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INTRODUCTION

The Aerodynamics Division is one of five technical divisions that comprise
NASA's Office of Aeronautics and Space Technology (OAST). This division sponsors
research in the areas of fluid and thermal physics and applied aerodynamics. This annual
report documents the most significant accomplishments during the past year. The report
has been prepared to serve as the primary mechanism for coordinating NASA activities
with industry. This document also is intended to communicate significant technical
accomplishments within the NASA community, to project engineers, to other government
agencies and to universities.

The Aerodynamics Program consists of the following major elements: (1)
computational methods and applications, (2) CFD validation, (3) transition and turbulence

physics, (4) numerical aerodynamic simulation, (5) drag reduction, (6) test techniques
and instrumentation, (7) configuration aerodynamics, (8) aeroacoustics, (9)
aerothermodynamics, (10) hypersonics, (11) subsonic transport/commuter aviation,
(12) fighter/attack aircraft and (13) rotorcraft. The principal objectives in FY 1989 for
each area are described in the following paragraphs.

Computational Methods and Applications - develops and applies analysis and
computational methods for solving complex fluid dynamics problems.

CFD Validation - produces detailed, archival experimental databases that can be used to
validate computational fluid dynamics codes.

Transition and Turbulence Physics - develops a fundamental understanding of flow
structures relating to turbulence and transition and incorporates these flow structures into
flow models for use with computational methods.

Numerical Aerodynamic Simulation - develops a fundamental understanding of flow
structures relating to turbulence and transition and incorporates these flow structures into
flow models for use with computational methods.

Drag Reduction - develops technology for aerodynamic drag reduction and flow control
for aircraft across the speed range. Research areas include hybrid laminar flow control,
turbulence control (including turbulent skin friction drag reduction), flow separation
control, wave drag reduction and induced drag reduction.



TestTechniquesandInstrumentation- providesthe technologyfor critical research
capabilityrequiredto improvethemeasurementof thefundamentalflow propertiesof fluids
and theoverall aerodynamicperformanceof aircraft componentsand configurations.
Emphasisis placed on instrumentation for real-time flow diagnosis with focus on
nonlntrusivesensing.

ConfigurationAerodynamics- providesthefundamentalaerodynamicdatabasesand
analytical methodsnecessaryfor the efficient and accurateanalysisand prediction of
aerodynamicflows aboutadvancedaircraftcomponentsandconfigurations.

Aeroacoustics- developsafundamentalunderstanding,predictivecapabilityandcontrol
techniquesfor aeroacousticphenomena,including aeroacousticloads,acousticinteraction
with boundarylayerflows andsoundpropagationthroughtheatmosphere.

Aerothermodynamics- develops,validatesandappliespredictivecapabilitiesandtools
to enablethe aerodynamicandaeroheatingdesignandoptimizationof aerospacevehicles
requiredto enterandmaneuverin Earthand/orplanetaryatmospheres.

Hypersonics- developsa fundamentalunderstandingof thephysicsandchemistry of
gasdynamicbehaviorasit pertainsto slender,air-breathing,hypersonicvehiclesthat use
highlyintegratedairframe/propulsionsystems.

SubsonicTransport/CommuterAviation - providesadvancedtechnologybase,design
dataandanalytical codesfor future subsonicairplaneshaving improved efficiency and
safety.Technologyapplicationswill resultin advancedlow-dragairplaneconfigurations
with increasedfueleconomy,flight safetyandimprovedride andhandlingqualities.

Fighter/AttackAircraft - developsbothexperimentallyandanalytically theenabling
aerodynamictechnology baserequired for the designof future fighter/attack aircraft.
Currentareasof emphasisincludeenhancedagility at subsonicspeeds,highangleof attack
aerodynamicsand aircraft control, aswell as groundeffects, subsonicand supersonic
aerodynamicsandhandlingqualitiesof poweredlift aircraft.

Rotorcraft-provides theenablingtechnologiesfor helicoptersandother rotor-borne
aircraft to achievequiet, low vibration operation with increasedperformance,agility,
maneuverabilityandstabilitywith acceptablehandlingqualities.

To aid in thecommunicationof programefforts, the namesand phonenumbersof
headquartersandcentermanagersandtechnologistsinvolved with thisreport areincluded
in theirrespectivesections.

ActingDeputyDirector: Dr. BruceJ.Holmes
(OAST/RF)
(804)864-6398
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CHAPTER ONE

COMPUTATIONAL METHODS AND APPLICATIONS

1.1 INTRODUCTION .

The objective of the Computational Methods and Applications Program is to
develop and apply advanced analysis and computational methods for solving complex,
fluid dynamics problems. Problems of interest include simulating turbulence and transition
and computing complex flows (steady and unsteady, inviscid and viscous) over two- and
three-dimensional geometries ranging in speed from zero to hypersonic and including such
effects as mass injection and withdrawal. Additional objectives are to (1) demonstrate
proof-of-concept computations for pioneering applications, (2) disseminate validated
computer codes to the aerospace community and provide maintenance and consultation on
their use and (3) develop innovative techniques for scientific visualization of flowfield
solutions.

Currently, linearized and nonlinear isentropic, inviscid flow codes are very mature
and are widely used throughout the aerospace community. Nonlinear, inviscid codes, i.e.,
Euler codes, coupled to interacting boundary-layer calculations are routinely used by the
aircraft industry in the design process. Solutions to the Reynolds-averaged, NavieroStokes
equations for aircraft geometries and realistic aerospace vehicle components currently are
being obtained.

The Computational Methods and Applications Program is focused on the
technology needs of the aerospace community. These needs include (1) developing faster
and more efficient numerical algorithms to facilitate solutions of the full Navier-Stokes
equations by large-eddy, simulation/small-scale turbulence modeling and by direct
simulation of all turbulence scales; (2) developing advanced geometric modeling and grid
generation techniques for complex, three-dimensional configurations; (3) improving
understanding of the effects of grid characteristics on solution accuracy, convergence and
stability; (4) enhancing computational capabilities through development and use of
advanced computer architectures and expert systems concepts and (4) developing improved
methods for numerical simulation of aerothermodynamic flow phenomena associated with
hypersonic cruise and maneuver vehicles including real-gas chemistry.

Program Manager: Mr. Edward T. Schairer
OAST/RF

Washington, DC 20546
(202)453-2819
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Figure 1.1. SSME Turbopump Inducer 
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1.1 INCOMPRESSIBLEFLOWSOLVER

1.2.1 Objective

To develop an efficient, accurate solver for three-dimensional, viscous,
incompressibleflow.

1.2.2 Accomplishments

An efficient codefor solving the full, Navier-Stokesequationsbasedon a new,
implicit algorithmwasdeveloped.Preliminarysolutionof the spaceshuttlemain engine
turbopumpinducerwasobtained (SeeFigure1.1).

1.2.3 Significance

A major impact on the design of rocket propulsion systems is expected.
Computationwith250,000gridpointsrequiresjust 25minutesonCrayY-MP.

1.2.4 Status/Plans

Furthervalidationof thecodeandcompleteimpellersimulationis in progress.

S.Yoon andD. Kwak
AppliedComputationalFluidsBranch
AmesResearchCenter
(415)604-4482

1-3



1.3 NAVIER-STOKESSOLUTIONSON MASSIVELYPARALLEL COMPUTERS

1.3.1 Objective

To demonstratetheutility of amassivelyparallelcomputerfor solvinglarge,three-
dimensionalNavier-Stokesproblems.

1.3.2 Approach " i

The approachinvolved implementingthree-dimensionalNavier-Stokesflow code
on theConnectionMachinewith 32,768processors.

1.3.3 Accomplishments

NASA achievedcomputationratescomparableto supercomputerperformance.

1.3.4 Significance

Dramatic speedupsin computationratescanbe achievedwith massivelyparallel
computers.

1.3.5 Status/Plans

NASA is continuingdevelopmentandimprovementof athree-dimensionalNavier-
Stokesflow solver.

D. C. JespersenandC. Levit
ComputationalFluid DynamicsBranch
AmesResearchCenter
(415)604-6742
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Figure 1.2. Ames Interactive Surface Editing Tool 
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1.4 SURFACEAND GRID GENERATIONSOFTWARE

1.4.1 Objective

To develop softwarefor acceleratingsurfacedefinition and grid generationin
ComputationalFluidDynamics(CFD). i ",_

t" -

1.4.2 Accomplishments

NASA completed an interactive, geometry-editing and surface-grid-generation
software tool for three-dimensional flow (See Figure 1.2).

1.4.3 Significance

This software is the first step in the development of a powerful, integrated
aerospace design tool which quickly can apply CFD to aerodynamic design issues.

1.4.4 Status/Plans

NASA is continuing development of interactive surface definition and grid
generation software and incorporating the latest grid generation, evaluation and adaption
research. In addition, a knowledge base for future automation using artificial intelligence is
being constructed.

W. R. Van Dalsem and A. A. Vogel
Applied Computational Fluids Branch
Ames Research Center

(415)604-4469
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Figure 1.3. Flow Analysis Software Tools 
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1.5 FLOW VISUALIZATION SOFTWARE

1.5.1 Objective

To develop softwarefor moreeffective analysisof results from fluid dynamics
experimentsandcomputations. : :,::! ::

1.5.2 Accomplishments ,. . '" :.." .,--,'.-J_

NASA created a new program, Flow Analysis Software Tools (FAST), that
contains more functionality than the existing programs (PLOT3D, GAS, SURF and RIP),
unifies the user interface for the functions, exploits the features of the new graphics
workstations and utilizes distributed processing (See Figure 1.3).

1.5.3 Significance

This program provides a major improvement in performance and ease of use of
software for visualization of fluid dynamic results.

1.5.4 Status/Plans

The software is ninety percent complete with alpha testing underway.

V. R. Watson

Workstation Application Office
Ames Research Center

(415)604-6421
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Figure 1.4. Instantaneous Entropy Contours in a 2.5 Stage Compressor 
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1.6 COMPUTATIONOFMULTI-STAGECOMPRESSORFLOWS

1.6.1 Objective

To developcapability for calculatingunsteadyviscousflows within multi-stage
turbomachinery.

1.6.2 Accomplishments

NASA calculatedtwo-dimensional flow in a 2.5 stagecompressorwith good
agreementbetweencomputedtime-averagedpressuresand experimentaldata. NASA
implementedaBaldwin-Lomaxturbulencemodelineachairfoil's frameof reference(See
Figure 1.4).

1.6.3 Significance

A betterunderstandingof unsteadyflow in turbomachinerywill lead to reliable
designsthataremoreefficient,lighter andmorecompact.

1.6.4 Status/Plans

NASA plans to extend current capability for multi-stage turbomachinery
calculationsto three-dimensionalflow.

K. L. Gundy-Burlet
AppliedComputationalFluidsBranch
AmesResearchCenter
(415)604-4475
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Figure 1.5. Lower Surface Heat Transfer Distribution 
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1.7 HYPERSONICNAVIER-STOKESCOMPUTATIONS

1.7.1 Objective

To develop codesfor calculating viscoushypersonic flow about complicated
geometriesusing equilibrium real-gasand non-equilibrium, finite-rate chemistry gas
properties.

1.7.2 Accomplishments

NASA developedspace-marchingcodefor equilibrium andnon-equilibriumflow
and a time-marching code for equilibrium fl0w. NASA completed solutions for
complicatedgeometrieswith bothcodes,which,canb_ct_ul_IedJ_deeFigure1.5).

1.7.3 Significance

Utilization of coupled codes allows cost-efflcient solutions for complicated
geometriesandwill playakeyrolein thenationalaerospaceplaneproject.

1.7.4 Status/Plans

NASA will continuevalidationof codesandinvestigatenoseto tail calculations.
NASA also will include grid adaptionin the space-marchingcode andnon-equilibrium
chemistryandnozzle/combustioncapabilityin thetime-marchingcode.

S.L. Lawrence,J. FloresandT. A. Edwards
AppliedComputationalFluidsBranch
Ames Research Center

(415)604-4050
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1.8 UNSTEADY MULTIPLE BODY AERODYNAMICS

1.8.1 Objective

To develop a capability for time-accurate calculation of viscous flow over general
three-dimensional multiple bodies in relative motion.

1.8.2 Approach

The approach involved developing a computer code to solve the flowfield around a
space shuttle in launch configuration, including orbiter, external tank and Solid Rocket
Boosters (SRB).

1.8.3 Accomplishments

NASA obtained a time-accurate simulation of aerodynamics during SRB separation
(See Figure 1.6).

1.8.4 Significance

This program analyzes the aerodynamics problems during launch from lift-off to
final vehicle separation. These problems may occur with booster failure, emergency escape
procedures or abnormal flight trajectories.

1.8.5 Status/Plans

NASA plans to improve efficiency and accuracy of basic algorithms and to validate
codes. NASA also will develop trajectory prediction routines.

P. G. Buning
Applied Computational Fluids Branch
Ames Research Center

(415)604-5194
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1.9 PARABOLIZED NAVIER-STOKES ALGORITHM FOR CHEMICALLY
REACTING FLOWS

1.9.1 Objective

To develop computational techniques for the efficient modeling of high-speed,
chemically reacting flows typical of those found in scramjets.

1.9.2 Approach

A generalized algorithm was used to solve the parabolized form of the governing
equations for three-dimensional, chemically reacting flows with finite-rate chemistry.

1.9.3 Accomplishments

A computer code was developed to solve the parabolized governing equations for
chemically reacting flows. The second-order algorithm is based on the MacCormack
explicit scheme. It has the capability to treat the chemical source term implicitly as well as
accounting for the multicomponent diffusion and convection of chemical species. The
complex interactions that occur in a chemically reacting flow can be efficiently computed by
the parabolized solver. A test case was considered in order to demonstrate the capabilities
of the algorithm. It involved streamwise hydrogen injection at sonic velocity into a Mach
2.44 vitiated air stream and the subsequent turbulent mixing leading to chemical reaction.
The hydrogen-air combustion was modeled with detailed chemical kinetics involving nine
species and a 18-step reaction. Comparisons were made with available experimental data,
plotted as functions of the distance from the lower wall at x - 0.356 m location. It may be
observed that the computed flow quantities possess the essential trends exhibited by the
experimental data. The quantitative agreement between the computed and experimental
profiles for the total temperature and hydrogen mole fraction is reasonable; however, the

computed profile for the water mole fraction underpredicts the peak when compared with
the experimental data (See Figure 1.7).

1.9.4 Significance

The use of parabolized governing equations instead of the full unsteady governing
equations results in a significant reduction in computer memory requirements and execution
times. The parabolized solver can be used in conjunction with the existing elliptic version
of the code for accurate and efficient computation of scramjet flow fields, leading to
improvements in combustor design.
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1.9.5 Status/Plans

A characteristic-based upwind scheme using Roe's flux-difference splitting
algorithm will be incorporated to enhance the capabilities of the parabolized code.

H. Kamath and J.P. Drummond

Computational Methods Branch
Langley Research Center
(804)864-2321
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1.10 MULTIGRID ACCELERATIONTECHNIQUEFORNAVIER-STOKES
EQUATIONS

1.10.1 Objective

To developanefficientnumericaltechniquefor predictinghigh Reynoldsnumber,
transonicflows overaircraft components.

1.10.2 Approach

A multi-stage, Runge-Kutta time-stepping scheme with multigrid acceleration
technique was employed for computing steady-state solutions of the thin-layer, Navier-
Stokes equations. A Baldwin-Lomax turbulence model was used for turbulence closure.

1.10.3 Accomplishments

A numerical scheme was developed for computing high Reynolds number viscous
flows over aircraft components. The efficiency of the scheme was enhanced significantly
through a multigrid acceleration technique. The multigrid technique resulted in reducing the
computational time by almost an order of magnitude. The scheme was applied to solve the
flow over a finite lifting wing, namely the ONERA M6 wing. Because of the improved
efficiency of the code, essentially grid converged solutions were obtained for the attached
flow case. Figure 1.8 shows the convergence history for four mesh densities. Based on
the results shown here, it is clear that the multigrid technique is performing quite. It results
in relatively small differences in the number of iterations required to obtain converged
results over such a large variation in total number of mesh points.

1.10.4 Significance

A numerical procedure of the type described here can be used to conduct parametric
studies in an efficient manner.

1.10.5 Status/Plans

The method will be generalized to accommodate block-structured grids so that flow
over complex configurations can be computed.

V. N. Vatsa and Bruce W. Wedan

Theoretical Aerodynamics Branch
Langley Research Center
(804) 864-2236
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1.11 A PRECONDITIONED CONJUGATE GRADIENT METHOD FOR THE

COMPRESSIBLE NAVIER-STOKES EQUATIONS

1.11.1 Objective

To develop an implicit algorithm for solving the compressible Navier-Stokes
equations for structured and unstructured applications.

1.11.2 Approach

The spatial discretization was performed using an upwind scheme. The system of
linear equations was solved at each time step by a preconditioned iterative procedure. An
incomplete LU factorization served as the preconditioner followed by the well known
procedure of Generalized Minimum Residual algorithm (GMRES).

1.11.3 Accomplishments

Results were obtained for inviscid and viscous transonic test cases in two-

dimensions (See Figure 1.9). Although solving the linear system exactly at each time step
can lead to quadratic convergence (Newton's method), it was found to be far more efficient

to solve the linear system inexactly and then to proceed to the next time step. A restart
GMRES procedure with three cycles and four search directions was found to be optimal
over a wide range of problems. An algebraic turbulence model also was incorporated. A
domain decomposition method in which the domains are made up of rings around the
airfoil, was implemented on a parallel machine. The preconditioning and the forward and
back solution stages are all done in parallel.

1.11.4 Significance

The method requires much less memory than a direct solver. The algorithm is

competitive with the best current schemes, but has wide applications in parallel computing
and unstructured grids.

1.11.5 Status/Plans

Research is being pursued on extending the ideas to unstructured meshes and three
dimensional applications. Implementation on a distributed memory parallel machine also is
planned.

V. Venkatakrishnan

Theoretical Aerodynamics Branch
Langley Research Center
(804)864-2224
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1.12 NON-REFLECTINGOUTFLOWBOUNDARYTREATMENTFOR
TRANSITION SIMULATIONS

1.12.1 Objective

To developa computationaltechniquewhich allows the accuratesimulation of
spatially-developingtransitionphysics,eliminatingthenumerically-motivatedassumptions
of previoustransitionsimulations.

1.12.2 Approach

For accuracyandefficiencyconsiderations,thediscretizationmethodof choicefor
such simulations is spectralcollocation. This method is pathologically sensitive to
incorporationof mathematicallywell-posedboundaryconditions;thus,thedevelopmentof
a boundarycondition at theoutflow endof a computationaldomain,which is capableof
passingan arbitrary unsteadydisturbancewithout reflection back into the domain, was
problematic.Outflowboundaryconditionssuggestedfrom CFDapplicationsof low-order,
finite-differencemethodswereshownto beincapableof performingin thiscontext.

1.12.3 Accomplishments

A viable outflow treatment,basedon earlier spectralmulti-domain technology
developedearlier, wasdevelopedfor the incompressibleNavier-Stokesequations. The
method currentlyis beingverified againstlinearstability theoryfor theproblemof plane
Poiseuilleflow in achannelandagainstlinearandweakly-nonlineartheory for boundary-
layerflow. Contoursof disturbancevorticity wereusedto showhow theleadingwaveof
aperiodicdisturbanceimposedat the inflow boundarypassesoutof thedomainof interest
without reflection backinto the domain.The imposedupstreamdisturbanceis the most
unstableeigenmodeof thecorrespondinglinearstabilityproblem;quantitativeverification
with linear theory also showsgood performanceof the method. An additional test
problem,possessingaglobalinstabilitycharacterasopposedto theconvectiveinstabilityof
channelandboundary-layerflow, alsowasstudied(SeeFigure1.10).

1.12.4 Significance

Previoustransitionsimulationsusedtheansatzof a linear transformationbetween
timeanddownstreamdistanceandtheassumptionof aparallelmeanflow to allowperiodic
streamwisediscretizationsto beused.Thisneglectsall effectsof streamwisechangeof the
meanflow includingnormalvelocityeffectsandcreatesadifficulty in relatingquantitatively
thedevelopmentof simulatedtransitionfeaturesto experimentaldata. Thepresentmethod
aUowstransitionsimulationsto becardedout in theproper,spatiallydevelopingsetting.

1.12.5 Status/Plans

After detailedverificationwith lineartheoryfor channelandboundary-layerflow is
complete,thetechniquewill be incorporatedintoa simulationcodewhich will allow the
studyof theeffectsof pressuregradient,roughness,externalenvironment,etc.,on
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transitionin boundarylayers.Transitionin freeshearlayers,for which nonparalleleffects
areimportant,alsowill bestudied.

CraigL. Streett
TheoreticalAerodynamicsBranch
LangleyResearch.Center
(804)864-2230
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Figure 1.11. Streamwise Velocity Contours
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1.13

1.13.1

AN EMBEDDED-AND MULTIPLE-GRIDALGORITHMAPPLIEDTO
DELTA WINGS

Objective _i_,. " "...._ ,-_.2;,,_._

To developacapabilityto increasethelocalresolutionof Navier-Stokescalculations
efficiently andto comparethemwith detailedexperimentalmeasurementsin thecoreof the
leading-edgevortexof adeltawingat largeincidence.

1.13.2Accomplishments

An embedded-gridschemecoupledwith multigrid convergenceaccelerationwas
incorporatedinto theNavier-StokescodeCFL3D. Applicationsweremadeto a75degree
sweptdelta wing at 20.5 degreeangleof attack. Streamwisevelocity contours from
experimentandcomputationareat 70 percentof the distancefrom the wing apex (See
Figure 1.11).The maximumstreamwisevelocity from the computationis slightly lower
than the experimental value in the vortex corebut is substantially higher than the
computationreportedpreviouslyusingthesingle-gridscheme.

1.13.3Significance

For the first time, greaterresolutionwasdemonstratedfrom 3-D Navier-Stokes
calculationswithout largeincreasesin computerresourcerequirementsbyusingembedded
grids.This technologyis anessentialbuildingblockfor a3-D, self-adaptivegrid, Navier-
Stokescode.

1.13.4 Status/Plans

Work is underwayto improvefurther thenumericalresultsby embeddingfiner
grids and to improve/automate the process of identifying regions where increased
resolution is necessary.

J. L. Thomas and S. L. Krist

Analytical Methods Branch
Langley Research Center
(804)864-2146
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Figure 1.12. 3 Degree Ramp Nozzle and Plume 
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1.14 MULTIBLOCK MULTIGRID CALCULATIONSOFNOZZLEEXHAUST
FLOWS

1.14.1Objective

Theobject wasto developaflexible, efficientcomputationaltool for thestudyof
three-dimensionalnozzleplumeflow. -_

1.14.2Approach _ : " ' .......

An existing three-dimensional isentropic Euler code was modified to add the

capability of multiple block grids. The multiblock strategy provided greater geometric
flexibility than the usual single block method. Odd shaped flows and combinations of
internal and external flows were easily handled. To maintain good rates of convergence,
multigrid acceleration was used to accelerate either an explicit modified Warming-Beam

algorithm or an implicit approximate factorization algorithm. Spatial discretization was
carried out using van Leer s flux vector splitting with MUSCL type differencing.

1.14.3 Accomplishments

A flexible, efficient Euler equation solver was developed using a multiblock
structure and multigrid acceleration. Several plume flows were calculated (See Figure
1.12). Mach 2.5 flow entered the nozzle from the left. The flow was f'n'st compressed by a
three degree ramp and then turned back three degrees to realign with the freestream
direction. This flow then was exited to a freestream of Mach 2.5. The ensuing shocks,
expansions and reflections are apparent with no distortions caused by the block interfaces.

1.14.4 Significance

Inviscid calculations of nozzle exhaust flows can be performed easily and quickly.
This type of calculation is very important for configurations with highly integrated exhaust
nozzles such as the NASP.

1.14.5 Status/Plans

Additional flexibility will be incorporated in the multiblock structure and the
isentropic Euler equations will be replaced with the full Euler equations. Viscous terms
then will be added.

Frank E. Cannizzaro, N. Duane Melson and Ernst von Lavante

Theoretical Aerodynamics Branch
Langley Research Center
(804)864-2227
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Figure 1.13. Graphical Display of Fluid Flow Results 
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1.15 GRAPHICAL DISPLAY OFFLUID FLOWRESULTSON UNSTRUCTURED
GRIDS

1.15.1 Objective

To developsoftwareusingtheX-windowsgraphicsprotocolon inexpensivecolor
workstationsfor thedisplayof CFDresultsonunstructuredaswell asstructuredflowfield
grids to providearesearcherwith aneasily-learned,interactiveability to rapidly examine
thedetailsof computationalflowfield results.

1.15.2 Approach

Workstationsoftwarewaswritten that employsa convenient,mouse-drivenuser
interface with pull-down menusfor featureselectionand other mouse-button/motion
combinations for rapid manipulation of the image. Since typical low-end color
workstationshavegraphicshardwarefor drawingonly constant-color2-D lines, curves
andpolygons(filled andunfilled), softwareis usedto emulatesmooth-shadingand3-D
drawing. This emulationalsoisnecessarywith currentX-windowsfunctionality.

1.15.3Accomplishments

Thegraphicssoftwareinitially wasimplementedonVAX workstationswith 256-
color capability. Theusercanselectsometypicalwindow displaysfor viewing a setof 2-
D unstructuredresults. A gray-scale rendition of the color image can be generated for
output to a Post Script laser printer (See Figure 1.13).

1.15.4 Significance

Researcher productivity is enhanced by the ability to use the inexpensive
workstation on one's desk for the routine display of computational grids and flowfield
solutions and as an alternative to competing for time on the scarce and expensive resources
of a central, sophisticated 3-D graphics workstation.

1.15.5 Status/Plans

Work is underway to provide 3-D hidden-surface removal in the workstation
software. Additional features will be added for improved display control, color
manipulation, labeling and extended functionality.

Robert P. Weston

Analytical Methods Branch
Langley Research Center
(804)864-2149
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Figure 1.14. Navier-Stokes Solutions on Unstructured Meshes 

1-30 



1.16 MULTIGRID SOLUTION OF THE NAVIER-STOKES EQUATIONS ON
UNSTRUCTURED MESHES

1.16.1 Objective

To develop an accurate and efficient:tnetliod_or:,compudiag viscous compressible
flow about complex configfii:_fibns.

1.16.2 Approach

The steady-state, two-dimensional Navier-Stokes equations were solved on an
unstructured, triangular mesh by a Galerkin, finite-element approach. Mesh adaptivity is
employed to enhance solution accuracy and an unstructured, multigrid technique is used to
accelerate the convergence to steady-state.

1.16.3 Accomplishments

A method for generating two-dimensional, unstructured meshes with highly
stretched triangular elements in the boundary-layer wake regions, suitable for viscous flow

calculations, was developed. The method is based on the application of local stretching
functions to a triangulation technique previously employed for inviscid flow calculations.

An accurate and efficient procedure for the laminar Navier-Stokes equations on highly
stretched unstructured meshes in two dimensions was developed. The equations are
discretized in space using a Galerkin, finite-element formulation and the steady-state
solution was obtained by integrating the equations in time using a five-stage, Runge-Kutta,
time-stepping scheme. Convergence was accelerated by use of a multigrid also developed
for unstructured meshes and improved solution accuracy was obtained through the use of
adaptive mesh enrichment. Navier-Stokes solutions were obtained for low Reynolds
number flows over multi-element airfoil configurations (See Figure 1.14).

1.16.4 Significance

The ability to predict viscous flows about complex geometries, such as high-lift
multi-element airfoil configurations in 2-D and aircraft configurations in 3-D, are of
particular importance to the aircraft industry.

1.16.5 Status/Plans

Future work will center on the inclusion of a suitable turbulence model for high
Reynolds number calculations on unstructured mesh about arbitrary two-dimensional
configurations. The extension of the solver to three dimensions also is planned.

Dimitri J. Mavriplis
Theoretical Aerodynamics Branch
Langley Research Center
(804)864-2213
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Figure 1.15. Pressure Contours on F-18 Airplane 
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1.17 UNSTRUCTUREDGRID AND FLOWSOLUTIONFORF-18AIRPLANE

1.17.1Objective

To computetheinviscid flow overtheF-18configurauon.

1.17.2Approach

Unstructuredgrids arewell-suitedfor complexconfigurationssuchas the F-18
aircraft. An unstructuredgrid generatoris beingdevelopedwhichusestheadvancingfront
techniqueto propagatea setof fine segmentsoverasurfaceto generatetrianglesandthento
propagatethat set of triangles through spaceto fill the computational volume with
tetrahedrons.A finite elementflow codeis beingdevelopedto solvethesteadystateEuler
equationson suchmeshesandapostprocessingcodeis beingdevelopedfor displayingthe
propertiesof theresultingflowfield.

1.17.3Accomplishments

A grid wasgeneratedfor the F-18whichconsistsof 642,000tetrahedronswhich
connect114,700points, 13,400of which definethe aircraft surface. Figure 1.15shows
pressurecontourson the aircraft surfaceandavertical planewhich intersectthe wing.
Thesecontoursrepresenttheflow solutionfor afreestreamMachnumberof 0.30and an
angleof attackof 15degrees.The solutionwasobtainedafter 159minuteson theNAS
Cray-2supercomputer.

1.17.4 Significance

Using unstructuredgrids andaccompanyingflow solvers,flowfield solutionscan
begeneratedfor completecomplexaircraftconfigurations.

1.17.5 Status/Plans

Thegrid generatorandflow solvercodeswill bemademorerobustandefficient in
orderto decreasethetimerequiredto developthemeshandobtaintheflow solution.

ShahyarPirzadehandClydeGumbert
TheoreticalAerodynamicsBranch
LangleyResearchCenter
(804)864-2221
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Figure 1.16. Unstructured Grid and Flow Solution for a Typical Inlet 
Configuration 
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1.18 UNSTRUCTUREDGRID AND FLOWSOLUTIONFORA TYPICAL INLET
CONFIGURATION

1.18.1 Objective

To computetheinviscidflow aroundatypicalinletconfiguration.

1.18.2 Approach

An unstructuredgrid generatorandfiniteelementflow solverpackagedeveloped
for complexconfigurationswasappliedto thisnearlyaxisymmetricengineconfiguration.

1.18.3Accomplishments

The grid developedfor the configuration (SeeFigure 1.16)consistsof 26,800
points defining 144,000tetrahedrons.Contoursof thesurfacepressurearedisplayedas
well asparticle tracesat thesymmetryplane. Thesecontoursandparticletracesrepresent
the flow solution for a freestreamMachnumberof 0.82 andan angleof attackof four
degrees.Thesolutionwasobtainedafter3000timestepswhichrequiredaboutthreehours
on theNAS Cray-2supercomputer.

1.18.4 Significance

Using the unstructuredgrid and flow solver techniques,flow solutionscan be
obtainedfor complexconfigurationsof whichenginenacellesandpylonsareoften integral
parts.

1.18.5 Status/Plans

Thegrid generationandflow solvercodesneedto bemademorerobustandmore
efficient sothattheflowfield overconfigurationswith overhalf amillion tetrahedronscan
beobtainedwith lesscomputationtimeandeffort.

PareshParikhandClydeGumbert
TheoreticalAerodynamicsBranch
LangleyResearchCenter
(804)864-2221
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1.19 ANALYSIS OF LOW FREQUENCY FLUCTUATIONS IN A CYLINDER
WAKE

1.19.1 Objective

To determine the origin of low-frequency fluctuations which were found in the
computed wake behind a circular cylinder (von Karman vortex street), were not
harmonically related to the shedding frequency and were similar to those found in an
experimental study, by repeating the computations using the same, time-accurate, two-

dimensional, compressible, Navier-Stokes finite-difference code and polar grid, but vary
the Reynolds number and computational outer boundary conditions as needed to eliminate
the low-frequency fluctuations. .....

1.19.2 Approach

In the previous study (at Reynolds number 80), special boundary conditions were
used where the vortices pass through the outer computational boundary, but the flow
through the rest of the boundary was expected to be close enough to the uniform free
stream to extrapolate from the interior without adding disturbances. As part of the present
study, these extrapolated boundary conditions were used for computations at a Reynolds
number of 20, where no shedding occurs. The low frequency occurred as before, proving
that it was not produced from the shed vortex wake. Location, Mach-number and domain-

size dependencies for the low frequency suggested waves were being reflected in the
computational domain.

1.19.3 Accomplishments

New nonreflecting boundary conditions were developed for the inflow and outflow
computational boundaries, using incoming and outgoing Euler-equation characteristics.
These boundary conditions eliminated the secondary frequency at both Reynolds number
20 and 80 (See Figure 1.17). Peaks corresponding to the secondary frequency and its
harmonics were eliminated by the new boundary condition, while the shedding-frequency
peaks are relatively unchanged.

1.19.4 Significance

The new nonreflecting boundary conditions remove an important source of
spurious fluctuations in unsteady compressible flow computations while improving
efficiency by allowing the computational domain to be limited. Also, in this particular case,
the computations led to a re-examination of the experimental results which has indicated
that there too the secondary frequency may be associated with reflections from boundary
surfaces.

1.19.5 Status/Plans

Computations now are being made at higher Reynolds numbers, looking for
indications of the beginning of transition.
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Saul Abarbanel, David Gottlieb and Wai Sun Don 
Computational Methods Branch 
Langley Research Center 
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1.20 SHOCK-SHOCKINTERACTIONON BLUNT BODIESIN HYPERSONIC
FLOWS

1.20.1Objective

To developaccuratesolutionprocedurestodeterminetheshockinterferencepattern
and to accuratelypredict the surfacepressureand the wall heat transfer for a shock
impingingon thecowl lip athighMachnumbers.

1.20.2 Approach

Theinteractionof thebow shockwith anextraneousimpingingshockwasstudied
by two dimensionalNavier-Stokescomputations.Thegoverningequationswere solved
usinga finite volumeflux splitting algorithmascribedto vanLeer. The impingingshock
was treated as a sharpdiscontinuity acrosswhich exact shock jump conditions were
applied. The adaptivegrid techniqueswereutilizedto properlyresolvetheflowfield and
accuratelypredicttheheattransfer. Thecowl plateof thescramjetinlet wasmodeledby a
cylindrically bluntedwedgeandtheforebodyshockbytheextraneousimpingingshock.

1.20.3Accomplishments

Theblunt body solutionwasobtainedin thepresenceof animpingingshock. The
bow shock,shearlayersandthe boundary-layerwerevery well capturedby thesolution
algorithm. The flow around the body was significantly altered due to shock-shock
interaction.The pressurewasamplified nine timesandthe heattransfereight times the
stagnationpoint valuesfor theundisturbedblunt bodyflow. Laminarflow of air at 8.03
wasconsidered.The surfacewasassumedto haveaconstantprescribedwall temperature.
Theresultswerecomparedwith theavailablenumericalandexperimentaldata (SeeFigure
1.18).

1.20.4Significance

When the forebody shock interactswith the inlet shockproducedby the cowl
leadingedge,a very complexflowfield is producedwith localizedzoneof high pressure
andintenseheating.Thelargetemperaturegradientscausethermal stresseswhich could
result in structuralfailure. In orderto relievetheinfluenceof thermalstresses,someform
of activecooling is needed.To determinethe coolingrequirements,pressureandheating
rateson thebodyneedto bepredictedaccurately.

1.20.5 Status/Plans

Efforts currentlyareunderwayto investigatetheinteractionof theforebodyshock
with the leadingedgeshockof thesweptcompressionsidewallof ascramjetinlet. Dueto
orientation of the line of interaction, the flow is fully three dimensional for this
configuration. Somepreliminary results wereobtained for this caseand are being
analyzed.
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Dal J.SinghandAjay Kumar
ComputationalMethodsBranch
LangleyResearchCenter
(804)864-2310
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Figure 1.19. 16-Node Navier-Stokes Computer
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1.21 NAVIER-STOKESCOMPUTER

1.21.1 Objective

To design, construct and demonstrate a special-purpose, parallel computer for CFD
applications.

1.21.2 Approach

The design utilizes a moderate number of powerful, individual, local memory
processors with each processor itself a complex parallel computer.

1.21.3 Accomplishments

NASA constructed and debugged two complete Navier-Stokes Computer (NSC)
Mininodes, which are the prototype local memory processors. NASA designed,
constructed and installed two printed circuit boards to replace the remaining wire-wrapped
boards in NSC Mininode. NASA constructed and installed inter-node communication

hardware and developed a NSC Mininode Assembler to facilitate coding of NSC
applications. NASA wrote a NSC Mininode Simulator to interface with both the NSC

Mininode and the NSC Mininode Assembler (See Figure 1.19).

1.21.4 Significance

The completion of these NSC Mininodes establishes confidence in the basic design
.philosophy of individual processors. The installation of the printed circuit boards greatly
increases the reliability of the hardware. The inter-node communication hardware is a key
element in producing a workable multi-processor NSC. The Mininode Assembler improves
the programmability of the machine, making it far easier to develop application programs.

1.21.5 Status/Plans

NASA plans to complete assembly of a four Mininode system (finish two additional
Mininodes, additional internode communication hardware and integration of the complete
system). NASA also will develop application codes for single and multiple Mininodes and
will participate in the DARPA DST Project (support porting of CRT and Langley codes to
NSC Mininode).

D. Nosenchuck and T. A. Zang
Computational Methods Branch

Langley Research Center
(804)864-2307
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1.22 DISTRIBUTED PROCESSING WITH NETWORKED COMPUTERS

1.22.1 Objective

To develop software which allows use of multiple networked computers to process
a single job, while dynamically load-balancing the job tasks to optimally use the available
resources of each computer.

1.22.2 Approach

A pilot code was developed which distributes job tasks across multiple networked
computers. Code features include (1) fully dynamic load-balancing, to allow processors
with different performance levels and job mixes to contribute any available resources to the
distributed job; (2) fault tolerance, to allow individual processors to fail without killing the
distributed job and (3) ease of use, to enable a researcher to use the distributed technique
without addressing the details of task scheduling (See Figure 1.20).

1.22.3 Accomplishments

As an initial test, the code was used to compute elements of the Mandelbrot set,
which typically takes about 30 minutes to compute on a single VAX 750. The same job
takes only about one minute to compute when distributed across the VAX 750 and 14 VAX

workstations of varying CPU capabilities. The aggregate CPU capability of the 15 VAXs
is approximately 30.5 times that of the single VAX 750, thus yielding typical efficiencies of
90-100 percent CPU utilization for this problem.

1.22.4 Significance

The pilot code demonstrates that, at least for compute-bound jobs with low data

interdependencies, large speedups can be obtained by efficient use of heterogeneous
networked computer resources. Such resources can range from available workstation CPU
cycles to networked supercomputers. This technique is particularly important for computer
graphics/flow visualization tasks and may have an impact on interdisciplinary computing in
the future.

1.22.5 Status/Plans

Work is underway to extend this distributed processing approach to other problems
of interest and to other network architectures. The use of multiple, networked
supercomputers also is being investigated.

James P. Chamberlain

Analytical Methods Branch
Langley Research Center
(804)864-2147
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CHAPTER TWO

CFD VALIDATION

2.1 INTRODUCTION

The objective of the CFD Validation Program is to perform detailed, benchmark
experiments using redundant facilities and instrumentation to produce high-quality, archival
data sets to which CFD solutions can be compared. Experirnertts designed to validate CFD

codes must provide data that is taken in the form ,_dd.et_l c gns_stent.wi_ C,FJO_lo¢lleling
requirements. In addition, the accuracy and lii,hitations of'the eXperimental data must be
thoroughly understood and documented. Likewise, the accuracy and limitations of the
numerical algorithm, grid-density effects and physical basis of the CFD code being
validated must be equally known and understood over a range of specified parameters.

Experiments are designed for comparison with numerical CFD results in order to
(1) understand flow physics, (2) develop physical models for CFD codes, (3) calibrate
CFD codes and (4) validate CFD codes. Approximately 100 experiments that fall into one
or more of these categories were performed at the three OAST Centers. The experiments
range in speed from subsonic to hypersonic and include a variety of configurations
including generic, fighter/attack, subsonic transport, rotorcraft, ASTOVL and propulsion
systems. Future work will include developing high-quality databases for several classes of
flows, including (1) high- and low-aspect ratio wings in subsonic and transonic flows; (2)
simple 3-D turbulent flows, including time histories; (3) flow fields about aircraft
components; (4) propulsive lift flow interactions in ground effect and (5) unsteady flow
interaction in rotor flow fields.

Program Manager: Mr. Edward T. Schairer

OAST/RF

Washington, DC 20546
(202)453-2819
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2.2 CODE-VALIDATION STUDYFORHYPERSONICCOMPRESSION-CORNER
FLOWS

2.2.1 Objective

To conductacodevalidationstudy,comparingwithexperimentaldataahypersonic
flow with laminar viscous-inviscidinteractiontypical of thosefound in scramjetinlets
usingfour differentNavier-Stokescodes.

2.2.2 Approach

The flow over a nominally two-dimensional compression comer was completed
using four different Navier-Stokes codes and compared with data obtained in the
CALSPAN 48-inch shock tunnel.

2.2.3 Accomplishments

For a 15 degree wedge with fully-attached flow, 2-D calculations with the four

codes gave virtually identical results for a sufficiently refined grid. For the most highly
separated flow (24 degree wedge), 2-D calculations overpredicted the size of the separated
flow region. Three-dimensional calculations, which included the finite-span effect of the
experiment, were required in order to obtain agreement with the data. These effects were
important in determining the extent of separation as well as the time required to establish
steady state flow. NASA arrived at summary comparison plots of the CFL3D solutions of
surface pressure and heat transfer with experimental data for three compression comers
(See Figure 2.1).

2.2.4 Significance

The study demonstrated that the four codes are capable of accurately representing,
both qualitatively and quantitatively, the types of complex hypersonic flows with strong
viscous-inviscid interactions considered; therefore, these codes can be used in the design
and analysis of the NASP for high-speed flow conditions for which experimental data
cannot be obtained in ground-based facilities .... ; :!

2.2.5 Status/Plans

Code comparisons will be made for other types of laminar and turbulent hypersonic
flows.

David H. Rudy, James L. Thomas, Ajay Kumar,

Peter A. Gnoffo and Sukumar R. Chakravarthy
Computational Methods Branch

Langley Research Center
(804)864-2297
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2.3 TRANSONIC WIND TUNNEL TEST DATA ACQUIRED ON A HEMISPHERE
MODEL WITH A CYLINDRICAL AFTERBODY FOR LASER VELOCIMETER

SEEDING INVESTIGATION

2.3.1 Objective

To evaluate the errors in Laser Velocimeter (LV) flow field measurements at
transonic speeds which are due to seeding particle lag.

2.3.2 Approach

Detailed flow field data were obtained on a simple hemisphere geometry. LV
velocity profiles, model and wall pressures, six-component force, liquid-crystal
visualization and schlieren measurements were acquired for comparison to an inviscid
potential computational code and a thin-layer Navier-Stokes code.

2.3.3 Accomplishments

A significant result was that surface pressure distributions did not compare as well
as expected to the predictions at transonic speeds. Comparisons of LV velocity
measurements to computational results along the stagnation streamline of the hemisphere
model were used to determine the particle dynamics involved in LV seeding (See Figure
2.2). Results in the outer flow field showed good agreement in trend between experimental
and computational data. LV particle lag existed at all test Mach numbers, but was
particularly significant across the bow shock. These errors were corrected with a 1-D
method developed under this program.

2.3.4 Significance

The experimental database will help to evaluate the accuracy of LV for non-
intrusive wind tunnel velocity measurements. With the particle size and velocity gradients
measured, velocities can be corrected for particle lag. In addition, the database will assist in
computational fluid dynamics code validation efforts by providing details in the flow field.
This experiment also highlighted the need for investigation of improved dispersion or
injection techniques for solid particulates, i.e., polystyrene latex micro-spheres currently
being used at Langley, Lewis and Ames Research Centers.

2.3.5 Status/Plans

Detailed laser velocimeter flow field measurements are continuing on the
hemisphere model for Mach numbers covering the range from 0.2 to 1.2.
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GregoryS.Jones,RosemaryA. Rallo,
DerekKamemotoandLutherR. Gartrell
FluidDynamicsBranch
LangleyResearchCenter
(804)864-1065
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2.4 DETECTIONOF SHOCK-INDUCEDSEPARATIONUSING MEDS3
TECHNIQUE

2.4.1 Objective

To develop a reliable flow diagnostictool to accuratelydetectshock-induced
separationonairfoils at transonicspeeds.

2.4.2 Approach

The Multielement Dynamic ShearStressSensor(MEDS3) techniqueis usedto
detectshock-inducedseparationon asupercriticalairfoil modelat transonicspeedsin the
Langley0.3-MeterTransonicCryogenicTunnel.

2.4.3 Accomplishments

Shock-inducedseparationis clearly detectedby phase-reversalin low-frequency
dynamicshearstresssignalsusingtheMEDS3 technique.When shearstressfluctuation
from adjacentsurfacehot-film sensorsarecompared,a -180degreephaseshift is observed
acrossthe shock-inducedseparation,a +180 degreephaseshift is observedacrossthe
reattachmentandzerophaseshiftsareobtainedupstreamanddownstreamof theseparation
bubble (SeeFigure 2.3).

2.4.4 Significance

It wasestablishedthattheMEDS3techniquecanbeusednotonly at low speedsbut
also at transonic speedsto accuratelylocate flow separation.Since the phase-reversal
phenomenonappearsto beindependentof thespeedregime,thereis reasonto believethat
thetechniquealsomaybeapplicableto supersonicandhypersonicflows.

2.4.5 Status/Plans

Future plans include efforts to apply the MEDS3 techniquein flight testsand
conductmoredetailedfundamentalexperimentstounderstandingthephysicalsignificance
of thephasereversalphenomenon.

S.M. Mangalam,J.P. Stack,V. Kalburgi,W. G. SewallandE. J. Ray
Fluid DynamicsBranch
LangleyResearchCenter
(804)864-1050
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2.5 CROSSFLOW-VORTEX INSTABILITY ON A 45 DEGREE SWEPT WING

2.5.1 Objective

To determine the crossflow vortex wavelengths, growth rates and evolution pattern
on a 45-degree swept wing for comparison with computational models of the instability.

2.5.2 Approach

Crossflow-dominated transition is obtained by simulating infinite swept wing flow
on a 1.83 m wing using contoured end liners.

2.5.3 Accomplishments

Stationary fixed-wavelength crossflow vortices with wavelengths 25 percent less
than predicted were observed. Traveling waves in the frequency range predicted by linear
stability theory are present. In addition, higher-frequency traveling waves which may be
harmonics of the primary crossflow waves generated by a parametric resonance phenomena
are also observed (See Figure 2.4).

2.5.4 Significance

The normal-mode assumption of linear stability theory requires appropriate
constraint relations to connect the local solutions to form the global solution. The
experiment shows that the fixed-wavelength constraint appears to be most appropriate for
linear crossflow instability on an infinite swept wing. The observed high-frequency waves
which are not predicted by linear theory must be further investigated.

2.5.5 Status/Plans

Three-dimensional surveys of the flow field using both hot wires and laser doppler
velocimetry are planned to f'Lrmly establish the vortex evolution pattern and to determine the
growth rates.

J. Ray Dagenhart, William S. Saric,
Marc C. Mousseux and J. Peter Stack

Fluid Dynamics Branch

Langley Research Center
(804)864-1006
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2.6 COMPUTATIONALVALIDATION OFA PARABOLIZEDNAVIER-STOKES
SOLVERON A SHARP-NOSECONEAT HYPERSONICSPEEDS

2.6.1 Objective

To conductvalidationstudiesfor arecentlydeveloped,parabolizedNavier-Stokes
(PNS)solver,CFL3DE, in supportof theNationalAero-SpacePlane(NASP)program.

2.6.2 Approach

Theapproachinvolaed:(l_lecting acarefullydefined,thoroughexperimentaldata
srt for thehypersoniclaminarflow of aperfectgasoverasimpleshape;(2)computingthe
flowfield with thePNSsolvercomparingcomputedresultswith experimentalsurfaceand
flowfield dataand(3)assessingtheeffectof grid density,grid clusteringandconvergence
criteria for adequatelyresolving theflowfield, especiallytheboundarylayer, througha
comparisonwith surfacepressure,heattransferandflowfield pitot pressuresurveys.

2.6.3 Accomphshments

Solutionshavebeenobtainedfor a 10degree,half-angle,sharp-nosecircularcone
at Mach 7.95,aunit Reynoldsnumberof 4.2-feetby 105-feetandfour anglesof attack.
The studyof grid densityandconvergencecriteriashowedthatthe surfacepressureand
flowfield characteristics were well resolved for a grid of 41 uniformly spaced
circumferentialpointsin thehalf plane,75body normalpointsclusterednearthebodyand
21marchingplanes,providedthat theresidualof theinitial conical solutionwasreduced
four ordersof magnitude. Only a two order-of-magnitudereductionwasnecessaryfor
downstreamsolutionplanes;however,thesecriteriawereinsufficientto providegoodheat-
transferestimates. It was found that theadditionalrestrictionof cell Reynoldsnumber,
Rec, of about two or less was required to provide accurateheat-transferestimates;
therefore,the solutionof viscousphenomenasuchasheattransfer(andby inference,skin
friction) requiresabetterresolutionof theboundarylayer thanthosequantitieswhich are
primarily inviscid, i.e., pressure.A comparisonof flowfield datawith computationaltotal
pressurecontours and isoMachs indicates that the locations of the bow shock, the
embeddedshockandthe edgeof theboundarylayerarewell predictedby thePNScode
(SeeFigure2.5).

2.6.4 Significance

Thevalidationof thecodefor thehypersonic,laminarflow of aperfectgasovera
simplegeometrythatis similar to theforebodyof someNASPconceptsgivesconfidence
for its usein forebodyevolutionandanalysisstudiesundersimilar flow conditions.
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2.6.5 Status/Plans

ThevalidatedPNS solverwasusedto studythehypersonicflow on theforebody
oftheLangleyTestTechniqueDemonstratormodel.

LawrenceD. Huebner(Vigyan)andJamesL. Pittman
Supersonic/HypersonicAerodynamicsBranch
LangleyResearchCenter
(804)864-5583
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2.7 CODEVALIDATION EXPERIMENTSFORTURBULENTFLOW

2.7.1 Objective

To determine the effects of adversepressuregradient on three dimensional
turbulentboundarylayersandto examinethevalidityof currentturbulencemodels.

2.7.2 Accomplishments

NASA discoveredthe correlation betweenlevel of shearstressdecayseenin
experimentsandmagnitudeof cross-flowvelocity (SeeFigure2.6). Effects of pressure
gradientandthree-dimensionalitycombinelinearly.

2.7.3 Status/Plans

Experimentswerecompleted.New modelingideaswill beincorporatedin a three-
dimensionalflow solver. NASA will make improvementsto turbulencemodels and
computercodesfor three-dimensionalturbulentflow.

D. M. Driver
ExperimentalFluidDynamicsBranch
AmesResearchCenter
(415)604-6156
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2.8 SPACESHUTTLEMAIN ENGINECODEVALIDATION

2.8.1 Objective

To simulateandddcu'_efitflo_, in the Tum:iAr6u'nai_u'_t(TAD) of the Space
ShuttleMain Engine (SSME) in supportof turbulencemodel andNavier-Stokescode
developmentfor internalflowswithextremecurvature.

2.8.2 Approach

A large,experimentaldatabasefor flow in TAD atlow andhighReynoldsnumbers
wasobtained,includingprofilesof meanandturbulencevelocities,staticpressureandskin
friction. NASA comparedexperimentalresultswith Navier-Stokescalculationsusing
severalwidelyusedalgebraicturbulencemodels(SeeFigure2.7).

2.8.3 Significance

Unmodified algebraicturbulencemodelsareinadequatefor calculatingimportant
featuresof flow andcannotberelieduponto predictflow in TAD of actualSSME.

2.8.4 Status/Plans

Experimentalresultswill beusedto modify turbulencemodelsto accountfor strong
curvatureandpressuregradient effects. Improvedcodewill be usedto designvariable-
areaTAD with no separation,whichwill betestedtoverify codeprediction.

D. J. Monson
ExperimentalFluidDynamicsBranch
AmesResearchCenter
(415)604-6255
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2.9. ALL-BODY HYPERSONICWIND TUNNELTESTSAND CFDVALIDATION

2.9.1 Objective

To establishabenchmarkexperimentaldatabasefor a generichypersonicvehicle
shapefor validationand/orcalibrationof advancedComputationalFluid Dynamics(CFD)
computercodes.

2.9.2 Approach

NASA implemented a comprehensivetest program for a generic all-body
hypersonicaircraft model in the Ames3.5-foot wind tunnel over a broadrangeof test
conditionsto obtainpertinent surfaceandflow-field datawhich area measureof theflow
physics.Test conditionsincludedfree-streamMachnumbersof 5, 7 and 10; free-stream
Reynoldsnumbers(basedon a modellengthof threefeet)rangedfrom 1.5million to 25
million (laminar to turbulent flows) and model anglesof attackfrom 0 degreesto 15
degrees(attachedandseparatedflows). Measurementsprovided flow-visualizationdata
(shadowgraphsandsurfaceoil-flow patterns),surfacepressures,surfaceheattransferand
flow-field surveysof pitot pressure(probes)andmeanvelocities(laservelocimetry).The
experimentaldatawerecomparedto resultsfrom variousCFDcodesto assesswhetherthe
codescapturethe flow physics.The primary comparisonsweremadewith the Upwind
ParabolizedNavier-StokesSolver(UPS)codeatAmes (SeeFigure2.8).

2.9.3 Accomplishments

Experimental data on flow visualization, surfacepressuresand pitot-pressure
surveyswereobtainedandcomparedtoresultsfrom theUPScode.

2.9.4 Significance

Thesedataandcoderesultsshowthesignificantflow changeswith varying angle
of attackanddemonstratethegenerallygoodagreementbetweentheexperimentandUPS
codecomputations(somedifferencesathigheranglesof attack),thusindicatingthevalidity
of thecodefor thegivenrangeof testconditions.

2.9.5 Status/Plans

NASA will (1) completedataanalysisandcodecomparisonsfor surfaceheat-
transferdatarecently obtained,(2) completeongoingtest for pitot-pressuresurveysand
makecodecomparisonsfor additionaltestconditions,(3)performflow-field surveysusing
LaserDopplerVelocimetry(LDV) uponcompletionof LDV systemunderdevelopmentand
(4) if desired,performadditionaltestswith instrumentedcontrolsurfaceson themodel.
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WilliamK. Ix)ckman
Aerothermodynamics Branch
Ames Research Center

(415)604-5235

Scott L. Lawrence

Applied Computational Fluids Branch
Ames Research Center

(415)604-4050

Joseph W. Cleary
Eloret Institute

Sunnyvale,CA

2-18



CHAPTERTHREE

TRANSITION AND TURBULENCEPHYSICS

3.1 INTRODUCTION

The objectiveof the TransitionandTurbulencePhysicsProgramis to develop a
fundamentalunderstandingof flow structuresrelatingto turbulenceandtransitionandto
incorporatetheseflow structuresinto sophisticatedflowmodelsfor usewith computational
methods. Turbulencemodels areneededfor compressible,chemically-reacting,time-
dependentflows. Theprogramincludesthedevelopmentof testtechniquesandadvanced
instrumentationfor time-dependentmeasurementsof unsteadyflow aboutbothsimpleand
complexconfigurations. Theprogramalsoincludesthedevelopmentof numericalcodes
for simulating transitional and turbulent flows. Theprogram supportsthe Centerfor
TurbulenceResearchwhich assemblesworld renownexpertsto generatenew concepts
regardingturbulence.

ProgramManager: Mr. EdwardT. Schairer

OAST/RF

Washington, DC 20546
(202)453-2819
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3.2 TURBULENCE MODELING USING DIRECT SIMULATION DATA

3.2.1 Objective

To develop phenomenological turbulence models for Reynolds-averaged, Navier-
Stokes codes using data from direct numerical simulation of turbulence.

3.2.2 Accomplishments

The program resulted in new, near-wall corrections for eddy viscosity and
dissipation rate equations (See Figure 3.1).

3.2.3 Significance

The turbulence model can be used in three-dimensional, Reynolds-averaged,
Navier-Stokes code to account for near-wall effects.

3.2.4 Status/Plans

Work is in progress to develop the Reynolds stress model.

N. N. Mansour

Computational Fluid Dynamics Branch
Ames Research Center

(415)604-6420
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3.3 IMPROVEDTURBULENCEMODELFORTRANSONICFLOW

3.3.1 Objective

To developfor transonicflow overairfoils andwings,a turbulencemodelcapable
of predictingperformanceaccuratelyup tomaximum;lift coefficient.

3.3.2 Approach

Theapproachinvolvedconductingcomputerexperimentsto developanimproved
turbulencemodel (SeeFigure3.2).

3.3.3 Accomplishments

NASA developeda computationallyefficient,nonequilibriummodelto accurately
describebehaviorof turbulencefor weakandstronginteraction,usingdifferentialequation
for maximumReynoldsshearstress.

3.3.4 Significance

The useof Reynolds-averaged,Navier-Stokesmethodsfor transonicairfoil and
wing designis enhancedby theimprovedturbulencemodel.

3.3.5 Status/Plans

Furtherdemonstrationsareplannedfor theperformanceof wings.

D.A. Johnson
ExperimentalFluidsBranch
AmesResearchCenter
(415)604-5399
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3.4 STRUCTUREOFPLANEMIXING LAYERS

3.4.1 Objective

To (1) improvethebasicunderstandingof turbulentmixing layersthroughdetailed
experiments,with theaimof overallcontrolof structureandmixing; (2) documentinflow
boundary conditions and (3) create a databasefor comparison with Navier-Stokes
numericalsimulations.

3.4.2 Approach

The approach involved (1) measuring directly for the first time, secondary
(streamwise)vortex structurein planemixing layers and (2) conducting a survey of
mechanismsfor triggeringthesestructures(SeeFigure3.3).

3.4.3 Accomplishments

Experimentaldatahaverevealedimportantdetailsregardingorigin, reorganization
anddecayof secondarystructure.

3.4.4 Significance

Dataalsosuggestwaysin which secondarystructuremaybecontrolledto enhance
turbulentmixing.

3.4.5 Status/Plans

Experimentsarein progresswith trippedboundarylayersto simulatehigher (more
practical) Reynoldsnumbers. Futureplans includemulti-probe correlationand phase-
averagedmeasurementsin mixing layerwith spanwiseandnormalforcing.

R.D. Mehta
Fluid DynamicsResearchBranch
AmesResearchCenter
(415)604-4141
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3.5

3.5.1

PHYSICSOFNUMERICALLY SIMULATEDTURBULENCE

Objective

To identify spatialcharacterandtemporalevolutionof turbulentboundarylayer
motions responsiblefor turbulenceproduction anddissipation,wall pressureand skin
friction fluctuationsandentrainmentof outer,non-turbulentfluid.

3.5.2 Approach

The approachinvolved investigatingkinematicsof all major turbulencestructure
elements,includingembeddedvortices,in anumericallysimulatedboundarylayer.

3.5.3 Accomplishments

Theprogramenabledidentificationof majorsourcesof turbulenceproduction,wall
pressurefluctuationsandinternalvortexstructures.

3.5.4 Significance

This wasthedeepestphysicalunderstandingyet of turbulentboundarylayerswith
first integrationof all structuralfeaturesintoconsistentkinematicframework.

3.5.5 Status/Plans

NASA is developingan advancedconceptualmodelof turbulencedynamicsfor
applicationto modelingandcontrolmethodologies.

S.K. Robinson
ExperimentalFluid DynamicsBranch
AmesResearchCenter
(415)604-6220
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3.6 LOW REYNOLDSNUMBERTURBULENTFLOWEXPERIMENTS

3.6.1 Objective

To acquiremassivequantitiesof turbulentflow datafor usein codevalidation by
totallyautomated,computercontrolledexperiments.

3.6.2 Accomplishments

NASA completedthelongestcontinuous,singleexperimentalrun to datewith no
manualinterventionof 59hours.NASA consumed46hoursof Micro-Vax CPUtime and
processedandwrote to disk,atonemillion samplesperminute (SeeFigure3.4).

3.6.3 Significance

This programfills thevoid of low Reynoldsnumberdatafor turbulentboundary
layerwith adversepressuregradient.

3.6.4 Status/Plans

NASA plans to measureall Reynoldsstresseswith a crossedhot wire probeat
spatiallydenselocations. Theprobewill betraversedthroughregionsof high turbulence
intensityathigh speedwheredatafrom stationaryprobesareinaccurate.

J. H. Watmuff
FluidDynamicsResearchBranch
AmesResearchCenter
(415)604-4150
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Figure 3.5. Root-Mean-Square Velocity Fluctuation Normalized by the
Wall Shear Velocity
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3.7 FINITE DIFFERENCE METHOD FOR TURBULENT FLOW

3.7.1 Objective

To develop a high-order-accurate finite-difference method for direct and large-eddy
simulations of turbulent flow.

3.7.2 Approach

The approach involved developing a fifth-order accurate, upwind method to
simulate incompressible, low Reynolds number, fully developed turbulent flow in a
channel (See Figure 3.5).

3.7.3 Accomplishments

Results compare well with experimental data and results from earlier simulations
using the spectral method.

3.7.4 Significance

Unlike spectral methods, the finite-difference method can be modified in a
straight-forward manner for complex geometries.

3.7.5 Status/Plans

A method is being extended to compressible flow with application to a boundary
layer transition on flat plate.

M.M. Rai

Applied Computational Fluids Branch
Ames Research Center

(415)604-4499
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3.8 TEMPORALLY-EVOLVING MIXING LAYERS

3.8.1 Objective

To understand development of three-dimensional mixing layers from a broad range
of initial disturbances.

3.8.2 Approach

The approach involved generating a large database of numerical simulations.

3.8.3 Accomplishments

NASA completed simulations illustrating evolution of typical mixing layer vortex
structures through roll-up and pairing (See Figure 3.6).

3.8.4 Significance

Simulation results provide insight into development of mixing layers, particularly,
poorly understood onset of three-dimensionality.

3.8.5 Status/Plans

NASA will continue generating three-dimensional simulations, including second
pairing, turbulence and chemical reactions.

M. M. Rogers and R. D. Moser

Computational Fluid Dynamics Branch
Ames Research Center

(415)604-4732
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3.9 LINEAR STABILITY OFBOUNDEDFREESHEARFLOWS

3.9.1 Objective

To understandtheevolutionof boundedmixing layerssothatthisknowledgemay
eventuallybeusedto enhancemixing betweenafuelandair streamemittedfrom a scramjet
combustor. Since mixing is greatly enhancedby turbulent flow, understandingthe
instabilitieswhich leadto turbulenceof high-speedmixinglayerswastheinitial focus.

3.9.2 Approach

Theinitial stagesof instabilityof aboundedmixing layer werestudiedby solving
the linearized,compressible,Navier-Stokesequationsdiscretizedby a highly accurate,
spectralcollocation,pressure-staggeredsolutiontechnique.

3.9.3 Accomplishments

Usinga SpectralCompressibleLinearStability(SPECLS)code,it wasfound that
theexperimentallyobserveddropin mixing efficiencyathighMachnumbermaybedueto
low frequency,3-D disturbanceswhich arenaturallypresentin the beginning stagesof
mixing layer instability. Thesedisturbanceshavemuch lower growth rates than the
predominantdisturbancesat low Machnumber;however,the studyalsoshowsthat there
exist highly amplified 2-D (disturbance wave angle, theta=0 degrees), supersonic
disturbancesat very high frequency,i.e., high streamwisewave number, alpha. The
highly oscillatorystructureof thesemodesis displayedin Figure3.7,which is aplot of the
pressuredisturbance,P, versusnormal coordinate,y. The growth rates,wi, of these
disturbances,areanorderof magnitudegreaterthanthemostamplifieddisturbancesat low
frequency, which are 3-D (theta=65degrees).Figure 3.7 displays thesegrowth rates
versusalphafor amixing layercomprisedof aquiescentgasandaMoo=3.5gas.

3.9.4 Significance

Forcingthesehighfrequenciesin highMachnumbermixing layersatthebeginning
of themixing-layerevolution mayexcitethehighly-amplifiedmodesandtherebyinduce
transitionto turbulenceandenhancedmixing. If thisoccurs(asis hoped),theconstruction
of a scramjetcombustor,whichrequiresefficient mixingof fuel and air streamswithin a
practicalstreamwisedistance,will becomepractical.

3.9.5 Status/Plans

These highly-amplified disturbances will be further studied in a nonlinear
simulation of a mixing layer's instability and transition. The exact impact these
disturbanceshaveon early transitionandmixing enhancementwill begainedfrom these
studies.
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M. G. Macaraeg

Computational Methods Branch

Langley Research Center

(804)864-2295
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3.10 DEVELOPMENT AND IMPLEMENTATION OF THE PARABOLIC
STABILITY EQUATION

3.10.1 Objective

To study linear and nonlinear stages of transition using the Parabolic Stability
Equation (PSE).

3.10.2 Approach

The equation is based on the split of a disturbance's stream function into the

product of a profile function and a wavelike function. Under proper adjustment of the
wave function, one may apply the boundary layer approximation to the shape profiles and
obtain a parabolic governing equation.

3.10.3 Accomplishments

A family of codes based on the PSE for the analysis of two dimensional waves in

a Blasius boundary layer was developed and fully tested. The marching code was run with
up to eight harmonics of the TS wave, at amplitudes of up to eight percent (Umaxrms)
(See Figure 3.8). A complete analysis of the linear growth of the TS wave in a nonparallel
boundary layer was completed. The results of previous investigators were accurately
duplicated and some issues were clarified. The nonlinear calculations are in agreement with
the full Navier- Stokes simulations of Spalart, at Ames.

3.10.4 Significance

The PSE is an alternative tool for the accurate analysis of transition in the linear and
nonlinear regions up to, but not including, the first spike stage and rapid spectrum
widening. The computational expense of solving the PSE is orders of magnitude lower
than the full Navier-Stokes equation.

3.10.5 Status/Plans

The incompressible studies will be completed by performing a detailed analysis of
three dimensional disturbances in the Blasius boundary layer, with a particular focus on the

nonlinear stages following the onset of secondary instability. An extension of the theory
and investigations to compressible flows will be done as a feasibility study.

F.P. Bertolotti, Th. Herbert and G. Erlebacher

Computational Methods Branch
Langley Research Center

(804)864-2308
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3.11 NONLINEAR WAVE INTERACTIONS IN THREE DIMENSIONAL
BOUNDARY LAYERS

3.11.1 Objective

Three dimensional (3-D) boundary layers are usually rich in different instability
modes, i.e., Stationary Crossflow (CF), Traveling CF, Vertical Vorticity (VV) and
Tollmien-Schlichting (TS) modes. One expects the possible evolution of many resonant
triads whose components can take part in several resonant interactions. The mechanism of
resonance of three waves plays an important role in determining the nonlinear
characteristics of the development of disturbances leading to transition. To study the spatial
evolution of these triads to promote the understanding of the transition process in 3-D
flows.

3.11.2 Approach

A nonlinear nonparallel stability analysis code was developed to examine the
modulation of the amplitudes and phases of three instability modes satisfying triad resonant
conditions in time and space in 3-D flows. The meanflow was the boundary layer on a 23

degree swept infinite span wing with M00=.82 and Rc=20xl06. Different examples of
interaction were found. A triad interaction of three traveling CF modes exhibited strong
resonance and resulted in the amplification of a superharmonic or a subharmonic depending
on the spectrum of the initial amplitude and phases of the interacting waves. A damped W
mode resonated with two traveling CF modes and became strongly unstable. A stationary
CF vortex resonated with two traveling CF modes resulting in rapid growth of these
modes. Figure 3.9 shows an example of the rapid growth of two TS waves due to
interaction with stationary CF vortex.

3.11.3 Accomplishments

An important role in the nonlinear process is played by the initial spectrum of
amplitudes and phases of the triad components. Strong interaction continues to exist
between the triad components even if the resonant conditions are not perfectly tuned. In 3-
D flows, transition prediction methods may not treat the modes independently because
these modes do interact nonlinearly, even if they are weakly amplified. Nonparallel flow
effects are important only during the initial development of the triad components, as the
amplitudes increase, nonlinear effects control their subsequent spatial development.

3.11.4 Status/Plans

The theory developed here will be extended to high Mach numbers and the
interaction model will be compared with experimental findings.
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3.12 EVOLUTION OFA 2-DSECONDMODEWAVEIN A MACH 4.5
BOUNDARY LAYER

3.12.1 Objective

To demonstratetheexistenceof a saturatedstateof the two-dimensionalsecond
mode. This saturatedstatewill thenbecometheprimaryflow for a secondaryinstability
analysis.To this end,thetime-dependentNavier-Stokesequationsaresolvedusingafully
spectralalgorithm(for reasonsof accuracy).

3.12.2 Approach

An existingthree-dimensionalspectralcompressiblecodethat solvestheNavier-
Stokesequationsappliedto aflat plategeometrywasusedto tracka2-D secondmodeover
multiplewaveperiods. FlowconditionsareM,,,=4.5,Re and thestreamwisewavelength
alpha=2.25.Thesimulationwasconductedona gridof 16x64x4andthewavelengthwas
trackedfor 20 time periods. As a point of reference,the linear wave amplification is
approximatelysevenpercentperperiod.

3.12.3 Accomplishments

Resultsafter20periodsindicatethatnon-linearitiesaredevelopingin thecritical
layer/generalizedinflectionpoint region. Thesenonlinearitieswereprovento betheresult
of thecubicinteractionsin themomentumequations,which is not surprisingin light of the
largedensityfluctuations(tenpercent).Thesenon-linearitiesaredemonstratedin Figure
3.10a, which showsa plot of theprimary wave growthrateasa function of the normal
coordinatey at 0, 5, 10, 15and20periods. For reference,thecurveis ahorizontalline in
the linear regime. Figure3.10bshowsthattheperturbationvorticity startsforming in the
wall regionandnearthecritical layer. After 20periods,therewaslossof resolutionwhich
endedthesimulation;however,numericalexperimentssuggestthata weakly non-linear,
asymptotic theory might lead to the saturatedstate. This thenwill permit a practical
parameterstudyof theexistenceof thesaturatedstateasa functionof Reynoldsnumber,
Machnumberandwavenumber.

3.12.4 Significance

Thestability characteristicsof thesaturated,twodimensionalstateareexpectedto
provideanimportantcluetowardsunderstandingthemechanismsthatunderlietransitionat
hypersonic speeds. This is of fundamentalimportancefor the designof hypersonic
aircraft.

3.12.5 Status/Plans

NASA plans to conduct an asymptotic analysis to determine the saturated state and
compare it with the direct simulation results. NASAwiU perform a detailed energy budget
analysis to determine why the second mode is unstable.
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3.13 COMPUTATIONOFSPATIALLY UNSTABLETHREE-
DIMENSIONALWAVESIN A SUPERSONICBOUNDARY LAYER

3.13.1 Objective

To numerically evaluate the nonlinear behavior of spatially-unstable, three-
dimensional waves in a supersonic boundary layer.

3.13.2 Approach

A supersonic boundary layer flow was perturbed by imposing a disturbance
represented by a harmonic, linear stability eigenfunction at the inflow boundary. The
spatial evolution of the disturbance was computed by numerically solving the unsteady,
three dimensional, Navier-Stokes equations using a fourth order, accurate, finite-difference
scheme.

3.13.3 Accomplishments

In the linear range, good agreement was found among this spatial method, linear
stability Calculations and the experiment. By increasing the disturbance amplitude,
nonlinear distortion was computed. This nonlinear distortion takes the form of relaxation-

type oscillations of the time signal and a progressive clustering of vorticity contours as the
downstream distance increases (See Figure 3.11).

3.13.4 Significance

The results of this research enable, for the first time, the study of nonparallel effects

in the nonlinear growth and transition in supersonic boundary layers.

3.13.5 Status/Plans

Further nonlinear disturbances will be investigated using higher resolution. The

effect of in-plane surface curvature also will be studied.

L. Maestrello, R. Krishnan and A. Bayliss

Fluid Dynamics Branch

Langley Research Center

(804)864-1067
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3.14 LARGE-EDDY SIMULATION (LES)TRANSITIONMODELING

3.14.1 Objective

To developandcalibrateLarge-EddySimulation(LES) modelsfor transitional
flows. Themodelsrequireda subgrid-scaleviscositythatis tunedfor transitionalrather
thanturbulentflows. The modelswerecalibratedagainstdirectnumericalsimulationsof
transitionalchannelandboundarylayerflows.

3.14.2 Approach

A priori tests of LES models were performed on high resolution databases for both
channel and flat plate boundary layer transition. The results suggest that the conventional
turbulent LES model needs modification for transitional flows. Both ad hoc and

Renormalization Group (RNG) modifications were proposed and tested (See Figure 3.12).

3.14.3 Accomplishments

Actual large-eddy simulations of transitional, boundary, layer flow were
performed. The RNG model works exceptionally well in comparison with the direct
simulation data.

3.14.4 Significance

This is the first LES transition modeling work that has focused on the key issue of
predicting the length and detailed properties of the transition region. Earlier attempts were
content to produce a valid final turbulent state from a laminar initial state, but made wildly
inaccurate predictions for the transition zone itself. This new capability opens the door to
many numerous types of transition simulations that are not feasible with direct simulation
techniques.

3.14.5 Status/Plans

Exhaustive tests of the LES transition model predictions will be made against

existing high-quality transition databases for incompressible flow. The model will be
extended to compressible flow and to more complex geometries.

U. Piomelli, C. Speziale, M. Hussaini and T. A. Zang

Computational Methods Branch

Langley Research Center
(804)864-2307
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3.15 STUDIESIN DIRECT SIMULATION OFHIGH SPEEDMIXING LAYERS

3.15.1 Objective

To examinetheeffectsof convectiveMachnumber,disturbancelevel, natureof
initial profilesandReynoldsnumberon thestructureof ahighspeedmixing layer.

3.15.2 Approach

The SPARK code,basedon a fourth-orderaccurateschemein thecrossstream
direction anda third-orderupwind schemein the streamwisedirection,wasusedwith a
second-ordertime accurateschemeto computehigh-speed,mixing-layerflowfields

3.15.3 Accomplishments

High-speedmixing-layercalculationsweremadeat convectiveMachnumbersof
0.38and0.76 for anumberof initial disturbancelevels,for two initial profiles andfor a
rangeof Reynoldsnumbersusingthe SPARK2-D codewith high-orderalgorithmsand
fine grid resolution (SeeFigure3.13). From thecalculations,NASA concludedthat (1)
the assumedhyperbolic tangentprofiles needlargedisturbancelevels to makethe flow
transitional; (2) boundarylayer profiles leadto predictionsof a transitional Reynolds
numbercomparablewith theexperimentalresultsof DemetriadesandKing, etc.Excitation
of theshearlayerin theStrouhalnumberrangeof 0.007causesearlyrollup andmixing; (3)
theconceptof a convectiveMachnumberneedsreviewathigh convectiveMachnumbers
becausethe structuresdilatesignificantly,leadingto a largevariation in thespeedsof the
structureand(4) thegrowthratesobtainedfrom thetimeaverageddatacomparereasonably
well with existingexperimentaldata,illustrating the compressibility effects.

3.15.4 Significance

Direct numerical simulation of high-speed mixing layers improved the
understanding of fuel-air mixing in scramjet combustors. This knowledge is critical to the
design of an efficient propulsion system for the National Aero-Space Plane. Current
studies enable determination of several important techniques for producing high levels of
mixing and combustion efficiency in a scramjet combustor and suggest how these
techniques could be incorporated into an actual engine design.

3.15.5 Status/Plans

The effect of reaction on the mixing-layer growth will be studied with single-step
and with multiple-step finite-rate chemistries. Also, a set of three-dimensional calculations
will be carried out to determine whether three dimensionality introduces any change in the
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structureof the layer. Thesecalculationswill be very useful in evaluatingthe mixing
processin anactualcombustor.

S.Mukunda,B.Sekar,M. CarpenterandJ.P.Drummond
ComputationalMethodsBranch
LangleyResearchCenter
(804)864-2311
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3.16 THREE-DIMENSIONALBOUNDARY LAYER

3.16.1 Objective

To develop 3-D boundary layer software for aerospaceconfigurations with
emphasisonaccuracyrequiredfor transitionprediction.

3.16.2 Approach

The approachinvolveddeveloping(1)numericalproceduresandsoftwarefor 3-D,
compressible boundary layer equations and (2) theory and software for interface
proceduresbetweenan inviscid flowfield andthe boundarylayer including coordinate
systemgeneratorsandgraphics.

3.16.3 Accomplishments

A generalinterfaceprogramwasdevelopedthat couplesmost existing inviscid
solvers with two efficient and accurateboundarylayer algorithms. Procedureswere
verifiedby comparisonsof numericalresultswith existingsolutionsandexperimentaldata.
Resultsfor a generalaviationfuselageanda sweptwing at angleof attackwerepresented
(SeeFigure 3.14). Axisymmetric analoguetheorywascomparedwith the solutionand
failed to predict the correct trendsfor C/n--0.5. Comparisonswith thin-layer Navier-
Stokesfor asweptwing werepresented.

3.16.4 Significance

Softwarewill be usedat a fraction of thecost associatedwith Navier-Stokes
solutions.Outputwill provideaccurateinitial valuesfor transitionprediction.

3.16.5 Status/Plan

Releasesoftware to all research/developmentcenters (U.S. Governmentand
contractors)workingonlaminarflow control,dragreductionandtransition.

J.Harris, V. Iyer andY. Wie
ComputationalMethodsBranch
LangleyResearchCenter
(804)864-2285
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3.17 SUPERSONIC TRANSITION ON CONES AND FLAT PLATES

3.17.1 Objective

To determine if wind-tunnel disturbances can account for the observed, 30-year old
disagreement between theory and measurement for supersonic boundary layer transition on
cones and flat plates. The low-disturbance, free-stream conditions assumed by the theory
can now be simulated by the Langley Mach 3.5 Low-Disturbance Tunnel. A re-
examination of the cone/flat-plate discrepancy in transition Reynolds number is desirable.

3.17.2 Approach

Flat-plate and cone transition data were obtained in the Mach 3.5 Pilot Low-
Disturbance Tunnel. The ratios of cone-to-fiat-plate transition Reynolds numbers are about
0.6 compared with about 2 to 2.5 at this Mach number in conventional tunnels. Transition

predictions based on the e N method with N=10 are in excellent agreement with the
measured locations of transition onset for both the cone and flat-plate data (See Figure
3.15).

3.17.3 Accomplishments

These results account for the long-standing disagreement between theory and
measurements of transition on flat plates and cones. In the Low-Disturbance Pilot Tunnel,
the acoustic energy radiated to the upstream sensitive regions of the cone and flat-plate
boundary layers is extremely small at all frequencies and under these conditions stability
theory accurately predicts transition.

3.17.4 Significance

These results reinforce dramatically two issues, (1) the importance of using quiet

tunnels for high-speed transition studies and (2) the apparent usefulness of the eN method
for transition "prediction."

3.17.5 Status/Plans

Experimental investigations of the apparent different receptivities of the cone and
fiat-plate boundary layers will be conducted. Further development of the theory to address
the receptivity problem is also planned.

Ivan E. Beckwith

Viscous Flow Branch

Langley Research Center

(804)864-5544
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3.18 EFFECT OF LEADING EDGE BLUNTNESS ON FLAT PLATE TRANSITION

3.18.1 Objective

To determine if wind-tunnel noise, which is present in all conventional, high-speed
wind tunnels, has any influence on the previously observed effects of bluntness on

transition. The effect of bluntness on flat plate transition has been the object of many
experimental investigations in wind tunnels since the 1950s.

3.18.2 Approach

The Mach 3.5 Quiet Tunnel was used for this investigation in both a high-noise

and low-noise mode. A flat-plate model with various nose radii was tested in this facility to
study the effects of noise on blunt-nose transition. The onset of transition was determined
by hot-wire probes.

3.18.3 Accomplishments

Figure 3.16 shows the variation of typical data for transition Reynolds numbers
with leading-edge thickness. Transition for low-noise levels in the Quiet Tunnel are
compared with previous high-noise data from AEDC Tunnel A. The values of transition
Reynolds number for low noise in the Quiet Tunnel are much larger than the conventional
tunnel data and also show increased sensitivity to bluntness.

3.18.4 Significance

These results illustrate another situation where wind-tunnel noise dominates a

transition related phenomenon. It is clear that the wind tunnel noise drastically reduces
both the transition Reynolds numbers and the dependence of transition on bluntness.
These results are of critical importance to NASP-type vehicles where blunt-leading edge
flows may be dramatically destabilized by external noise.

3.18.5 Status/Plans

Further tests with larger bluntness values and an increased range of unit Reynolds
numbers will be made. Evaluation/calibration of the e N method as a viable transition

prediction tool will be made.

F.J. Chen and I. E. Beckwith
Viscous Flow Branch

Langley Research Center
(804) 864-5732
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3.19 INFLUENCE OFCOMBINING DISTURBANCEFIELDS ON TRANSITION--
ROUGHNESSAND ACOUSTICS

3.19.1 Objective

To exploreandquantify theeffectsof roughnessandacousticforcing,bothalone
andin combination,onaboundarylayer flow exhibitingthecrossflow instability. Efforts
to studythe stability andtransitionof three-dimensionalflows haveoftenfocusedon the
effectsof discretedisturbancemodes.It isnecessary,however,to investigatecombinations
of disturbancesaswell.

3.19.2 Approach

Isolatedhemisphericalroughnesselementsof varioussizeswerefixed to aflat disk
rotating in quiescentfluid. The roughness-perturbedflow was subjectedto intense,
acousticirradiationat forcing frequencies,f, in therange800Hz<f<2,800Hz.A hotwire
wasusedto recordflow structureandthelocationof thefirst turbulentburst.

3.19.3 Accomplishments

Figure3.17showsthegeneraleffectof forcingfrequencyandroughnessheighton
transition downstreamof isolated hemisphericalroughnesselements in terms of the
roughnessheight Reynolds number Rek and the transition Reynolds number, Ret.
Without roughnessandfor small hemispheres(Rek<275),no responseto intenseforcing
was noted. For medium-sizedroughnesselements(275<Rek<590), intense acoustic
forcing atfrequenciesabove1400Hzsuppressedtheamplitudesof the primary instabilities
in the wave packet downstream of the roughness element. For large roughness elements
(Rek>590), the flow was highly receptive to intense forcing at all frequencies.

3.19.4 Significance

This information is critical for the design of laminar flow control systems on swept
wings where the presence of engine noise and manufacturing inhomogeneities may
adversely influence transition. These results show that maximum allowable roughness
heights may be dramatically reduced when high intensity sound is present.

3.19.5 Status/Plans

Future work will focus on the effects of distributed roughness in an effort to
simulate the suction surface on a laminar flow control wing.

Ian A. Waitz

Viscous Now Branch

Langley Research Center
(804)864-5540
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3.20 SUPERSONIC FREE SHEAR LAYER TRANSITION

3.20.1 Objective

To determine the influence of free-stream disturbances on the location of

transition in free-shear layers. Free shear layer transition at supersonic speeds is critical to

scramjet-combustor design and performance due to its strong influence on the fuel/air
mixing process.

3.20.2 Approach

The Langley Mach 3.5 Low Disturbance Tunnel was used to provide both low and
high levels of incident noise on a free-shear layer generated by an aft-facing, step-wedge
combination. The adjacent surface downstream of the step simulated a geometry common
in combustor design and the downstream wedge was used to balance the pressure across
the shear layer. Measurements were made with hot wires and thin film gages (See Figure
3.18).

3.20.3 Accomplishments

Free-stream noise was found to have little or no influence on the location of

transition in the present free-shear layer. The figure illustrates that surface hot-film
correlations showed the transition process was dominated by slow-moving, upstream-
feeding disturbances through the subsonic cavity region. Hot-wire data in the shear layer
indicated that the most amplified frequencies were much lower than those expected from
linear stability theory.

3.20.4 Significance

The free-shear layer transition process is dominated by upstream feeding
disturbances (transition "bypass") for cavity-type flows with turbulent reattachment and
adjacent surfaces. This process is not predicted by linear theory.

3.20.5 Status/Plans

Intersecting shocks will be used to generate isolated free-shear layers. These
layers will be examined to determine the influence of free-stream noise on transition
without adjacent surfaces/recirculating regions/transitional/turbulent reattachment.

Rudolph A. King
Viscous Flow Branch

Langley Research Center

(804) 864-5727
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3.21 ADVANCES IN QUIETNOZZLE DEVELOPMENT

3.21.1 Objective

To acquire new nozzle designs that maximize the length of the quiet test core for
tests with large models. Laminar nozzle wall boundary layers are required for low-
disturbance wind tunnels to avoid the adverse effects of radiated noise on supersonic
transition studies. The "quiet" test core size is a direct function of the length of laminar flow
on the nozzle walls.

3.21.2 Approach

Current laminar flow nozzles use the rapid expansion concept to maintain laminar
flow through the effect of strong, favorable pressure gradients. Such nozzles are strongly
inflected and generate Gortler vortices which eventually cause transition. A new concept
based on linear stability theory was used to design slower expansion nozzles that
minimized Gortler vortex growth while retaining the required level of favorable pressure
gradient effect (See Figure 3.19).

3.21.3 Accomplishments

A new, slow-expansion, nozzle design technique was verified that produces a
quiet test core three times larger than previous rapid-expansion designs. The figure shows
the increased test core size obtained with a Mach 3.5 nozzle fabricated to this design.

3.21.4 Significance

These results provide full confirmation of the theory and provide confidence in the
technique for new nozzle designs. Significantly larger, more complex models can now be
tested under "quiet" conditions, allowing more detailed studies of the factors affecting
supersonic boundary layer transition.

3.21.5 Status/Plans

New, slow-expansion designs are underway for a Mach 6 and a Mach 8 nozzle to
allow quiet testing at hypersonic Mach numbers.

Ivan E. Beckwith

Viscous Flow Branch

Langley Research Center
(804)864-5544
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3.22 LAMINAR FLOW CONTROLON A FLATPLATEUSINGLOCALIZED
HEATING

3.22.1 Objective

To demonstratethat drag reductioncanbeachievedby delaying the onsetof
transitionon a flat platedue to localizedactive/passiveheatingat the leadingedgeof the
model.

3.22.2 Approach

Localized heatingwasplacedon the leadingedgeof the model in the regionof
favorablepressuregradient. The acceleratingflow in this regionwascoupledwith the
cooling downstreamof the heat sourceto delay transition. As the temperatureof the
leading edge heat sourcewas increased, the flow which is initially turbulent at the
measurementlocation, wentthroughseveralstagesfromrandomlyintermittentinto afully
laminarstage.

3.22.3 Accomplishments

Figure 3.20showsthesechangesin a law-of-the-wallplot, i.e., turbulentstage
(A) to fully laminar stage (E). During this process, the Reynolds numberbasedon
momentumthicknessis reducedfrom 3,141 to 983with a correspondingreduction in
boundarylayer thicknessandskinfriction.

3.22.4 Significance

Localizedleadingedgeheatingwith attendeddownstreamcoolingis shownto be
effectivein delayingboundarylayer transitionandreducingskinfriction at low speedsand
low Reynoldsnumber.

3.22.5 Status/Plans

Transition delay using surfaceheating is beinginvestigatedon more complex
configurationsincludingconcave-convexcurvaturesandafuselagewith three-dimensional
flow.

L. MaestrelloandK. A. Nagabushana
FluidDynamicsBranch
LangleyResearchCenter
(804)864-1067
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3.23 NUMERICAL SIMULATION OFCHAOTICSTATESIN FINITE-LENGTH
TAYLOR-COUETrE FLOW

3.23.1 Objective

To study the progressionof a model flow with increasing Reynolds number
throughperiodicandquasi-periodicoscillatory instabilitiesto achaotic flow state and to
eventual transition to turbulence.

3.23.2 Approach

The approach involved obtaining a numerical simulation of the flow via highly-
accurate solutions to the incompressible time-dependent Navier-Stokes equations using a
spectral collocation method. The model flow chosen was that of Taylor-Couette flow, the
shear-driven flow between concentric, counter-rotating cylinders. This flow is well-
known to be subject to a sequence of instabilities. The fin'st produces a series of toroidal
vortices which fill the gap between the cylinders. A number of researchers have performed
extensive experimental investigations of these flow states.

3.23.3 Accomplishments

Full three-dimensional, time-accurate simulations were carried out for a particular
length/gap geometry to examine the progression of the wavy vortex states through
transition to turbulence as the rotation rate increases (See Figure 3.21). The upper left
figure shows the time history of the axial velocity measured at a specific location in the
flow for a particular scaled rotation rate (Reynolds number, R); the regular oscillatory
nature of the signal indicates a smooth unsteady wavy vortex flow. The frequency
spectrum of this oscillatory time history (upper right figure) indicates that the flow has just
two dominant frequencies of oscillation at this rotation rate. At a higher rotation rate, the
flow transitions to a weakly-turbulent or "chaotic state," as seen in the lower figures. The
time history is irregular and disordered and the frequency spectrum is broadband,
showing no dominant components.

3.23.4 Significance

Simulations and analysis of a chaotic flow will (1) help establish whether or not
there is a connection between the mathematical theory of strange attractors in nonlinear
dynamical systems and the appearance of turbulence; (2) possibly explain certain physical
mechanisms in restrained transition processes (such as occurring in shear layers); and (3)
further the understanding of nonlinear dynamical systems in general.
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3.23.5 Status/Plans

Continued simulations will pursue the chaotic flow state to higher levels of
"disorder." Techniquesfor analyzingsimplechaoticsystems(phaseportraits, Poincare
sections,Lyapunovexponents,etc.)will beextendedfor applicationto dataproducedby
thesimulations.OneNavier-Stokesalgorithmdevelopedin thecourseof thiswork will be
appliedto thesimulationof spatiallydevelopingboundarylayer transition.

CraigL.Streett
TheoreticalAerodynamicsBranch
LangleyResearchCenter
(804)864-2230
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3.24 DIRECT SIMULATION OFCOMPRESSIBLETURBULENCE

3.24.1 Objective

To studythe physicsof compressiblehomogeneousturbulenceand to generate
accuratedatabasesagainstwhichturbulencemodelscanbeevaluated.

3.24.2 Approach

Theapproachinvolved (1) numericaUysolvingthetime-dependentNavier-Stokes
equationsin a periodic, three-dimensionalbox usinga fully spectralalgorithm and(2)
devising diagnostics to distinguish the compressiblefrom the incompressibleflow
characteristics.

3.24.3 Accomplishments

A newimplicit algorithmwasdevelopedto treattheacousticterms.Thisresultsin
a factorof 10speedupon theCray2 whenthefluctuatingMath numberis lessthan0.05.
Initial conditions were chosen to generateweak shocks/shocklets. Under these
circumstances,thekinetic energycontainedin thecompressiblemodesis greaterthan70
percentof thetotalkinetic energy. Longtime simulationsof two-dimensionalturbulence
indicatethatweakshocksform afteraninitial transientperiodandpropagateatthespeedof
sound.Randomspotcheckshaveconfirmedthatlocalregionsof vorticity areenhancedby
thepassageof the shockandthatapressurepulseis emittedwhentheshockwavehits the
centerof avortex region. Figure 3.22showsthedivergenceof velocity at a frozentime
level. The shocksare characterizedby local regionsof strongly negativevelocity
divergence.

3.24.4 Significance

Two- and three-dimensionaldirect simulationsimprove our understandingof
turbulenceand canprovide a goodfoundationuponwhich to build turbulencemodels.
Ultimately, theknowledgegainedfrom thiswork will leadto airplaneswith reduceddrag
characteristicsandto scramjetswith improvedmixingproperties.

3.24.5 Status/Plans

NASA will perform two- andthree-dimensionalsimulationsof turbulent shear
flows to assess whether the presence of weak curved shocks enhance mixing when the
convective Mach number is supersonic.

G. Erlebacher and T.A. Zang

Computafio_nal Methods Branch

Langley Research Center
(804) 864-2308
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3.25 JOHNSON-KINGTURBULENCEMODELFOR3-DFLOWS

3.25.1 Objective

To developanon-equilibriumturbulencemodelfor predictingseparatedflows over
aircraftcomponents.

3.25.2 Approach

A numerical schemedevelopedfor thin Navier-Stokesequationswas appliedto
solvetheflow overafinite lifting wing. During thecourseof this study,it wasestablished
that thepresentmethodproducesaccuratesolutionsfor attachedflows with theBaldwin-
Lomax turbulencemodel; however, the Baldwin-Lomaxturbulencemodel, which is an
equilibrium typemodel,is foundto be inadequatefor separatedflows. A non-equilibrium
turbulencemodel, namelythe Johnson-Kingmodeldevelopedoriginally for 2-D flows,
wasextendedto 3-D flows (SeeFigure3.23).

3.25.3 Accomplishments

Basedon comparisonof computedpressureswith experimentaldata,it is clearthat
the Johnson-King model predictions for the shocklocation and the overall pressure
distribution arein muchbetteragreementwith thedatathan the Baldwin-Lomax model
predictionsfor separatedflows over the ONERA M6 wing. The Johnson-Kingmodel
resultsin a much largerreverseflow regioncomparedto that predictedby theBaldwin-
Lomax model. This improves the pressure predictions in the post shock region
significantly. A mushroomtype of streamlinepattern observedexperimentally for
transoniclifting wings isproducedby usingtheJohnson-Kingmodel.

3.25.4 Significance

Non-equilibriumtypeof turbulencemodelsthatincludehistoryeffectsarerequired
for accuratepredictionof separatedflows.

3.25.5 Status/Plans

Thepresentmodelisbeingextendedfor junctureflows.

V. N. Vatsa,RidhaAbid andBruceW. Wedan
TheoreticalAerodynamicsBranch
LangleyResearchCenter
(804)864-2236
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3.26 A DEFECTSTREAMFUNCTION, LAW OFTHE WALL/WAKE METHOD
FORCOMPRESSIBLETURBULENTBOUNDARY LAYERS

3.26.1 Objective

To simplify and improve the physical model for compressible turbulent boundary
layers while reducing the computational grid requirements near walls for aircraft fluid
dynamics computations.

3.26.2 Approach

Compressible laws of the wall and wake were used to model the inner region rather
than an eddy viscosity model. The defect stream function formulation was exploited in the
outer region. The numerically computed outer region solution was patched to the empirical
inner region solution at a point determined as part of the computation.

3.26.3 Accomplishments

A defect stream function of the governing equations was formulated assuming an
arbitrary turbulence model had been derived for nonequilibrium, compressible turbulent
boundary layers. The formulation is advantageous because it has a highly accurate zero-
order approximation with respect to the wall shear stress for which the tangential
momentum equation has a first integral. Previous problems with this type of formulation
near the wall were eliminated by using the empirically based, compressible law of the wall
and the associated compressible law of the wake to define the flow near the wall. A
method for determining the compressible law of the wake valid near the wall was
developed and evaluated with the present computations of equilibrium boundary layers.
The resulting wake function coefficient W is a function of the edge Mach number, Me and
the pressure gradient parameter, B (See Figure 3.24). The method was successfully tested
against previous computations and experimental data for incompressible and compressible
equilibrium boundary layers with adiabatic walls. The velocity defect comparison of the

present method with a compressible, flat plate experiment is Re_*=902.

3.26.4 Significance

The computational effort required to resolve turbulent boundary layers is
significantly reduced by modeling the inner region empirically, thus eliminating the fine
grid requirements near the wall. The determination and use of the compressible law of the
wake extends the range of the empirical description beyond the logarithmic region of the
boundary layer and completely eliminates the need for an inner region eddy viscosity
model. The defect stream function formulation yields a simple and yet accurate,
approximation of the governing equations. The method can be incorporated into existing
Navier-Stokes codes for aircraft fluid dynamics computations and enable significant

computational savings for these existing codes.
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3.26.5 Status/Plans

The presenttechniquesarebeing incorporatedand testedin an existing Navier-
Stokescodeassuminglocalequilibriumflow. Thefull nonequilibriummethodwill thenbe
incorporated.It is plannedto extendthemethodto three-dimensionalflows. The effectof
variousturbulencemodelsandnonadiabaticwall effectswill alsobestudied.

RichardA. Wahls
ComputationalMethodsBranch
LangleyResearchCenter
(804)864-2303
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CHAPTERFOUR

NUMERICAL AERODYNAMIC SIMULATION (NAS)

4.1 INTRODUCTION

Numerical Aerodynamic Simulation (NAS) provides a large-scale simulation

capability that is recognized as a key element of NASA's aeronautics program. It provides
readily accessible supercomputing capability to the United States' top aeronautical
researchers in Government, industry and academia. The NAS program also includes

research and technology development to ensure the application of emerging technologies to

computational fluid dynamics and other computational sciences.

The objectives of NAS are to (1) maintain a pathfinding role in providing leading-
edge supercomputing capabilities to NASA, DoD and other Government agencies, industry
and universities as a critical element for continued leadership in computational aeronautics
and related fields; (2) stimulate the development of state-of-the-art, large-scale, computer

systems and advanced computational tools for pioneering research and development and (3)
provide a strong research tool for OAST.

To maintain the lead in large-scale, computing capability, NAS is implementing a
strategy of installing, at the earliest possible opportunity, the most powerful, high-speed
processor (HSP) available. NAS maintains at least two high-speed processors, one which
is fully operational and represents more mature technology and the other which is a higher
performance prototype or early production model. This strategy began in September 1986
with the installation of the first, full-scale tray-2, as HSP-1. A second Cray-2 was added

in January 1988 and was replaced by HSP-2, a Cray Y-MP, in November 1988. NAS
was the first customer for the tray Y-MP, which is the first computer to sustain a

computation rate of a billion calculations per second. Current plans are to replace the
Cray-2 with a new processor (HSP-3) in 1991.

NAS was the first supercomputing facility to install a standard operating system
and communication software on all processors. All NAS computers run under a form of

the UNIX operating system, which offers the flexibility of both batch and interactive
computing and provides a common user interface on all user-visible subsystems. NAS is
linked to 26 remote locations nationwide by NASnet, a unique, high-performance
communication network. With communication speed reaching 1,544 Kbits/sec., NASnet
allows researchers at remote locations to have virtually the same interactive capability as

users at the NAS facility.
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The vision for the NAS program is to provide by the year 2000 an operational
computing system capable of simulating an entire aerospace vehicle system within a
computing time range from one to several hours. It is estimated that a computing time rate
of one trillion operations per second (TFLOPS) is required to accomplish this. This
represents a 1000-fold increase in speed over today's most powerful computers.

Program Manager: Mr. Edward T. Schairer

OAST/RF

Washington, DC 20546
(202)453-2819
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4.2 CRAY Y-MP INSTALLATION

4.2.1 Objective

To placethefn'stCrayY-MP intoproductionasrapidlyaspossible.

4.2.2 Approach

The Cray Y-MP was delivered to NAS in late 1988 followed by extensive
acceptancetesting and the correction of hardwareand softwareproblems. Standard
procedures and utilities used on the NAS Cray-2 were installed on the Y-MP.
Documentationof thedifferencesbetweenthesystemswasdevelopedto helpusersmake
useof the new system. Softwarewasdevelopedto control theuseof the batchqueues
which provided the bestoverall job throughput. Temporaryfixes were developedfor
featuresandfunctionswhichdid notyet existandfeedbackwasprovidedto Crayresearch
regardingtheneedsfor afully functioningproductionsystem.

4.2.3 Accomplishments

The Y-MP wasplacedinto productionwith over 1,000NAS userson February
15, 1989. During acceptancetesting, the system met or exceededall contractual
requirements,including a 1.0GFLOPSperformancerateon botha scientific application
FORTRANworkloadandonindividualmulti-taskedFORTRANcodes.

4.2.4 Significance

The supercomputersystemwasthefLrstCrayY-MP deliveredto a customersite
and early software and hardwareproblemswere resolved in a realistic production
environment.Usersobtainedearlyaccessto today'smostpowerful computersystemthat
accountsfor 80percentof thecomputingcapacityof theNAS System.

4.2.5 Status/Plans

NASA plansto continueupgradingtheserviceof theY-MP by addingfunction
andperformanceimprovements.

JohnT. Barton
NAS SystemsDevelopment
AmesResearchCenter
(415)604-4409

William T. C. Kramer
NAS ComputationalServicesBranch
AmesResearchCenter
(415)604-4600
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4.3 INSTALLATION OFEARLY RELEASEUNICOS5.0ONTHE CRAY Y-MP

4.3.1 Objective

To provide an improvedoperatingsystemfor the Cray Y-MP supercomputer,
which will correctmanyof the deficienciesof thefirst releaseof theoperatingsystem
(UNICOS 4.0).

4.3.2 Approach

Thenewoperatingsystemwasinstalledby localCrayResearchpersonnelworking
with theNAS supportstaff. During early testing,major problemswerediscoveredwith
localmodifications.Theseweredueto Crayredesigningthekernelto bemulti-threaded(to
run concurrentlyon multiple CPUs) which createdtiming problems. It took several
sessionsof dedicated time to resolve these issues. While testing was underway,
proceduresto improvetheeffectivenessof theSolidStateDisk (SSD)weredevelopedand
documented. Since this entailed changing the way NAS users accessedthe SSD,
documentationwasprovidedto themin advance.

4.3.3 Accomplishments

UNICOS5.0providedimportantfeatureslackingin thefn'streleaseof theCrayY-
MP UNICOSoperatingsystem,suchasthenetworkingimplementationof Berkeley4.3
UNIX, efficientmethodsto managetheSSDandthesupportof newhardware.

4.3.4 Significance

UNICOS5.0providedbenefitsfor theNAS usersthroughincreasedfunctionality
andimprovedperformance.It providedcompletesupportfor muchof theearly andbeta
testsoftwareandhardwareinstalledon theY-MP andallowedimproveduseof theSSD. It
also allowed the implementationof improved networking throughout the entire NAS
System.

4.3.5 Status/Plans

NASA plansto continueinvestigatingUNICOS5.0 featureswhich will improve
theserviceof theCrayY-MP at NAS.

William T. C.Kramer
NAS ComputationalServicesBranch
AmesResearchCenter
(415)604-4600
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4.4 INSTALLATION OF ALPHA TEST UNICOS 5.0 ON THE CRAY-2

4.4.1 Objective

To provide a very rapid installation and test of an untried version of the operating

system for the Cray-2 supercomputer.

4.4.2 Approach

The new operating system was installed by Cray Research personnel working with
local support staff. This was the first installation and many problems and bugs were
found. After the installation, significant local modifications were added and then the entire

system was tested in several nights of intensive effort.

4.4.3 Accomplishments

Within three weeks of arrival, the new operating system was in production with
over 1,000 NAS users. NAS was the first site (including internal Cray systems) to run a

completeversion of 5.0.

4.4.4 Significance

UNICOS 5.0 provided benefits for the NAS user community through increased
functionality and improved performance. It provided complete support for much of the
software and hardware previously installed on the Cray-2 as early and beta test versions. In
addition to the improved software, the feedback to Cray Research concerning problems and
issues led to an improved release for the general customer base.

4.4.5 Status/Plans

UNICOS 5.0 was a prerequisite to using the Cray autotasking software which was

installed in May. It provides the fin'st ability to automatically multitask a program on the
Cray-2.

William T. C. Kramer

NAS Computational Services Branch
Ames Research Center

(415)604-4600
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(in Megabits per sec., aggregate file rate)

Version Streams

6.0 I

7.0 I

7.0 2

7.0 3

7.0 4

HSP to MSS MSS to HSP

I0 Mbvte File 100 Mbvte File I0 Mbvte File

4.16 4.50 4.76 5.13

9.25 9.37 5.76 6.44

14.00 14.10 12.00 12.10

22.00 22.14 18.09 18.20

30.00 30.15 27.00 27.15

Rate

Production

Production

Tested

Tested

Tested

Figure 4.1. Mass Storage System Transfer Rate Increases
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4.5 MASS STORAGE SYSTEM (MSS-I) RELEASE 7.0

4.5.1 Objective

To improve the transfer performance between the supercomputers and the Mass
Storage System (MSS).

4.5.2 Approach

An analysis of the bottlenecks in the MSS 6.0 software was completed to identify
major areas of possible improvement; then, the MSS software architecture was redesigned
and new software was implemented. The file access method was redesigned so that data
are written on multiple disks (striped) to improve performance. To further increase
performance, the flow of control information is separated from the flow of data. Control
information flows through the UTS (UNIX-based) part of the MSS to set up the transfer,
but the data actually flows directly from the supercomputer to the MSS disks under the
control of the MVS operating system. Finally, Storage Technology Tape Robots were
integrated into the system.

4.5.3 Accomplishments

Release 7.0 of the MSS was implemented in February 1989. The MSS 7.0
software shows significant performance improvements for both single fide and multiple file
transfers. The average sustained speed currently is six to nine Mbits/sec., as opposed to
the several hundred Kbits/second seen in the ftrst production release, MSS 5.0. Average
tape mount times are reduced from six minutes to 15 seconds (See Figure 4.1).

4.5.4 Significance

Improved MSS performance already increases the effectiveness of the NAS
supercomputers by providing more rapid access to a much greater data storage capacity
than available on the supercomputers themselves and at less cost.

4.5.5 Status/Plans

The system is in production and plans are to increase further performance by
network striping.

Julian Richards

NAS Computational Services Branch
Ames Research Center

(415)604-4611
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4.6 AUTOMATEDTAPELIBRARIES

4.6.1 Objective

To identify alternativestoragedevicesto use in conjunction with the existing
rotating storage. The deviceshadto (1) becompatible with the currentMass Storage
Subsystemsas well as the goals of the Mass StorageSubsystemII currently under
developmentand(2) provideincreasedstoragedensityandbetterprice performanceover
rotatingstoragewhileprovidingacceptabledataaccessrates.

4.6.2 Approach

Theapproachinvolved(1) analyzingthestorageandinterfacerequirementsfor the
current MSS and (2) determining the follow-on requirements for MSS-II. These
requirementsincluded functionality, performance,capacity, media compatibility and
expendability.Both existing and emerging technologieswere surveyedto determine
candidatedevices.

4.6.3 Accomplishments

This effort resulted in the acquisition of two STK 4,400 Automated Tape
Libraries. The systemsareinterconnectedwith eachholding approximately6,000IBM
3,480 tapecartridges. Eachcartridgehasa capacityof 200 Mb and eachlibrary hasa
capacityof 1.2TB. Each library haseight tapedrives and provides tapemounts in an
averageof 15secondswhenatapedrive is available,without operatorintervention. The
tapesarereadat threeMb/second.

4.6.4 Significance

Accessto far greateramountsof userdata hasdramatically increasedwhile
decreasingoperatorworkload. The introductionof this systemis thefirst applicationof
onlinelevelsof hierarchicalstoragein theMSS. Thisconceptwill begreatlyexpandedin
MSS II.

4.6.5 Status/Plans

The acquisitionhastheoptionto expandthenumberof libraries to eight over the
next threeyears. Therateof expansionwill dependon thedatagrowthrateaswell asthe
incorporationof mediadensityimprovementsthatarelikely to occur. Thelibrarieswill be
incorporatedin theMSSII.

Mark Tangney
NASDevelopmentBranch
AmesResearchCenter
(415)604-4415
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4.7 MSS-IIDEVELOPMENT

4.7.1 Objective

To develop high performance, highly reliable and user transparent mass storage

system for integration into the Unix and TCP/IP open systems architecture environment.

4.7.2 Approach

MSS-II was designed to appear on the NAS network as another Unix system with

a very large complement of very fast, very reliable disks. It was accomplished by
incorporating three separate changes to Amdahrs UTS implementation of Unix. The first
was the High Performance File System, a fault-tolerant, parallel-access disk file system,
which achieves very fast file access to large files and which eliminates the need for system
interruptions for backups. The second was Rapid Access Storage Hierarchy, which makes
files appear to be on disk when the infrequently used files are really on less expensive tape.
The third was the Volume Manager, with removable media, capable of controlling
automated and manual volume mounts and dismounts. To make this system's file transfer

capabilities available to the supercomputers on the network, a high performance parallel
network access method was included.

4.7.3 Accomplishments

The hardware is largely in place and the software design is complete. The major
software components of the system are implemented. Unix System V.3 File System
Switch port to UTS 1.2 is complete. The parallel-access disk file system is in the final

stages of integration with File System Switch.

4.7.4 Significance

MSS-II will offer NAS users the highest file transfer performance (10 Mb/sec.) of

any MSS of which NASA are aware and also the most suited for use in the Unix and
TCP/IP environment. It will be able to survive any single hardware or media failure
without data loss, permitting it to be run without interruptions for backups. Its automatic
restoration of archived files upon demand will permit users to remain unaware of whether
their data are on disk or tape. MSS-II will provide these benefits while appearing to the
user to be just another Unix system on the network.

4.7.5 Status/Plans

The major software components of the system work separately and will be

integrated one-at-a-time after the parallel-access disk file system. The parallel-access
network connection software and hardware also are underway. Initial production use is
scheduled for Winter 1989.
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DavidTweten
NASSystemDevelopmentBranch
AmesResearchCenter
(415)604-4416
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Figure 4.2. RIB/RIG Testbed Diagram
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4.8 RESEARCHINTERNETGATEWAY (RIG)

4.8.1 Objective

To (1) providearesearchtestbedfor wideareanetworkdevelopment,(2) increase
the throughput andprovide network managementcapabilitiesand (3) follow up with
procurementfor operationalsystems.

4.8.2 Approach

A cooperativeagreementamongNASA, DARPA and DOE wasestablishedto
build a seriesof testbedsfor a next generation,wide areanetwork.Advancednetwork
gatewaysfor thetestbedsweredevelopedto handleincreasednetwork throughputover
wide areas.The testbedsdrove multiple TI (1.544 Mbits/sec.) lines and lead to T3
capability (45Mbits/second).The ability to handleandmanagemorecomplextopology,
throughthe useof new softwarecontrols in routing and network monitoring, is being
developed(SeeFigure4.2).

4.8.3 Accomplishments

Engineeringis in progresson this effort. Vendor contracts for hardware and
softwaredevelopmentwere awardedto GTE/Proteon,SRI/Cisco Systemsand BBN.
NASA PSCNcircuits for this testbedand DARPA National Network Testbed(NNT)
circuitsarein theprocessof beinginstalled.

4.8.4 Significance

CooperationamongNASA, DARPA andDOE to solve a common problem is
beingdemonstrated.Thecapability to control andmanagelarge,high performancedata
networks will be developed,which did not exist before. Higher performancedata
networkingwill beprovidedto OAST usersatlowercostwhenappliedto anoperational
datanetworksuchasNASnetandCNS.

JohnLekashman
NAS DevelopmentBranch
AmesResearchCenter
(415)604-4359

4-11



4.9 THEPANEL LIBRARY

4.9.1 Objective

To provide a uniform setof man-machineinterfacetools for usersof the NAS
graphicsworkstations(currentlytheSiliconGraphicsIRIS 2500Tand3000Series).

4.9.2 Approach

A library of C languagefunctionsandprocedureswasdevelopedwhich permits
the easyconstruction of user interfaces to application codes on the NAS graphics
workstations(theSiliconGraphics4-D Seriesis alsosupported).Tools wereprovidedto
control sliders,buttons,pop-downmenus,strip charts,dialog boxes,file I/O, command
scripting, etc. A thorough manual documenting the Panel Library was completed.
Numerousdemonstrationprogramsandalecture/tutorialareavailable.ThePanelLibrary
wasdescribedto bothuniversityandindustryaudiences.Its distribution andupgradeare
providedovertheInternet,wherethiswork wasverywell received.

4.9.3 Significance

The Panel Library will greatly shortenthe time it takesboth developersand
researchersto programnew applications. Minimal time will be required on the user
interface;thus,greatertimecanbespenton thecoreaspectsof theapplication.

4.9.4 Status/Plans

NASA will completedocumentationandareplanningfutureenhancements.

DavidTristram
NAS AppliedResearchOffice
AmesResearchCenter
(415)604-4404
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4.10 PERFORMANCEOFAN EULERCODEON HYPERCUBES

4.10.1 Objective

To evaluateCFD performanceon amultiple-instruction,multiple data (MIMD)
stream,hypercubearchitecture.

4.10.2 Approach

The approachinvolvedparallelizingJameson'sFLO52(a2-DEulercode)for a 16-
nodeIntel PersonalSupercomputer(iPSC/2)atStanfordand a 512-nodeNCUBE/10 at
Caltech.

4.10.3 Accomplishments

Considerableeffort wasinvestedoptimizingthecodefor bothmachines.Overall
efficiency (timeononeprocessor/Nx timeonN processors)increasedfrom 57percent to
88percent.Although it wasachallengeto produceefficient parallelcodeon theseMIMD
architectures,theoverallcomputingperformanceis promising.TheiPSC/2ranwithin one
tenth of the performanceof a singleprocessorCray X-MP and the 512-nodeNCUBE,
within onethirdof theperformance.

4.10.4 Significance

This work demonstratesthat CFD canbe done on MIMD architectures.The
machinesconsideredhadnode-based,personalcomputercomponents.Thesearchitectures
shouldbescalablewith RISCcomponentsto Crayperformanceata fractionof thecost.

E.Barszcz,T. Chan,DennisJespersonandR. Tuminaro
NASAppliedResearchOffice
AmesResearchCenter
(415)604-6014
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Comparison of ARC2D on I processor XMP
with similar code on 16K processor CM2 with floating point

MFLOP SEC/STEP

CM2 XMP Ratio XMP CM2 Ratio

(implicit)

128 X 128 58 63 0.92 0.34 0.43 0.79

256 X 128 86 63 1.36 0.69 0.60 1.15

512 X 512 106 63 1.68 5.50 4.20 1.31

(explicit)

128 X 128 63 51 1.24 0.69 0.43 1.60

256 X 128 123 51 2.41 1.40 0.44 3.18

512 X 512 241 51 4.72 11.0 1.80 6.11

Figure 4.3. Comparison of ARC2D on One Processor XMP
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4.11 COMPUTATIONAL FLUID DYNAMICS ON A MASSIVELY PARALLEL
COMPUTER

4.11.1 Objective

To study the feasibility of performing CFD calculations on a massively parallel,
Single Instruction, Multiple Data (SIMD) stream architecture.

4.11.2 Approach

The approach involved mapping the functionality of ARC2-D and ARC3-D (2-D
and 3-D Navier-Stokes codes) to a Thinking Machines 32,000 node Connection Machine 2
(CM2) (See Figure 4.3).

4.11.3 Accomplishments

Both the 2-D and 3-D versions of this code were successfully mapped to the CM2.
Performance was comparable to that of a single processor Cray-2 for implicit methods and
several times faster for explicit methods.

4.11.4 Significance

It is generally accepted that significant advances in supercomputing performance
will come only through the use of parallel computers having many processors. This work
demonstrates that CFD can be done on a massively parallel SIMD architecture.

Creon Levit and Dennis Jesperson

NAS Applied Research Office
Ames Research Center

(415)604-4403
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CHAPTERFIVE

5.1 INTRODUCTION

DRAG REDUCTION.

Research is being conducted in drag reduction and separated flow control for
aircraft across the speed range. Emphasis is being placed on control of boundary layer
flows by both passive and active approaches to reduce friction and induced drag and to
improve aircraft stability and performance. Detailed flow experiments are being used to
better understand the physics of boundary layer flows in order to facilitate developing
effective concepts for boundary layer flow control.

Drag reduction efforts include wind tunnel, flight and computational research to
explore the control of boundary layer transition, turbulence, vortical flows and shock-
induced flowfield development. Also, transonic and supersonic laminar flow control,
vorticity control for reducing induced drag and separation and supersonic wave drag
reduction research projects are underway.

Design methodologies and technologies are being developed for practical, reliable
and maintainable viscous drag reduction systems for military and civil subsonic transport
aircraft. Flight and computational research is being conducted to minimize the risks
associated with both the near-term and far-term applications of laminar flow and hybrid
laminar flow control to transport aircraft. Flight experiments validate methodology and
provide operational performance and reliability data in representative environments at
practical unit and length Reynolds numbers.

Computer codes are under development for the analysis and design of new Laval
nozzles for the design of a laminar, supersonic, boundary layer wind tunnel.

Flow transition research includes (1) methods for calculating the amplitude and
phase of the unstable wave motion in growing incompressible and compressible 2-D and 3-
D boundary-layers and in free shear flows, (2) identifying receptivity mechanisms by
which freestream turbulence and other environmental disturbances interact with a boundary
layer to produce instability waves and other disturbances relevant to transition and (3) use
of receptivity and wave-growth investigations to develop rational methods for the
prediction and control of transition.

Program Manager: Mr. Gary Hicks
OAST/RF

Washington, DC 20546
(202)453-2830
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Figure 5.1. Supersonic Riblet Drag Reduction 
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5.2 RIBLETS FORTURBULENT DRAGREDUCTIONIN SUPERSONIC
FLIGHT

5.2.1 Objective

To extendthedatabaseto supersonicflow. Riblets havebeenshownto reduce
skin-friction drag six to ten percent in low-speedwind-tunnel testsand on transonic
aircraft.

5.2.2 Approach

The Flight TestFixture (FTF) on a F-104aircraft at Ames/Drydenwas usedto
evaluatethesEn-frictionreductionperformanceof ribletsatsupersonicspeedsin theflight
environment.Online dataallowedthe pilot to maintainzeroCrossflow on the FTF for
Mach 0.8 to 1.7 at a variety of altitudes. Surfacepressures,local skin friction and
boundarylayersurveyswereobtainedwith andwithoutriblet film installedonaportionof
the FTF. Riblets reducedthe overall drag of the FTF by two to five percent.This is
equivalent to a skin-friction reductionof six to eight percentover the riblet test area.
Furthermore,these testsshow that, up to Mach 1.7, the drag reduction is essentially
independentof Machnumber (SeeFigure5.1).

5.2.3 Accomplishments

Thestudydemonstratedthatribletsareaviableconceptfor aerodynamicvehicles
with extensiveturbulentflow in theMachnumberregimeup toM 1.7.

5.2.4 Significance

As aresultof theapparentinsensitivityof ribletperformanceto Machnumber,drag
reduction at somewhathigher Mach numberscan be expected,i.e., for the currently
consideredsupersonictransport.

5.2.5 Status/Plans

Becausethe current results are dependentupon computed initial conditions,
additionalmeasurementsareplannedin a secondphaseof the experiment.A boundary
layerrakewill bemountedattheupstreamlocationanddatawill begatheredfor the same
flight conditionsusedin PhaseI. This will allowa moreaccuratedeterminationof thenet
dragreductionobtainableandthegeometricalscalinglaws.

Arild Bertelrud
ViscousFlow Branch
LangleyResearchCenter
(804)864-5559
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Figure 5.2. Induced Drag Reduction
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5.3 INDUCED DRAGREDUCTION

5.3.1 Objective

To developarationalmethodfor evaluatingandoptimizingwingsfor induceddrag
reduction.

5.3.2 Approach

A recentlydevelopedtheorywasusedtopredicttherelativedragcharacteristicsof
wings with winglets, tip sweepand simple spanextension.The theory wasa "viscous
lifting line" approachin which thedrag is basedon theentropy generatedby spanwise
gradientsin circulation.Theinduceddragreductionwaspredictedfor wingswith constant
area,lift and wing-root bendingmomentasa function of their structural span. The
structuralspanwasdefinedasthelengthof the"lifting line" normalizedby areferencespan

5.3.3 Accomplishments

Theresultswerefor a straightspanincrease(labeledwing extension)andacurved
spanincreaseusing winglets or tip sweep(which areequivalent in the current theory).
Winglets andtip sweeparelessefficient initially thana straightspanincreasebut arenot
limited by thebendingmomentconstraint(SeeFigure5.2).

5.3.4 Significance

Theorypredictsthatthe induceddragof anoptimumwing canbe reducedfurther
by increasingthestructuralspan,eitherby wingextension,wingletsor tip sweep.In the
absenceof structuralconstraints,wing extensionispredictedto be themostefficient.With
structural constraints, the optimum aerodynamicconfiguration is determinedby the
imposedconstraints;therefore,earlyinteractionof aerodynamicandstructuraldisciplinesis
imperativein theresearch/designprocess.

5.3.5 Status/Plans

A cooperativeLangleyAero/Structuresresearcheffortis anticipatedtodevelopa
wing-weightconstraintmodelfor incorporationin theinduceddragtheory.

GeorgeC.Greene
ViscousFlow Branch
LangleyResearchCenter
(804)864-5545
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Contour plots of total vorticity for double helix 
and bubble type vortex breakdown flows. 

Figure 5.3. Contour Plots of Total Vorticity 
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5.4 COMPOSITE STRUCTURE AND TYPES OF VORTEX BREAKDOWN

5.4.1 Objective

To identify and analyze five distinct types of vortex breakdown (or states of
disruption) in order to understand the mechanisms responsible for such flows.

5.4.2 Approach

A numerical simulation, using the full incompressible, unsteady Navier-Stokes
equations, was performed. The results were compared with previous experimental flow
visualization studies to validate the numerical results. The computed flow variables, such as
vorticity, velocity and pressure, were then analyzed in order to identify key breakdown
mechanisms. Currently, the helix, double helix, spiral and bubble types of breakdown have
been uniquely identified (See Figure 5.3). These images are in qualitative agreement with
the dye injection results of previous experimental studies.

5.4.3 Accomplishments

To date, the only information available regarding the asymmetric forms of vortex
breakdown has been derived from experiments. Studies utilizing dye injection are
necessarily restricted to the qualitative aspects of vortex breakdown. The few LDV studies
that have been done are limited in scope, treating only the bubble-type breakdown. By
contrast, the present numerical simulations are providing details of the unsteady velocity
and vorticity distributions within four distinct types of vortex breakdown flows.

5.4.4 Significance

These computations will aid in identifying the as yet unknown mechanisms
responsible for such diverse types of vortical flow behavior.

5.4.5 Status/Plans

The fifth type of breakdown, the flattened bubble, needs to be isolated. Upon
completion of this task, the data will be analyzed in an attempt to quantify the triggering
mechanisms in each of the breakdown modes. The applicability of existing theories to these
highly nonlinear vortical flows will be investigated.

Robert E. Spall and Thomas B. Gatski
Viscous Flow Branch

Langley Research Center
(804)864-5561

5-7



n=l

Re = 4000

3-
(D

03
n-
J::

0
L.,

¢3

0

Mode 2

1.0

Mode 3

I I I I

2.0 3.0 4.0 5.0 6.0

1

7.0

Wavenumber, a

Mode 1

Figure 5.4. Three Dimensional Vortex Stability

5-8



5.5 HYDRODYNAMIC STABILITY OFTHREE-DIMENSIONALVORTICES

5.5.1 Objective

Control of organizedlongitudinal vortical motions is of interest for several
applicationssuchashigh-lift systemsandreduced,induceddrag.Theobjectiveconcerned
vortex controlvia alterationof thevortex stabilitycharacteristicsthroughmodificationof
the initial three-dimensionalvortexmean-velocityfield.

5.5.2 Approach

Linear-stabilitycalculationswerecarriedoutfor ageneralclassof three-dimensional
vorticesperturbedby three-dimensionaldisturbances(SeeFigure 5.4). Theeffect of the
disturbanceson the stability of the vortex wasthen obtained.There is a variation of
temporalgrowthrate,asmeasuredby its complexfrequencycomponent,with axial wave
number.Theparticularvortexconsideredfor theresultsshownwasa two-cellsystemwith
Re=4000basedoncoreradiussubjectedto anazimuthalperturbationwith a singleperiod
percycle (n=l). Thetwo-cell systemis thatcommonlyfoundasthetrailingvortex behind
aircraft.

5.5.3 Accomplishments

For thetwo-cell vortex,thepresentcalculationsindicatethatthemaximumgrowth
ratefor modeoneshowsa two-fold increasecomparedto themaximumgrowthrateof a
single-cellvortex;furthermore,thereis a significantlyexpandeddependencyof growthrate
uponaxial wavenumber.This is an importantfeatureto identify sincetherewould bea
largerspectrumof axialwavenumbersatone'sdisposalto destabilizethevortex.

5.5.4 Significance

Theseresultsindicatethatthetwo-cellvortexhasa significantsensitivityto three-
dimensionaldisturbances,offering the possibility of early demiseof the vortex if this
instabilitycanbeexcited.

5.5.5 Status/Plans

Futureresearchwill investigatevarioustypesof instabilitymodesandtheir growth
ratesasa function of the initial, three-dimensional,vortex velocity field. This will allow
vortex control (for early demiseor increasedpersistence)via tailoring of the vortex
inceptionregion.
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MehdiR.Khorrami
ViscousFlow Branch
LangleyResearchCenter
(804)864-5562
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5.6 SUBMERGEDVORTEXGENERATORS

5.6.1 Objective

To developeffective low-dragvortex generatordesigns.Vortex generatorshave
long beenthe methodof choicefor controlling boundary layer separationon aircraft.
Conventional generatorsare typically vanes set at an angle to the flow and are
approximatelyequalto theboundarylayerthicknessin height.Thisconfiguration,though
effective,imposesa significantdevice-dragpenalty.

5.6.2 Approach

TheLangley 20-inchby 28-inchShearFlowControlTunnelwasusedto evaluate
variouspassiveandactivemethodsof controllingturbulent,boundarylayerseparationover
atwo-dimensional,downstream-facingramp.Surfaceoil-flow visualizationsandpressure
distributionswereusedto documenttheeffectivenessof thecontroltechniques.

5.6.3 Accomplishments

Wheeler-typevortex generatorswith heightsof only 10percentof the boundary
layer thicknesshavebeenshownto beeffectiveseparationcontrol devices(SeeFigure
5.5). Reattachmentlength(distancefrom baseoframpto reattachment)wasreducedby 66
percentoverthebaselinecase.

5.6.4 Significance

Submerged,Wheeler-type,vortex generators perform almost as well as
conventional, vane-type generators for reducing the extent of mildly separated flows and
impose a device-drag penalty of only 10 percent of that for vane-type generators. This is
important for application where device drag is critical, i.e., standby separation control
system.

5.6.5 Status/Plans

A number of new, active separation control techniques wiU be investigated
including fluid-driven, periodic unsteadiness and steady and pulsed injection jets.

John C. Lin
Viscous Flow Branch

Langley Research Center
(804) 864-5556
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5.7 CONTROLOFTURBULENCEAND TRANSITION

5.7.1 Objective

To control turbulence structure for the purpose of reducing drag and delaying
transition.

5.7.2 Approach

The approach involved using numerical simulations to develop and to implement a
control strategy (See Figure 5.6).

5.7.3 Accomplishments

The program achieved 20 percent drag reduction and suppression of small
disturbances at super critical Reynolds numbers.

5.7.4 Significance

Significant reduction of drag is possible by manipulation of turbulence structures.

5.7.5 Status/Plans

An algorithm that requires information only at the surface is being sought for use in
turbulence simulations.

J.J. Kim

Computational Fluid Dynamics Branch
Ames Research Center

(415)604-5867
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Figure 5.7. HLFC Flight Experiment 

5-14 



5.8 HYBRID LAMINAR-FLOW CONTROLFLIGHT EXPERIMENT

5.8.1 Objective

To evaluatetheeffectivenessof Hybrid LaminarFlow Control (HLFC) for high-
speedsubsonictransports.

5.8.2 Approach

Theapproachinvolvedreplacinga 17-real-gasspanof theleading-edgeboxon the
Boeing757 testaircraft with a suctionpanelhavinga microperforatedtitanium skin and
conductingflight tests (SeeFigure5.7).

5.8.3 Accomplishments

The Critical Design Reviewwasconductedandall engineeringdrawings were
completed.All tooling was fabricated,the suctionskin was formed and fabrication is
underwayon theflight hardwarecomponents.

5.8.4 Significance

HLFC offerspotentialreductionsin dragor fuel usageof 15to 20percentwhen
appliedto newaircraft.

5.8.5 Status/Plans

TheBoeing757testaircraftwill bemodifiedto theHLFCconfigurationin Fall
1989andflight testswill startin February1990.

RichardD. Wagner
LaminarFlowControlProjectOffice
LangleyResearchCenter
(804)864-1906
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5.9 APPLICATION OFLAMINAR-FLOW CONTROLTO SUPERSONIC
TRANSPORTCONFIGURATIONS

5.9.1 Objective

To evaluatetheapplicationof laminar-flowcontrolto supersonictransport
configurations.

5.9.2 Approach

In separatestudiesconductedat DouglasandBoeing, thefeasibilityandimpactof
implementinga laminar-flowcontrol systemonsupersonictransportconfigurationswere
studied.

5.9.3 Accomplishments

Both studiesshowedextremelyattractiveperformancegainsmightbeachievedwith
eitherfull chordsuctionlaminarflow control (DAC approach),or with ahybridof suction
control andnaturallaminar flow (BCA approach).Figure 5.8 showssomeresultsof the
BCA study.Thestudiesalsoidentifiedcritical technologyareasfor researchneededbefore
implementationof this technologycanbeconsidered.

5.9.4 Significance

The studiesdemonstratedthe aerodynamicfeasibility of achieving significant
laminarizationon the wing surfaceof a supersonictransportconfiguration.Preliminary
assessmentof systemsand structuralrequirementsto achievethis laminarizationshowed
that theaerodynamicbenefitsof dragreductionoutweighthe systemweight,volume and
powerrequirementpenalties.Thenetbenefitsin termsof reductionsin MTOW, OEW and
fuel consumptionareimpressiveandimprovewith increasingmissionrange.

5.9.5 Status/Plans

Studiesarecompleteandfinal reportsarebeingpublished.Work will continue
undertheHigh-SpeedCivil TransportNewInitiative.

RichardD. Wagner
LaminarFlow ControlProjectOffice
LangleyResearchCenter
(804)864-1906
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. • CHAFFER SIX, .':.

TEST TECHNIQUES AND INSTRUMENTATION

6.1 INTRODUCTION

Technology is being provided for critical experimental research capability required
to improve the measurement of the fundamental flow properties of fluids and the overall
aerodynamic performance of aircraft components and configurations. The prirnary testing
errors due to wind tunnel wall and support interference for both static and dynamic testing

are being analyzed and the development of instrumentation and measurement techniques for
real-time, flow diagnosis is being performed with emphasis on non-intrusive methods.
These developments occur across the range of conditions from cryogenic to high
temperature and from low subsonic to hypersonic speeds. The research areas being
addressed are (1) real-time, interferometry techniques for unsteady flows; (2) miniature

Laser Doppler Velocimeter (LDV) systems for internal applications in ground and flight
tests; (3) advanced methods for accurately sensing and handling aerodynamic flight test
data, both boundary layer and off-surface flows; (4) measurement techniques for time-

varying, turbulent velocity fields; (5) advanced methods for simultaneous measurement of
velocity, density and temperature; (6) laser based air data system for high angle-of-attack

flight test; (7) flight testing of prototype flight information systems; (8) improvements in
the optical, signal processing and structural performance of the 40-foot by 80-foot by 120-
foot wind tunnel laser velocimeter and (9) test Raman Doppler velocimeter survey of
supersonic flowfield about a delta wing leading edge vortex.

Program Manager: Mr. Gary Hicks
OAST/RF

Washington, DC 20546
(202)453-2830
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Figure 6.1. Visualization of Vortical Flow 
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6.2 VISUALIZATION OFVORTICAL FLOWUSINGTHE LASERVAPOR
SCREENTECHNIQUE

6.2.1 Objective

To (1) visualize complex, interacting, vortex and vortex-shock dominated
flowfields for improved understandingof flowfield structure, dynamics and control
methodsand (2) develop prediction methodsand image enhancementtechniquesfor
improvedtestplanninganddataanalysis.

6.2.2 Approach

Theapproachinvolvedconductingtestsin subsonic,transonicandsupersonicwind
tunnelswith advancedfighter configurationsto developexpertisein visualizingcritical
elements of flow structure (See Figure 6.1). NASA also conducted research in
thermodynamicpredictionof the condensationprocess,flow structureformation, image
acquisitionandpostprocessingonworkstationsusingcustomsoftware.

6.2.3 Accomplishments

NASA completedthreehighly successfullaservapor screenflow visualization
experiments.Thesetestsresultedin two publishedreports.NASA alsoawardeddirectors
discretionaryfundingfor researchonpredictionmethodologyandimageenhancementand
processing.

6.2.4 Significance

Testing resultedin thepublication of two papersdiscussingseveralunexpected
flowfield behaviors,including the coexistenceof a vortex and shock wave and the
interactionof forebodyvorticeswith LEX vorticesfor yawandroll controlona F-18-like
configuration.

6.2.5 Status/Plans

A DDF effort is plannedthrough1991andflow visualizationevaluationtestingis
plannedfor FY 1990.

JohnA. SchreinerandBruceL. Gilbaugh
AdvancedAerodynamicConceptsBranch
AmesResearchCenter
(415)604-5860
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6.3 LARGE SEMI-SPANMODEL TESTTECHNIQUES

6.3.1 Objective

To developthetechniquesrequiredfor achievingmaximumReytaoldsnumberfor
thevalidation of wing designsthroughtesting,of the largestpossiblesize,of seroi-span
models. The focusof this work wason reflectionplanesimulationandwali_in_e_e_nce
corrections.

6.3.2 Approach

Theapproachinvolvedconductingacooperativeprogramwith Boeingto (1) obtain
experimentaldatato allowquantificationof theeffectsof thereflectionplaneandsimulation
of the flow distortionscausedby the wind tunnelwalls; (2) developandvalidateamath
modelfor the simulationof theflow at theoutercomputationalboundarywhich includes
theeffectsof thetunnelwalls and(3) usethevalidatedmathmodelfor thetunnelwalls to
establisha procedurefor correctingtheexperimentalresults for tunnel-inducedspatial
variations in streamnon-uniformity including flow angle,flow curvature and velocity
gradient.

6.3.3 Accomplishments

Data were obtainedwith two different designsfor reflection planesimulation.
Analysisis in progressandadditionaltestsareanticipated.An initial mathmodelfor walls
in comparisonwith experimentalresultsshowstheneedfor accountingfor theeffectsof
wall boundarylayerand/orcrossflowvelocityonawall mathmodel (SeeFigure6.2).

6.3.4 Significance

Accounting for the effects of reflection plane simulation and tunnel walls are
design-significant in the areas of cruise-drag, drag rise and buffet-onset.

6.3.5 Status/Plans

The next series of tests were scheduled for July and August 1989. They included
new reflection-plane simulation and additional measurements of the outer flowfield near the
tunnel walls.

Frank W. Steinle, Jr.

Aerodynamic Facilities Branch
Ames Research Center

(415)604-5848
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6.4

6.4.1

NONINTRUSIVE INSTRUMENTATION FOR HYPERSONIC FLOW

Objective

To develop instrumentation for the nonintrusive measurement of flow properties in
hypersonic wind tunnels.

6.4.2 Significance

New instrumentation makes possible the previously unavailable capability for
nonintrusive measurements of temperature, density and their fluctuations, which are
necessary for code validation and turbulence model development (See Figure 6.3).

6.4.3 Status/Plans

Development of instrumentation is in progress to allow demonstration in a small,
supersonic wind tunnel and in a low speed flow which duplicates the thermodynamic
conditions in a hypersonic wind tunnel at Mach 10. Engineering for installation in Ames'
3.5-foot Hypersonic Wind Tunnel will begin in 12 to 18 months.

R. L. McKenzie

Experimental Fluid Dynamics Branch
Ames Research Center

(415)604-6158
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Figure 6.4. Pressure Sensitive Fluorescent Paint 
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6.5 PRESSURESENSITIVEFLUORESCENTPAINT

6.5.1 Objective

To develop pressuresensitivepaint basedon the fluorescencephenomenonof
oxygenquenchingfor usein aerodynamictests.

6.5.2 Approach

The approachinvolved studyingpaint chemistryandexperimentalmethodology
with wind tunnel tests(SeeFigure6.4).

6.5.3 Accomplishments

NASA demonstratedthefeasibility with wind tunnel testsof a two-dimensional
airfoil coatedwith trial paintdevelopedby M. GoutermanandJ.Callis of theUniversityof
Washington.Surfacepressuremapsobtainedfromcomputerprocessedvideoimageswere
comparedwith conventionalpressuretapreadings.

6.5.4 Significance

Continuoussurfacepressuredistributionsareobtainedratherthanatdiscretepoints
with apotentialfor measuringfluctuations.

6.5.5 Status/Plans

Furtherdevelopmentalwork is required. Useof trial paint for unsteadypressure
measurementandin flight testenvironmentwill beassessed.

B. G.Mc Lachlan
FluidDynamicsResearchBranch
AmesResearchCenter
(415)604-4142
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6.6 PRESSURE PROBE DESIGN

6.6.1 Objective

To predict multi-hole pressure probe performance.

6.6.2 Approach

The approach involved developing a general model of pressure probe behavior.

6.6.3 Accomplishments

NASA completed the general model and validated it with a panel method (PANAIR)
computer code (See Figure 6.5).

6.6.4 Significance

Application specific pressure probes may be designed with confidence using
rational non-empirical procedures.

6.6.5 Status/Plans

Specialized probes are being designed for a wing tip vortex study.

G. Zilliac

Fluid Dynamics Research Branch
Ames Research Center

(415)604-3904
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6.7 IMPROVEMENTS to A SLOTI'ED-WALL, WIND TUNNEL INTERFERENCE
ASSESSMENT CODE (PANCOR)

6.7.1 Objective

To provide output in the format of interference corrections at the model, with sting
interference accounted for separately from the remaining tunnel interference. The
PANCOR wind tunnel interference assessment code is a computer program based on high-
order panel method technology for assessing interference due to the wind-tunnel
environment including walls with discrete, finite-length slots, the slot flow reentry region
and the model support system. Mixed boundary conditions include both geometry
specifications and measured pressures on slotted walls. Basic results describe the
interference flow perturbation field.

6.7.2 Approach

The tunnel flow satisfies the boundary conditions in the presence of disturbances
from the model with its measured forces and moments and from the sting at its actual
orientation. The total interference is evaluated at a set of points on the model by summing
the flow perturbations from all singularities except those representing the model. By
omitting the sting singularities, the interference from only the tunnel walls is obtained.
Mach number and angle of attack corrections are averaged over the wing planform and the
buoyancy drag correction is the summed effect of longitudinal interference pressure
gradient at each element of model volume.

6.7.3 Accomplishments

The PANCOR code as implemented for the NTF has been modified as described
and applied to tests of a Boeing 767 transport configuration. Figure 6.6 shows the
interference corrections, both with and without sting effects, in a single pitch run. The
model support sting for this test was unconventional, with a shape like a thick vertical tail
mounted at its tip to a more conventional sting. The figure shows that this sting
configuration produced a buoyancy drag correction that varied as much as eight drag counts
over the pitch range and reductions in both Mach number and angle of attack. Without the
sting effect, the tunnel interference called for an essentially constant buoyancy drag
correction of about minus four drag counts, with very small Mach number corrections.

6.7.4 Significance

The newly achieved separation of the sting and tunnel interference assessment
provides both an alternative to the usual tedious methods of evaluating sting tares and
tunnel interference results which are more amenable to interpretation because they are
uncontaminated by sting effects. The method provides heretofore unavailable insight into
slotted, tunnel flow phenomena.
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6.7.5 Status/Plans

Themethodis notyet sufficientlyreliablefor routinecorrectionof testdatabecause
of its highsensitivityto minor variationsin measuredwall pressuresdueto imperfections
in orifice installation and wall shape. Studies are underway for various possible
improvements.

William B. Kemp,Jr.
High ReynoldsNumberAerodynamicsBranch
LangleyResearchCenter
(804)864-5138
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6.8 STUDY OFSIDEWALL BOUNDARYLAYER REMOVAL EFFECTS ON
AIRFOIL TESTS IN THE LANGLEY 0.3-M TCT ADAPTIVE WALL TEST
SECTION

6.8.1 Objective

To validate the combined wall adaptation and side wall boundary layer removal
operation for airfoil tests in the Langley 0.3-m Transonic Cryogenic Tunnel (0.3-m TCT).

6.8.2 Approach

The boundary layer development on the test section side walls forms a source of
interference in airfoil testing. To keep this influence small, the 0.3-m TCT has provisions
for removing the boundary layer flow on the side walls ahead of the model. The removal
of flow from the side walls reduces the boundary layer thickness but also introduces a
change in the test Mach number. The adaptive capability of the top and bottom walls permit
the walls to move to correct for the change in test Mach number. With this approach, it
was possible to evaluate the side wall boundary layer removal influence while maintaining
the test Mach number constant.

6.8.3 Accomplishments

Tests were made with and without boundary layer removal in the empty test section
as well as with a model installed. The decrease in boundary layer thickness with upstream
removal was measured in the empty test section using a fixed, boundary layer rake. The
measurements showed the side wall boundary layer displacement thickness decreases from
about 1.0 to 0.6 percent of the test section width under maximum removal conditions. The
airfoil tests consisted of pressure measurements on a long chord (9.0 inches), super-critical
airfoil model. The top and bottom wall positions were moved iteratively to nearly free air
streamline shapes for conditions with and without boundary layer removal. The test Mach
number was 0.765 and the Reynolds number was 20 million.

6.8.4 Significance

For the conditions tested, the influence of boundary layer removal on pressure
measurements at airfoil mid-span was small (See Figure 6.7); however, the effect on wall
shapes was significant enough to account for the change in massflow due to boundary layer
removal. The integrated wall adaptation and side wall boundary layer removal under
cryogenic conditions makes 0.3-m TCT a unique facility for testing airfoils at flight
equivalent conditions with the ability to produce side wall as well as top and bottom wall
interference effects. The airfoil pressure measurements indicate that the side wall influence
in the 0.3-m TCT is probably small, compared to other similar tunnels due to relatively thin
boundary-layers.
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6.8.5 StatusPlans 

The side wall boundary layer removal will be used in airfoil tests on a selective 
basis to check data points suspected of significant side wall interference. Further testing 
with side wall boundary layer removal at other locations such as around the model or at a 
downstream station are under consideration. 

A. V. Murthy and E. J. Ray 
High Reynolds Number Aerodynamics Branch 
Langley Research Center 
(804)864-6359 
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Figure 6.8. Test Technique for Thin Fighter Wing at High Reynolds 
Number 
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6.9 TESTTECHNIQUEFORTHIN FIGHTERWING AT HIGH REYNOLDS
NUMBER

6.9.1 Objective

To determinethe performanceof a fighter wing at transonicspeedsand flight
Reynoldsnumber.

6.9.2 Approach

The first stepwastestingtheX29 canardin Langley's0.3-mTransonicCryogenic
Tunnel (0.3-mTCT) to provideadatabaseof pressuredistributionsanddragprofiles. The
experimentaldatawereenrichedby aNavier-Stokescodeto allow integrationof thelift and
drag. Theseresultsprovidedbaselineperformancevalueswith detailsof theflow for athin
wing. TheX29 canardhasa maximumthicknessof five percentof chordandit is highly
taperedfrom root to tip, makingpressureinstrumentationmodelingvery challenging. A
Langley-developedtechniquethatuseschemicallyetchedpressurechannelsin the bond
planesbetweenmultiple sheetsof metalwasusedto constructthe model. Thereare53
orificeson theuppersurfaceand37on thelowersurface(SeeFigure6.8).

6.9.3 Accomplishments

Themodelwasmountedonthesidewallturntablein theAdaptiveWall TestSection
of the 0.3-m TCT and was testedin May 1988. Testing was over the full rangeof
conditionsavailable.

6.9.4 Significance

For thefirst time,a low costtestingtechniqueis demonstratedthat,in concertwith
computationaltechniques,will provide thin wing lift anddrag performanceas well as
detailsof thewing flow andwakestructure.

6.9.5 Status/Plans

A NASA TM is beingpreparedto serveasadatabasecatalogfor codedevelopment.
Early work is underwayfor grid definition. First efforts will be to model an unusual
Reynolds number dependent,leading edgeseparation. Later efforts will model the
experimentaldragprofiles. The Wal_j_cture region alsowill becomputed. Successin
theseeffortswill leadto moresophisticatedwalljuncturefillets andan improvedwing to
test. Thecyclethenwill berenewedin the0.3-mTCT.

PierceL. Lawing ..........
High ReynoldsNumb..er.Ae_13attrnicsBranch
LangleyResearchCenter
(804)864-5137
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6.10 SUBSONICSTINGINTERFERENCEONTHE DRAG OFSLANTED-BASE
OGIVE CYLINDERS

6.10.1 Objective

To studytheeffectsof astingsupportontheaerodynamiccharacteristicsof simple
basegeometries.Slanted-baseogivemodelswerechosendueto theavailabilityof relevant
experimentalresults from severalsources.Comparisonsbetweeninterference-freeand
sting-supporteddataprovidedguidancefor futuretestsin conventionalwind tunnelsanda
databasefor stinginterferencecorrection.

6.10.2 Approach

An aluminum ogive cylinder model, 1.212inchesin diameter,was fitted with
interchangeablebasesandaniron magneticcore. Supportinterference-freemeasurements
were madewith the model magnetically suspendedin the Langley 13-inchMagnetic
Suspensionand BalanceSystem. Tests were repeatedwith a dummy sting support
protruding into a cavity into the baseof themodel. A secondmodel was used for
measurementsof interference-freebasepressures,usingonboardpressureinstrumentation
andremotedatatelemetry (SeeFigure6.9).

6.10.3 Accomplishments

The currenttestprogramcommencedin October1988. Dragmeasurementswere
madefor six differentbaseslants,with andwithout boundarylayer transitionfixed and
with and without a dummy supportpresent(24configurations). Measurementof base
pressureis 50percentcomplete.

6.10.4 Significance

An experimentalmethodof evaluating sting interference was demonstrated. The
magnitude of sting interference on drag was shown to be extremely large under certain
circumstances (up to factor of three discrepancy between sting-supported and true drag). A
database is now available for sting interference correction or validation of interference
correction methods.

6.10.5 Status/Plans

Drag measurements are complete. Base pressure measurements will be completed
and correlated with drag results. Data for lift and pitching moment will be reduced. A

comprehensive data catalog will be prepared.

Dr. Colin P. Britcher

High Reynolds Number Aerodynamics Branch
Langley Research Center
(804)864-5029
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6.11 TRANSITION DETECTIONAT SUPERSONICSPEEDSUSING A MICRO-
THIN, HOT-FILM SYSTEM

6.11.1 Objective

To obtain online, boundarylayer transitioncharacteristicsat supersonicMach
numbersover a rangeof Reynoldsnumbersfor both natural transition and for a grit-
inducedturbulencewedge.

6.11.2 Approach

A testprogramwasinitiated to comparefour techniquesfor obtaining boundary
layertransitionona flat plateat supersonicspeeds.Thetransitiondetectiontechniqueused
asa standardto comparetheotherthreemethodswasa micro-thinhot-film system,since
this systemhaddemonstratedthecapabilityto detecton-line,boundarylayer transitionat
low speedsand transonicconditions. An arrayof 30 micro-thin, hot-films wasvapor
depositedon thesurfaceof atwo-piecestainlesssteelinsertandmountedin theflat plate
(SeeFigure 6.10). The films were locatedfrom ll.5-inches to 24.5-inchesfrom the
leadingedgeof theplatein aregionwhereboundarylayertransitioncouldbedetectedfor
most of thetest conditions. A desktopcomputerwasusedto control the multi-channel,
hot-film instrumentation,acquirethedata,reducethedataanddisplaytheresultsin graphic
form online.

6.11.3 Accomplishments

A transitiondetectionstudywasmadein the Unitary PlanWind Tunnelwith 30
micro-thin,hot films on aflat plateat Machnumbersof 1.5,2.0 and2.5andovera range
of Reynoldsnumbersfrom 1.0to 4.5 million perfoot. The fin'stphaseof the testwas
conductedwith natural transitionfor all testconditions. In the secondphaseof the test,
characteristicsof agrit-inducedturbulencewedgewerestudied.Figure6.10showstypical
examplesof onlinedatafrom thearrayof films for threeMachnumbers.TheRMSvalues
of thefluctuatingvoltageswerenormalizedby themeanvoltageof theanemometeroutput.
Thetestshowedtheeffectof MachnumberandReynoldsnumberonbothnaturaltransition
andthegrit-inducedturbulencewedge.

6.11.4 Significance

The micro-thin hot-film systemwasableto display thereal-timeprogressionof
boundarylayer transitionthroughtheuseof on-lineplotsatMachnumbersfrom 1.5to 2.5
over a wide range of Reynolds numbers. In addition, it is believed this is the first
supersonicboundary layer transition study wherea closely spacedarray of vapor-
deposited,hot-film sensorswereableto repeatedlydetect,with on-line dataacquisition,
transitionlocationsovera widerangeof testconditionsfor bothnaturaltransitionandfor a
grit-induced,turbulencewedgeintersectingthearrayof sensors.
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6.11.5 StatusPlans 

Follow on experiments with the micro-thin, hot-film system are planned for the 
0.3-meter Transonic Cryogenic Tunnel to evaluate a "NTF- type" hot-film installation. In 
addition, when the two Langley, large-scale, vapor deposition chambers become 
operational, a 51-inch span Pathfinder wing will be instrumented with micro-thin, hot-films 
and tested in the NTF. 

Charles B. Johnson, 
Fluid Dynamics Branch 
Langley Research Center 

Debra L. Carraway 
Electro-Mechanical Instrumentation Branch 
Langley Research Center 

(8 14)864-5025 (814)864-5025 

Figure 6.1 1. High Temperature Skin Friction Balance 
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6.12 HIGH TEMPERATURESKIN FRICTIONBALANCE DEVELOPMENT

6.12.1 Objective

To initiate thedevelopmentof amechanicalbalancecapableof makingdirect skin
frictionor aerodynamicdragmeasurementsin hightemperatureenvironments.

6.12.2 Approach

The approachinvolved modifying existing balancesdevelopedat Langley and
testingthemin ahypersonicwind tunnel(SeeFigure6.11).

6.12.3 Accomplishments

A balancedevelopedfor flight usagewasmodified andtestedin the hypersonic
propulsion laboratory at Langley. Test data indicated that the balance functioned
satisfactorilywith thesurfacetemperatureexceeding1,000degrees.A numberof minor
mechanicalproblemswereidentified.

6.12.4 Significance

Aerodynamicdrag measurementsarecritical to the designof aerodynamicand
propulsionsystemsencounteredin thehypersonicflight regime. A mechanicaldeviceis
neededasa basisor standardfor developingaltematetypesof aerodynamicdragmeasuring
techniques.Technicaldataacquiredfrom thesedevicesareneededfor computersimulation
validationaswell asverificationof theories.

6.12.5 Status/Plans

Development work is being continued. Additional modifications to correct
identifieddeficienciesandfurthertestswill bemade.

PingTcheng
Electro-MechanicalInstrumentationBranch
LangleyResearchCenter
(804)864-4717
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6.13 A PRECISION ELECTRO-OPTICAL DISPLACEMENT MEASURING
SYSTEM

6.13.1 Objective

A non-contact method of measuring wind tunnel model position or Angle of Attack
(AOA) is desirable when the physical size of the model limits the use of internal AOA

instrumentation. An electro-optical position measurement system was developed several
years ago and is presently in the 13-inch Magnetic Suspension and Balance System
(MSBS) at Langley. The system enhances the performance of the 13-inch MSBS but has a
limited AOA range of+8 degrees. Toat least double the AOA range of the 13-inch MSBS

position sensing system. Successful development of such a system would not only
improve the capabilities of the 13-inch MSBS, but might offer many facilities a solution to
their unique measurement requirements.

6.13.2 Approach

A new, extended range two channel electro-optical system was developed using
high resolution linear Photodiode Arrays (PDAs) (See Figure 6.12). The PDAs, which

function similar to CCD cameras used in household Cam-corders, were illuminated by a
sheet of laser light. The shadow formed on the PDAs when a wind tunnel model
obstructed the laser light. The shadow was used to sense the model's position. Each PDA
had its own electronics to detect where the light obstruction had taken place. The AOA of
a wind tunnel model could then be computed from these data. The position data were
refreshed at a rate of 256 times per second.

6.13.3 Accomplishments

A complete system was fabricated and bench tested in the laboratory. The system
was able to measure linear displacement of the model to an accuracy of +_0.0005 inches
(12.7 microns), and angular position to an accuracy of less than +0.015 degrees. The
angular range of the system is +17 degrees.

6.13.4 Significance

The extended range position sensing system is particularly useful in magnetic
suspension applications where physical contact with the wind tunnel model cannot be
tolerated. Other applications include AOA measurements of wind tunnel models which
may be too small for convenient installation of conventional internal AOA instrumentation.
This method is directly applicable in making both displacement and velocity measurements
of large, flexible structure to be used in space.
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6.13.5 StatusPlans 

The system in its present form is being prepared for installation in the 13-inch 
MSBS. Optical refinements in the system, such as custom built optics, are slated as well as 
improvements in the electronics. These improvements will make the system a viable means 
of non-contact wind tunnel measurements. Development work also has been initiated in 
using a variation of this electro-optical measurement technique to make deflection 
measurements of a large space structure. 

Ping Tcheng 
Electro-Mechanical Instrumentation Branch 
Langley Research Center 
(804) 864-47 17 

Figure 6.13. Model Pressure Instrumentation 
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6.14 ELECTRONICALLY SCANNED CYROGENIC PRESSURE MODULE

6.14.1 Objective

To develop a cryogenically functional, multi-channel, error correcting pressure
module capable of operating over a temperature range of 100 to 350 K for applications to
the National Transonic Facility and 0.3-meter Transonic Cryogenic Tunnel. An
experimental system was developed to evaluate and determine the operating characteristics
of silicon pressure sensors over a temperature range of 100 to 350 K. A modified, 286-
based pc was transformed to (1) perform data acquisition, (2) analyze data, (3) perform
thermal error corrections and (4) plot the results.

6.14.2 Approach

The approach involved cryogenically testing commercially available silicon
micropressure sensors to determine characteristics at cryotemperatures. NASA applied
qualified micropressure sensors to develop a multi-channel design. Development efforts
included (1) qualification of electronic components required to control and scan sensor
outputs at cryogenic temperatures, (2) design of an automated test system for pressure and
temperature environments for the testing and (3) development of pc based software for the
control of the module and acquisition, analysis and error correction of the pressure module
signals (See Figure 6.13).

6.14.3 Accomplishments

The pc-based data acquisition system has been used to conduct research of solid
state pressure sensors at extremely low temperatures. The data acquisition, analysis and
plotting of sensor offset and sensitivity characteristics with temperature was accomplished.
The system has been used to compute correction codes for a digital error correction loop to
compensate single channel sensors for thermally induced errors. Two technical papers
have been presented to the ISA 35th International Instrumentation Symposium, (1) "A
Temperature and Pressure Controlled Calibration System for Pressure Sensors," and (2)
"Piezoresistive Silicon Sensors in Cryogenic Environment." A prototype cryogenic, eight
channel, plus or minus five psid pressure module has been assembled and tested from
77°K to 350°K.

6.14.4 Significance

A cryogenically functional experimental multi-channel sensor module has been
built. The ability to compensate thermally induced sensor errors to within 0.1 percent error
F. S. has been demonstrated. The results of cryogenically tested, commercially produced
silicon microsensors are very encouraging. This development will simplify installation of
model pressure instrumentation in cryogenic models.
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6.14.5 Status/Plans

Thedevelopmentof softwarebaseddigital error correctiontechniqueswill allow
accuratemulti-channelpressuremeasurementsto be madein cryogenicenvironments.
Moduledesignwill becompletedalongwith laboratorytesting leadingto experimental
applicationin theNTF environment.

JohnJ. ChapmanandDr. SeunK. Kahng
InstrumentApplicationBranch
LangleyResearchCenter
(804)864-4834
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6.15 BOUNDARY LAYER PROFILEMEASUREMENTSONA 5-DEGREEHALF-
ANGLE CONEUSINGA LASERTRANSITANEMOMETERIN THE
UNITARY PLAN WIND TUNNEL

6.15.1 Objective

To providenonintrusivemeasurementsof meanvelocity,flow angleandturbulence
intensity at supersonicspeedregimesin the boundarylayer of a slender(5-degreehalf
angle)cone.

6.15.2 Approach

ResearchprogramssuchastheNationalAero-SpacePlane(NASP)arebecoming
increasingly dependenton having accurateflow diagnosticinformation in supersonic
flows. Mie scattering-basedlaseranemometry,utilizing only a laserbeamto probethetest
medium, offers a nonintrusive method of measuringthe flow velocity, flow angle,
turbulenceintensity andshearstressarounda testmodelundervariousflow conditions.
To demonstratetheusefulnessof Mie scattering-basedsystemsin supersonicfacilities, an
experimentwasconductedin theLangleyUnitaryPlanWind Tunnelusingalasertransit
anemometry(LTA) systemto probetheboundarylayerona slender(five degreehalf angle)
conemodelat Machnumbersof 2.50and4.50.The anemometrysystemutilized apair of
laserbeamswith adiameterof 40 mmspaced1,230mmapartto measurethetransit times
of ensemblesof seedingparticlesusingacrosscorrelationtechnique.Thetunnelseeding
systemconsistedof a small vibrated, fluidized bed containing dry kaolin dust with a
nominalparticlesizeof 0.9 ram. Thekaolin wasinjecteddirectly into theboundarylayer
via nine 1.32-mmorifices (threerows of threeeach)in the modelnose. The choiceof
using dry kaolin dust as the seedingmaterialwas madeto eliminate the problemsof
condensationpresentamongseedingsystemsusingliquid carrierssuchasethanol. These
problemsareparticularlyseverein facilitiessuchastheUnitaryPlanWindTunnel.

6.15.3 Accomplishments

The measuredboundarylayer profiles, representingthe boundarylayer velocity
normalizedto thefreestreamasafunctionof heightabovethemodelsurfacewerecorrected
for a zero angle of attack,Mach numbersof 2.5 and 4.5 and Reynolds numbersof
3.28lxl06-meter and6.562x106-meterandwerecorrectedin avertical planethatbisected
themodel'slongitudinalcenterlineat a location635-mmfrom thetip of theforebodycone
(SeeFigure6.14). Theresultsindicatedanexcellentability of theLTA systemto make
boundarylayer velocity measurementsto within tensof microns of the model surface;
however,becauseof disturbancesin theflowfield causedby theonboardseedingsystem,
prematuretransitionto aturbulentboundarylayeroccurred,implying thatupstreamseeding
is mandatoryif model flowfield integrity is to bemaintained. Theseresultsindicatethat
with upstreamseeding(in the settlingchamber),goodmeasurementaccuracyis possible
with excellentspatialresolution.
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The resultsfrom theseinitial tests indicatean excellentability of the LTA systemto
measureboundarylayerprofilesat supersonicspeedsandrepresentthefirst nonintrusive,
off-modelboundarylayermeasurementsperformedin theUnitaryPlanWind Tunnel.

6.15.4 Significance

Theresultsfrom theseinitial testsindicateanexcellentability of theLTA systemto
measureboundarylayerprofilesat supersonicspeedsandrepresentthefirst, nonintrusive,
off-modelboundarylayermeasurementsperformedin theUnitary PlanWind Tunnel.

6.15.5 Status/Plans

Follow-on experimentsare planned in the Unitary Plan Wind Tunnel using
upstreamseedingin thesettingchamberto improvetheresultspresentedhere. In addition,
anLTA entryinto the20-inchMach6tunnelis plannedin supportof theNASPprogram.

William M. Humphreys,Jr. andWilliam W. Hunter,Jr.
MeasurementPhysicsBranch
LangleyResearchCenter
(804)864-4601
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6.16 FREQUENCYDOMAIN LASERVELOCIMETERSIGNALPROCESSOR

6.16.1 Objective

To convertthe theoreticalmodelof afrequencydomainlaservelocimetersignal
processorinto acosteffectivehardwaresystem.

6.16.2 Approach

The adventof high-speeddigital signalprocessingintegratedcircuits allowed
frequencydomainsignalprocessingtechniquesto beappliedto randomlyoccurringchirp
frequencyburstsof thetypeobtainedfrom alaservelocimeter.A softwaresimulationof a
frequencydomainbasedsignalprocessorwasdevelopedandtestedusing simulatedand
transientrecordingsof laservelocimetersignalbursts. Thesetestsindicatedtheoretical
increasesin accuracyof a factor of five over standardhigh-speedburstcounterswith a
factor of five lower residualturbulenceintensity. The control andfeedbackalgorithms
remainedstablefrom nearphotonresolvedsignalsto signalsreachingphotomultiplier
saturationlevelswithoutoperatorintervention(SeeFigure6.15).

6.16.3 Accomplishments

Followingits presentationat theThird InternationalSymposiumonApplicationsof
Laser Anemometryto Fluid Mechanics,1986,Macrodyne, Inc. of Schenectady,New
York, expressedinterest in developing the technology for commercial application.
MacrodynewasawardedaPhaseI SBIR contractto developalow frequencyprototypeto
testthebasicalgorithms.Thesuccessof theprototyperesultedin aPhaseII SBIRcontract
to develop the high frequency system. During the course of the PhaseII contract,
Macrodynealsodevelopedamid-frequency(20MHzmaximuminputfrequency)unit. The
first mid-frequencyunit wasconstructedanddeliveredto Ameswheretestingindicateda
far greaterdynamicrangein signallevelandsignal-To-noiseratio thanpresenthigh-speed
burstcounters.

6.16.4 Significance

The frequency domain laser velocimeter signal processorprovides a greater
dynamicrangeof measurablesignallevelsandsignal-To-noiseratioswith higheraccuracy
than presenttechnology. It requiresminimal operatorintervention, making the laser
velocimetereasierto usewhileminimizingmeasurementerrorsdueto improperinstrument
settings.
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6.16.5 Status/Plans

Thepresenthigh-speedburstcountersat Langleywill bephasedout andreplaced
with frequencydomainlaservelocimetersignalprocessors.

JamesF.Meyers
MeasurementPhysicsBranch
LangleyResearchCenter
(804)864-4598
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CHAPTERSEVEN

CONFIGURATIONAERODYNAMICS

7.1 INTRODUCTION

Fundamentalaerodyrmim'cdatabasesandamilytdcalra_s aregeneratedfor the
efficientandaccuratepredictionof aerodynamicflows aboutadvancedaircraftcomponents
andconfigurations. Experimentalinvestigationsareperformedacrossthe speedrangein
wind tunnelsandin flight to provide improvedunderstandingof complexaerodynamic
flows and to identify and refine innovative concepts and configurations. Work is
underway on advancedlaminar-flow and high-lift airfoils, boundary layer transition
prediction andcontrol, the prediction andinnovativeapplicationsof separation-induced
vortexflow technologyandhighReynoldsnumberresearchin theNTF.

Computationalmethodsarebeingdevelopedfor fuUpotentialandNavier-Stokes
equations,which embedcomplicatedvehicleconfigurations in adaptivemeshes. The
developmentandapplicationof conventionalmethodsfor threedimensionalviscousand
inviscid flows for aircraftcomponentsand theconductof wind tunnel,water tunneland
flight experimentsis in progress.

Test-validatedsophisticatedtechniquesarebeingdevelopedfor predicting 3-D
wing flow separationandfor providinganimprovedunderstandingof wing/bodyvortical
flows and vortex production/breakdownphenomena. TRANAIR development now
includes solution-adaptive grid refinement, vortex shedding from sharp edges and
supersonicfree-streamconsiderations.Wing/airfoil optimizationis performedto support
agency/industryaerodynamicdesignfor subsonic,transonic,andsupersonicflows.

ProgramManage= Mr. GaryHicks
OAST/RF
Washington,DC 20546
(202)453-2830
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Figure 7.1. Computed Density Gradient Superimposed on the Stroboscopic 
Schlieren Picture 
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7.2 COMPRESSIBILITYEFFECTSONDYNAMIC STALL

7.2.1 Objective

To experimentallyquantifydynamicstallbehaviorof airfoilswith increasingMach
numberandto documentunsteadyflow field for codedevelopmentandvalidation.

7.2.2 Approach

Theapproachinvolveddesigningandcommissioningacompressibledynamicstall
facility (CDSF)to oscillateanairfoil supportedbetweentwoopticalquality glasswindows
thatprovide a completeview of the airfoil andflow field. NASA completeda seriesof
stroboscopicSchlierenstudiesto highlightdynamicstallvortexbehavior (SeeFigure7.1).

7.2.3 Significance

NASA obtainednewinsight in thecompressibilityeffectsstall processwith partial
quantificationof behavior.

7.2.4 Status/Plans

Detailed studies of unsteadyflow field are in progress,using laser Doppler
velocimetryandholographyto generatedatafor codedevelopmentandflow field analysis.

M. S.ChandrasekharaandL. W. Carr
Fluid DynamicsResearchBranch
AmesResearchCenter
(415)604-4269
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7.3 APPLICATION OF A TRANSONIC/SUPERSONIC DESIGN METHOD TO
COMPLEX GEOMETRIES AND ISOLATED AIRCRAFT COMPONENTS

7.3.1 Objective

To apply a transonic/supersonic wing design method to realistic aircraft
configurations and to extend the method to include the design of other aircraft components
such as winglets, fuselages and nacelles.

7.3.2 Approach

During the last five years, Langley was involved in several research programs that
required designing or modifying a wing to achieve a given pressure distribution at transonic
speeds. A method was dev_lbped that modifies the surface Curvatures and slopes of an
initial geometry so that a target pressure distribution is matched. This approach was
extended to include effects of viscosity and static aeroelastic deflections. The method

proved to be fast, robust and accurate for relatively simple configurations. Efforts were
initiated to apply these design codes to flows about more complex geometries, to explore
their application to the design of bodies and to evaluate the design approach in
predominantly supersonic flows.

7.3.3 Accomplishments

Several design exercises involving more complex geometries were made. These

configurations included wing winglet designs, wings with fuselage-mounted nacelles and
wings with pylons and nacelles underneath. Results were gained for an executive transport
with fuselage-mounted nacelles (See Figure 7.2). A wing root plug was to be added tO the
existing wing. The original wing plug has a fairly strong shock near x/c=0.4. The design
method was used to achieve a target pressure distribution which eliminates this shock and

to give a more uniform isobar pattern in this region. The final pressure distribution from
the design code is in good agreement with the target. Two new design codes also were
developed based on this design approach. The first of these uses an axisymmetric Euler
code to design isolated, powered or flow-through nacelles. The other pilot code is a
supersonic full-potential method, which will be used in the design of wings using laminar
flow control at supersonic speeds.

7.3.4 Significance

These methods provide a means of rapidly designing or modifying an aircraft
component to achieve a given pressure distribution and thus reduce or eliminate undesirable
flow characteristics or adverse interference effects between different components.
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7.3.5 S tatusplans 

The existing codes will continue to be applied to various configurations to build an 
experience base for future applications. The design of certain aircraft configurations will 
make it necessary to couple the design method to Euler and Navier-Stokes codes. 
Particular attention will be given to defining efficient design interaction procedures. 

Richard L. Campbell and Leigh A. Smith 
Transonic Aerodynamics Branch 
Langley Research Center 
(804)864-2872 
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Figure 7.3. Helicity Density Contours 
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7.4 NAVIER-STOKESSOLUTIONSFORVORTICALFLOWSOVERA
FOREBODY

7.4.1 Objective

Theobjectivewasthecomputationalassessmentof theeffectsof Reynoldsnumber
andangleof attackonvorticalflowsoverapointedslenderbody.

7.4.2 Approach

Steady-statesolutionsfor vorticalflowswith 0.2million<ReD<__3.0million and20
degrees< a<40degreesovera 3.5caliber tangent-ogivecylinder will be obtainedusing
FMC1, atime-implicit upwindmethodfor thethree-dimensional,incompressibleNavier-
Stokesequations.This solvercomprisesflux-differencesplitting,aTVD-like discretization
of theinviscid fluxes,andseveralextensionsto thealgebraicturbulencemodelbyBaldwin
andLomaxto handleflows with massivecrossflowseparation.

7.4.3 Accomplishments

A rational extensionto the Baldwin-Lomaxturbulencemodelhasbeendevised.
Thatextensionallows,for thefirst time,computationalmodelingof transitionalcrossflow
separation(i.e., flows with three-dimensionallaminar,equatorialseparationbubblesand
subsequenttransition in the separatingshearlayers which roll up into two primary
vortices). In addition, it proves to be less sensitivetoward the choice of adjustable
parametersin simulationsof fully turbulent crossflow separationsthanan established
modification to theBaldwin-Lomaxturbulencemodel. For a > 30 degrees and RED=0.8
million, a perturbation of the geometry into a slightly elliptic cross section just at the nose
tip eliminates multiple steady-state solutions with asymmetric vortex patterns along the
forebody (See Figure 7.3). A typical solution when the major axis of an "elliptic" nose tip
is rolled by 45 degrees in counterclockwise direction (pilot's view) out of its horizontal
position. Four shedding events are shown by means of helicity density contours (helicity
density is defined as the scalar product of local velocity and vorticity vectors). An almost
perfect mirror image is produced when the nose tip is rolled for another 90 degrees. This
supports earlier conjectures that slight imperfections in the vicinity of the apex of slender
bodies with sharp noses control the asymmetric pattern along the entire body. Reynolds

number effects for a=30 degrees are found to diminish for ReD > 1.0 million. All
computational results compare well with experimental surface pressures and flow
visualizations.

7.4.4 Significance

Knowledge about transition and other driving mechanisms controlling vortex
asymmetries could enhance the flight envelope of fighter aircraft and missiles.
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7.4.5 Status/Plans

A Navier-Stokes analysis of a F/A-18 or a F-16 forebody with a modified nose tip

will exploit the methodology and the insights into the physics of vortical forebody flows.

Peter M. Hartwich, Robert M. Hall and Michael J. Hemsch

Transonic Aerodynamics Branch
Langley Research Center
(804)864-2881
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Figure 7.4. Wing-Tip Blowing Model in Water Tunnel
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7.5 EFFECT OF WING PLANFORM AND THE MODIFICATION AND WAKE
ROLLUP ON INDUCED DRAG

7.5.1 Objective

7.5.2

To reduce the induced drag of both high and low aspect ratio wings.

Approach

Studies to determine the fundamental causes of induced drag, the role of wing wake
rollup in induced drag and the relative benefits of particular induced drag reduction
concepts are planned. Analytically designed winglets for low speed ratio wings will be
experimentally investigated. The effects of in-plane and out-of-plane modifications to the
wing planform, the effects of spanwise blowing from the wing-tip and the effects of
changes to the tip planform and edge shape will be studied.

7.5.3 Accomplishments

The wings for the studies of the effect of wing planform and wake rollup are being
built. Analytical studies of the effect of winglets on low aspect ratio wings have been
completed. Studies of spanwise blowing from the wing tip have been completed in the
Langley 16-inch by 24-inch water tunnel. Figure 7.4 shows the interaction of the spanwise
exhausting jet and the wing-tip vortex. A wind tunnel model with 11 interchangeable
wing-tips has been built. These tips will be used to study the effect of raking the edge of
the tip towards and away from the fuselage, the effect of sharpening the edge of the tip to
generate vortex lift, the effect of the jet exit position on the tip, of the jet exhaust direction,
of the jet exit length and of the jet momentum on the span load distribution and the drag.

7.5.4 Significance

The analytical studies of adding winglets to low aspect ratio wings indicated
significant improvements in the lift to drag ratio at moderate lift coefficients and transonic
speeds. The tip blowing studies suggest that the addition of blowing increases the lift over
the outer portion of the wing and the tip vortex is diffused and displaced outboard. The
wing lift will be increased and the induced drag decreased.

7.5.5 Status/Plans

Experiments to determine the effects of wing planform on induced drag and on the
near and far field wakes are planned for the 8-foot Transonic Pressure Tunnel. Experiments
to verify the benefits of winglets on low aspect ratio wings are planned for the 7-foot by
10-foot High Speed Tunnel. Follow-on tests of the spanwise blowing from the tip are
planned for the Low Turbulence Pressure Tunnel in Spring 1990 to study the effect of the
blowing on the vorticity in the wake.
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Raymond E. Mineck, Leigh A. Smith and Dan M. Somers 
Transonic Aerodynamics Branch 
Langley Research Center 
(804)864-2879 

Figure 7.5. Euler Code Validation/Theory-Experiment Integration 
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7.6 EULER CODEVALIDATION/THEORY-EXPERIMENTINTEGRATION

7.6.1 Objective
?

To (1) validate the FLO57, a widely used Euler Code, for use on delta wing

configurations over the transonic and low supersonic Mach numbers and angle of attack
and yaw of 20 degrees and (2) integrate computational and experimental data to enhance
techniques of integrating experimental surface pressures to yield accurate forces and
moments.

7.6.2 Approach

The FLO57 was modified to handle 0-H grid topologies Detailed comparisons
were made with the data from a highly instrumented (force and pressure) delta wing wind
tunnel model. Computational results were used to correct the integration of the pressure
data (See Figure 7.5).

7.6.3 Accomplishments

For vortex dominated flows, the computational and experimental results were in
excellent agreement. This demonstrated that computational results can be used to define a
discretization drag increment associated with sparse experimental data.

7.6.4 Significance

NASA validated the FLO57 for delta wing configurations; increased accuracy of

force and moment predictions from experimental pressure distribution integrations inward
and reduced instrumentation requirements for complex wind tunnel models reduced.

7.6.5 Status/Plans

NASA will analyze lateral-directional forces, moments and pressure distributions
and incorporate an integral boundary layer correction for fully attached flows.

John E. Melton, David D. Robertson and Seth Moyer

Applied Aerodynamics Branch
Ames Research Center

(415)604-6208
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Figure 7.6. LANS3D NS Asymmetical Flow Solution for a Generic, 
Hypersonic All-Body Configuration 
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7.7 ASYMMETRICAL VISCOUSFLOWCALCULATIONSUSING LANS3D

7.7.1 Objective

To modify an existing and validatedthree-dimensional,Navier-Stokesanalysis
programto performasymmetriccalculationsof aircraftconfigurationsat sideslip.

7.7.2 Approach

NASA usedadualapproach,dependingonavailablecomputermemory.

Small Memory: NASA obtainedtherequiredboundarycondition informationfor
eachhalf of thefull configurationfrom theopposingsideof model. This methodlends
itself to smaller-memory,large,secondarystorage,computerarchitecturessuchastheCray
Y-MP. It alsoretainsandcomputesononly onehalf of themodel in mainmemory,the
opposingsidebeingplacedonsecondarystorage.

Large Memory: This is an extensionof the small memory approachpermitting
calculation on both sidesof the configurationusing a single grid block with required
boundaryoverlap. This methodcanbe appliedon largememorycomputers,suchasthe
Cray-2. Bothmethodsyieldedidenticalresults (SeeFigure7.6).

7.7.3 Accomplishments

The LANS3D programwasmodified in a few weeksto handlebothapproaches.
Testcalculationswereperformedon theAmesCrayX-MP andtheNAS CrayY-MP and
Cray-2to verify bothmethodsondifferent computerarchitectures.LANS3D is readyfor
productionrunningonall systems.

7.7.4 Significance

This approachof performingasymmetriccalculationsusingeither multiple grid
blocksor a singleblock,bothwith overlappinggrid point,wasimplementedin afraction
of thetime thatwould havebeennecessaryto converttheentireLANS3D programto the
more standardapproachof employinga periodic boundarycondition. In addition, the
capabilityfor doingmoregeneral,multiplegridblockcalculationsfor complexgeometries
wasprovided.

7.7.5 Status/Plans

LANS3D will continue to be validatedagainstexperimentaldataavailable for
configurationsatsideslip.

Gary B. Cosentino
AppliedAerodynamicsBranch
AmesResearchCenter
(415)604-6133
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7.8 LOW REYNOLDSNUMBER TRANSONICWING TEST(F-8/VHASA)

7.8.1 Objective

In supportof aproposedVery High Altitude SamplingAircraft (VHASA) capable
of flight at up to 100,000feet, a brief wind tunneltestof athick, high aspectratio wing
wasconductedat flight Reynoldsnumber.

7.8.2 Accomplishments

An existing wing/body model designedfor high lift at transonic speedswas
modified slightly and testedat unusually low Reynoldsnumbersin the Ames 11-foot
TransonicWind Tunnelin April 1989 (SeeFigure7.7).

7.8.3 Significance

Thereisvery little existingdata on transonic flight at low Reynolds numbers, so the
results of even this quick look should be helpful in the conceptual design of the vehicle.
The preliminary data indicate that the wing will not be a critical item for the high altitude
airplane, although there is room for further development.

7.8.4 Status/Plans

A data report is in preparation. In the event that the program is funded, further

work on low Reynolds number transonic airfoil design and testing is bein.g planned. One
phase of such follow-on work might be to instrument the existing wing for surface
pressure measurements and retest.

Robert A. Kennelly, Jr., James M. Strong, Steven C. Smith and Raymond M. Hicks

Advanced Aerodynamic Concepts Branch
Ames Research Center

(415)604-5944
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7.10 RADAR CROSSSECTIONCALCULATIONSWITH EMTRANAIR

7.10.1 Objective

To developthecapability to calculatetheRadarCrossSection(RCS)of aircraft
componentsand completeconfigurationsfor radar frequencieswith 5-20 wavelengths
acrossatarget.

7.10.2 Approach

Time-Harmonic Maxwell's Equationswere solvedon a rectangulargrid which
penetratesthetargetbywhatis nowcalledtheCG-FFTmethod,aniterativepreconditioned
GMRES Conjugate Gradient method and a FFT-basedfar field preconditioner. In
addition,a sparsematrix methodalsoprovidedanearfield preconditioner.Theboundary
conditions were imposed by local volume finite elements which surround perfect
conductorsandmodeldielectricandmagneticmaterials.

7.10.3 Accomplishments

A three-dimensionaldemonstrationcodewasdevelopedundercontractwith the
BoeingCompanyandvalidatedagainsttestmeasurementsprovidedby Wright-Patterson
ResearchLabs. A full F-16Aconfigurationwasmodeledat 300MHz with approximately
20wavelengthsfrom tip to tail (SeeFigure7.9).

7.10.4 Significance

EMTRANAIR cancomputeRCSat higherfrequenciesthancurrent "Method of
Moment" codes.It wasaleaderin applyingiterativeconjugategradientsolutionmethods
to complex,nonselfadjoint,indef'miteproblemsandin usinglocal finite elementsto model
curvedgeometrywithin arectangulargrid.

7.10.5 Status/Plans

No follow-on work orcontractisplannedfor EMTRANAIR.

Alex C. Woo
AdvancedAerodynamicConceptsBranch
AmesResearchCenter
(415)604-6010
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PANAIR Geometry -- Full Configuration Modeling

LINAIR Geometry -- Mean Surface Modeling

Figure 7.10. PANAIR and LINAIR Input Geometries
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7.11 STOVL FIGHTERAIRCRAFT CONFIGURATIONAERODYNAMICS

7.11.1 Objective

To (1) analyzeconfigurationaerodynamicsof theMcDonnellDouglasMixed Flow
VectoredThrust(MFVT), AdvancedShortTakeOff VerticalLanding(ASTOVL)concept
and(2)providedatafor flight simulationstudies.

7.11.2 Approach

Variousaerodynamicpredictioncodeswererun andresultswereevaluatedalong
with contractorpredictions. The codesusedwere(1) PANAIR, a linearpotential panel
method; (2) LINAIR, a vortex lattice methodand(3) DATCOM, anempirical method.
Figure7.10showsinput geometriesfor PANAIR andLINAIR.

7.11.3 Accomplishments

A full setof longitudinal andlateraldirectionalpower-off aerodynamicestimates
(including steady-staterotaryderivatives)weregeneratedfor theMFVT configurationat
approachand transitionspeeds(Mach0.2 and0.4). Figure 7.10 showscomparisonsof
thedirectional(Cnr) andlateral(CII_)stabilityderivativesfrom eachof theabovemethods.
The spreadamongthe dataprovidesa rangeof stability which canbe evaluatedin the
simulatorandlatercheckedagainstwindtunneldatashouldit becomeavailable.

7.11.4 Significance

Suchaerodynamicanalysesand piloted evaluationsarean essentialpart of the
technologydevelopmentfor futuresupersonicSTOVLfighteraircraft.

7.11.5 Status/Plans

Preparationsarebeingmadeto run theMFVT geometrythroughthePMARCcode
(PanelMethod Ames ResearchCenter,an updateof VSAERO) becausethis code has
provision for modelingtime-steppingwakesandis expectedto yield betterresultsfor the
steady-staterotaryderivatives.

DonaldA. Durston

Advanced Aerodynamic Concepts Branch
Ames Research Center

(415)604-6216
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Figure 7.1 1. Generic Fighter with Chine 
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7.12 TRANAIR AND EULERCOMPUTATIONSOFA GENERICFIGHTER

7.12.1 Objective

To evaluatethesolutionsof transonicflow fields aboutagenericfighter obtained
from both Euler andtransonicpotentialcodesin orderto determinetheir validity overa
widerangeof anglesof attack.

7.12.2 Approach

The Euler computationswere performedusing a modified version of FLO57,
originally writtenby A. Jamesonandmodifiedby severalusersinorderto accommodatean
O-H grid topology. TheTRANAIR full-potentialcodebeingdevelopedby Boeingunder
NASA contract,embedsaccuratelydefinedsurfacepanelmodelsof complexconfigurations
in arectangulararrayof flow field grid points. Computedsurfacepressuredistributions,
forcesandmomentswerecomparedto experimentaldata.

7.12.3 Accomplishments

TRANAIR and FLO57 solutionswere obtainedat Mach 0.60 and 0.80. Two
configurationswereexamined,wing/bodyandwing/body/chine(SeeFigure7.11). Below
a=eightdegrees,bothTRANAIR andFLO57 solutionscomparewell with experimental
results. Both codesshowpoorcorrelationwith experimentalresultsat a=eightdegrees;
however,the Euler resultsimprove at higheranglesof attackbeforevortex breakdown
becomessignificantoverthemainwing. Theoverallcomparisonsbetweencomputational
andexperimentalresultsimprovedwith theadditionof thechine. All Eulersolutionswere
obtainedon theCray-2with a minimumof 1,200iterationsrequiring 10,300secondsper
1,000iterations. 3-D solutionswereobtainedon the Cray X-MP/48 requiring 60-180
iterations and 0.35 to 1.2 CPU hours. A publication and videotape were prepared
describingthework.

7.12.4 Significance

Thevalidity of transonicflow solutionsaboutcomplexconfigurationsiscritical to
thesuccessfulcomputationalanalysisof currentandfutureaircraftgeometrics.Theonly
methodof determiningthevalidity is to computeandanalyzenumeroussolutionsovera
broadrangeof conditionsandto comparethemtoexperimentalresults.

7.12.5 Status/Plans

Solutionsat Mach 1.2will becomputedandanalyzedin orderto extendtherange
of theflow regimeto supersonicspeeds.Also,Navier-Stokescomputationswill bestarted
on thewing/bodyconfiguration.
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AgamGoodsell,JohnE. MeltonandMichaelD. Madson
AdvancedAerodynamicConceptsBranch
AmesResearchCenter
(415)604-3621
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7.13 EULERAND POTENTIALCODEEVALUATION

7.13.1 Objective

To evaluateadvancedCFD codesfor applicationto commercialtransportwing
designandanalysis.

7.13.2 Accomplishments

NASA comparedCFD codes with wind tunnel data for four closely related
commercial transportwings. Wing/body computationswith Euler equationsgavepoor
correlation with the experimentfor moderateto strongshocks. Isolated-wingpotential
computationswith B.L. correctiongaveacceptablecorrelationwith the experimentfor
moderateshocks.Wing/bodypotentialcomputationswith B.L. correctiongaveacceptable
correlationwith experimentfor moderateshocks(SeeFigure7.12).

7.13.3 Significance

CFD code accuracy is configuration-dependent. Extensive experiment-CFD
correlationsareneededto assesscodeapplicabilityto aerodynamicdesign.

7.13.4 Status/Plans

NASA plans to investigatenew grid topologiesand algorithms for the Euler
equationsandNavier-Stokescomputationsfor transportwings.

RaymondM. Hicks andSusanE.Cliff-Hovey
AdvancedAerodynamicConceptsBranch
AmesResearchCenter
(415)604-5656
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CHAPTEREIGHT

AEROACOUSTICS

8.1 INTRODUCTION

Aeroacousticsis concernedwith the physics of noise produced by the motion of
fluids and bodies moving through the atmosphere and the response of people and structures
to that noise. The current program focus is on the noise produced by supersonic jet
flowfields and its effects both in the nearfield where high levels of acoustic loads may lead
to structural failure of aircraft components and in the farfield where community response is
a major concern. The approach is to develop theoretical and computational methods for the
understanding and control of fundamental noise mechanisms and to investigate jet flow and
jet/surface interactions with scale model experiments. Recent accomplishments include
application of CFD techniques for the prediction of shock/vortex interaction noise, an
analytical exploratory study of noise reduction through the use of active flow control,
fundamental aeroacoustic studies of non-axisymmetric jet nozzles and determination of
aeroacoustic loads on wind tunnel models of the B-1B, F-15 and ASTOVL concepts.
Emphasis in aeroacoustics research is not limited to improving facility capability and
computational techniques; it also includes effecting technology transfer to full scale
operation.

Program Manager: Mr. Stephen Wander
OAST/RF

Washington, DC 20546
(202)453-2820

8-1



CRUISE CONDITIONS 33-39KFT ALT, 0.7-0.8 MACH NO. 

NASA PTA AIRCRAFT FLYOVER NOISE 

0 PTA AIRCRAFT GROUND LEVEL HIGHER THAN JET TRANSPORT 

0 PROPAGATION VARIABILITY NOT WELL UNDERSTOOD 

Figure 8.1. Enroute Aircraft Noise 
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8.2 ENROUTE AIRCRAFT NOISE

8.2.1 Objective

Development of advanced lu.rboprops has led to concerns of enroute noise.

Advanced turboprops generate low-frequency, periodic noise signatures which when
operating at cruise altitudes, can be audible from the gro .uad,_q_r_e assessment of the enroute
noise issue is difficult because of the variability of the received noise levels due to
atmospheric propagation and the uncertainty in predicting community response to the
relatively low noise levels, compared to airport operations.

8.2.2 Approach

In conjunction with the FAA, a flight test was conducted in Alabama to evaluate the

noise levels received on the ground of an advanced turboprop operating at cruise
conditions. The test aircraft, shown in Figure 8.1, was Langley's PTA aircraft which has
an advanced turboprop mounted on its left wing. Shown in the figure is a typical, single
microphone, A-weighted, PTA sound pressure level time history from Mach 0.7, 33,000
feet, level flyby. Included in the figure are typical, peak A-weighted sound pressure levels
for today's commercial airline turbofan fleet.

8.2.3 Accomplishments

Noise levels from advanced turboprops operating at cruise conditions will exceed
those of turbofans and will be clearly audible on the ground. The large variability in the
PTA noise level time history is due to propagation. This propagation induced variability is
not well understood and is not predictable.

8.2.4 Significance

In response to the enroute noise issue, NASA and the FAA developed an Aircraft
Enroute Noise Technology Program which will help to focus and leverage the enroute
noise research efforts of NASA and the FAA.

8.2.5 Status/Plans

A three year memorandum of understanding between NASA and the FAA was
negotiated. Basic acoustic propagation and subjective response studies are planned. A
propagation test was recently conducted using the PTA aimed at investigating the
propagation induced variability.

William L. Willshire, Jr.

Applied Acoustics Branch
Langley Research Center
(804)864-5270
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8.3 NON-AXISYMMETRIC SUPERSONIC JET FLOWFIELD

8.3.1 Objective

To (1) analyze jet exit geometries that enhance rapid mixing of the exhaust plume
with the surrounding medium (resulting in noise reduction) and (2) provide an accurate

database for predicting the, _..Tee-dimensional flow field associatec! with non- axisymmetric
nozzle exit geometries.

8.3.2 Approach

The exit plane internal boundary layer of round nozzles is uniform, whereas for

elliptic and rectangular nozzles it is non-uniform. Previous research with subsonic elliptic
nozzles show that this non-uniformity leads to enhanced growth along the minor axis, i.e.,
rapid mixing with the surrounding medium. A supersonic elliptic nozzle was designed at
an exit Mach number of 1.5 with an aspect ratio of two, i.e., ratio of major to minor
diameters, in order to study the mixing process for supersonic flows.

8.3.3 Accomplishments

Phase averaged schlieren optical records, mean flow velocity profiles and near field
microphone array measurements were acquired. Figure 8.2 shows schlieren records
indicating that operation at the nozzle design point (fully expanded) produces shock free
flow. In contrast, the schlieren records for off-design operation (over-expanded) indicate
strong shocks. No rapid mixing is observed for the fully expanded case; however, the
minor axis, overexpanded photo suggests a more sudden mixing does occur.

8.3.4 Significance

Understanding the fluid mechanics of rapid mixing nozzles of different geometry is
essential to the design of low noise supersonic nozzles.

8.3.5 Status/Plans

Future work will focus on high temperature, rectangular supersonic nozzles with
application to low noise designs for high speed civil transports.

John M. Seiner
Aeroacoustics Branch

Langley Research Center
(804)864-6276
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8.4 SUPERSONIC JET NOISE RESEARCH

8.4.1 Objective

To investigate the acoustic performance of square, equilateral triangle and circular
nozzles at constant ideal thrust. For many years, intense research was done on suppressing
noise from axisymmetric nozzles. Very little research was conducted to investigate the
acoustic behavior of non-circular nozzles.

8.4.2 Approach

The experiment was performed in a small, anechoic chamber at the Langley
Research Center. High pressure unheated air was pumped through the nozzles to create a
low supersonic flowfield. A traverse moved a .25-inch Bruel and Kjaer microphone
throughout the chamber. Sound power was obtained by integrating the microphone output.
Ideal thrust was kept constant in order to make direct comparisons among the nozzles (See
Figure 8.3).

8.4.3 Accomplishments

The results for the three nozzles are presented in terms of an acoustic efficiency.
Acoustic efficiency is a ratio of acoustic power to jet power. A nozzle with a high sound
output for a given thrust will have a high acoustic efficiency. The results show that at
constant ideal thrust the equilateral triangle nozzle exhibits a lower acoustic efficiency than
the square or circular nozzle.

8.4.4 Significance

The results from this basic research show that nozzle geometry has a measurable
and significant effect on supersonic jet noise. Supersonic jet noise reduction can be
achieved through simple nozzle geometry change with no apparent thrust penalty.

8.4.5 Status/Plans

More tests will be performed using additional nozzle shapes and larger nozzles to
further develop scaling relationships.

Martha C. Brown
Aeroacoustics Branch

Langley Research Center
(804)864-6277
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8.5 NUMERICAL PREDICTIONOFSHOCK/VORTEXINTERACTIONNOISE

8.5.1 Objective

To develop a numerical method for predicting sound generated in supersonic
flows.This investigation was part of an overall program to develop computational
aeroacoustics methodology for the understanding and prediction of aeroacoustic

phenomena of interest to aeronautical applications.

8.5.2 Approach

The passage of turbulence through shock waves is known to generate shock
associated noise, one of several mechanisms for supersonic jet noise. This particular
mechanism was modeled by the passage of a vortex through a normal shock. A vortex
which models turbulence was superimposed on a Mach 1.1 flow upstream of a stable
normal shock and allowed to convect with the flow through the shock. The Euler equations
in conservative form were solved on a grid of 132 points in the axial direction and 122

points in the normal direction with a second order accurate upwind finite volume technique.
In this numerical method, the shock is captured rather than fitted so that situations where

shock vortex interaction may cause secondary shocks also can be investigated.

8.5.3 Accomplishments

The results show the change in pressure downstream of the shock after interaction
with a strong vortex (See Figure 8.4). The heavy lines represent the location of the shocks
before and after the interaction. The deflection and splitting of the shock are seen in this

figure as well as the formation of two distinct pressure regions at the points of maximum
shock excursion. The pressure region indicated by the solid lines represents an increase in
pressure from the pre-interaction state; the region indicated by dashed lines represents a
decrease in pressure. Analysis of the observed wavefront shows that it travels at the local
speed of sound in the fluid and is, therefore, a sound wave. The acoustic wavefront is
shown for illustrative purposes by a dotted circular arc passing through the compression
and expansion regions.

8.5.4 Significance

The method shows promise of predicting shock/vortex interaction noise even in
cases of severe shock deflection where classical linear acoustic theory is not applicable.

8.5.5 Status/Plans

Enhancements to the current computer code will be investigated to provide a

quantitative prediction of the acoustic wavefront.

8-9



Kristine R. Meadows 
Aeroacoustics Branch 
Langley Research Center 
(804)864-3624 

Figure 8.5. Assessment of Shaped Sonic Booms 
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8.6 ASSESSMENTOFSHAPEDSONICBOOMS

8.6.1 Objective

To (1) developamodelto assesshumanresponseto sonicboomsand(2) quantify
thepotentialbenefitsof sonicboomshaping.

8.6.2 Approach

Basedonknown characteristicsof thehumanauditorysystem,a loudnessmodel
wasformulatedto assesshumanresponseto impulsivesoundssuchassonicbooms. The
pressure-timesignatureof the boom was transformedto the frequency domain and
adjustmentsweremadeto reflect thecharacteristicsof theauditorysystem,thusyieldinga
valueof loudness.Peopleexposedto sonicboomsfrom a supersonictransportwould be
locatedboth indoorsandoutdoorsand,therefore,it wasnecessarythat anassessmentof
thebenefitsof sonicboomshapingincludethesoundtransmissioncharacteristicsof typical
buildings.

8.6.3 Accomplishments

Figure 8.5 showsloudnessvaluescalculatedfor a rangeof sonic boomsheard
indoorsandoutdoors. Thefirst columnin thefigurecontainsdatafor a conventionalN-
wave, which is characterizedby a rapid rise in pressureto the peak, followed by a
relatively slow decreasein pressureandanabruptreturn to ambientpressure.Theother
columnsin thefigure containdatafor arangeof shapedbooms,which arecharacterizedby
arapidriseto theinitial shockamplitudeanda moregradualriseto thepeakpressure.For
the shapedbooms, the initial shock amplitudesrange from 0.125 to 0.5 psf. For
illustrative purposes,the rise time of the initial shockandthe peakpressurewere held
constantfor all boomsignatures.Thecalculatedvaluesof loudnessfor theshapedbooms
areshownrelativeto the loudnessof anN-waveheardunderthesameconditions,indoors
or outdoors. Theresultsindicatethat substantialreductionsin loudnesscanbeachieved
throughshaping,evenfor signatureshavingthesamepeakpressure.Furthermore,these
reductionsare found to beof similar magnitudefor observerslocatedeither indoorsor
outdoors.

8.6.4 Significance

The shaping of sonic booms offers
loudnessand hencein community impact;
possible.

the potential of substantial reductions in
thus, overland supersonicflight may be

8.6.5 Status/Plans .:

Laboratorystudiesusing a sonicboom simulatorwill be performedin order to
validatetheseloudnesspredictions.
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Structural Acoustics Branch 
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8.7 B1-B TWIN ENGINE NOISEREDUCTION

8.7.1 Objective

To (1) determinethe importanceof twin jetresonancerelativeto failure of engine
nozzleouterflapson theG. E.F101enginesinstalledonB1-Baircraftand(2)examinethe
effectivenessof suppressiondevicesfor reducingdynamieflapit,bads.

8.7.2 Approach

Previous research involving twin supersonic jet plumes showed that coupling of
turbulent large scale structures between each jet plume leads to significant amplification of
inter-nozzle dynamic pressures. To determine the relative importance of this mechanism on
flap loads, a six percent full span model of the B1-B aircraft (See Figure 8.6) was
instrumented with dynamic pressure transducers on nozzle exterior surfaces and tested in
the Langley 16-foot Transonic Wind Tunnel. The model was tested over an extensive
nozzle pressure ratio and flight Mach number range, including supersonic. A small tube jet
(d/D=0.035, where d is the tube diameter and D is the jet diameter) was installed at the
nozzle exit.

8.7.3 Accomplishments

Dynamic flap loads were found to be dominated by the twin jet resonance
mechanism from static conditions up to Mach 0.5. The tube jet suppressor was found to be
effective in reducing twin jet coupling and dynamic loads associated with this mechanism.
Above a flight Mach number of 0.5, turbulent separation from the upstream wing/body
produces dominant flap loads.

8.7.4 Significance

The origin of dynamic pressure loads on the external engine nozzle flaps of BI-B
aircraft were identified for complete mission profile. An effective method for reducing twin
jet resonance was identified.

8.7.5 Status/Plans

Flight tests currently are being conducted to verify model scale results.

John M. Seiner
Aeroacoustics Branch

Langley Research Center
(804)864-6276
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8.8 AEROACOUSTICLOADSOFADVANCEDCONFIGURATIONS

8.8.1 Objective

To determinetheOlZlginandmagnitudeof dynamicl'6adgassociatedwith theuseof
twin rectangularnozzleductsassociatedwith F-15STOLdemonstrator.

8.8.2 Approach

Previous model researchshowed that twin plume resonanceassociatedwith
supersonicrectangularexhaustnozzles is significantly higher in amplitude (dynamic
pressurefluctuations)thantheresonanceassociatedwith axisymmetricnozzles.To study
thismechanism,for theF-15 STOLdemonstrator,an8.33percentfull spanmodelof the
F-15wasinstrumentedwith dynamicpressuretransducerson theforebody,vertical tails
andexhaustnozzles.Both axisymmetricandrectangularexhaustgeometrieswerestudied
overanextensiverangeof operatingconditions (SeeFigure8.7).

8.8.3 Accomplishments

A high qualitydatasetwasobtainedfor thismodelthatwill enabledeterminationof
theorigin for enginenozzleflap loads.

8.8.4 Significance

Thetestwill directly aid McAir's assessmentof aeroacousticloadsassociatedwith
F-15STOL flight demotests.

8.8.5 Status/Plans

NASA will makeacompleteanalysisof thewind tunneldatabase.NASA alsowill
makerecommendationsfor flight testprogram.

JohnM. Seiner
AeroacousticsBranch
LangleyResearchCenter
(804)864-6276
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8.9 ADVANCED STOVLACOUSTICLOADSIN LEWISRC's9-FOOTBY 15-
FOOT LOW SPEEDWIND TUNNEL

8.9.1 Objective

Fluctuatingpressureloadscausedbyjet impingementnoiseanddeflectedexhaust
flowfields may leadto excessivefatigueloadsonthe structureof advancedshort takeoff
and vertical landing (ASTOVL) aircraft. The current seriesof testswere designedto
quantify theseloads on an ASTOVL model in hover over a wide rangeof operating
conditions.

8.9.2 Approach

A McAir ASTOVL HotGasIngestion(HGI)modelwastestedin Lewis'
9-foot by 15-foot Low SpeedWind Tunnel (See Figure 8.8). The model was
instrumentedwith a seriesof dynamicpressuretransducerson the undersideof both the
fuselageand wing. Fluctuatingpressuresweremeasuredfor arangeof nozzlepressure
ratios,heightsabovegroundplane,wind tunnelspeedsandexhausttemperaturesto 500
degreesFahrenheit.

8.9.3 Accomplishments

Largechangesin the measureddynamicloadswereobtainedaseither the nozzle
pressureratio or aircraft-to-grounddistancewaschanged,with smaller effectsdue to
changesin jet temperatureandwind tunnelspeed.Fluctuatingpressurelevels of 180dB
(almostthreepsi)weremeasuredwhenthedeflectedexhaustjet fountainimpingedon the
fuselage.

8.9.4 Significance

The higher nozzlepressureratiosutilizedby anASTOVL aircraft over its lower
speedcounterpart,i.e.,Harrier,leadto higherlevelsof fluctuatingpressureon theaircraft.
Thehigherloadingmayrequirestrongerandheaviermaterial(andhence,aweightpenalty)
in thedesignof theaircraftstructure.

8.9.5 Status/Plans

ThePhaseII HGI testingof theASTOVLmodel is scheduledfor late 1989.Better
heightadjustmentandjet temperaturesto 1,000°Fwill beobtained.Watercooleddynamic
pressuretransducersarebeingdesignedto enablemeasurementof fluctuatingloadsat these
highertemperatures.

ThomasD. Norum
AeroacousticsBranch
LangleyResearchCenter
(804)864-3620
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8.10 ASTOVL SONIC FATIGUE LOADS

8.10.1 Objective -

To characterize the thermal/acoustic fatigue loads produced by supersonic jet
plumes of typical, Advanced, Short Take-Off and Vertical Landing (ASTOVL) aircraft.

8.10.2 Approach

The conceptual ASTOVL aircraft showed that the lift and propulsive nozzles may
cluster near the center of gravity of the aircraft (See Figure 8.9). At takeoff and landing,
jet impingement on the ground surface altered the turbulent mixing and the feedback
processes resulting in a unique nearfield acoustic environment. A large portion of the
airframe was exposed to high intensity thermal/acoustic fatigue loads. Existing data of
thermal/acoustic loads for supersonic jets in these conditions were insufficient for airframe
design purposes. The approach taken here was to conduct accurate measurements of

nearfield fatigue loads using model scale nozzle configurations in order to establish scaling
laws for loads prediction.

8.10.3 Accomplishments

Figure 8.9 shows an example to illustrate key features of the nearfield sonic fatigue
environment during vertical landing. A single 0.4-inch circular jet operated at Mach 1.4 is
placed at three jet diameters above the ground. Detailed acoustic spectra obtained in the
nearfield indicate the existence of dominant mixing noise. A contour plot of the narrow

band acoustic intensity near the peak frequency of mixing noise is shown in this figure.
The distribution of acoustic loads indicates high intensity and shows that a significant
portion of the outboard wing structure can be exposed to fatigue loads.

8.10.4 Significance

Experimental data obtained in the current research program indicate that acoustic
loads can increase by as much as 20 dB with ground impingement resulting in levels that
can cause structural fatigue.

8.10.5 Status/Plans

Plans for further research include the measurement of thermal/acoustic fatigue
loads for selected ASTOVL aircraft configurations, such as the McAir Hot Gas Ingestion
Model and the validation of scaling laws for design applications.

John S. Preisser
Aeroacoustics Branch

Langley Research Center
(804)864-3618
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Figure 8.10. Fluctuating Pressure Loads in Hypersonic Boundary Layers 
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8.11 FLUCTUATING PRESSURE LOADS IN HYPERSONIC BOUNDARY
LAYERS

8.11.1 Objective

To develop methods for measuring high-frequency pressure fluctuations in
supersonic and hypersonic boundary layers.

8.11.2 Approach

A 107-inch by 51-inch test model was fabricated from a high-temperature alloy and
installed in the Langley eight-foot High Temperature Tunnel (See Figure 8.10).
Fluctuating pressures were measured with ten flush-mounted sensors (.093-inch in
diameter). Water cooling was used to protect the sensors from aerodynamic heating at the
Mach 5 flow speed during a four second test run.

Dynamic calibrations of the sensor array over the entire operating frequency range
were conducted with a specially-designed waveguide calibrator. This calibration procedure
provided a means to detect and correct for any spurious installation effects or sensor
resonances. Time history data were digitized at a sampling rate of 125 kHz and stored on
hard disk to permit analysis up to 62.5 kHz.

8.11.3 Accomplishments

Fluctuating pressures were successfully measured in a fully-developed turbulent
boundary layer on the flat plate test model immersed at a 13 degree angle of attack in a high
temperature, Mach 5 flow. Tests were conducted for two different Reynolds numbers of
18 and 24 million. Generally, the power spectra exhibited exponential rolloff with
increasing frequency out to 38 kHz. Beyond about 38 kHz, no significant contribution to
the total power was evident. The total RMS pressures were found to be 0.46 percent and
0.17 percent of the dynamic pressure at the boundary layer edge for the low and high
Reynolds number runs, respectively. Total RMS pressures were found to exhibit little
dependence on the Reynolds number for the stated test conditions.

8.11.4 Significance

The results presented here demonstrate the ability to measure high-frequency loads
in a high-temperature, high-speed flow environment. Particular elements of concern were
sensor installation, data acquisition and calibration. This measurement capability is essential
in defining fluctuating pressure loads on high-speed vehicles.

8.11.5 Status/Plans

Fluctuating pressures and shock loads will be measured in scramjet engines in the
Langley Scramjet Engine Test Facility. Further calibration procedures will be developed
for these measurements.
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8.12 FLUCTUATING PRESSURE LOADS IN A SCRAMJET ENGINE MODEL

8.12.1 Objective

To develop measurement technology for fluctuating pressure loads in the high-
speed, hostile environments of scramjet engines. Fluctuating pressure measurements in the
boundary layers of scramjet engines are of interest from the standpoints of combustion
instability onset and structural design of engine components. The fluctuating loads are
generated by combustion processes, boundary layer turbulence and shock/boundary layer
interactions.

8.12.2 Approach

A scramjet engine model designed by the Johns Hopkins Applied Physics
Laboratories was installed in the Combustion Heated Scramjet Test Facility at Langley
(See Figure 8.11). Pressure transducers were installed at eight locations on the top wall of
the scramjet model, including the inlet and combustor sections. During the 25-second test
run, step changes in heat release rate were induced by a fast acting valve in the hydrogen
fuel supply line.

8.12.3 Accomplishments

At the bottom of the figure, time histories for sensor locations four and five,
upstream of the combustor, show the dramatic effect of these changes in heat release rate
on the fluctuating pressures in the boundary layer. Peak-to-peak pressures range from
seven psi (sensor four) to ten psi (sensor five) at the high heat release rate as compared to
less than two psi peak-to-peak for the low heat release rate. Assuming a Gaussian type
probability density distribution for these pressures, the corresponding sound pressure
levels at the high heat release rates would be 172 dB and 175 dB, respectively. These levels
are at least 11 to 14 dB above corresponding levels at the low heat release rates.

8.12.4 Significance

Changes in levels of fluctuating boundary layer pressures upstream of the
combustor have been correlated with changes in heat release in a scramjet engine model. A
knowledge of the characteristics and propagation of boundary layer pressure fluctuations is
crucial to the design of scramjet engine components.

8.12.5 Status/Plans

Further measurements are underway to refine the interpretation of fluctuating
pressures and transient disturbances (shocks) measured with recessed pressure sensors.

Tony L. Parrott
Applied Acoustics Branch
Langley Research Center
(804) 864-5273
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CHAPTERNINE

AEROTHERMODYNAMICS

9.1 INTRODUCTION

Future aerospace vehicles, such as Aeroassist Space Transfer Vehicles (ASTV), the
aerospace plane and hypersonic cruise and maneuver vehicles, must be capable of sustained
hypersonic, hypervelocity flight in both rarefied and continuum flow flight regimes. The
design of these vehicles presents some formidable performance prediction challenges. To
meet these challenges, the aerothermodynamics program is pursuing the following
objectives: (1) development and application of advanced computational methods and
numerical techniques covering the entire spectrum of continuum, transitional and rarefied
flows; (2) development of accurate and detailed real-gas chemistry and high speed turbulent
flow models and the efficient integration of these models with standard computational flow
codes; (3) establishment of a high quality ground and flight experimental database for code
validation/verification; (4) direct correlation and comparison of numerical computations
with available ground and flight data; (5) establishment of a detailed aerothermal loads

database and development of a fully integrated analysis technique and (6) enhancement of
engineering design codes and advanced configuration analysis capability to support future
vehicle/mission requirements.

Program Manager: Mr. Stephen Wander
OAST/RF

Washington, DC 20546
(202)453-2820

a_T l,d,.Al'_.
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9.2 ADVANCES IN COMPUTATIONAL CAPABILITY: PROGRAM LAURA

9.2.1 Objective

One of the challenges of hypersonic flowfield simulation is the proper modeling of
nonequilibrium processes within a Computational Fluid Dynamics (CFD) code. A second
challenge of hypersonic flowfield simulation, which is shared by simulations over all
speed ranges, is the development of an algorithm which can effectively utilize
supercomputer resources to decrease the computational time required for a solution. The
objective was the development and application of a computational fluid dynamic code, the
Langley Aerothermodynamic Upwind Relaxation Algorithm (LAURA), to address these
challenges. The detailed development of LAURA focused on the design needs of the
Aeroassist Flight Experiment (AFE), a project designed to obtain the aerobraking flight data

required for code validation.

9.2.2 Approach

An upwind-biased, point-implicit relaxation algorithm for obtaining the numerical
solution to the governing equations for three-dimensional, viscous, hypersonic flows in
thermochemical nonequilibrium was implemented. Multiple domains were used to define
the complete Flowfield. Further details of the algorithm were documented in AIAA 89-
1972-CP. The chemical kinetic model included 11 species and used either the 26-reaction-
pair model of Dunn and Kang or the 21-reaction-pair model of Park. Thermal
nonequilibrium was modeled using a two-temperature approximation. The total model, in
its most general form, involved the simultaneous solution of 16 partial differential
equations. Further details of the thermochemical nonequilibrium gas model are documented
in NASA TP 2867.

9.2.3 Accomplishments

Program LAURA is now an operational research code. It was implemented on a
CRAY 2 but can also effectively utilize both synchronous parallel and asynchronous
parallel supercomputer architectures. The influence of grid-induced errors and the effects of
uncertainties in various aspects of thermochemical models were studied and documented.
Figure 9.1 shows results that illustrate the differences noted in the species predictions
across the stagnation streamline for the AFE vehicle between the Dunn and Kang (D&K)
and the Park kinetics models. These results also are compared with those from a
noncontinuum, Direct Simulation Monte Carlo (DSMC) method. The code was checked
against both ground and flight test data and was used for AFE flowfield simulations.

9.2.4 Significance

The present capability is the most comprehensive and general available for the study
of thermochemical nonequilibrium effects in three-dimensional, continuum, hypersonic
flows around aeroassisted space transfer vehicles.
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9.2.5 Status/Plans

A turbulencemodel is now being testedin a perfect-gasversion of the code.
Inclusionof radiativeenergytransferandaclosercoordinationwith noncontinuumanalysis
techniquesare plannedfor the future. Researchand developmentof asynchronous
relaxationstrategiesonparallelcomputersarecontinuing.

PeterA.Gnoffo
SpaceSystemsDivision
LangleyResearchCenter
(806)864-4380
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9.3 ADVANCESIN DIRECTSIMULATIONMONTECARLOCOMPUTATIONAL
CAPABILITIES USING PARALLEL PROCESSING

9.3.1 Objective •

To reducethe comphtati0n_ time requiredfor Direct Simulation Monte Carlo
(DSMC) analysis,therebyallowing themethodto beextendedto lower altitudesandto
morecomplexproblems.

5.3.2 Approach

A numberof differentparallelalgorithmswereinvestigatedtodeterminetheoptimal
strategyfor parallel DSMC analysis.These includedboth coarse-grainand fine-grain
algorithmssuitablefor distributedmemorymulticomputersandalgorithmsthat combined
vectorizationwith parallelprocessingonsharedmemory.

9.3.3 Accomplishments

Benchmarktestswereperformedon hypercubesusingdomaindecompositionto
distributethe physicaldomainamongmultipleprocessorsandusingmessagepassingto
communicatemoleculesthat crossdomainboundaries.Speedupsof ten or more were
obtainedon aSymultSystem$2010andanIntel iPSC/2,eachhaving16processornodes.
Speedupsof two to threealso were obtainedon the Cray YMP using the autotasking
compiler (SeeFigure9.2).

9.3.4 Significance

This researchdemonstratedthat significantreductionsin DSMC computational
timesarepossibleusingparallelprocessing.Although results to date have been obtained
with a relatively small number of processors, projections based on these results show that
with proper sizing of the problem to the number of available processors, performance
exceeding that of current supercomputers is possible.

9.3.5 Status/Plans

Work currently is underway to develop domain decomposition methods coupled
with adaptive gridding to provide improved load balancing on massively parallel systems.
Research also has been initiated on modifications to the DSMC algorithm that will allow
vectorization to be used more effectively.

Richard G. Wilmoth

Space Systems Division
Langley Research Center
(804)864-4368
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9.4 AEROASSISTFLIGHT EXPERIMENT(AFE)FLOWFIELD SIMULATIONS

9.4.1 Objective

To assemblethemodelsdevelopedfor thevariousnonequilibriumprocessesinto
asingle,computational,fluid dynamiccodefor thepurposeof model-to-modelcomparison
andfor simulation of three-dimensional,nonequilibriumflow aroundaeroassistedspace
transfervehicles.

9.4.2 Approach

Aeroassistedspacetransfervehicles will use the upperregions of the Earth's
atmosphereto generatethe lift anddragforcesrequiredfor decelerationinto low-Earthorbit
on returnfrom geosynchronousEarthorbit, theMoonor Mars.Theaeropasswill carry the
vehicle throughflight regimesin whichthermochemicalnonequilibriumprocesseswithin
the surroundingshocklayer significantly influencethe forcesand heatingacting on its
surface(SeeFigure9.3). Nonequilibriumprocesses,suchasmoleculardissociation,occur
when the accommodationtime for the processis of the sameorder as the transit time
requiredfor thegasto crosstheshocklayer.

9.4.3 Accomplishments

Forebodyandnearwakeflow fieldsover theAeroassistFlight Experiment(AFE)
werecomputedfor threedifferenttrajectorypointsandtwo anglesof attack.Resultswere
provided to the AFE project office for vehicleandexperimentdesignapplications.The
entirecollectionof modelsandoptionsis documentedin NASA TP2867.Model-to-model
comparisons,comparisonswith noncontinuumcalculationsandgrid refinementstudiesare
described therein. The computer code, the Langley Aerothermodynamic Upwind
RelaxationAlgorithm (LAURA), hasbeendocumentedin a seriesof AIAA reports,the
mostrecentbeingAIAA 89-1972.

9.4.4 Significance

The flowfield simulationcapability for AFE conditionsis established,although
furthervalidationof someaspectsof thethermochemicalmodelsis needed.

9.4.5 Status/Plans

Turbulenceandradiation modelswill be included. Grid reformulationswill be
investigatedto removeproblemsassociatedwith acoordinatesingularityin thestagnation
region.Thecodeis beingdistributedto severalotherusersfor otherapplications.

PeterA. Gnoffo
SpaceSystemsDivision
LangleyResearchCenter
(804)864-4380
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9.5 CODE CALIBRATION IN SUPPORT OF THE AEROASSIST FLIGHT
EXPERIMENT

9.5.1 Objective

To conduct calibration runs of the Langley Aerothermodynamic Upwind Relaxation
Algorithm (LAURA) to assess its strengths and weaknesses with regard to eventual
Aeroassist Flight Experiment (AFE) and Aeroassisted Space Transfer Vehicles (ASTV)
applications.

9.5.2 Approach

The AFE is a project designed to obtain critical flight data which will be used in the
validation of Computation Fluid Dynamic (CFD) approximation methods. These CFD
codes require flight data for validation because of the complexity of the important physical
processes which must be modeled in order to accurately predict aerodynamic forces and
convective and radiative heating for planned ASTV. Until validation quality flight data
become available, the codes must be calibrated with available experimental data sets which
include some elements of the intended application.

9.5.3 Accomplishments

Calibration runs were made using perfect-gas, wind-tunnel tests over a scale model

of the AFE and on both flight and ground tests which challenge some aspect of the
thermochemical nonequilibrium model. In the first case, the gas model is simple, but the
grid-related problems of defining the real vehicle are present. In the second case, the
vehicle geometries are simple, but nonequilibrium processes must be modeled correctly in
order to compare with the experimental data. These tests of the thermochemical

nonequilibrium model include ballistic range data for shock shape, shock tunnel data for
shock shape and interferograms, project FIRE data for surface heating and project RAM C
data for electron number density. Comparisons are generally good, except for some
anomalies in the predicted electron number density profiles which are still under
investigation. Results are documented in AIAA Paper 89-1673.

9.5.4 Significance

The calibration data sets provide necessary, but not sufficient, check points in the
code validation process for AFE and ASTV application. The sting heating results, shown in

Figure 9.4, demonstrate the capability of resolving shear layer impingement heating on
ASTV payloads.

9.5.5 Status/Plans

Additional calibration tests are ongoing. More comprehensive grid refinement
studies are planned.
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9.6 RAREFIEDFLOWSOVERTHE AFEVEHICLE

9.6.1 Objective

To provideanunderstandingof thepotentialeffectsof nonequilibriumphenomena
(translational,thermal,chemicalandradiative)ontheflow structure,aerodynamicforces
andheatingwhichwill beexperiencedby theAeroassistFlightExperiment(AFE).

9.6.2 Approach

TheDirect SimulationMonteCarlo(DSMC)methodis usedto calculatetheflow
environmentabout the AFE configuration. For the more rarefied portion of the entry
trajectory (200 to 100km), a 3-D codewasusedto calculatethe flow aboutthe actual
configuration. For lessrarefiedconditions,axisymmetricandstagnationstreamlinecodes
were used where ionization and thermal radiation effects have been included in the
simulation.

9.6.3 Accomplishments

Stagnationconvectiveheatingwascalculatedfor theatmosphericencounterof the
AFE alongwith theradiativeheatingat a few selectedconditions.The three-dimensional
calculationsprovide the first resultsfor the aerodynamiccoefficients over most of the
transitionalflow regime.Figure9.5 showsthepredictedLift Dragratio (L/D) asafunction
of altitude.

9.6.4 Significance

Thecalculationsshowthattheflow approachestheFreeMolecule(FM) limit very
gradually with increasing altitude and even at 200 km, the flow is not completely
collisionless. Prior to thesecalculations,it wasassumedthatfree-moleculeflow existed
for theAFE vehiclenear150km.Consequently,theseresultshaveimportantimplications
for the interpretationof aerodynamiccoefficientsextractedfrom flight measurementsunder
rarefied conditions.Dissociation is shownto be important at altitudesof 110 km and
below.Themaximumlevelof ionizationwasabouttwo percent.

9.6.5 Status/Plans

NASA plansto examineandimplementwaysof increasingthecomputationalspeed
while retaining the ability to adaptto the physicalrequirementsof the problem.NASA
alsowill comparecalculationswith ground-basedmeasurementsfor bothblunt andlifting-
bodyconfigurationsusing2-Dand3-D codes.
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9.7 EXPERIMENTALHYPERSONICAERODYNAMIC AND
AEROTHERMODYNAMIC CHARACTERISTICS FOR AFE

9.7.1 Objective

To generate a comprehensive, benchmark hypersonic aerodynamic and
aerothermodynamic database for the Aeroassist Flight Experiment (AFE) baseline
configuration for extrapolation to flight in the continuum and near-continuum regime and
for calibration of Computational Fluid Dynamics (CFD) codes.

9.7.2 Approach

The approach involved designing and fabricating force and moment models,
including the instrument carder and rocket motor pressure models and heat transfer models
using thin-film gages or the thin-skin transient calorimeter technique for quantitative
measurements and the phase change paint technique for qualitative measurements. NASA
are testing models over the wide range of flow conditions provided by the Langley
Hypersonic Facilities Complex (HFC). NASA also is extending the database to the
hypervelocity real-gas regime through tests in an expansion tube and a piston-driven shock
tunnel (See Figure 9.6).

9.7.3 Accomplishments

A comprehensive database of experimental characteristics, shock shapes, pressure
distributions, surface streamlines, thermal mapping and distributions of heating has been
developed over a range of hypersonic Mach numbers and Reynolds numbers. Detailed
quantitative heat transfer distributions obtained in Mach 10 tests with thin-film gages
revealed the highest heating on the nose region and a spike in the distribution at the skirt.
Comparison with predictions from one of the most advanced CFD codes (LAURA)
illustrates the difficulty in predicting heat transfer over highly three-dimensional surfaces
such as the AFE nose region. Surface streamlines and detailed heating measurements on the
cylinder in the near wake show the location and magnitude of the heating associated with
impingement of the free shear layer originating at the forebody shoulder. These results
provide additional confidence in the Navier-Stokes CFD codes such as LAURA for

predicting flow phenomena around the entire body.

9.7.4 Significance

The heat transfer data represent the first such measurements for the AFE and the
first ever with a solid MACOR thin-film model. These data are expected to be of interest to
designers of the thermal protection system, to principal investigators of onboard
experiments and to the CFD community.
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9.7.5 Status/Plans

NASA will (1) determineflow impingement/heatingonafterbodyprotuberances,
i.e., control motors,booms,antennas,grapplefixture, etc.; (2) measureforebody and
wakeheattransferdistributionsin CF4to determinetheeffectsof densityratio; (3) perform
pitot pressuresurveysin the wakeregion at Mach 6 in air andcomparepredictions; (4)
determineaerodynamiccharacteristicsat thenewlow Reynoldsnumberconditionsof the
CF4tunneland(5)explorefeasibilityof extendingtheaerodynamicdatabaseto Mach > 14

and much lower test gas densities in facilities at USAF-WRDC and Calspan Corporation.

William L. Wells and John R. Micol

Space Systems Division
Langley Research Center
(804) 864-5221

0 = 20, bf = 2_ M= = 6.17, Re c 1.6x105

Ch

Chsph

:
00000000

I I I I I I I I

x/L

Figure 9.7. Measured Heating Distribution and Shock Shape for 13o/7 °

Biconic with Flap in CF4

9-14



9.8 EXPERIMENTAL HYPERS ONIC-HYPERVELOCITY
AERODYNAMIC/AEROTHERMODYNAMIC CHARACI'ERISTICS FOR
PROPOSED HIGH ENERGY AEROBRAKING CONCEPTS

9.8.1 Objective

To develop hypersonic-hypervelocity experimental database for candidate High
Energy Aerobraking (HEAB) concepts having a range of lift-to-drag ratio (L/D) to
determine aerodynamic and aerothermodynamic characteristics and to calibrate
Computational Fluid Dynamic (CFD) codes.

9.8.2 Approach

The approach involved performing aerodynamic and aerothermodynamic thermal
mapping and heating tests over a wide range of flow conditions with emphasis on tests in
CF4 to simulate real-gas effects and heating studies at velocities in excess of 15,000 fps by
tests in an expansion tube and in a piston-driven shock tunnel. The concepts provide a
range of L/D from near zero to about two.

9.8.3 Accomplishments

Detailed heat-transfer distributions were measured on a family of large-angle
spherically blunted cones at Mach 6 and 10 in air and used to calibrate CFD codes.

Pressure and thin-film heat-transfer models of a high-fidelity, drag brake with a payload
were designed, fabricated, instrumented and scheduled for tests. Modifications to existing
biconic force and moment models were initiated; heat-transfer measurements on thirteen
degree/seven degree biconics, including control surfaces, were performed at Mach 6 in air
and CF4 and data are being analyzed (See Figure 9.7). Heat-transfer measurements

obtained on a biconic model in the Australian National Laboratory T3 Shock Tunnel in air
and nitrogen at velocities up to 20,000 fps also are being analyzed.

9.8.4 Significance

This evolving, experimental database for three categories of configurations based
on L/D (low, L/D<0.5; moderate, L/D=0.75 to 1.25 and high, L/D>I.5) provides a broad
foundation upon which to evaluate aerodynamic and aerothermodynamic characteristics for
proposed HEAB flight vehicles and for CFD code calibration. This database involves
detailed heat-transfer measurements on payloads attached to the base and on control
surfaces; the database also includes simulation and duplication of real-gas effects by testing
the same models in conventional and impulse facilities.

9.8.5 Status/Plans

NASA plans to (1) document heat-transfer results for a family of blunt cones and
for slender biconic with control surfaces; (2) test drag brake with payload in the near future
and (3) continue the design/fabdcatio.nJtesti_ng of conical frustum models in both
conventional wind tunnels and high-enthalpy impulse facilities.
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9.9 HIGH ENERGY AEROBRAKING STUDIES

9.9.1 ObJective

To determine the stagnation region convective and radiative aerothermal
environment during Mars aerocapture over a modified Aeroassist Flight Experiment (AFE)

shape (lift-drag ratio of 0.28) as part of Langley's High Energy Aerobraking (HEAB)
studies,.

9.9.2 Approach

The convective heating rate results (present in the boundary layer) were based upon
the Sutton-Graves equation, whereas the radiative results (which are shock induced) were
obtained by utilizing Sutton's inviscid equilibrium solution. Both stagnation point heating
rate solutions were integrated into the Program to Optimize Simulated Trajectories (POST);
hence, solutions were obtained throughout the atmospheric passage. In accordance with

interplanetary trajectory results, the Mars atmospheric entry velocities ranged from six to
ten krn/second.

9.9.3 Accomplishments

Figure 9.8 shows the radiative contribution to the total stagnation point heating rate
is largely dependent upon atmospheric entry velocity. For a low speed entry (velocity
below 6.2 km/second), the effects of radiation are minimal; however, for an entry of

approximately 7.0 km/second, the relative contributions of the radiative and convective
effects are of the same order of magnitude. As the entry velocity increases (above 8.5
kin/second), radiative effects dominate the aerothermal environment.

9.9.4 Significance

Over a majority of the Mars entry speeds associated with a high energy aerobraking
mission, radiative effects will be significant for blunt configurations (like the AFE shape).

9.9.5 Status/Plans

Current research focuses on improving our understanding of the relationship
between the interplanetary and atmospheric trajectories and performing a detailed design
analysis of several candidate aerobrake shapes.

R.W. Powell

Space Systems Division
Langley Research Center
(804)864-4506
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9.10 RANDOM ATMOSPHERE SIMULATION FOR MONTE CARLO
TRAJECTORY ANALYSIS

9.10.1 Objective

To develop a random atmosphere simulation approach for use in Monte Carlo
trajectory simulations.

9.10.2 Approach

The approach developed is applicable to both _'_arth and Mars atmospheres. The
random atmosphere along a trajectory is represented fis a mean, along with spatially
correlated random variations. The statistics of the mean and variations are functions of

altitude, latitude and longitude and are propagated in space in parallel with the trajectory
simulation's time-domain propagation. A number of modifications of the Global Random
Atmosphere Model (GRAM) were made in order to render the atmosphere simulation
consistent with the time-domain simulation, including an analytical measure for controlling
the spatial bandwidth of the perturbations while preserving statistical stationarity and the
appropriate pointwise perturbation covariances.

9.10.3 Accomplishments

An adaptation of the GRAM was implemented and used in aerospace guidance
simulations. Figure 9.9 shows the results of 160 Monte Carlo runs using an Aeroassist
Flight Experiment (AFE) model and the Johnson Space Center (JSC) guidance law of
Cerimele and Gamble. Eighty of the runs were made with the atmosphere simulated in the
"usual" manner, representing the random atmosphere samples as tabular functions of
altitude. The other eighty were calculated using the new approach. Significant differences
were seen in key trajectory statistics.

9.10.4 Significance

This allows realistic simulations of trajectories with proper representation of the
statistics of the atmospheric parameters. It is a necessary tool for proper simulation of
stochastic feedforward/feedback guidance laws.

9.10.5 Status/Plans

The earth model was completed. The code will directly accept the expected Georgia
Tech Martian atmosphere model. This software will be used extensively as a validation
tool for high energy aerobraking guidance.
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9.11 SHUTILE INFRAREDLEESIDETEMPERATURESENSING(SILTS)

9.11.1 Objective

To obtain high-spatial resolution temperature measurements of the Orbiter leeside
surface during entry. The data will help characterize the aerothermal environment in a

complex, three-dimensional, vortical, separated flowfield not adequately simulated in
ground-test facilities and will provide a database for maturing computational fluid dynamic
codes.

9.11.2 Approach

An infrared camera was mounted in the tip of the vertical tail and alternately senses
infrared radiation emanating from the Orbiter fuselage and left wing surfaces. The
electronic signals were recorded onboard the Shuttle and post-flight processing procedures
provided detailed surface temperature profiles from which aeroheating distributions can be
computed.

9.11.3 Accomplishments

The Columbia vehicle made only one flight, STS-61 C, since installation of the
SILTS experiment. Several anomalies in the SILTS hardware performance degraded the
expected flight results; however, modifications were made to the automated data reduction

program to account, where possible, for the data deficiencies. A total of 61 images on the
wing and 10 on the fuselage were processed into a color graphic format for analyses.

9.11.4 Significance

Although anomalies in the SILTS system compromised the precision of data
measured during the fin'st flight on STS-61 C, intensive efforts with the data reduction

techniques produced qualitative results on the leeside aerothermal environment. Higher
temperatures on the leading edge (LE) and shock interaction region on the wing were
highlighted. Figure 9.10 shows the peak fuselage temperatures on the wing and fuselage
edges, on the orbital maneuvering systems (OMS) pod and near the centerline from vortical
scrubbing. The test demonstrated the feasibility and advantages of the concept.

9.11.5 Status/Plans

Modifications to the hardware should assure high-quality data on future flights and
connection of leeside thermocouples should provide valuable comparisons.

E. V. Zoby
Space Systems Division
Langley Research Center
(804)864-4386
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9.12 ATMOSPHEREDENSITYMEASUREMENTSBETWEEN60AND 160KM

9.12.1 Objective

To provideadatabaseof atmospheredensityprofiles in aregionof theatmosphere
inaccessibleto orbitingspacecraftandbeyondtypicalsoundingrocketsamplingaltitudes.

9.12.2 Approach

ResearchaccelerationinstrumentationontheShuttleOrbiter (theHigh Resolution
AccelerometerPackage,HiRAP) andthenavigationequipment(theInertial Measurement
Units, IMU) provideameansto sampledensityin thealtituderegionof interestuponeach
reentry. Solving for the rarefield flow aerodynamicsof a wingedreentryvehicle (which
includescontrol surfaceeffects)overmultiple flights allows the determinationof in situ
densityusinga techniquedevelopedadecadeagofor planetaryentryscienceinvestigations
andusedfor bothMarsandVenusmissions.

9.12.3 Accomplishments

Ten samples,covering a period of threeyears, were analyzed to provide a
significantdatabasegainwith respectto thebodyof datacollectedby othertechniques.The
dataalongtheflight pathof theOrbiterareuniquein thattheycoveravery widehorizontal
rangeduringeachflight (SeeFigure9.11)andthusprovideacomponentnot availableto
thenearverticalprofilescollectedby soundingrocketsandgroundlidars.Further,thedata
also exhibit a wave feature when comparedwith various atmospheremodels. The
characteristicsof thedensitywavesare(1) theamplitudeappearsto haveadependenceon
solaractivity andtime of yearand(2) thewavelengthis approximatelyconstant(37km),
but thephaseis independentof altitude.

9.12.4 Significance

Variations of measureddensity from currentatmospheremodels are large (in
excess of 50 percent). These measuredvariations will provide important design
applications insights for NASA/DoD aerobrake missions and new insights for
improvementsof atmospheremodels.

9.12.5 Status/Plans

OneHiRAP will continueto collectdataontheOV-102(Columbia).Resultswill be
combinedwith massspectrometerdata (ShuttleUpperAtmosphereMassSpectrometer,
SUMS)alsoscheduledto fly ontheColumbia.

RobertC. Blanchard
SpaceSystemsDivision
LangleyResearchCenter
(804)864-4391
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9.13 REACTION CONTROL SYSTEM PLUME/FLOWFIELD
INTERACTIONSTUDY

9.13.1 Objective

To establish improved ground-to-flight extrapolation techniques for reaction
control system (RCS) plume/flowfield interactions on advanced space transportation
system vehicles during atmospheric reentry.

9.13.2 Approach

The approach involved comparing pressure distributions and corresponding
moments measured on the wing upper surface, fuselage and vertical tail of the Space
Shuttle Orbiter (OV-102) during reentry with measurements made on a 0.0125-scale

Orbiter model tested at Mach 2.5 to 10. Comparisons of pressure distributions from flight
and ground tests with and without RCS yaw thrusters firing will be correlated with
calculated leeside flow fields to derive applicable ground-to-flight extrapolation methods.
(See Figure 9.12).

9.13.3 Accomplishments

Tests on the 0.125-scale pressure model were performed in the Langley Unitary
Plan Wind Tunnel (UPWT) at Mach 2.5, 3.5 and 4.5 and in the AEDC Tunnel C at Mach
10. Force and moment tests were conducted in the AEDC Tunnel B at Mach 6. The tests

provided a much more consistent and accurate data set than those on which preflight
predictions were based. They represent a significant improvement in agreement with flight
data, thereby providing credibility to the carefully developed test techniques employed in
this study. These data agree reasonably well with flight data obtained from onboard inertial
measurements.

9.13.4 Significance

Subject data are the first wind-tunnel measurements illustrating the response of the
wing upper surface pressures to plumes from RCS thrusters. RCS/flowfield interactions

were found to be relatively insensitive to plume shape or number of thrusters firing for a
given momentum ratio. Whereas large differences between pre-flight wind-tunnel and first
Shuttle flight data occurred, the new Mach 6 and 10 data (classified) compared more
favorably with flight data than with preflight data. The original data were judged to be
qualitatively and quantitatively insufficient to predict RCS/flowfield interactions.

9.13.5 Status/Plans

This completes the Langley studies of the RCS/flowfield interactions for the

Shuttle Orbiter during entry. A generic transatmospheric vehicle model is being built to
study the ascent and entry RCS/flowfield interactions on slender-bodied configurations.
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9.14 BOUNDARY LAYER STABILITY ANALYSISON CONESIN FREEFLIGHT
AT HYPERSONICSPEEDS

9.14.1 Objective

To determinethefeasibilityof usingsoundingrocketsto studytransitionphysics
in freeflight andto studythesensitivityof transitionlocationonsharpandbluntconeswith
variationsin Machnumberandaltitude.

9.14.2 Approach

Theapproachinvolvedhypersonicstabilityanalysisonsharpandbluntconewith a
sevendegreehalf angleat various altitudesand hypersonicMach numbers.Onset of
transitionwaspredictedby theenmethodwith n=10 (SeeFigure9.13).

9.14.3 Accomplishments

Dominantfrequenciesandinstabilitymodesleadingto transitionwereidentified.
Onsetof transitionwasmoresensitiveto altitudethanMach numberchanges.Onsetof
transitionlocationcanshift onefoot with a5,000foot changein altitudeonaconewith a
total lengthof 5.4feet.

9.14.4 Significance

Results will enable payload/sensor integration design and definition of
ballistic/controlledlaunchvehicleandmissionrequirements.

9.14.5 Status/Plans

Resultsof the stability analysis will be used by Wallops Flight Facility to define a
launch vehicle, conduct trajectory dispersion analyses and define the launch vehicle control
requirements. Definition of a specific flight experiment, mission requirements and
preliminary payload design are contingent upon FY 1990 funding.

Simha S. Dodbele and J.W. Usry
Flight Research Branch
Langley Research Center
(804)864-3863
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9.15 LIFTING-BODY CONFIGURATIONANALYSIS

9.15.1 Objective

To makea preliminary assessmentof theability of the lifting-body conceptto
perform the ACRC mission. A lifting-body conceptderivedfrom NASA andAir Force
studiesin the latesixtiesis beingdevelopedfor possibleapplicationto theAssuredCrew
RetumCapability (ACRC) missionfor theSpaceStationFreedomandPersonnelLaunch
System(PLS)assuredmannedaccessto spacemissions.Theconceptis beingextensively
testedin wind tunnelsandis beinganalyzedusingcomputationalfluid dynamics(CFD)
techniques.Also, subsystemdesigns for the various missions and ascentand entry
trajectoriesarebeingdeveloped.

9.15.2 Approach

Configuration analyseswere conductedto assessentry aerodynamics,stability,
controlandperformance;aerodynamicheating;landingstabilityandcontrolandcrossrange
benefitsfor applicationof the lifting-body conceptto perform the ACRC mission(See
Figure 9.14).

9.15.3 Accomplishments

The results of the systems analyses and configuration assessment resulted in
inclusion of the lifting body in the phase A/B studies to be initiated by Johnson Space
Center later this year.

9.15.4 Significance

This program opened up the options being studied for the ACRC to include more
than the low-lift-to-drag-ratio blunt bodies being initially studied.

9.15.5 Status/Plans

NASA will continue analyses to further mature the vehicle database to support
the phase A/B studies.

D. C. Freeman

Space Systems Division
Langley Research Center
(804)864-4502
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9.16 LIFFING-BODY ENTRY CROSS RANGE ANALYSIS

9.16.1 Objective

To assess the impact of cross range on landing opportunities (See Figure 9.15). A

lifting-body concept derived from NASA and Air Force studies in the late sixties is being
developed for possible application to the Assured Crew Return Capability (ACRC) mission
for the Space Station Freedom and Personnel Launch System (PLS) assured manned
access to space missions. The concept is being extensively tested in wind tunnels and is

being analyzed using co.mp.utational fluid dynamics (CFD) techniques. Also, subsystem
designs for the various missions and ascent and entry trajectories are being developed.

9.16.2 Approach

identify
nautical

The approach involved conducting three-degree-of-freedom entry studies to
entry/landing opportunities from the Space Station Freedom. For the analysis, 850
miles of the 1,150-nautical-mile cross range available were used.

9.16.3 Accomplishments

The lifting-body vehicle with an entry cross range of 1,150 nautical miles provides
a minimum of three landing opportunities a day. In comparison, ballistic-type/low-lift-drag-
ratio concepts with typical cross ranges of 150 nautical miles have periods of five days with

no landing opportunities.

9.16.4 Significance

The additional landing opportunities for the lifting-body concept provide increased

return options and will require fewer recovery sites.

9.16.5 Status/Plans

These analyses are completed.

D. C. Freeman

Space Systems Division
Langley Research Center
(804)864-4502
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9.17 LIFTING-BODY ENTRYFLIGHT DYNAMICSANALYSIS

9.17.1 Objective

To studytheability to controlthevehiclemotionsalongtheentry trajectory.A
lifting-body conceptderivedfrom NASA andAir Forcestudiesin the latesixtiesis being
developedfor possibleapplicationto theAssuredCrewReturnCapability(ACRC)mission
for the SpaceStation Freedomand PersonnelLaunchSystem(PLS) assuredmanned
accessto spacemissions.The conceptis beingextensivelytestedin wind tunnelsandis
beinganalyzedusingComputationalFluid Dynamics(CFD) techniques.Also, subsystem
designsfor thevariousmissionsandascentandentrytrajectoriesarebeingdeveloped.

9.17.2 Approach

A six-degree-of-freedom(6 DOF) simulationof theentry trajectoryandasimple
flight control systemweredevelopedand maneuverswere introducedat severalpoints
alongthetrajectoryto analyzethevehiclecontrollability.

9.17.3 Accomplishments

The vehicle was found to be easily controllable throughout the speed range that
was studied (hypersonic speeds to Mach 2) using small reaction control system (RCS)
thrusters. Figure 9.16 shows time histories of the angle of attack, alpha, and the sideslip
angle, 13,from entry into the atmosphere to about Mach 2.

9.17.4 Significance

The highly refined concept is stable and easily controllable at high speeds and
therefore is a good candidate for a relatively inexpensive manned entry vehicle for a

possibly deconditioned crew.

9.17.5 Status/Plans

Entry stability and control analyses are continuing.

D.C. Freeman

Space Systems Division
Langley Research Center
(804)864-4502
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9.18 LIF'T,,rNG-BODYLANDING-SPEEDANALYSIS

9.18.1 Objective

To determine the low-speed stability and control and landing characteristics of this
vehicle.A lifting-body concept derived from NASA and Air Force studies in the late sixties
is being developed for possible application to the Assured Crew Return Capability (ACRC)
mission for the Space Station Freedom and Personnel Launch System (PLS) assured
manned access to space missions. The concept is being extensively tested in wind tunnels
and is being analyzed using Computational Fluid Dynamics (CFD) techniques. Also,
subsystem designs for the various missions and ascent and entry trajectories are being
developed.

9.18.2 Approach

The approach involved conducting static-force, forced-oscillation and free-flight
wind-tunnel tests in the Langley Full-Scale Wind Tunnel to determine the low-speed
stability and control of the lifting-body concept.

9.18.3 Accomplishments

The static low-speed stability and control characteristics of the vehicle were
measured by the Flight Dynamics Branch of the Flight Applications Division. The results
of these tests show that the low-speed stability of the vehicle is so favorable that landing
attitudes as high as 18 degrees are feasible and provide lift coefficients as high as 0.6. At
the estimated vehicle landing weight of 12,900 pounds with a lift coefficient of 0.6, a
landing speed as low as 171 knots can be achieved (See Figure 9.17).

9.18.4 Significance

The landing speed of 171 knots is at least 30 knots slower than that of the Shuttle
Orbiter and significantly lower than that of previous lifting bodies.

9.18.5 Status/Plans

Additional tests are planned to better define the vehicle controllability, dynamic
stability and free-flight characteristics.

D.C. Freeman

Space Systems Division

Langley Research Center
(804) 864-4502
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9.19 LIFFING-BODY CROSSWIND LANDING ANALYSIS

9.19.1 Objective

To assess the limitations imposed on the vehicle by crosswinds during landing.
A lifting-body concept derived from NASA and Air Force studies in the late sixties is being
developed for possible application to the Assured Crew Return Capability (ACRC) mission
for the Space Station Freedom and Personnel Launch System (PLS) assured manned
access to space missions. The concept is being extensively tested in wind tunnels and is
being analyzed using Computational Fluid Dynamics (CFD) techniques. Also, subsystem
designs for the various missions and ascent and entry trajectories are being developed.

9.19.2 Approach

Static wind-tunnel test results were analyzed by the Flight Dynamics Branch of the
Flight Applications Division to determine the crosswind landing capability of the lifting-
body vehicle (See Figure 9.18).

9.19.3 Accomplishments

With the control deflections limited to 30 degrees, the vehicle was capable of
landing in a 10-knot crosswind without the rudder on the centerline vertical tail. Using the
rudder extended this capability to about 18 knots and making the centerline vertical tail all
movable further extended the capability to 25-knots. The results of these preliminary
analyses show the potential for providing a capability to handle a 20-knot crosswind when
the control effectiveness and control coordination are better def'med.

9.19.4 Significance

With the emphasis in the ACRC program on returning deconditioned crewmen
from Space Station Freedom, automatic landing and entry must be considered. Coupling
the capability to handle significant crosswinds with the decreased landing speed provides
vehicle characteristics which make automatic landing feasible.

9.19.5 Status/Plans

More in depth analyses are being made to better define the control system

requirements and to incorporate vehicle dynamics.

D.C. Freeman

Space Systems Division
Langley Research Center
(804)864-4502
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9.20 EXPERIMENTAL AERODYNAMIC AND AEROTHERMODYNAMIC
CHARACTERISTICS FOR PROPOSED PERSONNEL LAUNCH SYSTEM
LIFI'ING-BODY CONCEPT

9.20.1 Objective

To (1) determine transonic/supersonic/hypersonic aerodynamic and hypersonic
aerothermodynamic characteristics of a proposed Personnel Launch System (PLS) lifting
body, (2) assess the performance of this vehicle and compare it with other similar lifting
configurations and (3) establish a benchmark hypersonic experimental database for this
class of configuration for Computational Fluid Dynamics (CFD) code calibration.

9.20.2 Approach " _,,".... _

The approach involved augmenting the experimental aerodynamic database for the
lifting-body concept by conducting wind-tunnel tests in the Calspan 8-foot Transonic
Tunnel from Mach 0.6 to 1.2, in the Langley Unitary Plan Wind Tunnel from Mach 1.6 to
4.5 and in the Langley Hypersonic Facilities Complex (HFC) from Mach 6 to 22. NASA

performed qualitative aerothermodynamic (thermal mapping) tests over a wide range of
hypersonic flow conditions. NASA simulated real-gas effects on aerodynamic and
aerothermodynamic characteristics by testing in the Langley Hypersonic CF4 Tunnel.
NASA built and tested high-fidelity force, pressure and heat transfer models to calibrate

CFD codes in conventional and high-enthalpy impulse tunnels (See Figure 9.19).

9.20.3 Accomplishments

These tests have shown that the configuration is longitudinally stable over the
Mach range. It is naturally trimmed (controls undeflected) at maximum I./D at hypersonic
and subsonic speeds with values of 1.4 and 3.0, respectively. In the Mach range from
about 1.5 to 3.0, pitch control input will be necessary to trim to positive lift conditions.
Transonic results have been published in NASA TM 4117 and supersonic results are in
publication. Preliminary thermal mapping tests have shown high heating regions on the
nose, fan leading edges, canopy and regions of flow reattachment on the upper surface.

9.20.4 Significance

The proposed rifting-body concept has aerodynamic characteristics that make it an
attractive candidate for a PLS. It is longitudinally and laterally stable and naturally trimmed,
i.e., zero control deflection over most of the speed regime. Hypersonic L/D values give it
sufficient cross range capability and the subsonic L/D offers the possibility of a
conventional aircraft-like landing. The aerodynamic/aerothermodynamic data generated
from this study are an essential portion of the information needed to define, evaluate and
select a PLS vehicle.
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9.20.5 Status/Plans 

NASA plans to complete testing in the Langley HFC and analyze aerodynamic 
heating data and document the findings. NASA also will initiate design, fabrication and 
testing of highly instrumented, high-fidelity models for CFD code calibration. 

George M. Ware, John R. Micol and Thomas J. Horvath 
Space Systems Division 
Langley Research Center 
(804)864-522 1 

y = 1.4 

Figure 9.20. Mach Number Contour Plots 
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9.21 ASSUREDCREWRETURNVEHICLEFLOWHELD ANALYSIS

9.21.1 Objective

Currently within NASA, there is an ongoing activity to define candidate
approachesfor crewrescuefrom theSpaceStationFreedom.While a numberof Assured
Crew ReturnCapability (ACRC)vehicleconceptshavebeenidentified for studyover the
next two years,interestatLangleyhasf0cfiseg0fi _ lifting-body shape derived from work

initiated by NASA and the.Air Force in the late ,sjxties:i0 study._gg the Dynasoar, HL-10,
X24 and M2F2 vehicles.

Extensive system studies were conducted to determine gross operational

characteristics of this proposed vehicle. Refinement of the operational envelope requires a
more detailed analysis of the aerodynamic and aerothermodynamic characteristics of the
vehicle through the use of Computational Fluid Dynamics (CFD) techniques. The CFD
analysis of this complex aerodynamic shape required not only robust CFD software, but
also state-of-the-art surface definition, grid generation and data presentation techniques.

9.21.2 Approach

The vehicle surface was defined by spline interpolation of a database constructed
from measured cross-sectional shapes of a wind-tunnel model. The surface and volume
grids were constructed through a combination of algebraic techniques and transfinite
interpolation. An inviscid version of the Langley Aerothermodynamic Upwind Relaxation
Algorithm (LAURA) code was used for the CFD analysis.

9.21.3 Accomplishments

Figure 9.20 indicates the type of detailed flowfield information available through a
CFD analysis. These contour plots at three axial locations reveal the extent of the bow
shock and details of the flow in the shock layer.

9.21.4 Significance

Surface pressures derived from CFD computations are used directly in
determination of vehicle aerodynamic characteristics and in vehicle structural analysis and
the computed velocity fields can be combined with approximate boundary layer techniques
to determine surface heating.

9.21.5 Status/Plans

The LAURA code is being upgraded to include the effects of equilibrium air
chemistry. The code will then be used to compute inviscid and viscous (Navier-Stokes)
solutions at flight conditions.
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9.22 NASAJONERACOOPERATIVEAGREEMENT:WIND-TUNNEL TEST
COLLABORATIONIN HYPERSONICAEROTHERMODYNAMICS

9.22.1 Objective

To (1) develop an aerodynamic/aerothermodynamic database for a generic
winged reentry vehicle under a cooperative agreement between NASA and the French
agency ONERA (See Figure 9.21) and (2) evaluate test techniques and wind tunnel
performance by comparing data from tests in two Langley and two ONERA wind tunnels at
Mach 6 and 10 in air.

9.22.2 Approach

Each agency will (1) determine aerodynamic characteristics for a high-fidelity
model constructed at Langley by measurement of forces and moments over a range of angle
of attack and Reynolds number at Mach 6 and 10 in air and (2) generate a corresponding
qualitative aerothermodynamic database by measurement of thermal mappings on models
fabricated by the respective agency. The data will be compared at a workshop to evaluate
test/measurement techniques.

9.22.3 Accomplishments

A high-fidelity force and moment model was designed, fabricated and tested in the
Langley 20-inch Mach 6 and 31-inch Math 10 tunnels over a range of angle of attack
(alpha) from -20 to 450 and a range of Reynolds numbers. Preliminary analysis reveals
that a maximum lift-to-drag ratio (I/D) of about 2.7 at an angle of attack of 11 degrees was
obtained at Math 6 with a stable trim point near 21 degrees. Similarly, a maximum L/D of

2.2 at alpha=15o was observed for Mach 10 with a trim point at 24 degrees. Immediately
upon completion of these tests, the model was sent to ONERA. Models for the phase
change paint technique were fabricated and thermal mappings were measured at Mach 6
over a range of angle of attack (alpha) and Reynolds number. Force and moment and
thermal mapping data at Math 6 were augmented with the measurement of surface
streamline patterns by the oil flow technique and with schlieren photographs.

9.22.4 Significance

The aerodynamic model fabrication and testing portion of the Langley commitment
to the cooperative agreement is complete and the model is being prepared by ONERA for
their tests at Math 6 and Math 10.
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9.22.5 StatusPlans 

Thermal mapping tests will be performed in the 31-inch Mach 10 tunnel to complete 
the aerothermodynamic portion of the Langley commitment to the agreement. A workshop 
will be scheduled to compare results obtained in Langley and ONERA wind tunnels and to 
exchange details of test measurement and data analysis techniques. 

Gregory J. Brauckmann 
Space Systems Division 
Langley Research Center 
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Figure 9.22. Symmetry and Outflow Plane Volume Grids 
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9.23 GRID GENERATIONFORCOMPLEXGEOMETRICSHAPES

9.23.1 Objective

The ComputationalFluid Dynamics (CFD) analysisof complex aerodynamic
shapesdependsnot only on robust CFD software,but also on tile ability to construct
surfacegrids on and volume grids aboutcomplex geometricshapes.In the past, the
constructionof suchgridshasbeenalaboriousandtime-consumingtaskwhichwaslimited
to relatively simpleshapes.The increasedrelianceonCFD analysisin thedesignprocess
for suchnational programsas National Aero-SpacePlane(NASP) and AssuredCrew
Return Capability (ACRC) has focused attentionon the needto, in a timely fashion,
generateandalterCFDgrids.

Currently,aneffort is beingmadeto determineappropriategriddingtechniquesfor
theACRC vehicle.Severalapproachessuchastheintegrationof ComputerAidedDesign
(CAD) techniquesinto thegridgenerationprocessarebeingevaluated.

9.23.2 Approach

Thevehiclesurfacewasdefinedby splineinterpolationof adatabaseconstructed
from measuredcross-sectionalshapesof a wind-tunnel model. Surface-smoothing
techniqueswereusedto enhancethe surfacequalitybeforeanyattemptwasmadeto grid
the vehicle. The surfaceandvolume grids wereconstructedthrough a combinationof
algebraictechniquesandtransfiniteinterpolation.

9.23.3 Accomplishments

Figure9.22showsthegrid generatedfor theACRC vehicle.Thegrid in theupper
andlower symmetryplanesis shownalongwith the grid at the outflow boundary. The
grid wasconstructedfrom two grid blockswhich allowedgreatergrid resolution in the
vicinity of the vehicle wings. The grid has been used along with the Langley
AerothermodynamicsUpwind RelaxationAlgorithm(LAURA) codeto generateflowfield
solutionsabouttheACRCvehicleat hypersonicspeedsandhighanglesof attack.

9.23.4 Significance

Mathematical techniques and software are available to generatea quality
computationalgrid aboutacomplexconfigurationlike theACRC vehicle;however,these
toolsarenotmatureenoughfor generaluse.
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9.23.5 StatusPlans 

Grid generation is still a time-consuming process which is ill-suited for quickly 
responding to vehicle design changes. In an attempt to overcome this lack of response time, 
an effort will be made to integrate CAD software such as Solid Modelling Aerospace 
Research Tool (SMART) and mature grid generation software such as the Eglin Arbitrary 
Geometry Implicit Euler (EAGLE) code. 

K. J. Weilmuenster 
Space Systems Division 
Langley Research Center 
(804)864-4363 

Figure 9.23. Solid Modeling Aerospace Research Tools (SMART) 
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9.24 SOLID MODELING AEROSPACERESEARCHTOOLS(SMART)

9.24.1 Objective

To develop a geometrysystemfor theconceptualandpreliminary analysisof
advancedaerospaceve_hi¢lesiri order to integrate _ngineering disciplines such as
aerodynamics,aerothermodynamics,structures,weightsandmassproperties

9.24.2 Approach

The approachinvolved integratingstate-of-the-artcomputergraphicshardware
with mathematicalsurfacedefinitionsto developaneasytousegeometrysystemthatcanbe
utilized by all designand analysiscodesthat requiregeometriccoordinates,derivatives
and/orproperties(SeeFigure9.23).

9.24.3 Accomplishments

VersionTwo of SMART wascompletedfor generatinggeometry,creatingphoto
realisticimages,computinggeometricpropertiesandgeneratingfinite elementsfor wings.
Interfacesexistfor theAerodynamicPreliminaryAnalysisSystem(APAS), thePATRAN
finite element system,the Langley WireframeGeometryStandard(LAWGS) and the
IntegratedGeometryExchangeStandard(IGES),which is a standardfor the computer-
aideddesign/computer-aidedmanufacturingindustry.Externalandinternalgeometrywas
developedfor the AdvancedMannedLaunchSystemconfigurations,the AssuredCrew
ReturnCapability (ACRC) vehicle,governmentandindustry NationalAero-SpacePlane
configurationsandthe SpaceShuttle.For the ACRCvehicle, a computationalgrid was
generatedandEulersolutionswereobtained.

9.24.4 Significance

Productivityandquality of analysisweredramaticallyimprovedthroughreduced
modelingtime,increasedsurfacefidelity andintegrateddesignandanalysisfunctions.

9.24.5 Status/Plans

Currently,theprogramis beingdistributedto industryanda shortcourseis being
developed. Surfacesmoothingand grid generationcapabilitiesfor computationalfluid
dynamicsandinternalvehiclestructurefor f'miteelementanalysisareunderdevelopment.

MarkL. McMiUin
SpaceSystemsDivision
LangleyResearchCenter
(804)864-4521
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Figure 9.24. Windward Surface Temperature Mapping on a 
Transatmospheric Model in 3 1 -Inch Mach 10 Tunnel 
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9.25 THERMAL MAPPING/HEATTRANSFERMEASUREMENTSIN
HYPERSONIC WIND TUNNELS

9.25.1 Objective

To (1) developoptical (nonintrusive)technique(s)for measurementof quantitative
thermalmappingtime historieshavinghigh spatialresolutionin hypersonicwind tunnels
and (2) obtain system hardware/softwarecapableof providing detailed heat transfer
distributionsonmodelsshortlyfollowingcompletionof tunnelrun.

9.25.2 Approach

Theapproachinvolveddevelopingathermalimagingtechniquebasedon theratio
of blue to greenemissionfrom aUV-excitedphosphorcoatingwhich wasappliedto the
surfaceof castceramicor stycastmodels(SeeFigure9.24).A two-color thermographic
systemrecords separatelyfiltered imageswith a three-tubecolor camera;data were
recorded on analog video tape and images were digitized and processed. NASA
developedsoftwaretorapidly reducedatato quantitativesurfacetemperaturetimehistories
from which heattransferratesmaybe inferred. NASA examinedthefeasibility of using
Infrared (IR) thermographyto accomplishthesameobjectivesbut without the needfor
coating.

9.25.3 Accomplishments

Highly successful demonstrations of the Langley-developed, two-color
thermographic phosphor system were performed in the Langley 20-inch Mach 6 and
31-inch Mach 10 Tunnels on a National Aero-Space Plane (NASP)-like configuration
[Langley Test Technique Demonstrator (TTD), data secret]. These demonstrations utilized
an advanced image data acquisition and processing computer system. Hardware operation
was flawless and minor refinements to the software were performed to optimize

performance. Concurrently, an IR thermography system under development at Langley
was tested in these same two facilities and preliminary comparisons with other thermal
mapping techniques were initiated.

9.25.4 Significance

The two-color Thermographic Phosphor System (TPS) provides a unique
capability for chromatic image data acquisition, processing and analysis for
aerothermodynamic measurements in hypersonic wind tunnels. This technique provides
detailed, global, quantitative surface temperature time histories quickly and economically;
the TPS is expected to replace the widely used Phase Change Paint Technique (PCPT)
because the phosphor system provides a measurement of surface temperature everywhere
on the model in view of the camera at a specific time, whereas the PCPT provides only an
isotherm and the model does not require recoating after a run. The TPS and IR techniques
should essentially eliminate the lag that occurred in the past between the generation of

aerodynamic and aerothermodynamic databases.

9-49



9.25.5 S tatusPlans 

Langley personnel are being instructed on the operation of the TPS. System 
capabilities will be enhanced by additional mass storage and software refinements. 
Development of the IR technique will continue with emphasis on correcting for emittance 
variation with temperature and angular direction. Knowledge developed for the Orbiter 
experiment Shuttle Infrared Leeside Temperature Sensing (SILTS )will be incorporated to 
provide global heat transfer rates. 

Gregory M. Buck 
Space Systems Division 
Langley Research Center 
(80&)864-5221 

Figure 9.25. Comparison Between Experimental and Computed 
Interferograms 
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9.26 COMPRESSIBLE-EULER-NAVIER-STOKESTWO-DIMENSIONAL

HYPERSONIC (CENS2H) CODE FOR NONEQUILIBRIUM AIR

9.26.1 Objective

To develop an efficient computer code, Compressible Euler-Navier-Stokes Two-
dimensional-Hypersonic (CENS2H), to compute the aerodynamic characteristics of two-
dimensional bodies flying in the sub-orbital hypersonic flight speed range in air including
the thermo-chemical nonequilibrium effects.

9.26.2 Approach

The compressible Navier-Stokes equations are solved implicitly in two dimensions
including the thermo-chemical nonequilibrium effects using the lower-upper symmetric
Gauss-Seidel algorithm. The vibrational and electronic excitation and molecular
dissociation and the interaction among these processes, are accounted for assuming air to
consist of N, O, NO, N 2 and 02 The steady-state solution is obtained only through the

Newton's iteration technique.

9.26.3 Accomplishments

The code was run for an Apollo-like two-dimensional blunt body, a circular
cylinder and an airfoil at hypersonic Mach numbers. The solutions are found to converge
monotonically to a very small error margin. The computing time is 88 micro-seconds per
node-point per iteration. Solutions with an error smaller than 0.00001 are obtained within
about 700 iterations, corresponding to a computing time typically of 1.5 minutes for a small
grid and of five minutes for a large grid in a Cray X-MP computer. Reasonably accurate
aerodynamic coefficients (lift, drag and pitching moment coefficients) can be obtained at

fewer than 700 iterations. The density field computed by this code is compared with an
experimental data. Agreement was excellent, as shown in Figure 9.25. It is shown also
that the aerodynamic coefficients vary by 10 to 20 percent due to the thermo-chemical
nonequilibrium phenomena.

9.26.4 Status/Plans

The aerodynamic coefficients will be calculated for a typical hypersonic wing over
a wide range of conditions in order to determine the changes in the coefficients due to the
thermo-chemical nonequilibrium phenomena. A three-dimensional and time-accurate
versions of the code will be developed.

Chul Park

Aerothermodynamics Branch
Ames Research Center
(415)604-5394

Seokkwan Yoon
MCAT Institute

Sunnyvale, CA
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9.27 TWO DIMENSIONAL AND AXISYMMETRICMULTI-TEMPERATURE
NAVIER-STOKESHYPERSONICFLOWSIMULATION

9.27.1 Objective .

To developanumericalmethodto simulatetheflow abouthypersonicvehiclesin
theregimewheretheflowfield is hotenoughthatchemicalreactionsandthermalexcitation
occur in the gas. Particularemphasiswasplacedon the part of the vehicle'strajectory
wherethermo-chemicalnonequilibriumis important.

9.27.2 Approach

The motion and thermo-chemicaldynamicsof the gas in the flowfield were
computedby solvingtheappropriatemass,momentumandenergyconservationequations.
A separatemassconservationequationhadto besolvedfor eachchemicalspeciesthatwas
considered.Eachdimensionof the flowfield requireda momentumequationand each
temperaturethatwasallowedneededanenergyequation.Currentlya sevenspeciesmodel
for air is employed (chemical speciesare N2, 02, NO, NO+, N, O and e-), in two
dimensionsandwith six temperatures(atranslational-rotationaltemperature,avibrational
temperaturefor eachdiatomicspeciesandanelectron-electronictemperature)for atotalof
fifteenequations.Theseequationsweresolvedinafully coupledmannerusinganimplicit
Gauss-Seidelline-relaxationalgorithm (SeeFigure9.26).

9.27.3 Accomplishments

Results were obtained about a number of vehicle configurations. Numerous
calculations were made to compare the computation to experiment with excellent results. An

example is the flow about an axisymmetric model of an ASTV flying in a ballistic range at
4.02 km/second Other calculations include the comparison with a flight experiment of
electron number density on a sphere-cone, comparisons of shock shapes and
interferograms with experiments and the prediction of the radiation from an ASTV-like
vehicle.

9.27.4 Status/Plans

Work is under way to improve the efficiency of the numerical method and the
program so that solutions about more complicated vehicles may be obtained. Also studies
are being performed to improve the thermo-chemical model and the accuracy of the results.
More chemical species will be included and boundary conditions for treating a variety of
conditions at the body surface will be implemented.

Graham Candler

Aerothermodynamics Branch
Ames Research Center

(415)604-4227
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Figure 9.27. Translational Temperature Contours 
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9.28 THREEDIMENSIONAL NONEQUILIBRIUMFLOWSIMULATION OFTHE
AEROASSISTFLIGHT EXPERIMENTVEHICLE

9.28.1 Objective

To computethefull, threedimensionalflowover theAeroassistFlight Experiment
(AFE) vehicle at oneof its trajectorypointsincluding the baseregion.Properdesignof
boththeAFE itself andtheexperimentsto becarriedaboardrequiredadetailedknowledge
of theflow aroundthespacecraft.

9.28.2 Approach

Thethree-dimensional,thin-layerNavier-Stokesequationsweresolvedaboutthe
AFE configurationusinganexplicit, upwinddifferenced,fully-coupled, thermochemical
nonequilibrium code. The two-temperaturemodel of Park accountedfor thermal
nonequilibriumeffects.Sevenchemicalspecieswereconsidered.

9.28.3 Accomplishments

A technique of controlling the changesin speciesmassfractions allows a
significantly largertime stepthanwouldotherwisebepossiblewith anexplicit code.The
algorithmhasbeenvalidatedbycomparisonto avarietyof experimentalandcomputational
data. Flow was computedover the AFE at analtitude of 77.8km with a freestream
velocity of 8914m/second Significantthree-dimensionalandnonequilibriumeffectswere
seenin the baseregion. Figure 9.27 showstranslationaltemperaturecontoursover the
AFE.

9.28.4 Status/Plans

Additional ionic specieswill be added to the chemical model. Additional
comparisonswill be made with results from other continuum codes,direct particle
simulationsandhighMachnumberballisticrangeresultsastheybecomeavailable.

GrantPalmer
AerothermodynamicsBranch
AmesResearchCenter
(415)604-4226
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9.29 CONTINUUM EXTENSION-NONLINEAR TRANSPORT

9.29.1 Objective

To extend the continuum description of fluid mechanics to low density by

considering higher order constitutive relations.

9.29.2 Approach ,: ' : " :_i_;_.a_

The Chapman-Enskog expansion of the Boltzmann equation was proposed as a
method deriving improved constitutive relations. The Navier-Stokes equations are
themselves the first order Chapman-Enskog expansion,. The Burnett equations, the
second order expansion, were proposed as one modification to the constitutive relations.
Due to the complexity of the Burnett equations, a simplified nonlinear set of constitutive
relations also was proposed. This simplified constitutive model attempted to capture the
most significant features of the Burnett constitutive relations with only a slight increase in
complexity over the Navier-Stokes equations. Two methods of modeling rotational
nonequilibrium were proposed. The fin'st, the widely used Landau-Teller model, is based
on assumptions which are violated in hypersonic flow. To determine if the Landau-Teller
model is accurate beyond the limits of these assumptions.

9.29.3 Accomplishments

The Burnett constitutive relations (for hard spheres) as well as the simplified
constitutive model were applied to shocks in nitrogen. Both the Landau-Teller model and
the new rotational model were incorporated into these simulations. Figure 9.28 shows
comparison of the shock reciprocal thickness obtained using the simplified constitutive
model and those measured experimentally. This constitutive model was used to evaluate
(on the basis of shock reciprocal thickness) the accuracy of the two rotational models since
it was adjusted to give the experimental reciprocal thickness in argon.

9.29.4 Status/Plans

The new rotational model proposed herein is based on transition rates which are
accurate to only 2,000K; therefore, improved transition rates, as they become available,
will be incorporated into the new model. Details of the shock structure from both rotational
models will be compared to experimental data, if any exists, to determine which model

more accurately captures the detailed physics. The Bumett derivation will be generalized to
account for more realistic molecular potentials.

Forrest E. Lumpkin and Dean R. Chapman
Stanford University
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Figure 9.29. Normalized Temperature 
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9.30 DIRECTPARTICLESIMULATION OFHYPERSONICFLOWS

9.30.1 Objective

To extendthecapabilitiesof a new discrete particle simulation method for ratified
hypersonic flows to realistic, three dimensional geometries with non-equilibrium
chemistry.

9.30.2 Approach

Direct particle simulation methods model the flow as a large collection of discrete
particles that interact with each other through mutual collisions. Simplified physical models
may be used to represent these interactions. To restrict the possible results of a collision to
a small, predefined subset of all possible outcomes and to choose among these on a quasi-
random basis with a minimum of calculation.

9.30.3 Accomplishments

Substantial work was done on the structure of the algorithm to take advantage of
the vector and parallel computer architectures now available. Figure 9.29 shows the
normalized temperature field of the three-dimensional flow about the Aeroassisted Flight
Experiment at 100 km and Math 35.4. The number of particles used to represent the flow
was 9.52 million. This calculation required 4.5 hours of Cray-2 CPU-time and one
gigabyte of memory.

9.30.4 Significance

The national interest in hypersonic flight requires a computational predictive
capability for the aerodynamic and thermal environment to be found around vehicles such
as the proposed aerospace plane or ASTV. Due to difficulties in applying the continuum
equations to the very low density hypersonic flight regimes that they will encounter, it is
appropriate to consider the application of direct particle simulation methods. The numerical
efficiency of the current approach enables direct particle simulations on a much larger scale
than previously possible, providing a more viable means for the solution of practical
hypersonic rarified flow problems.

9.30.5 Status/Plans

Molecular interaction models now under investigation allow the partition of energy
among translational, rotational and vibrational molecular states as well as the representation
of multiple chemical species. As additional physical complexity is modeled, computational
efficiency will prevail as a prime consideration for algorithm design.
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9.31 HIGH-ENERGYAEROBRAKING CONCEPTUALVEHICLE DESIGN

9.31.1 Objective

To "tailor" theflight conditionsduringentryfor mannedMarsmissionswhich use
aerobrakingat Marsandat Earth. By limiting decelerationloadsduringMarsaerobraking
andlanding,it waspossibleto avoidthelargeweightpenaltyandmechanicalcomplexity
requiredto provideartificial gravityduringthevoyage.

9.31.2 Approach

The approachinvolved (1)usingahigh-lift andhigh L/D vehiclefor aerobraking
andlandingat Mars, (2) calculating"optimum"entry trajectoriesandvehicleheatingfor
representativeentry speedsof 6.7 to 8.6 km/sec.(forEarthreturn, entry velocities may
rangeup to 16km/sec)and(3) studyingtheheat-shieldingrequirements.

9.31.3 Accomplishments

Figure 9.30 shows the manned vehicle configuration proposed for Mars
aerobrakingand landing. Also presentedis anaerobraking trajectory at Mars; after
atmosphericcapturethevehicleentersinto a low planetaryorbit beforelanding.Thepeak
decelerationloadsareshownto rangefrom oneto 1.9Earthg. Radiativecooling of the
vehicleis possible.Earthentriesatup to 16km/secarebeingstudied;ablativeheatshields
mustbeused.FivepertinentAIAA papershavebeenpresentedsinceJune1988,threeby
Tauber,oneby Meneesandoneby Park.

9.31.4 Status/Plans

Theheatingcalculationswill beupgradedby addingrecentlydevelopedequilibrium
shock-layerradiationdatafor MarsandEarthtotheexistingcodes.Thepotentialeffectof
Martian atmosphericdustonvehicledesignis beingstudied.Theseveredecelerationand
heatingintensitiesencounteredduring Earthreturnwill be studiedin muchmoredetail,
includingtheeffectof usingdifferentheatshieldingmaterials.

_lichaelTauber,GeneMeneesandChulPark
AerothermodynamicsBranch
Ames Research Center

(415)604-6086
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9.32 TITAN ATMOSPHERICCOMPOSITIONFROM HIGH VELOCITY SHOCK
LAYERRADIATION

9.32.1 Objective

To developan in-situ shocklayer radiometerexperimentto reliably measure
shocklayeremissionduringTitan entry anddeterminethe high altitude(200 to 400 km)
compositionof theTitan'satmosphere.Currentknowledgefrom indirect inferenceis that
its compositionis primarily N2, argonandMethane,but thattheir uncertaintiesarelarge;
themolefraction of N2 lies between0.65and0.98,argonbetween0.0 and0.25andCH4
between0.02and0.10.

9.32.2 Approach

Theshocklayerwill bein thermalandchemicalnonequilibriumduringmostof the
Titan atmosphericentry. Calculationswere madeover a rangeof possibleatmosphere
compositionsusingaversionof theStagnationPointRadiationAir Programthatincludes
importantcarbonaceousspecieswhichwill bepresentin theshocklayer.Theatmospheric
compositionis determinedfrom themaximumvalueof the shocklayer radiation within
specificwavelengthintervalsthatoccurduringtheentryandthetimeit takesthemaximum
radiationto fall to one-halfitspeakvalue (SeeFigure9.31).

9.32.3 Accomplishments

Theresults showedthat reliablevaluesfor themole fraction of N2 in theTitan
atmospherecanbe determinedwithin 0.015,argonwithin 0.01 and CH4 within 0.003
usingasfew astwo radiometerchannels;oneis on theCN (violet) D v=0 sequence,near
380 nm and oneis measuringthe backgroundradiation.In addition,the nonequilibrium
stagnationpoint heatingdue to radiation is shownto be important at a velocity of 4.5
km/secandanaltitudeof 200km.

9.32.4 Status/Plans

NASA plans to add more radiating speciesto the program including the C2
(Swan), NH(3300), CH(3900), and CH(4300) molecular bandsand the N, C and H
atomiclines.Moreaccuratespectralinformationwill enableoptimumspectrallocationsfor
additionalradiometerchannelsto beselectedandwill increasetheaccuracyof theradiative
heatingcalculations.

ChulPark
AerothermodynamicsBranch
AmesResearchCenter
(415)604-5235

H. F. Nelson
Universityof Missouri-Rolla

E.Whiting
Eloret
Sunnyvale,CA
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Figure 9.32. 2-D Self-Adaptive Grid Code SAGE -- Example Result
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9.33 TWO DIMENSIONAL, SELF-ADAPTIVEGRID CODE,SAGE

9.33.1 Objective

To developanefficient, robust,user-friendlydiscretizationschemeto optimally
distributegrid pointsfor two-dimensionalCFDflowcodes.

9.33.2 Approach

A code was developedto distribute grid points basedon the Nakahashiand
Deiwert variational scheme.This method wasposedin an algebraic manner and is
analogousto redistributingthegrid pointsbyminimizingtheenergyof asystemof tension
andtorsion springswhosestrengthsareproportionalto flowfield gradientsat eachgrid
point.Orthogonalityandsmoothnessconstraintswereimposedto maintainthesequalities
anduserspecifiedmaximumandminimum grid spacingsdeterminedcontrol constants.
Efficiencywasassuredby usingdirectionalsplittingconceptsandby one-sidedconstraints
thatpermitmarchingprocedures.

9.33.3 Accomplishments

The SAGE codewasappliedto a wide varietyof flow problems,including the
shockimpingementon cowl lip problem(SeeFigure9.32).Documentation,including a
user'smanualand samplecases,waspreparedandthe codewas distributed to a large
numberof usersthroughouttheU. S. Computationalefficiencyandaccuracyof CFDflow
codesis greatlyenhancedby minimizingthenumberandoptimalplacementof grid points
required for accuratesolutions.Maximum andminimum allowable grid spacingsare
specifiedby theuserandareusedto specifythegriddistributioncontrolparameters.

9.33.4 Status/Plans

The SAGEcodewill continueto beupgradedbasedon informationreceivedfrom
the user community. Particular emphasiswill beplaced on enhancedflexibility and
treatmentnearcomputationalboundariesandin initial griddistributionprocedures.

CarolDavies
SterlingSoftware
PaloAlto, CA
(415)604-6204

EthirajVenkatapathy
EloretInstitute
Sunnyvale,CA

GeorgeS.Deiwert
AmesResearchCenter
(415)604-6198
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SUPERSONIC AXISYMMETRIC PLUME FLOW
Moo = 7.3, Mj = 2.5, Pj/Poo= 30.0
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INITIAL SOLUTION ADAPTED GRID

Figure 9.33. 3-D Self-Adaptive Grid Code SAGE 3-D
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9.34 THREEDIMENSIONAL, SELF-ADAPTIVEGRID CODE,SAGE3-D

9.34.1 Objective

To extendthe two dimensionalSelf-AdaptiveGrid Code(SAGE) to anefficient
grid distributionmethodfor three-dimensionalCFDflow codes.

9.34.2 Approach

The approachinvolved extendingthe 2-D SAGE self adaptivegrid distribution
code,which is basedon the NakahashiandDeiwert schemeto threedimensions. This
method was basedon variational principles andis posedin an algebraicmanner.The
procedurewasanalogousto redistributingthegrid points by minimizing theenergyof a
systemof tension and torsion springs whose strengthsare proportional to flowfield
gradientsat eachgrid point. Orthogonalityandsmoothnessconstraintswereimposedto
maintainthesequalitiesanduserspecifiedmaximumandminimumgrid spacingsdetermine
control constants.Efficiency wasassuredby usingdirectionalsplitting conceptsandby
one-sidedconstraintsthatpermitmarchingprocedures(SeeFigure9.33)

9.34.4 Accomplishments

Thefn'stversionof theSAGE3-Dcodewasdevelopedandresultsfor avarietyof
applicationsdemonstratedthefeasibility of the underlyingconceptof the approach.The
code was successfullyapplied to complex flowfield problems in high speedregimes
associatedwith genericgeometriesof bodiessuchastwo nozzleplume flows, theorbital
transfervehicleandthesinglesidedscramjetnozzleconfigurations.

9.34.5 Significance

TheSAGE3-D codewill befurtherenhancedandmadeevenmoreuser-friendly.
The sensitivity of the method to certain critical control parameterssuch as torsion
coefficientswhich areusedto maintainsmoothnessandorthogonalityof the grid will be
assessed.A usermanualand sampletest caseswill bepreparedfor distribution to users
requestingthis three-dimensionalgrid distributioncode.

M. JahedDjomehri
NRCAssociate
AmesResearchCenter
(415)604-6198

GeorgeS.Deiwert
Ames Research Center

(415)604-6198
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9.35 REAL-GASDATA FROM BALLISTIC RANGESAND CFDCALIBRATION

9.35.1 Objective

To obtainexperimentaldatawhich exhibittheeffectsof chemically-reactingflows
(real-gasflows) to aid in theunderstandingof fluid physicsin suchenvironmentsandto
calibrateCFD codesfor their suitabilityfor predictingflows aboutfull scalevehiclessuch
astheNationalAero-SpacePlane.

9.35.2 Approach

Theapproachinvolveddevisingandconductingballisticrangetestswhichprovide
thebasisfor understandingreal-gaseffectsandexperimentaldatawhich canbecompared
againstthe results from state-of-the-artCFD computations. Thesecalibrations, when
complimentedby thosefrom othergroundfacilitiesandflight experiments,will providethe
databaseneededto validatethattheCFDcodesarereliablefor theusein thedesignof full
scalevehicles.

9.35.3 Accomplishments

Aerodynamiccoefficientsfor sharp,five degree,half-angleconesweremeasured
at velocitiesof five andsix km/secandfor Reynoldsnumbersfrom 0.1to 1million where
up to 50 percent of the total drag arises from skin friction. Figure 9.34 shows a
shadowgraphof the sharpcone in free-flight anda comparisonof the measureddrag
coefficientasafunctionof angleof attackwith PNScodesusingnonequilibriumandideal-
gasmodels.Theseresultsindicatethatnonequilibriumchemistryis importantin computing
skinfriction andthatthecodescalibratewell for thisparameter.Additional testshavebeen
madewith a bluntedcone fitted with two shockgenerators. The figure also showsa
shadowgraphfrom theballistic rangetestandpressurecontourscomputedwith acombined
Navier-StokesandPNScodewhich accountsfor nonequilibriumchemistry.Thepitching
momentcombinedCoefficientcurvefor thebluntconeis comparedagainstthatcomputedat
anangle-of-attackof five degreesfor caseswith nonequilibriumchemistryandidealgas
models. The comparison between computation and experiment indicate that the
nonequilibriumcodecanpredictthepitchingmomentat thisanglewith goodprecisionand
thatnonequilibriumeffectsareimportant.

9.35.4 Status/Plans

Additional testswill beconductedwith flare-conesin air andHe-Argonmixtures
andtheresultswill becomparedwithcomputationstoverify thecodesability to predictreal
gaseffectsin anenvironment.

A. W. Strawa
AerothermodynamicsBranch
AmesResearchCenter
(415)604-3437

S.L. Lawrence
AppliedComputationalFluidsBranch
AmesResearchCenter
(415)604-4050
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9.36 RATES FOR COUPLED ROTATION-VIBRATION-DISSOCIATION
PHENOMENON IN DIATOMIC MOLECULES

9.36.1 Objective

To study the behavior of the dissociation and recombination rates for the coupled
rotation-vibration-dissociation phenomena in diatomic molecules undergoing
nonequilibrium relaxation in hypersonic flows.

9.36.2 Approach

State-to-state, bound-bound and bound-free transition rates are computed using a

quasi-classical trajectory method. These rates are used to obtain numerical solutions to the
master equation for rotational and vibrational population densities as well as the bulk
thermodynamic properties such as (1) the atomic number density; (2) average energy loss
due to dissociation; (3) average vibrational, rotational and combined rotational-vibrational
densities and (4) dissociation and recombination rates coefficients (See Figure 9.35).

9.36.3 Accomplishments

Solutions for Hydrogen in constant volume and isothermal cooling and heating
environments were obtained. The results indicate that the lower, mid and upper vibrational
levels relax at different rates. During the relaxation process the vibrational energy is
temporarily transferred to the rotational energy thereby delaying the dissociation process.
Average energy loss due to dissociation is found to be as much as 80 to 90 percent of the
dissociation energy. It was concluded that the single temperature rate formulation can be
used to approximate the exact rates, if a two-temperature geometric average is used and the
incubation period is taken into account.

9.36.4 Status/Plans

The computation will be repeated for a series of temperatures to create a database
for more accurate formulation of the dissociation and recombination rate coefficients for use

in CFD computations. The analysis will be repeated for other molecules, i.e., nitrogen and
oxygen.

Surendra P. Sharma

Aerothermodynamics Branch
Ames Research Center

(415)604-3432

David W. Schwenke

Computational Chemistry Branch
Ames Research Center

(415)604-6634
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9.37 RADIATIVE PROPERTIESOFTHE OHMOLECULE

9.37.1 Objective

To accuratelydetermine via state-of-the-art computational chemistry methods,
the radiative and spectroscopic properties of the OH molecule.

9.37.2 Accomplishments

The massive memory of the NAS CRAY 2 was used to calculate "exact" values of

the electronic transition moment, dipole moment and radiative lifetimes of the hydroxyl
(OH) molecule. These theoretically determined values are typically accurate to two percent
which is considerably less than the uncertainty in the existing experimental data. Figure

9.36 is a comparison of the experimental lifetimes (in nanosec.) for the A2]_+ state of OH
with the theoretical value. The theoretical value is represented by the solid line performed
in October 1988.

9.37.3 Significance

The OH radical is an important constituent of hydrogen air mixtures that occur,
i.e., in the hydrogen burning supersonic combustion scramjets currently being proposed
for the NASP. The OH radical also is an important component of the terrestrial
atmosphere and of both cometary and interstellar gases. The prevalent occurrence of the
OH molecule in these sources makes it an ideal candidate for diagnostic purposes and
consequently it is used in all combustion facilities for this purpose. It is used to determine
temperature profiles and the OH concentrations deduced from the various sources serve as
validation for theoretical models.

9.37.4 Status/Plans

Radiative intensity factors for air and air plus hydrogen will be determined to
enable the CFD/Aerothermodynamics simulation of real gas hypersonic flows. In addition,
radiative intensity factors for planetary and ablation product species will be determined.

David M. Cooper
Computational Chemistry Branch
Ames Research Center

(415)604-6213
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9.38 RADIATIVE INTENSITY FACTORS FOR AIR SPECIES

9.38.1 Objective

To accurately determine the radiative intensity factors (transition moments,
lifetimes, Einstein A-coefficients) for all strongly radiating systems in air. These factors
were calculated using state-of-the art computational chemistry methods.

9.38.2 Accomplishment:s

The radiative intensity factors (electron transition probabilities which control the

absolute strength of radiation from transitions in molecules) for all strongly radiating
transitions in N2, 02, NO, N2+ and 02+ were determined. State-of-the-art computational

chemistry methods were used to obtain these results. Figure 9.37 is a comparison of the
theoretical value (represented by the solid line) of the electronic transition moment for the

N2 First Positive System (transition: A 35. 4 - B 3rig) with experimental data. As
illustrated, there is considerable scatter in the experimental data. The theoretical data are
accurate to plus or minus two percent.

9.38.3 Significance

In order to accurately predict the radiative heating of a vehicle as it enters a
planetary atmosphere or one which travels at high speeds in a dense atmosphere, the
radiative intensity factors for atoms, molecules and ions must be known. The present
results will allow the CFD/Aerothermodynamic codes (assuming they realistically model
the Flowfield chemistry and physics) to accurately determine the radiative heating rates
encountered by vehicles traveling in air.

9.38.4 Status/Plans

Radiative intensity factors will be determined for planetary and ablation product
species.

David M. Cooper
Computational Chemistry Branch
Ames Research Center

(415)604-6213

9-75



THERMAL CONDUCTIVITY VISCOSITY

.015

E

.014

"S

E
.013

E

,<

.016 35

x
_' 30

_ 25

[] 0 a-

.012 O N

.011 _ * L _ J _ i
5.0 6.5 8.0 9.5 11.0 12.5 14.0 15.5

TEMP., K x 10 -3

• O
[] N

O (0.8)N+(0.2)O

,'_ (0.5)N+(0.5)O

• (0.2)N+(0.8)O

20 i i L i i i J
5.0 6.5 8.0 9.5 11.0 12.5 14.0 15.5

TEMP., K x 10 -3

Figure 9.38. Transport Properties for Air Species

9-76



9.39 TRANSPORT PROPERTIES FOR AIR SPECIES

9.39.1 Objective

To provide accurate, high-temperature transport properties (viscosity, thermal
conductivity and diffusion coefficients) for air species.

9.39.2 Approach

A general computer code was developed and used to accurately predict high-
temperature transport properties of air species. This work incorporated three major
improvements, (1) accurate representation of the potential interaction curves for a large
number of interacting atomic, ionic and molecular species; (2) use of spline curves to fit the
potential data with no apriori; constraints as to the functional form and (3) incorporation of
quantum effects such as tunneling, resonance charge exchange and nuclear symmetry
effects. State-of-the-art computational chemistry calculations were performed to obtain the
potential energy curves.

9.39.3 Accomplishments

Potential energy curves and collision integrals were determined for ground state
interactions of N-N, O-O, N-O, N-O +, N-N+ and O-O +. All states for which the molecule

dissociates into ground state atoms were included in the calculations. The results include
accurate potential energy curves for the higher-lying states which were previously
unknown. The results demonstrate that for some species, i.e., NO, the major contribution
to the collision integrals comes from the higher-lying states. The nine collision integrals
needed to determine transport properties to second order were calculated and are tabulated
for translational temperatures from 250 K to 100,000 K. Figure 9.38 shows plots
summarizing selected transport properties.

9.39.4 Significance

Transport properties involving high-temperature air species are required for a real
gas analysis of both the equilibrium and non-equilibrium shock-layer flows about
Aeroassisted Space transfer vehicles (ASTVs) during their aerobraking maneuvers in the
earth's atmosphere and for design studies of both generic and specific hypersonic vehicles.
These results, when completed and coupled with electron and molecular interaction data,,
will allow the complete modeling of the transport properties of high-temperature air.

9.39.5 Status/Plans

The energies and collision integrals for N+-O interactions will be completed.
Atom-molecule interactions and transport properties similar to those described also will be
calculated. Transport properties for high-temperature air accounting for all contributions
from atoms, ions, molecules and electrons will be determined.
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David M. Cooper
Computational Chemistry Branch
Ames Research Center

(415)604-6213
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9.40 REAC-q'ION RATE CONSTANTS

9.40.1 Objective

To calculate high temperature reaction rate constants for air and air plus hydrogen

species.

9.40.2 Approach

Theoretical studies to calculate the rate constants of selected reactions for air (T=

500-5,000 K) and hydrogen-air mixtures (T<5,000 K) are in progress. The theoretical
determination of these rates is a three-step process. The first step is the calculation of the

accurate ab initio potential energy surface (PES) which represents the interaction energy
between the reacting species at any geometrical arrangement of the atoms. The PES is
related to a map of the forces between the species during a collision leading to the reaction.
The second step is the analytical fitting of the PES data points generated under step one to a
mathematical expression that can be used to calculate the interaction energy of the system
for any geometrical arrangement of the atoms. This represents both interpolation and
extrapolation of the set of PES data points. The resulting expression must duplicate the ab
initio PES data and not exhibit any extra local maxima or minima. The final step is the
classical mechanical simulation of individual collisions between the reactants generated

from the PES expression derived in step two. A large ensemble of such simulations (each
one is called a trajectory) is used to determine cross sections and rate constants.

9.40.3 Accomplishments

Reaction rate constants were determined for several reactions. Figure 9.39 shows

plots comparing the calculated results with experimental data. The experimental data
included in the figure is not intended to be complete, but is only representative of that
available in the literature. The calculated rate constants have an uncertainty of + 20 percent.

As illustrated in the figure, the theoretical rate constants complement low temperature data
and provide data at higher temperatures where little or no experimental data exists;
furthermore, the calculated reaction rates, i.e., H+H+H2 --> H2+ H2, often provide clarity

to a confusing maze of experimental data.

9.40.4 Significance

Accurate calculations of the flow-fields around hypersonic vehicles such as the
NASP and ASTV must account for real-gas effects. Rate constants for chemical reactions
of air species at high temperatures are crucial to these calculations. Experimental rate
constants are seldom available and almost impossible to obtain at high temperatures.
Consequently, computational chemistry methods represent the only alterative to obtaining
these critical rates.

9-79



9.40.5 Status/Plans

The calculationof reactionrate constantswill continuefor bothair and air plus
hydrogenspecies.In particular, therateconstantsfor selectedthreebody recombination
reactionswill bedetermined.Thesereactionshavethelargestexperimentaluncertainties
andareamongthemostdifficult to measure.

DavidM. Cooper
ComputationalChemistryBranch
AmesResearchCenter
(415)604-6213
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CHAPTERTEN

HYPERSONICAERODYNAMICS

10.1 INTRODUCTION

NASA currently is pursuing hypersonicsin two programs,(1) the relatively
shorter-termNational Aero-SpaceProgram(NASP),which is thedominanthypersonics
program and (2) the longer-termGenericHypersonicsProgramwhich is scheduledto
replace the NASP TechnologyMaturation Program(TMP) efforts. The currentNASP
program,including theTMP, constitutes"sourcematerial"whichhighlightsareasthatare
technologicalimperativesfor air-breathinghypersonicvehicles. The genericprogram
addressesrelatedfundamentalaspectsof theseissueswithout commitmentto anyparticular
mission. NASP activitiesaddressthedevelopment,test, analysisanddesignmethodsfor
theaerodynamic,aerothermodynamicsandCFDcodesfor applicationto hypersoniccruise
andtransatmosphericvehicles. Thework includesanalyticalandempirical evaluationof
performanceas well as trade-off benefits/penaltiesresulting from integrationof speed
range. In addition,thisactivity is directedto thedevelopmentof advancedcomputational
flow methodsthat were fully tested,verified andconvertedto design tools for useby
industry. This work in external aero/aerothermodynamic CFD methods is to develop and
extend both generic and specific code techniques to specific vehicle configurations of
interest. These codes will be verified and tested for accuracy through benchmark
experimental testing and comparison with reference cases.

The Hypersonic Aerodynamics Program is a long range endeavor directed toward a
fundamental understanding of the physics and chemistry of gas dynamic behavior as it
pertains to slender, air-breathing hypersonic vehicles that use highly integrated
airframe/propulsion systems. It focuses on key and enabling technologies in hypersonics
with the aim of establishing a robust hypersonic database to satisfy the very demanding
aerospace vehicle requirements for future NASA/DoD missions. Key problems exist in the
areas of hypersonic boundary layers (esp. turbulent), mixing and combustion at
supersonic speed, real gas effects at high temperature and rarefied flows at high altitude.
Research is being conducted in four main areas.

10.1.1 Configuration Aerodynamics

This activity involves developing a database and establishing methods for the full
integration of air breathing propulsion systems into super/hypersonic vehicles. The state-
of-the-art in high Mach number vehicle integration was attempted six times and is contained
in the 25-year-old, SR-71 design. This program will conduct aerothermodynamics research
in the definition of the forebody flowfield and boundary layer development; inlet location
and angle-of-attack effects, nozzle exhaust flowfield, afterburning, thrust vector changes
and nonaxisymmetric nozzle effects on the vehicle afterbody. The relationship between
airframe/propulsion integration effects and the stability and control and performance of
such vehicles is a primary product of this research. Wind tunnel simulation techniques,
powered and unpowered cold gas test techniques and CFD results will be used in
developing ground-to-flight scaling procedures.
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A fundamentalresearchactivity is underwayto assesstheaerodynamicbehaviorof
a class of high L/D shock-exploiting planforms known as waveriders. These
configurationsarebelievedto beoptimumfor hypersoniccruise.Advancesarebeingmade
in usinginversetechniquesbasedon givenarbitraryshockshapesandof theevaluationof
thetip-to-tailperformanceof apropulsion-integratedcone-derivedwaveridercruisevehicle.
Futurewaveriderstudieswill emphasizeoff-designperformanceandhigherorder effects
(viscousinteractionandchemicallyreactingflows).

10.1.2HypersonicFlight Physics

ResearchfocusesonBoundaryLayerTransitionPhysicsandmodeling,turbulence
physicsand modeling, real-gaseffects and rarefied flows. Boundary layer transition
stronglydominatesthe designof a scramjetengineinlet, affects the overall drag from
vehiclecomponents,influencesthechoiceandselectionof materials,controlstheheatloads
a vehicle must sustain and may determineoverall mission successor failure. The
calculationand prediction of this condition at hypersonicspeedsis currently basedon
empiricaldataandthewidesafetyexcessivevehicleweightandperformancecompromises.
The NASPprogramhasinitiated an interim programto provideanearterm setof design
criteria that will be utilized for the X-30 researchvehicle. The Generic Hypersonics
programprovidesa sustainedNASA in-houseeffort, with major supportfrom industry
andacademia,utilizing theuniqueNASA facility andcomputationalassets,to developa
generaldesigncode formulation for boundary layer transition and high-speedmixing
phenomena.This program requires the "quiet tunnels" capabilities, major efforts in
theoreticalstudies,significantadvancesin non-intrusivediagnosticinstrumentationandthe
conductof severalcarefullyconstructedflight researchexperiments,suchasHYFIRE or
SWERVE, to assurethat "real" flow effectswere understoodand incorporatedin the
designcodeformulation.

10.1.3Flight ExperimentsResearch

A smallcontinuingresearchprogramdirectedatseveralspecificdeficiencyareasis
required,including thedevelopmentof a nationalcapability for theconductof dedicated
andpiggybackresearchflight experiments,airborneinflight instrumentationandvehicle
stabilityandcontrol conceptsandsimulation.Reactivationof flight researchcapability at
Wallops Flight Facility with the proposedHYFIRE Program and considerationof a
SWERVEvehiclewill bestudied. Dedicatedremotesensingandairbornemeasurement
instrumentationsystemsare required and flight definition researchactivities will be
initiated. Genericbaselineconceptsfor anacceleratorandcruisevehiclewill serveasthe
basisfor researchactivitiesin stabilityandcontrol,engineairframecontrol integrationand
advancecontrol concepts. Selectedsimulationconceptswill be developedfor specific
researchactivities. A currentlow-costflight experimentis on-boardPEGASUS. NASA
will conductanaerothermalsurveyof thewingedfirst stageto Mach8.7.

10.1.4HypersonicFacilitiesResearch

The demand for ground-basedtesting, the physical limitations of scale size,
inadequatetestdurationandlackof availabilityof sufficientlyhighenthalpyto simulate
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hypersonicflight conditions,requirethat advancedfacility conceptsbe explored. These
include very large megawattarc-heatingconcepts,largerpulsefacilities using advanced
driver concepts,Ram accelerators,electromagneticlaunchers,etc. Researchis also
underwayto addressthe "new" issueof flow quality (freestreamcontamination,chemical
andflow dynamics-sound,dynamicvorticity) throughinvestigationof conceptsfor low-
disturbanceoperation.

10.1.5 Summary

TheoverallHypersonicAerodynamicsProgramcomplementstheongoingNASP
Technology Maturation programand providesan expandedtechnologybasefor future
vehiclesandNASPimprovementsthroughlong-termactivitiesin fundamentalandapplied
researchin hypersonics.In particular,it advancesthehighpay-off technologiesidentified
in theNASPprogrambutwithoutreferenceto specificapplications.

ProgramManager:Dr. IsaiahM. Blankson
OAST/RF/RN
Washington,DC 20546
(202)453-5420
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10.2 INVERSE WAVERIDER DESIGN

10.2.1 Objective

To develop an approach utilizing the three-dimensional Euler equations for the
inverse design of hypersonic waveriders based on arbitrary shock shapes.

10.2.2 Approach

Previous investigators developed methods for the inverse design of hypersonic
waveriders based on conical shock shapes. The approach utilized the three-dimensional
Euler equations for the inverse design of waverider shapes based on shock shapes (See
Figure 10.1). A series of waverider geometries is being designed using this method and is
being evaluated with higher order methods such as Euler and Navier-Stokes codes.

Performance benefits of the arbitrary shock generated waveriders are being determined
through comparison with the conical shock generated waveriders. The study is being
conducted under a grant to the University of Colorado.

10.2.3 Accomplishments

The inverse solution marching algorithm was developed and applied to a computer
code. Using this code, waverider geometries were generated for conical shapes to validate
the code.

10.2.4 Significance

These methods will provide for optimization of hypersonic waveriders which will
not be limited to configurations based on conical shock shapes.

10.2.5 Status/Plans

The generation of waverider geometries from arbitrary shock shapes is being
evaluated using a thin-layer Navier-Stokes solver. If significant performance benefits are
predicted from this study, wind-tunnel models will be built and tested to validate the code
results.

Steven X. S. Bauer

Supersonic/Hypersonic Aerodynamics Branch
Langley Research Center
(804) 864-5946
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10.3 EVALUATION OFOtrFIMIZEDWAVERIDERS

10.3.1Objective

To (1) evaluatea hypersoniccone-derivedwaverideroptimization codeand(2)
determinetheaerodynamicperformancebenefitsof waveriderconfigurations.

10.3.2 Approach

A hypersonic,cone-derivedwaverideroptimizationdevelopedundera grantatthe
University of Maryland was used as the design tool for the waverider geometries.
Validation of this code wasaccomplishedthroughcomparisonwith wind tunnel data
obtainedon severaltestgeometries.In addition,theaerodynamicbenefitsof thewaverider
shapeswere assessedby comparisonwith flat wing shapesof the sameplanform and
volume (SeeFigure 10.2). Finally, the capability of full-potential, Euler and Navier-
Stokescodesto predictwaverideraerodynamiccharacteristicswasassessed.

10.3.3Accomplishments

TheoptimizationcodewasexercisedoverawideMachnumberrangeto assessany
limitationsin thecode.TurbulentMach4 andMach6 configurationsweredesigned.Two
flat referenceconfigurationsalsoweredesignedin which the samecross-sectionalarea
distribution waspreserved. The Mach 4 designwas testedin the Unitary Plan Wind
TunneloveraMath rangeof 1.5to 4.5.

10.3.4 Significance

The optimization codewasverified experimentallyat Mach4, thusproving that
high levelsof aerodynamicperformancearepossiblewith waveriderconfigurations.

10.3.5 Status/Plans

Wind tunneltestingof theothermodelsisscheduledfor late 1989andearly 1990.
EulerandNavier-Stokesanalysesof all theconfigurationsalsoareplanned.

StevenX. S.Bauer
HypersonicAerodynamicsBranch
LangleyResearchCenter
(804)864-5946

10-7



Forebody
Scram jet

propulsion
Unit

/
Afterbody

Figure 10.3. Conceptual Design and Optimization of Waverider
Configurations

10-8



10.4 CONCEPTUAL DESIGN AND OPTIMIZATION OF WAVERIDER
CONFIGURATIONS _ '_

10.4.1 Objective

To develop an approach to integrate a forebody (waverider), an engine package
(scramjet) and an afterbody (nozzle) into a hypersonic vehicle.

10.4.2 Approach

Initially, codes to design waverider forebody shapes and to size the nozzle given the
combustor characteristics will be developed. Parametric studies are being conducted to
develop optimized geometries for analysis using higher-order codes supplied by NASA
(See Figure 10.3). The forebody, combustor and nozzle design codes are being combined
into a single design package upon verification of each code. The study is being conducted
under a grant to the University of Oklahoma.

10.4.3 Accomplishments

The individual components of a waverider design code were developed. A simple
method for estimating combustor size was implemented and a nozzle geometry can be
produced by means of the theory of minimum length nozzles.

10.4.4 Significance

The unified method developed in this study will facilitate the design of hypersonic
waverider configurations.

10.4.5 Status/Plans

Analysis Of several optimized configurations is planned with the higher order
methods.

Steven X. S. Bauer

Supersonic/Hypersonic Aerodynamics Branch
Langley Research Center
(804)864-5946
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10.5 TRANSONICNAVIER-STOKESSOLUTIONSABOUT A COMPLEX,HIGH-
SPEEDCONFIGURATION

10.5.1 Objective

To develop transonic aerodynamic predictions for a National Aero-Space Plane
(NASP) class of configurations, using advanced Navier-Stokes methodology.

10.5.2 Approach

An accelerator configuration recently tested in the Langley 16-foot Transonic
Tunnel was selected for the study. This model was comprised of a cone-cylinder-frustum
body, a wrap-around engine nacelle, forebody and afterbody engine fillets and a 70 degree
delta wing at incidence. The configuration surface was represented analytically; a blocked
flowfield domain of approximately 373,000 points was then constructed with hybrid
topologies using established transfinite interpolation methodology. Steady-state solutions
to the compressible thin,layer, Navier-Stokes equations were obtained with an implicit
finite volume algorithm developed at Langley (CFL3D). These solutions were achieved
using Van Leer's upwind-biased, flux-vector-splitting technique and an extended version
of the Baldwin-Lomax algebraic turbulence model.

10.5.3 Accomplishments

Turbulent results were obtained at a=2 degrees, Rf=32.2x106 d=body length) and
Moo=0.9 which correspond to flow conditions included in the recent wind-tunnel tests

mentioned above. Mach contours on the surface and in the plane of symmetry
demonstrated a smooth solution. Figure 10.4 is a blocked representation of this
configuration. After a subsonic and mainly attached forebody flow, the flow accelerated
supersonically at the cowl-lip of the faired-over engine inlet and subsequently shocked
down at the exhaust cowl-lip. (The sonic line is represented with a contour line in the plane
of symmetry to highlight the supersonic flow region.) The shock produced an adverse
pressure gradient which caused the flow to separate massively and envelop the boattail
region. Predicted forebody pressures agreed with experimental data reasonably well; a
qualitative prediction of the separated boattail flow also was achieved.

10.5.4 Significance

Navier-Stokes predictions about NASP-like configurations can be achieved for
transonic flows which include regions of massive separation.

10-11



10.5.5 StatusPlans 

Computations for other wind tunnel flow conditions are underway. Computations 
which include a propulsion simulation are planned, pending scheduled extensions of 
CFL3D. 

James M. Luckring, Farhad Ghaffari and Brent L. Bates 
Transonic Aerodynamics Branch 
Langley Research Center 
(804)864-2869 

Figure 10.5. Powered Ground Effects for Generic NASP-Like 
Configurations 
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10.6 LOW SPEEDPROPULSION/AIRFRAMEINTEGRATION

10.6.1 Objective

To establishanddemonstratetesttechniquesfor assessinglow-speedperformance,
stabilityandcontrol andgroundeffectsof NASP-Iikeconfigurations(SeeFigure 10.5).

10.6.2Approach

NASA is conducting experimental investigationson the 14-foot by 22-foot
subsonictunnel using genericpoweredNASP-like configurations. Force andmoment
data,surfacepressuresandoff surfaceflow visualizationwill be obtainedandusedto
analyzeconfigurationcharacteristicsboth in andoutof groundeffect. This analysisalso
will be usedto verify testing techniquesemployingpower simulation to give installed
performance.

10.6.3 Accomplishments

UsingtheGenericGroundEffectsModel (GEM), NASA conductedawind tunnel
testof apoweredNASP-likemodel in groundeffectto provide the fin'stextensivesetof
data showing interaction of exhaustflow, airframe and groundplane. Results show
significantgroundeffectswhich aredetrimentaltotake-off performance.While thereare
certainly configurationeffects to be includedin a final analysis,it appearsthat powered
NASP-like configurationswill sufferlift lossesin groundeffect. On theTestTechniques
DemonstratorModel (TI'D), a low-speedpoweredmodelwasdesignedandfabricationis
underway.

10.6.4Significance

The GEM model provided the f'n'stsignificantdata set indicating the potential
detrimentalgroundeffectsthatmayseverelylimit NASPtake-offperformance.

10.6.5 Status/Plans

The GEM model is beingmodified for further testingscheduledfor Fall 1989.
TFD fabrication is scheduled for completion in August 1989 with initial testing in late Fall
1989 or early Winter 1990.

John W. Paulson, Jr.

Subsonic Aerodynamics Branch
Langley Research Center
(804)864-5071
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10.7 SCRAMJET EXHAUST SIMULATION STUDIES AT MACH 6

10.7.1 Objective

To develop an experimental cold gas technique which correctly simulates the
effects of a hot scramjet exhaust on the external forces and moments of a hypersonic
vehicle in support of the National Aero-Space Plane (NASP) Program (See Figure 10.6).

10.7.2 Approach

Suitable cold gases were defined for scramjet exhaust simulation. They were
validated by comparisons with hydrogen-air combustion products at flight enthalpy in a
shock tunnel. The selected cold gas was used for wind-tunnel studies of internal and
external nozzle geometries. CFD codes were modified for validation studies.

10.7.3 Accomplishments

The inviscid simulation parameters are the Mach number, the static pressure ratio

and the ratio of specific heats (g) at the combustor exit. A Freon-Argon mixture (F12-Ar)
was found to match all three parameters and to simulate the surface-pressure characteristics
of a hydrogen-air combustion mixture at flight enthalpy at Mach 6 and 8. These validation
tests were performed in the Grumman Shock Tunnel under NASA contract. A wind
tunnel model that represents the nozzle/afterbody of a hypersonic, airbreathing vehicle was
then constructed to internal and external nozzle geometries in the Langley 20-inch Mach 6
Tunnel. The cross-hatched area of the external nozzle was instrumented with static

pressure taps to provide pressure data for integration to obtain forces and moments on the
external nozzle. The nondimensionalized lift (L/T3), thrust (T/T3) and pitching moment
(M/M3) are shown for four cases; two cases are for a F12-Ar scramjet exhaust simulation,
flow fence off and on and the other two cases are for an air scramjet exhaust simulation,
flow fence off and on. These experimental results show that air cannot be used to simulate
the underexpanded scramjet exhaust and the addition of flow fences provides significant
increases in external nozzle thrust and lift. A two dimensional Navier-Stokes solver was

modified to address the simulant gas and external gas stream simultaneously and the results
compared favorably with surface pressure data.

10.7.4 Significance

The use of a safe, non-combustible gas mixture for suitable scramjet exhaust
simulation was demonstrated experimentally at Mach 6. A simple geometric device, the
flow fence, was shown to provide a nearly 50 percent increase in external nozzle thrust.

\
\
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10.7.5 Status/Plans

In supportof the NASP TechnologyMaturationProgram,the cold gasscramjet
exhaustsimulationtechniquewill beusedin severalLangley supersonicandhypersonic
facilities to measurethe effect of the scramjetexhauston the Langley TestTechnique
Demonstratorconfiguration. The wind tunnel data will also provide the basis for
developingaflight scalingmethodologyandfor validatingthreedimensionalNavier-Stokes
solvers.

JamesL. Pittman,William J.Monta andJamesM. Cubbage
Supersonic/HypersonicAerodynamicsBranch
LangleyResearchCenter
(804)864-5585
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10.8 NASP HIGH-SPEED DYNAMIC STABILITY TESTS

10.8.1 Objective

To (1) develop dynamic stability test techniques for slender hypersonic
configurations; (2) measure experimentally the dynamic stability derivatives in pitch, yaw
and roll of slender hypersonic configurations at subsonic, transonic and supersonic speeds
and (3) provide dynamic stability derivatives as part of a database for use in the validation
of engineering codes and for use in stability and control evaluations and simulations.

10.8.2 Approach

The existing force-oscillation dynamic stability equipment which had not been used
for about eight years, was refurbished. The online data acquisition and reduction hardware
and software were updated because the old hardware was obsolete. NASA used an
existing Space Shuttle Orbiter model for system verification because of the large amount of
dynamic stability data available on that configuration. Design and construction was started
on a Test Techniques Demonstrator (TTD) model which was compatible with the existing
dynamic stability balances. In addition, an agreement was made with the McDonnell
Douglas Corporation to test both proprietary and non-proprietary configurations of its
NASP design.

10.8.3 Accomplishments

The Orbiter model was used to check out the operation of the dynamic stability
hardware and software. Supersonic dynamic stability tests of the McDonnell Douglas
model were made in the Unitary Plan Wind Tunnel. Figure 10.7 shows an example of the
roll damping results for the NASP model with a generic nose.

10.8.4 Significance

Pitch, yaw and roll damping data at supersonic speeds were obtained on a slender
hypersonic configuration. The successful operation of the high-speed dynamic stability
equipment after a long period of inactivity restores an experimental test capability which
had been dormant.

10-17



10.8.5 Status/Plans

Offline data reduction and analysis of the supersonic results are in progress.
Subsonic and transonic tests of the McDonnell Douglas model were planned for July 1989
in the 8-foot Transonic Pressure Tunnel. Tests with the TTD model over the speed range
are scheduled for late 1989 and early 1990.

Richmond P. Boyden and David A. Press
High-Reynolds-Number Aerodynamics Branch
Langley Research Center
(804) 864-5160

MACH=16 c =0

BASELINE (B0)

I3=0

ELLIPSE (B t ) SUPER-ELLIPSE (B2)

S UPER-E LLI PSE

+ CAVITY (B3)

. .
FLAT (B4) LONG (BS)

Figure 10.8. Load Heat Transfer Rates (@

10-18



10.9 HYPERSONIC FOREBODY DESIGN STUDY

\

x

10.9.1 Objective

To determine the effects of forebody shaping on vehicle aerodynamic performance
and the quality of flow generated at the inlet face of bottom-mounted scramjets in support
of the National Aero-Space Plane (NASP) Program.

10.9.2 Approach

The approach involved using a validated thin-layer Navier-Stokes solver, ARC3D,
was used to assess the effects of cross-sectional and planform variations on flow quality at
the inlet face, body heating and forebody aerodynamic performance at hypersonic speeds.

10.9.3 Accomplishments

The forebody of the Langley Test Technique Demonstrator configuration was
defined as the baseline. Three variations of cross section for a constant area distribution

and two variations of planform were analyzed at Mach 16. Figure 10.8 shows an example
of the computed surface heat-transfer ratio for all six bodies at Mach 16 is given in the
figure. The variation of angle of attack was minus five degrees to five degrees and a
sideslip angle of three degrees was examined at zero angle of attack. The cross-sectional

variations provided significant changes to the inlet flow without significantly changing the
forebody aerodynamic performance. Rounding the planform nose yielded better

aerodynamic performance, improved inlet flow and showed a relative insensitivity of inlet-
face flow to sideslip. An elongated planform also reduced drag compared to the baseline
and relieved the local nose heating problem of the other planforms.

10.9.4 Significance

This systematic computational study provided much needed insight into the
parameter sensitivities of hypersonic forebody design for bottom-mounted scramjets.

10.9.5 Status/Plans

The study was extended to Mach 6 and 10. Experimental studies are planned,
based on the combined results of this study and a similar study performed by McDonnell-
Douglas Corporation as another part of the NASP Technology Maturation Program.

_garren H. Davis

G_rumman Aerospace Corporation

t_6)575-9979
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10.10 TrD FOREBODY REDESIGN

\

\

10.10.1 Objective

To eliminate undesirable forebody flow characteristics observed computationally
and experimentally for the original Langley Test Technique Demonstrator (TH)) geometry.
These undesirable characteristics included undesirable compressions and shocks,
significant lower-surface inflow and centerline boundary layer pileup which are difficult to
quantitatively assess experimentally and very difficult to scale to flight conditions. This
effort was in support of the National Aero-Space Plane (NASP) Program.

10.10.2 Approach

NASA used the CFL-3DE Parabolized Navier-Stokes (PNS) computational
method to systematically evaluate parametric variations of the _ forebody geometry (See
Figure 10.9). NASA held the original TTD planform and profile so that geometry
variations were restricted to cross-section shaping only. NASA used the PNS parametric
evaluations to select a modified TI'D forebody geometry and experimentally validated the
redesigned forebody in the 20-inch Mach 6 facility.

10.10.3 Accomplishments

Seven forebody geometry variations were computationally evaluated. Particle
trace, x-momentum, mass flow and drag data all were used to examine the parametric
effects. Based upon these results, an alternate 'ITD forebody was selected which would
best eliminate or minimize the observed undesirable flow characteristics of the original TIT)
geometry. Wind tunnel models of the modified TTD were fabricated and tested in the 20-

inch Mach 6 facility. These tests conf'trrned an overall improvement in the TTD forebody
flow characteristics. This entire project was performed in a six month time period in
support of the NASP TMP.

10.10.4 Significance

NASA demonstrated a hypersonic forebody design methodology using a PNS

method. NASA improved the flow quality at the inlet face provided by the q"l'D forebody
making it more representative of NASP goals and more suitable for evaluating scramjet
installation and operation effects on overall vehicle performance.

x

\
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10.10.5Status/Plans

The project was completed and reported at the Sixth NASP Symposium in
Monterey,California. TheLangleyTI'D is thefocusfor thedevelopmentof poweredtest
techniquesfor hypersonicvehicles.

DavyA. HaynesandLawrenceD. Huebner
Supersonic/HypersonicAerodynamicsBranch
LangleyResearchCenter
(804)864-5584
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10.11 EFFECTOFREAL-GASON FIRSTAND SECONDMODE INSTABILITY IN
HYPERSONICBOUNDARY LAYERS

10.11.1Objective

At high temperatures,air departsfrom theperfect-gasbehaviorduetovibrational
excitationandgasdissociation. Sincehigh Machnumber flows at flight conditionsare
generallyassociatedwith high temperatures,the effect of real-gason boundarylayer
transitionwasconsidered.

10.11.2Approach

A newlydevelopedspatialstabilityanalysiscode (e Malik) was used for transition
prediction. This code uses linear stability theory and incorporates an equilibrium real-gas
model. The calculations were made for an adiabatic wall boundary layer where the local
edge Mach 10 and the edge temperature was 500°R. The adiabatic wall condition was

chosen to generate sufficient temperature to observe any effect of real-gas on the mean flow
and its stability. For a perfect-gas and an equilibrium real-gas, stability results for a
Reynolds number (R) of 2,000 were presented where the spatial growth rate was plotted as
a function of nondimensional frequency wR (See Figure 10.10).

10.11.3 Accomplishments

Three instability modes are identified in the calculations and the curves show that
the equilibrium gas growth rates are less (more stable) for Mode I and Mode 3 disturbances
and enhanced (less stable) for Mode 2 disturbances.

10.11.4 Significance

I

Even thoug h the effect of chemical reactions is to increase the second mode growth
rate, it lowers the growth rate of the f'n'st and third modes. The overall effect of a real-gas
on the fin'st and second mode growth rate is very similar to the effect of wall cooling, as
previously observed both computationally and experimentally for a perfect-gas; that is, in
high Mach number flows, second mode disturbances can dominate and real-gas effects can
have a significantly destabilizing influence and may lead to early transition.

10.11.5 Status/Plans

,, Calculations will be made for high altitude flight transition data on cones to correlate
flae results of stability theory with the experimental observations.

M_ujeeb R. Malik
Vtscous Flow Branch

La_agley Research Center
(80_i)864-5564
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10.12 MODELING FUEL-AIR MIXING AND REACTION IN A SCRAM JET
COMBUSTOR

\

I

10.12.1 Objective

To (1) model the flowfield in a scramjet combustor and (2) use the numerical

results to improve fuel-air mixing and combustion efficiency in the engine.

10.12.2 Approach

The combustor flowfield was modeled by numerically solving the Navier-Stokes
and species continuity equations that describe a high-speed, chemically reacting flow.
Chemical reaction was modeled using an eighteen reaction, H2-air finite rate, chemistry
model. Laminar diffusion was described using kinetic theory based models and turbulent
diffusion was modeled with an algebraic or differential turbulence model.

10.12.3 Accomplishments

The flowfield in a three-dimensional generic scramjet combustor was modeled
using the SPARK combustion program developed with the described approach (See
Figure 10.11). Each of the four bounding walls (only two are shown) contained a step
with several H2 fuel injectors. The fuel mixed with air from the engine inlet as the air
flowed over the step. Chemical reaction of the hydrogen and air then occurred, producing
water. The analysis showed that the fuel and water are drawn down into the comer of the

combustor surpressing further reaction and lowering the overall combustion efficiency and
thrust. Fuel mixing enhancers are now being added to the combustor to improve
combustion efficiency. Similar analyses are aiding in the design of the enhancers.

10.12.4 Significance

Combustor analyses provided a better understanding of the flowfield in scramjet
combustors and are now providing the researcher and designer with a technique for
assessing the degree of fuel-air mixing and reaction. The combustor code previously
described now provides a means for evaluating an engine design and for optimizing the fuel
injector design to achieve maximum combustion efficiency.

10.12.5 Status/Plans

' Work is now underway to further develop the combustor code and to use the code

_,_odevelop advanced mixing enhancers for scramjet combustors.

J_ Philip Drummond and Mark H. Carpenter
C'omputational Methods Branch
l__,ngley Research Center

(8_)864-2298

\
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Forebody Pressure Contours 

Figure 10.12. Forebody/Inlet Configurations 
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10.13 A ZONAL METHODOLOGY FOR HIGH SPEED FOREBODY/INLET
CONFIGURATIONS

'\

\

10.13.1 Objective

To develop a zonal analysis technique capable of providing efficient and accurate
forebody/inlet solutions for hypersonic air-breathing vehicles.

10.13.2 Approach

A state-of the-art, thin layer Navier-Stokes code was enhanced to include a multi-
zone capability. The multi-zone approach permitted the appropriate communication

between grid zones by use of patching interpolation or a one-to-one block boundary
condition. The use of multiple zones allowed desired grid clustering and orientation with
minimal computational effort. Also, an inlet sidewall sweep was modeled with a "jagged"
wall/no wall boundary condition allowing grid cross-sections to remain perpendicular to the
streamwise direction. This was the desired grid orientation for thin layer calculations.

10.13.3 Accomplishments

The zonal methodology was used to investigate inlet flows with spillage effects.
Computational results for a high speed forebody/inlet configuration compared reasonably
well with available experimental data. Figure 10.12 shows computed pressure contours in
the symmetry plane, the outflow plane and on the bottom surface of the three-dimensional
forebody. Mach number contours in several cross sections in the inlet also are shown.

The results indicated a finer grid was needed to more accurately resolve the flow in the
inlet. The fine grid calculation is in progress. The zonal methodology also was used to
analyze National Aero-space Plane contractor forebody/inlet configurations. Results from
these calculations were used to evaluate the contractor's designs.

10.13.4 Significance

The analysis of high speed forebody/inlet flow fields requires accurate modelling
of inlet spillage effects. The zonal methodology developed during this effort correctly
models spillage around the sidewall and beneath the inlet. With accurate flowfield
solutions in the inlet, scramjet engine designers can obtain more realistic performance
estimates and increase the design confidence of National Aero-Space (NAS) plane-like
vehicles.

40.13.5 Status/Plans

The zonal methodology described here is part of a nose-to-tail computational

e_Ort. A demonstration nose-to-tail calculation is planned for the coming months.

,w._.liam M. Eppard, George F. Switzer and Arthur D. DiUey

'-""_ey Research Center

n_-2288
(804

\
\
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10.14 ALGEBRAIC HYPERSONIC TRANSITION MODELING

10.14.1 Objective

To develop and calibrate algebraic Reynolds-averaged models of the transition

region for hypersonic boundary layers.

'\

\
\

10.14.2 Approach

The location of transition onset was presumed given, for example, by a N-factor
method and the length and properties of the transition zone were desired. The models
should were readily insertional in conventional CFD codes with algebraic turbulence

models (See Figure 10.13).

10.14.3 Accomplishments

The zero-equation transition function model of Arnal was adapted to the Baldwin-
Lomax formulation. It was implemented both in a compressible boundary layer code and
in a three-dimensional parabolized Navier-Stokes (PNS) code. The model was calibrated
against natural transition data for incompressible flow past a fiat plate and for Mach 6 flow
past a cone. It agreed well with the flat plate mean flow profiles in the transition zone and
for the surface properties for the supersonic cone.

10.14.4 Significance

Transition prediction and modeling are crucial items for hypersonic vehicle design.
The model described here can be readily inserted in production CFD codes which already
contain a Baldwin-Lomax turbulence model. This model was demonstrated to be effective

at low hypersonic speeds for two-dimensional and axisymmetric configurations.

10.14.5 Status/Plans

The model will be tested at higher speeds and will be extended to three-dimensional
mean flows; moreover, alternative algebraic models, such as those suggested by

Renormalization Group methods, will be examined. Two-equation and second-order
closure models will be developed.

' S. Dinavahi and T. A. Zang
IComputational Methods Branch
_an_lev Research Center

(_04)864-2307
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Figure 10.14. Pegasus 
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10.15 PEGASUSAEROTHERMALFLIGHT MEASURES

10.15.1Objective

To (1) evaluate tools used in the PegasusTPS design and (2) develop
instrumentationtechniquesfor heat flux measurementin flight structures(SeeFigure
10.14).

10.15.2Accomplishments

Flight Oneexperimentdefinitionandsensorfabricationwerecompleted.

10.15.3 Significance
w

Flight results provide a benchmark for application of current aerothermal design
tools. The results provide flight experience with the unique heat flux sensor concept and
obtain useful data for ref'mement of the Pegasus design.

10.15.4 Status/Plans

Eollowing installation of sensors and flight vehicle fabrication, the f'n'st flight is
expected in January 1990.

Robert Curry
Ames/Dryden Research Centers
(415)604-3715
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CHAPTER ELEVEN

GENERAL AVIATION/COMMU_R _dD_IICS

11.1 INTRODUCTION

The objective of the General Aviation/Commuter Aerodynamics Program is to
provide the technology database to improve the performance efficiencies of general aviation
and commuter aircraft. To accomplish these objectives, the program currently is focusing
on three primary areas, (1) natural laminar flow certification, (2) airflow boundary layer
transition physics and (3) aerodynamic characteristics of crescent wing planforms.

The Natural Laminar Flow (NLF) Certification Program is a joint NASA, Cessna
Aircraft Company and FAA program using a Cessna T210 airplane with a NASA-designed
NLF airfoil section and a horizontal stabilizer. Flight tests are being conducted to
determine the effect of laminar flow loss on airplane characteristics and performance with
respect to FAA certification.

In order to understand details about flow instabilities that initiate transition from

laminar to turbulent flow, boundary layer transition physics flight experiments are being
conducted using a Lear Jet 28/29 airplane having a specially designed, instrumented wing
glove. The flight tests are being conducted in flight environments representative of
commuter and transport aircraft operations. These tests also will help validate
Computational Fluid Dynamics (CFD) codes.

Subsonic wind tunnel experiments showed that wings with crescent planforms have
less induced drag than the classical elliptic wing shape (with equal wing loading);
therefore, the aerodynamic characteristics of crescent-wing planforms are being
investigated computationally and experimentally to determine the induced-drag

characteristics of planar wings with crescent planforms and wings with highly-swept
sheared tips. These planforms will be investigated from low to high angles of attack and
their application to typical wing planforms will be studied with respect to improved airplane
performance.

In addition to the previously described primary research areas, advanced personal
air transportation systems are being studied to provide technology to increase general
aviation's contribution to the national transportation system efficiency. The goal is to
develop control and display concepts for novice pilots which will increase utility by making
general aviation airplanes safer and easier to fly. An easy to fly automatic decoupled
control system was developed and a pictorial display format is currently under
investigation.

Program Manager: Dr. Raymond E. Rose

OAST/RF
Washington, DC 20546

\_ (202)453-2818

\

\
"_ /_'__'2_-. ' ,_-_,-_r_.l i_._
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11.2

11.2.1

NATURAL LAMINAR FLOW CERTIFICATION PROGRAM

Obj ...... .....ective '" " ; : ' " ;';:'_

To assess the effect of loss of laminar flow on airplane characteristics with respect
to certification in accordance with Federal Aviation Regulations (FAR) Part 23.

11.2.2 Approach

In a joint NASA, Cessna Aircraft and FAA program, a Cessna T210 airplane was
tested in accordance with FAR Part 23 with a modified wing incorporating a NASA-
designed, Natural Laminar Flow (NLF) airfoil section, a NLF horizontal stabilizer and a

smoothed vertical stabilizer. Research flights addressed the aircraft's performance,
stability, controllability and stall characteristics with combinations of laminar and turbulent

boundary layer configurations on the aircraft's wing and tail surfaces (See Figure 11.1).

11.2.3 Accomplishments

Tests to date show that the fully turbulent surface configuration degrades airspeed
by 15 knots compared to the fully laminar configuration without degrading handling
characteristics.

11.2.4 Significance

The results will assess adequacy of the existing FAR Part 23 for certification of
new general-aviation-type aircraft having significant NLF.

11.2.5 Status/Plans

Research flights continued through September 1989.

Gregory S. Manuel
Flight Research Branch
Langley Research Center
(804)864-3864

!
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Figure 11.2. Transition Physics Flight Experiments 
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11.3 TRANSITION PHYSICSFLIGHT EXPERIMENT

11.3.1 Objective

To (1)understanddetailsaboutflow instabilitiesresponsiblefor initiating transition
from laminarto turbulentflow, withemphasison thegrowthof Tollmien-Schlichting(T-S)
instabilitiesand(2) helpvalidatecomputationalfluid dynamics(CFD)compressiblelinear
stabilitytheory.

11.3.2 Approach

A onequarterinch thick, six foot span,fiberglassandfoam glovewasinstalled
on theleft wingof aLear28/29to providea shapethatis conduciveto longrunsof laminar
flow and to incorporate subsurfaceinstrumentationfor streamwisemeasurementof
temperature,pressureandgrowth of T-S instabilities. Measurementswere madein the
flight environmentoverarangeof altitudesandMachnumbersrepresentativeof commuter
andtransportaircraftoperations.

11.3.3 Accomplishments

Theoreticalcalculationsweremadeto determineappropriateflight conditionsfor
maximumT-S amplification. The wing glovewas fabricatedandinstrumented. Flight
testsdefinedconditionsfor detailedmeasurements.Flight testsdemonstratedability to
movetransitionfrom leadingedgeto 60percentchordby varyingflight conditionswhile
makingnonintrusivestreamwisemeasurements(SeeFigure11.2).

11.3.4 Significance

Theseflight experimentsarethefirst of theirkind to measurestreamwisegrowth
patternsandarethef'wstflight experimentsto offer temperaturedistributioninformationas
input to compressibleCFD codes.Thisresearchwill provide informationon disturbance
growthandtransitionmodewhich isessentialto thedevelopmentof practicaldesignlimits
for applicationsof laminarflow technology.

11.3.5 Status/Plans

NASA plannedto completeflight experimentsby July 15,1989.

CynthiaC. Lee
FlightResearchBranch
LangleyResearchCenter
(804)864-3865
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11.4 AERODYNAMIC CHARACTERISTICSOFCRESCENT-WINGPLANFORMS

11.4.1 Objective

To (1) investigatecomputationallyand experimentally the induced-drag
characteristicsof planar wings with crescentplanformsand wings with highly-swept
shearedtips, (2) conductsubsonicwind-tunnelexperimentsto measurethe aerodynamic
characteristicsof theseplanforrnsat low andhighanglesof attackand(3) investigatethe
applicationof shearedandcrescentwingtipsto typicalwingplanforms.

11.4.2 Approach

Theapproachinvolvedmeasuringathreetofourpercentreductionin induceddrag
for the crescentplanform in comparisonto the classicalelliptic wing shape(with equal
wing loading). At highanglesof attack,thepresenceof leadingedge,separationinduced,
vortical flow overthehighly-sweptwing tipsresultedin anincreasein maximumlift (eight
percent)andlateral-directionalstaticstability. Wind-tunneltestsalsoshoweda3.3-percent
reduction in induced drag for a high-aspect-ratiounsweptwing with shearedtips, as
predicted by the inviscid analysis method (SeeFigure 11.3). The drag reduction
presumablyoriginatedfrom thefavorableinfluenceof trailing-wakedeformationson the
pressuredistributionof thehighly-swepttips.

11.4.3 Significance

The resultssuggestthat theclassicalminimum-induced-dragfindings (basedon
linear inviscidaerodynamictheory)mayneedto bere-examined.In particular,thepresent
resultsindicate thatreducedinduceddragcanbeobtainedfor planarwings with crescent
planforms or with shearedtips. The presenceof vortical flow over the highly-swept
outboardwingregionsat high anglesof attackcouldcontributeto thedesignof planforms
with improvedstallandspin-entrybehavior.

11.4.4 Status/Plans

Wind-tunnelforcemeasurementsof crescentplanformsarenearlycompleted.The
designof modelsfor wind-tunnelmeasurementof surfacepressuresandwakedevelopment
hasbeenstarted.Thefeasibility of flight experimentsfor measurementof induceddragis
beingstudied.Navier-Stokesmethodswill beusedto studytheinduced-dragestimationof
planarwingplanforms.

P.Vijgen, C. P.VanDamandB.J.Holmes
FlightResearchBranch
LangleyResearchCenter
(804)864-3942
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CHAPTERTWELVE

_'IOHTER/ATrACK AIRCP_I_ __'_q

12.1 INTRODUCTION

The objective of the Fighter/Attack Aircraft Program is to provide enabling
technologies for fighter/attack aircraft to achieve efficient, sustained supersonic cruise and
maneuver performance, efficient store carriage and deployment at supersonic speeds,
increased agility at subsonic speeds, acceptable handling qualities at extreme angles of
attack and short takeoff and vertical landing (STOVL) operation.

Improved prediction methods and/or experimental techniques are now available for
high-lift aerodynamics, propulsion integration, weapon carriage, supersonic store cavity
and separation aeroacoustics, integrated flight controls and systems design for fighter/attack
aircraft. Wind-tunnel and piloted simulation studies have demonstrated the potential
effectiveness of multi-axis thrust vectoring for propulsive control at extreme angles of
attack. In addition, powered lift systems consistent with the operation of advanced STOVL
aircraft have been identified and configuration studies have been conducted to assess the
impact of integrating these systems with supersonic airframe designs.

The Fighter/Attack Aircraft Program is focused on (1) CFD modeling and validation
of cavity effects and near-field trajectory simulation for weapons launch during maneuver
and modeling of 3-D flow fields for vehicles at high angles of attack with separated flow;
(2) development of innovative propulsive and aerodynamic control systems concepts to
provide increased vehicle control at angles of attack near and beyond maximum lift; (3)
improved understanding of control requirements for control concepts throughout the
relevant flight envelope; (4) large-scale, ground-based testing of a STOVL fighter concept
using ejector lift/vectored thrust to define critical transition aerodynamics; (5) studies of
STOVL ground effects including inlet reingestion and ground erosion and (6) integration
studies to quantify the impact of emerging technologies and define the critical research areas
for supersonic STOVL.

Program Manager: Dr. Lawrence E. Olson

OAST/RF

Washington, DC 20546
(202)453-8606
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Figure 12.1. Flat and Cambered Delta Wing 
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12.2 EVALUATION OF LEADING- AND TRAILING- EDGE FLAPS ON A FLAT
AND CAMBEREDDELTA WING AT SUPERSONICSPEEDS

12.2.1 Objective

To evaluatethe supersonicaerodynamicperformancebenefits associatedwith
leading-andtrailing-edgeflapsonaflat andcamberedwing.

12.2.2 Approach

A cooperativeprogramwasestablishedbetweenNASA andGeneralDynamicsto
perform the research.The criteria usedin designingan optimizedcamberedwing with
leading-and trailing-edgeflaps includedhigh accelerationrequirements.Theeffectsof
camberon theflap performancethencould beassessedthroughcomparisonwith a flat,
uncamberedwing of thesameplanformandflapgeometry(SeeFigure 12.1).

12.2.3 Accomplishments

Basedon thedesigncriteria, a clippeddeltaplanform of moderateleading-edge
sweep(50degrees)waschosenfor thewind tunnelinvestigation.Thetestswereconducted
in the Langley Unitary Plan Wind Tunnel at Mach 1.60 to 2.16. Leading-edgeflap
deflectionsup to 15degreesandtrailing-edgeflapdeflectionsup to -30degreesweretested
onbothwings.Theresultsshowthattheflapeffectivenessvariesbetweenacamberedand
flat wing, with the largestdifferencesoccurringwith leading-edgeflaps; however,Mach
numbereffectson flapeffectivenessaresimilarfor bethflat andcamberedwings.

12.2.4 Significance

The resultsof this researchshowthatthe performancebenefitsassociatedwith
leading-andtrailing-edgeflapsarecambersurfacedependent.

12.2.5 Status/Plans

The study was completed.The resultswill be documentedin a formal NASA
publication.

GloriaHernandez,RichardWoodandBobCollins
Supersonic/HypersonicAerodynamicsBranch
LangleyResearchCenter
(804)864-5572
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Figure 12.2. Incipient Separation Computational Study 
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12.3 A PARAMETRIC CFD STUDY OF INCIPIENT LEADING-EDGE
SEPARATION

12.3.1 Objective

To systematicallystudytheeffectivenessof leading-edge radius and camber for
controlling leading-edge separation over the leeside of delta wings at supersonic speeds.

12.3.2 Approach

The approach involved making a computational parametric study on a 65 degrees
swept, conical delta wing at Mach 1.6 using CFL3D--a Navier-Stokes computational code.
The computational results will be used to guide the development of an experimental
confirmation study of key findings.

12.3.3 Accomplishments

For this initial study, all geometries examined were conical. The influence of
leading-edge radius was investigated on an uncambered 65 degrees swept delta wing and
the influences of spanwise camber were investigated on swept rounded leading-edge delta
wings. Conical Navier-Stokes solutions were obtained at Mach 1.6 and Re=2.0xl06 feet
for a turbulent boundary layer (See Figure 12.2). The results are presented as colored
contour plots of crossflow Mach number distribution in the flowfield and spanwise
surface-pressure distributions. The ftrst solution is for the sharp leading-edge geometry at

a=4o. For these conditions, the code predicted a leading-edge separation bubble. In
contrast, for the rounded, leading-edge geometry, the code predicted attached flow with an
isentropic compression occurring inboard of the leading edge. This difference in flow
structure due to a change in leading edge radius also is clearly evident in the surface-
pressure distributions. A similar change in flow structure can be affected by the use of
spanwise camber. The addition of 10 degrees of spanwise, circular arc camber was
sufficient to alter the separated, leading-edge flow to an attached flow.

12.3.4 Significance

The Navier-Stokes computational code showed that leading-edge radius and
spanwise camber can be effective tools for controlling incipient leading-edge separation
over delta wings.

12.3.5 Status/Plans

NASA plans to test wind-tunnel models equipped with extensive pressure
instrumentation to verify the previously described results experimentally.
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S.NaomiMcMillin
Supersonic/HypersonicAerodynamicsBranch
LangleyResearchCenter
(804)864-5581
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12.4 STOL/STOVLCONCEPTSFORHIGHPERFORMANCEAIRCRAFT

12.4.1 Objective

To provideadvancedaerodynamictechnologyandadvancedconceptsapplicableto
STOL/STOVLoperationsof currentandfuturehighperformanceaircraft.

12.4.2 Approach

The approachinvolved conductingexperimental(wind tunnel) and analytical
studiesusing poweredmodelsin theLangley 14-footby 22-foot subsonictunnel to (1)
examinekey problems, (2) identify promising solution conceptsproviding advanced
aircraft with STOL/STOVL capabilitiesand (3) define and develop new test/analysis
methodswhereessential.The 14-footby 22-footsubsonictunnelis uniquelyequippedfor
the studyof take-off andlandingaerodynamicsin andout of groundeffects (SeeFigure
12.3).

12.4.3 Accomplishments

An initial investigationof advancedhighlift andcontrolconceptson ahighsweep
fightermodelindicatesthatpneumaticspoilerscanproduceroll control. Full spanleading
andtrailingedgeflapswill beneededfor high lift. For dynamicgroundeffects,analysisof
datafrom theVortex ResearchFacility on theF-15S/MTD, showssignificantdifferences
betweenstaticanddynamictestingresults.NASAdevelopedplansfor animprovedground
effectstestingtechniqueandresearchprogramusingdynamichardwareanda datasystem
for the 14-footby 22-foot subsonictunnel.

12.4.4 Significance

Advancedpneumaticcontrolscouldprovidecontrolof highperformanceaircraft
withoutconventionalcontrolsurfaces.Groundeffectstestingmustincludetherateof
descentto yieldcorrectanswersduringgroundbasedtesting.

12.4.5 Status/Plans

NASA plans to expandadvancedcontrol studiesusinga high sweepfighter
model. NASA alsoplansto implementdynamictestingwill beginin the14-footby 22-foot
subsonictunnelin FY 1990-1991aswell ascontinuingCFDdevelopmentof groundeffect
analysiswith AmesResearchCenter.
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John W. Paulson, Jr.

Subsonic Aerodynamics Branch
Langley Research Center
(804)864-5071
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12.5 DYNAMIC STALL RESEARCH

12.5.1 Objective

To study these phenomena on 3-D aircraft configurations and to assess the impact
on maneuvering capability. Wind tunnel tests have shown significant lift overshoots on 2-
D airfoils undergoing large amplitude pitching motions. These overshoots are a strong
function of angle of attack, alpha and pitch rate.

12.5.2 Approach

Wind tunnel tests were made on models undergoing large amplitude pitching
motions in the Langley 12-foot Low-Speed Wind Tunnel. Figure 12.4 shows a schematic
of the test set-up. Dynamic force data were obtained with a series of fiat, plate delta wings
and on an F- 18 model to study the behavior of the unsteady aerodynamic loads during large
amplitude oscillatory and ramp motions at high-alpha. Simulation studies are being made
on the Langley Differential Maneuvering Simulator (DMS) using the F-18 simulation
database to obtain insight into the effects of dynamic stall on maneuvering capability.

12.5.3 Accomplishments

The ongoing study is focusing on simple harmonic motions with varying frequency
and amplitude and ramp motions at various rates starting and ending at different angles of
attack. The results show large effects of pitch rate on aerodynamic coefficients. The
qualitative effects of pitch rate, which include significant lift and drag overshoot, were
found to decrease as the wing sweep increased. The normal force overshoot is increased.
Figure 12.4 also shows a comparison of normal force data between the 70 degree flat plate
delta wing and the F-18 configuration. Due to flow lags, as pitch rate is increased, the
normal force overshoot is increased. The figure shows the persistence of the dynamic
effects. These data were obtained by pitching the F-18 model with a ramp motion at
different rates and between various initial and final alphas. The figure shows that the

persistence of dynamic effects is a strong function of the final alpha and pitch rate. To
evaluate the significance of these effects, a simple mathematical model was evaluated on an
existing F-18 real-time simulation. The figure shows the simulated rift coefficient during a
pitch-up maneuver. The persistence of the simulated effects were varied by using a lag time
constant as indicated. Preliminary results show only modest increases in turn performance
even with very long persistence values. Testing is continuing to develop methods to control
and exploit high-alpha unsteady aerodynamic effects for maneuvering enhancements.
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12.5.4 Significance

Futurefighteraircraftwill likely usetechnologiessuchasthrustvectoringcontrols
that will provide avery high degreeof agility andmaneuverability.This capability will
allow aggressivemaneuveringin thehigh-alphaflight regimewhich is typically dominated
by unsteadyvortex flows. A broaderunderstandingof themechanismsinvolved in such
flows isof greatimportancein developingmethodsof improvingthehigh-alpha,stall/post-
stallcombatmaneuverabilityof modemfighteraircraft.

12.5.5 Status/Plans

Follow-on studies,including studies of arbitrary motions, scale effects and
dynamicvortexcontroltechniquesareplanned.Mathematicalmodelswill bedevelopedfor
asimulationstudyusingtheDMS. Thestudywill beusedto assesstheimpactof unsteady
flow onaircraft flight dynamicsandcombateffectiveness.Validation of maneuvering
capability,flow behaviorandvortex control techniqueswill thenbemadethroughflight
testingwith NASA's F-18High-alphaResearchVehicle.

JayM. BrandonandGautamH. Shah
FlightDynamicsBranch
LangleyResearchCenter
(804)864-1142

f

Maximum pitch rate from 1-g trim

qmax

I0 _Thrust_-to,=dF-lel

I at 25000 feat

Trim ec

J

Time to bank 90 ° at CLmax vs. Mach number

r

t_.

Initial valo¢ily

o Basic F-18 [

ta Thrust vectoring

• Forebody strakes

Figure 12.5. Simulation Studies of Enhanced Combat Maneuvering

12-10



12.6 SIMULATION STUDIESOFENHANCEDCOMBATMANEUVERING FOR
F-18USINGADVANCED CONTROLS

12.6.1 Objective

To evaluatetheenhancementsin maneuverabilityprovidedby advancedcontrol
conceptsunder realistic combatconditions andto define control law requirementsto
maximize thesebenefits.Air combatstudiesshowthe importanceof providing future
fighteraircraftwith extremelevelsof agility andmaneuverability.

12.6.2 Approach

TheDifferential ManeuveringSimulator(DMS) wasusedto developthe design
methodologiesrequiredto implementtheseconceptson future aircraft. The simulations
focusedon two classesof concepts(1) multi-axispropulsivecontrol(thrustvectoring)and
(2) unconventionalaerodynamiccontrol devicessuchas deflectableforebody strakes.
Representationsof a propulsivecontrol systemfor vectoringthethrustin pitch andyaw
andforebodystrakesfor additionalaerodynamicyawcontrolweredevelopedandaddedto
a full-envelope simulation of the F-18. Control law requirements to maximize the
maneuveringbenefitsweredevelopedfor eachconceptandthesebenefitswerequantified
by performingair combatmaneuvers.The DMS studieshaveincludedevaluationof the
pilot/cockpitenvironment(SeeFigure12.5).

12.6.3 Accomplishments

Thecontrol laws developedto takeadvantageof the additionalcontrol powerto
maximizethe maneuverenhancementsincorporatedtwo fundamentalrequirements,(1)
blendingof theaerodynamicandpropulsivecontrolsand(2) provisionof high angularrate
capabilitywhile maintainingacceptablelevelsof controllability. Theresultsfrom simple
maneuveringtasksshowedsignificant improvementsin combatperformanceacrossan
expandedangle-of-attackenvelopefor the airplaneequippedwith propulsivecontrol or
with forebody strakes.Improvementsin maximumattainedpitch rateswere obtainedby
usingpitch thrustvectoringin additionto theaerodynamicpitchcontrols.Roll performance
alsowasgreatlyimprovedby theuseof yawthrustvectoringor theforebodystrakeswhich
providedthe additionalyaw control requiredfor coordinatedrolling maneuversover the
entirecritical speedrangefor subsonicmaneuvering.

12.6.4 Significance

The useof advancedaerodynamicandpropulsivecontrolsgreatly enhancedthe
combatmaneuveringcapabilityof asimulatedF-18airplane.Theresultshavebeenusedto
define the fundamental control effectiveness and control law requirements for
implementationon theF-18HARV researchtestbedfor flight evaluation.Conceptsfor pilot
informationsystemsandcontrolwhichweredevelopedaspartof thesimulationeffort also
arebeingconsideredfor theHARV.
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12.6.5Status/Plans

Maneuveringtasksand simulatedone-on-oneair combat revealedthe benefits
offeredby advancedcontrols.Thesebenefitswill continueto beevaluatedusingsimulated
two-on-one air combat as well. Additional work in several related areasis planned,
particularly (1) the effect of more detailed modeling of the high angle-of-attack
aerodynamics,(2) advancedcontrol effector hardwaredesign, (3) multi-effector control
law designoptimization to meetcritical flying qualities requirementsand (4) cockpit
informationsystemsfor improvedpilot awarenessandmaneuverguidance.

MarilynE. OgbumandKeith D. Hoffler
FlightDynamicsBranch
LangleyResearchCenter
(804)864-1175
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12.7 VORTEXINTERACTIONRESEARCH

12.7.1 Objective '.

To provide fundamentalinsight into theinteraction of both burst and unburst
vorticeswith tail surfaces.

12.7.2 Approach

Theapproachinvolvedstudyingthesurfaceandoff-body flowfield on bothsimple
deltawingswith tailsandcomplexfighterconfigurationsin theBasicAerodynamics
ResearchTunnel.Instrumentationbeingusedin thesestudiesincludesthree-component
laserDopplervelocimeter,hot-film surfacesensors,strain-gagesensorsandhigh
frequencyresponsepressuretransducers.

12.7.3 Accomplishments

In November 1988,NASA studiedthe effect of an F-18 LEX vortex on the
verticaltail throughouttheangle-of-attackrange.Theroot bendingmomentwasmeasured
on theright-hand vertical tail using a straingageand surfacevelocity fluctuationswere
measuredat onepoint using a surfacehot-film gage.The locationof the vortex burstat
highangles-of-attackalsowasdetermined.

12.7.4 Significance

The root bendingmomentresults indicatea sharprise in the tail root bending
moment at an angle-of-attack of approximately 20 degrees (See Figure 12.6). The vortex
burst location is just forward of the vertical tails at this angle-of-attack. The root bending
moment data compares well with previous wind tunnel and flight tests. The surface hot film
data shows high-turbulence flow at angles-of- attack greater than 20 degrees. Although the
trend of highly turbulent flow at high angles-of-attack agrees with previous water tunnel

tests by Wentz, the discrete frequencies shown by Wentz were not found in the spectral
analysis of this data.

12.7.5 Status/Plans

Detailed flowfield measurements will be made over a 76 degree delta wing with
and without vertical tails. The tails include a rigid tail instrumented with Kulite pressure
transducers and a flexible tail instrumented with accelerometers and strain gages. This test
is part of a cooperative program with McDonnell Aircraft Company to study the interaction
of a single vortex with vertical tail surfaces.

William L. Sellers, III
Analytical Methods Branch
Langley Research Center
(804)864-1287
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12.8 SUPERSONICSTOVLTECHNOLOGY

12.8.1 Objective

To providethenecessarypowered-liftresearchandtechnologydevelopmentfor an
improvedvalidated databaseof new aerodynamics and,flight dynamics technology for
application to future generations of supersonic shg/'t fak_ and vertical landing (STOVL)
fighter attack aircraft (See Figure i2.7). ' +'+ .' ' " "." _i_.JU

12.8.2 Approach

This objective was accomplished by conducting analytical, ground-based and flight
research investigations. As part of the joint US/UK Advanced STOVL (ASTOVL)
technology development program, four airframe and three engine contractor design studies
of candidate ASTOVL concepts were completed and all designs were evaluated and

"normalized" using in-house design synthesis and independent systems analyses. A joint
assessment and ranking of the US and parallel UK, candidate concepts was completed to
determine a focus for future technology development.

12.8.3 Accomplishments

The resulting US/UK ASTOVL Technology Program Plan was written and
coordinated between the two countries. In addition, DoD and NASA developed a US
National STOVL Plan which includes the possibility of a research/demonstrator aircraft.

12.8.4 Significance

The US/UK ASTOVL Technology Development Program reached a major
milestone when the decision was made after a thorough assessment and ranking activity to
pursue, in the future, only those concepts which utilize remote lift for jet-borne flight and
conventional mixed-flow propulsive systems for wing-borne flight. In addition, the seven
most critical technologies for supersonic STOVL were identified and these are addressed by
the jointly formulated US/UK ASTOVL Technology Development Program Plan.

12.8.5 Status/Plans

Detailed plans are being formulated for developing the critical supersonic STOVL
technologies. Technology research investigations will continue in FY 1990 as baseline

funding permits. A major augmentation in funding has been advocated to support increased
research in FY 1991 and beyond. Efforts will continue to define the roles of the various
participants in the US National STOVL Plan. A R&D task order contract will be awarded to

several US airframe companies for supersonic STOVL technology development in support
of the US National STOVL Plan and the US/UK ASTOVL Program in FY 1990.
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Figure 12.8. STOL Transport Technology 
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12.9 STOLTRANSPORTTECHNOLOGY

12.9.1 Objective

To provide thenecessarypowered-liftresearchandtechnologydevelopmentfor a
validateddatabaseof newaerodynamicsandflightdynamicstechnologyfor applicationto
futuregenerationsof civil andmilitary subsonicSTOLtransportaircraft.

12.9.2 Approach

Thisobjectivewasaccomplishedby conductingin-houseandcontractedanalytical,
ground-basedand flight researchinvestigationsof powered-lift STOL configurations
applicableto transportaircraft.

12.9.3 Accomplishments

Flight andwind tunneltestsof theJapaneseNationalAerospaceLaboratory(NAL)
"ASKA" USB transportresearchaircraft were conductedas part of the NASA/NAL
cooperativepilot and technologyinterchangeagreement.NASA QSRA testpilots and
engineerswent to Japanin October1988to conductflight evaluationsof thehandlingand
performancecharacteristicsof theASKA aircraft.Testsof theNAL ASKA sevenpercent
scale,semispancruise-configurationpoweredmodelin theAmes 14-footTransonicWind
Tunnel were completed in May 1989 (SeeFigure 12.8). Balance force data, wing
pressuredataandnacelleinlet andinternalandexhaustpressuredatawereobtainedovera
rangeof power settings,anglesof attackandMachnumbersup to 0.775.A contractwas
awardedfor thedesignandfabricationof anosegear"jump strut"to beflight testedon the
QSRAunderajoint programfundedby theAir Force.

12.9.4 Significance

The ASKA flight evaluationgreatly expandsthe available information on the
handlingandperformancecapabilitiesof USBSTOLaircraft, addingto thepowered-lift
transportdesignandcertificationdatabasethat NASA built throughprogramssuchasthe
AugmentorWing STOL ResearchAircraft andthe Quiet Short-HaulResearchAircraft
(QSRA).The NASA/NAL wind tunneldataprovidesanassessmentof theUSB exhaust
scrubbingdragcruisepenaltyandtheinterferenceeffectsassociatedwith spanwisenacelle
placement.Thedetailedexhaustjet flowfield dataareessentialfor validatingadvancedin-
houseCFDcodedevelopmentandconfigurationoptimizationstudies.
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12.9.5 Status/Plans 

NASA plans to continue to support Air Force Advanced Tactical Transport and 
Special Operations Forces activities through in house studies and technology transfer. 
NASA will publish the results of the ASKA flight evaluations as ajoint NASA/NAL report 
this year and the ASKA wind tunnel test data in FY 1990. The application and validation of 
advanced CFD methods for powered-lift USB configurations is underway with preliminary 
Navier-Stokes solutions expected this fall. NASA will design, fabricate and ground test 
the QSRA nose-gear "jump strut" in FY 1990. 

K. Clark White 
STOVL/Powered-Lift Technology Branch 
Ames Research Center 
(4 19604-5653 

Figure 12.9. STOVL Flying Qualities Evaluation 
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12.10 STOVL FLYING QUALITIES EVALUATION

12.10.1 Objective

To (1) evaluate the STOVL aircraft transition envelope, (2) determine takeoff

performance and procedures, (3) determine control power during powered-lift operations
and (4) evaluate the integration of the aircraft's flight and propulsion controls.

12.10.2 Approach

The approach involved (1) developing a simulation model for the STOVL
concept, (2) predicting transition and takeoff characteristics, (3) defining integrated
flight/propulsion control and (4) conducting piloted evaluations in the Interchangeable Cab
Facility (See Figure 12.9).

12.10.3 Accomplishments

A powered-lift aerodynamics/propulsion model was developed based entirely on
analytical predictions. Transition and takeoff performances were defined, including the
effects of thrust vectoring efficiency and excess thrust. Thrust margins were defined for
vertical landing as a function of ground effect and hot gas ingestion. Control power
utilization, including reaction control bleed, was established for powered-lift operations.
The influence on transition and vertical landing flying qualities of integrated
flight/propulsion control modes was determined.

12.10.4 Significance

Design and performance of STOVL aircraft during powered-lift operations are
critically dependent on aerodynamics/propulsion interactions and requirements for excess
thrust, thrust deflection, reaction control and integrated flight/propulsion controls. This
simulation provided the first step in defining these interactions and requirements;
furthermore, the potential for achieving Level I flying qualities throughout the powered-lift
envelope was established for this STOVL concept.

12.10.5 Status/Plans

Moving-base simulations and flight experiments are required to achieve highly
credible assessments of control of the transition and vertical landing, particularly for
definition of thrust margins, minimum acceptable acceleration and integrated control
modes. These experiments will be conducted on the Vertical Motion Simulator for two
mixed-flow remote-lift STOVL concepts and on the VSRA for control mode evaluation.
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Figure 12.10. STOVL E-7A Tests in the 40-Foot by 80-Foot Wind Tunnel 

12-20 



12.11 STOVL E-7A TESTS IN THE 40-FOOT BY 80-FOOT WIND TUNNEL

12.11.1 Objective

To measure and valldate large scale E,7 ejector perf_in-a_ce for hover and low

speed flight with a primary emphasis on augmentation ratios and accelerating and
decelerating performance margins.

12.11.2 Approach

A full-scale powered model of the E-7 aircraft was tested in the 40-foot by 80-
foot test section of the National Full-Scale Aerodynamics Complex (NFAC). Tunnel
balance, ejector rake and wing pressure instrumentation documented the low speed
performance of the vehicle (See Figure 12.10).

12.11.3 Accomplishments

Ejector performance on the full-scale E-7 aircraft was very encouraging. It was
the highest, full-scale aircraft augmentations ratios to date (augmentation ratio=l.4 to 1.8).
The E-7 aircraft has an adequate acceleration and deceleration corridor enabling it to
transition, from hover to forward flight and back to hover in level flight. Elevon
effectiveness was shown to be independent of model configuration changes and forward
speed.

12.11.4 Significance

The E-7 STOVL concept is one of those favored in the U.S./Great Britain
cooperative research STOVL technology program. The data gathered in this test confirrned
the viability of the concept by demonstrating good hover and low speed performance.

12.11.5 Status/Plans

Testing of the E-7 model in the 80-foot by 120-foot test section of the NFAC
currently is underway. The larger tunnel test section yields low speed transition
performance data with less tunnel recirculation effects. A pure hover test of this aircraft on
an outdoor static test rig is planned for Spring 1990.

Brian Smith

Fixed Wing Aerodynamics Branch (FFF)
Ames Research Center

(415)604-6669
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Figure 12.1 1. F- 1 1 1 Crew Escape Module 
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12.12 F-111CREWESCAPEMODULE 40-FOOTBY 80-FOOTWIND TUNNEL
TEST

12.12.1 Objective

To (1) definetheaerodynamicdragbehaviorof newlyproposedpilot parachutes
for aredesignedF-111CrewEscapeModuleand(2)validatethedesignof thedeployment
phaseof therecoverysystemoverafull rangeofescapemoduleattitudes.

12.12.2 Approach

TheF-111Crew EscapeModulewasmountedin the40-foot by 80-footwind
tunnelatarangeof anglesof attacksimulatingseparationattitudesof themodule.Thedrag
of thepilot chutesweremeasuredandcomparedwith designpredictions.Thepilot chutes
werefired from theescapemoduleandthedeploymentphaseof therecoverysystemwas
observedandrecorded (SeeFigure12.11).

12.12.3 Accomplishments

This highly successfultestprogramacquiredcritical pilot parachutedesigndata
thatwerenot achievablein droptesting.Moduleangleof attackrangesof from +30degrees
to -90degreesweretestedat flow velocitiesup to 170knots.As a result of these tests, the
design was modified by strengthening the packing line-ties of the deployment mechanism.

12.12.4 Status/Plans

No future testing requirements were identified.

Rob Faye
Research Operations Branch (FFN)
Ames Research Center

(415)604-3545
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Figure 12.12. Experimental Versus Numerical Flow Visualization 
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12.13 NUMERICAL SIMULATION OFSTOVLAIRCRAFTAERODYNAMICS

12.13.1 Objective

To predictSTOVL aircraftperformancefrom take-offthroughtransitionandto
cruise conditions, including aero-thermal, -acoustic, -propulsion, -control and -structural
interactions.

12.13.2 Approach

The approach involved coupling Navier-Stokes code with a thermal conduction
solver for an aero-thermal interaction (See Figure 12.12).

12.13.3 Accomplishments

Detailed Harder YAV-8B surface definition was completed. Navier-Stokes flow
and thermal conduction solvers were combined and are currently undergoing time and
spatial accuracy validation tests.

12.13.4 Significance

Supersonic STOVL and other powered-lift

interdisciplinary numerical simulation capability.
programs require validated

12.13.5 Status/Plans

NASA will continue grid development, utilizing overlapped/patched and adaptive
strategies to reduce grid generation time and solution cost. Results of the calculations will

be compared to experimental data to validate the accuracy of the calculations.

W. R. Van Dalsem

Applied Computational Fluids Branch
Ames Research Center

(415)604-4469
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CHAPTERTHIRTEEN

ROTORCRAbT

13.1 INTRODUCTION

Theobjectiveof theRotorcraftProgramisto providetheenablingtechnologiesfor
helicoptersandother rotor-borneaircraft to achievequiet, low vibration operationwith
increasedperformance,agility, maneuverabilityandstability, all with acceptablehandling
qualities. Much of thework is donein conjunctionwith theU.S.Army andtheFAA and
in cooperativeprogramswith industry.

Improvedanalysiscannow handlemanylocal aerodynamicphenomenabut the
transonic,unsteady,complexwakeinteractionflow requiresanothergenerationof codes;
therefore,much of the rotorcraft programstill is empirically based,with validation of
analysisasa goal. This approachrequiresnewtest techniques,upgradedtest facilities,
carefully instrumentedmodels,sophisticatedsimulationand increaseduseof the latest
generationof computers.New ideasalsoarepartof theprogram,sincethecomplexityof
rotorcraftmakesit a fertileareafor innovativeapproaches.

The heartof the aerodynamicportion of theprogramis airloadsresearch.Small
scale, pressure-tapped blade data are becoming available with the full-scale results due in

1990. Complimentary efforts are underway in component, interference and wake testing
and prediction. These databases are used in acoustic and vibration research, which
constitutes more than half of the program resources. The airload models also will be used
for rotor state control and higher-harmonic control to suppress noise or vibration or to
enhance maneuverability.

Handling qualities research in the Aerodynamics Division is based on vehicle flight
dynamics, with emphasis on simulation and flight test using the variable stability CH-47.
New flight test capability is planned, with research challenges in integrated control,
automation and higher-frequency control a focus.

Higher speed rotorcraft will continue to be dominated by tiltrotor efforts.
Certification issues are being addressed on the simulator and in noise testing and
prediction. Also underway are improvements in performance, interior noise, vibration and
stability. The importance of these research opportunities for civil applications will be
evaluated under contract to Boeing Commercial Airplane Company.

Program Manager: George Unger
OAST/RF

Washington, DC 20546
(202)453-2815
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a = 20; Re = 1.5 x IO6, M = 0.2 

E.P.N. DUQUE, U.S. ARMY AEROFLIGHTDYNAMICS DIRECTORATE, AVSCOM 

Figure 13.1. BERP Rotor 
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13.2 NUMERICAL SIMULATION OF ROTORCRAb-T AERODYNAMICS

13.2.1 Objective

To develop and validate code for a three-dimensional, viscous flow about arbitrary
rotorcraft configurations.

13.2.2 Accomplishments

The accomplishments were the (1) numerical, simulated, computed, detailed
calculations of tip vortex formation; (2) analysis of highly nonlinear flow past complex tip
shapes and (3) calculation of acoustic wave formation and propagation (See Figure 13.1).

13.2.3 Significance

This program is pioneering the application of computational fluid dynamics to
important national defense problems. It has reduced risk for new configurations with
increased performance, efficiency and maneuverability as well as reducing vibrations, noise
and detectability.

13.2.4 Status/Plans

The program is developing code to analyze retreating blade stall. NASA is studying
rotor-body interactions with rotating and fixed-block zonal grid topology and solution-
adaptive grids for vortex wakes.

W. J. Mc Croskey
Applied Computational Fluids Branch
Ames Research Center

(415)604-6428
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13.3 THREEDIMENSIONALDRAG PREDICTIONFORROTORBLADES

13.3.1Objective

To provideanefficientanalyticaltool for rotorbladedragpredictionandto enable
accuratedesignof new,advancedrotor systemswith improvedperformancein bothhover
andforward flight.

13.3.2 Approach

A viscous-inviscidinteractionapproachwasused.Very nearthebladesurface,the
flow was assumedviscousand wasgovernedby the three-dimensional,boundarylayer
equations.Outsidetheboundarylayer, theflow wasassumedinviscid andwasgoverned
by the full-potential equations. Thesetwo setsof equationswere solvedon a rotating
referenceframe separately,butwerecoupledtogetherthroughpressureanddisplacement
thickness (SeeFigure 13.2).

13.3.3Accomplishments

The analysiswas first usedto predict dragforce on a two dimensional,NACA
0012airfoil. The analysisslightly underpredictsthe dragcoefficient for high Reynolds
numberflow. For lowerReynoldsnumberflow, thepredictionis verygood. The analysis
was thenusedto predict the dragforce of a nonlifting, two-bladed,hoveringrotor. The
predictedtorquesarein excellentagreementwith testdata.

13.3.4 Significance

The state-of-the-artin rotor dragpredictionusestwo dimensionalairfoil tablesto
extrapolatetheviscousdrag. Thisapproachcannotbeusedin airfoilsnot yettested.It also
doesnot includetheeffectsof Reynoldsnumberor therotationalmotionof theblade. The
currentapproachcansolvethe two shortcomingsandthe initial resultsalso showgood
accuracy.

13.3.5 Status/Plans

The analysisnow predictsnonlifting hoveringrotor performance.It is plannedto
use the analysisto (1) simulatenonlifting andlifting rotor flows and advancedblade
performance,airfoilsandtwist distributionto furtherevaluatetheaccuracyandapplicability
of the analysis and (2) investigatethe effect of rotational motion of the blade on the
developmentof theboundarylayerto understandthebasicaerodynamicphenomenaof the
boundarylayer.

ChingS.Chen
RotorcraftAeromechanicsBranch(FFR)
AmesResearchCenter
(415)604-5043
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Figure 13.3. UTRC Model Rotor System 
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13.4 PRESSURE-INSTRUMENTED MODEL ROTOR NOISE TEST

13.4.1 Objective

To acquire model rotor impulsive noise due to Blade Vortex Interactions (BVI) and
the concurrent surface pressure data for use with cross correlation and coherence

calculations. These analyses will increase the understanding of the physical process by
which BVI noise propagates to the farfield.

13.4.2 Approach

An experiment was performed jointly by the staff of the Army Aeroflight Dynamics
Directorate, United Technologies Research Center, Sikorsky Aircraft Company and NASA
Ames and Langley Research Centers during Spring 1989 in the Duits-Nederlandse Wind
Tunnel (DNW). The project tested the UTRC, highly instrumented, model rotor system, a
model equipped with 176 subsurface pressure transducers. High quality dynamic surface
pressure data were acquired simultaneously with blade-vortex interaction acoustic data for a
wide range of vehicle flight speeds.

13.4.3 Accomplishments

Online examination of the measured noise and surface pressure data showed strong
impulsive .blade loading in the downwind half of the rotor disk, where the radiated BVI
noise originates. Figure 13.3 shows an example of a strong BVI noise measured and a
leading edge transducer signal, both indicating considerable impulsive content.

13.4.4 Significance

This experiment provided an extensive high-quality database for furthering present
understanding of the BVI process.

13.4.5 Status/Plans

NASA initiated efforts in (1) performance of mathematical cross correlation and
coherence calculations of the acoustic and blade pressure data, (2) pinpointing the source of
the BVI noise in the dynamic surface pressure and (3) defining the process by which the
impulsive surface loading radiates to the farfield.

R. M. Martin and M. A. Marcolini
Aeroacoustics Branch

Langley Research Center
(804)864-3631
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Figure 13.4. UH-60 with Instrumented Blade Set 
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13.5 UH-60LOADS AND PERFORMANCEFLIGHT INVESTIGATIONS

13.5.1 Objective

To (1) investigatehighspeedrotor aerodynamicsandstructuraldynamiclimits in
maneuvering and non-maneuvering flight and (2) correlate flight data with wind tunnel

results and comprehensive prediction codes ,to validate airoaft modeling and prediction
capabilities. A second.aryt,objective was to evaluate the viability of a gust suppression
technique using Individual t_lade Feedback. This effort was a precursor to the more
extensive UH-60 airloads program.

13.5.2 Approach

A cooperative program with the U.S. Army Aviation Engineering Flight Activity
(AEFA) was conducted utilizing a UH-60 helicopter with an instrumented blade set from
the U.S. Air Force Night Hawk program (See Figure 13.4). The Army provided the test
aircraft and the tests were conducted at AEFA, Edwards AFB, with Army operations
personnel. Ames provided program specific instrumentation, final data processing and a
research engineering team. The Ames engineering team provided onsite data quality
checks, flight test support and testing guidance.

13.5.3 Accomplishments

The flight test program has been completed. The flight data were entered in a

TRENDS database and errors were corrected or removed. A hands-on workshop was
conducted to train the Government/industry/academic researchers in the use of the database.

A preliminary correlation study using CAMRAD was completed and the results compiled as
a NASA report (currently in review). A draft data summary report was prepared for
publication as a NASA report. A blade shake test was conducted with a final report in
publication. A NASTRAN model of the UH-60 was completed and its predictions were
compared to an airframe shake test. A grant was awarded to UCSD to improve the
NASTRAN model with the inclusion of secondary airframe structures.

13.5.4 Significance

The database which contains high speed conditions unavailable from other sources,
is available to the rotorcraft user community. Initial reaction was very favorable. The

NASTRAN model and blade shake test are key elements of providing complete
documentation on the UH-60 aircraft. The CAMRAD correlation results are one of the ftrst

flight validation studies of this industry-wide, comprehensive prediction code.

13.5.5 Status/Plans

NASA will complete all reports and eventually combine these data with the UH-60

airloads database. Correlation studies with other modeling codes as well as full scale and
,.,.,,.,A,_I_1 .... :_., ...... , ........... tiy•,,,.,,_,,, o,.,u_ wmu tunnel tests wm oe conauctea. The reports curren in the publication
cycle will be released as soon as it is practical.
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Figure 13.5. The UH-60 
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13.6 UH-60ROTORAIRLOADSPROGRAM

13.6.1 Objective

To (1)provideacomprehensiveresearchdatabasefor a state-of-the-artrotor,using
the latest measurementtechnology; (2) investigaterotor blade pressureairloads and
dynamicsand (3) conductinvestigationsof specificrotor phenomenain flight, including
aerodynamics,acousticsanddynamics,with correlation/validationusingpredictivecodes,
smallandfull scalewind tunneltestresultsandCFD.

13.6.2 Approach

A UH-60 will beflight testedwith veryhighlyinstrumentedrotorbladesincluding,
pressuretapsand straingagesand accelerometers,extensiveairframe sensorsandboth
groundandairframeacousticmicrophones,concentratingonuniqueflight conditionssuch
as high and low speed,transition, partial and full powered descentsand steadyand
dynamicmaneuvers(SeeFigure 13.5). To maintainthehighestquality, dataevaluation
will be completed prior to the next flight. The database will reside on a large interactive
storage device for ready access by the user community.

13.6.3 Accomplishments

The instrumented blade set was fabricated, balanced, calibrated and delivered to

Ames. The test aircraft was instrumented and calibrated and currently is flying for pilot
check-out with standard blades and the Phase I instrumentation system. The ground station
real-time telemetry and data processing system is being checked out. Two contracts were
awarded for the investigation of rotor hub impedance. A UH-60 newsletter is being
published periodically with the aim of keeping the user community appraised of the
program status. The pressure-instrumented model scale UH-60 blades were tested in the
DNW wind tunnel by a joint Army/NASA/UTC team.

13.6.4 Significance

The flight data currently available for correlation and validation of prediction and
design codes is old (1950s technology rotors), incomplete and of poor quality due to
outmoded measurement capability. This UH-60 database will provide a quantum increase
in high quality, useable data on state-of-the-art rotor technology. It will include high
frequency pressure data correlated with airframe vibration and vehicle acoustics for the first
time. This will allow researchers to finally validate theories developed over the last 10
years of increased emphasis on noise and vibration.

13.6.5 Status/Plans

NASA plans to commence research flights during the fourth quarter of FY 1989.

Proposals involving experiments are anticipated from the user community which will
involve active participation during the acquisition of data.
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Jeffrey Cross and Ed Set0 
Rotorcraft Technology Branch/Flight Experiments Branch 
Ames Research Center 
(415)604-657 1/5664 

Figure 13.6. The AH-1G Rotor 
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13.7 COMPLEMENTARYROTORAIRLOADS AND ACOUSTIC PROGRAMS

13.7.1 Objective

To provide a rotor airloads research database, complementary to the UH-60
database for unique rotor configurations and flight c.ondit_or_s tmobtainable with the UH-
60. These unique configuratt6ns will prox;ide data for cbrrelatioii _/nd validation of codes
and methodologies required for the special characteristics of these rotor configurations and
flight conditions.

13.7.2 Approach

Three special rotor types were included in this program of small and large scale
wind tunnel testing and flight testing. The high speed advanced BV-360 was designed for
airspeeds in excess of 200 knots. The bearingless HARP rotor has unique dynamic
characteristics due to high effective hinge offset. The AH-1G rotor, for which the flight
tests were completed, is two-bladed. Tests of these rotors will be more limited in scope
than those for the UH-60 (See Figure 13.6).

13.7.3 Accomplishments

Publication of a major reference publication (RP) on the AH-1G "TAAT" program
was completed. AH-1G data currently is being correlated with the FPR (Full Potential
Rotor) code coupled with CAMRAD/JA. Vibration reduction flight experiments with the
baseline BV-360 rotor and aircraft are continuing in an effort to fine tune the aircraft for
high speed performance testing. The final whirl tower test report on the baseline BV-360
rotor was published and a preliminary correlation of the new hover acoustic code with the
whirl tower data showed promising results. Design of the pressure instrumented BV-360
blade was completed and pressure transducer calibration at Ames is in progress. Flight
testing at Ames of a MDHC pressure instrumented HARP blade is at the preliminary
discussion stage.

13.7.4 Significance

The "TAAT" RP represents the first major NASA publication on rotor airloads
since the mid-sixties and provides industry and government researchers with an early
database for code validation. The BV-360 is the only US helicopter capable of sustained
speeds of 200 plus knots. Dynamic characteristics of the bearingless HARP rotor will
provide unique data on the effects of blade and hub dynamics on airloads.

13.7.5 Status/Plans

NASA will continue "TAAT" data correlation with coupled FPR/CAMRAD,
resolution of BV-360 wind tunnel issues and go-ahead on pressure instrumented
blade/fabrication. NASA also will initiate agreement with MDHC for HARP testing if
funding will permit.
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Figure 13.7. Bell 412 Rotor/Model576 Test Stand in a 40-Foot 
by 80-Foot Wind Tunnel 
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13.8 ROTOR/FUSELAGEAERODYNAMICINTERACTIONS

13.8.1 Objective

Theflowfield aroundanysinglehelicoptercomponent,suchasthemainrotor or
thefuselage,is extremelycomplex. Whenisolatedaerodynamically,eachcomponenthas
its own uniqueflowfield andresultantaerodynamiccharacteristics;however,whenin close
proximity to oneanother,asin ahelicopter,eachcomponentencountersanunsteady,non-
uniform flow inducedby all theothercomponents;hence,thetotal flowfield is influenced
not only by theflow aroundeachcomponent,butalsoby themutualinteractionsbetween
thecomponents.

13.8.2 Approach

Several,small-scale,experimentalandtheoreticalinvestigationswereconductedto
providequantitativeinformationon the aerodynamicandacousticinteractionsthatoccur
betweenvarioushelicoptercomponents.A major,full-scale testprogramonly recently
wascompleted,investigatedtherotor/fuselageinteractionsfor a Bell 412 helicopterrotor
andmodified NACA 0035bodyof revolution. Thebody wasindependentlymountedon
theteststandwith loadceils. Combinedrotor/bodyloadsweremeasuredwith thetunnel
balance system. A series of body-hub runs allowed for evaluating the individual
interactionsbetweentherotor andthebody (SeeFigure13.7).

13.8.3 Accomplishments

Datawere acquiredin the40-footby 80-footwind tunnel in hover andup to an
advanceratioof 0.3.Shaftanglewasvariedbetweenminusfour degreesandminustwelve
degrees.The Machnumberrangedfrom 0.62 to0.68. A largenumberof testconditions
were run to getvariousrotor wake/fuselageinteractions. Baselineacousticsdatawere
acquiredfor afuture mainrotor/tail rotor aerodynamicsandacousticstestprogram. This
safeandsuccessfultestprogramwasthefirst wind-onhelicopterrotor testin the NFAC
since1980.

13.8.4 Significance

This data set is the first full-scale data acquired to specifically evaluate
rotor/fuselageaerodynamicinteractions.No correctionsarenecessaryto performancedue
to Reynoldsnumberor to acousticsdueto tip Machnumbereffects. The bodyforcesand
momentsaresignificantly alteredby thepresenceof therotor hub. An isolatedbody at
negativeangleof attackwhich experiencesanegativethrustin isolation seesasignificant
positivethrustdueto thepresenceof thehub. Theacousticsdatasetis alsothefirst for a
full-scalehelicopterrotor in theacousticallytreated40-footby 80-footwind tunnel.
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13.8.5 S tatusPlans 

Data reduction and analysis will be performed together with correlation and theory. 
Additional phases of the test program include main rotorhail rotor testing with a Lynx tail 
rotor and a Bell 412 tail rotor. 

Gloria Yamauchi (FFR) 
Rotorcraft Aeromechanics Branch 
Ames Research Center 
(413604-67 19 



13.9 ROTOR INFLOW/WAKE RESEARCH (USING THE LASER VELOCIMETER)

13.9.1 Objective

To develop a carefully selected database of the detailed flowfield environment in
and around a generic helicopter rotor system to be used for rotor inflow/wake prediction
code validation.

13.9.2 Approach

The Two Meter Rotor Test System (2MRTS) was installed in the Langley 14-foot
by 22-foot subsonic tunnel along with the dedicated laser velocimeter. The rotor system
and the tunnel were jointly operated to provide the desired helicopter operating condition
and the laser velocimeter was used to acquire the local velocity information required to
expand the inflow database. These tests are typically time and labor intensive and require
multiple wind tunnel entries to complete the desired database. In this case, it was a full
inflow map above the rotor system at one thrust coefficient and five distinct advance ratios:

0.15, 0.23, 0.30, 0.35 and 0.40. Advance ratio, m, is the ratio of forward flight speed to
rotor tip speed (See Figure 13.8).

13.9.3 Accomplishments

Four test programs were conducted with the latest accomplished in November
1988. A complete data set (m--0.15, 0.23, 0.30, 0.35 and 0.40) was acquired for a
generic, four bladed, rectangular-planform rotor. These measurements were acquired at a
thrust coefficient of 0.0064 and zero propulsive force. The results of these tests, as well as
comparison with some existing computational methods, were included in a collection of
publications, two American Helicopter Society conference papers, one AIAA conference
paper, seven NASA technical memorandums and one NASA technical paper.

13.9.4 Significance

In the process of predicting the performance of a new helicopter configuration, the
computational methods utilized currently either assume an inflow distribution to the rotor
system or calculate this distribution from wake methods of various complexity. Validation
of current wake methods has never addressed accuracies in calculating the induced
velocities that are an integral part of the local angle-of-attack calculation and thus the
aerodynamic conditions of the local rotor blade section.

13.9.5 Status/Plans

With the completion of one data set above the rotor, the next step is to begin the
acquisition of another complete set at CT--O.O001 and Cx=O.O, but the measurement plane
will be a representative distance below the rotor.
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DanielR. Hoad,JoeW. Elliott andSusanL. Althoff
RotorcraftAerodynamicsOffice,SAB,AAD
LangleyResearchCenter
(804)864-5055
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13.10 ROTOR WAKE GEOMETRY IN FORWARD FLIGHT USING WIDE-FIELD
SHADOWGRAPHY

13.10.1 Objective

The performance, acoustics and dynamic behavior of a helicopter rotor or tiltrotor
is very dependent on its interaction with its own wake. Additionally, the rotor wake
interacts with the fuselage at low and moderate speeds to induce periodic loads on the
fuselage and alter the aerodynamic loading on the fuselage. To understand the behavior of
the rotor system for both performance and dynamics, the generation of the rotor wake and
its subsequent interaction with other rotor blades, as well as the fuselage, must be
understood to improve rotor performance, reduce radiated acoustics under blade vortex
interaction conditions and minimize periodic fuselage loadings.

13.10.2 Approach

Using the wide-field shadowgraph technique developed at Ames and applied to
rotor flow fields, NASA documented the geometry of the trailed tip vortices for a
helicopter rotor in forward flight. By varying rotor and wind tunnel operating conditions,
we determined the wake geometry of the trailed vortices for verifying analytical rotor wake
models. NASA investigated blade vortex interaction (BVI) conditions to identify specific
azimuth and radial locations for BVI encounters. NASA quantified the wake/fuselage
interactions and the distortion of the rotor wake due to its flow over and around the

fuselage.

13.10.3 Accomplishments

The f'n'st ever forward flight wide-field shadowgraphs were obtained using a
5.42-foot diameter rotor. The wind tunnel test included a large number of low and
moderate speed conditions. Very clear and definite wake filaments were visualized for up
to three or four blade passages.

13.10.4 Significance

In a non-intrusive manner, a complete snapshot of the rotor wake geometry was
captured in forward flight. Periodic wake interactions with the fuselage were documented
and specific blade vortex interactions were visualized at several radial and azimuth
allocations. These data will provide a badly needed capability for verifying rotor
performance, loads and acoustics codes as well as providing the best understanding to date
of rotor/fuse!age aerodynamic interactions.
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13.10.5 StatusPlans 

Initial cataloguing and data reduction were initiated. Because of the large amounts 
of data obtained, a major effort will be necessary to fully analyze the photo and VCR data. 
Future test programs will be conducted both in small- and full-scale wind tunnel tests. 
Correlation with analytical models using prescribed and free-wake rotor models will be 
conducted and shortcomings of current analyses will be identified. 

Jeffrey Light, Alex Frerking and Tom Norman 
Rotorcraft Aeromechanics Branch 
Ames Research Center 
(4 15)604-488 1 

Figure 13.9. Long-Range Laser Velocimeter Test 
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13.11 LONG-RANGE LASER VELOCIMETER PERFORMANCE TEST

13.11.1 Objective

To measure the boundary layer in the aft part of the test section using the Long-
Range Laser Velocimeter (LRLV) and evaluate the performance of the instrument when
exposed to the 80-foot by 120-foot wind tunnel environment, as part of the 80-foot by 120-
foot wind tunnel flow calibration and the 80-foot by 120-foot base drag test. Another
objective of the base drag test was to conduct velocity surveys and laser flow visualization
to compare the results with CFD predictions. Finally, the feasibility and requirements for
seeding of the 80-foot by 120-foot flow were investigated..

13.11.2 Approach

The approach involved testing the performance of the LRLV by measuring the
boundary layer with both the standard and extended focus zoom optics using the natural
seeding present in the flow. NASA experimented with localized artificial seeding of the
flow at a location upstream of the 80-foot by 120-foot inlet and evaluated the improvement
in LRLV performance. NASA used the LRLV as a planar light source for flow
visualization studies (See Figure 13.9).

13.11.3 Accomplishments

Velocity surveys in the boundary layer were made during the 80-foot by 120-foot
flow calibration at speeds up to 100 knots while artificially seeding the flowfield. Vortex
patterns were successfully visualized in the separated regions of the Base Drag Test.

13.11.4 Significance

Requirements for operating in the 80-foot by 120-foot wind tunnel are now better
understood and problem areas were identified. Improvements to the LRVL system will be
made based on this experience. Qualitative correlations between measurements of
separated flow on bluff bodies and CFD predictions were made.

13.11.5 Status/Plans

NASA plans to further investigate the feasibility of artificially seeding the 80-foot
by 120-foot wind tunnel on a larger scale and to use the improved LRVL system to conduct

the ground environment velocity survey during the STOVL E7 outdoor hover test in Spring
1990.

Michael Reinath

Fixed Wing Aerodynamics Branch (FFF)
Ames Research Center
(415)604-6680
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13.12 ROTONETDEVELOPMENT

13.12.1 Objective

To developa comprehensivecomputerprogramfor theprediction of the total
noise signatureof helicopterswhich can beusedto optimize the helicopter acoustics
characteristicsduringtheinitial designphase.

13.12.2 Approach

ROTONET was planned to have a, modular code architecture, be well

documented and be incrementally developed in phases. The methodology included
analytical and empirical techniques. The basic code-sm_ct_ was divided into four parts,
(1) main-rotor and tail-rotor geometry, (2) rotor performance calculations, (3) source noise
calculations and (4) source-to-observer propagation (See Figure 13.10).

13.12.3 Accomplishments

A Phase I System (1985), a Phase II System (1986) and a Phase III System
(1988) were distributed to the helicopter industry. The Phase I System is simplistic and
intended to give quick results. It can handle any rotor planform geometry but uses only a
simplistic uniform rotor inflow model and lifting line source model for the rotor tone noise

calculation. The Phase II and III Systems are increasingly more complex in modeling the
rotor in-flow and for the calculations of rotor performance and source noise. Additional
noise sources such as broadband noise, engine noise and turbulence ingestion noise were
also added. The Phase II and III codes require increasing greater computer execution time
but yield increasingly greater accuracy in the prediction results.

To improve the prediction capability of ROTONET, acoustic flight experiments
are being performed to yield the comprehensive, accurate databases required to validate the
prediction methodS. The fin'st three tests were completed. The aircraft tested are a MDHC
500E helicopter, an Aerospatiale 365N-1 Dauphin 2 helicopter and a XV-15 Tiltrotor
aircraft.

13.12.4 Significance

The success of the ROTONET noise prediction code effort is best demonstrated
by its acceptance and active use by the major helicopter companies, portions of the fixed-
wing aircraft industry, the U.S. Army, the U.S. Air Force and NASA.

13.12.5 Status/Plans

It was planned that the Phase IV ROTONET System would be operational by
October 1989. It would introduce a Blade Vortex Interaction acoustics prediction capability
and a Rotor Structural Dynamics acoustics prediction capability.
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Figure 13.11. Acoustic Results of the Sikorsky S-76 Variable Rotor-Speed Tests 
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13.13 ACOUSTIC RESULTS OF THE SIKORSKY S-76 VARIABLE ROTOR-SPEED
TESTS

13.13.1 Objective

To study the sound reduction which occurs as a helicopter's main-rotor speed is
reduced during flight. It is known that as the main-rotor speed of a helicopter is reduced,
its advancing tip Mach number is reduced along with the associated sound.

13.13.2 Approach

The approach involved designing a field experiment using the Sikorsky S-76
helicopter, which is the only commercially available helicopter capable of varying its main-
rotor speed over a wide range of values during flight. The experiment consisted of
operating the helicopter at six different advancing tip Mach numbers and measuring the
reduced sound levels with microphones and a jury of persons signaling when they first
heard the helicopter.

13.13.3 Accomplishments

Narrowband sound pressure levels were determined for the main-rotor tones of
each helicopter at a range of 2.5 kin. and an angle of approximately four degrees above the
horizon. The highest level of the S-76 was selected as the "zero" reference value and other

levels were made relative to that value. The data showed the S-76, weighing 9,800
pounds, had levels higher than the MD 500E, weighing 2,700 pounds, over the range of
advancing tip Mach numbers. The data also showed that as the main-rotor speeds
(advancing tip Mach number) are reduced, the trend of reduced sound levels for the S-76 is
similar to that established for the experimental helicopter. Figure 13.11 shows the S-76
helicopter in the test area and some preliminary data results compared to results obtained for
an experimental version of a McDonnell Douglas 500E helicopter. The first part of the
figure is an aerial view of the S-76 helicopter, microphone array and sound jury. The
second part of the figure presents the relationship of the S-76 sound levels to those of the
MD 500E.

13.13.4 Significance

Previous to the S-76 test, data available to study the sound levels generated by
reducing the rotor speed of a helicopter were limited to recorded sound for an experimental
version of the McDonnell Douglas 500E. Data obtained from the S-76 test significantly
enlarged the database for noise reduction research on helicopters by reducing their main-
rotor speeds.

13.13.5 Status/Plans

The data will be used to study the predicted results of computer codes (ICHIN,
ARCAS and ROTONET) as they relate to measured field results.
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13.14 HELICOPTERBLADE-VORTEXNOISEINTERACTIONREDUCTION

13.14.1Objective

To reducethenoisegeneratedby theinteractionbetweenhelicopterrotor blades
andthetip vorticesshedbytheindividualbladesin therotorsystem.

13.14.2 Approach

A previous, non-rotating,rotor blade testprogramhad beenrun to study the
formation of the tip vortex andto definebladeparametersandmodificationsthat would
affect thevortexformation,growthanddissipation.Usingthisdata,a studydefinedrotor
blademodification(s)thathadthepotentialfor reducingtheBVI noise.

13.14.3 Accomplishments

Theten foot diameter model of the Boeing 360 model rotor system was modified
and tested (rotating) in the Boeing Helicopter Company wind tunnel. The first tests run,
incorporating several different modifications, were not successful. Analysis showed that
attempts to modify the vortices did not produce the desired results in the rotating system
because the modifications to the vortex did not take effect until after the intersection with a

following blade had occurred. It was decided to try a blade modification that would
significantly reduce the total energy within the vortex. This approach was successful and
the BVI noise was significantly reduced (See Figure 13.12).

13.14.4 Significance

A method for substantially reducing the BVI noise of helicopter rotors was
demonstrated using a model rotor in a wind tunnel. With additional studies, this approach
could result in rotor designs with significantly reduced BVI noise. The BVI (bang) noise is
the major source of objectionable approach noise.

13.14.5 Status/Plans

While the principle was demonstrated, additional analysis is required to understand
the results and to make the design practical from a performance stand point.

Otis S. Childress, Jr.
Applied Acoustics Branch
Langley Research Center
(804)864-5278
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13.15 ROTOR BLADE-VORTEX INTERACTION NOISE DIRECTIVITY

13.15.1 Objective

To define high resolution directivity patterns of main rotor impulsive noise due to
blade-vortex interaction (BVI) as a function of flight conditions. This research is part of an

overall program aimed to improve the fundamental understanding of helicopter noise
sources.

13.15.2 Approach

NASA participated in a recent model rotor acoustics experiment performed by the
German aerospace research establishment (DLR) in the German-Dutch acoustic wind tunnel
(DNW). A large database of main rotor noise data were acquired for a 40 percent scale
model of the MBB BO-105 helicopter. Directivity patterns in a large plane under the rotor
flight path were acquired using a nine-microphone traversing array. Earlier BVI noise tests
had shown the strongly directional nature of BVI noise and its dramatic dependence on
flight conditions (forward speed and tip-path-plane angle aTpp). The present test
investigated the cause of these directivity changes in closer detail (See Figure 13.13).

13.15.3 Accomplishments

To quantify the BVI content, the dominant BVI radiation in the mid-frequency
spectral band was calculated and normalized for spherical spreading with respect to BVI
sources located on the advancing and retreating side. The normalized BVI metric results
were then plotted as directivity contours for a forward speed of 80 knots for three tip-path-
plane angles aTpp. The changing noise levels as well as the changing direction of strongest
noise radiation clearly can be seen. The primary radiation direction of the advancing side
BVI noise moves to the right and downwind of the flight path and increases in level as tip-
path-plane angle increases. The location of the retreating side peak moves toward the center
line and becomes more focused as rotor angle increases.

13.15.4 Significance

Whereas early work found that BVI radiates strongly upstream along the flight
path, these more extensive data show that BVI noise can radiate strongly both toward the
advancing-side sidelines and downwind of the retreating side. The changing radiation
patterns can be generally correlated with the changing wake geometry with tip-path-plane
angle. This unique result has considerable practical importance to refinement of noise
certification procedures and noise measurement locations.

13.15.5 Status/Plans

Rotor wake and loads predictions of the interaction geometry will be compared
with the acoustic source locations to further the understanding of BVI noise directivity

change with flight conditions.
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13.16 SIMULATION OFREALISTICBLADE-VORTEX INTERACTIONS

13.16.1 Objective

In efforts to understand and, hence, alleviate BVI problems, scientists have relied
primarily on wind tunnel data, simple linear mathematical models or nonlinear models
which only mimic idealized conditions for these interactions. This research, accomplished
by McDonnell Douglas Helicopter Company, complements and extends these efforts
through the simulation of the more complex or "realistic," three-dimensional, self-generated
BVI.

13.16.2 Approach

To predict the rapid variations in the sectional blade loads during BVI, a finite-
difference solution procedure of the simple, yet nonlinear, transonic full potential equation
was employed. The interaction velocity field was obtained through a nonlinear
superposition of the rotor flowfield (computed using a unsteady 3-D full potential rotor
flow solver) and the rotational vortex field. In the potential flow model, vortex effects were
simulated using the velocity "transpiration" approach. To satisfy the tangency boundary
condition, a modified surface condition was prescribed and enforced at each time step of
the computations. Potential blade-vortex encounters were identified using CAMRAD. This
information then was utilized in an interpolation routine to compute the instantaneous
position of the interaction vortex elements with respect to the blade.

13.16.3 Accomplishments

The approach described was used to simulate a number of wind tunnel BVI
experiments where a lifting one-seventh scale AH1-OLS model rotor was allowed to
interact with elements of its own generated wake. Figure 13.14 shows a comparison
between the predicted and measured differential pressures at a point near the blade's leading
edge. As seen, the interactions are characterized by the rise and drop of the leading edge
pressures as the BVI vortex elements pass by the blade's leading edge. The second BVI
near the 78 degree azimuth is clearly the most dominant among the three being modeled.
The simulations were performed on the CRAY X/MP computer and required six CPU
minutes.

13.16.4 Significance

It was demonstrated that 3-D rotor BVI can be economically and accurately
predicted using the velocity "transpiration" technique in a full potential model. When using
the present aerodynamic load prediction methodology in conjunction with an appropriate

acoustics analysis model, the design engineer can quickly obtain trends relating to airfoil
thickness distribution and 3-D blade tip effects on the rotor-generated, acoustic signal.

13.16,5 Status,_/P!ans

The task was completed.
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13.17 AEROACOUSTICMODIFICATIONOFTHE40-BY 80-FOOTWIND
TUNNEL

13.17.1 Objective

To enhancethe acoustictreatmentof the40-foot by 80-foot wind tunnel to
becomethelargestnear-anchoicwind tunnelin theworld. The modificationwill makeit
possibleto aeroacousticallytestlargeandfull-scalemodelsOf_i_craft, prop-fanandother
advancedaircraftupto Machnumbersof .45.

13.17.2 Approach

A thick, 40-footby 80-foot test sectionlining (three feet) wasproposedto
replacethe half foot lining now in place. The pressuresurfaceof the test sectionwas
movedfrom insideof themainstructuralmembersto theoutsideto maintainthesame40-
foot by 80-foot test section size while providing a near-anchoicenvironment at low
frequency(100). Acoustictreatmentof two of theinterior endwails wasproposedaswell
as an enhancementof the lower RPM capability of the fan drive to lower fan drive
backgroundnoise (SeeFigure 13.15).

13.17.3 Accomplishments

Pre-PERwork completedto datevalidatedtheconcept.Excellentabsorptionof a
sampleof thedeepacousticlining wasdemonstrated.An in-housestudy looking at the
designalternativesfor low RPMoperationwascompleted.

13.17.4 Status/Plans

Additional pre-PERstudiesareunderwayto look at low RPM operation,the
effect of flow over the proposedlining andoptimizationandadditionalvalidationof the
proposedacoustictreatment.An architecturalmodelof theproposedtestsectiontreatment
is beingmade.Theproject is endorsedby centermanagementandis beingproposedasa
1992CodeRFproject.

FredSchmitz(FF)andPaulSoderman(FFF)
Full-ScaleAerodynamicsResearchDivision
AmesResearchCenter
(415)604-4166
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13.18 ACTIVE CONTROLOFPANELRADIATEDNOISE

13.18.1 Objective

To experimentallyevaluatethefeasibilityof controlling sound transmission
through a panel using force inputs.

13.18.2 Approach

An 18 inch diameter, 0.05 inch thick, aluminum plate was installed in an opening
between two rooms. A loudspeaker (primary source) set at an oblique angle on the source
side radiated noise which vibrated the plate. This resulted in an acoustic field on the
transmission side of the plate, which was measured by an array of 15 microphones. Using
either one or two shakers attached to the plate, the vibration input was adjusted in such a
way to control the transmitted acoustic field sensed by two of the microphones located at
-40 degrees and +50 degrees (See Figure 13.16).

13.18.3 Accomplishments

The performance of the control system at 144 Hz shows a reduction in the radiated

noise for two configurations. Compared to the no control case, the single shaker control
provided a 10 to 15 dB reduction with the largest reduction occurring at one of the error
microphones (-40 degrees). A theoretical model predicted that a second shaker would
provide additional control of the radiated sound. This is validated by the experimental
results where two control shakers provided significantly enhanced reduction with more
than 20 dB over most of the radiated field. Finally, the time history of one of the error
microphone signals demonstrates the rapid convergence of the adaptive control algorithm.

13.18.4 Significance

The experimental program provided validation for a previously derived theory and
demonstrated the feasibility of implementing such a system.

13.18.5 Status/Plans

Work to integrate piezoelectric actuators onto the plate surface is underway as
well as techniques to allow the radiated sound to be minimized using sensors integrated on
the plate.

R. J. Silcox and V. L. Metcalf
Structural Acoustics Branch

Langley Research Center
(804)864-3590
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13.19 REDUCTIONOF ROTOR BLADE-VORTEX INTERACTION NOISE USING
HIGHER HARMONIC PITCH CONTROL

13.19.1 Objective

To evaluate the use of higher-harmonic pitch (HHP) control of rotor blades to

reduce BVI noise. Blade-vortex interaction (BVI) is one of the most objectionable types of
impulsive helicopter noise.

13.19.2 Approach

Impulsive BVI noise, due to the interaction of shed vortices of preceding blades
with the following rotor blades, was a major topic of rotorcraft acoustics research for
several years. One noise reduction concept is to decrease the blade lift and vortex strength
during the vortex encounters, to reduce the intensity of the interactions and, thus, noise.
To evaluate the concept, an experimental study was conducted of rotor acoustics and
vibration. Figure 13.17 shows the Aeroelastic Rotor Experimental System (ARES) in the
freon gas Transonic Dynamics Tunnel (TDT). Specially calibrated microphones are shown
positioned upstream and downstream of the model. A sound power measurement
technique was applied to the measured data because of the TDT reverberant environment.

13.19.3 Accomplishments

Using a specially developed, open-loop control system, prescribed HHP control
modes were superimposed on the basic cyclic trim pitch for a broad range of rotor
operating conditions. Rotor operation included (1) normal one-per-rev cyclic control; (2)
four-p collective pitch control; and (3) special pitch control to simulate individual blade
control, all for zero flapping trim. HHP significantly increased or decreased the noise
depending on the amplitude and azimuth of the pitch control. For normal flight conditions
without HHP, descent angles between 40 degrees to 100 degrees produce high BVI noise
levels, especially at low speeds. Using HHP, noise levels for matched flight conditions are
significantly altered, with the highest BVI noise levels being reduced 4.7 dB.

13.19.4 Significance

The results demonstrate HHP to be an effective noise reduction technique for
descending flight where BVI noise dominates. Selective use of HHP, such as during
landing approach, should prove practical.

13.19.5 Status/Plans

Detailed data processing was initiated. It will produce a complete parametric
mapping of the effect of HHP on BVI noise and the practicality of particular pitch controls
for noise reduction. The results will be compared to rotor performance predictions and a
HHP/BVI noise prediction program currently under development.
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13.20 USEOFBLADE NON-STRUCTURAL MASS REDUCES ROTORCRAb-T
VIBRATIONS

13.20.1 Objective

To systematically investigate helicopter vibration reduction through the use of
non-structural blade masses and obtain an experimental database for correlation, validation

and development of analytical prediction methods. Historically, rotorcraft have experienced
substantial vibration problems. One means of reducing these vibrations is through the
addition of non-structural mass to the rotor blades (See Figure 13.18). These masses are
intended to "tune" the blades so that the vibrations are reduced to an acceptable level.
Generally, these problems were addressed in the post-design phase. Many of the early

attempts to design low vibration rotors were unsuccessful due to the inadequacy of the
prediction methods. .._ " _ _ ?3_'_

13.20.2 Approach

Aeroelastically scaled, model rotor blade hardware was fabricated for testing on
the Aeroelastic Rotor Experimental System (ARES) in the Transonic Dynamics Tunnel
(TDT). These blades were comprised of two major components, an airfoil glove, which
had an internal channel centered about its quarter chord and a steel spar which could be
inserted in the channel. A tungsten or steel mass could be mounted in any of the cutouts on

the steel spar which was then mated with the airfoil glove for the complete blade assembly.
Testing was conducted in the TDT to provide a parametric study of the effects of mass
radial placement on rotorcraft vibrations throughout a representative forward flight speed
range.

13.20.3 Accomplishments

In the wind tunnel test, four per revolution vertical fixed-system loads were
obtained for a single tungsten mass located at several different radial locations. Reductions

of up to 30 percent may be achieved by the appropriate selection and placement of a non-

structural mass. Results were obtained for three different thrust conditions at representative
propulsion forces throughout the forward flight speed range. Parameters varied including
the amount and location of the added mass and the rotor trim condition.

13.20.4 Significance

This research provided a parametric study of the effects of non-structural blade

masses on rotorcraft vibration reduction. The database developed will be significantly
useful in the verification of existing rotorcraft analytical design methods and in the
development of new, low vibration, rotor design techniques.
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13.20.5 S tatusPlans 

A report will be released documenting the results of the wind tunnel test. The 
results will also be used in a correlation effort with CAMRAD, a government owned and 
developed rotorcraft analysis. 

Matthew L. Wilbur, William T. Yeager, Jr., 
Paul H. Mirick, Jeffrey D. Singleton and W. Keats Wilkie 
Configuration Aeroelasticity Branch 
Langley Research Center 
(804)864- 197 1 
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Figure 13.19. TDT Tests 
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13.21 TDT TESTSEVALUATE PERFORMANCECHARACTERISTICSOF
ADVANCED DESIGNHELICOPTERROTORBLADES

13.21.1Objective

To evaluate the effects the effects of rotor planform shapeon aerodynamic
performance. A cooperativeprogramwith Bell HelicopterTextron to coupleadvanced
aerodynamicbladeshapeswith abladestructuredesignedfor minimumhubvibratoryloads
is in progress.

13.21.2 Approach

Two setsof rotor bladesweredesignedfor specifiedaerodynamicperformance
requirements,arectangularplanformbladedesignedby Bell anda taperedplanform-b{ade
designedby theArmy AerostructuresDirectoratepersonnel.Eachbladesetwasdesigned
structurallyto result in minimum hubshearsandmoments.Thethrust-weightedsolidity,
twist distributionandinboardairfoil sectionwerethe samefor bothbladesets.Testswere
conductedin theLangleyTransonicDynamicsTunnel(TDT) becauseof its uniqueability
to useFreon-12asa testmedium. Bothrotorswere1/5-sizeaeroelasticallyscaledmodels
andweretestedatconditionssimulatingvariousrotortasksdefinedby aircraftgrossweight
andpropulsiveforcerequirementsup to anadvanceratio of 0.425.At eachtestcondition,
measurementsof main-rotor torque were madeto evaluatedifferencesin performance
betweenthetwo configurations(SeeFigure13.19).

13.21.3Accomplishments

These results were obtained for a hover tip Mach number of 0.646, which
representssealevel standardconditions.Thehoverdataindicatesthatthetaperedplanform
providesaperformanceimprovementfor thrustcoefficients both aboveandbelow the
designvalueof 0.0051.Theforwardflight dataalsoindicatesaperformanceadvantagefor
thetaperedbladesat advanceradiosabove0.15.Thehoverperformancetrendisconsistent
with pretestpredictions while the forward flight trend is not entirely consistentwith
analyticalresults.

13.21.4Significance

Theuseof ahighly taperedrotorbladecanresultin hoverimprovementswithout
degradationof forward flight performancerelativeto arectangularblade. Theinability of
thedesignanalysisto correctly predict forwardflight performancetrendsmay leadto
modificationor abandonmentof thisanalysisin thefuture.
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13.21.5 StatusPlans 

These test results will be documented in a formal NASA publication. A 
correlation of these measured performance trends with analytical results from an analysis 
not used in the design process also will be conducted. 

Kevin W. Noonan 
U. S .  Army Aerostructures Directorate 
William T. Yeager, Jr., Matthew L. Wilbur and Paul H. Mirick 
Configuration Aeroelasticity Branch 
Langley Research Center 
(804)864-3967 

O3lGfNAL PAGE 
BLACK AND WHITE PHOTOGRAPH 

Figure 13.20. Ground Vibration Test of Helicopter Airframe 
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13.22 GROUNDVIBRATION TESTOFHELICOPTERAIRFRAME IDENTIFIES
IMPORTANT CONTRIBUTIONSTO VIBRATION RESPONSE

13.22.1Objective

To establishthefoundationsfor developinga superiordesignanalysiscapability
for vibrations. Excessivevibration is themostcommontechnicalproblemto ariseasa
"show stopper" in the developmentof a new rotorcraft. With only a few exceptions,
vibrationproblemshavenotbeenidentifieduntil flight test. Vibrationpredictionshavenot
beenrelied on by the industryduringdesignbecauseof deficienciesin currentvibration
analysismethods. With a view toward establishinga capability in the industry to fully
utilize vibrationanalysisduringdesign,theNASA LangleyResearchCenterhasunderway
aprogram,designatedDAMVIBS (DesignAnalysisMethodsfor Vibrations). Amongthe
manyactivitiesundertheDAMVIBS programis oneaimedat identifying those"difficult
components"which are the important contributorsto airframe vibratory responseand
whichrequiremoredetailedfinite elementrepresentation(SeeFigure13.20).

13.22.2 Approach

Typically, only theprimary structureis representedfully (stiffnessandmass)
when forming the finite element model (FEM) of an airframe. There are many
components,i.e., transmission,enginesandstoresandsecondarystructures,i.e., fairings,
doors and accesspanels,which arerepresentedonly as lumpedmasses.To isolatethe
effectsof eachcomponentonoverall vibratoryresponse,multiple groundvibration tests
wereconductedwith eachtestrepresentingaprogressiveremovalof thesuspectcomponent
until only theprimaryairframestructureremains.At eachstage,analyseswereperformed
using an existing FEM of the airframe modified as necessaryto reflect the specific
configuration tested. Both full-scale airframesand their componentsand small-scale
genericmodelsof bothmetalandcompositeconstructionwerestudied.

13.22.3 Accomplishments

Theinitial effort in thisareawasconductedbyBell HelicopterTextronutilizing an
AH-1Ghelicopterairframe.To isolatetheeffectsof eachcomponentonvibratory
response,groundvibrationtestswereconductedon atotalof eight aircraftconfigurations.

13.22.4 Significance

Thedifficult componentsstudieson theAH-1G helicopterrepresenttheftrst such
studiesconductedon anairframestructure. Theresultsobtainedhaveidentified several
componentswhich areimportantcontributorsto airframevibratory responseat thehigher
frequenciesof interestandwhichrequireimprovedrepresentationin theFEM.
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13.22.5 Status/Plans

The difficult components studies are to continue through a combination of tests

and analyses utilizing both full-scale composite airframes and their components as well as
small-scale generic models of both metal and composite construction.

Raymond G. Kvaternik
Configuration Aeroelasticity Branch
Langley Research Center
(804)864-1228
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13.23 OPTIMIZATION APPROACH FOR HELIOCOPTER VIBRATION
REDUCTION DEMONSTRATED

13.23.1 Objective

To investigate and develop analytical and computational tools for optimization of
helicopter structures for vibration reduction. Considerable emphasis to achieve significantly
lower vibrations in the advanced helicopters under development has brought about an
increased need to establish better analytical methods to be used during design for vibration
reduction. A vibration reduction method which has gained attention recently is based on the
idea of designing the helicopter airframe structure so as to minimize the vibration responses
in the airframe under the action of rotor-induced loads. The design of airframe structure for
vibration reduction involves extensive study of the airframe dynamic characteristics to
guide the modification of vibration related design parameters. The design study requires
multi-degree of freedom structural analysis, multi-dimensional search of design variables
and multi-disciplinary considerations.

13.23.2 Approach

The nonlinear mathematical programming approach is being pursued for
optimization of helicopter airframe structures. Some of the areas addressed in the study are
(1) mathematical formulation of the airframe optimization problem, including establishment
of a relevant set of design variables, constraints and objective function; (2) analytical
methods of sensitivity analysis which are unique to helicopter airframe structures; (3)
computer implementation of optimization procedures and (4) demonstration of the approach
to real helicopters.

13.23.3 Accomplishments

The DYNOPT, code for DYNamics OPTimization of airframe structures for

vibration reduction, features a unique operational combination of the MSC/NASTRAN
finite element structural analysis code, extended to include calculation of steady-state
dynamic response sensitivities, with the the CONMIN optimizer. Initial application of the
DYNOPT program to a Bell AH-1G helicopter airframe structure was completed. Figure
13.21 indicates one design model (referred to as a preliminary design model) which
considers the distribution of the depth of the primary structure as design variables. Typical
numerical results obtained for the model using the program are also shown in the figure.
The sensitivity analysis results indicate that a reduction in forced response displacement at
the pilot seat can be brought about by reducing the depth of the tail structure and increasing
the depth of the forward fuselage structure. The design iteration histories indicate a
reduction in the vibration acceleration at the pilot and gunner locations and also a reduction
in the structural weight as a result of the airframe optimization.
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13.23.4 Significance 

The demonstration of the airframe optimization approach for vibration reduction 
proves feasibility of the approach and provides a basis for the helicopter industry to pursue 
the design of low vibration airframes. 

13.23.5 Status/Plans 

NASA plans to extend the overall research study to include structural damping, 
computational methods for large-scale, structural optimization and multi-disciplinary 
airframe design considerations. 

T. Sreekanta Murthy 
Configuration Aeroelasticity Branch 
Langley Research Center 
(804)864-1929 
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13.24 INTEGRATEDAERODYNAMICLOAD/DYNAMICOgIqMI7__TIONOF
HELICOPTERROTORBLADES

13.24.1Objective

To developanintegratedaerodynamicload/dynamicdesignoptimizationprocedure
for helicopterrotor bladesin forward flight.This work is partof a centerwideactivity at
Langleyto improvehelicopterrotor bladedesignproceduresby accountingfor discipline
interactionsin thedesignprocess.

13.24.2 Approach

Bladeaerodynamicanddynamicanal_,seswereintegratedwith _ OlSkt_i"Ziition
program. The helicopter comprehensiveanalysiscode CAMRAD was used for the
analysesandtheprogramCONMIN wasusedfor optimization.Theoptimizationproblem
wasformulatedto minimizebladeweightand4/rev(perrev)verticalhubshear.Constraints
wereimposedon natural frequencies,autorotationalinertia and centrifugal stress. The
twelvedesignvariablesincludedbladestiffnessattheroot, root chord,taperratio, radius
of gyration at the root and magnitudesof nonstructuralmasseslocated spanwise. A
sensitivity analysiswaspart of the procedureandproducedanalytical gradientsof the
weight,autorotationalinertiaandcentrifugalstressandforwarddifferencegradientsof the
verticalshearandfrequencies(SeeFigure 13.22).

13.24.3Accomplishments

Thecouplingof CAMRAD andCONMINwasaccomplished.Theprocedurewas
appliedto a referencebladeandoptimumdesignswereobtainedin 7-10cycles,i.e., 92 to
131CAMRAD analyses.A cycleconsistsof aCAMRAD analysisfor thenominaldesign
variablevaluesandfor eachperturbeddesignvariablefor thefinite differencederivatives
and acall to the optimizer. Theintegratedprocedureyieldeda bladedesignwith a 10.6
percentreduction in weight and a 77.6 percentreductionin hub shearfrom that of the
referenceblade. Significantreductionsin amplitudesof spanwiseandazimuthalvertical
airloaddistributionsalsooccurred.

13.24.4Significance

This is a unique optimization procedurewhich integratesaerodynamicand
dynamicanalysesthroughaccountingfor variationsin airloadsdueto changesin thedesign
variables. This is also uniquein that it combinesCAMRAD anda formal optimization
program. It is asignificantsteptowardintegratingall appropriatedisciplinesin analytical
rotor bladedesignoptimization.
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13.24.4 S tatus/Plans 

NASA will include additional constraints such as 4/rev inplane shear and rolling 
and pitching moments and additional design variables such as pretwist. NASA also will 
develop a helicopter performance optimization procedure and merge with this procedure to 
produce a fully integrated aerodynamic/dynamic optimization procedure. 

Adfti Chattopadhyay, Joanne L. Walsh and Michael F. Riley 
Interdisciplinary Research Office 
Langley Research Center 
(804)864-2801 
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13.25 CH-47 FLIGHT RESEARCH--1989

13.25.1 Objective

To utilize the unique capability of the variable-stability of the CH-47 to conduct
handling qualities research.

13.25.2 Approach

Five experiments and one data gathering exercise were performed concurrently.
Specifically, experiments with the following objectiyes were conducted to (1) determine
effectiveness of gain versus integrator characteristics for the command element in rotorcraft
displays; (2) simulate the AH-64 flight and displaycharacterisfic's_to demonstrate required
improvements; (3) simulate the VSRA Harder dynamics and displays to prepare for flight
of that aircraft in 1990; (4) define for the first time in a rotorcraft context, the influence of

force-feel dynamic characteristics on handling qualities; (5) investigate in conjunction with
a concurrent, VMS, ground-based simulation experiment, the influence of auto-trim
requirements on sidesticks and (6) obtain actual visual flowfield data from flight for
verification of image processing algorithms being developed for automated NOE flight
(See Figure 13.23).

13.25.3 Accomplishments

All of these experiments have been completed. The display philosophy
experiment and the VSRA display experiment are nearly complete and have resulted in
fundamental changes to the methodology to be used for the VSRA. The force-feel
dynamics experiment is underway in a ground simulation mode, with results corroborating
previous laboratory work. The AH-64 in-flight simulation was scheduled for the end of
July 1989. The sidestick aim experiment was conducted at the same time.

13.25.4 Significance

The display design philosophy work is an extension of work performed at Ames.
It promises significant improvements in the capability of rotorcraft to operate in limited
visibility conditions; this hypothesis will be demonstrated in the in-flight simulation of the
Apache and its display design. The sidestick aim requirements are a major hole in the
revised military specification for handling qualities being prepared by the Army and the
flight work directly supports the development of such a requirement. The force-feel
dynamics experiment is expected to demonstrate for the first time for helicopters the fashion
in which the pilot modifies his control strategies to accommodate them. This type of work
has been initiated only recently for fixed-wing aircraft and has never been done for
rotorcraft.
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13.25.5 StatusPlans 

The flight research is underway and should have been completed by mid-August 
1989. NASA plans to have the research equipment removed from the aircraft and the 
aircraft trucked to Boeing Helicopter for conversion to a CH-47D. 

W.S. Hindson, M.M. Eshow, J.A. Schroeder and D.C. Watson 
Flight Dynamics and Controls Branch 
Ames Research Center 
(4 1 5)  604- 5 008 
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13.26 ROTORCRAFT FLIGIT DYNAMICS MATH MODEL DEVELOPMENT

13.26.1 Objective

To develop rotorcraft mathematical models of sufficiently high order and fidelity
to capture the dynamics of interest for design of high-order, high-gain control systems
aimed at enhancing agility and maneuverability. A particular requirement is the
development of such models that can operate real-time and thereby serve as the basis for
ground simulation investigation of the developed technologies.

13.26.2 Approach

For the real time model, the approach was to develop in-house, a new, real-time
rotor module (GBER) which correctly represents for the first time arbitrary hinge
sequences. This module was then configured to represent the UH-60 rotor for inclusion
into GENHEL, which is a contractor-developed, UH-60 math model or the AH-64 rotor
for inclusion into FLYRT, which is a contractor developed, AH-64 model. Several parallel
efforts under University grants and through Army MOUs are being used to augment this
in-house work (See Figure 13.24).

13.26.3 Accomplishments

The GBER rotor module was derived using both conventional techniques and
new symbolic programming techniques (MACSYMA), with perfect agreement between the
two approaches. It was configured to represent the UH-60 and implemented into
GENHEL. Additional contractor work to update and improve GENHEL was
accomplished and these improvements are currently being evaluated in a simulation
validation experiment on the VMS. A new fuselage module appropriate to the AH-64 was
developed under one of the MOUs and is available for incorporation into FLYRT. A non-
real-time UH-60 model, MARC-1, was developed to complement these real-time models
and was validated against UH-60 flight and GENHEL data. This model incorporates blade
twist degrees of freedom and additional air-mass degrees of freedom and can be used to

examine the effects of torsional flexibility on the stability and control of hingeless and
bearingless rotor helicopters such as the LHX or the HIMARCS rotor.

13.26.4 Significance

Current real-time rotorcraft models (GENHEL and ARMCOP) are notable to
accurately represent the high-order dynamics for modern rotors; the GBER formulation

permits this representation for any articulated rotor with arbitrary hinge sequences. The
development of these models is a prerequisite to the examination of strategies for enhancing
maneuverability and agility for rotorcraft, since the fundamental limitations arise from the
rotor dynamics and resulting loads.
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13.26.5 Status/Plans

TheimprovedGENHEL, without GBER, is currentlyoperatingin a simulation
validationexperiment. GBERwascheckedandis readyfor incorporationinto GENHEL
asanewrotormodule. MARC-1 wasverified againstUH-60 dataandis in thefinal clean-
upprocess.Plansareto developagility andmaneuverabilitydesignrequirementsin Fall
1989 using a "perfect" helicopter and then to use the modelsdeveloped to evaluate
requirements.

R.T.N. Chen,M.D. Takahashi,M.G. Ballin and M.H. Mansur
Flight Dynamics and Controls Branch
Ames Research Center

(415)604-5008
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13.27 HELICOPTERMANEUVER ENVELOPEENHANCEMENT (HelMEE)

13.27.1 Objective

To definethelimits on helicopterperformanceanddevelopmethodologiesthat
enablesafeutilization of theflight envelopeby thepilot out to theselimits. Thisworkwas
motivatedby thefact that manyof theactuallimits on today'soperationalhelicoptersare
unknownto theusersandthatlittle or nocueingis availableto monitor theapproachto the
limits; accordingly,theflight demonstrationof newhelicopterstypically is conductedonly
to thespecificationandthefull availableenvelopeis notutilized. A particularobjectivethen
was to define the limits and develop and demonstratemethods to utilize fully the
helicopter'sperformancecapabilities,whichis sometimescalledcarefreemaneuvering.

+ ! . . ... ,

13.27.2 Approach .... : " '''_

The approach involved conducting a contracted study using the UH-60
Blackhawk as the example helicopter. Key structural and aerodynamic maneuver limiting
phenomena were identified and then the contractor's fixed base simulation was extended
with an in-house simulation conducted on the Vertical Motion Simulator at Ames (See

Figure 13.25).

13.27.3 Accomplishments

The study determined that there are three principal limiting factors in the
helicopter's flight envelope, (1) main rotor control loads, (2) tail rotor movement and (3)
main rotor moment. Because the most important of these, control loads, was not available
in the simulation model, measures which approximate the same envelope were developed.
They were an approximate measure of retreating blade drag and an approximate measure of
average blade angle of attack. For the simulations, these two measures plus main rotor
moment, were used to drive a variety of cues for the pilot, including lights, tones,
additional symbols on a head-up display, or stick shaking. These concepts were
incorporated into a UH-60 simulation for both the contracted and in-house simulations and
representative tasks to push the flight envelope usage were examined in manned simulation.
This simulation showed through both pilot ratings and comments that the cueings tested did
not allow a pilot to use more of the available envelope without an increase in workload.
The pilots were able to develop strategies after much practice to minimize limit exceedances
for the canned tasks considered.

13.27.4 Significance

Rotorcraft pilots are unable to exploit fully the full flight envelope of their
aircraft. It is clear from the results of this study that these limits are dynamic in nature and
avoiding their exceedance in a "carefree maneuvering" sense requires more than displaying
some of the information to the pilot. Accordingly, automated limit exceedance and
envelope enhancement must be considered as the next step.
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13.27.5 StatusPlans 

The need for carefree maneuvering is being addressed in the HIMARCS and 
SCAMP programs. In HIMARCS, the envelope required is being developed for paradigm 
maneuvers and SCAMP is addressing the incorporation of the automated limiting and 
enhancement as part of the integrated controls work. 

J. A. Schroeder and M.S. Whalley 
Flight Dynamics and Controls Branch 
Ames Research Center 
(415)604-4037 
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3.28 TILTROTORTECHNOLOGY

13.28.1 Objective

To (1) exploreadvancedtiltrotor technologyandeconomic,environmentaland
technologyfactors critical to the successof a civil or military tiltrotor aircraft and (2)
transferNASA researchresultsto industryandothergovernmentagenciesfor application
to tiltrotor developmentprogramssuchasV-22 or planningefforts to introducea civil
tiltrotor into theNational_'ran§pof'tatlon'System.

13.28.2 Approach

The approachincludedthe following tasks: (1) plan, advocateandsupport
analyticalandexperimentalprogramsincludingCFD,piloted simulations,smallandlarge
scalewind tunneltests;(2)conductflight researchusingtheXV-15 andaprototypeV-22;
(3) conduct in-house and contracted studiesand internal assessmentsand (4) work
cooperativelywith industry,otherfederalagenciessuchasDOT, DOCandFAA andstate,
regionalandlocal transportationandaviationauthorities(SeeFigure13.26).

13.28.3 Accomplishments

NASA (1) completedXV-15 flight teststo validateandimprove theexisting
tiltrotor simulationmathmodel;(2)evaluatedtheaccelerationcouplingfoundin the initial
ground testsof the V-22 airframe and control system,(3) participated in V-22 digital
control systemCDR, (4) establisheda NASA position on the V-22 Multi-Service Test
Teamand(5)providedfundingto increasethetiltrotorCFDeffort atAmesResearchCenter
by hiring anewcontractresearcher.NASA alsopreparedacivil tiltrotor datapackagefor
stateandregionaltiltrotor andvertiportfeasibilitystudies.NASA initiatedafollow-on to
theFAA/NASA Tiltrotor ApplicationsStudywith (1) a marketreassessment,(2) a high
payoff civil technologycost/benefitsassessment,(3) an operationalanalysisutilizing
simulatorsfor TERPScriteria and(4) aflight validationprogramplan.Contributionsalso
weremadeto nationaltransportationstudiesandtheNationalCivil Tiltrotor Implementation
Plan.

13.28.4 Significance

TheUnitedStatesholdsa commandingleadin tiltrotor technologyandNASA has
the opportunity to further this national objectiveby vigorously pursuing the problems
associatedwith bothcivil andmilitary applications.Theexpansionandenhancementof the
tiltrotor technologydatabasewill reducethetechnicalrisk to industry.
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13.28.5 S tatusPlans 

NASA plans to (1) continue the XV-15 flight research program; (2) support the 
V-22 and other tiltrotor development programs; (3) award the FAA/NASA Tiltrotor 
augmented contract in FY 1989 and (4) continue close working relationships with all 
government agencies studying civil tiltrotors. 

William Snyder and John Zuk 
Rotorcraft Technology Branch 
Ames Research Center 
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13.29 V-22 ROTOR/WINGPERFORMANCETEST

13.29.1 Objective

To (1) measureV-22 rotorperformanceat high speeds,including rotor/wing
interactions; (2) measuremeanandoscillatoryrotor systemandhub loads; (3) evaluate
isolated rotor performanceat high speedsand(4) determineeffect of wing flap angle,
nacelleangleandrotor rotationdirectiononwingdownloads.

13.29.2 Approach

• : The approach inv:olved (1) testing a two thirds scale, V-22 rotor on the Prop Test
Ring in the 40-foot by 80-'fffot _iiid tunnel up to 300 knots, both isolated and in the

presence of a 2/3-scale pressure instrumented semispan V-22 wing; (2) performing hover
tests in the 40-foot by 80-foot test section with and without the wing, using an image plane
to simulate the plane of symmetry and (3) evaluating the effect of rotor rotation direction by
testing with both a left-hand and right-hand wing (See Figure 13.27).

13.29.3 Accomplishments

The fin'st phase of the test program was completed, including both hover and
forward flight. The hover download results showed that reversing the direction of rotation
of the rotors does not reduce download over that measured with the present rotation
direction. The forward flight portion of the test was limited by rotor control system loads to
a speed range of 220 knots. The rotor performance data validated analyses for the range of
operating conditions covered to date. The Navy's concern about large, adverse,
interference effects on the rotor performance due to the wing appears to be unfounded.

13.29.4 Significance

These results support the Navy's V-22 Osprey development program. The rotor
performance results serve to validate the Bell/Boeing analysis. Also, the rotor performance
results will support the V-22 flight test program by allowing airframe drag to be deduced
from flight test results. This will allow any development work aimed at improving the
aircraft's cruise performance and range to be currently focused. Also, rotor hub oscillatory
loads caused by the interaction with the wing were directly measured. These data will be
used to validate aircraft vibration analyses, leading to an improved capability to predict and
reduce tiltrotor vibration in cruise flight.
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13.29.5 Statusplans 

The rotor control system hardware is being upgraded to allow testing up to the 
full 300 knot capability of the V-22 aircraft. In addition, the spinner is being instrumented 
to directly measure the spinner drag during high speed flight. Current plans call for the 
second phase of the test program to begin in November 1989 in the National Full-scale 
Aerodynamics Complex. The data from this test and the previous entry will be analyzed, 
compared with analyses and documented. These data will document tiltrotor download, 
rotor performance, rotor/wing aerodynamic interactions in forward flight and oscillatory 
hub loads and vibration. 

Fort Felker 
Rotorcraft Aeromechanics Branch (FFR) 
Ames Research Center 
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13.30 XV-15/ATB FLIGHT INVESTIGATIONS

13.30.1 Objective

To design,build andflight testAdvancedTechnologyBlades(ATB) on the XV-
15 Tiltrotor Research Aircraft to expand the validated tiltrotor database beyond the standard
XV-15 rotor designed in the early 1970s. Flight research goals included investigations of

performance, acoustics, dynamics, aeroelastic stability and the acquisition of airloads data.
Flight and ground tests will provide data to validate advanced codes such as CAMRAD.

13.30.2 Approach

The ATB incorporated advanced aerodynamic and structural dynamic features
made possible with composite materials. The blades were highly.t_isted with a compound
planform and a thin tip for greater lift capability in hover without degrading performance at
high speeds in the airplane mode. The ability to change tip and cuff section geometry, as
well as blade sweep also were incorporated. Pressure transducers were installed in one
blade to acquire airloads data (See Figure 13.28).

13.30.3 Accomplishments

initial ATB flight tests revealed high rotor control loads in the helicopter mode.

Extensive analyses and experiments determined that the high feathering inertia of the ATB
introduces a resonance in the operating RPM range. In addition, the XV-15 rotor control
system "softness" resulted in a cyclic/collective coupling that reduces stability margins.
CAMRAD/JA was modified to predict these control characteristics and analyses of
parametric variations were completed. Based on hangar demonstrations of the ability to
shift the resonant frequency, a modification to stiffen the controls and reduce the
cyclic/collective coupling was incorporated and pre-flight ground test validation is in

progress.

13.30.4 Significance

Investigation of the XV-15/ATB rotor/control dynamics resulted in greatly
increased understanding of the phenomena involved and accelerated the development of
improved methodology for analyzing these dynamics. The validation of this methodology
through correlation with flight data will significantly enhance industry's capability to
predict and design for dynamic and aeroelastic phenomena.
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13.30.5 S tatus/Plans 

XV-15 tests to evaluate the loads reduction obtained with a stiffened control 
system, blade chord balance and blade sweep modifications were initiated. Initial flight 
tests to expand a flight envelope will be followed by a planned aircraft inspection/overhaul; 
then, the full spectrum of tiltrotor flight investigations will be continued. Design of a 
pressure instrumented blade was completed, but fabrication is on hold pending outcome of 
ATB envelope flight testing. 

Martin Maisel and L. Schroers 
Rotorcraft Technology Brancmight Experiments Branch 
Ames Research Center 
(41 5)604-6372/5456 
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13.31 XV-15 TILTROTORNOISETEST

13.31.1 Objective

To determinetheacousticimpactof acurrenttiltrotoraircraftusedasaninter-city
commuterandto establishahighconfidencelevel(90percent),accurate(+_l.5dB)far-field
acousticsdatabase.

13.31.2 Approach

LangleyResearchCenterjointly with BellHelicopterconductednoisetestson the
XV-15 aircraft aspart of the NASA/AHS Program. Ames ResearchCentermadethe
aircraft availablefor thesetests. Thetestsconsistedof level flyovers, ascents,descents,
hoverandnoiseabatementapproaches(SeeFigure13.29).

13.31.3 Accomplishments

Theaircraftwasrepeatedlyflown overa20elementmicrophonearrayto provide
ensemble-averagedoverheadandsidelineacousticmeasurements.Thedataarepreliminary
resultsbasedon singlemicrophonemeasurements.For thesedata,the aircraft wasat an
altitudeof. 250 feet andapproximately30degreesabovethe horizonwith respectto the
microphoneposition. Thetime historyandnarrowbandanalysisarefor theaircraft flying
at 130knots in the airplanemode(nacelletilt--0degrees).Thedataaretypical of a quiet
turbopropaircraftwith asoundpressurelevelof 92dB. Thecorrespondingdataarefor the
aircraft flying at90knotsin thehelicopter(approach)mode(nacelletilt=85 degrees).The
doublepeakseenin thetime historyindicatesanimpulsivecontentin theacousticsignal.
The scallopedshapeof theharmonicsin thefrequencyplot is typical of helicopterblade-
vortex interactionnoise. The soundpressurelevel for the approachconfiguration is 101
dB.

13.31.4 Significance

The tiltrotor aircraft is relatively quietwhenoperatingin the airplanemode;
however,whenoperatingin the helicopteror approachmode,the noise level increases
significantlydueto theimpulsivecontentof theacousticsignal. Sincetheapproachmode
is mostcritical to communityacceptance,thehighnoiselevelscouldpresentproblemsat
inter-cityheliports.

13.31.5 Status/Plans

Thedataarebeinganalyzedusingtheensemble-averagingtechnique.These
resultswill beincorporatedincorporatedinto theROTONET(helicopternoiseprediction
program)databaseandusedto validatepredictions.Also, approachandnoiseabatement
dataarebeinganalyzedto definelow noiseoperatingtechniques.
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DavidA. ConnerandOtis S.Childress,Jr.
AppliedAcousticsBranch
LangleyResearchCenter
(804)864-5278
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13.32 MV-22 TILTROTOR SIMULATION

13.32.1 Objective

As part of the recent NASA/Navy MOU on tiltrotor technology, a joint project was
initiated among the Marines, the Navy and NASA to investigate maneuver and control
requirements for a tiltrotor aircraft engaged in one versus one air combat with a fixed wing
aircraft or helicopter.

13.32.2 Approach

A ground-based simulation was conducted which included transport or agile
armed escort tiltrotor opposed by a fixed wing aircraft or helicopter, simple missile and gun
models and maneuver within terrain environment.

13.32.3 Accomplishments

The tiltrotor was mechanized in one, fixed-base cab with the opponent mechanized
in a second flxed-basecab. Two tiltrotor configurations were simulated, (1) a transport
aircraft similar to the V-22 and (2) a conceptual design for an agile armed escort aircraft.
Over 800 evaluation runs were flown by pilots from the Marines, Navy and Bell Helicopter
with support by the Ames research pilots. Results demonstrated the usefulness of quick

conversion to outfly an opponent, either a helicopter or a fixed wing airplane.

13.32.4 Significance

The ground-based simulation provided the Marines with an early look at
operational issues and provided data needed to develop a draft V-22 operations manual. In
addition, the operational focus of the simulation experiment provided the NASA/Navy/
Industry team with an understanding of tiltrotor air combat maneuver and flight controls
issues requiring further development.

13.32.5 Status/Plans

The development of flight control design guidance and requirements for tilt rotors
will continue as will further DoD/NASA efforts to develop design requirements for high
speed, rotorcraft air combat.

William A. Decker

Flight Dynamics and Controls Branch
Ames Research Center

(415)604-5362
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Figure 13.30. Civil Tiltrotor Airworthiness Criteria 
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13.33 CIVIL TILTROTORAIRWORTIIINESSCRITERIA

13.33.1Objective

To examineairworthinessaspectsof certification that areunique to tiltrotor
aircraft. Themotivationwasthatprovisionalcertificationof acivil versionof theMV-22
maybeaccomplishedin orderthattheramificationsof introducingtiltrotor aircraft into the
nationalairspacesystemcanbeassessed.

13.33.2 Approach

Therewasrenewedinterestin thedefinitionof suitableairworthinesscriteriafor
this classof aircraft includinga new FAA setof interim criteria publishedin July 1988.
Thesecriteria, however,arebasedlargely on attemptsto blendcriteria for conventional
aircraftandrotorcraftandarebasedondatafor configurationssubstantiallydifferent from
tiltrotors. Accordingly,experimentsontheAmesVerticalMotion Simulatorwereinitiated
to addresstheseoperationalandairworthinessissuesfor tiltrotor classaircraft (SeeFigure
13.30).

13.33.3 Accomplishments

The initial experimentswereconductedin 1983andwerebasedon the 13,000
pound XV-15 aircraft in order to attempt someflight correlation.Theseexperiments
examinedthemannerin which conversionfrom airborneto thrust-borneflight is effected,
the coupling betweenconversionand aircraftpitch andheavecontrol and the allowable
rangeof airspeedsat giventhrustinclinationangles.Thissimulationmodelwasrevivedin
October1988andaground-basedsimulationwasconductedof similarvariationsfor anew
setof FAA andCivil AviationAuthorityexperts.Thissimulationconfirmedtheinfluences
foundearlierandinitiatedanexaminationof one-engine-inoperativesituations,which is a
keydriverfor operationalacceptanceof thetiltrotor.

13.33.4 Significance

Airworthinessandoperationalissuesaretightly coupledfor tiltrotorclassvehicles
andthesestudiesdefinetechnologyadvancesthatarerequiredto meetthesafetyobjectives
of civil operations;for example,therequirementfor one-engine-outoperationscanbea
majordesigndriver for thenextgenerationof tiltrotor.

13.33.5 Status/Plans

Theconceptsthatwereexaminedfor theXV-15 classof tiltrotor arebeingcarded
over to a new model of a 40,000 pound tiltrotor very similar to the V-22, at least in
performance.A Vertical Motion Simulatorexperimentwith thismodelwill beginearlyin
FY 1990.
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