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The Integrated Multidisciplinary Optimization Objec ts (IMOQ) System delivers physics-based
multidisciplinary analysis and optimization (MDAOQO) capabilities that are required to develop
next generation subsonic, supersonic, and hypersaniaircraft. The software tools and
approaches accurately model prediction of vehiclegsformance, interdisciplinary couplings, and
system-level evaluation of the benefits and risks.M4 Engineering (experts in high fidelity
MDAO processes) is working with NASA Glenn (who icurrently developing a Python-based
MDAO framework called OpenMDAOQO) to combine their specialties to deliver a modular design
environment suitable to the high fidelity analysisand design of coupled systems. The key
elements of this toolset include an object-orientethtegration framework, common objects, and
analysis modules that based on custom data typesThe IMOO system utilizes Geometry
Manipulation by Automatic Parameterization (GMAP) and RapidFEM for advanced parametric
geometry and grid generation technology for aerodyamic and structural models. Both GMAP
and RapidFEM are in-house applications developed b4 Engineering. M4 Engineering is
developing the IMOO System using multiple, incremetal builds each with their own unique
example problem. The Aerodynamics Module is the $fsvare component in IMOO that enables
calculation of the aerodynamic performance of an ditrary vehicle design, as well as pressure
loads on the vehicle surface. It uses a unique biging of the results between Low Fidelity and
High Fidelity results to generate an accurate Mid klelity Aerodynamic Database quickly.

Nomenclature

C.max = Maximum Lift Coefficient
L/D = Lift / Drag

AR = Aspect Ratio

Cpo = Zero Lift Drag

Cra = Lift Curve Slope

y = Spanwise Direction, positive to the right (statd)
Cp = Coefficient of Pressure

a = Alpha, Angle of Attack

INTRODUCTION

ECENTLY there have been significant efforts to griphysics-based models into the conceptual/pretingin

design phase of aerospace systems. Physics-baskdsnaiow for a higher fidelity analysis. An exale of
this is the Integrated Hypersonic Aeromechanics| TbtAT) developed by a team that included M4 Eregiring.
However, these existing systems do not providecdpabilities required for designing the next getienaair and
space vehicles. The individual modules are implgetin a manner that prevents them from beindyesesised as
configurations and the design problems changeceSine modules are tied together using scriptingdages in a
rather ad-hoc approach, it is difficult to undenstand modify the workings of the system. A syssdould deliver
a suite of capabilities that can be utilized asumegl depending on the configuration and the pmobbeing solved.
As a system becomes more modular, modules can lbe easily swapped in and out based on the use€dsne
without excessive system redesign. A modular fraomk that is highly configurable (Figure 1) providéhe
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required foundation to address design problemgusnying levels of fidelity, which are applicatitea wide range
of configurations, by incorporating physics-basestigls and object-oriented programming.
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Figure 1: Create high fidelity, physics-based anabis and design capability that is modular and

Framework software tools (e.g., OpenMDAGtandardize the common tasks of analysis codeuéire, job
scheduling, the use of distributed computing resesirand the transfer of data from one analysis ¢odanother.
Unfortunately, framework tools have been less ss&fod in high fidelity applications. This is besauthe
development of high fidelity MDAO processes getsréasingly difficult as more and more complex datal
information need to be exchanged. As an examplesider the interaction between aerodynamics aondhgey.
When the Geometry Module is executed, a Geometlyu@dions object is instantiated. Subsequentiis, dbject is
passed downstream to the Aerodynamics Module. ®hject contains various methods designed to catieul
important geometric quantities (e.g., flap areatie@ tail span, etc.) by interrogating the baseland/or morphed
model for use in the Aerodynamics Module. Thisesbjmust be able to differentiate between a wind an
horizontal tail, and determine relevant parameseich as planform area, wetted area, and Aspeob.Ra&nother
capability that is key to the success of physicsedamodeling is the accurate modeling of geomety the
automatic generation of quality grids and meshése analysis of coupled systems requires consistantersion of
geometry data to external grids and internal sinattmeshes. The automatic mesh generation shmuftexible
enough to handle large geometry variations anddagtable to different configurations. Lastly, irder to perform
meaningful trade studies and optimization in asaable amount of time, the analysis models mustdoiated in an
automated and efficient manner as design variavkeshanged.

The IMOO System is a multidisciplinary analysis amtimization toolset designed to address theseessor
next generation vehicle applications. It uses aokd versions of the HFMDGand MOOL? modules to create a
more capable system. IMOO utilizes an object-deidrintegration framework that allows users toogdfitly link
high fidelity analysis modules. This framework réfgcantly reduces the problem setup time by sifgpig the
definition of interdisciplinary coupling, allowinthe creation of complex data objects and elimimgatatborious
manual data conversion. IMOO develops a librarga@@hmon objects and analysis modules based onmusita
types. Custom data types help avoid duplicationwvofk. It is critical for the framework tools torqvide
capabilities to easily transmit complex data betwewdules. These objects reduce the need fopéitsers by
defining standard object interfaces. The Aero Dasa Object is a custom data type that has a “[@okethod that
can determine the value of any aerodynamic perfoce@arameter (e.g;, Cp) based on a Mach Number, angle of
attacka, etc. It is passed from the Aerodynamic Modulgh® Structural Module, where it can also be used t
interpolate on a Pressure Distribution, which dentbe mapped to the Structural FEM.

The initial focus is on high fidelity aerodynamiadastructural analysis disciplines and the assediabjects
(e.g., Aero Database). The IMOO system succeesdlaring complex data by utilizing an object-oréshapproach
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in which upstream modules create objects that seel by downstream modules on demand. Both theatatdhe
methods reside in the object and downstream modudgsrequest the data when needed. An exampleiofs
mesh generation. IMOO implements automatic mestemggion and morphing through advanced parametric
geometry and grid technology for multidisciplinanodeling. M4 Engineering has developed a parametric grid
morphing tool, Geometry Manipulation by Automatiar@meterization (GMAB, and a parametric FEA model
generator for internal structures (RapidFfEMThese tools are integrated into the framewankirenment so that
engineers can quickly integrate FEA/CFD analysestpim geometry, re-mesh, apply loads, and genersgéulu
results. Through careful automation of the analysbcess, the IMOO system allows configurationbaaapidly
assessed, allowing many variations to be considaradelatively short time. This facilitates timeplementation of
numerical optimization techniques that can be ueelelp determine the optimal design. An examjplgliaation
demonstrates the use of this new MDAO framework amalysis modules for the high fidelity MDAO of @ele@vant
supersonic fixed wing vehicle configuration as sieRigure 2.
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Figure 2: Supersonic Fixed Wing Vehicle Process.

AERODYNAMICS MODULE DESIGN

The purpose of the Aerodynamics Module is stragytérd: to calculate the aerodynamic performance of
candidate vehicle over the expected flight envelopédowever, the Aerodynamics Module is one of thesm
challenging modules to design. The implementatiboomputational fluid dynamics (CFD) in the Aerodynics
Module is one of the unique features of the Aeredyics Module, offering a level of fidelity not obtable by
panel methods alone (as is common in current MDAQS). Since the calculation of aerodynamic flawgsng
CFD is a computationally demanding task, the Aenadyics Module is expected to be the slowest mottule
execute in a vehicle design process. In ordedléwiate this, it was crucial to offer alternatives the resource-
intensive utilization of CFD. This led to the dgsiof a mid fidelity approach to the Aerodynamicedvle, which
combines the results of high fidelity CFD tools lwihose of low fidelity panel methods to ensuret tha best
answer is obtained in an acceptable amount of tififee module allows the option of running entirkdw fidelity
(panel method), entirely high fidelity (CFD), oicambination of the two. In the low fidelity or tididelity mode,
the Module runs a list of conditions in the appraf@ code and uses the results to populate an yaeaotc
database. In the mid fidelity mode, a low fidelitytabase is constructed, and the values are tedréx match a
reduced list of high fidelity conditions.

The top-level architecture of the Aerodynamics Meds illustrated in Figure 3. Its primary taske & update a
pre-existing baseline grid to conform to the outesld line (OML) geometry of the current design,ccedte the
aerodynamic forces on the OML, and generate a sporeling aerodynamic database. The software pragra
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selected for use in the Aerodynamics Module areaPaand S/HABE ° for low fidelity aerodynamics, Cart3B

and Usm3E’ for high fidelity aerodynamics, and Digital Datcbnto calculateC; ,,,,, and stability derivatives.
GMAP is used for mesh morphing. Furthermore, teeoAModule is packaged as a Python class, whichvalfor

the use of the module in different ways (i.e., vétid without Datcom) by simply setting “runDatcotn’False.

Inputs

- -====- I Aero Module
1| Geometry Calc. |,
IL__Object I Outputs
| , o
| Geomery | Eetmate e - .
| Object I 1| 6DOF Aero DB ||

- i 1
: Flight ! : Object I
| Conditions : | wakerign Run Anabsi Mk I | | Pressure DBs :
1| AeroCode I I
1|  Ranges | : 6 DOF Stability :
| P | ! i
\[ Code Specific |, |Detegg'ngee§°de H—» I I L_DBObject
| Files I
Il Correction |l
:_ Factor Object !

Figure 3: Flow Chart of Aerodynamics Module

Grid Generation

The first step in the Aerodynamics Module’s exemutprocess is to generate updated geometry bast aesign
variables. The IMOO Geometry Module, which usesAMis responsible for generating the updated gégyme
The GMAP morphing models may be parameterized usititger a custom-tool or by selecting from a ligraf
tools and modifying the baseline values to propsitg the tool. GMAP models may be parameterizitdl design
variables such as Wing Ares,r, Aspect RaticAR, sweep anglel, as well as pitch, roll, and yaw control angles.
An example of a GMAP morphing tool is shown belowFigure 4.

-

Baseline wing with Wing dihedral Flap deflected 30°
child flap tool rotated 20°

Figure 4: A flap deflection tool is attached to a wng dihedral rotation tool. When the dihedral is changed,

the flap tool automatically rotates along with therest of the wing.

The interface between the Aerodynamics Module &rdGeometry Module has been designed in such aaway
limit the problems associated with degenerate vekinktven for the high fidelity CFD codes Cart3D amsin3D,

the user must only provide surface meshes as ingitus the user must only be concerned with crgaéin
reasonable morphed surface mesh rather than a ewrgiume mesh. A volume mesh is built based ersthiface
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mesh as part of the standard execution processs allows for much greater flexibility when creaimorphing
tools.

Low Fidelity Analysis

Based on the desired goals of each analysis, éxsecases where the greatest aerodynamic accisracy needed
in order to model a vehicle. It may be benefigiathese cases to obtain low fidelity aerodynandtadn a very
short amount of time and at little computationastcoTo this end, Panair and S/HABP are availalitbinvthe
Aerodynamics Module. Panair and S/HABP are capableroducing basic lift, drag, moment, and aer@ayit
center location data. Panair solves the surfatengal equations, while S/IHABP uses empirical ¢igus, such as
the Newtonian impact method. These methods ar@tnfiearelatively simple (yet arbitrary) geometrigghich do
not rely heavily on vortex action for their aerodymc performance. Together, Panair and S/HABP igeov
acceptable results across the subsonic, supersmichypersonic flight regimes. The surface mestas be
generated by a competent user within a short thaneé when compared to generation efforts for meshiged to
Navier-Stokes solutions. Additionally, where saos of Navier-Stokes equations in volume grids nele a
significant amount of time (on the order of houasll computational resources, a typical Panair isolwtill take a
couple of minutes on a single processor, whilepicgl S/HABP run can be expected to take no maaa #bout 30
seconds.

High Fidelity Analysis

If the intended analysis requires a detailed pteticof the flow about a vehicle, a high-order catgtional fluid
dynamics method must be used. Within IMOO, higlelity aerodynamic solutions can be obtained thinaihg use
of either Cart3D or Usm3D. Cart3D solves the inidsNavier-Stokes equations, while Usm3D is capaifle
solving inviscid or viscous solutions. Cart3D’sgtest strength is that it can take a triangulatethce mesh and
automatically generate a volume grid based on edefined number of mesh refinements. Cart3D hesnkfound
to be extremely robust and well-suited to solvimghpems with large geometry changes. In additimth Cart3D
and Usm3D are well-suited to parallelization, whiglshown below in Figure 5.
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Figure 5: Comparison of execution time and parallespeedup of Cart3D solver module using both MPI aah
OpenMP communication libraries (left). Speed-up foa Usm3D business jet model is better than ideal
performance due to increased cache efficiency (righ.

Mid Fidelity Analysis

The mid fidelity option was implemented to provithe flexibility needed to obtain the highest fidiglsolution
possible for a given time constraint. In the makfity mode, a low fidelity database is constrdgtend the values
are corrected to match a reduced list of high figelonditions. The user selects the number of idelity points
to use in a given analysis and provides the smecifinditions for those points. The Aerodynamicsdile
calculates a low fidelity database over the defitkjectory envelope, an anchor database using fidelity
calculation over the user-chosen high fidelitygcapry points, and a high fidelity database usikdp@ver the high
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fidelity trajectory points. Interpolation is perfoed on the anchor and high fidelity data, anddkefidelity data is
subsequently corrected using an additive correction

fuiag; (X)) = frow ri(x) + g(ingh Fi (xj) — frow ri (x1), xi)
_{g(ingh Fi (Xj)' xj) - g(fLow ri(x0), Xj)}

wherex; are the low fidelity trajectory points over whitihe low fidelity database is generategl,are the user-
chosen high fidelity trajectory pointg;,,, r; represent the calculated low fidelity dafg,,_r; the low fidelity
anchor datafy;,, r; the high fidelity datafy,;, r; the corrected mid fidelity data, agdrepresents the interpolation
function used to interpolate the data. Thus, tleatgr the number of high fidelity points used, liiggher the degree
of correction provided to the low fidelity datahé& tradeoff for this method is the increased coatpurtal resources
required for the CFD calculation of the high fidgldata points.

Configuration Setup
For each configuration to be analyzed, the follayimput files are required by the IMOO Aerodynaniitsdule:

Required Files for all Aerodynamic Codes
» Regions.txt — ASCII file containing patch-regioridmation for skin-friction drag calculation

Required Panair Files
» Panair.inp — ASCII surface mesh geometry and baynctanditions

Required S/HABP Files
 shabp.inp — ASCII surface mesh geometry and boyrmtarditions

Required Cart3D Files

 Cart3d.i.tri — ASCII surface mesh geometry

* inpt.cntl — contains boundary conditions and flaiwer information
« COMMANDS history

Required Usm3D Files

« front — ASCII surface mesh geometry

» cogsg — Binary surface mesh geometry

* d3m — OML connectivity

* bc — boundary conditions

* inpt — flow solver information

* mapbc — patch-boundary information

* restart — optional file used to improve convergespeed (optional)
« COMMANDS history

The design goal of the IMOO Aerodynamics Module wasse standard input files for each software dodslow
the user to focus on the design problem, rather tharrying about the format of their input. Themef, without
modifying any inputs it is possible to validate thgstem’s results for a single point while runnimgtside the
system. The system is designed in order to ermmnfidence in the results that the system is argati

All the analysis codes (Panair, STHABP, Cart3D, &win3D) include a regions.txt input file, which oefs the

major physical regions or components of the vehidRegion types could include fuselage, engindspand wing,
and the outboard wing sections as shown in Figure 6
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Figure 6: Supersonic N+2 Cart3D Model After SettingRegions

Once the updated aero model has been created effoelyyiamics Module continues its analysis by rugr@ither
Panair, S/IHABP, Cart3D, or Usm3D. In the case afd and SHABP, only the baseline mesh file isiiregl to
run the analysis. Once supplied with the prodesfiPanair and S/HABP perform their calculationg imatter of
seconds. Low fidelity output consists of an aer@dyic database of forces and moments in eitheettroe six-
degrees-of-freedom (DOF), depending on whether [a drafull model is used. Plot3D files containirgcal

pressure coefficients on the OML are also produced.

High fidelity results are obtained in a similar manto low fidelity results, but with inputs tait for Cart3D and
Usm3D. Cart3D uses a method to take surface wiatign and create a full volume mesh. In additite user
must log their command history in the COMMANDS filghich is later used by the system to reprodue# thesh
generation procedure. If parallel processing guied, the user need only to setup the COMMANDS tfh use
multi-processors or distributed computing to taklvemtage of that feature. Allowing the user toc#yethe

COMMANDS file for Usm3D/Cart3D ensures that futuqedates will automatically be supported.

In the case of Usm3D, the system uses Usm3D iniast denerated during the process of linking thengetry to
the surface grid to ensure that no degenerate \adware constructed. This is a standard procedoea wreating a
Usm3D mesh. At this point the user must log tlseimmands and build the volume grid. This commaistbty
file is later used by the system to reproduce tled@rcution process after morphing.

Upon convergence, aerodynamic data are extracted fhe output files and inserted into the Aero Date for
further use by IMOO downstream modules, and a stah@art3D or Usm3D output file (g-file) of the fage mesh
is created for graphical analysis and future loapping applications. Again simple output formaits. griq for
Cart3D, Tecplot for Usm3D) are used to ensure systempatibility.

Output
Outputs from the Aerodynamics Module include thiéofeing:

1. An Aerodynamic Performance Database Object comtgifbrce and moment coefficients as functions of

flight condition (Mach, angle of attack, altitudand control surface deflection). In addition, valet
information about the codes that were used to parfbe analysis is stored in the database.

2. A multi-file Distributed Aero Database containintasdard Plot3D (for Panair and S/HABP), Cart3D, and

Tecplot (for Usm3D) formatted grid and functiorelwith pressure coefficients

The real strength of the Aero Database Obijectifighe convenient format the database is storedTine data is
stored as a Python object that has various metti@tscan be used to print the data as well as gterydata
contained in the database. The lookup method takbght condition as an input and using eithdeiipolation or
extrapolation, the results at any flight conditiarthe flight envelope can be found. In additionrtterpolating over
standard floating point data, the user can uséitherpolatePressureDB” method of the Aero Database obtain
an interpolated Distributed Pressure Database,hahimy be used as part of a structural analysis.
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VALIDATION TEST CASES

HSCT
In order to ensure that development satisfied gugiirements of a supersonic aircraft and to profédesventual

system-level validation of the IMOO System, a Vatidn Test Case configuration was identified eanlythe
program. The configuration selected is the HigleesbCivil Transpotf (HSCT). The HSCT program was started
in 1990 and ended in 1999. An illustration of twnfiguration is shown in Figure 7. The designiafales used in
the IMOO model of the HSCT are Wing Area, Aspecti®aSweep Angle, Taper Ratio, Spanwise Location of
Break Chord, Leading Edge Position of Break, Bréakrd,-and Tip Chord Ratio.

Figure 7: HSCT Configuration

Initially, the test case serves as a developmeht dii provides the necessary inputs for testinghemodule as
development is underway. Once development is cetmpthe complete HSCT configuration is analyzedhi
IMOO System, and the analysis results are compartitdthe HSCT preliminary design data, providindidation

of IMOOQO'’s analysis capabilities. Finally, a configtion-level optimization of the HSCT is performeutoviding

validation of the IMOO System’s ability to improttee overall performance of a given configuration.

The Panair, Cart3D, and Usm3D models are showth#®aHSCT Vehicle below in Figure 8, Figure 9, angure
10 respectively.

Figure 8: HSCT Panair Model (Body-Wing wake shownWing wake not shown)

Figure 9: HSCT Cart3D Model
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A cutting plane of the Usm3D meshyat= 0 after generating the surface grid (and bounding Eshown below in
Figure 10.

Figure 10: HSCT Usm3D Model

After the models are created, the Aerodynamics Neodan then be run. In addition to loads calcalai the
pressure distributions for the different flight ditions are found. The pressure distributionsHanair, Cart3D, and
Usm3D are shown in Figure 11, Figure 12, Figureekpectively.

Upper Surface

Lower Surface

Figure 11: HSCTC, for Mach=2.4, Alpha=10"

Upper Surface

Lower Surface

Figure 12: Cart3D C, Distribution for at Mach=2.4, Alpha=10"
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As seen in Figure 14, the/D is 8.5, and is lower than the expected 9.281 aa s& Figure 15. However, the
HSCT design clearly assumes local tailoring, dethdesign, and nonlinear optimization of the aftaadecrease
the drag coefficient and achieve the goals of #wmgh.
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Figure 14: L/D vs(C,,
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Figure 15: Technological Drag Reductioff

The previous validation succeeded in proving thegration of the analysis codes. The desired ambrto running
the Aerodynamics Module is to use the Mid Fidetiption, which has greater accuracy with reducedyaisatime.

Sixty low fidelity (Panair) and eighteen high fitgl(Cart3D) cases were analyzed. The resulting, lmid, and
high fidelity curves forC,, vs Mach are shown below in Figure 16. Notice thatlow fidelity data captures the
trend well, while the high fidelity results are teet but poorly capture the trend. The mid fidetiata captures both
the trend of the low fidelity data, as well as pdiwg more reasonable estimates of the valu€;gfat points in
between the high fidelity data points.
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Figure 16: C;, vs Mach for Low, Mid, and High Fidelity

The resulting curves for low, mid, and high fidglfor C,, vs Mach are shown below in Figure 17. Notice that
low fidelity data captures the trend well, whileethigh fidelity results at the analyzed points slightly higher.
The transonic drag rise that occurs above MachsOc@mpletely paved over as no points were analymddieen
Mach 0.9 and Mach 2.4. Depending on the analysggined, this is potentially a serious problem.e Tfiid fidelity
results shift the low speed results slightly upvgaaimprove the low speed results, but also captthie wave drag
spike.

Obviously, there is no guarantee that the MaclrdsRlts are correct, but it is clear that the itssate better than if
linear interpolation was used based on the highlifiddata. The mid fidelity capability used byetAerodynamics
Module requires no extra inputs (assuming the basralready created a low fidelity and high fidetitodel) and

the results are much improved. Were a Mach 1.2 tabe run as well, the supersonic profile wowddrbproved,

but the judgment of which Mach Numbers to incluépehds on the problem that the user is analyzing.

CDo vs Mach (Alt=55 kft)
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Figure 17: Cp, vs Mach for Low, Mid, and High Fidelity

The initial Multi-Fidelity capability performed wefor calculating data such &, andCp,, and it showed poor
performance when interpolating over the Drag Cogffit. The Drag, which is a quadratic functionaoigle of
attack, is poorly captured by linear interpolatiohe Database class was enhanced to support sphbie
interpolation, which greatly improved the accuraéythe interpolation of the Drag Coefficient. Thgsshown in
Figure 18.
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HWB N2A

The HWB N2A (Blended Wing Bodyconfiguration is the product of a joint ventyregram letween NASA and

Boeing® and is a larger

, cargo aircraft similar to th-48B configuration. The HWB N2Arogramprovided an

enormous wealth of data difaps, stability and control, propulsion integratioand noise data, making it
excellent, welldocumented configuration for validation of the IMO&&rodynamics, Stability and Control, a

Noise Modules.

With the lessons learned from modeling HSCT configuration, setting up the HWB N2A (a blendechgvbody
configuration) within IMGD was straightforward once the geometry was mo. This time, abetter quality mesh
was used, which included the BWB’s vertical . The mesh is shown in Figure 19.

Figure 19: HWB N2A (BWB) Cart3D Model
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The pressure distribution for Mach=0.80, Alpha=68hown below in Figure 20.
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Figure 20: C, Distribution (Mach=0.80, Alpha=5°).
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Figure 21: Transonic Drag Rise

Cart3D captures a transonic drag rise as shownguaré& 21. The BWB cruise point as defined in HWRBAN
report®is Mach=0.79. The transonic drag rise was expettde very close to this point. This validatiooreased
our confidence with the Cart3D’s capability to awtaly model transonic effects.

TheL/D . in the HWB N2A reporf is 21.61. Thid/D from the report assumes no vertical fins. As 8Rris
an inviscid code, skin friction drag was adtféd'® After correcting for this effect, the/D decreased from
22.1to 17.3. With local tailoring of geometryetbhocks on the wing and fins can be reduced, wiiithmprove
the L/D ratio.
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Figure 22: L/D vs Angle of Attack (Mach=0.8)

L/D

-10

High Alpha RLV — Configuration F
The High Angle of Attack (4080°) reusable launch vehicle (RLwasdesigned for quick access to sf'°. The
RLV aerodynamics model is shownFigure 23 for a nominal flight condition. ThisHBXBP model wa received
from AFRL and is validated below.

Figure 23: Cp Distribution (Mach=14, Alpha=40°)

In order to validate the RLV model, the Normal Fgréxial Force, and Aerodynamic Center were investiga
The skin friction drag and base drag contributiorese also validated. The resulting skin frictioragl and bas
drag contributions are small.

The Normal Force Coefficient (CZ) is shownFigure 24 From 40 degrees AOA until approximately 65 deg
AOA, the SHABP Aero Module calculated data (showrbiue) matches the Wind Tunnel ¢? and is shown in
green/pink Even at 75 degrees AOA, the RLV model resulerly match the wind tunnel data. It is believedt!
the deviation occurs due to high angle of attadkldimg effects that are not considel
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Figure 24 Normal Force Coefficient vs Alpha (Mach=14

The Axial Force coditient (CX) shown irFigure 25calculated by the Aero Module (shown in blue) d®saron
the Wind Tunnel data and shown in green/pir. However, the magnitude of CX is small and themefthe
contribution of CX to Lift and Draggisignificantly smaller than the contribution doelzZ.
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Figure 25: Axial Force Coefficient vs Alpha (Mach=14

The Center of Pressure and Aerodynamic Centerowrsioelow inFigure 26 The Aerodynamic Center is near
CG (taken to be 419 inches).
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Figure 26: Center of Pressure Location Variation vith Angle of Attack

The L/D shown in for an RLV at reasonable angleattdck is roughly 1.0. The trend for the High BdpRLV is
reasonable.
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Figure 27: L/D vs Alpha

FUTURE WORK

Work on the IMOO Aerodynamics Module is on-goingthis is the end of year one of a two year projethe

future work will include investigation of other digurations, such as the N+2 Supersonic Transpod, complete
integration and improved modularity within the OpHDAO framework.

CONCLUSION

An Aerodynamics Module is being developed and teste a key component of the Integrated Multidiscaly
Optimization Objects System. This module incorpesavarying levels of fidelity from low fidelity ntleods
(empirical equations and panel methods) to higélitig methods (inviscid and viscous CFD) to deterenihe flow
around arbitrary shaped subsonic, supersonic, gpérsonic vehicles, as well as a method for olrgimnid
fidelity results. Validation results against th&EIT, BWB N2A configurations show very good corrielat

The IMOO system, when mature, will offer substdntiaprovements in the capability to perform higldfiity
analysis and optimization of subsonic, supersaait] hypersonic flight vehicles. Efforts to maximithe time-
efficiency of CFD calculations and the implemerdatiof a mid fidelity option utilizing a databaselibeation
scheme have effectively enabled higher fidelityodgnamic predictions in reasonable turn-aroundgime
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Many important lessons have been learned in thisldpment effort. Several are highlighted below:

 When applicable, a half model is used to reduceytltesize.

e Itis much easier to create a Cart3D model as comipt creating a Panair model or Usm3D model.t3Dar
models are also more robust when morphing.

* To minimize grid size and numerical complexity, yaln inviscid solution is typically calculated. sebsity
contribution to lift and drag is estimated usingdflat-plate model, and added to the coefficientsthe
aerodynamic performance database as part of theppmsessing step.

» Parallel processing is used to the fullest extemhinimize runtime.

« The mid fidelity option offers a good compromisetvbeen low and high fidelity methods, combining the
benefits of minimal computational resources andiey.

e The use of Python Objects enables a high leveht dbstraction, which reduces the conceptual axitplof
the system to the developer, maintainer, and utépaisers of the software.
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