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systems.

technologies
simulations

transportation
capability across the speed spectrum from
subsonic for commercial
applications
to hypersonic for
access-to-space
applications.
These goals are organized
under the Three Pillars of Global
Civil Aviation,
Revolutionary
Technology Leaps and Access-to-Space.
1
Within the Three Pillar goals are technical objectives that
contain specific goals for revitalizing
general aviation,
reducing travel time, reducing the aircraft accident rate,
reducing
noise
and emissions,
increasing
airport
throughput, and reducing aerospace product development
time and ownership cost. The accomplishment
of these
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The NPSS system consists of three main elements:
(1) The engineering
models.
(2) The simulation
environment
and the (3) High-performance
computing
environment.
This integrated,
interdisciplinary
system

and
under

license

are essential
to be executed

produce intbrmation of value to the designer and analyst.
A major engine
manufacturer
estimates
that such
simulations
could reduce design and development
time
and cost by about 30 to 40 percent through fewer redesigns.
re-tests and rebuilds of costly hardware.
This translates
into savings of$100 million and over a year of development
time. For example, more accurate prediction of engine
efficiency and operability would be possible if the "hot
running" geometry of the compressor
rotor, blades and
casing could be predicted as a result of the integrated
aerodynamic,
structural and thermal loadings. In advanced
high-speed
engines, large-scale
simulation
may be the
only viable approach for evaluating
tbe integration
of
components
like the inlet with the engine due to
prohibitively
expensive testing.

The strategic goals of the Aero-Space Technology
Office at the U.S. National
Aeronautics
and Space
Administration
(NASA) are defined in terms of advancing

Inc. No copyright

the

NPSS is a cooperative
effort of NASA, industry,
other government agencies, and universities
to integrate
propulsion discipline technologies with high performance
computing
and communications
technologies
into a
complete
system
to perform
detailed
full engine
simulations.
The computing
and communications
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Center is developing

about propulsion system parameters such as performance,
operability and life to be determined
early in the design
process before any hardware is built and tested.

builds and tests required during the development

Astronautics.

in engine development.

The NASA Glenn Research

process. This paper describes the development
of the
Numerical Propulsion System Simulation (NPSS), a multidisciplinary
system of analysis tools that is focussed on
extending the simulation capability from components
to
the lull system. This will provide the product developer
with a"virtual wind tunnel" that will reduce the number of

Copyright

required

capability to increase design confidence through the use of
advanced computational
simulation capability known as
the Numerical
Propulsion
System Simulation
(NPSS).
This "virtual wind tunnel" will enable accurate information

required to analyze major propulsion system components
from days and weeks to minutes
and hours. This
breakthrough has enabled the detailed simulation of major
propulsion system components to become a routine part of
the design process and to provide the designer with critical
information
about the components
early in the design

propulsion

FOR

goals will require advanced technologies
that will be
prohibitively expensive to develop and insert into aerospace
products without the availability of advanced design tools
that reduce the amount of hardware
builds and tests

Advances
in computational
technology
and in
physics--based
modeling are making large scale, detailed
simulations of complex systems possible within the design
environment.
For example, the integration of computing,
communications,
and aerodynamics
has reduced the time
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requires
advancements
inthefollowing
technologies:
(1) tbr code-to-code communication that is being addressed
modeling
techniques
anddatastandards
to couplethe under the development of the Simulation Environment and
relevant
disciplinessuchasaerodynamics,
structures, (2) the use of single analysis codes to perform larger scale
heattransfer,
combustion,
acoustics,
controls
andmaterials; simulations. The latter require that the appropriate physical
(2) modelingtechniques
to couplesubsystems,
and processes are represented in one code, such as tip clearance
components
atappropriate
levelsoffidelity;(3)object- flows, turbulence, heat transfer, etc., and that the code can
oriented
software
design
foramodular
architecture;
and be run in parallel to reduce the overall analysis time. The
(4) portable,scalable,reliablesystemsoftwarefor current state of development involves a focus on the
integrating
largenumbers
of distributed,
heterogeneousdevelopment of turbomachinery and combustion models to
computing
platforms
forparallelprocessing.
enable the development
of a high fidelity, full engine
simulation.

Thetechnology
products
fromNPSSaswellasa
summary
of the technology
challenges
andpossible
In the case of turbomachinery
analysis, the problem
solutions
aredescribed
in thispaper.
A roadmap
forthe is very scalable in that the analysis of each blade row can
development
of capabilities
thatshows
atransition
from be performed in parallel (fine-grained parallelism) and
single
discipline
components
andsubsystems
tofullsystem multiple blade rows can be analyzed in parallel. A recent
simulation
intomultidisciplinary
anddynamic
simulations accomplishment in advancing code coupling is the coupling
is shownin Fig. 1.Additionaldetailson the NPSS of an inlet CFD code (NPARC) with a turbomachinery
technologies
aredescribed
inRTef. 2. They are summarized
code (ADPAC)
to simulate the unsteady
interaction
below

for completeness.
The Engine¢ring

between the inlet and the fan in a modern turbofan engine.
These interactions are caused by disturbances
that enter
the inlet from atmospheric
turbulence,
wind gusts or
propulsion/airframe
installation effects. The coupling was
validated with data from an experiment
at the University
of Cincinnati
using a "collapsing
bump" to launch a
disturbance
into a multistage compressor. The inlet was a
straight pipe connected
to a compressor.
The result is
shown in Fig. 3 and documented
in detail in Ref. 3. Only
the first blade row was modeled in this application which
may account lbr some small discrepancy
between the
prediction and data. In general, the agreement was very
good. The computation
was performed on a cluster of SGI
Origin 2000 workstations
in less than 24 hr. The codes

Models

The modeling capabilities are divided into three subelements:
(I) component
integration
to achieve large
subsystem and system simulations,
(2) multidisciplinary
coupling
to capture critical interactions
amongst the
disciplines, and (3) variable complexity
analysis to tailor
the complexity of the analysis to the design problem under
study. These three aspects of the modeling are depicted by
the "Rubik's Cube" shown in Fig. 2.
Component Integration
The ability to resolve interactions between components
in a gas turbine engine is currently
limited to twodimensional models. Most of the lull engine simulations
are conducted
at zero-dimension
or parametric
levels.
These models are unable to resolve the complex multidimensional and multidisciplinary
flows that exist within
the engine. Interactions that are driven by these complex
flows are usually unresolved until hardware is built and
tested. This is often late in the development
process after
a significant investment has been made in the design of the
engine. At this point, changes in design are very costly and
time consuming.

were coupled using the Multi-Disciplinary
Computing
Environment (MDICE) from CFD Research Corporation. 4
The validation
of the approach is important in that it
provides a numerical test cell tbr validating compressor
face boundary condition models used in the design process.
In addition to the turbomachinery
simulation,
highfidelity analysis of the combustor is also required. Rapid
analysis of a combustor
design requires not only short
processing
turnaround
but also tools to assist in preprocessing and post-processing
the data. Pre-processing
is
aided by unstructured grid generation to enable complete
model buildup from compressor exit to turbine inlet. This
includes the complex geometry associated with swirlers
and injectors. Post-processing
tools are required to reduce
the vast amount of data produced by 3-D reacting flow
computations into a few design parameters that the designer
can use to assess performance and make design decisions.
Progress in each of these areas over the past three years has
resulted in significant
reduction in analysis turnaround
time as shown in Fig. 4 for the National Combustor Code. 5

Component integration is the required to understand
important interactions between the components. Traditional
component design methods assume steady, unilorm boundary
conditions which are generally not accurate and have resulted
in operational problems that were not discovered until late in
the development process or until deployment
in the field.
Two approaches are currently being developed to account
for component interaction: ( 1) establish interface standards

i
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Clear
data
exchange
standards
arenecessary
todevelop access to all analysis data through a project database. This
theintegrated
simulation
system
approach
proposed
for reduces the time required to perform the analysis and
NPSS.
Theapproach
takenbyNPSSis toworkclosely improves accuracy. A prototype of this system is being
withnational
andinternational
standards
organizations
to developed under the Coupled Aero-ThermaI-Structural
implement
existingstandards
within NPSS.expand (CATS) project.
standards
asrequired
anddevelop
newstandards
when
The initial focus of the CATS project has been on
necessary.
Thestandards
currently
beingworked
onspan
the aerodynamic-structural
analysis
of
abroadspectrum
from0-Dto3-Dengineering
standards streamlining
compressor blading. During each analysis cycle pressures
tosoftware
standards.
are computed using an existing aerodynamic CFD solver.
An Aerodynamic Surface Data Mapper then is used to map
the aerodynamic
pressures onto the blade geometry. A
structural blade preprocessor, SABER, is used next to create
a finite element mean camber model with pressure loadings

Multidisciplinary
Coupling
The physical processes
within an airbreathing
gas
turbine engine are inherently
multidisciplinary.
Consequently, the accurate simulation of these processes must
properly
account
for the interactions
amongst
the
disciplines. An example is in the high-pressure compressor
where aerodynamic,
structural, and thermal loadings all
contribute
to changes
in geometry
(i.e. casing, blade

from the loaded blade geometry. A structural finite element
analysis is perlormed and the resulting blade deformations
are post-processed,
using SABER again, but this time to
generate a deformed blade geometry. Finally, the deformed
blade geometry is used as input to an aerodynamic
grid
generator to create an aerodynamic grid from the deformed
geometry. The entire pr(x:ess is repeated until a converged
set of fluid and structural results are obtained.

shape, tip clearances, etc.) that affect the efficiency and
stability of the compressor.
An accurate prediction of stall
margin requires simulation
of all of these loadings.
Aerospace

propulsion

systems are complex assemblies
The initial phase of the CATS project has been
demonstrated
by performing
Aerodynamic-Structural
iterations on the Glenn Rotor 37 test rig using aerodynamic,
structural,
and the CATS tools. During each analysis

of dynamically
interacting
disciplines.
The traditional
analysis approach is to handle the interactions by single
disciplines in a sequential
manner where one discipline
uses information from the preceding calculation of another
discipline which is passed through unique, application
specific, translators to make it usable by that discipline. This
is a lengthy, tedious, and often times, inaccurate process
due to the multiple translations taking place. Three different
types of coupling are being investigated for inclusion into
NPSS. These types are referred to as loosely coupled,
process coupled and tightly coupled. A detailed description
of the processes is contained in Ref. 6.

cycle, aerodynamic
pressure and temperature
with structural
blade deformations
were

Previously,
one cycle required one person-week
to map
data between aerodynamic
and structure analysis codes
and the design geometry. With thc CATS tools the time
was reduced to only several minutes. The current project
plans are to continue development of the CATS tools and
to integrate these tools into a common user interface. As
progress is made on the project, additional eft_ms will be
placed on applying these tools to a broader range of
aerospace propulsion applications]

The first type is a rationalized version of the traditional
sequential coupling process described above. The coupling
occurs at the data access level. Separate analysis programs
are executed to compute a component's
aero, thermal, and

The second type of coupling
being proposed
for
inclusion in NPSS is process coupling. This can be viewed
as an implementation
of a visual computing environment
in the multidisciplinary
area. The ultimate goal is to be
able to link individual and/or subsystems
of tightly or

structural response. This approach allows users to manually
perform coupled analyses and then pass the data on to the
next user in the iteration loop. Data access level coupling
can be characterized
as a very loose form of coupling. The
rationalization of this process within NPSS is accomplished
by establishing
clear geometry
and data exchange
standards. NPSS is working closely with Product Data
Exchange
Standards,
Inc. to ensure that any standard
established
are compliant
with IGES and STEP. The
standards used allow for the elimination
of most of the

loosely coupled codes together and run in an automated
fashion. The current implementation
in NPSS has focused
on the automation of the loosely coupled systems. In this
application, coupling at the process level is similar to the
loose coupling at the data access level in that separate
analysis programs are executed to compute a component' s
aero, thermal, and structural response in an iterative manner.
However, there is a higher level system that controls the
execution of the individual
analysis programs and the
exchange of data between them. Several different systems

unique, application specific translators. These are replaced
with a set of generic translators and a subroutine library
communicating
through a Standard Data Interface with a
database. Greater efficiency is provided through shared

NASA/TM--
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data along
computed.

3

boundary condition data
havebeen
investigated
forimplementing
theprocess
level ADAPC. 9 Aerothermodynamic
couplingwithinNPSS.Commercial
products
suchas is exchanged directly between the low and high-pressure
Advanced
Visualization
System(AVS)andAccess subsystems. In addition, shaft power balances are achieved
Manager
wereevaluated.
Whilebothhadmanygood using both the CFD and engine cycle analysis. Since the
features,neitherfully meetthe NPSScustomer cycle analysis executes much faster than the threerequirements.
Currently,
thiscapability
isbeingdesigned dimensional simulation, the three-dimensional simulation
intotheNPSS
architecture
through
thedevelopment
ofa is executed in parallel over a large cluster of up to 64
common
interface
tocommercial
computer
aided
design workstations to minimize the turnaround time. The hybrid
software.
model greatly simplifies the high fidelity simulation of the
engine by using 3-D modeling

only where required.

In this

Thethirdtypeofcoupling
being
proposed
forinclusion example, the propulsion/airframe integration or the impact
in NPSSis tightcoupling.
In somepropulsion
system of atmospheric disturbances on the engine would be
problems
theinterdependence
of thedisciplines
areso modeled in detail without requiring a 3-D solution of the
"tightly-coupled"
thattheloose
coupling
atthedataaccess core engine. The latter would be extremely time consuming
andprocess
coupling
levelscannot
capture
thephysics
of to setup, execute and analyze.
theproblem.
These
cases
require
ananalysis
thatcouples
thedisciplines
atafundamental
equation
level.Forthese
Several different types of zooming have been identified
problems
theentiresystem
matrixmust
besimultaneouslyfor the NPSS system requiring a more robust software
solvedusingimplicitmethods.
Tightlycoupled
solutions architecture. Currently, these capabilities are being
alsohavetheadvantage
thatthecommunication
overhead integrated into the overall NPSS architecture. The system
isreduced
substantially
asdepicted
inFig.5.Whilethis simulations will be based on the view that only phenomenon
approach
is ableto solvegeneralmultidisciplinary that affects system attributes, such as life, reliability,
problems,
theextensive
computational
demands
willlikely performance and stability of a propulsion system, are of
limitthistechnique
toasmallnumber
oftightlycoupled interest to the designer or analyst. While the physics
disciplines
andonlyindividualcomponents.
Acommercial affecting these attributes could be captured by modeling
code,Spectrum
fromCentricInc..is currentlybeing the entire propulsion system at the highest level of fidelity,
evaluated
to determine
if it meets the NPSS customer
3-D, transient and multidisciplinary,
two problems prevent
requirements

in the area. 8

this from being a viable option in most cases. First, the
level of detailed information
needed as boundary and
initial conditions
to get a converged,
validated solution
will be extremely
difficult
to collect.
Second,
the
computational
time and cost will be prohibitively high tbr
effective use in a design environment.
Therefore,
the
designer or analyst must tailor the fidelity of the simulation
to capture the appropriate physics for each component and
discipline. This results in an analysis of variable complexity
being performed across components and disciplines which
make their integration into an overall subsystem or system
simulation extremely difficult. Consequently,
the NPSS
framework
is being developed
to allow the physical
processes resolved from a detailed analysis of a component
or subcom ponent to be comm un icated to a system analysis
performed
at a lower level of detail for purposes of
evaluating
system attributes.
Conversely,
the system
analysis will provide the ability to evaluate which physical
processes, occurring on the component and subcomponent
level, are important to system performance.
This will
allow the engineer or scientist to focus in on the relevant

Variable Complexity
Analysis
The detailed simulation of a complex system like a
gas turbine engine will require computing resources and/
or wall clock times which are beyond practical limits for
use in industrial design environments.
Consequently,
it
will be necessary to provide modeling techniques
that
provide the analyst or designer the ability to vary the level
of detail of analysis throughout the engine based upon the
particular physical processes being studied as a result of a
design change. For instance, determining
the effect of a
change in the shape of a fan blade on engine performance
may only require a three-dimensional
simulation of the
fan stage. The rest of the engine could be modeled at lower
levels of detail (two-, one- or zero- dimensional)
to
minimize simulation setup and execution time.
An example of variable complexity analysis, referred
to as zooming, is shown in Fig. 6 through the hybrid
turbofan engine model. The high-pressure
core of the
engine (i.e. compressor, combustor and turbine) is modeled
as a zero-dimensional,
aerothermodynamic
cycle analysis
through the use of component perlormance
maps. In this
example, however, the low pressure subsystem (i.e. inlet.
fan, core inlet, bypass duct, nozzle) is modeled
in
3-dimensions
using a CFD turbomachinery
code,

NASA/TM--
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processes

within components

or subcomponents.

Zooming requires a hierarchy of codes and models to
be in place to provide a wide range of simulation capabilities
from detailed three-dimensional,
transient analyses down
to zero-dimensional,
steady-state
analyses.
Modeling

4

approaches
will be developedfor communicating requires a shift in programming approaches. Fortunately,
information
fromadetailed
analysis
toafiltered,lower new technologies in software development such as objectlevelanalysis.
Thiswill requireadditional
research
to oriented languages are becoming available. Object-oriented
understand
themechanisms
by whichphenomenon
on languages were created to aid software development and
different
lengthandtimescales
communicate.
Research
is management with the following attributes: ( I ) maximum
alreadyunderway
in computational
fluiddynamics
and code reuseability, (2) clear data connectivity and (3) code
structural
mechanics
todevelop
thismodeling
approach modularity.
andwill beextended
toconsider
processes
andscales
The NPSS architecture
is intended to be open and
appropriate
fortheentirepropulsion
system.
extensible.
The Simulation

Environment

The simulation environment
for NPSS will provide a
common interface for a variety of users to access all of the
capabilities
within NPSS. This means the interface will
have to accommodate
users of various skill levels, enable
users to modify code, enable users to easily replace analysis
tools and enable users to accept data from a variety of
sources such as simulations, existing databases, and experiments. In addition, the environment
must enable the

of providing an engine simulation
is conceivable.

environment

Within

the environment,

environment

an engineer

like NPSS

can assemble

An example of how zooming is incorporated
into the
cycle simulation is illustrated in Fig. 7. The entire engine
is modeled at the zero-dimensional
level with dataexchange
from a one-dimensional
meanline compressor
code. The
codes are CORBA
complaint
and communication
is
established
through the Object Request Broker (ORB).
This implementation
is a general approach that allows
other analyses
to be linked in, other mathematical
operations to performed as the data is being expanded or
contracted,
and allows for distribution
of the simulation
across a wide area network to facilitate remote team
member involvement
in the simulation. This capability is

appropriate fidelity for engine system simulations;
High-performance+
parallel
and distributed
computing.

Due to the multidisciplinary
nature of propulsion
systems and the idea of +'Numerical Zooming" between
disparate
time scale codes, suggests that the engine
computations
will likely take place in a distributed
heterogeneous
computing
environment.
Given this,
coupled with the fact that current programming techniques
do not facilitate the development of large software systems,

1999-209194

up
of

aeropropulsion
simulations
without restrictions
as to
fidelity, choice or location of code. The engineer can
accept modules that are resident in the NPSS architecture.
The engineer can accept portions of the resident codes and
supplement
these code with those available
at their
respective
site. The "plug'n play" capability
illustrated
here is essential for keeping the architecture
current and
facilitating new analytical approaches. The cornerstone of
the NPSS architecture is its development
from the objectoriented paradigm and noted for providing a computing
and engineering white board from which engine simulations
can be created.l°

1. Clear data interfaces
through the development
and/or use of data exchange standards;
2. Modular and flexible software construction through
the use of object-oriented
methodologies;
3. Integrated multilevel of fidelity analysis techniques
that capture
the appropriate
physics
at the

NASA/TM--

the cap-

generating execution sequences. Objects will know how
to connect aeropropulsion
disciplines together. In fact, it
is because of these object-oriented
features that the concept

that provides a generic zero-dimensional
component view
of an aeropropulsion
engine and provides
tools and
standards for data exchange
for the coupling of multidisciplinary
codes. The environment
allows the engineer
to zoom to finer levels of fidelity on a component specific
basis while operating at the zero-dimensional
view of the
engine. NPSS will execute on a variety of computers and
allow distribution
of engine components
in any userspecified fashion. The approach
taken for developing
NPSS incorporates
the following key elements as part of
the simulation environment:

4.

exploits

versa. They will know what components
are connected
and downstream
of themselves
for the purposes

seamless integration of all of the planned capabilities in
NPSS such as multidisciplinary
analysis, zooming, and
distributed computing on a variety of computing platforms.
The NPSS project is building a simulation

To this end, the architecture

abilities of object-oriented
programming
(inheritance,
polymorphism,
and encapsulation)
as well as modern
object-oriented
concepts
including
frameworks,
component objects, and distributed object standards, such
as the Common
Object Request Broker Architecture
(CORBA). The objects in the architecture
will know how
to expand and contract data for zooming from threedimensional
codes to zero-dimensional
codes or vice

being developed under contract with Pratt &Whitney
the United Technologies
Corporation.

5

and

High Performance

Computing

Research Center, a cluster of 64 Pentium II processors is
being used to achieve another factor of 10 reduction in
cost/performance
below that of workstation clusters. The
Pentium II machines are configured
in two banks of
16 machines, each machine with two, 400 MHz processors.
The machines
are interconnected
with Fast Ethernet

The detailed simulation of a complex system like the
gas turbine engine requires significant computing capacity
that is not practically available today. A three-dimensional
simulation of the primary flowpath in a full engine requires
in excess of 1012 Floating-point
Operations Per Second
(TeraFLOPS).
Today this speed is only available in a few
very expensive machines and has not been achieved on

network and the two banks are connected
through a
Gigabit Ethernet. The turbomachinery
and combustion
simulations in use under NPSS are currently being ported
to the Pentium processors. At this point, approximately
50 percent of the project's goal has been achieved.

propulsion system applications.
To accomplish
all of the
capabilities planned tor NPSS would require 1015 Floatingpoint Operations
Per Second (PetaFLOPS).
It is not

Conclusion

expected that a serial machine or even moderately parallel
machine will be able to accomplish
this with current
trends in hardware technology. Therefore, the approach in
the NPSS Project under the NASA High Performance
Computing and Communications
Program (HPCCP) is to
develop the application software and system software that
will enable the use of large numbers of parallel processors.
As this approach is lollowed, technologies
that provide
good scalability
to even larger numbers
of parallel
computers will be of particular interest. Adding the ability
to do distributed computing, allows the user of the system
to take advantage
of the large number of commodity
workstations
and personal computers (PCs) that normally
exist within an organization
and to leverage off of the
continuing
reduction
in the cost/performance
ratio of
these machines. The NPSS Project with the support of the
HPCCP is developing the software required to accomplish
this objective under the Affordable
High Performance
Computing Cooperative Agreement.l
I
The original

obiective

Detailed, multidisciplinary,
full engine simulations
are possible with the integration of advanced propulsion
modeling
with high performance
computing
and
communications
technologies. Modeling techniques must
include component
integration
to capture interactions,
multidisciplinary
coupling
to capture
key physical
processes, and variable complexity
analysis to minimize
the time-to-solution.
Computing
and communications
technologies must provide system software to manage the
execution of simulations over a large number of parallel,
distributed,
heterogeneous
computers
and high-speed,
low-latency
networks to minimize interprocessor
communication
time. Significant
increases in the size and
complexity
of simulations
demonstrate
that this goal is
now within reach.
References

of the eftk_rt was to achieve

I. National
Aeronautics
and Space Administration
Headquarters,
Aeronautics & Space Transportation
Technology Three Pillars for Success:Turning
Goals
into Reality, Annual Progress
Report
1997-98,
NP- !998- I 0-242-HQ.
2. Evans, A.L., Lytle, J., Follen, G., Lopez, I., An
Integrated Computing and Interdisciplinary
Systems
Approach
to Aeropropulsion
Simulation,
ASME
IGTI, June 2, 1997, Orlando, FL.
3. Suresh, A., Townsend, S.E.. Cole, G.L., Slater, J.W.,

similar pertormance
and reliability ofa 1994 vector supercomputer at 25 percent of the cost. In so doing, much
larger computing resources will be available to the designer,
analyst and researcher than ever before. Consequently,
the
project also demonstrated
over an order of magnitude
reduction in the time to perlbrm an aerodynamic simulation
of a complete high pressure compressor by taking advantage
of much larger computing resources than available on a
single vector machine. It is estimated that this reduction in
analysis turnaround time will result in a 33 percent reduction
in the time to design a compressor and a savings of several
millions of dollars. The actual performance
of the workstation cluster far exceeded the original goal. The cluster
actually achieved the same performance
and reliability as
a vector supercomputer
at 8 percent of the cost.

and Chima
R., Analysis
of Inlet-Compressor
Acoustic Interactions
Using Coupled CFD Codes,
37th AIAA Aerospace Sciences Meeting and Exhibit/
Reno, NV/AIAA-99-0749,
January II to 14, 1999.
4. Lawrence,
C., Kingsley,
G., Siegel,
J. M. Jr.,
Harrand, V.J.. Luker, J., Luker. J.J., and Haime, R.,
Development
of a Multi-Disciplinary
Computing
Environment
(MDICE),
AIAA Multidisciplinary
Design and Optimization
Conference:
St. Louis,
Missouri, September
1998.

This accomplishment
has led to further research in
this area of cluster computing
to reduce the cost/
performance ratio of supercomputing.
At the NASA Glenn

NASA/TM--

1999-209194

6

5.

Stubbs,

R.M.,

Combustor
Joint
July

Liu,
Code,

N.-S.,

Propulsion
6-9,

1997,

6. Lawrence,

Preview

of

Conference
Seattle,

C., An Overview

S. and

NURBS

Beach,

Library

Structural

&

Computational
13,1996,
Field,

8. Rifai,
E.T.,

S.M.,

10.

Coupled

of the

DT_

Aero/Thermal/

Turbomachinery

Analysis,

Ames

Research

R.M.,

Wang,

W.P.,

Melis,

M.E.,

Simulation

in

AIAA-98-4863,

Missouri,

97

Center,

11.

Spyropoulos,
The

Role

Apel,

A., Byrd,

15,

Multidisciplinary
Symposium

Definition,

Computational
13,1996.
Moffet

Field,

and

AIAA/ASME/

Conference

Architecture

Aerosciences
NASA

T.,

Field,

Research

Affordable

(AHPC)

Aerosciences

Moffet

Workshop,

Ames

CA.

Computing

13,1996,

Ohio,

M.. et. al., Numerical

Babrauckas,

August

& Exhibit,

Cleveland,

Simulation

The

September

98

The NASA

Ames

High
Project,

Workshop,
Research

Center,

CA.

on

2 to 4, 1998.

99

O0

01

Multistage
Compressor
Map
for NPSS

7

overnight

05

Integrated
Propulsion/Airframe
Simulation
simulations.

J.P.,

Subsystem

Analysis
and
Optimization,
of Aeronautics
and Astronautics:

Figure 1 .--Roadmap

1999-209194

Annual

R., Gardocki,
System

D.

34th

and Veres,

Pressure

1998,

Propulsion

Wright,

S.R..

Low

Propulsion

Computational
of

3-D High Pressure
Compressor (Design Point)

NASA/TM--

13
to
98-3119.

Center,

Lynn,

Analysis,

July
AIAA

August

Workshop,

C., and

Multidisciplinary
American
Institute
St. Louis,

to

R.A.,
Engine

Joint

Performance

Ferencz.

Analysis,

Delaney,
Efficient

Aerodynamic

CA.

Lawrence,

Multiphysics

Exhibit,

Simulations,

Application

The NASA

E.J.,

Energy

Approaches

Aerosciences

Moffet

Hall,

SAE/ASEE
of Three

T.,
to

(CATS)

August

9.

WA.

Multidisciplinary
Aeropropulsion
NASA TM- 107443.
7. Thorp,

National

33 rd AIAA/ASME/SAE/ASEE

10

ION

ACOUSTICS
COMBUSTION
HEAT TRANSFER

C
0
U
P
L
I
N
G

CONTROLS

D
I
S
C

FLUIDS

I
p
L

STRUCTURES

I
N

MATERIALS

E
S

MANUFACTURING

IG

Figure 2.wThe

NASA/TM--

199%209194

three major elements

8

of complex

system

simulation.

i

L

/5¸¸

_- _L _

ADPAC

Figure3.--Validation
ofcode couplingforunsteady inlet-turbomachinen/interactions.

NASA/TM_

1999- 209194
9

Estimated Reduced Turn Around Time
10000
•

1000
k .

1000:1Projectedl_200:1

-I

100
L

J¢

10

0ct-91

Sep-93

Sep-95

Sep-97

Sep-99

Sep-01

Multidisciplinary Approach to Reducing Turn Around Time

Baseline

Analysis

1992
~2.4X
Parallel Processinc
Improvements
_J.4X

_l
,_.3X

Computer Hardware
Improvements

Figure 4.--200:1 Reduction of full combustor simulation time relative
to 1992 baseline.

NASA/TM--

1999-209194

I0

Fluid

Prol_lem

Mesh

rtf_ CAD _

(a)

BC's

I

"'_<_

Multiple

MultiPhysics

-I-

Fluid-Thermal Code_

_'_ > c - " "

Iterations

(Visualize_solution

for Convergence

_._(FluiCsec;_.?_erm _'_a,

Visualize
Results

_

%era

T

(b)

Single Pass Iteration

Figure 5.mTightly
approach.

coupled

(b) Tightly

multi-disciplinary

coupled,

Spectrum

for Design Changes

simulation.

(a) Loosely

coupled/process

coupled

approach.

3-dimensional
Low Pressure

0-dimensional

Subsystem
• Inlet

High Pressure
Core

--

• Fan
• Bypass
• Turbine

• Compressor
• Combustor

duct

• Turbine

• Nozzle

Figure
high

6.--Hybrid
pressure

simulation:
core

3-dimensional

low pressure

subsystem

model

coupled

to a O-dimensional

model.

CORBA-Wrapped
high compressor
meanline code

Object

i

Compressor

Request

!I Engine

Broker

(ORB)

aerothermodymamic

cycle simulation

Figure

NASAfI'M--

7.ml -D high compressor

1999-209194

meanline

analysis

integrated

11

with engine

aerothermodymamic

cycle simulation.

REPORT

DOCUMENTATION

PAGE

FormApproved

OMB No. 0704-0188

Public reporting burden for this collection of information
is estimated to average 1 hour per response, including the time tOT revtewing instructions, searching existing data sources,
gathering and maintaining
the data needed, and compteting and reviewing the collection of information.
Send comments regarding this burden estimate or any other aspect of this
collection of information,
including suggestions for reducing this burden, to Washington
Headquarters
Services, Directorate
for Information Operations
and Reports. 1215 Jefferson
Davis Highway, Suite 1204, Arlington, VA 22202-4302,
and to the Office of Management
and Budget, Paperwork
Reduction Project (0704-0188),
Washington,
DC 2050&

1. AGENCY USE ONLY (Leave blank)

2. REPORT DATE
July

3. REPORT TYPE AND DATES COVERED

1999

Technical

4. TITLE AND SUBTITLE
The

Numerical

System

Propulsion

for Aerospace

System

Simulation:

A Multidisciplinary

Design

Vehicles
WU-509-10-11-00

6. AUTHOR(S)
John

Memorandum

S. FUNDING NUMBERS

K. Lytle

8. PERFORMING ORGANIZATION
REPORT NUMBER

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES)
National
Aeronautics
and Space
John H. Glenn
Research
Center
Cleveland,

Ohio

Aeronautics

Washington,

DC

11. SUPPLEMENTARY

(216)

AGENCY NAME(S) AND ADDRESS(ES)
and

Space

10. SPONSORING/MONITORING
AGENCY REPORT NUMBER

Administration

20546-0001

NASATM--1999-209194

NOTES

Preparedforthc
Breathing

E-II708

44135-3191

9. SPONSORING/MONITORING
National

Administration
at Lewis
Field

14thlntcrnationalSymposium
Engines.

Florence.

Italy,

on Air Breathing

September5-10,1999.

Enginessponsored

Responsible

person,

by thelnternationalSociety
John

K. Lytle,

lor Air

organization

code

29(X).

433-3213.

I 12a. DISTRIBUTION/AVAILABILITY
Unclassilied
Subject

STATEMENT

12b. DISTRIBUTION CODE

- Unlimited

Category:

This publication

07

Distribution:

is available

from the NASA Center

for AeroSpace

Nonstandard

Information,

(301) 621-0390.

13. ABSTRACT (Maximum 200 words)

Advances

in computational

of complex
tions,

systems

and aerodynamics

and weeks

to minutes

components
about

capability

from

will reduce

propulsion

14.

Simulation

SUBJECT

Propulsion

within

and in physics--based
the design

has reduced
and hours.

to become

the components

System

that

technology

possible

a routine
early

(NPSS),
components
the number

the time

required

This

breakthrough

part

of the design

in the design

to the lull system.
of hardware

builds

For

to analyze
has enabled

process.

a multidisciplinary

modeling

environment.

process
This

system

are making

example,
major

propulsion

the detailed

and to provide

paper

describes

of analysis

large

system

simulation
the designer

will

provide

the product

and

tests

required

during

developer

simulations
communica-

components

of major
with

from

critical

system

information

on extending
with

the development

days

propulsion

of the Numerical

that is focussed

This

detailed

of computing,

the development

tools

scale,

the integration

Propulsion

the simulation

a "virtual

of advanced

wind

tunnel"

aerospace

systems.

15. NUMBER OFPAGES

TERMS

system:

Design;

17. SECURITY CLASSIFICATION
OF REPORT
Unclassified
NSN 7540-01-280-5500

Aerospace

system:

18. SECURITY CLASSIFICATION
OF THIS PAGE
Unclassified

17
16. PRICE CODE

Multidisciplinary
19. SECURITY CLASSIFICATION
OF ABSTRACT

AO,_
20. LIMITATION OF ABSTRACT

Unclassified
Standard

Form 298 (Rov. 2-89)

Proscribed
298-102

by ANSI

Std.

Z39-18

