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Abstract

Development of a Two- and Three-Dimensional
Unstructured Viscous Grid Regeneration Technique

for Solid Rocket FSI Analysis

Jongin Kim
Mechanical and Aerospace Engineering
The Graduate School

Seoul National University

The inside of the solid-propellant rocket motor has many difficulties for the numerical analysis
because of the combustion of the propellant, the high temperature and high pressure flow and
the structural deformation of the propellant. It involves complex physical phenomena which are

influenced by each domain.

The analytical region of the solid-propellant rocket motor is divided into the fluid region, the
structure region and the combustion region. The deformation occurs in each region over time.
Therefore, it is necessary to generate a suitable grid for the analytical domain that deforms over
time. In addition, it is necessary to generate suitable grids for the boundary layer for efficient

and accurate viscous flow analysis.

When the grid deformation is periodical such as the aero-elastic analysis, the grid-moving



method and the grid deformation method are used. On the other hand, because the solid-
propellant rocket motor is a variation of the area due to the continuous combustion, unlike the
above-mentioned problem, it is difficult to generate the grid by the two techniques. Therefore, it
is necessary to regenerate the entire grid automatically during the analysis, which is called the
‘grid regeneration technique’. It is important that the grid regeneration technique usually has a

stable and efficient grid generation process without user intervention.

In the case of internal flow geometries such as solid propulsion rocket engines, unlike ordinary
external flow geometries, overlap between neighborhood grids occurs during the automatic grid

generation process, and inevitably invalid grids can be generated.

In this study, it has purpose to develop an automatic grid regeneration program that
automatically generates suitable grid for two-dimensional and three-dimensional solid-
propellant rocket motors. To generate grids automatically, methods for automatically detecting
poor grids and solving these problems without user intervention are needed. These methods are
applied to the grid regeneration program. The several methods for improving the quality of the
grid are introduced in this paper. In addition, the application of the developed grid regeneration
program is conducted for several complex configurations and solid-propellant rocket motors.
When the quality of the grid is checked in terms of skewness, better result can be obtained
compared to the conventional methods. Since poor meshes are unexpectedly generated at the

complex region, it can be applied to generate the grid of complex configurations.

Keywords : Solid-propellant Rocket Motor, Fluid-Structure Interaction, Viscous Grid,
Boundary Layer, Automatic Grid Regeneration, Advancing-Layers Method

Student Number : 2016-20732
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Chapter 1

Introduction

In space launch vehicle and military weapon systems, propulsion systems are utilized in a
variety of ways. Propulsion systems are mainly classified as the liquid-propellant rocket motor
and the solid-propellant rocket motor. The liquid-propellant rocket motors contain complex
structures and the liquid-propellant cannot be stored for a long period of time. However, it can
be actively controlled in thrust and can generate relatively large thrust force. It is mainly used in
main space launch rockets. On the other hand, the solid-propellant rocket motor is simple and
has long-term storage. It is mainly used for auxiliary rockets and military weapons in space
launch rockets[1]. However, it is very important to understand the combustion characteristics of
the propellant and the physical phenomena inside the combustion chamber. In addition it is
required to predict the performance of the system because the solid-propellant rocket motor

cannot actively control the thrust force[2].

1.1 The phenomenon of Solid-propellant Rocket Motor (SRM)

The solid-propellant rocket motor burns the contained propellant grain in the combustion
chamber and generates thrust by injecting high velocity gas through a supersonic nozzle. The
internal combustion chamber of a solid propellant rocket motor is difficult to be predicted as a
general method because of the complicated physical phenomenon from the behavior of the

solid-propellant rocket motor having the unsteady flow at high temperature, high pressure and
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the nonlinear viscoelastic characteristics[3]. Due to the nonlinearity and viscoelastic behavior of

the propellant grain and hot exhaust gases formed during the burning process, complex multi-

physical phenomenon occurs in the combustion chamber during the transient combustion

process[4]. Research on solid-propellant rocket motor is mainly conducted through experiments.

However, the research through experiments has many problems such as cost and stability.

Because of the high temperature and high pressure combustion gas generated in the combustion

chamber, research on solid-propellant rocket motor has limitation in the use of precise

experimental equipment[4]. It is impossible to directly observe the internal physical

phenomenon, mainly to obtain quantitative values such as internal pressure measurement and

temperature measurement of the propellant.

As the military weapon systems and rocket propulsion industry steadily develop, more

complex types of propulsion system are required. In order to develop propulsion systems, it is

necessary to accurately predict the physical phenomena occurring in the combustion chamber.

Therefore, various attempts have been made to analyze the physical phenomena inside the
combustion chamber by using numerical analysis. A schematic diagram of a combustion

chamber is shown in Fig. 1.

Section view of
burning propellant
grain segment

Inhibited surface

Propellant grain Burning surface at time, t3

.~ Burning surface at time. t2
Burning surface at time, t1

Direction of surface
regression

Fig. 1 Schematic diagram of burning process in the combustion chamber of SRM|5]



1.2. Simulation on Solid-propellant Rocket Motors

1.2.1. Fluid-Structure Interaction(FSI) analysis for Solid-propellant Rocket

Motors

The solid-propellant is deformed over time from its initial configuration because the
propellant is consumed during the combustion that is necessary to obtain thrust (propulsive)
force. The combustion and the structural reaction of the propellant are fully combined in the
solid-propellant rocket motor[6]. The burning rate in rocket motors running with solid-
propellant is expressed as a regression from the combustion surface in terms of time [5].

It is difficult to predict the phenomenon of the inside (combustion chamber) of the solid-
propellant rocket because of the force generated by the high pressure flow. The shape of the
propellant is deformed by the load and the combustion that deforms the region of the internal
flow in the combustion chamber.

The research on phenomenon of the combustion chambers of solid-propellant rocket motors
has been focused on the field study in the individual interdisciplinary study rather than the
multi-disciplinary study. Therefore, the necessary information in the field of relative inter-
disciplinary was processed only by relatively simple input-output models, and thus there was a

limit to simulate the multi-combined interference-effect of the actual phenomenon[7].

To understand the phenomenon accurately, fluid—structure interaction(FSI) analysis has been
developed. FSI solves fluid formulas and structural formulas simultaneously where specific
fluid variables serve as boundary conditions[8]. The FSI analysis is utilized in multi-disciplinary
phenomena inside solid-propellant rocket motors. Simulation applying FSI analysis exchanges
necessary information between fluid and structure interface. The process is shown in Fig. 2. In
fluid and structural domains, the results interpreted by each analytical module affect each other

through the information transferred at the fluid-structure interface. The process of exchanging
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the information of fluid and structure region is called 'Generalized staggered procedure[9]” and
the time-steps are accumulated through information exchange at the interface. The process at

unit time-step is divided into 4 steps as shown in Table 1 below.

Table 1 Generalized staggered procedure

Generalized staggered procedure

1.  The position and velocity information of the interface calculated in the structure
domain is transferred to the fluid analysis module.

2. Using the position and velocity information from the structure interface, the fluid
analysis module performs a one-step time advance analysis in the fluid domain.

3. The pressure information of the calculated fluid-structure interface in the fluid
domain serves as the traction information in the solid analysis module.

4. Using the information transferred from the fluid domain, the solid analysis module
performs a one-step time advance analysis. This allows the entire analysis program

to complete a one-time step advance analysis.

Nodal Load

Flud Surface

Traction

Load Transfe

Flud Meosh
Motion

Fig. 2 Schematic diagrams of fluid-Structure interaction and information exchange

between fluid and solid modules[7,9]
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1.2.2. Grid Generation of Solid-propellant Rocket Motors

In the case of the solid propellant motor, the internal region of the motor continuously changes
with the combustion of the propellant. Hence, grid generation techniques for the deforming
region in the motor are needed. Because the internal flow of the solid-propellant rocket has high
temperature and viscous flow, it is necessary to generate the viscous grid. In order to improve
the accuracy of the analytical results, the grid quality should be kept high. In continuously
changing analytical regions, grid regeneration techniques should be used to maintain the quality
of the grid for improving the accuracy of the analysis result. For this reason, methods to
automatically detect poor meshes and improve their quality are needed. Automatic-

improvement methods of the grid quality are applied to the grid regeneration technique.

In the solid-propellant rocket motor, it is necessary to create grids suitable for the
configuration in which the analysis region is deformable. In addition, it is necessary to generate
grids suitable for the boundary layer for the efficient and accurate viscous flow analysis.
Because the solid-propellant rocket motors have complicated configurations, they require
unstructured grid generation methods that are easy to generate grids in complicated
configurations[10] and require anisotropic grid generation to analyze viscous flows at high

temperature and high pressure[4,12].

Table 2 Main characteristics of grids for the solid propellant rocket motors

Grid type required in solid propulsion analysis

Feature 1: complex and changing geometry
— unstructured grid
Feature 2: high temperature / high pressure of viscous flow

— anisotropic grid (the grid that has high aspect ratio)

A&t &k



Various methods have been developed for the grid regeneration method. The most basic and
stable method is triangle/tetrahedral grid. Triangle/tetrahedral grid provides flexibility in two-
and three-dimensional grid generation because they can cover complicated topologies more
easily compared to the quadrilateral / hexahedra meshes. In addition to greater flexibility in
discretizing complex areas, triangle/tetrahedral grid can also directly implement adaptive mesh
technology to add, remove, or move mesh points while the mesh connection is being updated

locally to increase the quality of the grid[10].

However, the generation of triangle/tetrahedral grid for boundary layers is quite difficult. In
the region of boundary layer, the main solution gradients occur in the direction normal to the
surface, which requires meshes of very large aspect ratio. It appears that grids that have high
aspect ratio are superior in capturing the directionality of the flow-field over viscous regions. A
compromise between the two different types of grids is the mixed grid. The mixed grid consists
of triangular faces that cover the body surfaces, while quadrilateral faces extend in the direction
normal to the surface. The meshes can have very high aspect ratio, while providing geometric
flexibility in the lateral directions. The shape of that mesh is like a ‘prism’. An example of a

prismatic grid is shown in Fig. 3[12].

Fig. 3 Example of prismatic meshes[12]

The inside of the combustion chamber is divided into the propellant region and the fluid region.
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Each region changes over time by the combustion of the propellant. The thrust force of the
rocket outlet is dependent to the area of the interface where the flow region and propellant
region contacts. Various types of propellant distributions have been developed to control the

thrust force.

To increase the thrust force of the rocket outlet, complex propellant distributions are designed
to widen interface area. As propellant distribute is more complicated, the internal flow regions
also become complex. Therefore, for the analysis of this phenomenon, it is necessary to
consider the continuous change of the flow-structure interface because of the combustion
process and the complex internal structure. In addition, the flow geometry changes over time
and requires the suitable grid for every feature. To do this, grid regeneration is required to

generate suitable grids for deformable geometry.

Prior to the analysis of a solid-propellant rocket motor, it requires techniques of generating grid
suitable for changing shapes. Since the solid-propellant rocket motor has complicated
configurations, it requires unstructured grids that are easy to generate grid in complicated
configurations and requires viscous grid generation to easily analyze viscous flows at high

temperature and high pressure.

In the case of grid generation on complex internal flows such as solid-propellant rocket
motors, overlap between inner grids occurs in the process of automatic generation of the grid, or
inevitably poor meshes can be generated. A method to automatically detect and solve these
problems is needed, and automatic grid improvement method is applied to the grid regeneration

technique.

This paper presents approaches to the problems about grid generation that is suitable for a
solid-propellant rocket motor. In Chapter 2, conventional grid generation techniques are
introduced. Chapter 3 describes methods for grid generation for internal flow. Some problems

of the grid generation of solid-propellant rocket motors are introduced and several methods to
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solve the problems are described. The whole program including conventional grid generation
methods and modified methods for internal flow is introduce in Chapter 4. Chapter 5 presents
the examples applied to the numerical analysis of the solid-propellant rocket motors. The grids
generated by the program for the configuration of solid-propellant rocket motors are analyzed

using the integrated FSI solver.
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Chapter 2

Numerical methods for Grid regeneration

Among the conventional grid generation methods, the techniques for the grid regeneration are
introduced in Chapter 2. Conventional grid generation methods have been developed primarily

for external flows such as airfoils.

The Advancing-Layers Method[17, 19, 21] and the Delaunay-triangulation using the Bowyer-
Watson algorithm[10-12] are used to generate unstructured grid that contains the anisotropic
grid and the triangular(2-D) / tetrahedral(3-D) grid. It applies the Advancing-Layers method for
viscous grid generation for boundary layer and Delaunay triangulation for triangular/tetrahedral
grid at the remaining region. The unstructured grid information is stored in quad-tree or Oc-tree

data structures to efficiently find data.

2.1. Delaunay triangulation [10,12]

Delaunay triangulation is utilized to the points given in the space to describe the fact that it
does not include any other points in the circumscribed circle for each triangle or tetrahedron
constructed by uniquely configuring triangles in two dimensions and tetrahedral in three
dimensions respectively. In the Delaunay triangulation, point distribution is given to the
Voronoi diagram which is geometrical dual relation to Dirichlet tesselation. The Voronoi
diagram is the optimized distribution in a given configuration. Mathematically, Delaunay

triangulation can be expressed as
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H;; ={xeR*|d(x,R) <d(x,P,)}

The distance between a point in space and nearby point is denoted by d(x, P;). The

€y

partitioned VVoronoi diagram is a geometric dual with the Delaunay triangulation. In the VVoronoi

diagram, the Delaunay triangulation is formed when the points having tangent faces are
connected. Delaunay triangulation in two- and three-dimensional configurations has the

following properties.

Table 3 Characteristics of Delaunay triangulation

Delaunay triangulation

1. Delaunay triangulation maximizes the minimum angle of the triangle

2. Delaunay triangulation does not include any other points in the
circumscribed circle. This is called ‘empty circumcircle
characteristic’ and the process of confirming it is called ‘Delaunay
test’.

3. When a new point is added to a space other than a given point, the
initially constructed Delaunay triangle violates the empty
circumcircle characteristic condition. At this time, if a triangle having
a circumscribed circle including a new point is deleted, a cavity is
created, and each point located on the cavity space and the newly
added point can be connected by straight lines.

4. The newly added points and the points forming the common space
constitute a new triangle, and the newly constructed triangles satisfy

the conditions of the Delaunay triangulation.

10
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2.2. Bowyer/Watson Algorithm

One of the simple and effective methods for Delaunay triangulation is the Bowyer / Watson
algorithm. If a new point is added or a point in the circumscribed circle is found, search for
surrounding triangles is performed to find and delete triangles that do not satisfy the
circumscribed characteristic. Then the new points and the cavity points are connected and

become triangles[19].

The techniques are utilized to guarantee the circumcircle characteristic of the triangles that
make up the Delaunay triangulation and satisfy requirement of B/W algorithm when additional

points are no longer needed[13].

Table 4 Procedure of Bowyer/Watson algorithm[13]

Basic steps of Bowyer/Watson Algorithm

1. The points that make up the interface are specified.

2. The initial triangulation process is performed using the boundary points.

3. Search for the area of the constructed triangle where additional points are needed is
performed.

4. After adding new points, the triangulation process using Bowyer / Watson algorithm
is performed and information about new points in data tree data is stored.

5. Steps 3-4 are repeated until no further points are needed.

11



Fig. 4 Illustration of the Bowyer/Watson algorithm for Delaunay triangulations [10]

2.3. Quad-Tree data structure and Oc-tree data structure

Compared to the structured grid, which can easily find the positional relationship between the
points through the indexes of the grid points, the unstructured grid requires additional
information to store the positional relationship between neighborhood cells. The grid generation
technique used in this study has a great effect on the efficiency of calculation when the new
circumference includes adjacent points. If a search is performed without a special information
structure, all triangles must be examined, and the number of execution tasks is O(N?), where N
is the number of points in the unstructured grid. When using quad-tree data structure, this
operation is reduced to O(NlogN)[14]. The data structure has the advantage that quickly find

the closest point to a point.

In one area, more than four points cannot be stored, and when more points are stored, they are
divided into four sub-areas. As a result, one point stores the unique information of the point and
the information of the region to which the point belongs (top-to-bottom relationship between
regions, the number of points contained in the region, etc.). This makes it possible to efficiently

find the position information necessary for the calculation of the unstructured grid.

12
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Fig. 5 Quad-tree data structure and its corresponding domain decomposition [14]

In three-dimension, the Oc-tree data structure can be used instead of the Quad-tree data
structure. It is one of tree data structures in which each internal node has exactly eight sub-areas.
The Oc-tree data structure is most often used to partition by recursively subdividing it into eight
octants. When using the Oc-tree data structure, search for neighbor points and neighbor volume
meshes in the unstructured grid has the advantage that quickly finds the closest point to a point.
This makes it possible to efficiently find the position information necessary for the calculation

of the unstructured grid for three-dimension[15].
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Fig. 6 Simple Oc- tree image(left) and its data structure(right)

2.4. Grid untangling method

When the viscous grid is created, the grid generated at the sharp region often incurs grid-
overlap or the poor quality of the grid at that region is generated. To remove such overlap, an

edge-based limiter for the prismatic layer height is applied.

For each edge e of the wall mesh, B1 and B2 are the angles between the edge direction and
the vertex normal vectors in the end of the edge. Using y = m— 1 — B2, the maximum
allowable height at the edge end-point j is then obtained[16] from

h;j < |e| where 0 <y<m (2)

In this way, the grid untangling method can prevent the grid from overlap at sharp regions. The

schematic diagram of the grid untangling method is shown in Fig 6.
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Fig. 7 Schematic diagram of the grid untangling method[16]

2.5. Advancing-Layers Method (ALM)

The lack of the triangle/tetrahedral grid generation for highly stretched cells has been a major
obstacle to apply grid generation methods to complex viscous-flow problems[17]. An alternate
approach to the problem of viscous unstructured grid generation is the Advancing-Layers
Method. Advancing-Layers Method is a technique for producing thin-layered prism grids

suitable for computation of viscous fluid flows[17,18].

The Advancing-Layers Method(ALM) is similar to the hyperbolic structured grid generation
technique[18]. ALM has marching grid generation techniques by layering on the surface of the
boundary. This grid generation method can overcome the complexity of the grid boundary. The

process of viscous grid generation through the ALM is briefly shown in Appendix. A[19].
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2.5.1 Advancing-Layers Method for two-dimension

The two-dimensional Advancing layer method is a method of generating a grid by matching
the triangular unstructured grid with the quadrilateral grid of the viscous grid region. The basic

process of generating viscous grid is introduced below.

(1) Basic steps of Advancing-Layers Method [21]

1) Determination of initial boundary face

The distribution of the initial boundary face is determined by the importance on the
accuracy of computation. To determine the appropriate number of boundary points is important

for the efficient computation.

2) Setting the surface vector

ALM creates a new grid point according to the direction of the surface vector and
efficiently obtains a suitable grid without complicated process. The surface vectors are
determined from vertical vectors of the edge on the surface of the configuration to the
computation domain. Point vectors are determined to the average value of the two surface

vectors that are tangential to faces of the intermediate points.

T — Surface vector

W —>  Point vector

Fig. 8 Setting the surface and point vectors
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3) Laplacian Smoothing process of surface vector

The initially determined point vector is distributed only in the vertical direction of surface
edge. However, in several cases, it intersects with the adjacent surface vectors. Therefore,
smoothing process is needed to obtain uniform grid distribution for the advancing-layers
method. The smoothing process utilizes the Laplacian smoothing method through iterative

calculation.

NP
t+1 _ ¢ W t-1
v =1 —-wv, + N vy, 3
p 4=
n=1

where v, is a surface vector at grid point p, v, isa vector at the n,, neighboring point at
point p, w is arelaxation parameter(0 < w < 2), t isan iteration level and N, isthe

number of points connected to point p.

(a) face normal vectors

i t+ t ¢ .

(b) vectors at surface grid points before smoothing

Z Il 1 X

(c) vectors at surface grid points after smoothing

Fig. 9 Laplacian smoothing of surface vectors[19]
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4) Determining the spacing of the advancing layer

As the new grid points are generated along the surface, the interval spacing of advancing
layer is determined by the value from a specific function. The position of newly generated
points is determined by the specific stretching function. The shape of the viscous grid can be
adjusted through the initial advancing spacing and growth rate. The grid spacing for advancing
layer increases exponentially as the advancing process goes over. The stretching function is used

as
& =6(1+1r)1? (4)

where §; is the spacing for the [,;, layer, and r is a prescribed rate of stretching across the

boundary layer. The spacing for the first layer of cells, §,, is also prescribed by the user.

(2) Spring analogy

Maintaining the isotropic of the unstructured grid is important to improve the quality of the
grid. In order to obtain the optimum point at the grid generation, spring analogy is used. The
candidate points are assumed to be connected to the neighboring points by tension springs[17].
The spring analogy optimally determines the point at which the elastic force is the smallest
among the points on the surface of the object. For the system to be in equilibrium, the force at
every point p has to be zero[20]. Standard proportional expression of the spring analogy is

shown as

N
F, z s, (5)
n=1

where F,, is the total force exerted on point p, s, is the distance by which the ng, spring

connected to point p is stretched from its neutral length, and N is the number of spring
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connected to point p. Among the candidate points, the one with smallest F,, is selected to

form the next cell[19, 22].

It is possible to eliminate cross(conflict) check procedure between the near meshes, which has
a long time consuming process. In two-dimension, the above proportional expression can be

transformed as
max(F4g, F55) > min(F{y, F&) (6)

where FAA,; represents the elastic force between a point A’ and a front edge AB.

(3) Advancing stop condition

As the viscous layer accumulates, the grid generation stops in certain condition. First, when
spring analogy condition is not satisfied, advancing procedure at the edge is stopped. The
spacing between adjacent meshes from the front edge is determined by using spring analogy.
Because the spacing of the first boundary layer is user-defined, the grid can be smoothly
generated. Secondly, when the number of advancing steps exceeds the user-defined maximum

advancing step, the generation of the viscous grid stops.
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2.5.2. Advancing-Layers Method for three-dimension

In the three-dimension, a grid is created by the ALM method mainly similar to the two-
dimensional process. However, due to problems in three-dimensional configurations, it must go
through several different processes. First, in the case of a surface vector in a sharp part or an
edge part, in the method used in the two dimensional ALM, the shape of the mesh is destroyed
and the negative volume of meshes can be obtained. However, in the case of three-dimension,
the grid should be arranged in order to match connection state. Unlike the two-dimensional case,
the unstructured grid generation for three dimension requires the renumbering process for the

grid points and the connection state.

(1) Basic steps of Advancing-Layers Method [17]
1) Determination of surface vector

In the two dimensional surface vector determination process, the value obtained by taking the
average of the surface normal vector is determined as the surface vector, in the case of three
dimension, however, volume grids are generated through complicated processes. Because of the
surface of the object is a simple line in the two-dimensional case, the connected point at a point
is always two. Therefore, the surface vector for each grid point can be simply obtained by

calculate the simple average of the surface vector.

On the other hand, in the case of 3D, the surface corresponds to the plane and is surrounded by
a different number of the grid points because of the unstructured grid. the surface vector is

determined depending on the number of grid points connected regardless of the surface.

In the unstructured method for three-dimension, the point distribution is unaligned. If
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distribution is unaligned, surface vectors may point wrong direction. To solve this problem, the
following method is used. The most important factor in three-dimensional surface vectors is the
visibility condition of the surface vector. Visible conditions prevent the creation of the grid of
negative volume which can be caused by the surface vector, provided that the surface vector of
the point must be visible on the grid face surrounding a certain point. When expressed as a

vector expression
vponfzc;le,z,...,Ft (7

where ¢ is the visibility constant and must always be greater than zero. The above conditions

can be obtained through the following iterative process.

@ vy, Is obtained by the weighted average.

Fy

vl = wz wing + (1 —w)vy ! (8)
=1

(2 The deviation between the angle formed by the surface vertical vectors v,, and ny

and the average angle is obtained.

(3 The new weight function to use in the next step is shown as

é
witl = wh(1 - Ef) 9)
(@) The weight function is modified with the new weight function:

— F —
with = Wit (1 - L i) (10)
(5) The above procedure is repeated until the variation of v, becomes small.
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The surface vectors obtained by the above method generate the grid by utilizing the Laplacian
smoothing. Then all surface vectors are defined for each grid point on the surface. The

calculated surface vectors are used to generate a grid by using the advancing procedure.

2) Determining the spacing of the advancing layer [17,22]

The process of generating a three-dimensional grid proceeds in the same manner as a two-
dimensional grid generation method. However, the spacing of the advancing layer does not
increase at a constant growth rate unlike the case of the two-dimensional structure. Because the
two-dimensional viscous grid does not have a large number of grid points, a sufficient number
of layers are possible in the boundary layer region, however, an excessive number of the grid
can be generated. The size of the advancing step is calculated based on a user-defined spacing

of the first layer and on growth rate in the normal direction. The spacing can be defined as

Any = Ano[1 + a(1 + b)k-1]“"" (11)
where An, is the given first layer thickness, An, represents the spacing of the k., layer and
0.04<a<0.2 and 0 <b < 0.07 stand for the stretching parameters. When the grid is
formed by the above method, the advancing layer is increased at a low rate of increase around

the surface and stacked up rapidly as the distance from the surface increases.
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Fig. 10 Example of the viscous grid generation in 3-D (sphere)

3) Advancing-stop condition

The advancing stop condition of the three-dimensional grid generation is similar to that of the

two-dimensional case. The closeness to the adjacent planes is based on the spring analogy.

In the figure, A-B-C represents the current grid front, and D-E-F represents the grid-front on

the adjacent boundary. The spring analogy used as follows.

F,x— ) s, (12)

In the case of Fig. 11, the generation of the grid is stopped when the following condition is

satisfied[17].
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B
Fig. 11 Grid points connected to faces on the front by tension springs[17]

maX(FﬁBc' Figc, Ffmc) > min(Fjgr, Figr, Fher) (13)

If all the grid on the front satisfy the stop condition, it is automatically switched to the

unstructured grid generation as same in the two-dimension case. The meaning of is to stop the

generation of grid when the grid surface repulsion is larger than the repulsion of the grid surface.

(2) Ancillary procedures for the ALM in three-dimension

1) Input process of surface information

In case of three-dimensional grid generation, it is important to efficiently store information of
the grid and the point connectivity because the connection relation is more complicated than in
two-dimensional case. The information about the surface grid is composed of the grid number,
the coordinates of the points, the patch number, and the information of the viscous grid. The
information about the viscous grid contains the information of viscous grid generation region,
the spacing (thickness) of the first viscous mesh and the growth rate of the marching layer and

the boundary patch number for marching process.
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2) Organizing the information of grid connections

In the case of three-dimension, it is important to efficiently store the connection-relations
between the meshes. First, it is efficient to accumulate the connection relation of the surface
grid and proceed with the grid generation based on the relation.

The information generated in the grid generation process includes the relationship (cell to cell)
between the surface grid and the grid which contact with surface grid, the relationship between
the surface grid and the points constituting the grid, the relationship between the grid point and
the adjacent node, and updates information on the front grid when advancing. updates
information on the front grid is needed to check the collision while generating the grid.

In addition, the grid information is newly stored while generating the volume grid from the
surface grid. A cell-cell relationship between a grid and an adjacent grid, and a relation (cell to
node) between neighboring grid points including a grid. Especially, because the three
dimensional grid has various types of shapes (tetrahedral, prism, pyramid, etc), data structure

should consider these grid shapes.

3) Tetrahedral mesh generation tool

After viscous grid elements are generated in the region between wall and envelope layer,
tetrahedral elements are created in the space between the viscous grid boundaries. The efficient
tetrahedral mesh generation program, TETGEN developed by Han Si[22] is employed for
tetrahedral mesh generation. TETGEN utilizes Delaunay tetrahedralization and adaptive quality

tetrahedral mesh generation to generate tetrahedral grids.
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Chapter 3

Grid generation methods for internal flow

In the case of external flow, Overlap between adjacent grids rarely happens. However, grid-
overlap often occurs when the conventional grid generation is applied to the internal flow such

as solid-propellant rocket motors.

This paper presents several problems when applying grid generation method to internal

configurations. The modified methods are introduced to solve these problems.

3.1 Grid generation methods for internal flow for two-dimension

In two-dimension, problems are examined in generating a grid for the internal flow. One of the
problems that occur at the internal flow is that the original direction of the surface vector has
been lost during the smoothing process. If the ALM is applied to create the grid for the internal

flow configurations, the surface vector eventually has wrong direction at the sharp point.

The reason is that conventional ALM continues the smoothing process until the surface vector
converges. In the smoothing process, the original direction of the vector is lost, overlap between
adjacent meshes can be generated and distorted meshes appear in that region in Fig. 12. In
internal flow, because there are many sharp parts compared to external flow, additional

treatments for keeping originality of vectors at the sharp region are needed.

In order to solve this problem in case of two dimensions, the stepwise smoothing process is

applied without converging the direction of the vector at once. Initially, the direction of the
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surface vector is maintained. However, the smoothing process gradually increases their
iteration-times. In order to induce change in the vector direction, relationship between the
number of advancing steps and the number of smoothing steps can be specified. If the following
exponential relation can be adjusted, the directions of the vectors gradually become more

smoothed directions. Compared to Fig. 12, the grid quality can be improved at that region.

To verify the above method, the grid in Fig 12 is compared to the grid generated by other
baseline program. Pointwise T-Rex is opted for the baseline program. Pointwise T-Rex ver. 18.0
R2 is used as automatic grid generator. Pointwise is a software system for the generation of two-
dimensional and three-dimensional grids. Many grid generation methods used in Pointwise have
been developed and fine-tuned. Pointwise’s main viscous grid generator, T-Rex[24] generates
anisotropic layers easily from the boundaries of unstructured domains. T-Rex program is
commonly used as an automatic viscous grid regenerator. T-Rex has the advantage of
generating a viscous grid. Fig. 14 is a grid generated by T-Rex program under the same input

conditions. It can be seen that the grid generation is similar when compared to Fig 13.
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Fig. 14 Grid generated in Pointwise T-Rex
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Using the proposed grid generation tools, the generated grids are compared and analyzed. The
grids are generated by three methods: (a) conventional Advancing-Layers Method, (b) modified
Advancing-Layers Method for internal flows and (c) Pointwise T-Rex. Comparison is made for
the grids generated with the same configuration and input variables. The configuration is an
example of the two-dimensional solid-propellant rocket motor, Anti-Ballistic Missile(ABM).
The input variables of the point-distribution of the surface boundary, the number of the
advancing-steps of the grid points and the spacing parameter of the first boundary layer mesh
from the boundary wall are the same value in cases (a), (b), (c) as shown in Table 5. The quality
of the generated grid is analyzed by the skewness factor. Skewness is a numerical factor that
determines the quality of the grid and has value from 0 to 1[24]. The closer the skewness is to

zero, the better the quality of grid is. Details on skewness are detailed in Appendix B.

Table 5 Input variables of grid generation for solid-propellant rocket model(ABM)

Model ABM (Anti-Ballistic Missile)
The number of Input points 1353
Advancing step 20
Spacing of the first BL cell 6.0 x 107

Fig. 16 is a skewness histogram comparing these methods: (a) Conventional Advancing-
Layers Method, (b) Advancing-Layers Method for internal flow, (c) Pointwise T-Rex. In Table
6, the grids generated by three grid generation tools are compared. It can be confirmed that the
quality of the grid is similar in (b), (c). The skewness average (b) shows that the average quality
of the grid is better. It is confirmed that method (b) using the stepwise smoothing produces

slightly suitable grid compared to other methods.
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Table 6 Comparison of three different mesh generation tools for the two-dimensional
example configuration

(@) (b) (c)
The number of the grid 41,302 42,139 40,174
Skewness < 0.5 (%) 98.71 99.91 99.86
Skewness < 0.75 (%) 99.82 99.99 99.98
Average skewness 1.03 x 1071 8.51 x 1072 1.09 x 1071
of total grids
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When conventional viscous grid generation methods are applied to complex configurations, two
main problems occur. First, it takes considerable computational time to check the collision on a one-
to-one basis between collisions. In order to solve this problem, the quad-tree data structure is used. If
the information of the grid is stored in the quad-tree data structure, the way to find adjacent grids
becomes simpler and the computational time is shortened. Second, the generated grids by the collision
detection are often produce too close to each grid. In Fig. 17, the quality of the grid becomes poor
when the grid is generated in the narrow region. Therefore, it is necessary to secure space between the

viscous meshes.
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Fig. 17 Poor meshes generated at the narrow region between generated meshes

The grid shrinking method is a methodology to remove the grid by adjusting the grid advancing step
smoothly to maintain the distance between adjacent grids. By applying this method, it is possible to
secure space between the generated viscous meshes. The quality of the generated grid can be
improved. Fig. 18 compares the commercial program with the modified method. (a) is the generated
grid in the modified method. (b) is the grid generated by Pointwise T-Rex. Appearance of the grids

from different tools is similar each other.
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(b)
Fig. 18 Grid generated by (a) the code using the modified method, (b)
Pointwise T-Rex

In Fig. 19, it can be seen that the quality of the generated grid is poor at the region where meshes
are approaching closer. The skewness of the region that checked in left side of Fig 19.a. The quality

of the grid is poor in Fig19.b. To solve this problem, the skewness restriction is added.

skewness

0.1618

0.1616

0.1614

3.0362 3.0364 3.0366 3.0368

(a) (b)

Fig. 19 Poor grid at sharp region and skewness check

The skewness restriction is a method for the complex geometry. When the quality of meshes
becomes worse than a certain level, the method prevents that the meshes are generated. The grid
generated with the skewness restriction is shown in Fig. 20. The allowable skewness is limited by 0.5.
The grid is prevented from overlap and secure the space of the triangular grid to improve the quality
of the grid by using the skewness restriction. Compared to Fig 19.b, the meshes that have bad quality

is generally removed.
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Fig. 20 Quality improvement after applying the skewness restriction

3.2 Three dimensional grid generation methods for internal flow

In three-dimension, there is a problem that the surface vector direction is lost. In the same way as
2D, the stepwise-smoothing process can improve the quality of the grid. The conflict detection
method is applied to preventing overlap between adjacent grids in three-dimension. It also has two
main problems that are the same as two-dimensional case. The first problem is to reduce the
computational time by applying three dimensional specific Octree data structure to reduce excessive
cross-examination time. Secondly, after applying the collision detection technique, the grids are
created too close to each other. The grid shrinking method is applied to ensure the interval between

the grids. This is different from two dimensional grid generation.

In three-dimension, the grid-shrinking method is applied to smooth the advancing steps of the
adjacent grid points. The grid-shrinking method utilizes the Laplacian smoothing to reduce the
difference of advancing steps between adjacent points. When the advancing steps of the adjacent grid

are smoothed, the grid generated in a layer-gap region can have the improved quality of the grid.
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Fig. 21 Example of the application of the collision detection technique: 3D solid
propellant shape (EBM) (top) Front cross-section (bottom) Side cross-section

{a) One level (b) Multi-level
transition triangles transition triangles

(e) One level (d) Multi-level
transition tetrahedra transition tetrahedra

Fig. 22 Examples of the blending meshes [23]

In the gap between advancing steps of adjacent grid, the gap is filled with blending meshes.
Blending meshes are designed to create pyramid grids if five grid points are needed and tetrahedral
grids if four grid points are required. Fig. 22 shows examples of blending meshes which are created to

fill in difference of the grid advancing steps.
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A simple test was conducted to confirm the applicability of the modified methods: grid shrinking
method, skewness restriction. The test shape is a hexahedral shape that has 90 degrees of corners

inside. A test was conducted to confirm the formation of the grid in relatively sharp areas.

Fig. 23 shows the gradually advancing procedure as modified methods accumulates. (a) is the
generated grid that only applies the conflict-check procedure. In (a), the meshes stack extremely close
to other meshes. (b) is the generated grid that applies the conflict-check procedure and the grid
shrinking method. It secures quite wider space than (a). However, the meshes that have bad quality
are made in the sharp region. (¢) is the generated grid that applied conflict-check procedure, the grid
shrinking method and the skewness restriction. The allowable skewness is limited by 0.7. . Compared

to (b), the meshes that have bad quality is generally removed.

VAL
(b)
Fig. 23 Conflict test at the corner

(a) Conflict check only, (b) Shrinking method and (¢) Skewness restriction

Another method is to apply the spring analogy for three dimension. This method has been used in the
grid generation technique to improve the grid quality by widening the grid generation area. It is a
method of finding the equilibrium grid connection assuming that adjacent grid points are connected to
each other by tension springs. In order to test the elastic force between the two front planes, Eq. (13)
is used to satisfy the following stop condition. When it is applied, an appropriate distance is secured

between the faces coming parallel to each other.
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Fig. 24 Spring analogy application example 1:

(L) Before application, (R) After application
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g. 25 Spring analogy application example 2:

(L) Before application, (R) After application

Grid generation is performed for three dimensional solid propulsion engine(EBM). The Fig.26 is

cross-sectional views of the generated grid. The upper one is a front section and the other is a cross

section. Generate generation is performed until their cells are conflict or reach limited layer. Then grid

shrinking method and spring analogy are performed to widen spacing between grids. In the remaining

region, the tetrahedral grids are generated. Compared with the grid generated by Pointwise T-Rex.
The grid generation are similar. The quality of the grid is shown in Fig 27.
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cross-section view at x=1.5m

cross-section view at z=0

Fig. 26 Application example: 3-D solid propellant rocket motor configuration (EBM) (top) front-cross section (bottom) side-cross section
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cross-section view at z=0

Fig. 27 Application example: 3D solid propellant rocket motor configuration (EBM) (top) front-cross section (bottom) side-cross section
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The quality of the grid is compared with skewness and area ratio. The average grid quality on

skewness, and area ratio is similar. However, when the skewness less than 0.1 is , This seems to be the

reason for grid generation of the quality of the generation of a grid with a skewness of less than 0.5,

rather than creating a quite great quality in Pointwise. Thus, the average of the skewness shows that

quality of the code is better than Pointwise case.
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Fig. 28 Skewness histogram (blue) the code and (red) T-Rex

Table 7 Statistics of generated grids of the code and T-Rex

code T-Rex

The number of surface grid 79,212 79,212
The number of total grid 2,308,792 2,643,981

Skewness < 0.5 (%) 92.20 88.64

Skewness <0.75 (%) 97.29 96.86

Skewness average 0.201 0.324

Arearatio<0.5 (%) 99.02 98.78
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Chapter 4

Grid regeneration program

The structure of the grid generation program is composed of a two-dimensional program and a
three-dimensional program. The grid generation method consists of the internal flow grid generation
method and the procedure of pre / post-processing for introducing the grid generation method. In

addition, it includes the process of linking with the integration program for FSI.

4.1. Linking process with FSI solver

If the grid for the FSI solver program is poor quality, the grid generator can regenerate the grid
through the regeneration module and transfer the necessary information to the solver.
The quality of the grid becomes worse as the flow region is deformed. If the quality of the grid used
in the solver gets worse, the grid regeneration module starts to work. In order to maintain the grid
quality, the regeneration procedure is performed and the information about the grid progress is

obtained. Then the FSI analysis progresses using the newly created grid in the solver.

<So|ver> Grid update
q it the quality of grid M

Grid Grid

regeneration

Grid information

—> Grid —>

which the module

module Patch/Boundary
information demands

Fig. 29 Process interacting information between the FSI solver and the grid regeneration
module
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4.2. Overall procedure of grid regeneration module

The overall flow chart of the simulation is described in the Fig. 30. The entire grid generation

process consists of the pre-processing procedure, the grid regeneration procedure, and the post-

processing procedure.

Loading files

Setting up
boundary data

2

Viscous Grid

generation

Grid shrinking
method

Tri/Tet Grid

generation

A

Grid statistics &
update

Pre-processing

procedure

Grid
regeneration

procedure

Post-processing

procedure

Fig. 30 Overall flow chart of the grid regeneration
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1. Pre-processing procedure

Pre-processing process is the preparation process for creating the grid. After receiving the grid
information from the solver, the grids are rearranged after grasping the surface grids connected. User-
defined information (surface grid block which viscous grid generation occurs, grid block information)
is matched for each grid. Information of the generated grid, and user-defined variable, grid generation,
surface grid information is organized in data structure and automatically input them into the program.

The detailed information is listed in Table 8.

Table 8 Surface grid information and user-defined information

Surface Grid Information * Surface grid elements, coordinates

* Patch/Boundary

User-defined variables *  Viscous grid generation area

* Initial boundary layer thickness,
growth rate

*  Smoothing function adjustment
variable

2. Grid regeneration procedure

After pre-processing procedure, the grid regeneration process is performed in the grid generation
process and generates the inner grid from the surface grid. The grid generation procedure consists of

the regeneration of the viscous grid and creation of space to generate the unstructured grid.

The regeneration of the viscous grid: Viscous grid is generated using the grid generation technique
for the internal flow. The entire viscous grid generation technique is applied and the following

techniques are added to the Advancing-Layers Method as shown in Fig.31.
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Fig. 31 Flow chart of the viscous grid generation

Creation of space to generate the unstructured grid: After creating the viscous grid, the poor
quality meshes are eliminated through the grid shrinking method. Advancing step smoothing is a
weighted Laplacian smoothing to alleviate the advancing layer-gap in the unstructured domain. Then,
blending meshes are filled between layer-gap. Then a triangular / tetrahedral grid is generated in the

remaining area.

A 4

Advancing step smoothing

Grid shrinking method -

Inserting blending grid

Fig. 32 Grid shrinking method
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3. post-processing procedure

To transfer information of the generated grid to FSI solver, post-processing procedure is required.

The generated grid information and surface information are sent to the integrated FSI solver.

Table 9 Information for the post-process procedure

Updated information *  (rid elements, coordinates, edge/face/cell
of surface grid connections

e Type of grid shape

Information of *  Surface grid elements, coordinates,
surface grid edge/face connections.
e Boundary information

(ex. Case, Propellant, Outlet)

e Patch information

The detailed techniques applied to the 2D and 3D grid generation modules of this regeneration

program are summarized in Table10.
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Table 10 Detailed techniques applied to the 2-D and 3-D grid generation modules

2-D

3-D

Advancing-layers Method

-Smoothing method

surface vectors, advancing vectors

Advancing-layers Method

-Smoothing method

surface vectors, advancing vectors

- Vector Visibility condition

Conlflict detecting method

- Conflict check

- Skewness restriction

- Shrinking method

Conlflict detecting method

- Spring analogy

- Skewness restriction

- Conflict check

-Bounding box

- Shrinking method

Triangular mesh generation method

- Bowyer/Watson algorithm

Tetrahedra mesh generation method

- TetGen

Quad-Tree data structure

Octree data structure

Grid quality refinement
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Chapter 5
Applications

By using the grid generation module, the grids are generated for two-dimensional and three
dimensional solid propellant rocket and other complex configurations. In 5.1, complicated surface
models are selected to test the robustness of the program. In 5.2. the grids are generated for several
types of solid-propellant rocket motors. The generated grids are used for the FSI analysis of the solid-

propellant motor.

5.1. Applications on complex geometries

Before creating solid propellant grids, the grids for various complex configurations for testing
purposes. The shapes if Fig. 33 are opted for a representative test-configuration. In table 11, the
statistics of the grids for three complex configurations: Human Brain, Spine and SAV. Because
surface grids have sharp regions, the quality of the grid is decrease slightly. However, if the sharp

region has more dense point distribution, the quality of the grid would be improved.
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Human brain
Fig. 33 Three point sets (scanned data sets from surfaces) used for experiments
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Table 11 Statistics for generated grids of three test configurations
Human brain Spine SAV
The number of surface nodes 10,477 1,932 6,788
The number of surface triangles 21,026 3,864 13,576
The number of total grid 708,107 5,786 488,288
Skewness < 0.5 (%) 73.78 80.23 87.94
Area rato <5 (%) 90.26 92.56 96.84
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5.2. Applications on solid-propellant rocket motors.

The grids for the internal flow region of the solid-propellant rocket motor are generated using the
grid generation module. The flow profile and material property information of solid-propellant rocket

motor are provided by ADD.

5.2.1 Two-dimensional Solid-propellant rocket motor

Second stage of Anti-Aircraft Missile (AAM) : Anti-Aircraft Missile, a solid propellant rocket used
for intercepting airplanes is tested for grid generation. It is interpreted as a two-dimensional
axisymmetric configuration, and it is set up to generate point in the area of contact with flow area,
case, and propellant area. The initial BL spacing is set to 6.0 X 107°. The number of surface edge is
set to 1199, and the total number of generated grid is 41708. Maximum advancing step is set to 20.
The number of NS grid is 25159, which is 60.3% of the total grid. The skewness histogram and the

area ratio histogram are in Fig 35. The flow field analysis is performed using the generated grid.
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Table 12 Statistics of the generated Grid of AAM

The number of the surface | 1,199
grid

The number of the total grid | 41,708

Skewness < 0.5 (%) 99.72

Area ratio <5 (%) 98.17

100.00
80.00 68.36 96.08
70.00 80.00
60.00
50.00 60.00
30,00 40.00
30.00 .
20.00 11.49 3~195 38
10.00 “ i =% 1.340.250.030.01 0.000.00 20.00
000 B NN WS &5 0.50 0.53 0.65 040 0.35 1.49
NA DXL o A DO 0.00 -
Q' Q7 Q7 QO Q7 Q7 Q. Q7 Q7 N
N VY X K AN WY 1 2 3 4 5 6 7+

Q- Q7 Q7 O Q7 Q7 QO Qo7 O

Fig. 35 Histogram of the generated grid (a) skewness, (b) Area ratio

The flow analysis is performed under the following conditions. Simulation algorithm of the solver
utilizes TVDRK3 as the time integration method, AUSMPW + as the flux scheme, and
Venkatakrishnan as the limiter. The simulation proceeds until the flow pressure converges to observe
the phenomenon after the ignition. The unsteady flow analysis is performed until 1 second after
ignition. Fig. 34 is the result of regeneration with the grid created for AAM. The generated grid is
used for analysis for 1 second after ignition. In Fig. 36, it converges to a constant state after 0.6
seconds. The internal pressure converges to approximately 2.6 Mpa. In Fig. 37, Using the generated

grid of the AAM configuration, the flow that changes with time is analyzeed. This is a typical solid
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rocket-shaped flow pattern. The initial short-time flow after ignition is intense but gradually

converges.

Table 13 Algorithm settings for the FSI solver

Input information of the solver

Mesh Unstructured polygon

Time integration TVDRK3

Flux scheme AUSMPW+

Limiter Venkatakrishnan

L i e e 2.6 X 106pa
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Fig. 36 Pressure profile at the AAM outlet
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Fig. 37 Simulation results with time change (t=0.00s, 0.02s, 0.03s, 1.00s respectively)
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Bore choke motor (EBM): The following model is a Bore Choke motor with the characteristic that
the propellant region is pushed back when burned. Fig 37 is the result of FSI analysis. Compared to
the initial configuration, the propellant region is pushed backward significantly. Fig. 38 shows a

comparison of the shape before and after the change of shape.

FSI analysis on the generated grid is performed considering the viscous layer. In order to confirm

whether the viscous grid is generated and analyzed for the case where the shape change is harsh.

_stress11: -BE+08 -2E+08 2E+08 6E+08 1E+09 || Temperature: 400 1000 1600 2200 2800 3400 4000
e _
0
0 0.2 04 0.6 08 1 1.2
X
stress11: -6E408 -2E408 2E408 GE408 1E«09 || Temperature: 400 1000 1600 2200 2800 3400 4000
5 0.05
0 I 1 | 1 1 ! 1 i
0 0.2 04 0.6 08 1 1.2
X

Fig. 38 temperature/stress contour before/after deformation

Fig. 39 Comparison with before/after conbustion of BCM

(Blue) Initial ignition and (Red) 0.824s after ignition
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Fig. 40 Generated grid of BCM, (top) Initial ignition, (bottom) 0.824s after ignition

Table 14 information of the generated grid before/after deformation

Before Deformation After Deformation
The number of the surface grid 1136 1136
The number of the total grid 24921 25460
Skewness < 0.5 (%) 99.49 99.23
Arearatio<5 (%) 99.18 99.22
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Fig. 41 Histogram of skewness and area ratio of BCM

The grid is generated and the quality of the grid is checked before and after deformation. The quality
of the grid is checked in terms of skewness and area ratio in Fig.40. It can be seen that the grid is
generated in this narrow region without failure. The flow analysis was performed for the BCM before
the deformation and after the deformation respectively. It is confirmed that the flow analysis is

physically explained. In addition, the boundary layer can be caught near boundary wall in Fig. 42.

0.2F

0.1 F Mach: 02040608 1 1.21.41.61.8 2 2.22.4

Fig. 42 Mach contour configuration and detection of boundary layer at (a) t=0s and (b) t= 0.824s
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6.2.1 Three-dimensional Solid-propellant rocket motor

Erosive burning motor: The following model is an Erosive Burning Motor that has a three-
dimensional configuration. The EBM model shown in Fig 43. In Fig. 44, as the combustion proceeds,
the flow region gradually expands. Viscous grid is created before and after the combustion. At the

generated grid,

In order to reduce the computational load and time, one-fifth (72°) of the overall shape was analyzed.
As the combustion proceeds, the propellant burns and the flow area expands. FSI analysis is

performed until t = 0.234s after ignition.

Fig. 43 3-D configuration of Erosive Burning Motor

Fig. 44 Temperature contour of numerical simulation result.
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[t=0s x=1.5m ] [ t=0.234s, x=1.5m ]

Fig. 45 Change in fluid domain (L) at t =0s, (R) at t = 0.234s

fraction(%)

100.00
80.00
60.00

34.24

41.64
40.00
16.37 17.74 15.71 14.65
20.00 i 1384 1134 779 9.08 o7 am
- ’ 185 168 0.63 055 064 055 192 139
0.00 e N o= D —

0-0.1 0.1-0.20.2-0.30.3-0.4 0.4-0.50.5-0.6 0.6-0.7 0.7-0.8 0.8-0.9 0.9-1

skewness

Fig. 46 Skewness histogram of EBM

The grids are generated configuration at t=0s, and t= 0.234s. Surfaces are obtained by FSI analysis.
Both grids have a grid number of about 2 million. Both generated grids are compared as skewness and
area ratio histogram in Fig 46. The flow analysis was performed for the BCM before the deformation
and after the deformation respectively. It is confirmed that the flow analysis is physically explained.

In addition, the boundary layer can be caught near boundary wall in Fig. 47.
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Fig. 47 Mach contour configuration and detection of boundary layer at (a) t=0s and (b) t= 0.234s
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Chapter 6

Conclusion

In the case of the solid-propellant motor, the inside of the motor continuously changes with the
combustion of the propellant. The grid generation technique for deforming region in the combustion
surface is needed. In order to analyze the flow inside the combustion chamber of the solid propellant
rocket motor, it should be considered for deforming region of combustion chamber. For this reason,
automatic generation process of the unstructured-viscous grid is required for the FSI analysis. Prior
works in grid generation has mainly focused on external flow for the viscous grid generation.
Although the conventional method has advantages on the flexibility and generality of the grid

generation, the method has limitation on internal flow for grid-overlap and conflict each other.

In this paper, the problems of the grid generation of the combustion chamber of the solid-propellant
rocket motors are introduced and an overview of the methods and techniques used by the grid
regeneration module is presented. In order to create the grid suitable for internal flow, the grid
generation module is developed to efficiently generate a grid suitable for internal flow by adding
several methods for the internal flow. The grid shrinking method and skewness restriction are applied
to improve the quality of the grid and prevent the viscous grid from overlapping and proximity. As a
result, the grid by using modified methods is generated maintaining the quality of the grid in
complicated configurations. It is confirmed that the quality of the grid is maintained at a certain level

analyzed in terms of the skewness and the area ratio.

Two-dimensional and Three-dimensional grid regeneration module have been developed and add
introduced methods for applying complex internal flow geometry. Grids for two and three
dimensional configuration are generated and analyzed for solid-propellant rocket motors and various
shapes. The grid regeneration module is connected to the FSI integration program and the flow

analysis is performed on the two- and three-dimensional solid-propellant rocket motor. In the grid
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analysis, it is confirmed that the boundary layer is captured and analyzed, and it can be applied to the

other continuously deforming configurations.

In the future, the grid generation module has plans to apply and analyze various shapes of solid
propellant rocket motor with the applicable grid quality improvement techniques and the FSI solver.
In addition, a computational acceleration method will be needed in order to prepare for the analysis of

the three-dimensional grid generation with high data usage.
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Appendix A. Advancing-Layers Method by Pirzadeh [19,21]

The specification of the stretching vector in the anisotropic Delaunay triangulation is quite involved
for geometrically complex domains. Therefore, the so-called advancing layers method proposed by
Pirzadeh is more widely utilized. It can also be considered as a modified advancing-front technique.
The generation of stretched triangular (tetrahedral) grids by the advancing-layers
The Advancing-Layers Method proceeds according to the following steps.

Table 15 Advancing-Layers Method by Prizadeh

General steps of the Advancing-Layers Method

1. All of the boundary surfaces are triangulate.

2. Normal vectors at the boundary nodes are approximately computed.

3. Grid points along the surface normal are placed and layers of quadrilateral (prismatic in 3D)
elements of increasing thickness are formed.

4. Growing each stack of elements until the front intersects either itself or another front, or until the

cell aspect ratio becomes close to unity is continued.

The rest of the flow domain is then filled with isotropic tetrahedron. Usually the advancing-front
methodology is employed, which starts from the surface represented by the last layer of boundary

cells.
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(©) (d)

Fig. 47 Steps of the advancing-layer method: (a) computation of boundary normals, (b)
generation of a new layer and subdivision of the elements, (c) finished stretched grid, (d)
generation of isotropic elements in the rest of the domain
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Appendix B. Skewness and Area/Volume ratio [24]

1. Skewness

Skewness means the degree of distortion of the shape of the cell. According to the definition of
skewness, a value of 0 indicates an equilateral cell (best) and a value of 1 indicates a completely
degenerate cell (worst). Degenerate cells (slivers) are characterized by nodes that are nearly coplanar
(colinear in 2D). Highly skewed faces and cells are unacceptable because the equations being solved

assume that the cells are relatively equilateral/equiangular. skewness is defined (in general) as

emax - ee ee - emin]

Skewness = max 1809, ' 0.

(14)

where 6,,,, is the largest angle in the face or cell, 6,,;,= smallest angle in the face or cell and 6,=
angle for an equiangular face/cell (e.g., 60 for a triangle, 90 for a square). For a pyramid, the cell

skewness will be the maximum skewness computed for any face. An ideal pyramid (skewness = 0) is
one in which the 4 triangular faces are equilateral (and equiangular) and the quadrilateral base face is

a square.

2. Area/volume ratio

The area/volume ratio represents the uniformity of the size of the adjacent grids. The area ratio is
called in two dimension and the volume ratio is called in three-dimension. The expression of

area/volume ratio is shown as

Areag maX(Areaadjacentce") ) (15)

Area/volume Ratio = max< - ) A
min(Areag,gjacent, ) reace

The Area/volume ratio functions are excellent diagnostics for finding cell size discontinuities at

block and domain interfaces.
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