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I. Introduction

T HE use of unstructured grids in computational fluid dynamics
(CFD) has become widespread during the last two decades, due

to their ability to discretize arbitrarily complex geometries and the
flexibility in supporting solution-based grid adaptations to enhance
the solution accuracy and efficiency [1–7]. In the early days of
unstructured grid development, triangular/tetrahedral grids were
employed the most in dealing with complex geometries. Recently,
mixed or hybrid grids including many different cell types have
gained popularity because of the improved efficiency and accuracy
over pure tetrahedral grids. For example, hybrid prism/tetrahedral
grids [8], mixed grids including tetrahedral/prism/pyramid/
hexahedral cells [9], and adaptive Cartesian grid methods [10–15]
have been used in many applications with complex configurations.
The success demonstrated by unstructured grids for steady flow
problems has prompted their applications to unsteady, moving-
boundary, flow problems.

A powerful approach for moving-boundary flow problems is the
overset Chimera grid method [16]. Originally, the Chimera grid
method was used to simplify domain decomposition for complex
geometries using structured grids. The method is particularly useful
for moving-boundary flow simulations because grid remeshing can
be avoided [17]. However, frequent hole-cutting and donor-cell
searching may be necessary to facilitate communications between
the moving Chimera grids. With continuous improvement over the
last decade and a half, the Chimera grid method has achieved
tremendous success in handling very complex moving-boundary
flow problems.More recently, to further simplify the grid-generation
process, unstructured grids are also used in aChimera grid system for
moving-boundary flow computations, making the approach even
more flexible in handling complex geometries [18].

In this Technical Note, we advocate the use of an overset adaptive
Cartesian/prism grid method for moving-boundary flow computa-

tions. Themethod combines the advantage of the adaptive Cartesian/
prism grid in geometry flexibility with that of the Chimera approach
in tacklingmoving-boundary flowwithout grid remeshing. There are
several reasons why an adaptive Cartesian grid is used for moving-
boundary problems:

1) Cartesian cells are more efficient at filling space given a certain
length scale than triangular/tetrahedral cells.

2) Searching operations can be performed very efficiently with the
octree data structure.

3) Solution-based and geometry-based grid adaptations are
straightforward to carry out. The grid-generation process is as
follows. Body-fitted prism grids are generated first near solid bodies
to resolve viscous boundary layers using the advancing layer
approach by marching the prism-layer grid in the approximate
surface normal directions. The prism-grid-generation approaches
(and their limitations) have been well researched in the literature in
the past two decades, for example, in [6,8,18,19], and the current
implementation follows similar ideas. Therefore, interested readers
should consult these references for prism-grid-generation methods
and their limitations. An adaptive Cartesian grid is then generated to
cover the outer domain and serve as the background grid for bridging
the “gaps” between the prism grids. The outer boundaries of the
prism grids are used to generate holes in the adaptive Cartesian grid
to facilitate data communication. If the bodies move, the prism grids
move with the bodies, whereas the Cartesian grid remains stationary.
After a few (tens of) time steps, new holes are cut out of the Cartesian
grids, and new donor cells are also identified. Solution fields are
interpolated from the old Cartesian grid to the new grid using a
cellwise linear reconstruction technique.

This Technical Note is organized as follows. In the next section,
the overset adaptive Cartesian/prism grid-generation and hole-
cutting approaches will be presented, together with illustrative
examples. In Sec. III, several steady and unsteady moving-boundary
flow problems are computed. Grid-refinement studies are performed
to ensure the computational solutions are grid-independent.
Computational results are compared with experimental data and
other simulations whenever possible. Finally, conclusions from this
study are summarized in Sec. IV.

II. Issues on Grid Generation and Hole-Cutting

A. Adaptive Cartesian Grid Generation

After the prism-grid generation, an adaptive Cartesian grid was
generated automatically matching the grid resolution near the outer
boundaries of the prismatic grids. To support arbitrary local-grid
adaptations, the octree data structure was used. The following steps
were employed to generate the initial grid:

1) Generate a single-root Cartesian cell based on the size of the
computational domain. For external flow problems, the outer
boundary can be easily put 100 body lengths away.

2) Recursively subdivide the root cell until all cells are smaller
than a specified maximum cell size.

3) Identify all Cartesian cells intersecting the outer boundaries of
the prismatic grids.

4) Recursively refine the intersected cells until all the cells
intersecting the interfaces match the grid resolution of the prismatic
cells.

The final adaptive Cartesian grid is smoothed so that the length
scales between two neighboring cells do not differ by a factor more
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than two in any coordinate direction. In addition, several buffer
layers with the same grid resolution near the outer boundaries of the
prismatic grids were used to minimize local discretization error.

B. Automated Hole-Cutting and Donor-Cell Identification

The use of overset adaptive Cartesian and prismatic grids has the
potential of handling moving-boundary problems without any user
interferences. A critical element in achieving this level of automation
is an automated hole-cutting algorithm, in which invalid Cartesian
grid cells (cells inside the solid boundary) are excluded from the
calculation and donor cells are identified for the hole boundary cells
(inner Cartesian boundary) and the prism outer boundary cells. A
schematic of the hole-cutting operation is shown in Fig. 1. In the
present implementation, we decided to interpolate the flow variables
at the faces of the outer boundary of the prism grid (solid circles in
Fig. 1) and those of the internal Cartesian boundary (solid squares in
Fig. 1). This choice has two advantages. First, it avoids cyclic data
interpolation with the minimum overset region. Second, an accurate
flux at these faces can be computed directly from the interpolated
solutions without a separate data reconstruction, thus easily
guaranteeing second-order solution accuracy. Another important
decision iswhich surface to use to performhole-cutting. In a previous
implementation, the solid wall was used for this purpose. However,
the problem with this approach is that the Cartesian internal
boundary cell could be within the viscous boundary, thus incurring
large errors in the solution on the Cartesian grid because of
insufficient grid resolution for the viscous boundary layer. A more
accurate approach is to locate the internal Cartesian boundary as far
as possible from the viscous boundary layer while avoiding cyclic
data interpolation. This is achieved by using the second outermost
prism-layer grid as the hole-cutting surface, and the Cartesian-grid-
hole internal boundary is located immediately inside this prism
surface, as shown in Fig. 1.

The efficiency of the hole-cutting algorithm is critical because
hole-cutting is performed many times in a moving-boundary flow

simulation. To achieve the maximum efficiency, search trees were
used extensively. The hole-cutting algorithm consists of the
following steps:

1) Find and mark all of the cells in the Cartesian grid that intersect
the hole-cutting surface. The octree data structure is used extensively
in this step, for efficiency.

2) The Cartesian cells inside the marked intersected cells are
blanked and thus removed from the computational domain. Next, the
internal Cartesian hole boundary faces are identified.

3)Use the alternating digital tree (ADT) tofind the prismatic donor
cells. These are the prism cells that bound the centroids of the
boundary faces of the inner Cartesian hole boundary faces [20].

4) Use the octree tree to identify the Cartesian donor cells. These
Cartesian cells bound face centers of the outermost prism layers [20].

In addition, it was found essential to place at least three buffer
layers in the Cartesian grid when grid resolution changes from fine to
coarse, as shown in Fig. 2. This is done to ensure a smooth solution
transition from the prism to the Cartesian grid and within the
Cartesian grid. Figure 2 shows two possible scenarios: one with just
one buffer layer and the other with four buffer layers. Clearly, the
scenario with just one buffer layer does not allow a smooth switch
from the prism to the Cartesian grid.

After each time step/iteration, the field variables at the outer
boundary faces are interpolated from the Cartesian grid using a local
linear data reconstruction on the Cartesian grid. Similarly the
solutions at the hole boundary faces are interpolated from the
prismatic grids. The presence of moving bodies changes the relative
orientation of the overset grids continually during the flow
simulation. In theory, the hole-cutting subroutine needs to be
invoked after each and every time step. However, it is not necessary
in most viscous simulations to rebuild the chimera hole after each
time step. This is due to the fact that the time step computed based on
the stability criteria at the highly clustered viscous grid is generally
small enough so as to not affect the grid geometry radically near the
prism outer boundaries. It could be figured intuitively that the
maximum distance that can be traversed (before the chimera hole is
rebuilt) should not be greater than the thickness of the outermost
prism layer.

For a hole boundary face or an interpolation boundary face, the
fluxes are required at the face center to update the conservative
variables at cells adjacent to the faces. To compute the flux at the face
center, the solution at the face center is computed from the following
technique. The cells bounding the face centers of the outer boundary
faces or interpolation boundary faces are found and called donor
cells. The solution is assumed linear over the donor cell. The
solutions at the face center are computed using a first-order Taylor
expansion. Then the fluxes are computed based on the interpolated
solutions.

III. Test Results

In this section, the overset adaptive Cartesian/prism gridmethod is
tested for both stationary and moving-boundary flow problems. The
flow solver employs a second-order finite volume method for
arbitrary grids, and details are contained in [14,15]. The following
two cases are presented.

Fig. 1 Schematic of hole-cutting operation.

Fig. 2 Cartesian grid with different buffer layers: a) single buffer layer and b) four buffer layers.
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A. High-Angle-of-Attack Missile Aerodynamics

The first test case was performed for an ogive/cylinder
configuration, for which extensive experimental data is available
for comparison. The configuration used in the current study is a 3-
caliber ogive with a 10-caliber cylindrical afterbody. The geometry
of the missile and the overset Cartesian/prism grids generated for the
fine mesh are shown in Fig. 3. The coarse grid had a total of 700,000
cells and the fine grid had a total of 1:3 � 106 cells. The flow
conditions are: M� 1:8, �� 14 deg, and Re� 6:56 � 106. This
particular configuration results in large separation regions and is a
severe test for any turbulence model. The Spalart–Allmaras
turbulence model was deployed for the current simulation.

The computed pressure coefficient profiles were compared with
the existing computational data [14] and experimental data [21] at
several cross-sectional stations in Fig. 4. The plots indicate that the
obtained solutions are approaching grid independence and are in
reasonable agreement with the experimental data. The results clearly
indicate that the overset grids can be usedwith confidence for solving
high Reynolds number and supersonic cases.

B. Flow over a Moving Sphere

This case was selected to validate the moving-grid flow solver. A
sphere moves from right to left in quiescent air with a Mach number
of 0.2. If the reference frame is fixed on the moving sphere, the
flowfield should reach a steady state after the initial transients
propagate out of the solution domain.

1. Inviscid Flow over a Moving Sphere

The computational grids at two different times are shown in Fig. 5.
The outer boundary of the computational grid is located 32 times the
diameter away from the initial position of the sphere.

The pressure distributions at two different times are displayed in
Fig. 6. Note that initially, a very high/low-pressure region was
created on the left/right side of the sphere due to the sudden motion.
As time goes, the flowfield becomes nearly “steady” for an observer
stationed on the sphere. In fact, the pressure field created by the
moving sphere after a long time is compared with that created by a
freestream of Mach 0.2 over a stationary sphere in Fig. 7. It is
observed that the pressure fields are very similar. The coefficient of
pressure was compared with the results of the stationary case. The
match was excellent. This is shown in Fig. 8.

2. Laminar Flow over a Moving Sphere

For this simulation, the sphere wasmoved from the right to the left
in quiescent air. The fluid was assumed to be laminar. The Reynolds
number was 118. The cp and cf profiles were computed and were
compared with the results obtained from the flow over the stationary
sphere. These are plotted in Figs. 9 and 10. In general, the match
between the moving case and the stationary case was very good.

A contour plot of the Mach number was obtained for the current
case. This plot is shown in Fig. 11. Note that the contour lines

Fig. 3 Overset Cartesian/prism grid generated for the missile.
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Fig. 4 Comparison between the computed and the existing cp profiles at various cross-sectional stations.
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Fig. 5 Computational grids at two different times for the moving sphere problem.

Fig. 6 Pressure distributions at two different times for the moving sphere problem.

Fig. 7 Comparison of pressure distributions for a) a moving sphere in quiescent air and b) flow around a stationary sphere.

Fig. 8 Static pressure coefficient obtained for inviscid flow over a

sphere.

Fig. 9 Static pressure coefficient obtained for laminar flow over a

sphere.
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transition reasonably smoothly from the prism to the adaptive
Cartesian grids.

IV. Conclusions

In the present study, an overset adaptive Cartesian/prism grid
methodwas developed to simulatemoving-boundaryflowproblems.
The method combines the advantage of an adaptive Cartesian/prism
grid in geometry flexibility with that of the Chimera approach in
tackling moving-boundary flow without grid remeshing. Advan-
tages of the method include:

1) Cartesian cells are more efficient in filling space given a certain
length scale than triangular/tetrahedral cells.

2) Searching operations can be performed very efficiently with the
octree data structure

3) Solution-based and geometry-based grid adaptations are
straightforward to carry out.

Human interference for moving-boundary flow simulation was
reduced to a minimal level. This is mainly due to the automation of
the hole-cutting and the donor-cell-identification procedures. The
preceding procedures used theADTand the octree data structured for
carrying out the search operations in an efficient manner. An implicit
LU-SGS approach is employed for the time integration. This allows
the user to specify the time step based on geometric bounds rather
than stability limits. A significant reduction in the number of hole-
cutting operations is attained. Hence the overhead created by the
grid-generation procedures is reduced to less than 10%.

The grid generator and flow solver were coupled successfully to
tackle a moving-boundary flow problem with reasonable computa-
tional results. Future research includes the flowing areas: 1) enabling
solution-based grid adaptation and 2) enabling nonrigid body
deformations.
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Fig. 10 Skin friction coefficient obtained for laminar flow over a

sphere.

Fig. 11 Mach contours obtained for the Re� 118 case.
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