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ABSTRACT

Achieving accurate Computational Fluid Dynamics (CFD) solutions that conform to
physical reality requires physics-informed and high quality grids. In the conventional
approach for generating these grids, there is a sense of artistry that lies in the expertise
and diligence of the engineer. For engineers of all levels of experience, this is a time-
consuming and expensive process. The goal of this effort is to develop and demonstrate
an innovative aerodynamic guide tool that is flow physics based, efficient (can explore a
complete flight envelope in a timely manner), models important flow features, and
facilitates the initial creation of effective CFD grids. The proposed approach is based on
flow-physics-based aerodynamic methods, critical flow feature identification, uncertainty
quantification, and the enhancement of an existing best practice expert system (BPX) for
CFD.

This study will help develop an initial methodology that will demonstrate the
feasibility of the proposed approach. Finally, a grid will be designed based on the

recommendation from AeroAssist and benchmark with experimental data.
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L. INTRODUCTION

In the field of Computational Fluid Dynamics (CFD), a certain degree of art is still
required to obtain numerical simulations that conform to physical reality. Much effort
has been spent in designing technology that can automatically create computational
meshes—some of these technologies will be examined in the literature review section.
The issue with some of these methods is that they define quality in terms of geometry and
lack the accuracy to capture gradients in the near flow field of the surface. Too coarse of
a mesh causes sharp gradients in the flow field to suffer from numerical diffusion, where
sudden changes in the fluid properties behavior are unrealistically “smeared.” The
balance between physical fidelity and computational expense is a problem that CFD
practitioners must address by intuition and experience. The scope of this project is to
demonstrate the feasibility of a preliminary Aero-Guide tool (hereinafter AeroAssist) to
help produce an Intelligent Surface Grid. This entitles Aerodynamic Feature
Identification and knowledge extraction from an expert system to create augmented
geometry CAD entities or adapt the surface grid to aid the surface grid generation

process.

A. IDENTIFICATION OF THE PROBLEM
Current grid creation and refinement technologies require iterative CFD calculations
to produce an acceptable surface mesh.? This iterative process makes it expensive to
achieve a converged CFD solution, and manually refining the surface becomes time

consuming for complex Aerodynamic Analysis. Hence, for production engineering



applications, time and available computational hardware may force the “acceptable”
mesh to be of significantly lower quality than the optimum mesh, resulting in increased
computational cost with lower solution fidelity.?

The following figure identifies flow features, which must be taken into account when
generating CFD meshes. These include regions of strong pressure gradient, onset flow

separation, and convected vortices affecting downstream subcomponents.

M, =0.20
132 kts

Sea Level
a=10°

Light Gunship with Gull Pylon - Vortex Wakes

Vortex Strength

C, depicted for body - _T.
AC, depicted on lifting surfaces
I -4-3-2-101234
IR UEE \croical Tail not shown
AC,orCp: -1 -08-06-04-02 0 02 04 06 08 1 Vortex symbol size proportional to strength

(a) (b)

(c)

Figure 1. Various aerospace vehicles solutions created by AeroAssist solver (a) missile with fins,
(b) military aircraft, (c) helicopter fuselage.

B. OBJECTIVE
The objective of the proposed project is to develop and demonstrate an innovative
Aerodynamic Guide Tool (AeroAssist) that is computationally efficient, models

important flow features, and aids the creation of economical and “accurate” CFD grids.



The proposed AeroAssist will be based on three technologies: (i) physics-based
aerodynamic methodologies, which identify important flow features quickly over large
ranges of flow conditions, (ii) rigorous uncertainty quantification and sensitivity analysis,
and (ii1) a best practices expert system for CFD. The AeroAssist, described herein, will
aid CFD users to generate flow-physics-based high-quality surface and volume grids,

thus reducing the time currently required to obtain accurate CFD results.

C. BACKGROUND

The conventional process required to achieve quality CFD solutions is depicted in
Figure 2. This process is expensive, because iterative surface grid refinements are
required to increase the flow solution accuracy, which is time intensive. Geometries are
usually transmitted from the CAD system, which are “no good” for the grid generator.
The grid generator needs smooth closed solid geometry. It can take a week (or more) of
interaction with the CAD output (sometimes by hand) before the process can begin.” For
companies and educational institutions with limited computational resources, time and
hardware constraints may significantly lower the quality of the mesh(es). Although
larger organizations may have the means and flexibility of generating high-resolution
grids, this approach is inefficient and can potentially cause other numerical problems. In
addition, for many recent graduates or engineers with limited experience, understanding
mesh metrics and being able to anticipate mesh quality requirements (e.g., accurately

capturing surface or flowfield gradients) are challenging tasks. Thus, the conventional



CFD process still requires a considerable degree of art to obtain solutions that can be

critically judged to conform to physical reality.

- 1
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Practices / |- —— ———— I
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Figure 2. Conventional CFD approach.

In order to achieve a solution that conforms to physical reality, there must exist a
balance between physical fidelity and computational expense. In the conventional CFD
framework, practitioners address this issue by intuition and experience. This experience
and intuition is not always general knowledge, nor is it transmitted to other engineers.
The proposed approach, depicted in Figure 3, will identify important regions of the flow,
process them, and add these features to the CAD model or adapt the surface grid. These
additional CAD entities will assist the CFD user in creating higher quality grids the first
time, i.e., before any CFD solution has been run. Detail of the AeroAssist approach is

given in Figure 4.
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Figure 3. AeroAssist enhanced CFD process.

D. AEROASSIST: INNOVATION OVERVIEW
The AeroAssist will integrate specific tools to guide the CFD user tasked with
designing and/or modeling vehicle(s) for aerodynamic analysis. The overall advantages
of AeroAssist are:
i.  Fast representation of the flow features for any given geometry.

ii.  Flow feature identification over the flight envelope.

iii.  Identification of flow regime(s) requiring new or updated mesh(es).

iv.  Reduction of the number of iterations and time with respect to the

conventional CFD approach.
v.  Sensitivity and uncertainty analyses related to input parameters, flow

conditions, and solver. Grid-type independence/neutrality.



vi.  Accuracy of the solution would be increased and can be the basis for
performance to other engineering disciplines.
vii.  Ease of use by both CFD experts and engineers with limited experience.

Details of the AeroAssist components are given below, followed by a description of

each module in Section III.
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Figure 4. Functional modules of the AeroAssist.

II. LITERATURE REVIEW

CFD has become an indispensable design tool in the aerospace industry. High
fidelity and precision CFD results offer considerable independence from expensive
testing process and experimental methods like wind tunnel testing or flight testing
allowing early prediction of design optimization.” With current technology, such as

supercomputers, better solutions can be achieved; however, there is ongoing research in



the reduction of time and cost in the CFD process. The following is a summary of some
of these technologies with an explanation as to why AeroAssist is different and

innovative.

A Software Demonstration of “rap” developed by LLNL. Rap is part of the Overture
overlapping grid framework. It is a software tool for preparing CAD geometries (IGES
files) for mesh generation and creating overlapping meshes.® In other words, it is a tool
that helps the user go from CAD to a volume grid. Rap still needs further work to go
directly from CAD to a water tight surface because errors can span if the underline CAD
geometry is ill defined; meaning, there are missing or duplicated surfaces, or if the
tolerance threshold is exceeded. The user can then spend time debugging the problem by
either iterating the CAD geometry or manipulating the grid.

CAPRI is a software building tool-kit that refers to two ideas: (i) A simplified, object-
oriented, hierchical view of a solid part integrating both geometry and topology
definitions, and (ii) programming assess to this part or assembly and any attached data.’
CAPRI is a lightweight application, only requiring libraries, and provides a gateway
between Computer Aided Engineering (CAE) applications with the CAD system .
CAPRI, however, has a major drawback in that it is a commercial product. Furthermore,
the tessellation themselves are not directly suitable as a flow mesh and thus must be used
as a driver for a more flow oriented mesher."

CEASIOM a software system developed in the EU to generate stability and control
data for conceptual and preliminary aircraft design using a choice of numerical methods

of varying fidelity.'" The CEASIOM framework integrates discipline-specific tools, with



the main focus on aircraft design, to go from CAD to an adaptive-fidelity CFD solution.
Although CEASIOM offers a complete solution to the stated problem, it requires
engineer interaction for mesh development and fidelity, lacks automation, it is an
unstructured solver, and the turn-around data can be deceptive due to the lack of
robustness from the models and grids.

In the Overset Structure Grid Generation, process advances have been made towards

automated and efficient domain connectivity by means of using newly developed
libraries of domain connectivity function called Chimera Components Connectivity
Library (C3LIB). These libraries are incorporated into the Chimera Grid Tools (CGT)
software package. Chimera Grid Tools is a collection of software tools created
specifically for the efficient pre-processing and post-processing of structured overset grid
computations.'? There are over 100 scripted macros that can be invoked which speed the
grid generation process. This approach, however, is not fully automated. Scripts need to
be manually created the first time and require modification if a topological change occurs
in the geometry.'?

CART3D is a high-fidelity inviscid analysis package for conceptual and preliminary
aerodynamic design. The package is highly automated so that geometry acquisition and
mesh generation can usually be performed within a few minutes on most current desktop
computers.”” Its adjoint algorithm allows the grid to be refined based on a certain
threshold to obtain an optimum mesh for a particular flow solution. Although CART3D
is a great tool, it can be resource intensive and the process from CAD to grid can be time

consuming.



There exist many tools that can reduce the grid generation process, but none are as

fast, modular, user friendly, and economical as AeroAssist.

III. AEROASSIST

The overall objective of this work is to pioneer an innovative tool, AeroAssist, that
utilizes physics-based predictions of flow features to guide the CFD user during the
initial mesh generation process.

The objective of the proposed project is to demonstrate the feasibility of an
Aerodynamic/Fluid Dynamics Guide Tool to assist the CFD user in generation of an
Intelligent Surface Grid. An Intelligent Surface Grid is an economical surface grid with
sufficient fidelity, based on mesh metrics and mesh quality, and its physics. The specific
objectives of the proposed work are enumerated as follows:

i. Identify on-surface and near-surface regions of the flow which require
modeling to improve the accuracy of the CFD solutions.

ii. Demonstrate the ability to identify flow regimes and/or ranges where either
new or additional grids are required to maintain CFD solution fidelity due to
flow condition sensitivity.

iii. Generate physics-augmented “CAD layers” containing important flow
feature-derived information for creation of an Intelligent Surface Grid.

iv. Define guidelines and requirements for sensitivity and uncertainty analysis for

robust grid generation.



v. Investigate the integration of the BPX expert system with user knowledge
through the use of the AeroAssist, and personal CFD experience.
vi. Identify the requirements to develop a software tool.

The specific questions the project will aim to answer to determine the feasibility of

the proposed innovation are as follows:

a. Does the proposed AeroAssist tool (a) increase initial solution accuracy, and (b)
reduce the amount of time, effort, and computational resources to complete the
aerodynamic analysis?

b. Can the AeroAssist tool integrate the identification of flow features, geometrical
metrics, operational variations, uncertainty and expert system into one software
package?

Successfully answering these questions while addressing objectives (1)-(vi) will

provide the foundation for a tool that can intelligently guide the initial creation of
computationally economical surface grids for complete military aircraft, missiles, and

wetted external components.

A. GEOMETRY

The AeroAssist Geometry module will efficiently generate a representation of the
vehicle. The conventional grid generation process manually manipulates the CAD model
to remove unwanted objects that represent unnecessary features. Thus, a CAD geometry
imported from IGES files or native CAD files (ACIS, CATIA, STEP, SolidWorks) is first
“cleaned-up” and simplified for the AeroAssist solver. For this project, Pointwise will be

used to import and heal CAD models. Through scripting, the model will be manipulated

10



to generate a triangulated geometry of subcomponents and create input files required by

the AeroAssist. This process is graphically illustrated below:

FSE Tiger Il Pointwise Healing CAD
Triangulation

|

Intelligent
Surface Grid

F5E Tiger Il CAD

FSE Tiger Il Surface Geometry
|

v

Aero Asist F——— —— — —— 1

Figure 5. AeroAssist geometry preprocessing.

B. SOLVER
The AeroAssist solver is a fast-running intermediate-level flow solver. The
aerodynamic prediction tool will be based on subsonic and supersonic panel methods and
on classical aerodynamic theory®. The flow solver methodology, captured flow

phenomena, and aerodynamic prediction applications are summarized below.

Methodology:

e Non-linear panel-method based

e Circular and noncircular bodies

11

Volume Grid  pre—



e Arbitrary planform/fin layout

e High-a body and fin vortex wakes

e Rotational rates, nonuniform flow

e Vortical transport

e Separated body and fin flow

e Shock expansion and Newtonian pressure calculation methods
e Boundary layer separation criteria

Flow phenomena:

e Mach number

e High angle of attack

e Arbitrary roll angle

¢ Fin and control surface deflection

e Vortex wake effects including swirl.

Aerodynamic prediction applications:

e Preliminary design, trade-off studies, optimization;
e Generation of large database for flight Simulation;
e Augmenting wind tunnel and CFD databases;
e Detail load distribution and flow characteristics; and
e Surface pressures and lifting surface loading.
Future work will provide AeroAssist with additional fast-running aerodynamic and
fluid dynamic prediction methods which capture flow phenomena not modeled in the

current flow solver. For example, these could include boundary layer prediction codes.

12



C. FLOW FEATURE IDENTIFICATION

This module will identify flow features predicted by the AeroAssist so/ver which are
important to high-quality grid generation. Flow features which influence surface
gridding, include: regions of strong pressure gradient, flow separation, and vortices
affecting downstream surfaces (subcomponents). This module will generate feature
specific “elements,” which will be processed in the Information Layer (Figure 4) to create
CAD feature entities or self adapt the surface topology. Identified “elements” will
include, but are not limited to: regions of high pressure gradients, flow separation lines,
and vortex wake paths. These elements will be supplied as inputs to auxiliary analysis
modules, such as sensitivity and uncertainty analyses (described in H). By means of
example, flow features predicted by the solver for a forebody at high angle-of-attack are

shown below:

x

M, =0.3,a=30.0°

Body-Shed
Vortex Wake

Figure 6. AeroAssist flow feature identification model output.
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D. INFORMATION LAYER

The AeroAssist Information Layer uses the information provided by the Flow Feature
Identification module to create physics-enhanced CAD entities or to self adapt the grid.
These enhanced CAD entities contain attributes describing geometry to aid the user in
creating higher-quality grids. The self adaptive surface definition contains attributes
describing mesh quality metrics designed to generate a higher-quality surface grid. The
created CAD entities and self adaptive topology are based on the extracted flow features,
a Best Practices eXpert system for CFD named BPX,* and flow feature uncertainty and
sensitivity information with respect to various flow conditions and modeling parameters.

A schematic can be seen below:

CAD Model &
Flow
Conditions
! Information Layer |
L\ 4 | i
| |
. Flow Feature Entity / | Augmented |
Anal L » e s " >
nalysis Layer Identification ° Construction i Geometry i
| |
| |
|

£ Intelligent
xpert ‘ o _* ) Mesh Quality & Surface Grid

Sy;;;m | Mesh Metrics !

| |

Uncertainty | |
Quantification & | _i_ N Uncertainty & i
Sensitivity | Sensitivity i
Analysis | |

|

Figure 7. Detailed processes contained in the AeroAssist information layer module.
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E. AUGMENTED GEOMETRY
As a result of the AeroAssist Feature Identification Module, the CAD entities
generated will provide the CFD user with the location of important flow features. This
module provides an a priori definition of a mesh for a given computational analysis,
independent of grid type. The following table is a summary of the type of grids being
considered and how they affect the design process. The outputs of mesh quality metrics

and sensitivity analysis are also indicated to reduce the analysis error.

Table I Type of grids and output entities.

Grid Type Flow Identification | Augmented Quality, Metrics | Topology
Geometry & Sensitivity Recommendation
Unstructured ConcentrationCurve Area of Element Type
Location of flow increased
Overset feature (Points Quadrilateral (Patch) Resolution Cartesian Box
and Lines) ]
Abutting Min/Max Topology

F. ENTITY CONSTRUCTION
The Entity Construction process is the main input for the Information Layer. The
following defines the created entity and describes how it is processed to create an
Augmented Geometry for each grid type.

Unstructured Grids:

1. Concentration curve(s) or sets of points that define the flow feature.
2. The line is projected onto the surface
3. Recommendation: increase grid resolution on the specified curve to capture

the flow phenomena.

15




Overset Grids:

1. Concentration curve(s) or sets of points that define the flow feature.

2. A quadrilateral is constructed from the flow feature and is subsequently
projected onto the surface.

3. Recommendation: creation a cartesian box(es) with increased resolution to
capture the different flow phenomena.

Abutting Grids:

1. Concentration Curve(s) or set of points that define the flow feature.

2. A quadrilateral is constructed from the flow feature and projected onto the
surface.

3. Recommendation: overall grid topology recommendation based on the

anticipated flowfield characteristics.

G. MESH METRICS & MESH QUALITY

The purpose of this module is to reduce grid generation uncertainty over a wide range
of flow conditions. This module will contain visual and statistical guidelines to help the
user generate higher quality and “accurate” CFD grids. The following is a summary of
different analyses to quantify the level of accuracy for different grid types. This module
will also generate grid recommendations for accuracy and efficiency.”®

Unstructured Grids:

Different element types include tetrahedral, hexahedral, and/or prismatic elements. Grid
quality metrics depend on whether the mesh is fully tetrahedral versus hybrid, e.g., of

tetrahedral-prismatic type.

16



Area of refinement samples: Boundary layer, spanwise-stretching, separated flow
transition, trailing-edge refinement, etc.

Structured Grids:

A self adaptive grid code will be used to aid in the generation of the surface grid. It will
focus on grid topology, element type, aspect ratio, skewness, and orthogonality measures.
Area of refinement samples: leading—edge, trailing—edge, area of high gradients, etc.

The final Grid Recommendation from this module will be based on the following:

1. Best practices and specific guidelines to assist in grid generation
2. Mesh metrics and mesh quality metrics generated by AeroAssist.

3. The output from augmented geometry module.

H. UNCERTAINTY ANALYSIS

In the conventional CFD practice, it is difficult to assert the degree of accuracy in a
system that contains levels of errors and uncertainties.">. Thus, it is important to develop
methods that perform error and uncertainty analyses. This module will increase the level
of robustness of the grid generation process by minimizing the sensitivity to parameters
whose value is modeled as uncertain. The anticipated result will be a reduction of the
cost associated with traditional iterations. Properly quantified uncertainties may also

provide the user with a more detailed understanding of the flow variable sensitivities.
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Figure 8. Uncertainty and sensitivity analysis process.

Uncertainty Quantification (UQ) for AeroAssist predictions will involve several
steps, (i) the identification of which of the input variables are treated as uncertain, (ii) a
quantitative characterization of the aleatory and epistemic input uncertainties, and (iii) a
propagation scheme of these uncertainties. Ensemble statistics of the predicted flow
features will be computed efficiently using polynomial chaos expansions.'*

Aleatory uncertainty is associated with quantities such as flow properties; epistemic
or model-form uncertainty is associated with lack of knowledge. An example of a source
of epistemic uncertainty in the AeroAssist Solver is illustrated in Figure 9, in which the
difference between computed laminar and turbulent separation lines can be used as an

input uncertainty interval in the UQ computation.
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Figure 9. Separation line visualization based on laminar and turbulent criteria.

L. DATABASE EXPERT SYSTEM

In CFD there is a sense of artistry that lies in the expertise and diligence of the
engineer who manages the countless details that go into a typical CFD simulation. It is
important to utilize and capture this knowledge to produce higher quality grids and to
lower cost. NEAR's best practice system called BPX provides expert knowledge in the
use of CFD codes to users, developers, and technology managers.* The system enables
CFD users to generate high-quality CFD solutions based on specific guidelines, code
selection, input preparation, grid generation, parameter specification, result
interpretation, verification, and validation. This expert system adds another layer of
accuracy to the grid generation process and facilitates knowledge transfer to engineers
with minimal experience. BPX is an existing tool which will be embedded in the

AeroAssist and will be further enhanced in the future.
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J. DATBASE MANAGEMENT SYSTEM

A database management system is part of the vision for AeroAssist, which will
archive AeroAssist generated information, CFD grids and results information, lessons-
learned, and will modify, analyze, and extract information from BPX. The creation of a
hierarchical database will benefit users of all levels of experience by maintaining
important information and making knowledge readily available. Knowledge in this
context is defined as a CFD user’s personal experience, recommendations, lessons
learned, technical documentation, and data.

The proposed AeroAssist tool has the potential to assist the engineer with any level of
CFD experience, in making decisions that will lead to more accurate computational
results in less time and at lower cost by reducing the number of iterations, uncertainty and
error. The figure below is a notational representation of one of the graphical product

generated by AeroAssist.
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Figure 10. Graphics output representaion of the AeroAssist process for the example of forebody
flow physics.
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IV.  PRELIMINARY VALIDATION

A supersonic forebody validation given by ESI-CFD will be used to compare the
methodology behind AeroAssist. Even though the purpose of AeroAssist is not to obtain
a CFD solution, it would be used to guide the mesh creation for the CFD solver
OVERFLOW. OVERFLOW will be used to compare the pressure coefficient at the
center-line because CFD-Fastran from ESI is no longer available. Two grids will be
compared: 1) grid created by an undergraduate student at SISU using ESI, ii) and i1) the

grid generated by using AeroAssist.

A. PRACTICAL IMPORTANCE

The study of supersonic flow is of high importance for a variety of problems, such as:
the design of a high-speed plane, missile, rocket, etc. “For many years, steady
development in numerical and theoretical methods has been pursued to accurately capture

. .. 15
supersonic flow field characteristics.”

Building a full scale model to test is costly, thus
having a reliable tool to create dynamically similar environments becomes invaluable.
CFD software is a useful tool that captures the design and development of the flow
characteristics over a body; hence, this validation study presents CFD-FASTRAN and
Overflow results for supersonic flow over a forebody of a given shape. Furthermore, this

experiment is designed to compare the grid generation process and to accurately validate

the predictive method against experimental data.
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B. OBJECTIVE
To compare the surface grid for a given forebody and validate it by comparing the
surface pressure data obtained from CFD-FASTRAN and OVERFLOW with the

experimental data for a range of azimuthal locations at given cross sections.

C. METHODOLOGY

ESI-group CFD software package and OVERFLOW are employed to obtain the
results for the pressure data points for a range of azimuthal locations at given cross
section by first creating the entire 3-D domain and surface mesh in CFD-GEOM and
Pointwise, grid generator packages. Secondly, the flow field is computed using CFD-
FASTRAN and OVERFLOW, the solver packages. Lastly, the results were seen in CDF-

VIEW and Tecplot, the solution packages.

D. GEOMETRY
1. MODEL CONFIGURATION
The model configuration for this study is a forebody which has analytically defined
cross-sections and which are based on a parabolic-arc profile having a 20° half angle at
the nose. The surface of the forebody is generated from the following parametric

equations:

1
T 25- 25cos(2p) +. 13174 cos(y) — cosGy)]
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Where, 7, r,, 1, L, y are dimensionless parametric variables used to describe the
surfaces. The values forz,r,, 1, and L are kept constant at 1 unit, while the value for y
are varied by .25 increments from 0 to 6.25 units. There is a total of 51 points that
defined a curve for each increment of i (see appendix G for sample data set). There
were a total of 25 curves developed to generate the 3-D forebody. After generating all
the data points, the file was transferred to CFD-GEOM where the solid surfaces were

generated (Figure 11). In order to complete the forebody, the original solid was extruded

to 5 characteristic lengths (see figure 12)

Figure 11. Sideview of original 3D forebody. Figure 12. Isometric view of extruded solid.
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E. ESI GRID GENERATION

The grid on the surface of the body was done only for a half-surface due to symmetry
in the plane y = 0. The first step was to generate a butterfly mesh around the nose of the
forebody. A butterfly grid was chosen because it has the best grid quality in terms of
orthogonality and mesh density. After the mesh was created, it was projected onto the
surface of the solid. For the remaining surface of the forebody, an h-mesh is used
because the curvature is less complicated and the flow conditions do not vary as much as

the nose.

Figure 13. Creation of butterfly mesh. Figure 14. Butterfly mesh projected onto surface.

Figure 15. Complete mesh creation projected onto surface.
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F. AEROASSIST

Following the logic of the AeroAssist process, the solid model obtained from the

equations is decomposed into geometry readable by the solver.

1. GEOMETRY
The solver requires half-body data, axial stations (X), bottom meridian coordinates
(Zmin), and top meridian coordinates (Z,4.). For each cross-section; X, the values of ¥ and
Z are extracted from the model and arranged in block format. The following image
depicts the vertical coordinates of an arbitrary body cross-section and the outcome from
the AeroAssist geometry processing tool.
YRC

‘;[XRC(NR.J LYRC(NR,J)]

\

XRC

/

| Tip(m‘.u,]),\mcu )

Planc of Symmetry

Figure 16. AeroAssist geometry requirements.
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Figure 17. AeroAssist processed geometry.

2. SOLVER
The following table shows the flow conditions, separation criteria, and sample output

for this validation:

Table 2: Flow conditions.

"~
Property Value
Separation Laminar
‘M 1.70 c.
o
B
'R

|

I
-5.0° 09
-0.04° | m 0.8
e/L 2.33E06 | o
05
0.4
03
02
0.1

0
4

Figure 18. Pressure coefficient distribution.

27



The solver provides some basic physics that the information layer will interpret to

design an intelligent surface grid, which will be physics-based and will have geometric-
qualities.

3. INFORMATIONAL LAYER

For this particular case, the flow feature of interest would be the bow-shock caused
by the conical body. At a =-5°, there is not a separation line to estimate and there is not
a wake to re-project to the surface. To estimate the bow-shock, the user must specify the

maximum nose shock wave angle in degrees: the first 9 points that define the nose are

taken to be linear.

Forebody Side-View

'\L =l=7max
© .
O e—t=7min
=)
] z

av,
S g

Longitudinal, X

Figure 19. 2D forebody sideview.
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Estimating Cone Semivertex Angle

0.5

0.4 y = 0.4748x - 0.0057
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0 0.2 0.4 0.6 0.8 1
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Figure 20. Nose tip linear regression.

Based on the linear equation obtained from excel, the estimated cone semivertex
angle, o = 25.4°. Using reference 16 the shock wave, 0, is estimated to be 49.2°. This
variable, FTHSHK, is inputted into the Information Layer to estimate the modified shock

location, ¢. A 2D and 3D view of the shock location can be seen in the figures below:

6
E /
5F ;
E /
4 s Rmax
sE s Rmin
5 p — — — — PHI(0)
2F Y — — — — PHI(180)
E /
N.. 1 /\
© o
L 0F
5.
> F ;
2F
3f ;
af
s5F
6:I|]11||1||Ix||||11]1||I||1|
0 -2 8 -10 -12

4 -6 -
Longitudinal, X

Figure 21. 2D plot shock location.
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Figure 22. 3D view shock location.

Given the shock estimate, one can observe from Figure 19 the extent the volume grid
has to grow to capture the shock, which is roughly 6 units. The information layer can
then provide augmented CAD entities (lines), as seen in Figure 20, which will aid the
user in refining the surface and volume grid. However, the question: “What is the
optimum number of points that must be added?” Still remains unanswered. There are
three methodologies that the user can pick from: 1) based on the solver estimate of
pressure gradients, ii) purely based on best practices, or iii) based the As in best practices
and use the pressure gradient to estimate the regions that require higher point density.
For the first methodology, AeroAssist will estimate the pressure gradients on the surface
and output the result visually. The user can then use this information to define the
surface topology and resolution. The following figures show the pressure gradient on the

surface and the v velocity field, respectively. One will observe on figure 21 the need for
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more points near the nose-tip and before the flat surface of the body. Figure 21 shows

that the flow is moving along the body (attached); meaning, there is no vorticity effect.
4

Y\é/x

AC, or C,
09

/ 0.1
0

X Pressure Gradient: -0.6 -0.5-0.4-0.3-02-0.1 0

Figure 23. X — pressure gradients.

0.02

-0.02

-0.1

Figure 24. 'Y —velocity field.
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The second methodology is using the Best Practice eXpert System which is a GUI-

application based on a knowledge database which provides user guidance to the CFD

process. The following figure is a sample screenshot pertaining to missile body

configuration at supersonic speeds.

Main Window
File Edit Help

Best

NE4R

Welcome: bpxuser, user

Practicel

BPX version 4.5, January,

Nielsen Engineering & Resgf

eXpé

Sponsor

Search

File Edit
Choose Scope of Search:
References Validation Data Technical Info.
Subject | Index Missile Bodies
Supersonic
To alphabetically view keywd Search Results: 18
the Index tab above. File Edit
D IncompresiResults for Keywords: Missile Bodies, Supersonic
- (=] Compress{(References
[ subso
Select For Save| All | None Trash
[ Transo
[} Bupersf1-3 out of 3 Page: |1 | ¥
[ Hypers Author(s) Title Source Report # Year I
D V'?°°95 [osyula, Eswar Computations of L-TR-95-3061, L-TR-96-3061  [1997 =
D Inviscid Supersonic Vortical [1997.
D Steady Flo Flows Around
<] Il Ogive-Cylinders
Using Central and
Upwind Differences
(Final Report, 1 Jul.
j 1994 - 1 Mar. 1996)
LLL [% selection of ["GARD, [\GARD-AR-303-VOL [1994 =
experimental test  [AGARD-AR-303-VOL}2
cases forthe 2, 1994,
. validation of CFD
Author: codes, volume 2
I\ selection of INGARD, IWGARD-AR-303-VOL[1994
experimental test INGARD-AR-303-VOLF1
— cases for the +1, 1994, ||
[[] case Sensitive Ivalidation of CFD |
codes. volume 1 bt

I << I < | > | >> |

Figure 25. BPX GUI

As one can observe, the keywords Missile Bodies and Supersonic output 3 search

results that the user can use to obtain further knowledge on the type of problem, grid

topology, and grid resolution.

32



The third methodology is more automated; the user defines an initial-spacing, end—

spacing, and As ratio. AeroAssist will use the information gathered from the pressure

gradient to distribute, add, or remove points. The purpose is to increase the resolution in

areas of high-pressure gradients and decrease resolution in areas of low-pressure

gradients to avoid numerical diffusion, save time, and computational expense.

AeroAssist, with the help of SAGE (Self Adaptive Grid Code), adds and redistributes

the point accordingly to redefine the surface mesh. The following is the SAGE input

code to generate Figure 24 and 25:

A

Vertical, Z

$Snamel reclust=1,mvbound=0,dsw=0.005,dse=1,indg=6,save=.f. § (fig 24)
Snamel add=1,Istadd=15,lendadd=51,indg=6,save=.f. § (fig 24)

$Snamel reclust=1,mvbound=0,dsw=0.005,dse=1,indqg=6 $ (fig 24)

Snamel add=2,rdsmax=1.0,reclust=1,mvbound=0,indq=6 $ (fig 25)

AeroAssist
Base

Longitudinal, X

Figure 26. Streamwise resolution refinement.
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Figure 27. Circumferential resolution refinement.

Based on best practices and the flow feature extraction module, the streamwise
direction is modified by adding a constraint at the leading edge of the nose and the end of
the body due to the boundary condition; points are added and distributed accordingly.
The old geometry represented by pink dotes (Figure 26) was defined by 51 points. The
new geometry represented by green dotes (Figure 24) is now 84 points. In the
circumferential direction there are not many changes occurring; however, due to the
symmetrical boundary condition there is a small constraint defined by BPX. The old
geometry represented by pink dotes (Figure 25) was defined by 13 points. The new
geometry represented by the green dotes (Figure 25) is now 37 points.

With the output from the Information Layer an intelligent surface grid is generated
based on mesh metrics, mesh quality, and physics. The new surface grid is composed of

3,305 cells which is less than the first generation grid shown in Figure 15.
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Figure 28: AeroAssist surface grid.

G. VOLUME GENERATION

It is not enough to conclude that a better surface grid has been created without
actually solving the flow around it. With the help of AeroAssist, it was determined that
the maximum normal distance to grow the volume grid had to be approximately 6 units.

For the volume generation in Figure 29: the computational domain does not extend
downstream beyond the length of the forebody; however it extends to 6 characteristic
length (L) in the radial direction. The volume mesh was created from the extrusion of the
surface in the radial direction and creating linear lines from the inner to the outer surface.
This then enables the option to create edges to construct many faces, and for every 6
faces a block was generated, creating the volume over the surface. This grid had a total

of 283,388 cells.
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For the volume generation in Figure 31: the computational volume was generated
using a hyperbolic grid generator, hypgen, to maintain orthogonality and appropriate ratio
spacing of less than 1.2. The following figures are a comparison between the first
generation volume grid (manually designed) and the hyperbolic volume grid from the
AeroAssist surface grid. This grid had a total of 198,144 cells, which is approximately a
43% saving on number of cells. This saving will not only convert into computational
time, but also the assisted volume grid is viscous and it extends further in the upstream
direction.

The following input was used to create the computational volume for Figure 31:

grid2d.dat

grid3d.dat

0 [FORM(0/1)

1,1,3 IZSTRT(1/1/1),NZREG,KLAYER
65, 6.0, 5¢-5, 0 NPZREG(),ZREG(),DZ0(),DZ1()
20,-1,2,2 IBCJA,IBCJB,IBCKA,IBCKB
1,0.00, 4, 2 IVSPEC(1/2),EPSSS,ITSVOL,NSUB
1,0.8 IMETH(0/2/3),SMU2

0.0, 0.0 TIMJ, TIMK

1, 0.50, 0.60 [AXIS(1/2),EXAXIS,VOLRES

The total number of points in the I,J, K direction are the following:

#Cells = 283,388 #Cells = 198,144

[ =142 I=87
/=70 /=37
Z=30 Z=65
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Figure 29: ESI geom volume grid.
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Figure 31: AeroAssist - hypgen volume grid
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H. CODE COMPARISSON

Now that the geometry has been obtained, it is important to verify the solution with
respect to the experimental data. In order to do so, the CFD code OVERFLOW was
chosen, even though, the previous solution was done using ESI Suite. The reason being
was the ease and the one-to-one comparison no longer existed because the previous
solution was inviscid. Hence, the solution will be distinct either using ESI or
OVERFLOW. To assess the comparison between the codes, the residual history and the
mach contour will be shown. More information about these codes can be obtained in the
Appendix F and H sections.

Boundary Condition:

e ESI
o Model Options (MC): Inviscid Flow.
o Plane of Symmetry (y = 0).
o Inlet Conditions (IC): Fixe Mass Flow Rate.
o Outlet Conditions (OC): Extrapolated.
e Overflow
o Viscous adiabatic wall.
o Plane of Symmetry(y=constant).
o Riemann invariants with freestream imposed characteristics.

o Outflow (pure extrapolation).
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Residual Plot:

FASTRAN Residual History
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Figure 32: ESI residual history.
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Figure 33: Overflow residual history.

The overall residual plots show at least 4 orders of magnitude in error reduction. Best

practices suggest that a drop of 3—5 orders or magnitude is good enough.
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Mach Contours:
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Figure 34: ESI Mach sideview result.
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Figure 35: Overflow Mach isometric view result.

Both solutions have similar Mach contours and capture the shock. The shock effect
causes the viscous forces to have a locally negligible influence. However, it is clear that

OVERFLOW is a viscous solution due to the no-slip condition at the body surface.
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L. BENCHMARK

The computations were done using the pressure results from CFD-View and Excel (a
sample calculation can be seen in Appendix H). The benchmark was done for 6 at 2
angles: 0° and 180°, where 0 is the azimuthal variable defined in the figure below:

‘ ; forebody

e
SE
S

S,
e

et

Figure 36: Polar coordinate system.

As 0 rotates the pressures values are obtained in the yz — plane along the
characteristic length of the forebody. The pressure coefficient (C,) is determined for each
point where the pressure values are taken; as a result, a plot of C, vs."/; for each value of
0 is determined and compared to the published experimental results. The following are

the graphs comparison of the CFD results with respect to the published data.
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Figure 38: Pressure distribution comparison.

Due to the shock effect, the pressure coefficient variation is minimal. However, for

0=180° the OVERFLOW data coincides with the experimental data.
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V. CONCLUSION

The balance between physical fidelity and computational expense is a problem that
CFD practitioners usually must address through intuition and experience. AeroAssist is a
tool that can bridge the gap between the user’s inexperience and knowledge by providing
physics based solutions to aid in the generation of economical and quality surface grids.

Anticipated improvements in surface grid generation will be of immediate use where
conventional CFD grid generation has its deficiencies. The work done proves the
viability and fundamental parameters to produce an independent grid generation guide

tool, AeroAssist, capable of creating more “accurate” computational mesh(es).

VI. VISION

Ultimately, a GUI platform will integrate a priori solutions of the geometry of
interest, uncertainty and error analysis, expert system knowledge, and a database
management system.

The continuing effort and development will enhance AeroAssist by including
unstructured grid elements, and the integration of mesh quality/resolution practices for
different flow solvers such as Overflow, TetrUSS, FLUENT, CFX, STAR CCM+, etc. In
addition, a module will be developed to identify and quantify uncertainty due to the
geometrical properties and solution. AeroAssist will also integrate a database
management system.

The formulation of a software development plan will include the identification of a
suitable architecture, platform, and computer language. This effort will lead to the

development of an AeroAssist GUI (Figure 39).
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Figure 39 Conceptual GUI.

Other areas of research would be:

» Recommendations for an optimum topology for a range of flow conditions.

» Development of a dynamic system where the user can visualize the
deformation of the recommended grid based on uncertainty and flow
conditions.

» Capability of inputting previously developed grids into AeroAssist to evaluate

the mesh metrics and mesh quality metrics.
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IX. APPENDIX

A. AERODYNAMIC MODELING AND PREDICTION CAPABILITIES

Panel method-based aerodynamic prediction methods developed by NEAR, such as
OPTMIS/MISDL are very versatile and have been successfully used to model a variety of
flight vehicles including, missiles, aircraft, UAV’s, bodies, wings, strongly cambered
hydrodynamic depressors. Important modeling and capabilities of the methodology
include nonlinear phenomena associated with Mach number, angle of attack and sideslip,
fin and control surface deflections and vortex effects including swirling flow. Empirical
databases of airfoil sectional properties as part of a stall model and improved drag
prediction. The ability of this code to model and estimate and identify important flow
phenomena such as separation, shock waves, vortical structures, etc. is critical to an
intelligent tool to aid the grid design process. These methods can also perform hundreds
of analyses in a matter minutes which permits a whole range of flight conditions to be
investigated to help assess when a new or modified grid would be required by CFD in

order to obtain more accurate results.

B. BEST PRACTICES EXPERT FOR CFD

Michael Mendenhall of NEAR led the development of a Best Practice eXpert system
for CFD (BPX).* This effort involved melding the art and science involved with
obtaining accurate CFD grids and solutions. The art involves CFD experience and
engineering diligence, and the science entails specific guidelines and checklists. The
goals of this effort and the tool BPX include: consistent high-quality solutions,

uncertainty reduction, error minimization, more ef icient cfd tools, lower cost,
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elimination of unnecessary runs, no repetition of past mistakes, and leveraging of
corporate and expert knowledge. The BPX is a bridge between the art and science of
CFD and will be used as an integral part of the proposed AeroAssist tool for and quality

grid generations.
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C. MESH AND QUALITY METRICS NUMERICS
Solution-adaptive grid methods are useful tools for efficient and accurate flow
solutions in certain regions of the flow. It is obvious that the greater the number of points
in the computational mesh, the more accurate the numerical solution will be.'” However,

an over-defined computational mesh can introduce other errors and create instability.
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The SAGE code, Self-Adaptive Grid Code, adds and redistributes the points in regions of
strong flow gradients and disperses them in region of weak flow gradients. The code
accommodates two-dimensional, three-dimensional, finite-difference and finite-volume,
single grid and zonal-matching multiple grid flow."” It was developed by Carol B.

Davies at NASA/AMES and it will be an integral part of AeroAssist.

D. OPTIMIZATION AND UNCERTAINTY QUANTIFICATION

In recent years, NEAR has been actively involved in developing and demonstrating
critical technologies for multipoint, multidisciplinary, and multifidelity design
optimization including the incorporation of uncertainty and risk. The uncertainty and
sensitivity analysis of this work has direct relevance to the AeroAssist tool capabilities.
Dr. Reisenthel of NEAR, is the developer of multidimensional response surface
technology which has been an enabler for risk-based and multifidelity unsteady design-
optimization. He has applied sequential radial basis function surrogate-based
optimization techniques for aeroelastic wing design and developed efficient global search
methods based on Multi-Fidelity Expected Improvement concepts. Furthermore, Dr.
Reisenthel examined the trade-off between initial DOE and subsequent optimization-

based in-fills of sequential surrogate-based optimization

E. POINTWISE

Pointwise is a software for generating CFD meshes: structured, unstructured, and
hybrid grids. In addition, Pointwise Native CAD Readers can be used to read geometry it

is native format.
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F. ESI

ESI offers a variety of multiphysics solvers. CFD-GEOM is the grid generation
system. It allows the user to manipulate CAD models, and supports the python scripting
language. CFD-Fastran, the solver used in this project, simulates and analyses problem
dealing with high-speed flows. It supports all grid technologies including multi-block
structured, general polyhedral unstructured, chimera/overset and adaptive Cartesian.
CFD-VIEW lets the user visualize the flow physics, animate transient data sets, and

extract data relevant to engineering design.

G. HYPGEN

Hypgen is a program used to generate a volume grid over a user-supplied surface grid
in three dimensions. It is part of the Chimera Grid Tools, and it is intended for overset

field grid generation on complex geometries.

H. OVERFLOW

The NASA code OVERFLOW is a three-dimensional time-marching implicit Navier-
Stokes flow solver that operates on structured overset grids. It has several different
inviscid flux algorithms, implicit solution algorithms, and options for thin layer or full

viscous terms.

L. TECPLOT

Tecplot 360 is a CFD visualization software tool with multiple loaders that helps you

plot and animate a solution set, analyze complex data, and communicate the results.
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