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ABSTRACT

The aerodynamics of a missile body were modeled using computational fluid
dynamics (CFD) techniques. A multi-block approach was used on a slender body
and intersecting symmetric thin delta-wing. The CFD process-and software were
examined thoroughly including multi-block grid generation and interpolation,
iblanking methods and flow-solver analysis. CFD results were compared with
available wind tunnel data. Two Cartesian free-stream grids, a wing C-grid, a collar
and body grid were used to model the body/wing geometry. The wing grid had a
sharp tip and sharp leading and trailing edges. The body/wing intersection was
represented with the collar grid. Both a hyperbolic grid generator, HYPGEN and an
elliptic grid generator, GRIDGEN Vr 9, were evaluated. PEGSUS Vr 4.0 was used
to compute the iblanking and interpolation stencil, based on the Chimera overlapping
grid scheme. A single composite mesh was passed to the Navier-Stokes implicit flow-
solver OVERFLOW Vr 1.6ag. Solutions were computed for inviscid and viscous
flows at different Mach numbers and incidence angles. The Baldwin-Lomax shear
and boundary layer turbulent models were used. Agreement was found between
published wind tunnel data and the CFD solution thus validating the grid generation

and flowfield solution procedure.
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I. INTRODUCTION
The advent of supercomputers has made possible the numerical solution of the Navier-
Stokes equations applied to complex flows. Computational fluid dynamics (CFD) has been
used in many aeronautical configurations of which there are numerous packages available.

Many grid generation packages are also available for geometry and flow-field definition.

Creating a computational grid that accurately represents the object of study
constitutes most of the effort involved in a CFD analysis, once a suitable flow solver has been
developed. The grid generation procedure involves defining the solid geometry of the
structure to be modeled, creating surface meshes that represent the object and finally
incorporating these meshes into a grid block structure that encloses the object and

surrounding free-stream space.

Creating a single-block grid around a complex body while maintaining the required
grid density and orthogonality is difficult. Complex structures are often modeled by defining
several single-block grids that overlap and together define the entire computational space
[Ref. 1]. Communication between multiple over-set 'grids requires an established protocol.
The Chimera over-set grid scheme controls the overlapping requirements of multiple blocks
[Refs. 2 and 3]. The multi-block grid network is then merged to form a single composite-grid

that can be used in a single-ordered grid flow solver.




NASA Ames Research Center (ARC) currently uses and supports a CFD code
(OVERFLOW) which has extensively modelled the Space Shuttle vehicle aerodynamics [Ref.
4]. The Naval Postgraduate School (NPS) has successfully applied OVERFLOW to single-
block grid geometries at various flight conditions [Ref. 5]. NASA ARC also applied the
multi-block analysis to missile configurations [Ref. 6]. The first attempt at NPS with multi-
block analysis was made by Reuter [ Ref. 7]. He contr_ibuted to the multi-grid analysis of an
integrated Space Shuttle canard; however, the efforts were centralized at NASA ARC and

specific grid generation methodologies were not recorded.

NPS has the resources to facilitate significant study in aeronautical CFD methods.
The major obstacle has been a lack of clear understanding of the research software
capabilities, limitations and input requirements. The objective of this thesis was to clearly
define the multi-grid CFD process. To this end, software was evaluated and procedures

recorded to effectively streamline future efforts.

Mesh generators typically solve either elliptic or hyperbolic partial differential
equations which determine grid distributions. Both methods have their strengths when
attempting to build grids around extreme gradients such as those defining a supersonic thin
airfoil. A successful grid procedure was developed to model the flow around a thin,
symmetric delta-wing intersecting a missile shaped body. The grid requirements around sharp
leading and trailing edges, sharp wing tips and extreme concave wing/body intersections were

also investigated.




II. MULTI-GRID GENERATION

A. OVERVIEW

The multi-grid approach can be accomplished by defining each grid such that they
have a common boundary of abutting blocks or an overlapping grid structure. The abutting
grids need not necessarily have point-to-point correspondence. The overlapping method is
called the Chimera scheme and is supported by the flow solver OVERFLOW [Ref 4]. The

Chimera scheme will be referred to in the rest of this thesis.

The grid generation software used to create the multi-grid representation wing/body
model was GRIDGEN Version 9 [Ref. 8] and HYPGEN Version 1.3 [Ref. 9]. The Chimera
overlapping scheme handles grid generation around complex aerodynamic shapes. One large
intricate grid is replaced by several simpler grids, each representing components of the
complete configuration. Communication between meshes is coordinated by PEGSUS [Ref.

10] which produces an interpolation file used by OVERFLOW.

A CFD analysis is an iterative process as depicted by the flowchart in Figure 1.
Ingenuity of grid design is often required when modelling complex geometries. Once the
grids have been developed, either by HYPGEN or GRIDGEN, PEGSUS determines the
interpolation stencil based on an input file. A successful interpolation map and input file,
describing initial boundary conditions, are used by the flow solver. Desired output from

PEGSUS and OVERFLOW are achieved by successive grid refinement and accurate input.
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B. GRIDGEN SOFTWARE DESCRIPTION

1. GRIDGEN Overview

GRIDGEN is an interactive code used to generate three-dimensional grids around
bodies, within user defined blocks. It can distribute grid points on curves, initialize and refine
grid points on surfaces and initialize volume grid points. GRIDGEN Yersion 9, sponsored
by NASA Ames Research Center and developed by Computer Sciences Corporation, was
written using the Silicon Graphics Iris GL graphics library and runs on Silicon Graphics 4D

Series and IBM RS/6000 Series workstations. [Ref. 8]

GRIDGEN is not a computer aided design (CAD) package and as such does not have
the tools to define complex geometries but can generate simple three-dimensional and most
two-dimensional shapes. The first step in grid generation is to either draw the object in a
CAD package and import it into GRIDGEN or generate the required shapes directly. The
only purpose of the CAD surface generation is to define the object and this usually has no

relationship to the grid topology or quantity of grid points.

2. Grid Generation Process
Creating a volume grid in GRIDGEN requires following a set of successive
steps that include:
1. defining the outer boundaries of the grid by creating a series of continuous

segments, called connectors, which have grid points defined and distributed
along their length,




o

generating a four edged mesh called a domain, which is smoothed using

algebraic or elliptic smoothing routines, and

(98]

grouping the domains together to form a viable computational block and

smoothing the final three-dimensional volume grid.

Figure 2 shows the relationship between the physical grid block generated in

GRIDGEN and its equivalent computational block.

.--- domain
I !
I R B
e e
I H
L i,

a. Computational Block

control point

-~ connector v ,\\ s /~
// | / I

b. Physical Block

Figure 2. Relationship Between Computational and Physical Blocks

a. Connector Description

Connectors consist of line and curve segments that form the outer boundary

structure of the grid. Each connector begins and ends with a control point and may consist

of several sub-connectors.




Segments within a connector are dimensioned and grid points are distributed

along the segment. Grid point locations are controlled by geometric or linear distribution

functions. Specific controls are available to dictate exact grid point spacing parameters.

b. Domain Description

A domain is a surface mesh defined by four edges. Each edge consists of one
or more connectors joined thfough control points. The quantity of grid points on each edge
forming a domain must match its opposite edge. There are no limits on the size of the

domains; however, the domain shape will affect the contours of the final volume grid.

Smoothing the domains provides a method of modifying interior erid point
locations. GRIDGEN automatically uses an algebraic transfinite interpolation (TFI) method
of smoothing the generated domains. Several algebraic smoothing routines were available
which were best applied to Cartesian type domains or domains shaped similarly to a body of
revolution. Domains which were created and confined to the shape of a CAD database could
also be smoothed algebraically. An elliptic smoother was also available particularly for
domains with areas of high gradients. Effective smoo'thing helped ensure a gradual transition
of grid spacing and varying aspect ratio in high curvature areas such as wing leading edges,
or missile nose sections. Control over the shape at the boundaries was effected by applying

edge constraints.




c. Block Description
Blocks were defined by six faces; each composed of one or more domains.
The face provided sufficient boundary conditions to initialize interior grid points. Each block

was its own individual volume grid and when combined formed a multi-block grid.

Blocks were smoothed using the default algebraic TFI method, however these
could have been smoothed elliptically using GRIDGEN3D, a software program external to
GRIDGEN. GRIDGEN would produce an initial estimate of the required input file for
GRIDGEN3D; however, specific boundary conditions constraining the elliptic smoothing

routines had to be entered.

C. HYPGEN SOFTWARE DESCRIPTION
HYPGEN was a NASA ARC code used to grow a three-dimensional grid from a user-
supplied surface grid. HYPGEN solved the three-dimensional hyperbolic equations, which

were two orthogonality relations and one cell volume constraint. [Ref. 9]

GRIDGEN was used to produce the surface grid defining the object. The volume erid
was then grown by marching away from the body (in the L direction in a JK,L grid indexing
system) according to the boundary conditions specified in the user input file. The user
controlled parameters included the initial spacing away from the surface, stretching
constraints, J and K boundary conditions including symmetry and periodicity and smoothing

controls.




HYPGEN performed grid quality checks every time a grid was generated. The first

and most stringent test was the cell volume computation by tetrahedron decomposition. The
second was a Jacobian computation using the same algorithm as in OVERFLOW. Therefore
if a grid passed the Jacobian test it would pass the initial test in the flow solver: if it failed the

first test the grid was probably distorted and accuracy would be degraded. [Ref 9]

D. PEGSUS SOFTWARE DESCRIPTION

PEGSUS, developed by the Arnold Engineering Development Center (AEDC),
facilitated the multi-grid approach to CFD modeling. It produced a composite mesh file,
which was a concatenation of all the grids. Also generated was an interpolation file, which
associated all interpolated boundary points in the composite mesh with mesh points that

-supplied the interpolated flow-field values.

Modeling a complex geometry with multiple grids would yield varying degrees of
overlap. Redundant grid points were identified as either hole points or interpolation
boundary points and the remainder were field points. PEGSUS identified and labeled all the
grid points in an IBLANK file that were passed to the flow solver. Hole and interpolation
points (IBLANK = 0) were excluded from the computational domain or updated by
interpolation. Field points (IBLANK = 1) were updated by the solution algorithm and

associated boundary conditions.




PEGSUS provided several methods of identifying hole points within a grid. Defining
surfaces within a grid topology identify the hole boundaries. Grid points enclosed by the
outer boundary of the accompanying mesh and the hole boundary formed the interpolation
region. When insufficient points were available to form a satisfactory interpolation stencil,
the grid point was labeled an orphan point. Orphan points were eliminated by ensuring

adequate grid overlap at the boundaries.

E. OVERFLOW SOFTWARE DESCRIPTION

OVERFLOW is an implicit flow-solver which was written and developed at NASA
ARC. The code solved the Reynolds-Averaged Navier Stokes equations in strong
conservative form, and used the grid blanking information from PEGSUS and the initial
boundary conditions to compute the flow solution: User controlled parameters included:

1. basic flow properties such as the angle-of-attack, sideslip angle, Reynolds
number, free-stream Mach number;

[N}

variations in the properties of the ratios of specific heats ) ;

solution controls such as time stepping, stability parameters, differencing schemes
and smoothing;

Lo

4. boundary conditions applied to symmetry planes, outer grid boundaries, solid
surfaces, C-grid "cuts"; and

5. turbulence model types which include Baldwin-Lomax boundary and shear layer
models and the Baldwin-Barth one equation (k) model.

10




III. SLENDER-BODY ANALYSIS

A. OVERVIEW
Completing the flow analysis around a simple slender-body provided an efficient
means of learning the intricacies of grid generation and flow solution in a multi-block erid

system. A number of goals were established prior to commencement. They were

1. validate and become efficient with the grid generation routines;

2. determine the interactions between software programs investigating compatibility
issues of file types and platforms;

L2

demonstrate a valid two-grid Chimera solution using PEGSUS and
OVERFLOW;

PEGSUS and OVERFLOW code installations on the CRAY Y-MP EL98 were
validated. Supplied with the OVERFLOW code were HYPGEN examples of wing/body
multi-block grids, PEGSUS input files and OVERFLOW input files. Flow solutions were
successfully computed with the examples provided. The procedure identified problems in the
limits placed on dimensioned variables set on compilation, differences between software
version requirements and IRIS UNIX and CRAY UNIX file compatibility. Dimension limits

were reset, software recompiled and software version compatibility established.

B. GEOMETRY DEFINITION
Definition of the slender-body was done using AutoCAD though the shape was simple

enough to be generated directly in GRIDGEN. The dimensions for the body were taken from

11




the experimental investigation [Ref. 11]. The IGES format AutoCAD file was imported into

GRIDGEN as a database entity. Additional information on acceptable database types are

located in chapter 3.3.6 of the GRIDGEN user manual [Ref. 8].

The slender-body was symmetric in the Y-plane therefore on?y half the body was
modeled. ~ The fore-body and aft-body were fit to the following polynomials
0.5%(1-{(x-2)/2}**4) and 0.5%(1-{(x-8.05)/2}**4) respectively. The body was 10.05 units
in length and 1 unit wide. Figure 3 details the relative dimensions of the slender-body and

wing (modeled in the follow-on analysis).

T
\— s Toumm——
- N

P13
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=
Y

Figure 3. Solid Body Dimensions




C. GRID GENERATION

Two overlapping grids were required to map the flow field around the body. A dense
mner grid enclosing the slender-body defined the viscous surface, the boundary layer and
surrounding flow extending three body diameters from the surface. The free-stream flow

beyond the body grid was represented by a coarse Cartesian grid.

1. Body Grid

Grid generation around the body included defining the surface grid, building the
volume grid framework with connectors, defining the domains and compiling the block with
GRIDGEN. The surface grid was generated using an algebraic-polar smoothing routine which
treated the geometry as a body of revolution. The blue connector lines, displayed in Figure
4, formed the volume grid framework and included two stings along the X-axis ahead of and
behind the slender body. The right-handed grid (51 x 59 x 35) extended three body diameters
in all directions. Grid lines with increasing J indices ran the length of the body, grid lines with
increasing K indices ran around the body from bottom to top and grid lines normal to the
surface had increasing L indices. Grid points were clustered about the nose and tail. Grid
cells with a unit aspect ratio were desired in high gradient regions. Initial node grid spacing
along the body of 0.0025 was increased geometrically to 0.5 through the mid section. Grid

aspect ratio growth was limited to twenty percent increments.



Figure 4. Fore-body Grid Spacing

The grid was generated away from the body with an initial spacing of 0.0006 and then
smoothed elliptically. Figure 5 shows the grid spacing around the fore body. Clustering of
grid planes within the boundary layer while maintaining orthogonality along the solid

boundaries were requisite for accurate viscous solutions.
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Figure 5. Slender Body Grid Scheme

2. Outer Cartesian Grid
A 50 x 30 x 21 Cartesian grid, which extended three body lengths in all directions,
enclosed the slender-body grid. The grids were concentric in the XZ plane with a common

Y - symmetry plane (L = 1). Regions of Cartesian grid clustering were centered about the
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outer plane of the body grid (L = 35) to ensure sufficient overlap in the interpolation region.
The convex body-grid shape created overlapping difficulties requiring several iterations to
match the two grids. Grid stretching ensured a smooth aspect ratio transition between grids.
Figure 0 displays the overlapping structure of the grids with the I indexing from left to right,
K lines ran trom bottom to top and L lines away from the Y-symmetry plane. The irregular

cut-out regions in the Cartesian grid were a result of the PEGSUS blanking.
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Figure 6. Cartesian and Slender Body Overlapping Grid Structure
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3. Symmetry Plane Addition
The OVERFLOW solver required the first plane beyond the symmetry plane be
provided when utilizing the symmetry boundary condition. The slender-body grid K, = 1
and K, = 59 planes and the Cartesian L ;, = 1 plane defined the Y constant symmetry plane.
| New K., Kiuw and L, planes extending one grid spacing beyond the symmetry plane were
generated using GRIDED; a NASA Ames grid manipulation software package. The
amended grid sizes were 51 x 61 x 35 for the slender-body grid and 50 x 30 x 22 for the

Cartesian grid.

D. PEGSUS IBLANK PROCEDURE

The outer boundary of the slender-body was enclosed by the Cartesian grid, except
- for the coincident Y-symmetry plane. Information was passed between the grids using the
protocol dictated in the interpolation stencil. Redundant grid points were located in the
overlapping region enclosed by the slender-body. The PEGSUS input file contained the
locations of the slender-body boundaries and the points to be blanked out in the Cartesian
grid. The input file is attached as Appendix A and is annotated with comments describing the

individual parameters.

1. Boundary Definitions
Several options were available to help define the blanked or holed out regions within
a mesh. Used most frequently were the hole boundary and outer boundary surface

definitions.

17




a. Outer Boundary
The outer boundary of the enclosed mesh was defined using the J, K, L
coordinate system to define the surfaces. One or more surfaces formed an outer boundary.
Only the outer surface through which another grid would receive information in the

computational domain was included as an outer boundary.

Figure 7 shows the red L, =35 outer boundary for the slender-body.
Information passed directly through this surface to the Cartesian grid. The outer boundary

was defined using the single L, surface.

Outer Boundary, L =35

Hole Boundary, L=33

Viscous Surface, L=1

Figure 7. Slender Body Surface Representation of the Hole and Outer Boundary
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b. Hole Boundary

The hole boundary defined the beginning of the hole-out region. Every hole
boundary included a normal vector which was defined to point away from the holed-out
region. Areas common to all specified surfaces and their normals were holed. The potential
hole-out area specified with an open region extended infinitely. The clos@ng of the region was
accomplished with intersecting surfaces. Figure 8 shows areas identified for holing using

open and closed formats.

The blue surface in Figure 7 (L=33) was the hole boundary. The normal

pointed in the positive L direction and identified the hole boundary.

Normal Vector
Normal Vector ﬁ

Hole Boundary
Surface \

R
Holed Out
Region

a. Closed Hole Boundary b. Open Hole Boundary

Figure 8. Representation of Closed and Open Hole Boundary Definitions
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2. Orphan Point Elimination
Elimination of orphan points was an iterative process. It was important to fully
comprehend what created an orphan point and to determine the best method of elimination

of these points.

a Interpolation Stencil Requirements

Each mesh in the multi-block system received information from adjacent
meshes through its outer boundary or hole boundary. A user-defined priority list
predetermined which meshes could communicate with each other. These linked meshes were
donor meshes and provided the interpolation stencils for the boundary points. A valid
interpolation stencil required none of the donor mesh grid points be a hole or boundary point.
Coincident grid points formed a valid stencil if they were neither hole nor boundary points.
Figure 9 shows the relation between valid and invalid stencils. Points A and B have a hole
boundary point within the stencil making it invalid , point C is valid since it is coincident with

a corner point of the donor mesh and point D has a valid stencil.

20




Hole Poin]‘/, —— Donor Mesh
. \{

T

Hole Boundary Point/

A & B - Invalid Stencils
C & D - Valid Stencils

Figure 9. Valid and Invalid Interpolation Stencils [Ref. 10]

b. Elimination Techniques

PEGSUS produced an output file which identified the quality of the
interpolation stencils it was able to generate. The orphan points were tabulated and identified
by location and mesh. Grid viewing tools such as FAST [Ref. 12] and PLOT3D [Ref. 13]
were used to plot the hole and outer boundaries of the meshes against the orphan points.
Inspection revealed insufficient overlap in these regions. The planes of the donor mesh,

enclosing the orphans, were recorded which allowed exact grid modifications.
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PEGSUS provided controls for the translation and rotation of meshes through
a global assignment in the input file (see Appendix A). Limited orphan points could be
eliminated quickly by shifting the donor mesh to provide the required overlap. Care had to

be taken to retain the symmetry planes and solid body orientations.

The most efficient method of ensuring adequate overlap was by selective
placement of grid points during initial grid generation. The inner body grid was first
constructed with a set density and outer boundaries. The Cartesian grid required at least two
points between the curved outer-body boundary and hole boundary. GRIDGEN was used
to record the X,Y,Z location of the body boundary extremes which included the fore and aft
apexes and the mid-body.  Cartesian-grid control points were placed at the recorded

locations and subsequent spacing set to ensure overlap.

E. OVERFLOW ANALYSIS

The flow analysis over the slender-body was computed first with an inviscid Euler
analysis and then a viscous thin-layer Navier-Stokes analysis. This approach provided
immediate feedback on the symmetry of the grid and validity of the input file boundary

conditions. The OVERFLOW input file for the viscous solution is attached as Appendix B.

1. Input Conditions
The Euler and Navier-Stokes solutions were initiated by treating the body surface as

either an inviscid or viscous adiabatic wall. The free-stream flow was initialized at a Mach
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number of 0.8 and a Reynold's number of 1.67 x10°. These were applied to the Cartesian
outer boundaries. Symmetry boundary condition was applied to the XZ plane and axi-

symmetry was applied to the body stings.

The ARC3D diagonal scheme was chosen as the solution method. This was the
fastest scheme in per-iteration CPU time and typically the most robust. A time step of one and
minimum CFL of zero were initially selected. A unit time step should be tried initially then

reduced until the solution shows some form of convergence [Ref 14].

2. Results

OVERFLOW produced a solution file, g.save, a residual file, resid.out, and a force
and moment file, fomo.out, which were required to evaluate the CFD model. Two restarts
of the solution file were run using iterations of 150 and 3000. The solution was checked for
convergence by ensuring the residual (or L, norms) of the density had decreased by at least
two orders of magnitude. Symmetry was checked by plotting the lift coefficient which was
negligible at zero degrees angle-of-attack. MATLAB script files, written to quickly plot the
residual and force and moment values at each iteration, are attached as Appendix C. Figure

10 is the MATLAB plot of the L, norm of the density for the viscous solution.
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Figure 10. Density Residual L, Norm for theViscous Slender-Body Flowfield Solution

Figure 11, produced using FAST [Ref.12], shows the Mach contours around the
slender-body. Symmetry of the solution is evident in the contours which were plotted on the
XZ plane. Maximum flow acceleration occurred, as expected, over the forebody (flow from
left to right). Tangential inviscid flow at the solid boundaries was verified by plotting the

velocity vectors.
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Figure 11. Mach Contour Plot of the Slender-Body Flow-field Solution
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IV. BODY AND WING ANALYSIS

A. OVERVIEW

The slender-body solution procedure was expanded to include a symmetric delta-
wing, as displayed in Figure 3. Five grids totalling over a million grid_points were required
to model the flowfield. The slender-body grid was compressed and regenerated, a C-grid was
used around the wing, the wing/body junction required a collar grid and two Cartesian grids

completed the structure.

Several combinations of wing/body grids were attempted. The objective was to obtain
a flexible procedure which would allow the interchange of grid meshes. The resulting grid
method allowed for changing wing geometries with a limited amount of complementary

changes to the Cartesian and body grids.

Figure 12 shows selected surfaces of the wing/body multi-block grid scheme. The
green outer Cartesian grid displays the extended plane beyond symmetry required by
OVERFLOW. The body and red inner Cartesian grid were extended in a similar manner.
The Chimera overlapping is apparent in the two Cartesian grids and the body/collar/wing
surface grids. The holed out region of the inner Cartesian grid surrounds the body surface

grid.
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ure 12. Selected Surfaces of the Wing/Body Overlapping Grid Structure
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GRID GENERATION

B.

grids. HYPGEN provided an

Both GRIDGEN and HYPGEN were used to generate

efficient method of building a volume grid from a surface grid when the final volume shape

was insignificant. The HYPGEN input files are attached as Appendix D.
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1. Body Grid

The body grid was compressed and dimensions were decreased to 91 x 32 x 32. The
K points were halved as the volume was marched out 0.5 diameters vice 3 diameters. The
surface grid was generated in GRIDGEN and HYPGEN was used to march out the volume
grid. The HYPGEN input file specified the initial and final grid spacin_g, J and K boundary
conditions, the marching distance and the smoothix?g parameters. The least amount of

smoothing while ensuring positive volumes and Jacobians produced the best grid.

2. Wing Grid

A 249 x 40 x 30 C-grid, generated in GRIDGEN, was used to define the delta wing
which had an aspect ratio of 2.31, a thickness ratio of 0.05 and leading edge sweep of 60
degrees. The exit planes of the grid were extended thirty-five points aft of the trailing edge
to account for the wake region. The wing grid extended through the body and originated at

the Y-symmetry plane.

Figure 13 shows the wing grid profile. The wing L grid points were stretched out
geometrically with an initial spacing of 8.0 x107 to a height of 0.3 ‘diameters. The outer
boundary was kept within the slender-body's solid surface to accommodate the collar grid
overlap region. The delta-wing had a node representing the sharp tip. This region became
very dense with converging grid planes creating large aspect ratios for the inner most
volumes. It was necessary to keep the initial spacing in the L direction as well as the trailing

edge spanwise spacing tight.
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Wing C-Grid Planes - Red Lmax = 30, Blue K = 14 and 40

Figure 13. Wing 249 x 40 x 30 C-Grid

3. Collar Grid

The collar grid provided a smooth and effective means of communication between the
intersecting body and wing grids. The collar grid was generated using portions of the
COLLAR generation routines written by Chiu and Chan of NASA Ames [Ref. 15]. The

following procedure was used to create the collar grid:

I. create the intersecting line between the wing and body;

2. create the surface of the collar which was coincident with the body surface;



(9]

create the surface of the collar which was coincident with the wing surface;

4. concatenate the two surface halves to create a total surface collar grid; and

5. march the grid in the L direction away from the wing/body junction using
HYPGEN.

The 'UNIX Make File' attached in Appendix D contains the commands to generate

a collar grid using the COLLAR routine. Copies of the necessary input files are also included.

a. Wing/Body Intersecting Line
The intersecting line was created using the COLLAR routine option one
(create an intersecting line). The J grid lines of the wing were selected as the intersecting

index which ensured 249 intersection points.

b. Body Conforming Collar Surface

Option two of the COLLAR routine generated a conforming surface grid from
the intersection line and the shape of the body. An mput file was required which specified the
grid spacing, marching distance and smoothing parameters. Smoothing the surface grid
became a trade-off between orthogonality of grid lines in the wake region and smooth
rounding about the sharp leading edge of the intersection line. Figure 14 was the best
obtainable output. The sharp leading edge volumes were skewed and it was necessary to
move several of the grid points manually in GRIDGEN to correct the problem. Figure 15

shows the corrected leading edge porﬁon of the body collar grid.



c. Wing Conforming Collar Surface

The second half of the collar surface grid was generated in GRIDGEN. The
COLLAR routine option three could create a surface conforming grid on the wing; however
the stretching methods used did not handle highly swept planforms satisfactorily. Figure 16
was the result of the COLLAR routine. Note the difference in stretching distances on the
leading and trailing edges. The COLLAR routine input file gave minimal control over the
final grid shape which resulted in the skewed collar surface grid. Growing a collar volume

grid from the skewed surface grid was not possible.

Figure 16. The Skewed COLLAR Routine Output of the Wing Conforming Collar

Surface
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The GRIDGEN approach produced an excellent wing collar half. The
intersection line was read into GRIDGEN as a connector from which a full wing surface, 249
x 30 x |, was generated. GRIDED was then used to extract a subset of the wing, 249 x 22
x |. The extracted wing was now the desired shape of the second collar half. Figure 17
shows the results of the GRIDGEN method of producing the wing conforming collar surface
grid. The wing collar grid lines were coincident with the wing grid which simplified the

PEGSUS holing out procedure.

Figure 17. GRIDGEN Produced Wing Conforming Collar Surface Grid




d Surface Grid Concatenation
The body and wing collar halves were concatenated using GRIDED. It was
necessary to ensure the J and K grid lines ran in similar directions to yield a right-handed

continuous collar surface grid.

e Volume Grid Generation

HYPGEN was used to march the collar grid 0.6 diameters away from the
body. The final collar grid dimension was 249 x 41 x 32. The collar grid outer boundary had
to extend beyond both outer boundaries of the wing and body. The sharp concave
intersection required an initial grid spacing of 1.0 x10”° to ensure a smooth growth. A
smoothing exponent of five was necessary to handle growth around the sharp leading edge.
The smoothing exponent was most strongly affected by the number of L grid planes and the
initial grid spacing. It was essential that, during construction of the collar surface halves, the
first grid spacing away from the intersection line was equal on either side. Failure to do so
led to unequal growth at the intersection line resulting in negative volumes and Jacobians.
Figure 18 shows the collar and wing grid outer boundaries which ensured the growth of the

collar beyond the outer boundary of the wing.



Figure 18. The Outer Boundaries of the Wing and Collar Grids

4. Cartesian Grids

The wing, body and collar grids were enclosed by an inner Cartesian grid, 100 x 50
x 60, which was enclosed by a second outer Cartesian grid, 60 x 50 x 31. Both grids had a
common Y-symmetry plane which was extended one L grid plane using GRIDED . The inner

Cartesian grid was sufficiently dense to provide the necessary overlap of the wing, body and

collar.
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C. PEGSUS IBLANK PROCEDURE

The iblanking procedure did not change from the two grid model; however, it was
more complex to ensure sufficient overlap of the five grids. The wing and body grids created
holes in each other and the inner Cartesian grid. A void was left that was filled by the collar

grid. The collar grid formed the solid boundary of the wing-body intersection.

Iblanking difficulties were greatest around the outer boundaries of the convex body,
the swept convex leading edge and the convex/concave collar. Repositioning of points on
the Cartesian grid eliminated most orphan points. Also moving the hole boundaries inward
one plane increased the overlap which further reduced the orphan points; however, there were
then more redundant points to be computed and an increase in CPU time would be expected.

The PEGSUS input file is attached in Appendix A.

D. OVERFLOW ANALYSIS

The composite grid with iblank information and interpolation stencils along with the
nput file were used by OVERFLOW to compute both inviscid and viscous solutions. The
inviscid solution provided confidence in the selected boundary conditions and symmetry of
the grid. A selected OVERFLOW input file for the viscous model is attached in Appendix B.

Only the viscous solutions will be presented.




1. Boundary Conditions

The body, wing and collar solid surfaces were treated as viscous adiabatic walls. Both
the wing and collar wake regions were assigned the C-grid flow-through boundary conditions.
Only one side of the wake region was specified in the input file but this was applied equally
to both sides. The free-stream characteristic condition was applied to the outer Cartesian
grid.  This imposed free-stream conditions, then applied the supersonic/subsonic
inflow/outflow condition, holding pressure fixed for subsonic outflow and applying a
characteristic condition for subsonic inflow [Ref. 14]. Symmetry boundary conditions were

applied to the two Cartesian grids and the body grid on the XZ plane.

2. Turbulence Modeling

The Baldwin-Lomax algebraic models were used to compute the turbulent eddy
viscosity within the flowfield. Both models searched for a maximum of a turbulence function 4
F(y), dependant on local vorticity, which was denoted as F,, [Refs. 14 and 16]. Regions
were specified to contain the search for F, .. A limiting value called the Degani-Schiff cutoff
was implemented which stoped the search for F,, when F(y) droped below the product of
the cutoff and the current F_,,. The cutoff was specified via the TLPAR1 parameter in the

input file.

a. Baldwin-Lomax Boundary Layer Model
The standard model, option 1, was applied to the wall bounded regions. This

model was the easiest to use as no extra equations were solved for which convergence had




to be monitored. The selected turbulent wall regions were the body, wing and collar L = 1
surfacés. The J and K start and end parameters (JTLS/E and KTLS/E) specified the bounds
of the wall region. A Degani-Schiff cutoff of 30% , TLPAR1=0.3, was applied as suggested

when separation in the shear layer was not important [Ref. 14].

b. Baldwin-Lomax Shear Layer Model

The shear layer model, option 11, was applied to wake regions. The ITDIR
parameter specified the L direction perpendicular to the shear layer and the JTLS/E etc.
identified the region for which the shear layer model set the turbulent eddy viscosity. The
shear-layer model was applied to the wake region of the wing and collar grids. No Degani-
Schiff cutoff was applied, TLPAR1= -1, as suggested for the standard Baldwin-Lomax
model [Ref. 14]. The shear layer formulation is furthér explained in Appendix G of Reference

14.

3. Results

Validation of the quality of the wing/body grid scheme and flow-solver was done by
comparing the results with experimental wind tunnel data for a similar geometry. Oelkler,
Bergmann and Hummel completed such measurements (Ref. 11) with thirty pressure tap
locations along the body and wing. Results including lift coefficients and static pressure
coefficients were published for various angles-of-attack (AOA) and sideslip at a free-stream

Mach number of 0.3. Comparisons were performed between computed and experimental



results for zero sideslip and AOAs of 0°, 8.7°and 19.3°. The streamwise viscous terms in
the J direction were turned off for 0° and 8.7° where separation was unlikely and turned on
for 19.3° AOA solution. The OVERFLOW parameters that were varied to produce a

converged solution are listed in Table 1.

OVERFLOW 0 deg 8.7 deg 19.3 deg
Parameters
Tterations 500 100 | 2000 { 2000 | 2000 | 100 | 2000 2000
Dt (time step) 0.1 0.1 04 0.6 1 0.1 0.1 0.4
CFL min 0005 | 05 | 05 05 | 05 |05 | 05 0.5
DIS 4 004 [004 | 004 | 008 | 012 004 | 004 0.04
(4th ord dissipation)

Table 1. Various OVERFLOW Parameters for the Computed Solutions

Plots of the density L, norm, the pressure Iift coefficient and pitching moments are
attached as Appendix E.  OVERFLOW used the individual wall region area (the viscous
surface identified in the input file) as the reference area and a unit length for the force and
moment coefficient computations. The lift coefficients for the three runs were plotted against
the wind tunnel data in Figure 19. The OVERFLOW lift coefficient computation was

corrected to the wing reference area for comparisons. The 0° and 19.3° results were very
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close to the published data; however, at 8.7° there was a difference of 24% in the coefficient
values. The lift curve slopes of the wind tunnel data and a fitted trend line were within 5%.

Comparisons of additional flow characteristics and pressure distributions follow.

Wind Tunnel Lift Coefficient Comparison with CFD Data

12+
1
—~ 08
O 19.3 deg- CL CFD =0.81
;:-' CLwt = 083
8 06 .
o CL alpha w.t. = 0.043 per deg
= 04 CL alpha CFD (trend line) = 0.041 per deg
g 87deg-CLCFD=0.28
02 Clwt= 037
0 T T T T T T T T
0 10 20 30 40 50 60 70 80
AOA degrees

Figure 19. A Comparison of Published Wind Tunnel Data (Ref. 11) with the CFD

Solution.

a. Zero Degrees AOA
Solution symmetry was first checked by plotting the Mach contours at zero

degrees AOA for a viscous solution. Together with a negligible lift coefficient the grids were
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considered to be of sufficient quality to continue the comparisons. Figure 20 shows the

symmetric Mach contours and maximum velocities located over the upper and lower surfaces

of the fore body.

Mach Contours

0.00 0.09 .17 .26 0.35

Figure 20. Mach Contours Over the Wing/Body at 0° AOA
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b. 8.7 Degrees AOA

The L, density norm decreased over two orders of magnitude and the pressure
lift coeflicient had stabilized after 6000 iterations which was an indication of a converged
solution. Figure 21 shows the decreasing L, density norm on a linear-log scale. The spikes
in the data were solution restart points indicating a change in parameters. Figure 22 is the
pressure lift coefficient which is initially quite oscillatory but stabilizes to a discrete value for

each wall region.

Residuals for Density L2 Norm
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Figure 21. Convergence of the L, Density Norm for the Wing/Body at 8.7° AOA
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Figure 22. Pressure Lift Coefficient for the Wing/Body at 8.7° AOA

The wing/body Mach number contours are displayed in Figure 23. The
maximum Mach number of approximately 0.4 occurred over the wing leading edge near the

root and over the upper surface of the fore body.
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figure 23. Wing/Body Mach Contours at 8.7 ° AOA
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The static pressure coefficient (Cp) figure from reference 11 was reproduced

and is shown along side that of the CFD pressure coefficient output. The horizontal lines on
the reference plot Figure 24a were the locations of the static pressure ports. The value of the
C, suction peaks were determined by measuring the distance from the horizontal lines to the
applicable C,, curve and comparing it with the C, scale ranging from 0 to -3. The max suction
peak value was approximately -1.5. The single line on the wing surface labeled 'WV' was the

location of the wing leading edge wing vortex.

Figure 24b showed the CFD C, contours. The maximum suction peak
followed the leading edge and identified the location of the wing vortex. Maximum suction
was at the leading edge wing root, identified by dark green, and this had a C, magnitude of
approximately -1.5. Note also the smooth transition of contours between the body, collar and

wing grids.

Visualization of the leading edge vortex was feasible with the FAST particle
trace utility and is presented in Figure 25. The flow was seeded forward of the wing root at
the fourth and eighth planes away from the body (magenta and blue particle traces

respectively). The vortex location matched the C, suction peak profile.
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Figure 24 a. Wind Tunnel C, Plot (Ref 11.), b. CED C, Contour Plot at 8.7 AOA
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Figure 25. Wing/Body Particle Trace at 8.7° AOA

:
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c 19.3 Degrees AOA

The Mach number contours at the increased AOA, displayed in Figure 26,
showed regions of sonic flow at the wing leading edge root which coincided with the
maximum suction peak and vortex origin. The aft half of the leading edge indicated free-
stream velocities (blue contours) and showed an inboard shift of the Mach number peaks

when compared with the Mach number contours for the 8.7° AOA test case.

The Cp contours at 19.3° AOA were similarly compared against the published
data in Figure 27. The maximum suction peak values for both plots were approximately -4.0
and were located at the leading edge root where the flow approached sonic conditions. Both
figures indicated a 20% inboard shift of the leading edge vortex. Once again note the

smoothness of the contour lines over the three grid boundaries.

Figure 28 shows the velocity vectors highlighted with C;, values at a plane
close to the wing tip region. The vector density was been reduced for viewing. A tight vortex
could be seen about the leading edge where the velocity vectors were reversing direction.
The boundary layer shape was evident close to the trailing edge as was the typical wake

region profile.

Figure 29 is a particle trace identifying the location of the vortex and its early
separation from the wing. The blue path lines show the flow sweeping off the body and onto

the wing.
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Figure 26. Wing/Body Mach Contours at 19.3 ° AOA
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Figure 27 a. Wind Tunnel Cr Plot (Ref. 11), b. Wing/Body CP Contours at 19.3 > AOA
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Cp Contour Values

{Note — Vector Density Reduced for Improved Viewing)

Figure 28. Wing Tip Velocity Vector Profile at 19.3° AOA
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V. CONCLUSIONS AND RECOMMENDATIONS

The multi-block CFD procedure was established and successfully applied to a missile
geometry. The requirements of the CFD software were established and the installation of the
software on the CRAY was validated. Both the elliptic and hyperbolic grid generation
methods were used and evaluated. A successful method was developed for creating a collar
grid around a highly swept thin-wing. A procedure for improving grid overlap, by specifying
coincident planes at the hole and outer boundaries when possible, was established. A wing
C-grid was successfully built around sharp leading and trailing edges and a single point tip.
The CFD results were compared to published wind tunnel measurements (Ref. 11) and are
in good agreement with the lift and pressure data, vortex formations and subsequent

development.

Learning the multi-block procedure was best achieved by starting with a simple two
grid overlapping scheme, completing the CFD multi-block process flowchart and then

applying the understood procedure to a more complicated geometry.

Questions often arose during the analysis as to the quality, symmetry, etc., of a given
grid. It was useful to isolate the single grid and compute a single grid solution for comparison
with the multi-block solution. This eliminated the use of RMG2PEG, PEGSUS and MERGE

thus minimizing possible sources of error.
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Hyperbolic grids were developed by marching grid planes away from the supplied
surface grids. Smoothing parameters and initial/final grid spacing were available; however,
there was minimal control over the internal grid point spacing and the outer boundary shape.
The elliptic grids required the outer boundary shapes be specified. Controls were available
to specify grid point clustering, orthogonality and smoothing. Geometries with sharp convex
or concave surface shapes, such as supersonic airfoils, were best modelled using the elliptic
grid generator GRIDGEN. The hyperbolic grid generator (HYPGEN) worked most

effectively on smooth symmetric grids such as missile bodies and collars.

The wing/body geometry required five overlapping grids and a million grid points.
Grid dimensions were dictated by the complexity of the surface geometry. The slender-body
had concentrated grid points along the fore and aft sections ensuring a unit aspect ratio at the
apex and smooth stretching ratios. Initial boundary layer grid spacing was dependent on the

flow-solver turbulent model.

The intersection of the wing and body was modelled by a collar grid. The collar
provided the best method of ensuring adequate wing/body overlap. Generating a collar
surface grid around a highly swept wing required using the COLLAR routine, to generate the

intersection line and the body collar surface and GRIDGEN to create the wing collar surface.
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The mner Cartesian grid density ensured a smooth transition from the highly dense
wing/body/collar grids to the less dense outer Cartesian free-stream grid. Cartesian grid point

clustering around the wing tip was necessary as the wing C-grid did not extend beyond the

tip.

The overlapping multi-block approach (Chimera) required the smooth interpolation
of data at the grid boﬁndaries. The accuracy of the solution was directly dependant on the
quality of the interpolation stencils. PEGSUS identified regions requiring grid refinement
through the use of orphan points. The best procedure for ensuring adequate overlap of grid
boundaries differed for the two grid generators. The HYPGEN input file allowed
specification of several grid parameters. Overlap of the body and collar grids was best
accomplished by assigning similar initial/final grid spacing, marching distances and smoothing
factors. GRIDGEN provided specific grid point placement capabilities. During the grid
generation, prior knowledge of the PEGSUS boundaries was used to ensure grid planes of
the outer overlapping grid were coincident with the expected boundary planes of the inner
grid. Though coincident boundary/plane overlap was not required it did yield the highest

quality stencils and fewer orphan points.

The wing/body CFD solutions were computed and compared to the experimental
data (Ref. 11). The thin-layer Navier-Stokes solution was used at low angles of attack (0°
and 8.7°) when minimum separation was present. At higher incidence angles the viscous

terms in all the directions were included. The CFD lift coefficient data agrees with
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the experimental results at 0° and 19.7° and was within 25% at 8.7°. The lift curve slopes
were within 5% when a trend line was passed through the CFD data. More CFD information
at various AOAs is required to better define the lift curve characteristics. The locations and
magnitudes of the wing suction peaks compared favorably. Asthe AOA was increased the
Cp chordwise maximum suction values moved inboard from the leading edge. The location

of the leading edge vortex followed the maximum C, movement.

The wing/body grid scheme, software and multi-block procedure has been validated.
An excellent project continuation would involve incorporating a canard and the computation
of the close-coupling effects of reference 11. The canard would be a scaled version of the
delta-wing and would entail similar grid requirements. A collar grid would be necessary. The
reduced span of the canard would reduce the grid skew effects experienced during generation
of the wing/body collar. It is likely that the entire collar could be generated with the

COLLAR routine as opposed to the established GRIDGEN-COLLAR approach.
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APPENDIX E. L,NORM, C, & C,, PLOTS
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