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Abstract

A simple and efficient dynamic grid deformation technique is proposed for computing unsteady flow problems with
geometrical deformation, relative body movement or shape changes due to aerodynamic optimisation and fluid—struc-
ture interaction. A Delaunay graph of the solution domain is first generated, which can be moved easily during the geo-
metric dynamic deformation, even for very large distortion. A one to one mapping between the Delaunay graph and the
computational grid is maintained during the movement. Therefore the new computational grid after the dynamic move-
ment can be generated efficiently through the mapping while maintaining the primary qualities of the grid. While most
dynamic grid deformation techniques are iterative based on the spring analogy, the present method is non-iterative and
much more efficient. On the other hand, in comparison with dynamic grid techniques based on transfinite interpolation
for structured grids, it offers both geometric and cell topology flexibility, which is crucial for many unsteady flow prob-
lems involving geometric deformation and relative motions. The method is demonstrated through some typical
unsteady flow test cases, including a pitching aerofoil in a fixed domain boundary, relative movement between
multi-element aerofoils due to flap deployment for high lift, a deformable sphere in a fixed cube, and a three-dimen-
sional flexible wing with large deformation.
© 2005 Elsevier Inc. All rights reserved.
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1. Introduction

Dynamic grids are essential for solving unsteady flow problems involving geometric deformation or
relative motion of multiple bodies. For aeronautical applications, examples of such flows include the
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deployment of high lift or flow control devices, deflection of control surfaces, fuel tank separation, weapon
release and so on. Recent development in aerodynamic optimisation and multidisciplinary design optimi-
sation including flexible wings with fluid structure interaction, and associated aeroelastics, and aeroservoe-
lastics demands the simulation of deforming wings under aerodynamic loads or optimisation search
involving potentially large deformation. The deforming geometries necessitate dynamically changing
meshes to cover the changed solution domain. Both surface and volume mesh in the flow field need to
be updates at each time step of the solution process. It is therefore very important to develop an efficient
dynamic grid deformation/generation technique, which maintains the primary grid qualities at each time
step or each design change.

For a given problem, geometric deformation can be defined by the specified motion, which is reflected as
the perturbation of the surface grid. The dynamic grid generation can be viewed as a means to propagate
this boundary perturbation into the whole solution domain. There are generally two categories of methods
to achieve this: (i) by mesh regeneration; (2) by mesh deformation.

For its efficiency, the algebraic grid generation technique based on trans-finite interpolation (TFI) has
been widely used for aeroelastic problems [1], aerodynamic optimisation [2], and multi-disciplinary optimi-
sation [3] for mesh regeneration involving deforming boundaries for the dynamic structured grid regener-
ation. Based on TFI, Gaitonde and Fiddes [4] used exponential blending functions to control the quality
and robustness of the mesh. TFI combines the efficiency of an algebraic grid generation method with
the ability to handle fully 3D geometric perturbations by the multi-block structured grid. Numerous mod-
ifications have been made within the methodology for complicated geometric perturbations. However, the
efficiency and robustness of this method are limited to applications for multi-block structured moving
meshes.

For unstructured grids or structured grids generated by the solution of partial differential equations (of-
ten elliptic solvers) for desirable grid qualities, the mesh deformation approach is usually adopted. Grid
regeneration at each time step or each optimisation iteration would be very expensive computationally. This
leads numerous researchers to develop more efficient methods for dynamic meshing. For mesh deforma-
tion, the spring analogy scheme, first developed by Batina [5], is widely used, which models the mesh as
a network of linear springs and solve the static equilibrium equations for this network to determine the
new locations of the grid points. Applications of the spring analogy for grid deformation can be found
for unsteady flow solutions [6] and for aerodynamic optimisation [7]. However, the method suffers problems
in robustness for large deformations and refined grid, such as grids for viscous flows, resulting in grid cross-
ing and negative volumes.

Farhat [8] proposed a modified spring analogy by adding additional non-linear torsion springs to avoid
the negative cell volume problem associated with the linear spring network. A detailed analysis of the spring
analogy is presented by Blom [9], demonstrating that the torsional spring is imperative to retain validity of
a moving Navier-Stokes mesh. Murayama et al. [10] proposed a method to relate the spring stiffness with
the angle between the faces in order to deal with the problems with large movement and deformation of
surfaces. Chen [11] developed an exterior BEM solver that has a unified feature for the deforming flowfield
grid generation. Assuming that the CFD mesh is to be embedded in an infinite linear elastic medium where
the CFD surface grid is treated as a deformable hollow slit, a pseudo elastostatic problem with semi-infinite
elastic domain can be formulated. Treating the grid as an elastic solid [12-14], which can be viewed as an
extension of the spring analogy, improve substantially the robustness of the moving mesh (in the sense of
avoiding mesh crossing and negative volumes) at the expense of a much higher computational cost. All the
spring analogy based schemes for moving mesh require iterative solution of the static equilibrium equations
to determine the new locations of the grid points at each time step or design change. For three-dimensional
viscous problems, it is still time consuming to propagate the perturbation of boundaries to the volume grids
in the flow field using the spring analogy based method, though a large improvement over grid
regeneration.
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In addition to the TFI methods for dynamic grid regeneration and the spring analogy based methods
(including elastic solid based methods) for grid deformation, overset grids have also been used for dynamic
grid problems, such as that proposed by Fast and Henshaw [15]. A thin layer of body-fitted grid near the
deforming boundary is overset on a fixed Cartesian grid covering the computational domain. The body-
fitted structured grid is regenerated at each time step using a hyperbolic grid generator. Therefore the grid
regeneration is localised, comparing to full grid regeneration. Instead of overlapping the grids, Zhang
and Wang [16] used an unstructured grid to link the body-fitted grid and the Cartesian grid. Localising
the grid regeneration to the unstructured part of the grid with the application of the spring analogy. Still
grid regeneration and interpolation of the flow properties at each time step is a costly part for both
methods.

It is clear that, for moving grids, geometric complexity, computational efficiency and algorithm robust-
ness are conflicting factors. For geometries with multi-block grids, TFI can be used to regenerate the grid at
each time step or each design change with reasonable efficiency. For more complicated geometries when
unstructured or hybrid grids are necessary, either spring analogy based grid deformation methods or grid
regeneration are required with substantially increased computational effort. Within spring analogy based
methods, increasing robustness and sophistication is at the expense of further reduction in computational
efficiency.

In this paper, we propose a novel method to deform a mesh of any given topology dynamically for large
shape changes. It is based on the creation of a Delaunay graph of the original mesh. The geometric move-
ment is carried out using the Delaunay graph with ease and efficiency. The original grid is then mapped
back onto the deformed Delaunay graph to provide the new mesh for the new time step or the new design
cycle. The mapping guarantees that the original mesh topology and density distribution are maintained
without mesh crossing or overlapping cells. In the following section, the dynamic grid generation method
is described. Some examples of dynamic meshing are demonstrated in Section 3 including both inviscid and
viscous grids.

2. Dynamic remeshing based on Delaunay graph

The method is divided into four steps: (a) generating the Delaunay graph; (b) locating the mesh points in
the graph; (c) moving the Delaunay graph according to the specified geometric change; (d) relocating the
mesh points in the new graph. In order to show the procedures of this method, a hybrid grid over a deform-
ing aerofoil is chosen as shown in Fig. 1, with a highly stretched structured grid around the aerofoil and
unstructured meshes away from the surface.

2.1. Generating the Delaunay graph

The computational domain is defined by the geometric boundary and the non-geometric boundaries,
including far field, symmetry, singularity, and periodic boundaries, etc. In order to generate the Delaunay
graph, some representative points are chosen on the boundaries of the computational domain. For this
given set of boundary points, there exists a unique triangulation (for two-dimensional cases) or tetrahed-
ralisation (for three-dimensional cases) using the Bowyer—Watson algorithm [17,18], known as the
Delaunay criterion.

We define the grid generated in such a way as a Delaunay graph for the given moving grid problem. The
graph covers the whole computational domain for the given configuration, including the interior elements.
Such triangulation or tetrahedralisation is unique, maximizing the minimum angle of a triangle or tetrahe-
dral. The Delaunay graph provides a unique mapping from the given boundary points to a coarse
unstructured grid.
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Fig. 1. Hybrid grid around an aerofoil.

For a computational grid, the geometrical boundary edges/faces should be a subset of the generated
grid. It is well known that a main disadvantage of Delaunay grid generation is its inability to guarantee
the geometry boundary integrity [19]. This is due to the fact that the unique Delaunay triangulation is
only valid for convex domains and the final computational grid is an extraction of the whole Delaunay
grid by deleting the interior cells/points inside the geometries in question. It is therefore important to
make sure that the cells do not break through the prescribed geometry boundaries by constrained Del-
aunay triangulation [20] through edge swapping or judiciously adding surface points in the break through
regions [21].

However, for the dynamic grid method presented in this paper, the Delaunay graph is only an interme-
diate map rather than the grid itself. The boundary faces (3D) and edges (2D) are maintained in the moving
grid automatically as they are mapped back after the graph is moved. As the topology of the original grid is
fully maintained in the method, so are the boundary faces and edges. This means that the Delaunay graph
itself (not the grid) does not need to be geometrical surface preserving, i.c. breakthroughs at the geometry
boundaries are allowable in the Delaunay maps, assuring the Delaunay property which is useful for validity
of the moving graph.

For the grid shown in Fig. 1, the far field boundary can be defined by the four corner points and the
aerofoil geometry by all the surface points. Note that since the whole aerofoil deforms, all surface
points are required to maintain the integrity of the curved geometry at the grid level while four corner
points are sufficient to maintain the integrity of the farfield boundary. If a curved farfield boundary
needs to be maintained during the grid movement, more points may be necessary there for the Dela-
unay graph.

The Delaunay unstructured grid generation method as described in [22,23] are adopted, based on point
insertion using the Delaunay criterion, i.e. the circum-circle for triangles or the circum-sphere for tetrahe-
drons should not include other points except the points which construct the triangle or tetrahedral. As we
only use the boundary points, the cell number of triangles and tetrahedrons are comparatively much smal-
ler than that for the whole grid and therefore the time in forming the graph is very small, even if more
points are used for the farfield boundary. Because we only use the graph for mesh movement or deforma-
tion, we do not need to delete the unwanted grids that lie in the solid faces. For the deforming aerofoil case,
Fig. 2(a) shows the solution domain boundaries and Fig. 2(b) the corresponding Delaunay graph. Note that
the Delaunay graph includes the cells inside the aerofoil. This is important since there is no guarantee that
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Fig. 2. Generation of Delaunay graph: (a) solution domain boundaries: geometry and farfield, (b) the Delaunay graph.

the geometrical boundary is not broken for the Delaunay graph although it is maintained in this case. If a
breakthrough of the solid boundary happens, the Delaunay element strides the boundary will contain some
the original grid points, which need to be mapped in the moving grid.

2.2. Locating the mesh points in the Delaunay graph

Given a Delaunay graph covering the original grid, different rules may be used to locate the mesh points
in the graph, but these rules must satisfy that the positions of the mesh points in the graph is uniquely de-
fined by a one-to-one mapping. Since the graph covers the whole solution domain, any point within it must
belong to one of the triangles or tetrahedrons elements in the graph.

In the method proposed in this paper, we use the relative area coefficients to define the points for 2D and
the relative volume coefficients to define points for 3D meshes. These coefficients have three components for
two-dimensional cases and four components for two-dimensional cases.

Fig. 3(a) demonstrates the construction of the coefficients of a point in an element of the graph for two-
dimensional cases. If a mesh point P is found in the graph element ABC, three area ratio coefficients, ey, ey,
e3, which are relative to the points A, B, C, respectively, are calculated by

S

eiZE, i:172,3, (1)

where the areas are given by

Fig. 3. Relation of the coefficients with the nodal points: (a) 2D, (b) 3D.
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(5)

As can be seen from the above formulae, e, e,, e3 are the relative area coefficients, ¢; being the ratio of the

triangular area PBC to the triangular area ABC, and so on.

Similarly, Fig. 3(b) shows the situation for two-dimensional cases, where the position of point P in the

graph element is defined by the four relative volume coefficients by
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For each grid point, the coefficients are calculated in relation to the graph element it occupies. Obvi-
ously, we have

Y e=1 (12)

for both two-dimensional and three-dimensional cases.

From the definition of areas (2D) and volumes (3D), if and only if all the signs of the above coef-
ficients are positive or zero, the point is in the graph element. Otherwise the point is classified outside
the element. An efficient walk-through algorithm [24,25] is adopted for the purpose of locating the Del-
aunay element for a given mesh point. The complexity of the walk-through algorithm is of O(n'/%),
where n is the total number of the Delaunay elements and d is the spatial dimension. A brute force
search would result in an algorithm complexity of O(n), which could make locating element stage
expensive for three-dimensional cases. The calculated mesh points’ coefficients are stored along with
the graph element number.

The idea of the above mapping between the Delaunay graph and the mesh points comes from the linear
interpolation shape functions used in finite element methods (see e.g. [26]). To find a linear interpolation of
a functional value U at P in a triangular element from the values, U,, U,, Us, at the nodal points P;, P, and
P3, respectively, we have

UP:ZeiUi- (13)

1

In the context of the present paper, by replacing the functional values with the co-ordinates for point P, (xp,
yp), and the nodal points of the graph element, (x,, y;,), i=1, 2, 3, we have

Xp = Zeix,-, (14)
Yo=) e (15)

Egs. (14) and (15) along with (1) and (12) defines a one-to-one mapping from (xp, yp) in the Delaunay ele-
ment, to the associated area ratio coefficients (e, 5, €3). Therefore, all the points within the identified Del-
aunay graph element are mapped to the coefficient sets. The 3D mapping can be similarly defined.

2.3. Moving the Delaunay graph

As discussed before, the graph elements are constructed based on Delaunay triangulation/tetrahed-
ralisation of selected boundary points and geometrical points, which represent the moving/deforming
body. The graph covers the whole solution domain. Generally the outer boundary points may stay
fixed, and the geometrical points move according to a prescribed motion or deformation due to the
underlined physics (e.g. structural deformation). The body geometrical points chosen for the construc-
tion of the Delaunay graph should be sufficient to provide an accurate description of the body motion
and deformation and to preserve the surface integrity during the movement. In order to maintain geo-
metrical accuracy, all the body surface geometrical mesh points are chosen for the Delaunay graph
generation.

After the movement, the graph is no longer guaranteed to satisfy the Delaunay rules. For the purpose of
grid mapping, this does not cause any problem. However, if the movement is so large that some points
move across each other, it will create a problem for the mapping as some of the coefficients (areas or vol-
umes in Egs. (1) and (6)) become negative. When this happens, the movement of the Delaunay graph is
defined to be invalid.
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In this situation, the variation for the movement is halved and a single movement is broken up into
two smaller steps. If the situation persists, the step can be further refined. Note that this does not nec-
essarily mean a reduction in the time step for the flow solution or a change of design change steps. For
most moving mesh cases, the unsteady flow physics needs to be captured with reasonable time step res-
olutions and this anomaly of invalid Delaunay movement rarely happens if the original graph is Del-
aunay, which maximises the internal angles as mentioned earlier. In the application of the method, a
single Delaunay graph may be used for a sequence of movements for efficiency if the changes are rel-
ative small. For the robustness of the procedure for relatively larger changes, it is advisable to regen-
erate the Delaunay graph at each geometrical change, which is also useful for maintaining the grid
quality.

2.4. Relocating the mesh points in the graph

After the graph movement, a new set of coordinates is generated for the nodal points for each graph
elements. On the graph, the mesh points can now be located based on the area or volume ratio coefficients
stored for the points with the associated graph element number.

We require that the distribution of the point within a graph element maintains the area or volume ratio
as in the original graph, i.e. the coefficients are kept constants during mesh movement. For two-dimensional
cases,

3
Xp = Zeix;, (16)

3
= e (17)

4

xp = Ze,—x;, (18)
4

y;’ = Zeiy;’ (19)
4

zZp = Ze,-z;. (20)

Here (xp,5) or (x},)},2;) are the new coordinates of the mesh point and the element nodal points. During
the movement, the area or volume ratio coefficients remain constant, computed using (1) or (6), respec-
tively. This implies that the coefficients calculated in (1) or (6) can be used in relocating the mesh points
by (16), (17) or (18)—(20), respectively. Fig. 4 shows such a mapping from P in the original grid to P’ in
the moved grid for the 2D case.

By doing so, the relative position of a point in a graph element is maintained by the fixed area or volume
ratios no matter how much the element deforms. No crossover of the points is possible, which is crucial for
the original grid property to be carried over and for the robustness of the meshing mesh. Fig. 5 illustrates
how a cell (P, P,, P3) in the original grid striding over two Delaunay elements (A, B, C) and (A, C, D) is
transformed into a cell in the new grid after the movement along with the movement of the Delaunay
elements.
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Fig. 4. Relocation of mesh point P within a Delaunay element during the mesh movement: (a) before movement, (b) after movement.
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Fig. 5. Demonstration of the movement of a grid cell in the Delaunay graph: (a) before movement, (b) after movement.

Fig. 6 demonstrates a two-step deformation of a hybrid grid around an aerofoil using the Delaunay
graph. Note that the quality of the original viscous grid is maintained with the high clustering of the
points near the solid surface for boundary layer resolution. For this case, a single Delaunay graph on
the initial symmetric geometry is generated for the sequence of two movements.

2.5. Computational procedure
In summary, the procedure of the moving mesh method based on the Delaunay graph can be written as

(1) Using selected solution domain boundary points and the Delaunay method to construct the Delaunay
graph;

(2) Locating the graph elements for all the mesh points using the walk-through method; computing and
storing the area or volume ratio coefficients for each mesh points using formulae (1)—(5) or (6)—(11),
respectively;

(3) Moving the Delaunay graph according to the deformation of the solid surfaces or the relative move-
ments between different bodies;

(4) Checking for any intersection between the graph elements, and if this happens, splitting the movement
into two smaller movements and go to step (3);
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(5) Relocating the mesh points according to expressions (16), (17) or (18)—(20), respectively, using the
coefficients computed in step (2) and the nodal coordinates of the new moved graph elements;
(6) Repeating (1)—(5) or (3)—(5) for the next time step or optimisation search shape.

The above moving mesh method is non-iterative and is therefore very efficient for unsteady flow solu-
tions and design changes in optimisation involving deformation or relative motion. It is also worthwhile
to point out that the procedure is valid for any type of meshes in 2D or 3D. In comparison, TFI is limited
to structured meshes and methods based spring analogy often need special treatment for different type of
meshes.

The procedure is more clearly illustrated in the following pseudo program:

begin
generate the Delaunay graph for current geometry location and solution boundaries
do n =1, number of all mesh points

set point n as Q

choose a random Delaunay element k with centroid P

walk-through from P to Q until Q’s Delaunay element is found

calculate the area or volume ratio coefficients in the graph element for Q
end do
1 generate new nodal points for the Delaunay graph after movement
do j =1, number of graph elements

if(area or volume of element. le. 0) then
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reduce the boundary movement
goto 1
end if
end do
do n = 1, number of all mesh points
get graph element number: graph_element_number(n)
get new graph element nodal coordinates
get mapping coefficients for point n
calculate the new mesh points
end do
end

3. Test cases
3.1. A pitching multi-element aerofoil

A two-element aerofoil is used for the pitching test case. Figs. 7(a), (b) and (¢) demonstrate the mov-
ing mesh for the aerofoil from 0° incidence to —30°, and 30°, respectively, using the method described
in Section 2. A single Delaunay graph is generated at 0°. No element cross over is observed in the Del-
aunay graph movements, indicating the robustness of the method for large movement. The original grid
quality with a denser grid distribution around the aerofoil for inviscid flow solution is maintained after
the movement. The moving meshes also show a good resistance to mesh distortion for these relatively
large movements.

Additionally, in order to demonstrate the independence of the method on mesh topology, a grid, shown
in Fig. 8(a), made of polygon cells with varying numbers of edges is created for the same two-element aero-
foil. Such a grid can result from the application of some advanced grid generation techniques, e.g. that re-
ported in Leatham et al. [27]. Fig. 8(b) shows the mesh with a pitching angle of 60°. Although, due to the
much larger movement, the distortion of the cells is more visible in this case, the mesh is still of reasonable
quality as an inviscid solution grid.

Note that this is a one-step movement solely for demonstration of the robustness of the method. For its
implementation in dynamic flow calculations, many and much smaller steps (more regeneration of Dela-
unay graphs) are required to capture the flow physics and therefore the distortion should be much less
severe.

3.2. Multi-element aerofoils with large dynamic flap deployment

The study of the dynamic effects of the flaps is important for aircraft control and high lift genera-
tion. For this case, a four-element aerofoil is chosen as a test case, for which there is a relative move-
ment of multiple bodies. A large movement of the trailing edge flaps in relation to the main wing
aerofoil is specified. Fig. 9(a) shows a local view of the original mesh for inviscid flow solution, with
clustering around each of the four elements of the aerofoil. Fig. 9(b)—(f) plot a sequence of the mesh
movement using the Delaunay graph mapping. A Delaunay graph is generated at each step before mov-
ing the grid for the next step. As can be seen, the mesh quality has been maintained at each stage of
the movement.

For viscous flows, hybrid grids are often preferred because a high aspect ratio structured grid with a high
degree of clustering near the solid surface is normally more suitable for capturing the boundary layer phys-
ics. For example, to resolve the turbulent boundary layers, the requirement of a y-plus value in the order of
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Fig. 8. Demonstration of moving mesh for arbitrary cell topology: (a) original mesh, (b) moved mesh with 60° pitch.
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Fig. 10. Sequence of moving hybrid viscous meshes around a multi-element aerofoil.
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O(1) necessitates an extremely fine mesh resolution in the wall normal direction, which can cause such prob-
lems as mesh line crossovers and slow convergence for methods based on spring analogy.

A hybrid viscous grid around a two-element aerofoil is shown in Fig. 10(a) and (b). Fig. 10(c)—(e) illus-
trates a sequence of the moving mesh using the proposed method by regenerating the Delaunay graph at
each step. For this case, the maximum movement is limited by the gap between the two elements of the
aerofoil. The quality of the hybrid grid for viscous flow simulation is maintained throughout the movement
using the Delaunay graph mapping.

Figs. 11 and 12 show a local view of the Delaunay graph and corresponding local grid after the move-
ment for this case. As can be seen, although the surface integrity is violated in the Delaunay graph, the
moved grid ensures the boundary integrity and the quality of the viscous grid near the wall.

3.3. Movement of a deformable sphere in a cube

Dynamic grids for a deformable sphere moving in a fixed cube are studied, demonstrating the capability
of the proposed method for three-dimensional cases. The sphere moves to the right and at the same time
elongates in the vertical direction. The original hybrid grid is shown in Fig. 13(a). Fig. 13(b) shows the mesh
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Fig. 11. Delaunay graph without boundary integrity.
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Fig. 12. The mapped mesh.
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Fig. 13. Moving hybrid mesh around a sphere in a cube: (a) original hybrid grids, (b) moved hybrid grids (dx = 8.0).

after its movement and deformation. The Delauney graph is generated by all the surface pints and eight
corner points on the cubical outer boundary.

3.4. Deformation of a flexible three-dimensional wing

For aero-elastic studies, it is crucial to have an efficient moving grid method for the fluid-structure inter-
action of flexible wing simulation. Limited oscillation (buffet) can lead to structure vibration and fatigue
and large deformation may rise from the study of flutter boundaries. In this demonstration case, a
three-dimensional wing is generated using the NACAO0012 sections. A good quality structured viscous grid
around the aerofoil is combined with the unstructured grid outside. A two-step deformation of the wing is
specified, which is propagated from the surface grid to the field grid through the Delaunay graph mapping
in two steps. Fig. 14(a) demonstrates the deformation process of the wing, which is twisted and bended. The
twist angles are 20° and 40° and the wing tip displacements are 2 and 4 chord lengths, respectively. Fig.
14(b) demonstrates the original hybrid mesh for this wing without deformation. Fig. 14(¢) and (d) illus-
trates the meshes after the first and second step of deformation, respectively.
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Fig. 14. Large deformation of a hybrid viscous grid around a flexible 3D wing: (a) wing twist and bending, (b) original hybrid grids,
wing root and wing tip views, (¢) deformed hybrid grids around wing with 20° and 2 chord length tip displacement, (d) deformed
hybrid grids around wing with 40° twist and 4 chord length tip displacement.

3.5. Comparison with spring analogy for wing-body combination

For this last test case, the performance of the proposed dynamic grid method is compared with the
spring analogy method regarding its performance in CPU time, memory requirement and grid quality.
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The geometry is a wing-body combination available from [28]. A fully unstructured Euler grid is initially
generated for the original geometry with 349,038 cells and 72,474 nodes. The commonly used spring anal-
ogy method of Batina [5] is used for this comparison although more sophisticated methods including tor-
sional springs is necessary for viscous grids.

An artificial wing bending of 20° is specified. This large deformation is broken into a sequence of 20 steps
of 1° bending so that the spring analogy method works. Note that for the Delaunay graph moving grid
method, it is not necessary to break this deformation into 20 steps and the method works well for a single
step move from 0° to 20°. However, for the comparison purpose, we have also broken the deformation into
1° steps in the Delaunay graph method.

Table 1 compares the CPU time and the memory required on a single 2.4 GHz Xeon processor using a
Linux operating system for moving the original grid to its final position. For this comparison, the number
of iterations in each step for the spring analogy is limited to 50. The table clearly shows that the Delaunay
graph method is about an order faster than the spring analogy method for this large 20° deformation. In

Table 1
Comparison of spring analogy and Delauney graph on CPU and memory
Dynamic grid method Spring analogy Delaunay graph
CPU (s) 312 30
Memory (Mb) 72 114
Table 2
Breakdown of CPU for the Delaunay graph method
Generating graph Locating element Mapping points Total
CPU (s) 4 15 11 30

Fig. 15. Meshes before and after 20° deformation: (a) overall view, (b) local view, Original grid — Spring analog — Delaunay graph.
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comparison, the Delaunay graph method requires more memory as compared with the spring analogy
method, which is affordable considering the substantially improved speed. The extra memory requirement
is primarily due to the storage of the Delaunay graph, the Delaunay element neighbour information and the
cell volume ratio coefficients.

From Table 2, in the Delaunay graph method, about 50% percent of the time is spent on locating the
Delaunay element for all the mesh points. To map the points, including the calculation of ¢; and the
new coordinates of the points, takes about 37% of the time but the graph generation only 13%.

The final grids by the two different dynamic grid methods are compared in Fig. 15. The local grid quality
around the wing tip is maintained after the large deformation for both methods in this case. The efficiency
and robustness of the Delaunay graph method is expected to perform even better for hybrid viscous grids
with very high aspect ratio cells near the surface, for example for the case in 3.4. This is because that the
spring analogy will need (1) additional torsional springs or similar modifications for robustness, (2) smaller
deformations to avoid mesh crossover, and (3) more iteration at each step of movement due to the high
aspect ratio.

4. Conclusion

A fast dynamic grid deformation method based on the Delaunay graph is presented, which is simple to
implement for arbitrary mesh topologies. In comparison with other dynamic grid generation methods based
on the spring analogy deformation or grid regeneration, it is much more efficient, as it requires only non-
iterative algebraic calculations.

The mapping procedure is robust without the common robustness problem for highly refined viscous
flow grid, since the relative position of a grid point in the corresponding Delaunay element is maintained.
No mesh crossing or negative area/volume can be generated in the grid relocation process. During the
movement, the topology of the original grid is strictly carried over and the grid density distribution is main-
tained. Another advantage of the method is that it is independent of the grid topology and can be applied to
arbitrary types of meshes or a mixture of different types. Grid type dependency is often a limitation of the
spring analogy approaches and the TFI techniques for moving meshes.

The robustness of the method has been shown through a series of test cases including inviscid and vis-
cous flow grids with large deformations. The test cases show that these desirable grid qualities in the ori-
ginal grid are carried over in the moving meshes. For the test cases, the viscous grids after the movement are
satisfactory without the requirement of specific control over the mesh angles. The efficiency of the method
has been demonstrated in the wing-body test case for a large deformation in comparison with a standard
spring analogy method. An order of magnitude improvement in CPU has been achieved, accompanied by a
modest increase in memory.

The method is suited for local movement with large deformation, oscillatory motions resulting from un-
steady aerodynamics, fluid/structure interaction and design optimisation. For long distance relative mo-
tions, such as fuel tank or weapon release, or ejection seat movement, the efficiency of the Delaunay
graph mapping method can be exploited by incorporating local grid enrichment and coarsening.
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