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New Strategy for Unstructured Mesh Generation

C. Y. Liu and C. J. Hwang†

National Cheng-Kung University, Tainan 70101, Taiwan, Republic of China

A novel strategy, which includes the statements of the no-cavity and nonoverlapping conditions and a mesh
generation approach, is presented to create unstructured triangular and tetrahedral meshes. For this strategy,
the no-cavity and nonoverlapping conditions provide the theoretical basis for the mesh-generation procedure. In
this procedure, a structured background grid is utilized to determine the distribution of characteristic lengths.
According to this distribution,nodes are generated � rst. Then, a characteristic-range method and a hybrid method
are proposed for connecting these nodes. By the use of a mesh-removal process, the � nal mesh is obtained. To
illustrate the procedure, a two-dimensionaldomain with four-element airfoils is considered. For three-dimensional
domains, a postprocessing is introduced to improve the mesh quality. To evaluate the strategy, two concentric
cubes, a coaxial annual pipe, and two concentric spheres are considered. For the � ow region around the ONERA
M6 wing, the hybrid method with postprocessing is utilized, and the mesh quality is compared to those previously
attained. To demonstrate this strategy further, a mesh is generated for the � ow region around an airplane.

Introduction

TWO major unstructured mesh-generation methods, the
advancing-front method1 3 and the Delaunay triangulation

method (see Refs. 4–6), are currently available. For the advancing-
front method, the boundary of domain is chosen as the initial front
� rst. Then, a new element is generatedfrom the initial front into the
empty domain, and the intersectionsbetween this new element and
the existing elements are checked. After the new element has been
formed, the front is updatedand is advancedfurther into the domain.
This procedure is repeatedand operatedon everyupdated front until
the entire domain is meshed. It is known that the boundary integrity
is guaranteed and that the point placement strategy results in high-
quality meshes. However, the intersection checking technique is
expensive.7 In addition, dif� culties may be encountered in regions
where the fronts are merged.8 The Delaunay triangulation method
adoptstheemptycircumcircle/circumspherepropertyfromthecom-
putationalgeometry.7 When new points are sequentiallyadded to an
arti� cially constructed convex domain, the Delaunay triangulation
is operated until the characteristic length criterion is satis� ed. Be-
cause of its simplicity, the Delaunay triangulation method is more
ef� cient than the advancing-frontmethod. However, the boundary
recovery is required. As mentioned in Ref. 7, the main disadvan-
tages of Delaunay triangulation techniques relate to their inability
to guaranteeboundary integrity.The Delaunay triangulationhas the
property of maximize minimum angle (max–min) triangulation in
two-dimensional cases. However, it could generate sliver tetrahe-
drons in three-dimensionalcases.

To improve these methods, several techniques have been pre-
sented. For example, some useful data structures have been used to
perform ef� ciently the necessary search operationsduring the gen-
eration of unstructuredgrids.9 To reduce some of the disadvantages
of the Delaunay method, an advancing-front Delaunay algorithm
has been developed.10,11 This algorithm has the ef� ciency of the
Delaunay method and provides high-quality meshes usually asso-
ciated with the advancing-front technique. However, it inherits the
boundary integrity dif� culties of the Delaunay method.8 Another
technique, which can be used to recover the boundary mesh or to
improve the mesh quality, is the swapping algorithm.7,8,12 When
this algorithm is used, convergence to the globally optimum max–
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min or Delaunay triangulation is assured in two dimensions, but
a similar result does not hold in three dimensions.7 The modi� ed-
octree technique,13 which makes use of octants divided system to
separate the domain, is another unstructuredmesh-generationalgo-
rithm. This algorithm is ef� cient and robust, but the resulting cell
distribution near the boundary is irregular.

In this paper, a new strategy for generating unstructuredmeshes
is presented.First, the no-cavity and nonoverlappingconditions are
introduced. Then, a mesh-generation approach is developed. Un-
like previous unstructuredmesh-generationmethods, several over-
lapping elements are created to satisfy the no-cavity condition. A
mesh-removal process is utilized to accomplish the nonoverlapping
condition, so that the triangles or tetrahedrons in the � nal mesh
do not overlap each other. A two-dimensional domain with four-
element airfoils is adopted to illustrate the presentmesh-generation
procedure. Because there is no need to check the intersections or
to judge the combination of meshes for swapping, the ef� ciency of
the present approach increases greatly, especially for domains with
complex con� gurations. When the postprocessing is operated, bad
elements such as the sliver tetrahedrons can be removed. Two con-
centric cubes, a coaxial annual pipe, and two concentric spheres are
adopted to evaluate the present strategy. For the � ow region around
the ONERA M6 wing, tetrahedral meshes are created. When the
present results are compared with those given in Refs. 14 and 15,
the mesh quality is studied. To further demonstrate the capability
of the present strategy, unstructured tetrahedrons for the � ow re-
gion around an airplane are generated, and histograms of the mesh
qualities are presented.

No-Cavity and Nonoverlapping Conditions
Before descriptions of the no-cavity and nonoverlapping con-

ditions are given, the meanings of the effective edge (segment)
or effective face (triangle) and the number function N (i ) are ex-
plained.

1) For a boundary segment/triangle, there is only one effec-
tive edge/face, whose normal direction is toward the computational
domain.

2) For a nonboundary segment/triangle, there are two effective
edges/faces, whose normal directions are opposite to each other.

3) The number function N (i ) represents that there are N (i ) tri-
angles or tetrahedrons on the effective edge or effective face i . For
example, two triangles or tetrahedrons are located on the effective
edge or effective face i , if N (i ) is equal to 2.

No-Cavity Condition
If there is one cavity in the domain, some of the effective

edges/faces associated with this cavity will have a null value of
N (i ). In other words, there will be no cavity in the whole domain if
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the value of N (i ) for every effective edge/face is not equal to zero.
This statement can be expressed in the following form:

i, N (i ) 1 no cavity in the domain (1)

It is obvious that the no-cavity condition [ i, N (i ) 1] is the suf� -
cient one.

Nonoverlapping Condition
Necessary Condition

If more than one triangle/tetrahedronis simultaneouslyplaced on
one effective edge/face, these triangles or tetrahedrons will over-
lap each other. In other words, the value of N (i ) for each effective
edge/face is less than or equal to one, if all of the triangles or tetra-
hedrons in the domain do not overlap each other. Combined with
the no-cavity condition, this statement is expressed as follows:

nonoverlap i, N (i ) 1 (2)

Suf� cient Condition
If some elements in the domain overlap, at least one effective

edge/face, on which more than one triangle/tetrahedron is placed,
will be observed. This statement can be expressed as follows:

overlap i, N (i ) 2 (3)

To evaluate statement (3), two triangles/tetrahedrons A1 and B1,
which overlap each other, are considered. If A1 and B1 are placed
on the same effectiveedge/face, statement (3) is established.Other-
wise, a set of triangles/tetrahedrons, Ai i 1, . . . , n , can be ob-
tained to cover the region occupied by B1. If an effective edge/face
coexists among Ai and B1 , statement (3) is satis� ed. If not, a set
of triangles/tetrahedrons, B j j 1, . . . , m , is obtained to cover
the space occupied by Ai , and statement (3) is checked again. If
there is still no coexistingeffectiveedge/face among Ai and B j , the
precedingprocedure is repeated.For a � nite domain, the aforemen-
tioned search procedure will stop on the boundary, and at least one
boundary effective edge/face with N (i ) 2 will be detected. That
is, statement (3) is established. The following expression, which is
equivalent to statement (3), is written as

i, N (i ) 1 nonoverlap (4)

Combined with the no-cavity condition, statement (4) is expressed
as follows:

i, N (i ) 1 nonoverlap (5)

From statements (2) and (5), the nonoverlapping condition ( i,
N (i ) 1) is not only necessary but also suf� cient.

Mesh-Generation Approach
According to the no-cavity and nonoverlapping conditions, a

mesh generationapproach is developedby following the procedure
given next sequentially:

1) Construct a background grid.
2) Create a boundary mesh.
3) Utilize a node-placement technique to generate nodes.
4) Use a characteristic-rangeor a hybrid method to connect the

nodes into a mesh.
5) Impose the no-cavity condition.
6) Impose the nonoverlappingcondition.
7) Use a postprocessing to improve the mesh quality (only for

three-dimensionalcases).
Steps 1–5 and 7 will be described in the following subsections.

First, a mesh-removal process, which is utilized to impose the
nonoverlappingcondition in the step 6, is discussed. According to
the distribution of radii ratio,16 a heap list is used to sort the ele-
ments. The element with the lowest value of radii ratio is deleted.
Then, the linked lists are introduced,and the elements having effec-
tive edges/faces with N (i ) 0 are removed to satisfy the no-cavity
condition. If the cancellationof an element causes the boundaryele-
ments to be deleted, this element is called a nonremovableelement.
Under the no-cavity condition, this nonremovable element and the
related ones, which are just canceled, must be recovered. In other

words, there is no cavity in the whole domain duringremovalof ele-
ments. According to the heap list, the precedingmesh-removalpro-
cess is repeated and operated on every element until no element can
be removed.Then, the nonoverlappingconditionis examined. If this
conditionis satis� ed, the mesh-generationprocedureis stopped,and
a � nal mesh is obtained. Otherwise, some elements in the domain
overlapandcouple together.Becausethe couplingmay inducea cav-
ity during removal of the elements, a decouplingoperation is neces-
sary. For this operation, only the speci� ed element is removed, and
several new elements are patched up around the edges/faces where
the valuesof the number functionsare equal to zero.Once the decou-
pling operation is done, the aforementioned mesh-removal process
is applied to cancel the overlappingelements. This procedure is re-
peated until the nonoverlappingcondition is satis� ed. Although the
decoupling operation is time consuming, numerical experiments
indicate that the mesh couplings do not occur when the present
characteristic-rangeor thehybridmesh-connectivitymethodis used.

Two-Dimensional Mesh Generation
To illustrate the two-dimensional unstructured mesh-generation

procedure, an example of four-element airfoils17 is presented.
The accumulated CPU time T , distributions, and numbers of
nodes/segments/triangles at the aforementioned steps 1–6 are in-
dicated in Fig. 1.

Background Grid and Boundary Mesh
A structured background grid (Fig. 1a) is adopted. When a

Poisson equation (see Ref. 18) is solved, the distribution of char-
acteristic lengths for this background grid is obtained. Accord-
ing to this distribution and a search/interpolation procedure,18 the
boundary curves are decomposed into segments, which are spec-
i� ed counterclockwise for external boundaries and clockwise for
internal boundaries. The distribution of boundary segments for the
four-element airfoils is shown in Fig. 1b.

Generation of Nodes
A large rectangle,which contains the computational domain and

relatedbodies,is selected.Everycreatednodemust be locatedinside
this large rectangle. Based on the advancing-frontconcept, a node-
placementprocedureis used to generatethenodes.At thebeginning,
all of the boundarysegmentsare designatedto be active.This means
that these segments are available for generating new nodes. The
node-placement steps are described as follows:

1) Choose an active segment as the base. To obtain a better distri-
bution of nodes, the segment with the smallest length is processed
� rst.

2) From the chosenbase,a pseudopointis located so that a regular
element can be obtained. When the quadtrees are used, all nodes
within a speci� ed range are searched. This range is bounded by a
circle, whose center is located at the pseudopoint and the radius is
a (0.6–0.7) times the characteristic length at the pseudopoint.

3) If no nodeis found,the pseudopointbecomesa new node, and it
is to be connectedwith the nodesof the chosen base to form the new
segments.When the chosen base is replacedwith the new segments,
the active set is updated. If only one node is found, this node could
be connected with the nodes on the chosen base to form the new
segments.When the chosen base and the old active segments related
to the node founded with the new segments are replaced, the active
set is renewed. If two or more nodes are found, the chosen base is
removed from the active set.

The precedingnode-placementprocessis repeateduntil the active
set becomes empty. Unlike the approach given in Ref. 3, the present
method does not need to check whether the node is located inside or
outsidethebodies in the selectedrectangle.Therefore, thenumerical
effort can be reduced, especially for cases with complex domain
con� gurations.As shown in Fig. 1c, it is observed that some of the
created nodes are located inside the largest airfoil.

Mesh Connectivity
A characteristic-rangemethod is introduced to create triangles.

The characteristicrange for a node, for example, node A, is de� ned
as a circle, whose center is node A and whose radius is equal to
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a) T = 0:01 s (0 node, 0 segment, 0 triangle)

b) T = 0:02 s (161 nodes, 161 segments, 0 triangle)

c) T = 0:1 s (1425 nodes, 161 segments, 0 triangle)

d) T = 0:61 s (1425 nodes, 10,188 segments, 20,303
triangles)

e) T = 1:14 s (1374 nodes, 9624 segments, 19,150
triangles)

f) T = 1:42 s (1374 nodes, 3970 segments, 2593 tri-
angles)

Fig. 1 Mesh-generation procedure for four-element airfoils.

the characteristic length at node A. By the use of the quadtrees, the
nodes are selected if their characteristic ranges intersect with that
at node A. Then, these nodes are connected with A. For any two
nodes, for example, B and C, the angle BAC is checked. If the
angle is smaller than a threshold angle a , the longer side of AB and
AC is deleted to reduce the number of segments. For example, AB
is deleted if BAC is smaller than a and AB is longer than AC.
By considering the mesh quality and the required memory size, a

speci� ed value of the threshold angle a of 15 deg is adopted. The
precedingprocedure is repeated for all of the nodes to generate seg-
ments. When the linked lists are adopted, these segments are used to
create all of the possible triangles, where no node is located inside.
Because the created triangles are permitted to overlap each other or
be located inside/across the bodies (Fig. 1d, four-element airfoils),
the intersection-checking operationsutilized in the advancing-front
method are not needed.
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Table 1 Final and maximum numbers of tetrahedrons and CPU times

Final no. of Maximum no. of CPU
Cases Methods tetrahedrons tetrahedrons time, s

Concentric cubes Characteristic range 6,892 226,233 11
Hybrid 7,115 22,087 8
Hybrid with postprocessing 6,914 22,087 54

Coaxial annular pipe Characteristic range 4,721 209,411 10
Hybrid 4,914 14,859 6
Hybrid with postprocessing 4,718 14,859 53

Concentric spheres Characteristic range 3,467 141,041 6
Hybrid 3,656 13,242 5
Hybrid with postprocessing 3,483 13,242 46

ONERA M6 wing Hybrid with postprocessing 283,670 808,766 1,412
Airplane Hybrid with postprocessing 913,447 1,931,745 4,121

No-Cavity and Nonoverlapping Conditions
Before the no-cavity condition is examined, those boundary tri-

angles with the effective edges, whose normal directions are not
toward the computationaldomain, are deleted � rst. Then the linked
lists are adopted, and those triangleshaving the effective edges with
N (i ) 0 are canceled,so that theno-cavityconditionis satis� ed.For
the domain with four-elementairfoils, a temporarymesh (Fig. 1e) is
obtained. As indicated in Fig. 1e, the numbers of nodes, segments,
and triangles are less than the correspondingones given in Fig. 1d.
Finally, a mesh-removal process is adopted to satisfy the nonover-
lapping condition. The details of this process are described in the
step 6 of the aforementionedmesh-generationprocedure. After the
mesh-removal process is applied, a � nal mesh for the domain with
four-element airfoils is obtained (Fig. 1f). When the results given
in Fig. 1e are compared, the numbers of segments and triangles
in Fig. 1f are signi� cantly reduced. Because all of the boundary
segments are retained during the generation/cancellation of the tri-
angles, the boundary integrity is warranted after the no-cavity and
nonoverlappingconditions are satis� ed. No other techniques, such
as the swappingalgorithm,areneededto recovertheboundarymesh.

Three-Dimensional Mesh Generation
Background Grid and Boundary Mesh

A three-dimensionalstructured background grid is adopted, and
the distribution of characteristic lengths for this background grid
is obtained by solving a three-dimensional Poisson equation (see
Ref. 18). To construct the boundary mesh, the boundary surfaces
are decomposed into several patches. For a patch, there are a series
of cross-sectional pro� les along a principal axis. By choosing X
(distancealong the principalaxis) and S (arc length along the cross-
sectional pro� le) as the surface coordinates, the coordinates x , y,
and z of data points on a surface patch can be mapped to the two-
parameterspace in X and S. Accordingto the precedingdistribution
of characteristic lengths and the two-dimensional mesh-generation
approach, the triangulation is done in this parametric space � rst.
Then, a transformation back to the physical space is performed to
obtain the � nal triangulationon the boundary surface.

Generation of Nodes
A large hexahedron, which contains the computational domain

and related bodies, is selected. When all of the boundary triangles
are allowed to be active, an active triangle is chosen as the base, and
the octrees are used, the aforementioned two-dimensional node-
placement procedure is utilized to generate the nodes. These nodes
must be placed inside the selected hexahedron, but they may be
located inside or outside the bodies. In other words, the generation
of nodes is not restricted by the con� gurations of bodies.

Mesh Connectivity
To achievethemeshconnectivity,a characteristic-rangemethod is

presented.For a node, for example, node A, the characteristicrange
is de� ned as a sphere, whose center is node A and whose radius is
equal to the characteristiclengthat node A. By the use of the octrees
anda thresholdangle a , for example,15–30 deg, theaforementioned
two-dimensional mesh-connectivityprocess is adopted to generate

a)

b)

Fig. 2 Concentric cubes: a) partial view of boundary mesh and b)
histograms of mesh qualities.
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a)

b)

Fig. 3 Coaxial annular pipe: a) partial view of boundary mesh and b)
histograms of mesh qualities.

segments.These segments and the related linked lists are utilized to
create all of the possible triangles. Then, these triangles are intro-
duced to generate all of the possible tetrahedrons,where no node is
located inside. It is similar to the two-dimensional case in that the
created tetrahedrons are likely to overlap each other, and some of
them may be located inside/across the bodies. Because the preced-
ing characteristic-rangemethod generates too many tetrahedronsin
the three-dimensional domain, a hybrid method is developed. For
this hybrid method, the empty circumsphere property is adopted to
accomplish the mesh connectivity.When this empty circumsphere
method causes the recovery problem on some boundary elements,
the preceding characteristic-range method is utilized to create the
tetrahedrons around those boundary triangles.

No-Cavity and Nonoverlapping Conditions
After the mesh connectivity is done, several overlapping tetrahe-

dronsare created.Before the no-cavitycondition is examined, those
boundary tetrahedronshaving the effective faces with normal direc-
tions being outward to the computational domain are deleted � rst.
Then, the linked lists are introduced, and the tetrahedrons having

the effective faces with N (i ) 0 are canceled to satisfy the no-
cavity condition. Finally, the nonoverlapping condition is satis� ed
by utilizing a mesh-removal process described in the step 6 of the
mesh-generation procedure.

Postprocessing
When the hybrid method is used, several sliver tetrahedrons are

created. To remove these sliver tetrahedrons and enhance the mesh
quality, a postprocessingis developed.

1) To identify tetrahedrons for postprocessing, a parameter R is
introduced and calculated by the following equation:

R R b r (6)

where R and r are the average and standard deviation of the radii
ratios, respectively. The parameter b is an adjustable factor, and it
is set to be 2 in this paper. The value of R is between zero and one.
For a tetrahedronA with the value of radii ratio less than or equal to
the value of R, several new segments are generated by connecting
the four nodes of A with nodes of the neighboring tetrahedrons.
These segments are utilized to create all of the possible triangles,
which are then used to generate all of the possible tetrahedrons.
For these tetrahedrons, no node is located inside. It is obvious that
the number of tetrahedrons in the mesh increases. To reduce the

a)

b)

Fig. 4 Concentric spheres: a) partial view of boundary mesh and b)
histograms of mesh qualities.
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computer memory, the maximum number of tetrahedronsobtained
by thehybridmethodwithoutpostprocessingischosenas a threshold
value. When the number of tetrahedrons in the mesh is equal to this
threshold value, the preceding mesh connecting is stopped. Then,
the aforementioned procedures, which are used to satisfy the no-
cavity and nonoverlapping conditions, are utilized. The preceding
process is applied to those tetrahedrons with values of radii ratio
less than or equal to the value of R.

2) To further enhance the mesh quality, a Laplacian-like tech-
nique15 is adopted to smooth the coordinates of nodes.

3) Steps 1 and 2 are processed alternately, and they are operated
three times each for the present cases.

Results and Discussion
To evaluate the present strategy, three cases, which include two

concentriccubes,a coaxialannularpipe,and two concentricspheres,
are studied. The background grid with a uniform characteristic
length of 0.1 is introduced.To examine and demonstrate the present

a)

b) , results of Ref. 14 (288,170 cells), and , present results (283,670 cells)

c) , results of Ref. 15 (314,748 cells), and , present results (283,670 cells)

Fig. 5 ONERA M6 wing: a) partial view of boundary mesh, b) mesh quality comparison between the present results and those of Woodard et al.,14

and c) mesh quality comparison between the present results and those of Marcum and Weatherill.15

strategy, the ONERA M6 wing and an airplane con� guration are
adopted. For all of the cases except the ONERA M6 wing, the radii
ratio16 and the skewness14 are calculated to evaluate the mesh qual-
ities. Table 1 lists the � nal and maximum numbers of tetrahedrons
and the CPU times for implementationof the mesh-generationpro-
cedure. In this work, the operations for all of the cases are im-
plemented on a compatible personal computer (Pentium III-450,
512-MB RAM).

Evaluation of the Present Mesh-Generation Strategy
Concentric Cubes

For the concentriccubes shown in Fig. 2a, the edge lengths of the
larger and smaller cubes are equal to 1 and 0.5, respectively. After
the boundarymesh is constructed(Fig. 2a), the regionbetween these
two cubes is decomposed into tetrahedrons. The histograms of the
mesh qualities are shown in Fig. 2b. When the characteristic-range
method is used, the CPU time is 11 s, and about32 times extra tetra-
hedrons are created during the mesh connectivity.From histograms
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of the mesh qualities, there are more than 60% of the tetrahedrons
with their values of radii ratio greater than or equal to 0.8 and more
than 70% of the elements with their values of skewness equal to or
less than 0.6. When the hybrid method is applied, the ratio of the
maximum number of tetrahedrons to the � nal number of tetrahe-
drons is reduced to 3.1. Also, the required CPU time decreases to
8 s. However, the mesh quality is worse than that obtained by the
characteristic-rangemethod (Fig. 2b). When the hybrid method is
incorporatedwith postprocessing,the ratio of the maximumnumber
of tetrahedrons to the � nal number of tetrahedrons is equal to 3.2.
The postprocessing does not signi� cantly affect the � nal number
of tetrahedrons.Although the required CPU time increases to 54 s,
the mesh quality is enhanced.Note that almost all tetrahedronswith
values of radii ratio lower than 0.6 are removed (Fig. 2b). Compared
with the characteristic-rangemethod, the hybrid method with post-
processingutilizes less memory and providesbetter mesh quality at
the expense of CPU time.

Coaxial Annular Pipe
In this case, the length of the pipe shown in Fig. 3a is equal to 1,

and the diameters of two coaxial cylinders are set to be 1 and 0.5,
individually.After a boundary mesh (Fig. 3a) is created, the region
between these two cylinders is decomposed into tetrahedrons.The
histograms of the mesh qualities are plotted in Fig. 3b. When the
characteristic-rangemethod is used, the � nal and maximum num-
bers of tetrahedrons are 4721 and 209,411, respectively. The CPU
time is 10 s. It is the same as the preceding case in that the ratio of
the maximum numberof tetrahedronsto the � nal numberof tetrahe-
drons is large. As shown in Fig. 3b, the values of radii ratio for most
of the tetrahedrons are equal to or greater than 0.6, and there are
more than 70% of the elements with their values of skewness equal
to or less than 0.6. When the hybrid method is utilized, the � nal and
maximum numbers of tetrahedrons are 4914 and 14,859, respec-
tively, and the required CPU time is 6 s. Although the CPU time
and maximum number of tetrahedrons are reduced, the mesh qual-
ity is worse than that obtained by the characteristic-rangemethod.
When the postprocessing is operated with the hybrid method, the
� nal and maximum numbers of tetrahedrons are 4718 and 14,859,
respectively, and the required CPU time is 53 s. The mesh qual-
ity is better than that obtained by the characteristic-rangemethod
(Fig. 3b). Based on the precedingdiscussion, the conclusionsabout
these threemethods in the studyof concentriccubesare drawn again
in this case.

Concentric Spheres
For the concentric spheres shown in Fig. 4a, the diameters of the

spheres are equal to 1 and 0.5, individually.After the boundary tri-
angles are created (Fig. 4a), the region between these two spheres
is decomposed into tetrahedrons.The histograms of the mesh qual-
ities are shown in Fig. 4b. When the characteristic-rangemethod is
utilized, the � nal and maximum numbers of tetrahedrons are 3467
and 141,041, respectively,and the CPU time is 6 s. It is the same as
the preceding two cases in that the ratio of the maximum number
of tetrahedrons to the � nal number of tetrahedrons is large. From
the results shown in Fig. 4b, about 80% of the tetrahedrons have
the values of radii ratio equal to or greater than 0.7. Also, there
are more than 70% of the elements with their values of skewness
equal to or less than 0.6. When the hybrid method is utilized, the
� nal and maximum numbers of tetrahedrons are 3656 and 13,242,
respectively, and the CPU time is 5 s. When a comparison with the
results obtained by the characteristic-range method is made, it is
found that the number of extra tetrahedronsis signi� cantly reduced,
but the mesh quality deteriorates. It is the same as the preceding
two cases in that the hybrid method with postprocessingconsumes
longer computer time, but improves the mesh quality (Table 1 and
Fig. 4b). Based on the precedingdiscussion,the followingtwo cases
are investigated by using the hybrid method with postprocessing.

Generation of Meshes for the Flow Regions Around ONERA M6 Wing
and Airplane
ONERA M6 Wing

The aspect and taper ratios of the ONERA M6 wing19 (Fig. 5a)
are 3.8 and 0.56, respectively. For the computational domain, the

ONERA M6 wingwith a semispanof 1.0,a rootchordof 0.6775,and
a leading-edgesweep of 30 deg is enclosed by a symmetrical plane
and several far-� eld planes that are at least 10 times the semispan
away from the wing (Fig. 5a). For this case, the maximum and � nal
numbers of tetrahedronsare 808,766and 283,670, respectively,and
the CPU time is 1412 s. Therefore, about 12,054 tetrahedrons are
generated in 1 min. When the data given in Refs. 14 and 15 are
consideredas the referencevalues, the results shown in Figs. 5b and
5c indicate that the hybrid method with postprocessing provides
a mesh with satisfactory quality, even though the distribution of
boundary mesh and the number of tetrahedrons are different from
those in these two references.

Airplane
As shown in Fig. 6a, the length of fuselage and wing span for

an airplane are 10 and 15 ft, respectively. The cross section of the
wing corresponds to the NACA 23012 airfoil. The aspect and taper
ratios of the wing are 8.0 and 0.5, respectively. This wing has an
incidence angle of 3 deg, a dihedral angle from 0 to 5 deg, and a
twist angle from 3 to 1 deg. The cross sections of vertical and hori-
zontal wings are NACA 0012 airfoil types. The incidence, dihedral,
and twist angles of the horizontal wing are similar to those of the
main wing. For the computational domain, the far-� eld boundaries
are about 10 semispans away from the airplane (Fig. 6a). The � nal
and maximum numbers of tetrahedronsare 913,447 and 1,931,745,
respectively, and the CPU time is about 69 min. Therefore, more
than 13,000 tetrahedronsare generated in 1 min. In this case, about
400-MB RAM is used. It is the same as the earlier cases in that the
hybrid method with postprocessingproduces a mesh with satisfac-
tory quality (Fig. 6b). From the preceding discussion, the present

a)

b)

Fig. 6 Airplane: a) partial view of boundary mesh and b) histograms
of mesh qualities.
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strategy is suitable for generating meshes around bodies with com-
plex con� gurations.

Conclusions
A newstrategy,which includesthe statementsof theno-cavityand

nonoverlappingconditionsand a mesh-generationapproach, is pre-
sented to createunstructuredtriangularand tetrahedralmeshes.This
mesh-generationapproachis composedof seven steps: construction
of a background grid, creation of the boundary mesh, generationof
nodes, connection of the nodes into a mesh, achievement of the
no-cavity condition, accomplishmentof the nonoverlappingcondi-
tion, and utilizationof a postprocessing(only for three-dimensional
mesh generation). For a two-dimensionaldomain with four-element
airfoils, the preceding steps are illustrated. Unlike the advancing-
frontmethod,nodesgeneratedby thepresentapproachcanbeplaced
inside or outside the bodies, and the created elements are permit-
ted to overlap each other or be located inside/across the bodies.
Therefore, the intersection checking process is not needed, and this
reduces the numericaleffort, especiallyfor cases with complex con-
� gurations. It is different from the Delaunay triangulation method
in that the present approach is capableof guaranteeingboundary in-
tegrity because all of the boundary segments/triangles are retained
during the generation or cancellation of the triangles/tetrahedrons.
Besides the precedingfeatures, the implementationfor the no-cavity
andnonoverlappingconditionsis basedon integeroperations,which
make the checking processes less computational intensive and in-
sensitive to the machine accuracy. For the concentriccubes, coaxial
annual pipe, and concentric spheres that are studied, the � nal and
maximum numbers of tetrahedrons, CPU time, and histograms of
mesh qualities are obtained. These results indicate that the hybrid
method requires less computer memory and that the postprocessing
signi� cantly improvesthe mesh quality.When the results in Refs. 14
and 15 are considered as the reference values, the histograms of
mesh qualities indicate that the hybrid method with postprocessing
producesa mesh with satisfactoryquality for the ONERA M6 wing.
The results for the study of the � ow region around an airplane show
that the present strategy is suitable for generating meshes around
bodies with complex con� gurations.
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