0, while every empty cell has a porosity
value of 1.0. The porosity is directly proportional to the filled space, so if an element of the mesh is half full its value is
0.5.

Step 1 Step 2 Step 3 . Geometry
lr=o0.00
L] [ Jp=025
" B r =050
[ Jp=0.5
e =100
Figure 2: Details of the steps of the porosity generation. Coloured scheme on the right hand side identifies the regions in
the computational cell which have different porosities values.

Each cell is assigned a volume porosity and an area porosity for each of its faces. Using a structured mesh, each cell
will be an hexahedron. For the area porosity, first each solid of the geometry must be "sliced” on the required plane. A
trivial slicing method, described by (Rodrigo M. M. H. Gregori and da Silva, 2014) is used. Using the structured mesh,
the area porosity is calculated on the faces of the hexahedrons.

Because the GJK algorithm can only return true or false for the collision, an recursive division approach is used to
obtain a refined value of the porosity. This technique is shown in Figure 3. For this particular case two cells of the mesh
are shown. On the first step the GJK test shows that the top cell element is not in contact with the solid while the bottom
cell is in contact with the object. Therefore the top cell element is immediately assigned a value of 1 to the porosity. The
cell element that is in contact with the solid (bottom cell) requires refinement of the porosity calculation as previously
discussed. On the next step, the bottom element is divided into k& sub-elements and each sub-element is tested with the
GJK algorithm again. For the example shown in Figure 3, k¥ = 4. On the next step the sub-element that is in contact
with the solid is divided again in k sub-elements and the GJK algorithm is applied once more. For this case, a maximum
of three recursive steps is used. The porosity value is obtained by subtracting each sub-element from the main element
according to its value. If it is not in contact with any solid geometry, the value of the part that is subtracted is zero,
otherwise it is ﬁ, where n is the number of the iteractions.
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P=1.00-0.00=1.00
P=1-1/16=0.9375

initial N=3=N,,.x final

Figure 3: Porosity recursion. The 3 main iterations during the division the computational cells for accurate porosity
calculation

The refined volume porosity is obtained breaking every element of the mesh (cube) into 8 equal elements, while the
refined area porosity is obtained dividing each face of the mesh element (square) into 4 equal elements.

4. RESULTS

The modified GJK algorithm was implemented in a parallel code developed within the context of this work in order to
evaluate the application of the method. Different geometries were considered. A chemical process plant was considered
as an example of a real engineering case.

The performance of the code is also discussed. The tests were conducted using a structured hexaedrical mesh. A value
of Nmaez = 3 was used for both porosities (area and volume porosity). The volume step size for £ = 8 subdivisions is
8% = 0.001953125, the area step size for k = 4 subdivisions 4% = 0.015625. The last part of this section addresses a
cold flow around a squared geometry.

4.1 Validation of the developed code for porosity calculation based on modified GJK algorithm

In order to validate the model and the developed computer program a simple cubic geometry that fits precisely in the
computational cell was considered. The cube was placed at different positions, as shown in Figure 4.

Analysis of Figure 4c shows that the porosity is zero for the case where the cube fits exactly the mesh. For the other
two configuration, shown in Figure fig:val3 (b) and Figure fig:val3 (c), the value of the porosity is calculated in accordance

with the empty space.

(a) Cube: Porosity 0.00  (b) Cube: Porosity 0.25  (c) Cube: Porosity 0.50
Figure 4: Porosity values considering the cube (a) in the centre of the computational cell, (b) at the centre of coincident
lines of 4 cells (cell vertex) and at (c) half way between two cells.

The calculation of the porosity was also investigated in primary geometrical shapes commonly used in engineering de-
sign. Figure 5 shows the volume porosity results (for basic geometrical shapes) obtained by the developed computational
code. Analysis of Figure 5 shows that the code is able to mimic the original geometrical shapes in a proper manner.

porosty I | porosty porosity
 ; : ‘|
Eoos o7 -
05 05 05
- S0z :
0 I o I 0 I

(a) Cube (b) Cylinder (c) Sphere
Figure 5: Various porosity results for different basic shapes obtained by the developed code (values > 0.99 not shown)
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4.2 Performance Analysis

A set of tests was conducted in order to test the speed of the method and code. The tests parameters were:

e number of threads (1, 2, 3, 4, 5, 6)

number of points of the geometry (20, 40, 360)

number of geometries (1, 2, 4, 8, 16)

e mesh size (10x10x10 and 100x100x100).

Figure 6 shows the different number of points considered in the spherical geometry. The sensitivity analysis of the
performance of the code is presented in Table 1 and 2. The number of geometries (1,2,4,8 and 16) is presented in Figure 7

Detailed description of the number of points previously mentioned is present in Figures 6 and 7. The maximum
computing time was £,,4, = 20.120s for the case considering 1 thread, 360 points and 16 objects in the whole geometry.
This particular case considered a mesh size of 106 cells. The extensive list of results is presented in Table 1 and 2. It is
important to note that the time is normalised with the maximum computational time.

It is possible to note that the time does not have a linear relation with the number of threads. This independency is due
to the time required by the process of importing the STL object and writing off the porosity data. This part of the code
was not parallelised yet.

Although the time was expected to increase with the number of points and number of objects, the final result shows
that it had an erratic behaviour. This behaviour can be explained by the optimisation technique inserted in the code, and
the "chance” of convergence of the GJK algorithm.

Comparing the elapsed time for the 10x10x10 mesh and the time for the 100x100x100 mesh it is possible to conclude
that although the mesh is 1000 larger the time only increased by a factor of 102.

(a) 20 points (b) 80 points (c) 360 points
Figure 6: Spheric geometry parametrised by different number of points as coded .
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(a) 1 sphere (b) 2 spheres (c) 4 spheres
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(d) 8 spheres (e) 16 spheres

Figure 7: Number of spheres considered in the analysis.
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4.3 Practical Cases

The evaluation of the proposed approach as well as the code developed was also tested in a geometrical model that
resembles a real offshore platform deck. The process deck is 100 metres long by 106 metres wide. The accommodation
module is 10 metres high. Basic geometrical shapes are placed on the process deck mimicking typical process equipment
commonly found in offshore oil rigs.

Eight colours were considered to represent the STL geometry as a porous media. The maximum number of iteration
considered was 3 (e = 3). It took approximately 10 seconds to complete the parametrisation of the oil platform
previously mentioned.

Figure 8 shows the combination of the three stages of the generation of the parametrised version of the geometrical
model. Figure 8 (a) shows the CAD (Computer Aided Design) file imported into the developed code. The geometry is
match with the computational mesh shown in Figure 8 (b). Figure 8 (c) and (d) show the porosity model for the volume
porosity and area porosity, respectively.

In figure 8b it is possible to observe that the STL geometry fits into the hexahedral mesh with size of 99x99x63
(617463 cells). Such configuration comprises the first step of the porosity code where the location of the solid geometry
will be compared with the location of the computational cell.

Analysis of Figure 8 shows that it is possible to represent the STL geometry by the porous regions given by the
modified GJK code (Figures 8c and 8d).

(a) Platform STL (b) Platform+Mesh

porosity_v porosityX

it I
E 3
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'EU 25 'ED 25
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i K3
(c) Platform Porosity Volume (d) Platform Porosity Area (x direction)

Figure 8: Porosity applied to a simple oil platform model

The porosity distributed resistance modelling implemented in the Euler solver as described in section 2.1 is discussed
here.

The porosity file mimicking the geometry is read by the in house Euler solver and a simple flow over a bluff body is
conducted.

The squared shape geometry is 1 metre long by 1 metre wide and 1 metre high. It is placed in the centre of the
computational domain that measures 10 metres long by 3 metres wide and 3 metres high. The velocity is prescribed at the
left hand side of the computational domain. At the upper and lower bonds the net flux is zero. The boundary condition
downstream the obstacle is set to have zero gradiente (see Figure 9)

For the computational cells in the region occupied by the box the values of volume/area porosities were evaluated by
the modified GJK code. Figure 9 shows the result obtained by the Euler code. Analysis of Figure 9 shows that the flow is
reduced at the wake of the obstacle due to the resistance to the flow and obstruction caused by the box. The region of the
computational where the velocity is zero matches the spacial coordinates of the box.
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Figure 9: Velocity profile of a air flow around a box into a rectangular computational domain.

5. CONCLUSION

The application of the Gilbert—Johnson—Keerthi (GJK) distance algorithm for porosity calculation is proposed. The
porosity calculation is tested for various basic geometries and the results obtained are satisfactory. The methodology is
also tested in an oil platform CAD file that mimics a real engineering geometry. The approach discussed in this paper
proved to parametrise the geometry properly.

The technique was validated and proved to be fast. It is well within the time scale required by engineering design.

The disadvantage of the GJK algorithm is that it is not able to handle non-convex objects. It can, however, be overcome
by any convex decomposition techniques available.

The porosity was implemented in the PDR (Porosity Distributed Resistance) formulation of the Euler flow and the
preliminary result of a flow over a bluff body is very promising.

Future work will assess how the approach behaves in turbulent reacting flows for explosion modelling purposes.
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