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Fig. 1 Geometry of initial and designed blade sections at 50% span.

Fig. 2 Isentropic Mach numbers on blade surfaces for blade sections
at 50% span.

shock impingement point, it was observed that a reduction in � ow
separation behind the shock ensued as a result of weakened shock
strength.

Conclusions
The � ow� eld inside transonic compressors involves high-level

� ow physics and is very sensitive to changes in blade geometry.
Therefore, the design of an axial compressor blade requires careful
maneuvering through complex nonlinear design space. Numerical
optimization is attractive in that constraints can be imposed to pre-
vent ill effectsof a design.Constraints,however, limits designspace,
and in the case of an axial compressor blade design, a constraint on
inletmass � ow rate takes too muchspaceaway,makingoptimization
extremely dif� cult to perform. This Note shows that incorporating
the constraint into an objective function can improve the design
results. Also if needed constraints are related to the objective func-
tion in some ways, it would be possiblethat they all becomea part of
the objective function while discouraging the design process from
moving into certain directions.

The study also shows that the developed design method can im-
prove the adiabatic ef� ciency of a blade section signi� cantly by
reducing the losses from the passage shock and the � ow separation.
The design method, however, cannot handle three-dimensional ef-
fects because it employs quasi-three-dimensional � ow physics and
did not produce desired design results for the blade section near
the hub region. To ascertain the signi� cance of the quasi-three-
dimensional design results, constructing and evaluating the perfor-
mance of three-dimensionalblades based on the designed sections
will be conducted in the future.
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Introduction

S TRUCTURED grids and unstructured meshes have been used
successfully to solve a wide range of problems in computa-

tional mechanics.1 Each of these mesh types has advantages and
disadvantages that have been well documented in the literature. It
seems apparent that meshes consistingof a single-elementtype can-
not simultaneouslyaddress the sometimes con� icting requirements
of solution accuracy, computational ef� ciency, and automation of
the grid-generationprocess.

Hybrid grids2;3 are an attempt to address these requirements
by combining elements of both structured grids and unstructured
meshes and are attractive because of their � exibility with respect
to automation as well as feature resolution through the use of
anisotropic elements. Additionally, hybrid grids require signi� -
cantly fewer elements than unstructuredmeshes to achieve the same
resolution.2 In a typical hybrid grid, anisotropic prismatic or hex-
ahedral cells are used in regions of the domain near boundaries
dominatedby large gradients in the � eld variables.These near-body
cells are generatedby extrusionof the surface mesh into the domain.
Once the mesh is extruded suf� ciently far into the domain, tetrahe-
dra are employed to � ll the remaining voids. If the extruded mesh
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Fig. 1 Semistructured grid topology.

contains quadrilaterals, a pyramidal transition layer must be gener-
ated at the interface between the quadrilaterals and the tetrahedra.

In thisNote, a novelalgorithmto generatea hexahedral-dominant,
semistructured grid as a near-body component of a hybrid grid is
described.The algorithmuses a parabolicmarching scheme4;5 cou-
pled with a line-deletion/insertion strategy to generate grids that
have structure within each layer but might lose local connectiv-
ity at the interface between layers. The basics of the approach are
discussed, and the algorithm is demonstrated for several example
con� gurations.A detailed descriptionof the algorithm is contained
in the full paper found in Ref. 6.

Semistructured Grid Topology
The grid is generated in structured layers starting at the initial

data surface, typically the body. Each layer consists of two struc-
tured quadrilateral surfaces: the initial data surface for that layer
and the surface generated using a parabolic marching algorithm. A
line-deletion/insertion algorithm operates at the interface between
layers by creating line-deletion/insertion stencils. Using line sten-
cils maintains the structured nature of the grid within layers. This
approach produces grid lines that exist in one layer but do not con-
tinue into subsequent layers. Traditionally, these grid points have
been called hanging nodes.

The node deletion process is illustrated for a two-dimensional
grid in Fig. 1. The points 1, 2, and 3 form the initial data surface
for layer k. Points 4, 5, and 6 are generated using the parabolic
marching algorithm. Points 4, 5, and 6 are not collinear. Based on
the deletion/insertion algorithm, it is determined that point 5 should
not be used to generate the grid in the next layer k C 1. Therefore,
the initial data surface for layer k C 1 contains the points 4 and 6
but not point 5. The marching algorithm is then used to generate the
surface containing points 7 and 8. However, the cell in layer k C 1
is actually de� ned using points 4, 5, 6, 8, and 7, resulting in a � ve-
sided cell even though point 5 was not used to compute points 7 and
8. The extension to three dimensions occurs through the deletion of
the line passing through point 5.

The main advantages in using a grid topology of this type with
deletion and insertion include 1) improved accuracy in viscous-
dominated regions near no-slip boundaries through the use of high-
aspect-ratio cells; 2) a more isotropic layer upon which the pyra-
midal transition layer is generated resulting in a higher-quality
tetrahedralmesh; 3) higher-qualitygrids in regionswhere grid lines
diverge, i.e., near convex corners; and 4) improved ef� ciency be-
cause a dense inner boundary point distributioncan be used without
the accompanyingwaste of grid pointsnear the outer boundary.The
primary disadvantage of using grids of this type is that the formal
order of accuracy of � ow solvers developed for arbitrary polyhedra
is not well understood. Qualitatively, these grids appear no worse
than unstructured and Cartesian meshes from a smoothness per-
spective. An additional disadvantage speci� c to the semistructured
grids shown here is that the deletion/insertion actions affect the grid
distribution throughoutan entire layer.

Parabolic Grid Generation
In the parabolic method4;5 a reference grid is used to make the

marching problem well posed. Starting from the initial data sur-

face, two reference grid surfaces are generated. The Poisson grid-
generationequations are applied to points on the � rst surface of the
reference grid. This step is equivalent to smoothing the reference
grid.The secondsurfaceis updatedaftereach iterationof thePoisson
grid equations.The second surfaceof the referencegrid is discarded
once thedesirednumberof smoothingiterationsis complete.The re-
sultingsmoothedgrid still exhibitsmany of the characteristicsof the
reference grid. In this case because the reference grid is generated
to be orthogonal, the resulting smoothed grid can be characterized
as nearly orthogonal.

Line-Deletion/Insertion Algorithm
The line-deletion/insertion algorithm employed here is based

solelyongeometricalpropertiesof thegrid. It is designedto generate
a nearly isotropicouter layer fromwhich a tetrahedralmesh can then
be generated.However, there is great � exibility in the design of the
deletion/insertion algorithm, and the strategy discussed next is cer-
tainly not unique. Assuming that the ³ direction is the marching
direction, the procedure used for » line deletion will be presented
in detail with the extension to ´ lines by analogy. The line-deletion/
insertion scheme described next produces cell faces having four to
sevenedges,and the resultingvolumesmighthave6–17 faces.How-
ever, for viscous-typegrids a majority of the cells (typically greater
than 95%) are hexahedra.Any algorithm that generates a structured
grid via extrusion could be used with the techniquesdescribednext.

Line-Deletion Strategy
A » line is tagged for deletion if it meets either of two criteria.

The � rst criterion is based on the average “slenderness”of the cells
on a » D constant line. A » D constant line is marked for deletion if
the average value of the ratio of the ³ arc length (g33/ to the » arc
length (g11/ is greater than a speci� ed tolerance:
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where jmax is the number of points on each » D constant line. The
second criterion is based on a maximum slendernessof the cells on
each » line. An » D constant line is marked for deletion if the value
of the ratio of the » arc length to the ³ arc length is greater than a
speci� ed tolerance at any point on the line or
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Note that®avg and ®max are user-speci�ed constantswith ®max > ®avg.
Because the criteria described in Eqs. (1) and (2) are de� ned

on a line-by-line basis without any information regarding adjacent
lines, the deletion/insertion stencil must depend on the information
from adjacent lines. In the case of an odd number of contiguous
» lines selected for deletion, the � rst line of the group and every
other succeeding line of the group are deleted. The case of a single
line selected for deletion is trivial. The case of an even number of
contiguous » lines selected for deletion is treated using a delete
two/insert one strategy. For each consecutive pair of lines tagged
for deletion, both are deleted and replaced by the line de� ned by
connecting the midpoints between the two lines tagged for deletion.
By usinga line-deletionalgorithmbasedoncellaspectratio,linesare
deleted as the cell aspect ratio increases as a result of the stretching
in the direction normal to the wall.

Line-Insertion Strategy
The criteria used to determinewhether a » D constant line should

be inserted is based on the divergence of the » D constant faces of
the cell. Unlike the deletion criteria, the insertion criteria apply to
a cell face rather than a line. Here, the divergence of a cell face is
de� ned as

1 D
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or, equivalently, the rate of increase of the width (g11) of the cell
dividedby the heightof the cell (g33 ). In the same manner as the line-
deletion algorithm, average and maximum values of the divergence
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are used in thealgorithm.A surfaceof » D constantand ³ D constant
cell faces is tagged for » line insertion if the average divergence
exceeds a speci� ed tolerance:

1
jmax

jmaxX

j D 1

.1/ j > ¯avg (4)

Similarly, a surface of » D constant and ³ D constant cell faces is
tagged for » line insertion if the maximum divergence exceeds a
speci� ed tolerance:

max
j

.1/ j > ¯max (5)

where ¯max > ¯avg . The line insertion occurs at the midpoints of the
cell faces.

Sample Grids
We now include two sample grids to illustrate the general proper-

ties of the method. Figure 2 shows the symmetry plane and a span-
wise surfacefor a gridgeneratedaroundanM6 wing.Figure3 shows
surfacesof a gridgeneratedfor an “X-38-like”con� guration.In both
cases linedeletionproducesa transitionfroma relativelydensebody
grid to a much coarser,more isotropicgrid at the boundarieswithout

Fig. 2 Symmetry plane and spanwise surface of grid for M6 wing.

Fig. 3 Symmetry plane and exit surface of grid for X-38-like body.

the clustering of grid lines emanating from concave regions that is
characteristicof grids generated using marching methods.

Conclusions
The capability to generate semistructured, three-dimensional,

hexahedral-dominantgridshas beendemonstrated.The method was
shown to generate quality volume grids for surfaces with concave
and convexregions.Althoughtheparabolicmarchingmethodgener-
ates the grid in structured layers, this structure is lost at the interface
between layers where a line-deletion/insertion algorithm based on
cell aspect ratio and grid line divergence was applied. This strat-
egy is not unique, and great � exibility exists in the de� nition of the
deletion/insertion algorithm.
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Introduction

D EPENDING on the bonded system, manufacturing-induced
bondline residual stresses can have a signi� cant in� uence on

the integrityof the system.There is a need for accurateand veri� able
analytical techniques that can be used in the evaluation of bondline
residual stresses. This Note will cover the testing and analyses that
have been done with an analog cone residual stress specimen. The
goal of this Note is to show that analytical predictions of bondline
residual stress failures can be made with accuracy. To show the
validity of the analyses, comparisons of the predicted failure times
with the actual failure times are made.

This effort was initiated because signi� cant work has been re-
centlyconductedto understandthe effectsof residualstresseson the
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