NASA /CP-1999-209692/VOL1/PT1

1998 NASA High-Speed Research Program
Aerodynamic Performance Workshop

Volume [—Configuration Aerodynamics

Edited by
S. Naomi McMillin
Langley Research Center, Hampton, Virginia

December 1999



The NASA STI Program Office . . . in Profile

Since its founding, NASA has been dedicated
to the advancement of aeronautics and space
science. The NASA Scientific and Technical
Information (STI) Program Office plays a key
part in helping NASA maintain this
important role.

The NASA STI Program Office is operated by
Langley Research Center, the lead center for
NASA's scientific and technical information.
The NASA STI Program Office provides
access to the NASA STI Database, the

largest collection of aeronautical and space
science STI in the world. The Program Office
is also NASA’s institutional mechanism for
disseminating the results of its research and
development activities. These results are
published by NASA in the NASA STI Report
Series, which includes the following report

types:

» TECHNICAL PUBLICATION. Reports of
completed research or a major significant
phase of research that present the results
of NASA programs and include extensive
data or theoretical analysis. Includes
compilations of significant scientific and
technical data and information deemed
to be of continuing reference value. NASA
counterpart of peer-reviewed formal
professional papers, but having less
stringent limitations on manuscript
length and extent of graphic
presentations.

¢ TECHNICAL MEMORANDUM.
Scientific and technical findings that are
preliminary or of specialized interest,
e.g., quick release reports, working
papers, and bibliographies that contain
minimal annotation. Does not contain
extensive analysis.

* CONTRACTOR REPORT. Scientific and
technical findings by NASA-sponsored
contractors and grantees.

* CONFERENCE PUBLICATION.
Collected papers from scientific and
technical conferences, symposia,
seminars, or other meetings sponsored or
co-sponsored by NASA.

» SPECIAL PUBLICATION. Scientific,
technical, or historical information from
NASA programs, projects, and missions,
often concerned with subjects having
substantial public interest.

e TECHNICAL TRANSLATION. English-
language translations of foreign scientific
and technical material pertinent to
NASA’s mission.

Specialized services that complement the

STI Program Office’s diverse offerings include
creating custom thesauri, building customized
databases, organizing and publishing
research results . . . even providing videos.

For more information about the NASA STI
Program Office, see the following:

* Access the NASA STI Program Home
Page at http://www.sti.nasa.gov

* Email your question via the Internet to
help@sti.nasa.gov

* Fax your question to the NASA STI
Help Desk at (301) 621-0134

* Telephone the NASA STI Help Desk at
(301) 621-0390

e Write to:
NASA STI Help Desk
NASA Center for AeroSpace Information
7121 Standard Drive
Hanover, MD 21076-1320

Cm

0w \MWF;'IIIIVI ™

LTI ERIE L T T R



NASA /CP-1999-209692/VOL1/PT1

1998 NASA High-Speed Research Program
Aerodynamic Performance Workshop

Volume —Configuration Aerodynamics

Edited by
S. Naomi McMillin
Langley Research Center, Hampton, Virginia

Proceedings of a workshop sponsored by the
National Aeronautics and Space Administration,
Washington, D.C., and held in

Los Angeles, California

February 9-13, 1998

National Aeronautics and
Space Administration

Langley Research Center
Hampton, Virginia 23681-2199

" December 1999




Available from:

NASA Center for AeroSpace Information (CASD
7121 Standard Drive

Hanover, MD 21076-1320

(301) 621-0390

__National Technical Information Service (NTIS)

5285 Port Royal Road
Springfield, VA 22161-2171
(703) 605-6000



PREFACE

The High-Speed Research Program sponsored the NASA High-Speed Research Program
Aerodynamic Performance Review on February 9-13, 1998 in Los Angeles, California.
The review was designed to bring together NASA and industry High-Speed Civil
Transport (HSCT) Aerodynamic Performance technology development participants in areas
of: Configuration Aerodynamics (transonic and supersonic cruise drag prediction and
minimization), High-Lift, and Flight Controls. The review objectives were to: (1) report
the progress and status of HSCT aerodynamic performance technology development; (2)
disseminate this technology within the appropriate technical communities; and (3) promote
synergy among the scientist and engineers working HSCT aerodynamics. In particular,
single- and multi-point optimized HSCT configurations, HSCT high-lift system
performance predictions, and HSCT Motion Simulator results were presented along with
executive summaries for all the Aerodynamic Performance technology areas. The HSR AP
Technical Review was held simultaneously with the annual review of the following
airframe technology areas: Materials and Structures, Environmental Impact, Flight Deck,
and Technology Integration. Thus, a fourth objective of the Review was to promote
synergy between the Aerodynamic Performance technology area and the other technology
areas within the airframe element of the HSR Program.

The workshop was organized in three sections as follows:
Section I Independent Sessions
Section II Plenary Session
Section III  Executive Summaries

The work performed in the Configuration Aerodynamics element of the High-Speed
Research Program during 1997 was presented in the following sessions:

Analysis Methods and CFD Validation

Viscous Drag Predictions and Testing Methods

Aerodynamic Design Optimization Capability

Nacelle/Diverter Design and Airplane Integration

Configuration Assessments and Fundamental Studies

Technology Integration (TI) Studies related to Configuration Aerodynamics
(CA /TI Joint Session)

The work performed in the High Lift (HL) element of the High-Speed Research Program
during 1997 was presented in the following sessions:

Concept Development

Test Programs and Techniques
Analytical Methods

i



The proceedings for the Aerodynamic Performance Annual Review are published in two
volumes:

Volume I, Parts 1 and 2 Configuration Aerodynamics
Volume I High Lift

AP Review Chairperson: Naomi McMillin
NASA Langley Research Center
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FOREBODY GRID COMPARISON
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UPS (triangulated)

FLO87-MB (triangulated)
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High Reynolds Number Predictions for
the Baseline Arrow Wing at Mach 2.48

Melissa Rivers (LaRC)
Richard Wahls (LaRC)

Aerodynamic Performance Workshop
HSR Annual Airframe Review
Los Angeles, CA
February 9 - 11, 1998

The NASA High Speed Research (HSR) Program is intended to
establish a technology base enabling industry development of an
economically viable and environmentally acceptable second generation
high speed civil transport (HSCT). The objective of the Configuration
Aerodynamics task of the program is the development of aerodynamic
drag reduction, stability and control, and propulsion airframe integration
technologies required to support the HSCT development process.
Aerodynamic design tools are being developed, evaluated, and validated
through ground based experimental testing. In addition, methods for
ground to flight scaling are being developed and refined.
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Configuration Aerodynamics Technology Development

Session 1: Analysis Methods and CFD Validation

Goals

Objectives

Bemonstrate Significant L/Dmax Gains l

e

1

Robust Analysis /
Testing Methods

Realistic Aerodynamic
Design Optimization

Efficient Engine /
Airframe Integration

—i

|- 1 i 1 - 1
Challenges Mﬁdaﬁoﬂ IViscous Effectsl Wultipoint Conditions] rPower Effects

Approaches

Program

1 | 1
Analytic Methods Design Test Programs
and Applications Development and Techniques
r T :
—{ Methods Down Select l Nacelle / Diverter | |- WT Database |

H{ Viscous Drag Prediction |

1 Design Integration

WT Data Correcti_ons I

Tech. Baseline

[ s&c CFD Predictions |
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® Objectives

® Approach
» Code description
» CFD matrix

o Computational results
» Turbulence model comparisons
» Angle-of-attack sweep results
» Reynolds number effect results

® Summary

As outlined above, this presentation describes the primary objectives of
the project and the approach taken to meet the objectives. Next, the
computational results from a turbulence model comparison, an angle-of-
attack sweep, and a Reynolds number effect study are presented and
compared to experimental data where available. A summary will
complete the presentation.
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Objectives

e Validation of a computational fluid dynamics (CFD) flow
solver at a supersonic Mach number as a function of
Reynolds number

e Enhanced understanding of data obtained in the
supersonic high Reynolds number test in the PSWT

The main objective of this investigation was the validation of a
computational fluid dynamics flow (CFD) solver at a supersonic Mach
number as a function of Reynolds number. The investigation also
provided an enhanced understanding of the data obtained in the
supersonic high Reynolds number test in the Boeing Polysonic Wind
Tunnel (PSWT).
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Approach

® Developed a test matrix to complement the experimental
study
» M2.4-7A arrow wing configuration
» Mach=2.48
» o=-3t03deg
» Re=5to 15 million per foot
» Free and fixed transition configurations

® Used CFL3D flow solver
» Fully urbulent (some mixed turb. + lam and fully lam in progress)
» Single block C-O topology grid (~2.7x10° points, y*~1)
» Convergence criteria
— <0.5 count Cj, variation over 100 iterations
- >3 orders of magnitude residual reduction

The approach taken for this study was to first develop a test matrix
which complemented the experimental study. The experimental study
used the M2.4-7A arrow wing configuration at Mach 2.48, angles-of-
attack ranging from -3 to 3 degrees and Reynolds numbers ranging from
5 to 15 million per foot. Both free and fixed transition configurations
were tested.

A more detailed discussion of the experimental study is presented in a
separate paper by Wahls, Rivers, Magee, and Novean in this workshop.

For the computational study, the flow solver known as CFL3D was
used. All of the cases presented herein were run with the code modeling
fully turbulent flow. A single block C-O topology grid with
approximately 2.7 million grid points was used to model the M2.4-7A
geometry. The convergence criteria for all solutions was less than half a
count variation in drag over 100 iterations and at least 3 orders of
magnitude residual reduction.
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Approach (Cont.)

o e -
R R L

@ Evaluated turbulence models, down selected to one for the
full run matrix
» Spalart-Allmaras
» Baldwin-Lomax with Degani-Schiff modifications
» Baldwin-Barth
» Gatski/Speziale - not in production mode
» Mach 2.48, Re,=5.26x10%,a=-1.0 and 2.0 deg

For the turbulence model study, four different models were evaluated.
The one-equation Spalart-Allmaras model, the algebraic Baldwin-
Lomax with the Degani-Schiff modifications model, the one equation
Baldwin-Barth model, and a preliminary version of the EASM
Gatski/Speziale model. All turbulence models were tested at Mach
2.48, Reynolds number per foot of 5.26 million and at o’s of -1.0 and
2.0 degrees.

After all of the runs were completed for this study, the results from the
four models were evaluated against the experimental data and one was
chosen for the full run matrix.
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Approach (Concluded)

AR

® Compared fully turbulent CFD solutions with experimental
data :

» Mach 2.48
» o sweep at Re,=5.26x10¢
» Re sweep at a=-1.0 (near Cp,_, ) and a=2.0 (cruise)

15.0
14.0 ‘ _ L
13.0
12.0
o 1.0
] I ® L
;‘; 100 I
30 [ ] - [ ]
8.0
7.0
6.0
s.0L - N ] )
20 -1.0 0.0 10 20 3.0 4.0

After the completion of the turbulence model study, an angle-of-attack
sweep was performed at Mach 2.48 and Re;, = 5.26 million. A
Reynolds number sweep was also done at 0i=-1.0 deg (near Cp,;,) and

0=2.0 deg (cruise C;). The data from these sweeps were compared to
the available experimental data.

153




Turbulence Model Study Results

e o o

® Re/ft =5.26x105, Mach 2.48
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This figure shows the drag polar for two experimental conditions and
the four different turbulence models at Reynolds number per foot = 5.26
million and Mach 2.48. There is also one point on each of the enlarged
figures showing an experimental value corrected for trip drag. The
correction of the experimental data to fully turbulent conditions
accounts for +1 count for a laminar leading edge run, and -2.9 and -5.0
counts of trip drag at C;=0.014 and C;=0.097, respectively. As the
figure shows, Spalart-Allmaras agrees the best with the corrected data at
C,=0.014 (near Cp,;,), and Baldwin-Barth agrees the best with the
corrected data at C,=0.097 (near cruise), with Spalart-Allmaras over
predicting the drag by only 2 counts.
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Turbulence Model Study Results

T P R A A

® Re/ft =5.26x10% Mach 2.48
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This figure shows that at a=-1.0 de g, all of the turbulence models
predict the same lift, which is in between the free and fixed transition
experimental data, as expected. At 0=2.0 deg, all of the turbulence
models again predict the same lift, which is lower than both the
experimental values. The lower C; prediction at =2 deg is consistent
with static aeroelastic deformation of the flexible wind tunnel model as
compared to the rigid CFD geometry.
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Turbulence Model Study Results

B == et rita b ae A e A

® Re/ft =5.26x105, Mach 2.48
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All of the turbulence models predict the same pitching moment values
at both 0=-1.0 and 2.0 deg. The slight rotation of the C,,/C,_ curve seen
is consistent with a flexible model (experiment) versus a rigid model
(CFD).
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Turbulence Model Study Conclusions

S — - -

®_0=-1.0 tabulated results:

Exp/TM C G Co, Cn [Time for Comp., ** Theory
counts | counts C-90 equiv. Hrs. - !
free trans,_| 0.014 | 75.90 | 58.7" | 0.005 - SA = Spalar-Allmaras
fixedtrans. | 0.013 | 80.90 [ 587" ] 0.006 - BL/DS = Baldwin-Lomax w_nh
. corracted | 0.014 | 78.90 - 0.005 - Degani-Schiff modifications
SA _ 0.014 | 79.30 | 5810 ] 0.005 | __ 1.82 BB = Baldwin-Barth
BUDS 0.014 | 73.00 | §1.90 | 0.005 1.66 = el :
BB 0.014 | 77.70 | 56.50 | 0.005 | __2.10 Gs a:;g,m‘f’"’" of
Gs 0014 | 7660 | 55.20 { 0.005 2.36
®_0=2.0 tabulated results:
EaT™ G [ G | € | G TimeforComp,
counts | counts C-90 equiv. Hrs.

Exp, free trars. 0.097 | 118.20 | 58.7* | 0.003
, feed trans. | 0.097 | 125.50 | 58.7" | 0.003

), corrected 0.097 | 121.50 - 0.003
0.097 | 123.20 | §7.70 | 0.002
0.097 | 117.60 | 52.20 | 0.002
0.097 | 121.40 | 55.90 [ 0.002
0.097 | 120.30 | 54.70 | 0.002

0G0t
SB2B

® Spalart-Allmaras agreed the best at the Cj,_._ condition
with the corrected experimental fixed transition case;
therefore it was used for the o sweep & Re effect study

The data presented herein is not corrected for static aeroelastics (i.e.
model deformation), which has a minimal effect at Cp,; ; therefore
comparing at Cp,;, gives a cleaner comparison to “rigid” CFD. Using
this reasoning and looking at the tabulated data for a=-1.0 deg where
Spalart-Allmaras comes the closest of the four models to matching the
experimental corrected data in drag, Spalart-Allmaras was selected for
further applications.

157




EFD and CFD Comparlsons o Sweep

® Re/ft=5.26x10¢, Mach 2.48
@ Exp. fixed transition not corrected for tnp drag
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This figure shows the drag polar for free and fixed transition
experimental data and the computational data at Mach 2.48 and
Reynolds number per foot of 5.26 million. The CFD results are
between the fixed transition (not corrected for trip drag) and free
transition data throughout the polar. As in the turbulence model study,
correcting for trip drag improves the comparison.
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EFD and CFD Compansons o Sweep

R S et o T D e

® Re/ft =5.26x106, Mach 2 48
® Exp. fixed transition not corrected for trip drag
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This figure shows the lift curve for free and fixed transition
experimental data and the computational data at Mach 2.48 and
Reynolds number per foot of 5.26 million. The comparison between
CFD and experimental fluid dynamics (EFD) is good throughout the
polar.
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EFD and CFD Comparisons: ¢, Sweep

® Re/ft =5.26x10% Mach 2.48
® Exp. fixed transition not corrected for trip drag
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This figure shows the pitching moment for free and fixed transition -
experimental data and the computational data at Mach 2.48 and
Reynolds number per foot of 5.26 million. The CFD predicts a more
nose-down pitching moment than the EFD but the CFD does pick up the
slope change at C;=0.10. The slight slope difference in the two C,/C.
curves is again consistent with flexible model versus rigid CFD resuits.
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Reynolds Number Effect Study

R T e SR LT

® Reynolds number effects on C,, Mach 2.48, a=-1.0 deg
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This figure shows the Reynolds number effects on drag near Cp, ., (0t=-
1.0 degrees) for both the experimental and computational data. The
computational data is consistently about 1.5 counts below the fixed
transition experimental data and 1.5 to 3 counts higher than the free
transition experimental data. The free transition data appears to be
approaching the fully turbulent CFD data near 15 million Reynolds
number per foot.
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Reynolds Number Effect Study

@ Reynolds number effects on Cp,, Mach 2.48, 0=2.0 deg
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This figure shows the Reynolds number effects on drag near cruise
(0i=2.0 degrees) for both the experimental and computational data. The
computational data is 3-4 counts below the fixed transition experimental
data and 0.5 to 1.5 counts higher than the free transition experimental

data.
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Reynolds Number Effect Study

® Reynolds number effects on C;, Mach 2.48, oi=-1.0 deg
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This figure shows the Reynolds number effects on lift near Cp_;, (0t=-
1.0 degrees) for both the experimental and computational data. This
shows a minimal Reynolds number effect on lift over this small
Reynolds number range (5 to 15 million per foot).
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Reynolds Number Effect Study
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® Reynolds number effects on C,_, Mach 2.48, 0=2.0 deg

0.115 .
A % Expﬁndtnns.k-oo1osn~

0.110 - Comp, .

0.105 F—

DJ O.‘W:lﬁfﬁr > _@

@ --|--1--@-@O--1@1-1-1~®

0.095 |——

0090 F

008 PR T ERET T

Re,, x10

This figure shows the Reynolds number effects on lift near cruise - -
(0=2.0 degrees) for both the experimental and computational data. This
figure shows a minimal Reynolds number effect on lift over this small
Reynolds number range (5 to 15 million per foot). The cornputanonal
data predicts the lift lower than the experimental data across the entire
range of Reynolds numbers.
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Reynolds Number Effect Study

e Reynolds number effects on C_, Mach 2.48, 0=-1.0 deg
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This figure shows the Reynolds number effects on pitching moment
near Cp;, (0:=-1.0 degrees) for both the experimental and
computational data. The basic pitching moment levels agree and there
is a minimal Reynolds number effect on pitching moment over this
small Reynolds number range (5 to 15 million per foot). This figure
also shows that the aeroelastics are minimal near C; =0.0.
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Reynolds Number Effect Study

e Reynolds number effects on C,, Mach 2.48, 0=2.0 deg
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This figure shows the Reynolds number effects on pitching moment
near cruise (0t=2.0 degrees) for both the experimental and
computational data. This figure shows that there is minimal Reynolds
number effects on pitching moment for this small range (5-15 million
per foot). Also, the CFD predicts a different slope than the EFD, which
can be accounted for by the fact that we are comparing a flexible
experimental model with a rigid CFD model.
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Reynolds Number Effect Study

® Viscous drag, Mach 2.48
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This figure shows the viscous drag component of the computational
results at oi=-1.0 and 2.0 deg and the equivalent flat plate theory. The
CFD and equivalent flat plate results agree well. The levels at Cp;,
(0=-1.0 deg) agree well with a slight offset at cruise (¢=2.0 deg). The
Reynolds number effect trends agree at both conditions.
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Reynolds Number Effect Study

® Pressure drag, Mach 2.48
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This figure shows the pressure drag component of the computational
results at o=-1.0 and 2.0 deg. There are no Reynolds number effects on
pressure drag over this small Reynolds number range.
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Summary

® Method assessment

» Turbulence model study

— Baldwin-Barth and Spalart-Allmaras both performed well in this
study

— Chose Spalart-Allmaras for further use
» Prediction
— Consistent results through o sweep

— Fully urbulent results fall between experimental free and fixed
transition results

~ Small or negligible Reynolds number effect on C; and C_ over the
small range of Reynolds numbers tested

— Viscous drag results for CFD and equivalent flat plate agree well
® Provided fully turbulent prediction to enhance
understanding of experimental data and trip drag
assessment

To summarize, the turbulence model study showed that both Baldwin-
Barth and Spalart- Allmaras performed well for this configuration at the
tested conditions. The Spalart-Allmaras model compared the best near
Cpmin» Where there is the least aeroelastic effects and it was used for the
angle-of-attack sweep and Reynolds number effect study. The
predictions gave consistent results throughout the angle-of-attack
sweep. The fully turbulent results fall between the experimental free
and fixed transition results and there is a small or negligible Reynolds
number effect on C; and C over the small range of Reynolds numbers
tested. The viscous drag results for the CFD and equivalent flat plate
results agreed well.

Finally, the results of this project provided a fully turbulent prediction
to enhance the understanding of experimental data and trip drag
assessment.
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Applications of Parallel Processing in Configuration
Analysis

P. Sundaram and James O. Hager
The Boeing Company
Long Beach, California 90807-5309

and
Robert T. Biedron
NASA Langley Research Center
Hampton. Virginia 23666

The paper presents the recent progress made towards developing an
efficient and user-friendly parallel environment for routine analysis of
large CFD problems. The coarse-grain parallel version of the CFL3D
Euler/Navier-Stokes analysis code, CFL3Dhp, has been ported onto most
available parallel platforms. The CFL3Dhp solution accuracy on these
parallel platforms has been verified with the CFL3D sequential analyses.
User-friendly pre- and post-processing tools that enable a seamless transfer
from sequential to parallel processing have been written. Static load
balancing tool for CFL3Dhp analysis has also been implemented for
achieving good parallel efficiency. For large problems, load balancing
efficiency as high as 95% can be achieved even when large number of
processors are used. Linear scalability of the CFL3Dhp code with
increasing number of processors has also been shown using a large installed
transonic nozzle boattail analysis. To highlight the fast turn-around time of
parallel processing, the TCA full configuration in sideslip Navier-Stokes
drag polar at supersonic cruise has been obtained in a day. CFL3Dhp is
currently being used as a production analysis tool.
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TCA Full Configuration Performance and
S&C Characteristics

Grant L. Martin, Raul Mendoza, Paul Kubiatko, and Shreekant Agrawal
Long Beach, California 90807-5309

During the past year, Boeing Long Beach has made major strides in
Computational Fluid Dynamics (CFD) analysis of increasingly complex
HSCT configurations using both serial and parallel computational
platforms. ' '

Presented herein are full configuration Euler and Navier-Stokes
solutions obtained using CFL3D on the NAS C-90, J-90, IBM SP-2, Cray
T3E, and SGI Origin2000. Solutions were obtained for the 1.675% TCA
wing/body (W/B), wing/body/empennage (W/B/E), wing/body/nacelle/
diverter (W/B/N/D), and the full configuration (W/B/N/D/E). Other
CFL3D full configuration computations were performed on the 1.5%
Modular Controls Model to assess the longitudinal and lateral-directional
characteristics of the TCA at M_=2.4. Limited full configuration
predictions were obtained at M_=0.9.

In order to validate the predicted force and moments, a number of
comparisons are made between predicted results and the available test data
from the NASA Langley Unitary Plan Wind Tunnel (UPWT) and the
transonic 16° TT facility.
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Unstructured Grid Euler Method Assessment for
Aerodynamic Performance Prediction of the Complete
TCA Configuration at Supersonic Cruise Speed

Farhad Ghaffari

Aero— & Gas- Dynamics Division
NASA Langley Research Center

High Speed Research Program
Biannual Airframe Technical Review
Los Angeles, February 9-13, 1998

Unstructured grid Euler computations, performed at supersonic cruise speed, are presented
for a proposed high speed civil transport configuration, designated as the Technology Concept
Airplane (TCA) within the High Speed Research (HSR) Program. The numerical results are
obtained for the complete TCA cruise configuration which includes the wing, fuselage, empennage,
diverters, and flow through nacelles at Mach 2.4 for a range of angles—of—attack and sideslip.
The computed surface and off-surface flow characteristics are analyzed and the pressure coefficient
contours on the wing lower surface are shown to correlate reasonably well with the available pressure
sensitive paint results, particularly, for the complex shock wave structures around the nacelles. The
predicted longitudinal and lateral/directional performance characteristics are shown to correlate
very well with the measured data across the examined range of angles—of—attack and sideslip. The
results from the present effort have been documented into a NASA Controlled—Distribution report
which is being presently reviewed for publication.
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—— OUTLINE —
® Objective

® Computational Approach & Attributes

—» Numerical Model Approach

—» Selected Computational Flow Matrix

—» Typical Computational Grid

— Numerical Method & Typical Convergence

® Results & Discussion

— Longitudinal Aerodynamic Analysis
—» Lateral/Directional Aerodynamic Analysis

® Concluding Remarks

® What’s Next?

This chart shows the outline of this presentation.
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Objective

'

Unstructured grid Euler method
assessment for predicting longitudinal| (1) HSR program
& lateral/directional aerodynamic . -
performance for the proposed HSR Cruise analysis
Technology Concept Airplane (TCA) method selection
configuration at supersonic cruise

{ )

Code calibration

First supersonic application of
the present Euler method to this
class of vehicle

Complements an earlier transonic Method is also being calibrated
calibration study based on the same |..pm{for subsonic, high-lift config.
Euler method & vehicle class on the same vehicle class

The primary objective of the present effort is to evaluate an unstructured grid Euler method
for predicting the longitudinal and lateral/directional performance characteristics of the TCA
configuration at the design supersonic cruise Mach number of 2.4. Due to the inviscid nature of the
present analysis, the evaluation emphasis is placed on the method’s ability to predict the aggregate forces
and moments acting on the configuration accurately and not necessarily the detail flow physics.
In spite of this fact, some representative samples of the predicted flow structures will be presented.

The results from this effort contribute to two activities; 1)— the HSR tools & methods development,
where a variety of CFD technologies are being evaluated for their potential utilization in the early phase
of the configuration design and aerodynamic analysis, and 2)- the code calibration. The latter code
calibration effort at supersonic speed would complement the prior investigations where the aerodynamic
prediction capabilities of the same methodology were evaluated at both transonic as well as subsonic
speeds for this vehicle class.

289



[
I . -
Truncated
TCA model :
Complete
TCA moded
Y
Much Line
Mach Angle — . |
Mach Cone Y
Truncated TCA Model Complete TCA Numerical Model
) ' Ghaftar/LaRC

Figure on the left shows a photograph of the sting mounted "truncated TCA model" as installed
in the NASA Langley Research Center (LaRC) Unitary Plan Wind Tunnel (UPWT). The truncated
(aft~fuselage/empennage removed) TCA model, consisting of wing/fuselage/nacelle/diverter combinations,
was primarily tested to obtain the aerodynamic performance data for supersonic cruise conditions. The
figure on the right shows the present numerical model including the aft—fuselage/empennage components.
Although, the experimental data have been obtained with the truncated TCA model, provision has been
made for extracting complementary aerodynamic characteristics from the present numerical analysis of
the complete TCA model. This provision is based on an assumption, derived from the fundamental
supersonic aerodynamic principle, that simply states that any flow disturbance caused by a source in a
supersonic medium does not propagate upstream beyond its Mach cone. Based on this principle, it is
assumed in the present numerical approach that any flow disturbance caused by the presence of the
empennage is confined to a Mach cone originated from the longitudinal station where the empennage
is truncated from the wind tunnel model. The approximate shape of this Mach cone, having a
semi-vertex angle of 24.6 degree (i.e., sin~'(1/Mach) = sin’! (1/2.4) = 24.6 degree), is schematically shown
over the complete TCA numerical model planform in the above figure on the right hand-side.

There are two clear advantages associated with modeling the complete TCA configuration. The obvious
advantage is the efficient utilization of the computer resources, i.e., one computational solution provides
results for both the complete TCA model and the truncated TCA model. The second advantage is that
the computational results for the complete TCA model provide valuable aerodynamic performance
predictions for which no experimental data presently exist within the HSR program. Though not
presented in this paper, the validity of the computational results for the truncated TCA model, extracted
from the complete TCA numerical simulation, have been fully addressed through a set of separate
numerical analysis representing the actual sting-mounted truncated TCA model. The latter analysis

is included in the final NASA Controlled—Distribution form publication which is presently being
reviewed.
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Selected Computational Flow Matrix,
Supersonic Cruise Mach =24

Lateral/

Preliminary analysis of the available experimental data from UPWT was conducted to identify the
conditions for the present numerical investigation. This chart shows the selected computational matrix
for the longitudinal (an alpha sweep at zero sideslip) and lateral/directional (a beta sweep at zero alpha)
aerodynamic analysis at the design supersonic cruise Mach number of 2.4.
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Computational Grid Domain for the Complete TCA

Grid sensitivity
study led to:

# of cells ~ 670,000
# of faces ~ 1,400,000

Farfield boundaries:

Upstream ~11¢
Downstream ~14¢
Radial-up/down ~ 9 ¢
Radial-side ~4c

Ghaffari/LaRC

A grid sensitivity analysis was conducted to study the effect of grid resolution on solution convergence
and the aerodynamic performance predictions. This analysis indicated that the baseline grid, consisting
of about 670,000 cells, was sufficient to simulate the inviscid flow about the complete TCA configuration
with the same degree of accuracy as the solutions obtained on a grid that was twice as fine (i.e., about
1.3 million cells). The degree of solution accuracy between the baseline and the fine grid was assessed
for the surface and off-surface flow characteristics as well as the integrated forces and moments across
the examined range of angle—of-attack (i.e., -3.5, 0, 3.5, 6, and 8 degree). Though not included in this
paper, the complete results and analysis from this grid sensitivity study are included in a NASA
Controlled-Distribution report which is currently being reviewed for publication.

The above figure shows the farfield boundary faces for the computational domain and the grids in
the configuration plane-of—symmetry. The computational domain farfield boundary dimensions are
also shown in the above figure as multiples of the wing mean aerodynamic chord (). It should be noted
that this grid, and in particular the upstream farfield boundary extension, was defined in such a way that
it could be used to compute the flow at both supersonic as well as transonic speeds.
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Computational Surface Grid for the Complete TCA

e view

# of triangles ~ 60,000
# of nodes  ~ 30,000

Ghaffari/LaRC

This chart shows the lower surface view of the computational grid and a close-up view of the surface
triangles around the nacelles. The baseline computational grid consisted of about 60,000 surface triangles
to discretize one-half of the complete TCA numerical model. Complementary to the experimental test,
the interior surfaces of the nacelles are modelled to simulate flow through propulsion effects.
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Computational Methodologies

—— TetrUSS —
Developed at NASA Langley Research Center

e GridTool

© CAD ——-> Suface patch
© NonUniform Rational B-Spline (NURBS)

* VGRID

o Surface patch ——> Surface/volume-tetrahedral mesh
o Advancing Front Technique

e USM3D

© Upwind-biased, cell center, finite volume approach
© Implicit time integration (Gauss-Siedel)

o Convergence acceleration with local time stepping
o Flux Difference Splitting approach (Roe’s scheme)

VPLOT3D

© Solution postprocessing (Not used in this study)

This chart shows the salient features of the computational methodology, known as TetrUSS, which is
being evaluated in the present analysis. TetrUSS package includes: GridTool, to discretize primarily the
surface geometry; VGRID, to generate flow field grids; USM3D, to solve the flow; and VPLOT3D, to
postprocess the solutions (not used in the present analysis).
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Convergence Characteristics and Typical Method Performance for Complete TCA
| Supersomic criise confignration; § =07, M, =2 4

Typical solation attributes:
=~ Took about 142 hrs of Cray C-90
—= Regquires about 120MW of memory
- All solutions based on 2nd order FDS
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This chart shows the solution convergence characteristics for the complete TCA configuration,
using the baseline grid, across the examined range of angles—of-attack. A typical solution
convergence for the longitudinal analysis is achieved with about 150 iterations where the total
residuals are dropped by approximately 3 to 4 orders of magnitude and reduced the oscillations
in lift and drag coefficients to a negligible level. All computations are performed on the Cray-C90
class computer with a typical case requiring about 120-MegaWords of memory and about 1/2-CPU
hours to achieve the above nominal convergence characteristics. All solutions are based on
second—order, flux—difference—splitting (FDS2) algorithm.

295



— Results & Discussion —

Longitudinal analysis

e Typical flow features
— Surface pressure contours
— Correlation with PSP data
— Off-surface flow structures

e Force & moment analysis
— Drag correction to Euler predictions
— Correlation with data

Lateral/directional analysis

® Typical surface pressure contours
* Forces & moments predictions — correlation with data

Longitudinal aerodynamic analysis is presented next which includes results for typical flow features
followed by integrated forces/moment analysis and correlations with experimental data.
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Surface Cp Prediction for the Complete TCA Configuration
Flow through propulsion cruise geometry; Alpha=3.5, Mach=2.4

SurfaceCp
-0.2 0z

Ghaffari/LaRC

Typical surface Cp distributions computed for the complete TCA configuration are shown here from
two different vantage points. The computed lower surface Cp distribution can be characterized by the
flow compression around the nose apex region, the inboard/outboard wing leading edges and a complex
shock wave structure around the engine nacelles. The shock waves are emanated from both the inboard
and the outboard leading—edges of the nacelle diverters. The upper surface Cp contours reveal a fairly
benign distribution over the forebody and a region of flow expansion that runs parallel to the inboard
wing leading—edge which extends onto the wing outboard panel. The upper surface Cp distribution also
indicates a slight flow expansion around the leading edges of the outboard wing, along with a region of
compression around the horizontal-tail leading-edges.
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Surface Cp Prediction for the Complete TCA and Correlation with PSP
Unstructured Grid Method (TetrUSS); M =24, Alpha=35, R, =4x 10°

A limited amount of Pressure Sensitive Paint data were acquired on the truncated TCA model during the
UPWT test. Typical PSP data obtained over the wing lower-surface of the TCA supersonic cruise
configuration (i.e., no—control surface deflection) at 3.5 degree angle—of—attack and Mach number of 2.4 is
presented on the left hand-side of the above figure. Complementary to the PSP results, the surface Cp
computed for the same configuration and flow conditions is shown from the same vantage point on the right
hand-side. The computational result is actually extracted from the same numerical solution that was shown
in the previous figure, except the pressure range and the corresponding color map have been changed to
match that of the PSP data. The results indicate that the two main flow features highlighted by a region of
flow compression under the wing outboard section as well as the complex shock wave structures around the
nacelles have been predicted reasonably well. Note that the diffusive nature of the PSP shock waves which
are, in general, located further upstream than those of the predictions are attributed to the lack of viscous
modelling in the present Euler numerical analyses.
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Surface Cp & Off-Surface Mach Predictions for the TCA
Flow through propulsion cruise geometry, Alpha=3.5, Mach=2.4

Mach variation in ' Surface Cp

streamwise plane - ‘

S o' 02

Mach contours

1 1

2.3 24

Mach variation in
crossflow plane

Ghaffari/LaRC

Typical off-surface flow features, highlighted by Mach number variation in a cross—flow & streamwise
planes, in conjunction with the surface Cp distribution are shown in this chart for the complete TCA
configuration. To accentuate the flow features in & around the nacelles, the Mach number variation in
both the cross—flow & streamwise planes are contoured over a compressed range of 2.3 to 2.4. Over this
contour range, the Mach numbers exceeding 2.4 (i.e., free—stream cruise Mach) are shown in white, while,
Mach numbers below 2.3 are shown in black color indicating a slower moving flow relative to the
free—stream.

The Mach variation in the cross—flow plane, Iongitudinally located slightly aft of the engine inlets, indicates
a speed range in excess of the free—stream cruise Mach for essentially the entire upper surface and a
region between the two inboard nacelles. The Mach variation in the cross—flow plane also indicates a
compression region wrapped around the outboard nacelles and an extension toward the outboard wing
leading—edges. Furthermore, the off-surface extension of the shock waves emanated from the inboard
nacelle diverter (i.e., inboard legs close to the configuration plane—of-symmetry) is also shown to bend
outboard and impinge on the exterior side of the inboard nacelles.

The Mach variation in the streamwise plane (parallel to the configuration plane—of-symmetry), located
at a station that roughly cuts through the starboard mid-outboard nacelle is presented in the upper left
of the figure. The Mach variation clearly shows a region of flow compression around the wing
leading—edge followed by another one just ahead of the nacelle inlet. The outboard nacelle interior flow
structure reveals a series of shock waves that bounce back and forth, creating regions of flow expansion
and compression on the interior surfaces of the nacelle.
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Drag Correction Approach to the Euler Drag Prediction

Truncated TCA supersonic ¢rise configuration, M_=2.4

Q.00
Data fmm LaRC "WT C’D,o C D ¢ -+ Cn w
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& -
\/ ( Dt - (”"D,o - (‘b,W
G,0L08 )

C i C rat ¢, - u; {: 0(}@801 (_“ From Luler prediction

: | J ar Qo=
i Ox/

00600 _..,»_.q.'v:........,......mn,“.:
- : C' = (.000804 - 0.003127

™~

: \Q\ CD_f =0.006767

¥

B ol —
0.000%) 0.00990 0.01000

CD Ghaffari/T.aRC

In general, there are two 'terodynamlc phenomena contributing to the total drag (C ) force exerted
on an alrborne vehicle, the viscous (or the skin friction) component (Cp,¢ ) and the pressurc drag
(or the drag—due—to-lift or vortex drag) component (Cp |, ). In supersonic flow, the pressure

drag consists of both the drag—due—to-lift (C ) and the wave drag (CD ) components. Hence,

CD=C +C C +C +CD“

Conventional approach is taken to correct the drag coefficients predicted by the present Euler

analysis to account for the viscous component of the total drag coefficient. This correction is required
primarily due to the inviscid nature of the present Euler analysis and the inherent limitation of the
corrcspondinv equations to only predict the pressure components of the total drag. This conventional
approach is based on determmmg the total drag coefficient at zero lift (i.e., Cp, o) using the experimental
drag polar curve. This approach is adopted and the Cp, o determined, as shown in the above plot,

to be 98.94 drag counts. However, the determined Cp,, is not only thc drag contribution due to
viscosity but it also includes the wave drag component. In an effort to isolate the wave drag
component from the determined Cp , an Euler solution was obtained at an angle—of-attack of 0. 2’
which was found to correspond to the experimental zero-lift data. It is assumed that the pressure drag
coefficient predicted by the Euler method is solely the wave drag component with no contribution from
drag—-due-to-lift. The resulting wave drag coefficient is computed to be 31.27 counts. As a result,

the skin friction contribution to the total drag can now be determined by subtracting the computed
wave drag at zero lift from the determined Cp , as shown in the above figure. The skin friction
coefficient, found to be 67.67 counts (assumed to remain constant with both the angle—of—-attack and
sideslip angle) is used to correct all the drag coefficient predictions in the present Euler analysis.
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Computed Euler and Measured Longitudinal Aerodynamics for the TCA
Flow through propulsion cruise geometry; M_=24,=0° R, = 4x10°
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The computed longitudinal aerodynamic characteristics are presented here for both the complete
and the truncated TCA configuration, along with the measured experimental data for the truncated
TCA model at supersonic cruise Mach number of 2.4. The results for the computed lift coefficients
clearly indicate minimal effects due to the additional empennage loads at 3.5 alpha (i.e., close to the
configuration design cruise angle—of-attack). However, as expected for off—design angles—of-attack,
the additional load from the presence of the empennage on lift becomes more pronounced, i.e., increase
in Cy, for alpha> 3.5'and decrease in C., for alpha < 3.5. Although the latter effects on Cy, are
relatively small, the corresponding impact on the pitching moment is considerable due to the long
moment arm. The results indicate that the additional load from the empennage presence to be minimal
at the design cruise angle—of—attack of 3.5, cause a pitch down for alpha > 3.5, and cause a pitch up for
alpha < 3.5". Furthermore, the empennage load increments on the computed drag coefficients appear
to be small over the examined range of flow conditions.

The correlation between the predictions and the experimental data for the truncated TCA
configuration indicate good agreement for the pitching moment, lift and drag coefficients across
the examined angle—of-attack range.
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— Results & Discussion —

Longitudinal analysis

o Typical flow features
— Surface pressure contours
— Correlation with PSP data
— Off-surface flow structures
¢ Force & moment analysis
— Drag correction to Euler predictions
— Correlation with data

Lateral/directional analysis

* Typical surface pressure contours
¢ Forces & moments predictions — correlation with data

Lateral/directional aerodynamic analysis is presented next which includes results for typical surface
pressure contours followed by integrated forces/moments and correlations with experimental data.
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Surface Cp Prediction for the Complete TCA Model
Flow through propulsion cruise geometry, Alpha =0, Beta=3, M=2.4

Surface Cp

GhaffariyLaRC

Typical upper & lower surface Cp contours computed at a finite sideslip angle are shown in this figure
from similar vantage points and contour range consistent with the earlier results presented for the
longitudinal analysis. The results clearly show the expected asymmetrical load distribution on both the
upper and lower surface. The lower surface pressure contours indicate a region of expansion (Cp ~ -0.2)
that runs roughly parallel to the starboard leading—edge of the inboard wing, whereas, the pressure
contours around the port—side leading—edge of the inboard wing show a fairly benign attached flow
condition. The upper surface Cp contours indicate a uniform distribution over the majority of the wing
with a narrow band of compression along the starboard leading—edge of the inboard wing which expands
over onto the outer wing panel. In addition, the computed upper surface pressure contours over the
horizontal tails also show a large region of compression just aft of the leading edges, particularly on the
starboard side.
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Computed Euler and Measured Aerodynamic Forces at Sideslip for the TCA
Flow through propulsion for cruise geometry; 00 =0", M, =24, R, =4 x 10
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The overall acrodynamic force characteristics computed for the complete TCA configuration across
the examined range of sideslip angles at zero—degree angle—of-attack and supersonic cruise Mach number
of 2.4 are shown in this figure. The experimental data for the truncated TCA model along with
complementary results extracted from the full TCA numerical simulation (i.e., with appropriate
component integration to only account for the truncated TCA geometry) are also included in the figure.
Note the small scales in these plots, particularly in the measured lift coefficients which clearly illustrate
the scattering of the data, as a function of sideslip angle, contributing to the overall asymmetrical lift
distribution about the zero—degree sideslip angle (i.e., positive and negative sides).

The predicted side-force coefficients for the truncated TCA configuration are in excellent agreement
with the experimental data, both in terms of magnitude and trends, across the examined range of sideslip
angles. In general, the sideforce coefficients vary in a fairly linear fashion with sideslip angle and the
corresponding change in the slope for the complete TCA configuration can mainly be attributed to the
asymmetrical load distribution on the vertical-tail.

The computed lift coefficients for the truncated TCA configuration correlate very well with the
measured data across the examined sideslip range. The presence of the empennage also appears to cause
a nearly constant decrease to the overall lift coefficient for all the sideslip angles considered in the present

study.

Similar to the lift coefficients, the computed drag coefficients for the truncated TCA configuration also
correlate very well with the experimental data and that the empennage presence cause nearly a constant
increasc in the overall drag coefficients (~ 7 drag counts) across the examined sideslip angles.
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Computed Euler and Measured Aerodynamic Moments at Sideslip for the TCA
Flow through propulsion cruise geometry; 0 =0, M_ =24, R =4 x 10°
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The computed and measured aerodynamic moment characteristics for the truncated TCA configuration
across the examined range of sideslip angles are presented in this figure. Complementary numerical
predictions for the complete TCA configuration are also included for comparison. In general, there is
an excellent correlation between the numerical predictions and the measured data for the aerodynamic
moment characteristics of the truncated TCA configuration across the examined range of sideslip angles.
As expected, the aerodynamic moments predicted for the complete TCA configuration clearly indicate a
dramatically different characteristics than those of the truncated TCA model. These differences in the
moment characteristics are primarily due to the presence of the empennage components. For example,
the results indicate a sign reversal in the yawing and rolling moments which can primarily be attributed
to the presence of the vertical and horizontal tails. Furthermore, the pitch—up moment characteristics for
the complete TCA configuration can be mainly be attributed to the negative load contributions due to the
empennage presence. It should also be noted that the asymmetrical lift distribution in the measured data,
for positive and negative sideslip angles discussed in the previous chart, is the primary cause of the
nonlinearities in the rolling moment distribution. Such nonlinearities in the measured rolling moment
distribution are evident as they deviate from a fairly linear character of the computed results, in particular,
around zero and the positive sideslip range.
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—— Concluding Remarks —

@ TCA longitudinal aerodynamic characteristics for supersonic
cruise are accurately predicted by the present unstructured
grid Euler method

@ TCA lateral/directional aerodynamic predictions agree very
well with experimental data

@® Predicted nacelles shock—wave structures correlate reasonably
well with Pressure Sensitive Paint data

@ Computational method produced consistent results across the
examined range of conditions without any convergence
difficulties

® Completed the documentation — Presently being reviewed

What’s next?

The numerical results clearly demonstrate that the present unstructured grid Euler method is a viable
tool that can be used, with confidence, for the aerodynamic analysis of the high—speed—civil-transport
class of vehicle in the early configuration design cycle. The present analysis also indicates that the method
is robust and produces consistent solutions across the examined range of flow conditions without any
convergence difficulties. Where would we like to go next from the present Euler analysis?

Well, to Navier—Stokes flow simulation.
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Surface Cp Prediction for the Complete TCA and Correlation with PSGP
Unstructured Grid Method (TetrUSS); M =2.4, Alpha=3.5, R,=4x10

N 019 |
1\ Navier-Stokes . |
A\ Computation

The lessons learned from the present Euler analyses were used to extend the computations to simulate
the viscous flow over the same configuration for cruise conditions. Advancing-layers method was used
to add grids in the viscous region to resolve the boundary—layer flows. This effort has already been
initiated and preliminary results indicate good correlations with experimental data. A representative
result for the computed wing lower—surface pressure distribution is shown here to complement the
present Euler analysis. The Navier-Stokes result clearly show an improvement over the Euler flow
predictions for simulating the shock waves around the nacelles. Also note that the viscous effects
appear to have minimal impact on other regions of the wing lower—surface pressure distribution.
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Unstructured Navier-Stokes Analysis
of Full TCA Configuration

Neal T. Frink and Shahyar Z. Pirzadeh
NASA Langley Research Center
Hampton, VA

HSR Airframe Technical Review
Los Angeles, CA

February 9-14, 1998
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Outline
_

- Motivations
— Milestone and approach
— Overview of the unstructured-grid system
— The TetrUSS system
- Navier—Stokes capability
— Results on full TCA W/B/N/D/E configuration

— Concluding remarks

— Future directions

Telridss

310




Motivation for Investigating USG Methodology
NIRRRRRRR=-,-_____—_ e

The carrot:
— Earlier use of advanced CFD codes in design process
— Reduced Design Cycle Time

Approach:
— Investigate unstructured-grid (USG) CFD methodology
— Exploit flexibility of tetrahedral cells

Immediate benefits:
— Viscous & inviscid grids generated in days by non—-specialists
— Accurate, robust flow solvers

Challenges:

— More computer memory intensive than structured-grid methods
— Confidence in Navier—Stokes solution on tetrahedral cells

— Limited experience base
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HSR Configuration Aerodynamics 4.3.1 — Subtask 1
NASA LaRC

Milestone: MS 4-2: Rigid Full Configuration F&M (6/1/97)

- Assess inviscid and viscous USG CFD for TCA W/B/N/D/E
at supersonic cruise conditions

- Comparisons with F&M with TCA wind tunnel data from MS 3-8

Approach:
— Apply the TetrUSS unstructured-grid codes to compute full TCA
configuration Navier-Stokes solutions

— Compare to PSP, surface Cp, and F&M data from NASA UPWT
for truncated TCA W/B/N/D configuration
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The TetrUSS System

Tetranhedral Unstructured Software System

o Loosely integrated
@ Rapid & easyfou

Geometlry Setup
- GridTool

_ (MSC Patran) ~ ® Interactive

- USM3Dns Analysis

- FUN3D - VIGPLOT
- AIRPLANE v

TetrUSS is a loosely integrated set of software forming a complete aerodynamic analysis
package. The primary components of TetrUSS are GridTool, VGRIDns, USM3Dns, and
VIGPLOT. Other codes have been adapted within the system by various users as
evidenced by the additional software listings on the slide.

The process begins with geometry setup which is performed by the GridTool code.
GridTool reads in the surface geometry from various sources, e.g. IGES, PLOT3D,
GRIDGEN, etc. on which mathematical surface patches are constructed. The user aiso
prescribes cell-spacing information by way of source elements. A VGRIDns input file is
output along with boundary condition information. VGRIDns then generates a triangular
surface grid and tetrahedral volume grid on which the flow solution is obtained with
USM3Dns. The solution is analyzed graphically with the VIGPLOT code.

The system can solve both the Euler and Navier-Stokes equations, and has additional
useful engineering capabilities such as interactive boundary layer, aeroelasticity, design,
and propulsion boundary conditions.

More details are presented for VGRIDns and USM3Dns in the next few slides.
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VGRID/VGRIDns - Salient Features

® Inviscid Grids (VGRID)

O Tetrahedral Unstructured "Euler" grids
O Based on the Advancing-Front Method (AFM)
Elliptically smooth grids

O
O Restart capability
O Local remeshing »(POSTGRID)

® Viscous/Inviscid Grids (VGRIDns)

O Thin-layer tetrahedral "Navier-Stokes" and "Euler" grids

O Based on the AFM and Advancing-Layers Method (ALM)
O Anisotropic grid stretching

This slide lists the salient features of the VGRID/VGRIDns tetrahedral grid generator.
VGRID is the prior "inviscid" version, whereas VGRIDns is an extended version which
includes a thin-layered ‘viscous’ grid generation capability.

Two very important advances within VGRIDns is the "Advancing-Layers Method" (ALM)
and multi-directional anisotropic stretching. More information on these two features are
described in the following slides.
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Inherent "Structure” of Thin-Layered Tetrahedral Grids

>”An_=1/4An,

The requirements for *viscous’ grid generation are

1) highly—stretched tetrahedral to resolve the boundary layer

2) precise control of normal point distribution

3) smooth transition to isotropic grid outside of boundary layer

4) accommodate sharp comers and cavities, and "close’ surfaces

5) retain the flexibility and automation of the classic Advancing—Front Method.

Thin-layered Navier-Stokes grids are generated by a new approach called the
Advancing-Layers Method (ALM) as illustrated in this slide. Once a surface
triangulation has been generated, direction vectors are determined along which the
viscous layers are advanced. The distribution of points along these vectors is dictated
by a user—prescribed stretching function. The resulting layers consist of well-ordered
layers of tetrahedral cells as depicted in the figure. Within each "layer” are three
tetrahedral cells. Each layer of cells will march outward until it is told to stop by the
global background grid, or if it is about to collide with an approaching front. The entire
process is fully automatic and robust.
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Effect of Tetrahedral Grid Stretching on Cell Count
Generic High-Speed Configuration '

Unstretched, Isotropic tets
(2,524,545 cells)

Tetrahedra touched
by plane cutting
through wing

Multidirectional Anisotropic
(890,486 cells)

Unstructured flow solvers require relatively large memory compared to structured—-grid
codes due to their general indexing data structure. Thus, keeping grid sizes to
manageable levels become a major issue for addressing viscous problems. The use of
classic omni-directional clustering with isotropic cells is a very inefficient utilization of
cells because of excessive clustering in regions of low gradients. Our experience has
been that attempting to solve the Navier-Stokes equations on complex geometries with
isotropic surface grids is impractical on most current computers.

This limitation has been overcome with multi-directional anisotropic stretching. For
example, on the Generic High-Speed Configuration in the slide, the upper figure
illustrates isotropic clustering near the leading- and trailing—edges. (This figure shows
the surface triangulations on a double-delta wing and cylindrical fuselage, and the
volume tetrahedra intersected by a plane cutting through the wing and fuselage.) Note
the desirable chordwise clustering at the leading edge, but an undesirable spanwise
clustering along the leading edge. The result is a large grid with over 2.5 million cells. In
the lower figure, cell stretching is applied along the wing edges and fuselage. This
results in a_factor of 3 reduction in cells while retaining the cell clustering in the critical
directions, Our experience has been that there is no noticable degradation of solution
accuracy if proper stretching is utilized. This feature has had a major impact on opening
the way toward practical computation of unstructured—grid Navier-Stokes solutions on
complex geometries.
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USM3Dns - Salient Features

#

e Tetrahedral cell-centered, finite volume

e Time integration:
O Implicit Point GS & Explicit RK
O Local time stepping convergence acceleration

e Euler and Navier—-Stokes
O Spalart-Allmaras turbulence model with Wall Function

e Upwind flux functions
O Roe’s Flux Difference Splitting
O Van Leer’s Flux Vector Splitting
O Superbee and MinMod flux limiters

e Computer resources:
O Memory: _Implicit — 175 words/cell, Explicit — 45 words/cell
O CRAY Multitasking: Efficiency of 6 out of 10 processors
O Workstation: SUN, SGI, HP, Convex

e Parallel processing with zonal grids (under testing)

The salient features of USM3Dns are listed in this slide. It is important to note that
USM3Dns is a tetrahedral cell-centered scheme where the tetrahedral cell forms the
underlying computational element. This is in contrast to most unstructured—grid work
which utilizes a node or vertex based approach where the unknowns are computed
within computational elements surrounding the nodal locations. This distinction is
important since a given grid has between 5 and 5.5 more tetrahedra than nodes. Thus,
for comparable spatial resolution, a tetrahedral node—centered scheme will require a
‘finer grid than a tetrahedral cell-centered scheme.

Another important feature of USM3Dns is the use of a wall function which is coupled
with the Spalart—Alimaras turbulence model. The wall function eliminates the need to
grid—resolve the near-wall region of the boundary layer, thereby reducing memory
requirements and decreasing solution stiffness which impedes convergence.

USM3Dns has also been multitasked for the Cray supercomputers and yields a
substantial reduction in wallclock time for a solution. Work is near completion on a
version of USM3Dns for parallel processing machines and loosely coupled
workstations.
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Characteristics for TCA W/B/N/D/E TetrUSS Results
ﬁ

® Thin-Layer Tetrahedral Grid
O 1,404,234 cells (789,396 cells in 'viscous’ layer)
O Approx. 18 tetrahedra across mid—chord BL

@® Flow conditions
O Mach=2.4, 0=3, 3.5, &4deg., Re.=6.4 million

® Flow model
O Full Reynolds-averaged Navier—Stokes
O Spalart-Alimaras turbulence model
O Wall function with y+= 50

® Resource requirements
O Initial grid generation time: 7 to 10 days (est.)
— modifications, e.g. relocating nacelle: ~1/2 to 1 day
O Flow solution time: 22 Cray C90 hours
(4 hours wall-clock with multitasking)
O Memory: 250MW

The characteristics of the following TCA solution resulits are listed. A grid of 1.4 million
tetrahedra surrounds the entire TCA W/B/N/D/E configuration with over one—half of the
cells residing in the ‘viscous’ layer. By using the wall function, the grid was sized to have
approximately 18 tetrahedra across the mid—chord boundary layer with the first node off
of the surface placed at a y+ of 50. The wall function is utilized to determine the wall
viscous stresses used by the numerical scheme for solving the Navier-Stokes equations.

Supersonic solutions were run for three angles of attack at a wind-tunnel Reynolds
number. Each solution was turned around in 4 hours wallclock time on the NAS Cray
C80, once the job execution commences..
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HSR Technology Concept Airplane

(Tetrahedral Viscous Grid)
1,404,234 cells
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This slide shows the surface and symmetry plane triangulation for the configuration.
Note the thin-layer viscous clustering along the fuselage/symmetry plane boundary.
The nacelles were modeled as open flow-through channels as was constructed on

the wind-tunnel model.
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-Anisotropic -
“stretching

More detail is shown for the viscous tetrahedral grid on the TCA W/B/N/D/E. The view is
looking aft along the under surface of the wing. The background are volume tetrahedra
intersected by a plane cutting through the wing and nacelle/diverters. Note the
thin—layered tetrahedra near the surface, and within the nacelle/diverter gap in the inset.
Anisotropically stretched cells are also evident along the leading edge.
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Pressure Contours on HSR Technology Concept Airplane (TCA) W/B/N/D/E
USM3Dns Navier-Stokes, S—A Turb Model with Wall Function
Mach=2.4, ¢=3.5°, Re.=6.4 Million, 1.4 Million Tetrahedra
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This slide displays the surface pressure contours at Mach=2.4 and

angle-of-attack=3.5°. Details of the shock interactions between the nacelles and on
the empennage are shown in the insets. The viscous layers are evident in the
symmetry plane grid.

While the computations were performed on the full W/B/N/D/E configuration, a
separate force and moment integration was also obtained on the truncated geomet
ahead of the "blue” section. This integration corresponds to the UPWT Test 1671 TCA
W/B/N/D model geometry. Since the computation was performed at Mach=2.4, the
effect of the empennage will not be felt in the truncated integration,

thus, enabling direct correlations with experiment to be performed.
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Surface Cp Prediction for the Complete TCA and Correlation with I:SP
Unstructured Grid Method (TetrUSS); M =24, Alpha=35 R =4x10

% Navier-Stokes
= Computation f

111 e

A qualitative correlation of surface pressure is shown between the Navier-Stokes
TetrUSS solution and experimental Pressure-Sensitive Paint (PSP) data obtained from
UPWT. The colors of the PSP data are modified to closely match that from the
computations. Note that the shock structures in the Navier-Stokes computation is in
excellent qualitative agreement with the PSP data. An Euler computation result is also
included for reference to illustrate the necessity for full Navier—Stokes modeling. The
Euler result exhibits the stronger and sharper shock structures expected for inviscid
owWSs.
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M =240 TCA Baseline ®  experiment

Re =4-°§1 0° Fuselage/Wing/NacelleDiverfer - — OVERFLOW
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This slide shows four l