
AIAA JOURNAL

Vol. 44, No. 7, July 2006

Overset Unstructured Grids Method
for Viscous Flow Computations
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Tohoku University, Sendai 980-8579-01, Japan

The overset unstructured grid method is extended to viscous flow computations of multiple bodies in contact.
Overset treatment of hybrid meshes composed of tetrahedral, prismatic, and pyramidal elements is discussed in
detail when those elements are embedded in or in contact with the wall boundary of another grid. This method is
applied to the ONERA M5 wing–body model and computed by the Navier–Stokes code. The computational results
show good agreement with those obtained by a single grid and the experimental data. The boundary layer in the
intersection region between two grids is well captured without a collar grid.

Introduction

T HE overset-grid (Chimera) approach, in which several struc-
tured grids overlap and cover the flowfield to handle compli-

cated configurations, was introduced by Steger et al.1 and Benek et
al.2 Currently, this method is effectively used to solve both steady
and unsteady viscous flow around complex geometries3−5 and for
moving-body problems.6,7 This method is quite powerful for deal-
ing with the moving bodies because remeshing is not required. Re-
cently, owing to the progress in the field of computer technology,
more detailed and complicated configurations can be treated. As the
complexity of the geometry increases, however, the required number
of grids that overlap increases. This causes difficulty in construct-
ing the information necessary for communication among grids and
requires more time-consuming work. These difficulties may have
hindered wide applications of the method in industry.

The overset unstructured grid method has been proposed and suc-
cessfully applied to several problems.8−11 The approach has been
also employed in other studies.12,13 In those studies, the method
showed good performance when used to solve complicated mov-
ing body problems. The unstructured grid has a great flexibility in
handling complex geometries. When unstructured meshes are used
for the overset concept, the number of submeshes required for cov-
ering the flowfield can be significantly reduced as compared with
that needed with the overset structured grids. As a result, generat-
ing interpolation stencils between grids becomes simple. It can also
extend the applicability of the unstructured grid method to multiple
moving-body problems without serious effort in the code develop-
ment for a deforming mesh and remeshing procedure.

The overset unstructured grid method can deal with multiple bod-
ies in contact by a simple procedure.11 In Ref. 11, the ONERA M5
body and wing case was used to validate the method by comparison
of the overset-grid case and the single-grid case. This approach also
shows the capability of the store separating simulation in which the
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store is in contact with or embedded in to the body at the beginning.
With this method, flows around the National Aerospace Labora-
tory of Japan jet-powered experimental airplane with a small rocket
booster under the fuselage have been computed by solving the Euler
equations (see Ref. 14). In the cited study, the method also showed
potential for application to aircraft design. For example, to find the
optimum location for a nacelle–pylon on a wing, flow simulation
around a complete airplane must be performed by changing the po-
sitions of the nacelle. This necessitates a troublesome procedure to
generate a grid for each different position of the nacelle if a single
grid is used to cover the entire configuration. Instead, this procedure
can be simplified if overset grids are used. For this case, two grids,
one for the wing–fuselage and the other for the nacelle–pylon, cover
the entire flowfield, and a parametric study of the nacelle location
for optimization can be performed easily and efficiently in a single
flow computation without remeshing.

In this paper, an extension of the overset unstructured grid method
to treat hybrid unstructured meshes for viscous flow computations
is discussed. With such a problem, dealing with a thin boundary
layer around the intersection region is very important. To deal with
the problem, the overset structured mesh method often uses col-
lar grids15 for proper resolution of the intersection region and ap-
propriate definition of the geometric surface with respect to both
meshes (Fig. 1), especially when the thin-layer approximation is
used to reduce the viscous terms to the direction normal to the body.
However, overset unstructured meshes are capable of dealing with
multiple bodies in contact and facilitate mesh refinement. These
advantages can overcome such issues without use of a collar grid.
In the previous code, only all-tetrahedral meshes could be treated
because of the difficulty of searching for donor cells among the hy-
brid elements such as prismatic and pyramidal elements. To avoid
the difficulty of modifying the code for the donor cell searching
through the hybrid meshes, these hybrid elements are divided into
tetrahedral elements. To evaluate the method in terms of its accu-
racy and capability, especially to validate the accuracy to deal with
high Reynolds number viscous flows around the intersectional re-
gion, the ONERA M5 wing–fuselage configuration is considered as
a test case of this approach because this configuration is a familiar
example and the experimental data are available.16

Overset Procedure
Tetrahedral Elements

The identification of the intergrid boundary for multiple-body
problems must be performed completely automatically to take fully
advantage of the overset unstructured grid approach. The efficiency
and robustness of the hole-cutting procedure are particularly impor-
tant for moving-body problems. Here, the wall distance is used as
a basic parameter to construct the intergrid boundary. Node points
that are closer to the wall boundary of their own grid are defined as
the computational field.8,9
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a)

b)

Fig. 1 Collar grid: a) structured meshes after hole cutting around in-
tersection region and b) collar grid filling in intersection region (black
mesh).

Fig. 2 Determination of in-
tergrid boundary between
grid A (dotted lines) and grid
B (solid lines).

Consider an example of the hole-cutting procedure. In Fig. 2, sup-
pose that the broken lines show the grid (grid A) generated around
body A, and the solid lines show that (grid B) for body B. Node i
belongs to grid A, and then the donor cell in grid B is indicated by
a–b–c in Fig. 2. The minimum wall distance of this node i to body A
is compared with the wall distance of the donor cell to body B. The
distance of the donor cell is evaluated by a linear interpolation from
its vertex values. Because the wall distance of node i to body A is
shorter than that of donor cell a–b–c to body B, node i is assigned as
an active node. (It belongs to the computational field.) In contrast,
node j in Fig. 2 is selected as a nonactive node. In this way, all node
points in the overlapping region are assigned as active (computa-
tional) or nonactive (noncomputational) nodes. All nonactive node
points are interpolated from the partner cells. Because of this inter-
polation, the computational stability and the computational accuracy
around the intergrid boundary are improved. A detailed discussion
is presented in the following section. As just mentioned, all nonac-
tive node points are interpolated. However, the cells including the
nonactive nodes are not used as donor cells because the partner node
point of such a cell must be an active node point. To judge whether
the target point is located inside the current cell or not, the volume
of the tetrahedron composed of the target point and the three ver-
texes of the current cell is calculated as shown in Fig. 3. If all of the
volumes (where four tetrahedrons are composed of the target and
each face of the current cell is calculated) are positive, the target
point is located inside the current cell.

Nontetrahedral Elements
Other elements, such as prismatic and pyramidal elements, are

divided into tetrahedral meshes (Fig. 4) to perform complete and au-
tomatic searching without modification of the searching algorithm.

Fig. 3 Donor cell searching.

a)

b)

Fig. 4 Unstructured mesh a) including prismatic, pyramidal, and
tetraheral cells and b) after dividing prismatic and pyramidal cells into
tetrahedral mesh.

Fig. 5 Unstructured mesh generated inside body for quick and robust
searching.

However, the aspect ratio of the divided elements will become very
high, especially near the wall boundary. Such a tenuous cell could
cause searching failure because too short an edge of the tenuous
cell creates an error during the calculation of the tetrahedron, such
that the volume of the tetrahedron is zero due to the cancellation
of significant digits. To avoid searching failure, the relative position
of the searching element and the target node point are normalized.
At the volume calculation of tetrahedron, the shortest edge length
is assumed as a unit and other edge lengths are multiplied by the
normalized ratio. Inner meshes are also generated inside of the body
for faster and more accurate searching (Fig. 5). The inner meshes
are generated as a byproduct of the Delaunay triangulation method.
These generated tetrahedral elements are never used for the flow
solver because this treatment causes an increase of the edges and
elements and results in heavy computational cost.
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Fig. 6 Intermesh boundary for ONERA M5 wing–fuselage configuration and enlarged view in intersection region.

Intergrid Communications
Dividing the prismatic and pyramidal elements into tetrahedral

elements realizes the generation of the intergrid boundary in the
intersection region automatically by the use of the same method
applied to all tetrahedral meshes8−11 (Fig. 6). Suppose that the sur-
face and the volume meshes around the boundary layer, comprising
the collar grid,15 are not necessary for the proper resolution of the
intersection region and for appropriate definition of the geometric
surface with respect to both meshes because of the aforementioned
procedures. Mesh refinements (subdivision) can be applied to the
intersection region if a more adequate resolution of the intersection
region is needed.

The interpolation of the flow variables between the intergrid re-
gions is performed using the volume coordinate method. In this
method, the variables are averaged by using the ratio of each vol-
ume that is composed of the recipient point and each face of the
current cell to the total volume of the current cell. However, the
interpolation could also cause an error due to the cancellation of
significant digits of the tenuous donor cells. Too short a length of
the edge could create an improper donor cell whose volume is zero
due to the cancellation of significant digits. To avoid interpolation
failure, the relative positions of the donor cell and recipient node
point are also normalized when the flow variables are interpolated.

Flow Solver
In the present method, the computational domain consists of sev-

eral unstructured subgrids that may overlap. The unstructured sub-
grids generated around each component in the flowfield are put
together to discretize the whole computational domain. A hybrid
volume grid composed of tetrahedrons, prisms, and pyramids for
high Reynolds number viscous flows is generated by the method
described in Refs. 17–21. The Navier–Stokes equations are solved
in each subgrid with the proper boundary conditions.

The Navier–Stokes equations for compressible viscous flows are
written in an integral form, as follows:

∂

∂t

∫
�

Q dV +
∫

∂�

[
F(Q) − M∞

√
γ

Re
G(Q)

]
n dS = 0 (1)

where Q = [ρ, ρu, ρv, ρw, e]T is the vector of conservative vari-
ables; ρ is the density; u, v, and w are the velocity components in
the x , y and z directions; and e is the total energy. The vector F(Q)
represents the inviscid flux vector and n is the outward normal of
∂�, which is the boundary of the control volume �. This system of
equations is closed by the perfect gas equation of state.

The equations are solved by a finite volume cell-vertex scheme.
The control volume is a nonoverlapping dual cell. For the control
volume, Eq. (1) can be written in an algebraic form as follows:

∂Qi

∂t
= − 1

Vi

[∑
j (i)

�Si j h
(
Q+

i j , Q−
i j , ni j

) −
∑

j (i)

�Si j G(Q, ni j )

]
(2)

where �Si j is the segment area of the control volume boundary
associated with the edge connecting points i and j . �Si j , as well as
its unit normal ni j , can be computed by summing up the contribution
from each tetrahedron sharing the edge. The term h is an inviscid
numerical flux vector normal to the control volume boundary, and
Q±

i j are values on both sides of the control volume boundary. The
subscript of summation j(i) represents all node points connected to
node i.

The numerical flux h is computed using the approximate Riemann
solver of Harten–Lax–van Leer–Einfeldt–Wada (see Ref. 22).
Second-order spatial accuracy is realized by a linear reconstruc-
tion of the primitive gasdynamic variables with Venkatakrishnan’s
limiter.23

The lower–upper symmetric Gauss–Seidel (LU-SGS) implicit
method (see Ref. 24) is applied to integrate Eq. (2) in time. With
�Q = Qn + 1 − Qn and a linealization of the numerical flux term
as hn + 1

i j = hn
i j + A+

i �Qi + A−
j �Q j , the final form of the LU-SGS

method on an unstructured grid becomes, for the forward sweep,

�Q∗
i = D−1

[
Ri − 0.5

∑
j ∈ L(i)

�Si j

(
�h∗

j − ρA�Q∗
j

)]
(3a)

and for the backward sweep,

�Qi = �Q∗
i − 0.5D−1

∑
j ∈ U (i)

�Si j (�h j − ρA�Q j ) (3b)

where

Ri = −
∑

j (i)

�Si j hn
i j

�h = h(Q + �Q) − h(Q), and D is a diagonal matrix de-
rived by Jameson–Turkel approximation of Jacobian25 as A± =
0.5(A ± ρAI), where ρA is the spectral radius of Jacobian A. D
is given as follows:

D =
(

Vj

�t
+ 0.5

∑
j (i)

�Si jρA

)
I (4)

The lower/upper splitting of Eq. (3), namely, j ∈ L(i) and
j ∈ U (i), for the unstructured grid is realized by using a grid reorder-
ing technique24 to improve the convergence and the vectorization.

A one-equation turbulence model by Goldberg and
Ramakrishnan26 is implemented to treat turbulent boundary layers
for computations of viscous flows.

Overset Implementation
In addition to the boundaries of the computational domain, sub-

grids may have holes and intergrid boundaries with the neighboring
donor subgrids. The node points belonging to the noncomputational
field must be excluded or blanked out of the flowfield solution. To
decide whether the node points should be computed in the flow



1620 TOGASHI ET AL.

solver, all node points have information as to whether they belong
to the calculating field. Namely,

Iblank =
{

1, a point is not blanked out (active node)

0, a point is blanked out (nonactive node)

This value is 1 or 0 depending on the area inside or outside the
computational subregion. In the flow solver, the right-hand-side
vector Ri in Eq. (3) is multiplied by the value iblank(i); namely,
the variables of the nonactive node points are temporarily set to
be zero during the computation of each grid. Then intergrid data
are interpolated between the overlapped grids. If a nonactive node
point has a donor cell, flow variables on the node are interpolated
by the donor cell. Although the variables on the nonactive node
points are never used for the computation, they are indirectly used
for the estimation of the gradients of the flow variables. This ensures
the robustness of the overset unstructured grid method for moving
bodies.

Treatment of Multiple Bodies in Contact
A similar procedure can be applied to multiple bodies in contact.

The procedure is shown in Fig. 7 and is explained as follows. In
Fig. 7, node point A (circular-shaped points) belongs to body 1 (light
gray zone) and node points a, b, c, d , e, f , and g (square-shaped
and diamond-shaped points) belong to the body 2 (dark gray zone).
Solid lines show the computational mesh generated around body 2
(mesh 2), and dotted lines show the mesh of the wall boundary of
body 2 (mesh 2). Here, both lines are the mesh of body 2, not body 1.
In Fig. 7a, the dotted lines show the inner meshes generated inside
body 1. Inner meshes are generated inside the body for faster and
more accurate searching as is mentioned in the preceding section
and shown in Fig. 5, leading to the following:

1) The edge that straddles the wall boundary of the other grid
is searched. If the partner cell of a node point of the edge is a
computational volume cell, for example, node points a and b, and
that of the other node point is an inner cell, for example, node points
c, d and e, the edge straddles the wall boundary. (Repeat for each
edge.)

2) The surface element that the edge straddles is identified by
dropping perpendicularly from the node point to the surface and
identifying the element it touches. (Repeat for each edge that strad-
dles the wall boundary.)

a) b)

c)

Fig. 7 Treatment of multiple bodies in contact for a) meshes generated around body 2, b) added dotted lines are inner meshes generated inside of
body 1, and c) velocity of node point locating inside body is defined to satisfy zero-velocity condition among two node points.

3) The node points whose neighboring node points are located in
the computational field, for example, the node point c whose neigh-
boring node points a, b, and h are located in the computational field
in Fig. 7, have the averaged density and pressure of the neighboring
node points, for example, ρc = (ρa + ρb + ρh)/3. The velocities of
the node points located inside the body are defined to satisfy the
zero-velocity condition among the neighboring node points located
in the computational field and themselves, as shown in Fig. 7c. To
obtain more precise information, not only the node point that is the
closest to the wall boundary, but also neighboring node points in
the computational field, are extrapolated. (As node c is extrapolated
from nodes a, b, and h.) Suppose the extrapolated velocity from a
to c is Vac, from b to c is Vbc, and from h to c is Vhc. The extrapolated
velocity then becomes the averaged value Vc = (Vac + Vbc + Vhc)/3.

4) Because of this procedure, the node points on the wall boundary
of another grid can have proper variables when flow variables are
interpolated. (Node A can have proper variables interpolated from
nodes a, b, and c.)

5) If a node point is inside the other grid body and all neighboring
node points are also located inside the body (such as node f ), the
node points are interpolated from the inner mesh. This procedure
prevents instability of the solver code resulting from the difference
of the flow variables between the connected node points.

6) If the node points that are inside the other grid body do not
have adequate partner cells or node points, such as node g (because
the donor node point of the partner cell is also located inside the
body), the nodes have the same flow variables of the nodes that are
next to them and nearer to the flowfield.

The foregoing procedure is also important when this approach is
applied to the separating simulation. The node points that are inside
the body have proper variables so that they can be computed even
when they enter the computational field.

Computational Results
Unstructured Meshes

The ONERA M5 wing–fuselage configuration was employed to
validate this approach. First, a single hemispherical grid that covers
the entire flowfield was generated. For a test of the overset grid, a
box-shaped subregion that covers only the near field of the wing was
defined as shown in Fig. 8, and a relatively fine grid was generated
in it. To resolve the boundary layer around the intersection region,
the surface mesh around the intersection region had to be relatively
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Fig. 8 Overset unstructured meshes for ONERA M5 wing–fuselage.

Fig. 9 Surface mesh generated around intersection region of wing–fuselage.

Fig. 10 Computed pressure contours on surface and symmetrical plane for ONERA M5 wing–fuselage M∞ = 0.8 and α= −−1.0 deg: a) and
c) single-mesh case and b) and d) overset-mesh case.

Fig. 11 Comparison of Cp distributions for ONERA M5 at semispan locations of 20%: a) 85% and b) M∞ = 0.8 and α= −−1.0 deg.
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a) b)

Fig. 12 Cross-sectional views of Mach number contours at 75% of root chord length: a) single mesh and b) overset mesh.

refined (with the edge length being at most 10 times the minimum
mesh width of the prismatic layer for proper interpolation) as seen
in Fig. 9. The intergrid boundaries between the fuselage grid and the
wing grid were identified using the distance from the wall boundary.
Figure 6 shows the cut view around the intersection region of the
two grids after the overset implementation.

Computational Results
The computations were performed using both the single hemi-

spherical grid and the overset grids for a freestream Mach number
of 0.84, an angle of attack of −1 deg, a Reynolds number of 6 × 107,
and full turbulence on the body.

Figure 10 shows the computed pressure contours for the case of
a single grid (Figs. 10a and 10c) and that of overset grids (Figs. 10b
and 10d). In Figs. 10b and 10d, smooth transitions of the contour
lines between the wing and the fuselage boundary can be observed.

Figure 11 shows comparisons of the Cp distributions in the case
of overset grids, that of a single grid and experimental data on the
wing at 20% and at 85% semispan locations.27 The results show
good agreement between the overset-grid case and the single-grid
case.

Figure 12 shows cross-sectional views of the Mach number con-
tours at 75% of the root chord length. Smooth transition of the
boundary layer between the body and wing grids is observed. The
results show good agreement between the overset-grid case and the
single-grid case without the collar grid, which resolves the intersec-
tion region and connects the related components grid.

Conclusions
The overset unstructured grid method was extended to treat hy-

brid meshes including prismatic, pyramidal, and tetrahedral cells for
computations of viscous flows around multiple bodies in contact.
The method was applied to the ONERA M5 body and wing configu-
ration. To perform complete and automatic searching without mod-
ifying the searching algorithm, prism and pyramid elements were
divided into tetrahedral elements. Flow variables were also interpo-
lated to the node points located inside another body to realize more
reliable interpolation in the intersectional region. Computational

results showed good agreement with the single-grid computational
results and experimental data. The boundary layers in the intersec-
tion region were well captured without using extra grids such as
the collar grid. The authors believe that this method is effective not
only for the store separation problems, but also for design problems
such as when designers try to determine the optimum location of a
junction of a wing or a nacelle on a wing.
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