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Nat ional  Aeronaut ics and Space A d m i n i s t r a t i o n  
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SUMMARY 

The design and development o f  a i r c r a f t  engines i s  a leng thy  and c o s t l y  
process us ing  today 's  methodology. This  i s  due, i n  l a r g e  measure, t o  the  f a c t  
t h a t  present methods r e l y  h e a v i l y  on experimental t e s t i n g  t o  v e r i f y  t he  opera- 

p o t e n t i a l  e x i s t s  f o r  ach iev ing  s i g n i f i c a n t  speedups i n  the  p ropu ls ion  develop- 
ment process through increased use o f  computational techniques for  s imu la t ion ,  
ana lys i s ,  and o p t i m i z a t i o n .  This  paper o u t l i n e s  the  concept and technology 
requirements f o r  a numerical p ropu ls ion  s imu la t i on  system (NPSS) t h a t  would 
p rov ide  c a p a b i l i t i e s  t o  do i n t e r a c t i v e ,  m u l t i d i s c i p l i n a r y  s imu la t i ons  o f  com- 
p l e t e  p ropu ls ion  systems. By combining h i g h  performance computing hardware and 
software w i t h  s ta te -o f - the-ar t  propul  s ion  system models, t he  NPSS w i  11 perm1 t 
the r a p i d  c a l c u l a t i o n ,  assessment, and o p t i m i z a t i o n  o f  subcomponent, component, 
and s y s t e m  performance, d u r a b i l i t y ,  r e l i a b i l i t y  and weight - before  commit t ing 
t o  b u i l d i n g  hardware. 

- b i l i t y ,  performance, and s t r u c t u r a l  i n t e g r i t y  of components and systems. The 

INTRODUCTION 

The design and development o f  a i r c r a f t  engines i s  a leng thy  and c o s t l y  
process us ing  today's methodology. The process, as i l l u s t r a t e d  i n  f i g u r e  1 ,  
can take up t o  10 years and cos t  b i l l i o n s  o f  d o l l a r s .  Th is  i s  due, i n  l a r g e  
measure, t o  the  f a c t  t h a t  present methods r e l y  h e a v i l y  on t h e  exper imental  
t e s t i n g  o f  components and complete systems to  v e r i f y  t he  o p e r a b i l i t y ,  perform- 
ance, and s t r u c t u r a l  i n t e g r i t y  o f  designs and t h a t  t h i s  genera l l y  r e q u i r e s  a 
l a r g e  number o f  des ign-bu i ld - tes t  cyc les .  

The p o t e n t i a l  e x i s t s  for ach iev ing  s i g n i f i c a n t  speedups I n  the  p ropu ls ion  
design process through increased understanding of the  governing phys ics  o f  pro- 
p u l s i o n  systems and the  a p p l i c a t i o n  o f  r a p i d l y  advancing, h i g h  performance com- 
p u t i n g  technologies t o  p ropu ls ion  system s imu la t i on .  
up the  development process, these powerful s imu la t i on  t o o l s  w i l l  a l l o w  
designers t o  be more aggressive and innova t i ve ,  p r o v i d i n g  a means to  assess 
designs t h a t  extend f a r  beyond the  bounds o f  experience and emp i r i ca l  da ta  
bases. Improvements i n  p ropu ls ion  s imu la t ions  w i l l  r e s u l t  from advances i n  
computational f l u i d  dynamics (CFD),  computational s t r u c t u r a l  mechanics (CSM), 
and computational ma te r ia l  science. I n  each d i s c i p l i n e ,  s i m u l a t i o n  developers 
a re  s t r i v i n g  t o  b u i l d  more and more o f  the  r e l e v a n t  phys ics  i n t o  mathematic 
models and numerical so lvers .  The avai l a b i  1 i t y  o f  powerful  supercomputers, 
such as the  NASA Numerical Aerodynamic Simulator ( N A S I ,  i s  now making i t  prac- 
t i c a l  t o  use numerical s imu la t ions  t o  i n v e s t i g a t e  h i g h l y  complex ( r e a l )  p ropu l -  
s ion  s y s t e m  con f igu ra t i ons  over  wide ranges o f  ope ra t i ng  cond i t i ons .  

I n  a d d i t i o n  t o  speeding 

While s i g n i f i c a n t  b e n e f i t s  are t o  be de r i ved  by con t inu ing  these computa- 
t i o n a l  advances i n  the  i n d i v i d u a l  d i s c i p l i n e s ,  an even grander v i s i o n  o f  what 



i s  poss ib le  i n  p ropu ls ion  s imu la t i on  can be had by consider ing the use of 
fu tu re  h igh performance computers t o  implement numerical s imulat ions t h a t  com- 
bine a l l  o f  the major p ropu ls ion  phenomena ( f l u i d  flow, heat t ransfer ,  combus- 
t i o n ,  s t ruc tu res ,  m a t e r i a l s ,  c o n t r o l s ,  . . .>. Figure 2 i l l u s t r a t e s  the concept 
of a numerical p ropu ls ion  s imu la t i on  system (NPSS) t h a t  would p rov ide  the  capa- 
b i l i t y  t o  do i n t e r a c t i v e ,  m u l t i d i s c i p l i n a r y  s imulat ions o f  complete p ropu ls ion  
systems. As  such, the NPSS would permi t  the r a p i d  c a l c u l a t i o n ,  assessment, and 
o p t i m i z a t i o n  of subcomponent, component, and system performance, durabi  1 i ty ,  
r e l i a b i l i t y  and weight - before committ ing t o  b u i l d i n g  hardware. 
propuls ion designer would be ab le  to  explore the f u l l  range o f  design space and 
t o  combine s imulat ions o f  candidate p ropu ls ion  systems w i t h  v e h i c l e  s imulat ions 
t o  evaluate mission s u i t a b i l i t y  and performance. 

Thus, the 

I n  t h i s  paper, the e v o l u t i o n  of  a p l a n  to develop and demonstrate technol-  
ogy f o r  an NPSS i s  discussed along w i t h  the p o t e n t i a l  b e n e f i t s  o f  such a 
sys tem. 

BACKGROUND 

I n  order  t o  s e t  the tone of t h i s  paper, l e t  us s t a r t  by us ing  our imagina- 
t i o n .  What i f  we had the C a p a b i l i t y  to  "compute" an engine. Thls means t h a t  
any parameter o f  i n t e r e s t  could be computed w i t h  s a t i s f a c t o r y  engineer ing 
accuracy, i n  a reasonable t i m e ,  for a reasonable c o s t .  What would be t he  bene- 
f i t  o f  having such a c a p a b i l i t y ?  U l t i m a t e l y ,  t h i s  would mean the e l i m i n a t i o n  
o f  the des ign-bui ld- test - redesign loop i n  the engine development process. 
Engines could go d i r e c t l y  from design t o  product ion,  as i l l u s t r a t e d  i n  f i g -  
ure 3 .  Most of the " t e s t i n g "  would be done i n  the "numerical t e s t  c e l l "  w i t h  
savings i n  engine development t i m e  and cos t  est imated t o  be i n  the  range o f  
25 t o  40 percent.  

Why c a n ' t  we do t h i s  today? To answer t h i s  quest ion i s  t o  i d e n t i f y  c r i t i -  
c a l ,  enabl ing technologies t h a t  need to  be worked for the NPSS. I n  broad 
t e r m s ,  the techn ica l  b a r r i e r s  extend across a l l  areas. We a re  l i m i t e d  by our  
i n a b i l i t y  t o  understand and model impor tant  phys i ca l  phenomena, such as turbu- 
lence. We are const ra ined by the l i m i t e d  power o f  today 's  computer hardware 
and software. Extensive s i m p l i f i c a t i o n s  to  p ropu ls ion  s imu la t i on  models are 
requ i red  for running on even the most powerful supercomputers. And we are l i m -  
i t e d  by the c a p a b i l i t i e s  o f  e x i s t i n g  numerical methods ( i . e . ,  a lgor i thms,  g r i d  
generat ion methods, e t c . ) .  Achieving the goals o f  a numerical p ropu ls ion  simu- 
l a t i o n  system i s  t r u l y  a grand chal lenge, r e q u i r i n g  a coordinated, m u l t i d i s c i -  
p l i n a r y  research e f f o r t .  

While NPSS may never completely e l i m i n a t e  the need f o r  experimental hard- 
ware t e s t i n g ,  one expects cont inued advances i n  NPSS technology t o  have a grow- 
i n g  e f f e c t  on the r e l a t i v e  importance and use o f  numerical s imulat ions i n  
aerospace p ropu ls ion  research and development. The expected s h i f t  i n  balance 
between t e s t i n g  and computing i s  depic ted i n  f i g u r e  4 .  

The p o t e n t i a l  impact o f  NPSS can, perhaps, be best  i l l u s t r a t e d  by consid- 
e r i n g  an example of a m u l t i d i s c i p l i n a r y  p r o j e c t  being conducted a t  the NASA 
Lewis Research Center and the complexi ty of the design process caused by l i m i -  
t a t i o n s  i n  today 's  computational t o o l s .  
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The example i nvo l ves  the concep tua l i za t i on ,  design, b u i l d i n g ,  and t e s t l n g  
o f  a supersonic throughf low fan stage. F igure 5 shows the steps i nvo l ved  i n  
the f a n  design process. I n  t h i s  case, the s e l e c t i o n  of the fan design p o i n t  
was d i c t a t e d ,  n o t  by a i r c r a f t  miss ion requirements, b u t  r a t h e r  by aeropropul- 
s ion  research o b j e c t i v e s .  
and computational c a p a b i l i t i e s  a t  hand and had t o  r e s u l t  i n  a f a n  design t h a t  
could be produced a t  reasonable cos t  for  the i n l t i a l  hardware t e s t i n g .  

The design p o i n t  had t o  be s u i t e d  to the data bases 

The i n i t i a l  blade shape s e l e c t i o n  was made v i a  the NASA Lewis Compressor 
Design Program (CDP).  That program r e q u i r e s  the designer t o  p rov ide  base l i ne  
l oss  data and dev ia t i ons  t h a t  w i l l  be app rop r ia te  for  the computed blade shape. 
I n  p r a c t i c e ,  t h i s  step i s  h e a v i l y  dependent upon the des igne r ' s  s k i l l  and the 
a v a i l a b l e  experimental data base. I n  the case o f  the supersonic throughf low 
fan,  the experimental data base was p r a c t i c a l l y  nonexis tent .  The i n i t i a l  l o s s  
data were provided us ing a "best-guess." 

Once the loss data were s p e c i f i e d ,  the three-dimensional blade shapes for  
both the r o t o r  and s t a t o r  were computed by the CDP. 
dimensional sect ions were then e x t r a c t e d  from the three-dimensional blade shape 
and analyzed w i t h  a two-dimensional Navier-Stokes f l o w  code. Using r e s u l t s  
from the two-dimensional ana lys i s ,  the designer was able t o  modify the  two- 
dimensional sect ions,  as needed, to  produce an aerodynamical ly acceptable blade 
shape. A t  t h i s  p o i n t ,  the r e s u l t i n g  l o s s e s  and dev ia t i ons  could be f e d  back 
from the Navier-Stokes code t o  the CDP t o  o b t a i n  new three-dimensional blade 
shapes. 
dimensional Navier-Stokes code caused the designer to  o n l y  feed back the recom- 
puted dev ia t i ons .  Once the designer was s a t i s f i e d  w i t h  the r e s u l t s  o f  the two- 
dimensional ana lys i s ,  the three-dimensional blade shapes were analyzed w i t h  a 
three-dimensional Euler code and an i n t e r a c t i v e  boundary l a y e r  c a l c u l a t i o n  t o  
determine whether any s t rong  three-dimensional i n v i s c i d  e f f e c t s  were present .  

Approximately f i v e  two- 

However, l a c k  o f  confidence i n  the loss p r e d i c t i o n s  from the two- 

Once the blade shape was acceptable from an aerodynami c s tandpoint ,  the 
design was passed t o  a s t r u c t u r a l  engineer who analyzed the blade rows for 
steady-state s t r e s s e s .  One of the e a r l y  designs suffered from h igh  steady- 
s t a t e  s t r e s s  l e v e l s ,  f o r c i n g  the designer t o  repeat  the e n t i r e  aerodynamic 
design process i n  o rde r  to  accomodate the requ i red  increased blade th ickness.  

A f t e r  steady-state s t r e s s e s  were deemed acceptable,  the f a n  was analyzed 
f o r  unsteady s t r e s s e s .  A t  t h a t  p o i n t ,  the design was judged to  have a poten- 
t i a l  f l u t t e r  problem and the  blade chord was lengthened t o  increase the  f l u t t e r  
margin. This,  o f  course, r e s u l t e d  i n  yet  another i t e r a t i o n  through the design 
process. The t e s t  f a n  i s  c u r r e n t l y  being fab r i ca ted  and w i l l  undergo t e s t i n g  
to  determine i f  the design goals were m e t .  

The supersonic throughf low f a n  design i s  b u t  one example o f  where the 
a v a i l a b i l i t y  o f  a proven, m u l t i d i s c i p l i n a r y  ( i . e . ,  a e r o s t r u c t u r a l )  a n a l y s i s  
and o p t i m i z a t i o n  capabi 1 i t y  would have g r e a t l y  s i m p l f f i e d  and accelerated the 
design and development o f  advanced p ropu ls ion  system components. 

APPROACH 

While the u l t i m a t e  goal o f  NPSS i s  t o  a l l o w  d e t a i l e d ,  f ront - to-back,  com- 
p u t a t i o n  and ana lys i s  o f  engine behavior (e.g., aerothermodynamic-structural- 
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material interactions, performance and durability predictions, controlled 
response to disturbances), achieving this capability will require a step-wise, 
building block approach, involving the development/incorporation of a hierarchy 
of engine system models. 

As used here, the term "model" refers t o  an operation that translates a 
set of specified inputs to a set of delivered outputs. 
puter code can be considered to be a model, with the fidelity of the model 
measured by the level of detail required in the inputs and outputs and the 
required accuracy of the outputs relative to the actual, physical processes 
being represented. In many cases, a model of a component o r  physical process 
will actually consist of a series of models. An example of this model hierar- 
chy is the turbulence model contained in a computational fluid dynamics (CFD) 
code. 

In this sense, any com- 

A s  conceived, the NPSS will contain a spectrum of models that will be 
available to the user for propulsion system analysis. These will range from 
simple, interpolating functions t o  codes that solve the full Navier-Stokes 
equations. The user will be able t o  tailor an analysis t o  the task at hand. 
In some cases, attention may be directed to a specific component o r  phenomena 
with detailed models of that component phenomena combined with less sophisti- 
cated models for the rest of the engine. This "coupling" of models will also 
carry over to the integration of disciplines, as illustrated in figure 6. NPSS 
will allow multidisciplinary analysis to be accomplished in a variety o f  ways. 
For loosely coupled processes, the user will be able t o  transfer information 
between single discipline models. To simulate tightly coupled processes (e.g., 
aeroelasticity), multidisciplinary models and algorithms will be available. 

A s  viewed by a user, the NPSS might appear as a pyramidal structure, as 

During the course of the analysis, the user would be able to pass 

shown in figure 7. 
levels, as needed, to obtain the appropriate level of detail for the specific 
analysis. 
back and forth between levels of the system, a process that was described 
earlier for the supersonic fan design. A "smart shell," perhaps in the form of 
an expert system, would serve t o  guide and assist the user in selection of the 
appropriate models and analysis tools. The development of this "smart shell" 
will be one of the keys to the success of NPSS. It will provide a framework 
for development and integration of the various models and codes that will make 
up the NPSS. 

The user would enter at the top and reach down to lower 

CONCLUDING REMARKS 

Advances i n  the physical and computational sciences are enabling resear- 
chers to better understand, model, and simulate the complex physical processes 
that determine propulsion system performance, durability, and life. While 
progress has been made in the application of numerical simulations to propul- 
sion (e.g., computational fluid dynamics, computational structural mechanics, 
computational materials science, controls), the overall impact of numerical 
simulation on propulsion system design and development can and needs t o  be 
greatly expanded. Successfully doing so wi 1 1  yield significant reductions in 
the time and cost o f  developing propulsion systems while also resulting in 
higher quality products. However, major technological advances are needed to 
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bring numerica 
issues can be settled on the computer. 

simulations to the point where many of the critica des i gn 

The NPSS concept has been proposed as a way of focusing and integrating 
research and technology efforts in propulsion system modeling, algorithm and 
code development, and high performance computing to develop and demonstrate 
the required simulation, analysis, and optimization capabilities. NPSS will 
be an evolving capabi 1 i ty. By continuously incorporating the best available 
hardware and software tools that are emerging from disciplinary and multi- 
disciplinary research programs, NASA Lewis, in partnership with industry and 
academia, will be establishing a unique, powerful, and versatile simulation 
test-bed representing the state-of-the-art i n  multidisciplinary simulation, 
anal ysi s ,  and optimi zati on capabi 1 i ties . 

While the challenges are great, the potential rewards warrant a concerted, 
long-term effort by government, university, and industry researchers. Savings 
in time and cost of engine development, that would result from NPSS technology, 
have been estimated at between 25 and 40 percent. 

Figure 1. - Aircraft engine development cycle; today's methodology 
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Figure 2. - Numerical propulsion simulation system (N.P.S.S.) 

Figure 3. -Aircraft engine development cycle; future methodology via NPSS 
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Figure 4 - Expanding the role of numerical simulation in Aerospace Propulsion R & D 
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Figure 5. - Supersonic fan design process 
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Figure 6 NPSS integration of disciplines 
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Figure 7. - Numerical propulsion system simulation. 
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