
The Japan Society of Mechanical Engineers

NII-Electronic Library Service

TheJapanSociety  of  Mechanical  Engineers

               MULTIDgSCIPLllNARY  AERO-MECHANICAL  DESIGN  OPTIMgZATION  OF  TURB[NE  BLADING513
                                                    johR  I. Cofer, IV

                                         Emgineous Japan, gne,, Yokohama,  Japan

                                                jack.cofer@engineeus.eem

'ABSTRACT
 1'his paper dese]'ibes an  integrated, multidiscipHnary,  multi-

                                                               objective opt]mlzation  systein  foi the aerodynamic  and
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mechanjcal  reliabiaity,  and  nianufacturing  cost.  This paper
describes the use  of  an  integrated, tnultidisciplinary,  inulti-

objective  optiinization  system  for the aerodynamic  and

mechanical  design of  turbine bladcs. 1)rocess integration and

design optiinization  software  is used  to liTik togetl]ci' conimercaal]y

available  siJnulation  codes  to automatc  airfOil shape  generation,

CFD  analysis,  strcss  and  vibration  ar]alysis,  and  post-processing of

rcsults,  Expcrt design Tules  and  const]'aints  are captured  in the

system,  and  vavious  optimization  strategies  are  employed  to

automaticaliy  search  the design space  to find optimal  desis,ns that

meet  goals for perl'ermancc and  stresses.  The systcm  produces
substantial  reductions  in design cycle  time, and  it cun  be used  to

assess  thc t:'ade-ofTk between rnultiplc  obj  ectives.

INTRODUCTION

   To  remain  competitive  in the  global power  gerieration
inarketpluce,  turbine inanufticturcrs  n]ust  conLinually  strive  to

deve[op highly el'iflicient, rcliub]e,  and  cost-etllectlvc  niuchanes  in

the shortest  possib]e time. To nieet  thcse objectives,  engjnecrs

face an  inherently multidisciplinary  optiniization  problcm with

many  con!licting  clesign  objeetives  aiid constralnts.  Because

traditional  manual  ta'ial-ancl-errer turbjnc dcsign processes are  no

longer adequatc  to ineet  this cha]lenge,  Tnany  turboinacliinery

coinpanies  are  werl<ing  te uutoniate  tlieir siniulation-based  design

processes and  use  "urneraeal  optiFnization  ]nethods  to develop
bettei' designs niuch  I'aster than is possib[e with  inanual  methods.

   A  ]cey {bcus oi' tl]ese cfifbrts is in blade design, bccause the
b]ading is often  the eritjcal path itein in a ne-,  desjgn, anc{ it has
thc  grcatcst impact on  overa]l  machine  efTiciency  and  rcliability.

]n the eariy  1990s, a iiumbcr  of  tLtrboinachinery  compunies  began
to automate  their si:nulation-based  blade clcsign  processes and

appEy  nLtinerical  optiinization  inethods  te improvc perforinance
and  reliabllity  while  at the same  tin]e rcducing  design eycle  tlinc

and  cost,  Early exaniples  that udd]'essed  the acrodynamie  design

process are  prcsented in referenccs  I-4.

   Ove]' the past five years, designers have expEtnded  these

systcnis  to include mechanica]  design aspects  te cnable  true

muitidisciplina",  design optiniization,  or  MDO  (5-7). Recent
efTbTts  havc focuseci on  achieving  robust  designs (8), or  dcsigns
that are  insensitivc to  uncertainties  and  vaviabi[ity  in suc]i things

as manufacturing  tolerances, material  pi'opcrties, and  loading

conditio]is,  and  on  tracking  multiplc  objeetives  independently to

better understand  the ti'adcoem  and  ensure  that thc bcst design
decisions are  made  (9}.

AUTOMATED  BLADE  DE$IGN  PROCESS

   Most  turboniacliinery  conipanies  use  a combkiatio]i  of  in-
house and  coinmercial  dcsign and  analysis  codes.  but it is

beeoining increasing difficult to maintal"  in-housc codes,  many  ef

whlch  are  decades old.  However,  it is now  possiblc to bu{ld a

comp]ete  turbine airfoit  design systcm  using  only  cornniercial

CFD  and  FEA  codes  integrated with  eominercial  proccss
intcgrutioi] und  design optimization  (1'IDO) softwarc.  By using  an

autoinated  desigLi systcin  that ineEudes e]ily  co"iniereial  cedes,

which  can  be highly eaUbrated  to historical dcsigii cxperience.

engineers  can  fbctis on  thcir key mission  
-

 dcsigning betler
machanes  

-
 and  not  have to won7  abeut  legacy eode  maintenancc

or  the  detuiis of  the  data transfor between codes,

e  iSIGH[g]-FD  fi'om Engineous Software Inc., a  fiexlble
   i'ramewoyk for process intcg]'ution, autornation,  and

   niultidiseiplinary,niulti-objectiveoptimization.

o  eBlade  from Engineous Software, a  blade design environment
   that  integrates teels for purunietric aiTfoil  shEipe  generation,

   blade staekins,  3D  viewing,  and  postprocessing  in a common

   graphical user  interface. It can  be operatcd  in manual  mede  or

   driven by the optimization  algorithms  ip iS[GHT-FD,
e  MgSES  fi'oni Ana]ytical Methods  Inc., 2D  mcsh  generation
   and  cascade  flow analysis,
e  G/Turbo@  and  FEuent@ fi'oin Fluent [nc., or  F!NETM/1'urbo

   from Numecu  International s,a., 3D  CFD  mesh  gencrution and

   analysis.

e Speeialized finite element  n]odeling  niesh  generation, and

   FEA  postprocessing tools for turbine blading, availab]c  fi'om
   several  venclors,

e  MS(].NASTRANTwr  from MSC.Software  or  ANSYST"(  fi'om

   ANSYS  lnc., finite element  analysis.

   Thc airfoi[  MDO  process captured  and  autematcd  in iSJGHT-
FD  is shown  in Figurc ]. This entire  proccss is driven by
eptimizatien  drivers to  achieve  specified  desis,n goals for'
aerodynamic  perfoTmance, stress,  and  vibratien.  It is fairly

rcpresentative  oi' thc  MDO  processes currently  used  i'er blade
design by many  stcam  and  gas turbinc  manufactureTs.  The  blade
design tasks are:

[. Data  defining thc radial  distribution of  inlet and  exit flow

   angles  und  thermodynainic  opevating  co"ditions  ave  extracted

   from the output  tile of  a quusi-3D throughfiow  analysis  at

   radial  heights specjficd  by tlie designer (i,e. for the '`design

   sections").  Data defining the radial  distribution of  section

   properties such  as axial  chord,  cross-section area,  and

   moments  of  incrtia are  extracted  fi'em an  external  text fite so

   that f'irst-order mechanical  requii'ements  can  be met.

2. An  initial value  l'or thc optimuin  number  ef  blades is

   ca]culated  based on  the Zweife1 so]idlty  criterion  (10). Thc

   resulting  bladc throat is fixed during the  optimization  proccss.
3. eBlade  is used  to ge]icrate airfbil  shapes  for each  design

   section  usillg a  vEll'iety of  bllilt-in l)al'Elllletl'ic 1'epl'esellttltiens.

   Fer  the cxample  in this papcr, typical high-turning steani

   turbh]e [tirfoil shapes  arc  generated using  the weEl-known

   Pritcha]'d parametric metiei  (11) inodified  to allow  thc

   optimizer  mere  t'lexibility to fine tune the shape,  The engineer

   can  use  the eBlade  GLj[ in manual  mede  to load an  existing

   blade to use  as a sturting  point, to set  constraints  oii thc i'anges

   of  design variablcs,  and  to conilgure  plots that are  shown  and

   updatcdduriiigtheoptimizatlonp]'ocess.

4. Airfoil section  properties are  ealeulated  to cheek  if thcy ineet

   the rcquireinents  deiined in Taslc ] within  a specified  tolerance

5 If the vcquirenients  are  not  met,  a  new  airfoil shape  is chesen.

   1fthey are  met,  thc proccss proceeds to Task 6.
6. The  blade passas,e defined by thc airfoi[ geemetry gencrated in
   Task  3 is meshed  and  a 2D  channel  flow analysls  is pertbrmed
   using  the MISES  code.

7. Ifthe optimizer  has achieved  a]] optimum  aerodynamic  design

   fbv a  given sectien,  

'1'as]cs
 3 through  7 ure  repeated  for

   additional  design sections.  If not,  the process returns  to Tasl< 3
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CONCLUSIONS

Automated blade design proccsses sucb  as the eiie  dcsevibed here

give designevs the fiexibility to Rpproach  the desigll problem  l'rom

many  angles.  During prell]ninary design, the engineer  can  L[se

Design of  Experiments tcchniques with  lower  fldclity eodes  to

identify the critical dcsign parametcrs that havc the inost  impact
on  meeting  the objectives,  so  that  the optimizer  does not  waste  its

time  when  ushig  the highcr fidelity CFD  and  FEA  codes.

Appvoxiniation  mode[s  can  be involced to reduce  the number  of

runs  o[' the high fidelity codes,  Multi-objcetive optimization

algorithms  can  be used  in conjunction  with  sophisticated

postproccssing tools to atlow  the  engineer  to theroughly

under$tand  the deslgn space  and  ass ¢ ss the tradeeffs between  oftcn

confiieting  ob.jectives,  This  w{Ii  help to ensure  that thc best design

decisions are  mude  to nieet  custoEner  reclLtirenients  for

perfonnance, cost,  ancl reliabiltty.
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