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Multigrid and Upwind Viscous Flow Solver on
Three-Dimensional Overlapped and Embedded Grids

Oktay Baysal,* Kamran Fouladi,T and Vietor R. Lessardf
Old Dominion University, Norfolk, Virginia 23529

A computationally efficierit method is presented for solving the threé-diniens‘ional governing equations of the
viscous compressible flows about complex configuration’s with geoihetrically ndnsimilar components. The
physical domain is decomposed into reglons for which the grid generat{on is relatlvely simple and virtually
without significant restrictions. The Navier-Stokes equatlons are solved by an implicit, upwind, finite-volume
scheme. The convergence is accelerated by a ‘multigrid algorithm despite the holes created in the computational
domain by the overlapped grids, which are completely or partially embedded w1thm one another. The block
inversions and the diagonalized scalar inversions of the coefficient matrices are modified to allow the existence
of such holes. The method is tested through two demonstrative cases. The solution for a supersonic flow past
a blunt-nose cylinder at a high angle of attack is obtalned using a C-O gnd embedded in a global Cartesian grid.
This solution is successfully compared with the one obtained using a single C-O grid and the experimental data.
Then, supersonic interference flows past an ogive-nose cylinder in the close proximity of a flat plate are solved
using overlapped and topologically nonsimilar but simple grids. '

Introductlon

NE of the limitations in computatxc)nal fluid dynamlcs is

the difficulty of discretizing the physical domain areund
a complex three-dimensional configuration with a single grid.
This task is more formidable when a configuration has multi-
ple, joint or disjoint, and geomemcally nofisimilar compo-
nents. Current research efforts aim at circumventing this
problem by meéthods such as .domain decomposition or un-
structured grids. A domain decomposition technique divides
the flow domain into subdomains that aceept easily' con-
structed grids. In addition, such a method allows the employ-
ment of different solution methods for different subdomains.

In addition to the multiblock method, grid patching (or
zonal method) and grid ovérlapping are the two widely used
methods of domain decomposition. The zonal method re-
quires the domain to be divided in subdomains where the grids
are patched togéther along common boundaries. ‘A restriction
of this approach is the requirement that the patching of two
zones has to be done on a surface, not a volume, and most of
the time this surface has to be planar. The grid overlapping
method dbes not require such common boundaries but does
require common regions to provide the means of matching the
solutions between subdomains. One subdomain can be com-
pletely or partially emibedded within another. Using this con-
cept, Steger et al.! developed the Chimera grid scheme. This
grid scheme is flexible in selecting the subdomains such that
regions of a grid comriion to the others can be removed, thus
creating holes inside the grid. Edges of these holes represent
intergrid boundaries inside a grid, and the cells contained in
these holes are excluded from the calculation.

The Navier:Stokes equations are solved by an implicit, ap-
proximately factored; finite-volume, upwind and multigrid
algorithm.?? Baysal et al.* have used this algorithm to investi-
gate supersonic flows over a blunt-nose cylinder at high angles
of attack «. The objective of this paper is the extension of this
algorithm to work on overlapped grids. The numerical and
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computational efficiency is further enhanced by employing the
approximate diagonalization® of the coefficient matrices on
overlapped grids. Multigrid convergence acceleration® is also
built into the algorithm to work on overlapped-and embedded
grids. All the data striictures are written in single-dimensioned
arrays with pointers for efficierit vectorized computer proces-
sing.” Therefore, the advantages of an efficient, geometrically
conservative, only minimally and automatically dissipative so-
lution algorithm are combinéd with the advantages and the
flexibility of overlapped arid embedded grids. First the method
is tested by comparing the results for a simple geometry ob-
tained with and without utilizing overlapped grids and with
the experimental data.t Then the interference flowfields
around two geometrically nionsimilar bodies® are solved on
simple and topologically nonsimilar embedded grids.

Baseliné Solution Algorithm
~ The governing equations are the thin-layer approximations
to the Reynolds-averaged Navier-Stokes equations written in
conservative form and generalized curvilinear coordinators £,
7 and ¢{:

3 Q+08;F+3,G+0,(H-Hy)=0 O

The definitions of the Cartesian (x, ¥, z) and generalized
coordinates are shown in Fig. 1. The conserved variables per
unit volume,

Q =, ou, pv, pw, el” N )

where p is density, e enefgy; and pu, pv, and pw momenta, are
normalized with the cylinder diameter D, the freestream val:
ues of the density; the local speed of sound, and the molecular
viscosity u. Here F, G, and H are the inviscid fluxes in £, 7,
and ¢ directions, respectively, and Hy is the flux of viscous
terms in { direction. The Sutherland formula is used to deter-
mine the molecular viscosity. The coefficient of bulk v1sc051ty
is determined through-the Stokes hypothesis. The fluid is air,
and it is assumed to be a perfect gas, which allows the closure
for the set of equations through the perfect gas law. Reynclds
stresses are modeled with an algebraic turbulence model. Fur-
ther details of this formulation are given in Refs. 4 and 7.
The solution is achieved using the implicit, finite-volume,
upwind algorithm described in Refs. 2, 3, 4, and 6. Roe
fhix-difference splitting is used to construct the upwind differ-
ences for the convective and pressure terms. Spatial deriva-
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tives are written conservatively as flux balances across the cell.
The Roe-averaged () cell interface values of fluxes are evalu-
ated after a state variable interpolation where the primitive
variables, density, velocity components u, v, and w, and pres-
sure p are used. The diffusion terms are centrally differenced.

Spatial approximate factorization and Euler backward inte-
gration after linearization in time results in the solution
through 5 X 5 block-tridiagonal matrix inversions in three di-
rections. The delta form of Eq. (1) obtained in this manner is
given below:

I 1
[JAt + 55(3Q F):l I: TAL + BW(GQG)]

I .
[JM +8; (8g H) — a§< eaQHVﬂ *AQ = —R(Q")
(3)

The residual R(Q") is the discretized representation of the
spatial derivative terms in Eq. (1) evaluated at time level #: &
and 6% denote upwind and central differences, respectively; A
denotes a finite increment; 7 is the unit diagonal matrix; M
denotes the Mach number, and Re is the Reynolds number.
The accuracy of this scheme is second order spatially and first
order temporally.

To accelerate the convergence to a steady state, a sequence
of grids are formed for each subdomain by deleting every
other grid line on the next finer grid.® The rationale for this
technique may be explained briefly as follows. The high-fre-
quency error component on a given grid level has to be re-
solved on the same level by the solution algorithm explained
above, since it does not appear on the next coarser grid due to
the increased spacing. However, the remaining low-frequency
error component appears as a high-frequency error on a
coarser level grid, which in turn can be reduced by the same
solution algorithm that is capable of resolving high-frequency
errors. This procedure also helps the improvement of the
overall robustness. A fixed cycling strategy is used, where a
predetermined number of iterations are performed at each
grid level. The values of the dependent variables Q and the
residual R are passed from a finer grid to a coarser grid
through volume-weighted restrictions I:*! and IF*!,

Qi1 =U["'Q) =LV -AQVTV @

where V denotes the volume of a cell. Since the full solution is
computed and stored on each grid level as opposed to only
corrections, this is referred to as the full approximation
scheme (FAS). Denoting the discrete analog of the operation
in Eq. (1) by L, and the relative truncation error by E, the
following equation is written,

Lis(Qiv ) =Riv1 + Eiyy )
where
Ri1=["'Ry) (6)
Therefore, from Egs. (4-6)
Ei1=Lia ([ 'Q) =L ILAQ)) (7

Note that the solution on the coarse grid is driven by the fine
grid and the relative truncation error between the coarse and
fine grids. When the coarsest level is reached, computed cor-
rections to AQ values at each level are prolonged to the next
fine level through trilinear interpolations.

Algorithm for Domain Decomposition

Overlapped Grids

A composite grid, which is the union of the subdomain
grids, is constructed to cover the region on which Eq. (1) is to
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Fig. 1 Composite grid for the ogive-nose cylinder (ONC) in the
proximity of a flat plate.

be solved. The subdomain grids overlap, and the solutions
defined on them individually are matched by interpolation.
An order of hierarchial form between the grids allows the
interaction of appropriate grids, simplifies the development of
the data structure required for this interaction, and limits the
search to locate points in other grids for the purpose of inter-
polation. Grids that are on level ¢ of the hierarchy G, are
partially or completely embedded in grids of level £— 1, may
overlap other grids at level £, and contain grids of level £+ 1
that are partially or completely embedded in them.

Following the translation and rotation of the independently
generated subdomain grids to their relative positions, the cell
centers are computed in the coordinate system of the compos-
ite grid. As a result of over lapping, some cells of one grid may
be found to lie inside a solid boundary contained within an-
other grid. Also, a significant number of cells must be interpo-
lated if every cell common to more than one subdomain grid
is to be updated. This is neither computationally economical
nor desirable for the overall accuracy. Hence, a search method
is used to create and locate the holes in each subdomain grid.
This search procedure may be explained briefly here through a
simple example (Fig. 2): 1) An initial hole boundary is speci-
fied as a level surface C in the embedded grid G,. ;. 2) Out-
ward normals /V are constructed at each hole surface cell. 3) A
temporary origin P, of the initial hole is located by averaging
the surface coordinates. 4) A maximum search radius Ry, is
defined as the maximum distance from the origin of the hole
to a cell center on the hole boundary surface. 5) The initial
search determines whether a cell center from grid G, lies within
the search radius R .. If the cell center P lies within the search
circle, then the next test is used. 6) Vector dot product (N - Rp)
is computed, where Rp is the position vector to P in G, from
a cell on the hole surface. If NV - Rp = 0, then P lies outside of
the initial hole; otherwise P lies inside the initial hole and thus
is defined as a hole cell in G,. A hole cell is flagged for grid G,
by setting an array IFLAG = 0. A cell of G, that is not in the
hole is flagged by setting IFLAG = 1.

The G, cells that are immediate neighbors of the hole cell are
called the fringe cells, and the intergrid communication of the
conserved variables from the Gy, , grid is performed to these
cells. A fringe cell is also flagged as IFLAG = 0. A cellin Gy,
with the smallest distance to a fringe cell in G, is located and
called a target cell. Then a search is conducted to find seven
cells of Gy, | near the target cell. The objective is to form a
hexahedron that has these seven cell centers and the target
point as the vertices, and this hexahedron has to include the
fringe point of G,.

The information transfer from the eight cells of the Gy,
grid to the fringe point of G,is done through trilinear interpo-
lation coupled with characteristic intergrid boundary condi-
tions. This process is called updating herein. Since trilinear
interpolation can only be used on cubes, and since the hexahe-



JUNE 1991

dron formed around a target cell is generally a warped one due -

to the curvilinearity of a body-fitted grid, it is necessary to
map a warped hexahedron to a unit cube using isoparametric
mapping. The coordinates of the fringe cell that is being
updated are denoted by «, b, and + relative to its target cell.
Then the interpolated values of the @ vector can be calculated
as,

0 =a,+ oo+ asff + ayy + asaf + agory + a8y + agaBy (8)

The values for the eight free variables a; are determined from
the known values of Q; at the eight vertices of the information
hexahedron. Since Eq. (8) assigns the interpolation weights
without any consideration to volumes of the cells, the error is
minimized by choosing the cells of the overlap regions of
comparable sizes. The error is largest when interpolating from
much smaller cells to a coarse cell. However, this may be
corrected by incorporating the cell volumes into the weighting.
This procedure is repeated in an opposite manner at the outer
boundary of the overlap region, where the information is
transferred from the grid G, to the grid Gy, ;. The output of
this composite grid is written in Fortran language with
pointers and linked lists that appear naturally in other lan-
guages, such as Pascal or C.

An important issue in regard to the interpolation is its effect
on the overall accuracy of the solution. The degree of continu-
ity and the amount of conservation of the flow variables that
can be maintained have been investigated previously (e.g.,
Refs. 10 and 11). An interpolation assumes the continuity of
the interpolant. For the overall accuracy to be as good as the
discretization formula used for Eq. (1), it is shown!® that the
width of the interpolation formula should be 0.25 pr +'1. In
this formula, p denotes the order of the differential equation
being solved, and r denotes the order of accuracy of spatial
discretization. That is, two sets of fringe cells are needed for
second-order accurate matching of the solutions to the second-
order differential equations being solved here. The total over-
lap needed is given by [d + 0.25 pr (h, + hy )], where & de-
notes a spatial step size and d denotes the distance between the
innermost interpolation cell centers of grids Gyand G, . If d
varies proportional to #, then the width of interpolation for-
mula is (0.5 pr +1). That is, third-order interpolation is
needed for second-order accuracy.

The regions of high-flow gradients require approximations
to the higher order derivatives of the solution, which are
typically neglected. However, higher order schemes for con-
servative interface conditionis may be unstable.!! The remedy
may be to use a conservative method of matching or simply to
cluster the grid in overlap regions. A conservative method of
matching is proposed in Ref. 11. A consistent approximation
to the integral of conserved variables determines a matching
equation being solved, if this approximation converges as the
limit of % goes to zero. If this matching equation is linear, then
interpolation of fluxes, as needed for conservation, is equiva-
lent to interpolation for the solution itself. The differencing
stencil required for this scheme, based upon the concept of
weak solution to the differential equation, is rather irregular
for three-dimensional, curvilinear grids.

Modified Solution Algorithm

Modifications are needed to use the standard block or scalar
tridiagonal inversions for Eq. (3) or its approximate diagonal-
ized counterpart, for the overlapped grids with holes. The
interior computations of the subdomain grids are kept sepa-
rate, and the extra work is done only at the intergrid
boundaries. This allows the parallel computations of the sub-
domain grids in the future.” Therefore, the following are done
to the hole or fringe cells or hole outer boundary cells: 1) set
the off-diagonal 5 x 5 blocks in the coefficient matrix to zero,
2) set the diagonal elements of the diagonal blocks to unity,
and 3) set the residuals to zero. This results in the computed
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Fig.2 Procedure for searching the hole cells created by embedded
and overlapped grids.

value of AQ for these cells to be zero. Thus, the updated or
specified boundary conditions for these cells are automatically
preserved. For example, let one of the spatial factors of Eq.
(3) be written as a system of algebraic equations in block
tridiagonal form represented as

a;*®; =R; 6))

whete a; are the 5X 5 blocks of the coefficient tridigonal
matrix, and ®; are the unknown vectors, which represents AQ
of Eq. (3). The right-hand side residual is represented by R;,
which are the known vectors. Then,

R, —R*IFLAG; (10
a;—a,*IFLAG,, i) ay
a;j—(ay*IFLAG)) + (1 - IFLAG;), i = (12)

where — indicates that the left-hand side is to be replaced by
the right-hand side. It should be noted that ali the elements of
the block a;;, i %/, must become zero for the hole cells. How-
ever, only the diagonal elements must be set to unity for the
diagonal blocks a;. When the approximate diagonal form is
used, this process is repeated three times for each direction.
The discretization for the right-hand side of Eq. (3) uses a
five-point stencil for second-order spatial accuracy. To avoid
the erroneous flux from a cell in a hole when computing a cell
neighboring a fringe point, the Q value of the neighbor hole
cell is set equal to the Q value of the fringe cell. This requires
a search for such hole cells that neighbor the fringe cells in
each of the three directions.

Existence of holes in the current domain decomposition
method poses major problems for the implementation of a
standard multigrid algorithm. The cells of the coarser level
grids of each subdomain can exist everywhere, including the
holes and fringe cell regions. Also, even if the cell itself is not
in a hole, cells that are in a hole are conceivably used either at
restrictions or prolongation stages or during the coarse-level
finite-volume calculations. '

First, as many coarser level grids as requested, say M, are
generated from the finest level grids of each subdomain. For a
grid that has a hole, say G, the minimum IFLAG value of the
eight finer level cells that make up each coarser level cell is
searched. If the minimum is zero (at least one of the finer cells
of this larger coarse cell is a hole cell), this coarse level cell is
flagged with IFLAGM = 0. Otherwise, it is flagged as
IFLAGM = 1. The M denotes the coarseness levels of the grid
since this procedure is repeated for all the coarser levels. Cells
as such need to be updated from the overset grid, say Gy, ;.
Therefore, a search is conducted for interpolation data [Eq.
(8)] for all the points with IJFLAGM = 0 at level M of grid G,.
This search can only fail for those cells of G, at level M that lie
inside, for example, the body around which the grid G,  is
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generated. Such a zone is called the illegal zone, and their cells
are left with the flag IFLAGM = 0, so that they can be effec-
tively excluded from this coarse-level calculation. The
IFLAGM values of all the other cells, which now have interpo-
lation data, are switched from 0 to 1. The next step is locating
the outer boundary connection cells of the overlap region
where the interpolation is to be performed from G, to the
coarser level of G, ;. Such outer boundary cells of G, ;, for
which interpolation data are now available, are flagged as
IFLAGM = 0. All the information obtained before for the
hole. cells, 1llegal zones, outer boundary cells, and their inter-
polation data is written in a data vector form for the multlgrld
Navier-Stokes solver. The. inversions are performed at the
coarser levels after the modifications are made analogous to
Egs. (10-12) with IFLAG; réplaced by IFLAGM;. The trans-
fer of information between the grids, say G, and G, ,, there-
fore, is realized through the updating performed before re-
strictions, and it is done over much larger physical domains
than the overlap reglons of the finest level meshes.

There is freedom in choosing the level grid of GHI from
which the interpolation is to be performied to the coarse level
of G, The obvious choice is séarching mterpolatlon data
between the same level grids. If the cells involved in the
interpolation are of. comparable sizes at the finest level, as is
desuable»for accuracy, they are again of comparable sizes at
the coarser levels: However, experience shows that the proba-
bility of success in searching for the information hexahedrons
is less at a coarser level than it is with the finest level grids.
Therefore, an option is built into the algorithm where the
information hexahedrons are always formed from the finest
level grids. This option increases the success in forming the
information hexahedrons, but it decréases the accuracy. Also,
this option eliminates the possibility of mesh sequencing,*
where Eq. (1) is solved at the same coarse level of all the
subdomain grids until some convergence is reached.

The prolongation stage modification may be summarized as
nullifying the weight of the contributions from illegal zone
cells, The prolongation is performed from the coarser eell
centers, say ¢l and c¢2, to pseudo-finer level cell centers be-
tween them, say f1 and f2 (f1 is closer to c1 than f2), in one
direction as

AQn = (A1*AQ) + (B1*AQ,) (13)
AQp = (A2*AQ.) + (B2*AQ.) (13b)
where
Al =IFLAGM_[1 - (b*IFLAGM )] (143.)
B1 = IFLAGM |1 — (a*IFLAGM_))] (14b)
A2= IFLAGMcl[l —(@*IFLAGM )] (14c)
B2 =IFLAGM_[1—(b *IFLA GM )] (14d)

and @ and b are the bilinear interpolation constants (0.75 and
0.25). This process is repeated in the second direction, using
the pseudo-finer level cells of the first direction. Finally, when
this process is repeated in the third direction with Eq. (13) and
using the pseudo-finer level cells of the second direction, the
AQ corrections are recovered for the actual finer level cells.
The resultant process is a trilinear interpolation with slight
bias around an illegal zone.

Grid Construction and Boundary Ceonditions

The composite grid to be generated depends upon several
factors among which are, the hierarchial order of the grids as
demanded by the user, the width of the interpolation formula,
and the stencil of the spatial differencing. The accuracy of the
solution requires sufficiently smooth subdomain grids. Due to
the geometric representation of the coordinate transforma-
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Fig.3 Schematics of a) The blunt-nose cylinder (BNC) and b) the
ogive-nose cylinder (ONC). Axial location of crossflow stations are
indicated by I and II.

tion, however, the finite volume method requires less smooth-
ness of the grids than a. finite difference method.

Two configurations are considered for the computational
cases of this scheme. The first one is a blunt-nose cylinder
(BNC), where the base diameter (D) is 3 in. and the length is
20 in. (Fig. 3a). A boundary-fitted C-O grid is wrapped
around the BNC and this grid is embedded in a Cartesian
global grid (Fig. 4). The second geometry is an ogive-nose- -
cylinder (ONC), in the proximity of a flat plate (Fig. 1). The
base diameter and the length of the cylinder are 1.2 in. and
21.6'in., respectively (Fig. 3b). A summary of the composite
grids is given in Table 1.

The Cartesian grid in Fig. 1 is drawn w1th the hole and the
overlap region exclided. The Cartesian grid in Fig. 4 is drawn
to show the hole and the overlap region. For a successful
search for information hexahedrons and, hence, a connection
between subdomain grids, overlaps of five to ten cells at the
finest leével are deemed to be necessary. A crude optimum
should be found for the amount of overlap between the grids,
since too much of an overlap results in unnecessary duplica-
tion of computations in these regions. The amount of skew-
ness and warpedness may adversely affect the search and the
interpolations. Various solution advancement strategies can
be derived. Decisions need to.be made a priori for the follow-
ing: 1) the number of time steps at each coarse level grid of
each subdomain grid, 2) the number of multigrid time cycles in
a subdomain grid before switching to -another, and 3) the
number of global cycles that include all the subdomains. These
numbers may be changed frem one run to the other based on,
for example, the reduction in Lynorm of the residuals in Eq.
(3) or the time history of a flow property. Without any opti-
mization study, the solution advancement strategy for the
present results has been .chosen as follows: one time step at
each of the two multigrid levels of each subdomain and ini-
tially three then two multigrid V cycles in each subdomain

Table 1 Summary of the composite grids

BNC ONC
Cartesian grid size, &, 3, { 81 x73%x73 97x57%x73
Physical domain size in D 53 x40x 40 53%x36x36
Number of cells with JFLAG =1 426,813 401,697
Number of cells with IFLAG =0 4836 1920
Number of hole boundary cells 2126 1210
C-0 grid size, &, 4, § 73X 65x45 73X 65%17
Physical domain size in D 37x4x4 - 37xX6X6
Number of cells with IFLAG =1 208,260 75,985

Number of cells with IFLAG =0 5265 4680
Number of composite grid cells 645,174 484,282
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Fig. 4 Composite grid for the blunt-nose cylinder (BNC).

before switching to another. Extra computational time is ex-
pended each time the switch is made between subdomains.
More multigrid cycles before the switch is computationally
more efficient, but this may affect the accuracy of the results
due to frozen interpolated values at the intergrid boundaries.

The boundary conditions are specified explicitly in this im-
plicit scheme. No slip and impermeability wall boundary con-
ditions, zero-normal gradient for wall pressure, and isother-
mal-wall conditions are imposed. First-order extrapolations of
the conserved variables are used along the downstream
boundary. The locally one-dimensional characteristic
boundary conditions are specified for the top and the spanwise
outboard boundaries. The upstream boundaries are all speci-
fied. A boundary-layer profile is used for the upstream of the
flat plate. The cut plane of a C-mesh is treated by averaging
the property values from both sides of the cut. The intergrid
boundaries of a subdomain, which do not coincide with the
global computational domain boundaries, are required to be
updated through interpolations. This process is followed by a
locally one-dimensional characteristic boundary condition
check, which is performed for all the flagged intergrid
boundary cells in three directions. That is, the appropriate
boundary conditions are specified after the direction and the
local Mach number of the flow in each cell are checked. This
check is left in the code as an option, since it may be redun-
dant for the flux-difference split solution scheme used, which
is an exact solution to an approximate Riemann problem. The
jump in the solution at the cell boundary is propagated in the
locally correct direction and added to the existing value to get
the solution at the next time step. This option, however, is
necessary for a flux-vector-split®’ or central-differenced
schemes.:37

Results and Discussion

Two supersonic flow cases are chosen to demonstrate this
computational capability. The first case is the flow past the
blunt-nose cylinder with a sting at 32 deg angle of attack. The
rationale for this choice is threefold: 1) a simple body-fitted
grid for a body of revolution, such as a C-O grid, is topologi-
cally very different than a Cartesian grid (Fig. 4); 2) there is an
available computational solution for this case that is obtained
on a-C-O grid only, i.e., without overlapped composite grids*
and, 3) there are available experimental data® for compari-
sons. The flow is laminar at M = 1.6, Re = 2 x 10 per foot,
and the total temperature is 7, = 585°R. The second case is
the flow past an ogive-nose cylinder with a sting in the proxim-
ity of a flat-plate wing. Sinece there are two components of
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Fig.5 Longitudinal surface pressure coefficient Cp distribution on
the leeside of BNC.
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Fig. 6 Normalized pressure contours on the symmetry plane of BNC
computed on a) the composite grid, and b) the single C-O grid without
embedding.
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Fig. 7 Normalized density contours on the crossflow Plane 11 of
BNC computed on 2) the composite grid, b) the single C-O grid
without embedding.

different geometries in this configuration, employing simple
grids requires the overlapped grids method. The flow is turbu-
lent at zero angle of attack and M = 2.86, Re = 2 x 105 per
foot, and T; = 610°R. There are alternative methods for dis-
cretizing the domain of a cylinder near a flat plate without
using the present method. These methods (e.g., Refs. 12 and
13), however, cannot use simple grids such as a C-O grid and
a Cartesian grid. They require three-dimensional surface grid
generators. Also, either the grid interfaces have to be planar,
or the grid lines going across these interfaces need to be
continuous. )

The longitudinal pressure coefficient C, distribution on the
leeside of BNC at n = 0 deg is shown in Fig. 5. Superimposed
on the present computational results are the experimental
results of Ref. 8 and the computational results of Ref. 4. The
present results obtained on overlapped grids compare favor-
ably with the experimental results. There is almost no visible
difference between the present results, which are obtained on
overlapped grids, and those of Ref. 4, which are obtained on
a single C-O grid. In an attempt to show the effect of grid
refinement on accuracy, the results obtained on overlapped
coarse grids are also superimposed. As expected, the results
improve with the refinement of the grid. Presented in Fig. 6
are the normalized pressure contours of the longitudinal sym-
metry plane. It should be noted here, when plotting in two
dimensions from the three-dimensional data of different sub-
domains, generally one cannot find longitudinal or lateral
surfaces on these subdomains that match in location or in
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curvature. This results in slight postprocessing discrepancies.
Also, the postprocessing of the data, especially in curve fitting
near intergrid boundaries, is restricted with the capabilities of
the plotting programs. In any event, the contour lines cross the
intergrid boundaries rather smoothly. The pressure field (Fig.
6a) compares very well with the one obtained without grid
overlapping (Fig. 6b). The crossflow density contours are
presented in Fig. 7. The leeside vortices are shown to pass
freely through the intergrid boundary. Some minor distortions
may be attributed to the fact that the Cartesian section of the
crossflow surface in Fig. 7a is a planar one, as opposed to that
of the single C-O grid (Fig. 7b) being a curved surface. Their
trends and magnitudes, however, agree very well.

To test the effects of refinement and sequencing of over-
lapped grids, computations without multigrid are performed
for the BNC case on the coarse grids, which are the
(41 x 37 x 37) Cartesian grid and the (37 x 33 x 23) C-O grid
(Fig. 8). Then the solution is prolonged to the fine grids, where
the spatial steps are halved and the number of points are twice
those of the coarse grids in each direction. The convergence
history for the 900 iterations on the fine grids and without
multigrid is also presented in Fig. 8. Local time stepping is
used on both levels of grids with the maximum Courant num-
ber of 5. To show the effect of the multigrid computations on
overlapped grids, the results of the computations on the coarse
grids are restarted to use ¥ cycles on coarse and fine grids. The
solution is obtained after 900 work units. The work unit is
loosely defined herein as the ratio of total CPU time used by
the multigrid cycles to the CPU time needed for one iteration
on the fine grids. It should be noted that the number of
iterations indicated for fine grid computations is equivalent to
the number of work units. The convergence rate of two-level
multigrid calculations is approximately 0.98 as opposed to
that of fine grid computations without multigrid, which is
0.99. If more than two levels of grids were used, the reduction
of convergence rate would be more dramatic. Of course, this
requires the interpolation information to be generated at more
than two levels of grids. Since the number of cells in the coarse
composite grid is approximately one-eighth of that of the fine
composite grid, the convergence rate is better on coarse grids
(approximately 0.97). This is the impetus behind performing
grid sequencing before multigrid computations. However, the
solution accuracy, as indicated in Fig. 5, is worse on coarse
grids. The computer memory requirement increases with the
number of grid levels used during multigrid cycles. The two-
level multigrid computations of the BNC case require 25
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Fig. 8 Convergence histories for the computations of the BNC case.
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Fig. 11 Normalized density contours on the crossflow plane at forebody-cylinder junction of ONC, which is at 3.5D distance from the flat plate.

megawords of computer memory as opposed to 21 megawords
for the fine grid computations without multigrid. All these
full-precision (64-bit words) computations are performed on
the CRAY-2 computer of NASA Langley Research Center.
Presented in Figs. 9-13 are the resuits for the flow past the
ogive-nose cylinder (ONC) at 3.5D distance from the flat
plate. The Mach number contours of the longitudinal plane of
symmetry are shown in Fig. 9. The interaction of the cylinder
forebody shock and the boundary layer on the flat plate is

followed by the reflected recompression waves impinging on
the cylinder aftbody. The influence of the reduced pressures in
the region between the cylinder and the flat plate is observed
as reduction of the C, values on the flat plate (Fig. 10). They
are slightly negative almost everywhere except in the region
where the shock impinges. The interference of the flows is
further demonstrated by the density (Fig. 11) and the Mach
number (Fig. 12) contours at the cross flow plane I at fore-
body-cylinder junction. The shock imparts a significant mo-
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Fig. 12 Crossflow Mach number contours at forebody-cylinder junction of ONC, which is at 3.5D distance from the flat plate.

Fig. 13 Skin friction patterns on the flat plate surface with ONC at
3.5D distance from the flat plate.

mentum on the fluid particles in normal and spanwise direc-
tions. This can also be observed through the skin friction
patterns (limiting streamlines) on the flat plate (Fig. 13). The
outline of the cylinder is superimposed to indicate the relative
location of the streamlines. The flow along the longitudinal
centerline experiences an adverse pressure gradient (Fig. 10)
until the point of shock impingement. This causes sharp span-
wise turns of the streamlines with the crossflow velocities
increasing, followed by inboard-direction turns to recover the
freestream direction. The convergence of the limiting stream-
lines indicates trends of localized crossflow separations.

Conclusions

An algorithm has been developed to solve the three-dimen-
sional, compressible, viscous flow equations for flows about
complex configurations. These configurations may have mul-
tiple, joint or disjoint, and geometrically nonsimilar compo-
nents. The domain decomposition method is a grid overlap-
ping and embedding type. The solution algorithm is an
implicit, upwind, finite-volume method. The multigrid con-
vergence acceleration scheme is extended to work on over-

- lapped and embedded grids. Therefore, the advantages of an
efficient, geometrically conservative, minimally and automati-
cally dissipative solution algorithm are combined with the ad-
vantages and flexibility of an embedded and overlapped grid

scheme. The flow past an ogive-nose cylinder in the close
proximity of a flat plate is solved with this method to analyze
the aerodynamic interference between these bodies.
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