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T!le ob jec t ives  of t h i s  s tudy were t o  i nves t iga t e  po ten t i a l  techniques 
f o r  improving the  s t a b i l i t y  modeling of c lean-inlet  and d i s to r t ed - in l e t  flows 
and t o  eva lua te  t h e  s e n s i t i v i t y  of s t a g e  c h a r a c t e r i s t i c s  t o  measurement 
e r ro r .  The analyses  were v e r i f i e d  by comparison with the  clean-inlet  per- 
formance and the  l / r e v  circumferent ial  total-pressure d i s t o r t i o n  performance 
of a 585-13 engine t e s t ed  a t  NASA L e w i s  Research Center. The ca l cu la t ion  of 
l / r e v  d i s t o r t e d  flow c i rcumferent ia l  r e d i s t r i b u t i o n  e f f e c t s  i n  the  blade-free 
volumes of the  compression component w a s  invest igated.  This  was accomplished 
through t h e  addi t ion  of t h e  angular momentum equation and the inc lus ion  of 
t h e  tangent ia l  flow terms t o  the  equations of cont inui ty ,  a x i a l  momentum, and 
energy. Analysis of t h e  to ta l -pressure  d i s t o r t i o n  simulations showed t h a t  i t  
w a s  possible  t o  c a l c u l a t e  r e d i s t r i b u t i o n  e f f e c t s  i n  blade-free volumes using 
a coarse g r id  i n  conjunction with a  lumped volume technique. The technique 
is numerically s t ab l e ,  but  is not  adequate f o r  def in ing  the  £ . h e  d e t a i l s  of 
flow f i e l d s .  However, t he  technique does meet the intended purpose of cou- 
p l ing  with t h e  parallel-compressor model and providing volume averaged 
r e d i s t r i b u t i o n  e f f e c t s  a s  compressor s ec to r  entrance flow conditions.  Exam- 
ina t ion  of the compression-component performance ind ica ted  no s i g n i f i c a n t  
improvement over t he  parallel-compressor-type so lu t ion  i n  predict ing the  
s t a b i l i t y  limit. This  f ind ing  is probably the  r e s u l t  of the  manner i n  -which 
t h e  i n l e t  guide vanes a r e  modeled and the f a c t  t ha t  the  presence of high- 
s c l i d i t y  i n l e t  guide vanes s inimize the  e f f e c t s  af  t anqent ia l  flow r s d i s t r i -  
bution. It is ant ic ipa ted  t h a t  the inc lus ion  of the  e f f e c t s  of r cd i s t r i bu -  
t i o n  w i l l  probably have a  more s i g n i f i c a n t  e f f e c t  when coupi+d with compres- 
s o r  models not possessing i n l e t  guide vanes. 

The aerodynamic response of a  blade row passing through a  d i s t o r t e d  flow 
region was modified using a  simple d i f f e r e n t i a l  form of the  dynamic response. 
S ign i f i can t  gains  i n  t he  a b i l i t y  t o  match the  d i s t o r t e d  i n l e t  compressor per- 
formance were made although s t age  mismatching poses some i i a i t a t i o n s  t o  the 
technique . 

Analyses conducted heretofore have been performed with the cons t r a in t  
t h a t  a l l  l o s se s  a r e  assigned t o  the ro to r  of a  s t age ,  while the s t a t o r  is 
considered lo s s l e s s .  A study was conducted i n  which va r i ab l e  s t a t o r  l o s ses  
were derived and t h e i r  impact on the  predicted s t a b i l i t y  l i n i t  and on the 
loca t ion  of the s t a l l i n g  s tage  was assessed. I t  was concluded tha t  the  
dynamic model was more s e n s i t i v e  t o  t he  t h r o t t l i n g  process b5th the inc lus ion  
of va r i ab l e  s t a t o r  l o s ses ,  although no s ign i f i can t  change i n  the ove ra l l  com- 
pressor s t a b i l i t y  was observed. 

F ina l ly ,  s tud ie s  were conducted i n  which the s e n s j t i v i t y  of the s t a g e  
c h a r a c t e r i s t i c s  t o  mea;urenent e r r o r  was evaluated. The t o t a l  pressure of 
one s t age  was varied one percent while the o v e r a l l  compressor c h a r a c t e r i s t i c  
was maintained. Clean-inlet-throt t l i n g  simulations were then conducted i n  
order t o  determine the  impact on the  predicted s t a b i l i t y  l i m i t .  These com- 
putat ions indicated t h a t  no s ignif ican:  change occurred i n  the predic t ion  of 
the  s t a b i l i t y  l i m i t  o r  the  s t a l l i n g  s t age  locat ion.  



2.0 INTRODUCTION 

Analys i s  o f  t h e  r e s u l t s  obta ined from t h e  General  E l e c t r i c  Dynamic 
D i g i t a l  Blade Row Compression Component S t a b i l i t y  Model d u r i n g  c lean- in le r -  
flow and d i s to r ted- in le t - f low s t u d i e s  of t h e  585-13 t u r b o j e t  engine (Refer- 
ence 1 )  i d e n t i f i e d  t h r e e  areas needing study. These a r e a s  were: 

1. E f f e c t  o f  ups t rean  r e d i s t r i b u t i o n  of c i r c u m f s r e n t i a l l y  d i s t o r t e d  
i n l e t  f lows on s u r g e  l i n e  p red ic t ions .  

2. E f f e c t  o f  inc lud ing  s t a t o r  l o s s e s  on s t a b i l i t y  p r e d i c t i o n s .  

3. E f f e c t  o f  rceasurernent i n a c c u r a c i e s  on der ived  s t a g e  c h a r a c t z r i s t i c s .  

During t h e  f i r s t  )-ear o f  t h i s  two vear  e f f o r t ,  t h e  Dynamic D i g i t a l  Blade 
Row Compression Component S t a b i l i t y  Nodel was modified t o  a mul t i - sec to r  
p a r a l l e l  compressor c o n f i g u r a t i o n  t o  permit  s imula t ion  of i n l e t  f lows wi th  
180°, l / r e v  t o t a l - p r e s s u r e ,  to ta l - t empera tu re ,  and combined t o t a l - p r e s s u r e  
and to ta l - t empera tu re  d i s t o r t i o n s .  The iniet t o t a l  p r e s s - x e  and t o t a l  tem- 
p e r a t u r e  were s p e c i f i e d  f o r  each s e c t o r  and a l l  s e c t o r s  e x i t e d  t o  a uniform 
s t a t i c  p r e s s u r e  downstream of t h e  compressor d i scharge  d i f f u s e r .  T h r o t t l i n g  
was accomplished by ramping t h e  flow f u n c t i o n  a t  a p lane  s imlt la t ing t h e  
t u r b i n e  diaphragm. Surge was p r e d i c t e d  when one s e c t o r  encountered t h e  c l e a n  
i n l e t  s u r g e  l i n e  and developed a n  aerodynamic i n s t a b i l i t y  whi le  o p e r a t i n g  on 
i t s  clean- inle t - f low speed- l ine  c h a r a c t e r i s t i c s .  A s  with most p a r a l l e l -  
compressor models, t h e  lcss i n  s u r g e  p r e s s u r e  r z t i o  is nore  a c c u r a t e l y  pre- 
d i c t e d  when t h e  speed l i n e s  are s t e e p  than  when t h e  speed l i n e s  have low 
s lopes .  Because of t h e  low gap-to-radius r a t i o s  t h a t  a r e  c h a r a c t e r i s t i c  of 
t h e  585-13, i t  was contended t h a t  t5is o v e r p r e d i c t i o n  of l o s s  i n  s u r g e  pres- 
s u r e  r a t i o  could  n o t  be z t r r i b u t e d  t o  i ~ t e r n a l  c ross f lows  Setween t h e  d i s -  
t o r t e d  and u n d i s t o r r s d  s e c t o r s .  Th i s  con ten t fen  is supported by t h e  a n a l y t  i- 
c a l  work o f  Plourde and Stenning (Reference 2 )  who showed t h a t  f o r  t h e  gap-  
to-radius  r a t i o s  c h a r a c t e r i s t i c  of modern compressors, very i i t t l e  c ross f low 
occurred.  Spr ing (Rzference 3 ) ,  us ing  t h e  technique of Plourde and Stenning,  
p red ic ted  t h e  r e d i s t r i b u t i o n  e f f e c t  of a compressat  on ar. upstreain d i s t o r t e d  
flow. It was found :hat f o r  a flow e x i t i n g  from a sc reen  f a r  upstrearr! of a  
compressor, t h e  impost '. t o t a l - p r e s s u r e  d i s t o r t i o n  -&th its a t t s n d a n t  u n i f o r s  
s t a t i c  p r e s s u r e  and l a r g e  flow d i f f e r e n c e s  was transformed a t  t n e  c o t p r e s s o r  
f a c e  t o  a flow with  e s s e n t i a l l y  i ts t o t a l - p r e s s u r e  d i s t o r t i o n  unchanged. 
However, s t a t i c - p r e s s u r e  and circumferentisl-velocity d i s t o r t i o n s  were c re -  
a t e d  whi le  t h e  f low d i s t o r t i o n  tended t o  a more uniform dts:rfbution.  Fur- 
t h e r ,  t h e  e f f e c t  of i n t e r n a l  c ross f lows  were examined i n  a recen t  s tudy  by 
Tesch, Moszee, and Steenken (Reference A ) .  They concluded t h a t  inc lud ing  
c r c s s f  low i n  t h e  model d i d  no t  improve t h e  p red ic ted  r e s u l t s .  

Analysis  o f  a l l  t h e s e  r e s u l t s  l e d  t o  t h e  conclus ion t h a t  t h e  u p s t r e s a  
boundary c o n d i t i o n s  imposed -1pon a  p a r a i l e l  compressor model a r e  u n r e a l i s t i c .  
During t h e  course  of t h e  e f f o r t  repor ted u?on h e r e i , ~ ,  t h e  upstream flow f i e l d  
was modeled by including t h e  angu1i.r momencum macrobalance and by inc lud ing  



t he  tangent ia l  flow contr ikr t ioas  t o  the mass and energy ma-robalances. It 
raras f e l t  t b E  use of a coarse grid (same number of circu&eret.tial sec tors  as 
used i n  the  p a r a l l e l  c q r e s s o r )  would be su f f i c i en t  t o  e s t ab l i sh  the  gross 
cha rac te r i s t i c s  of the  flaw f i e l d  d yet m i l d  ; iwe a su f f i c i en t ly  accurate 
estimate of the  flow f i e l d  entering the  compressor IGV's  fo r  the purposes of 
compression co~ponur t  s t a b i l i t y  computations. Hence, the upstream boundary 
coadit ioas were imposed upstteam a t  the  plane of the  screen pad the  f lov  
f i e l d  vsrs allowed t o  adjus t  t o  the more un i fxm volumetric flow per u n i t  a rea  
d i s t r ibu t ion  t h a t  is deceanded by the  pvmpiag charac te r i s t i c s  of the  compressor. 
Further, the  model was structured in such a way t h a t  circumferential  redis- 
t r ibu t ion  could be included in  the f r e e  volxme located b e m e n  the  t r a i l i n g  
edge of the  ICV and the  leading edge of ro to r  1 and i n  the  f r e e  wlumes 
between t he  compressor discharge d the  choke plane located at the  simulated 
turbine diaphragm locat ion i f  desired. 

Verif icat ion of the  e f f e c t  of c i r c d e r e n t i a l  flow redis t r ibut ion  in the  
presence of circumferential d i s t o r t i o n  was acsoraplished by s i m l a t i n g  183- 
a d  6O-degree extent l / r e v  total-pressure d i s t o r t i o n  pat terns and comparing 
these r e s u l t s  with test r e s u l t s  i n  terms of p r e s s u r ~  r a t i o  and flow a t  surge 
f o r  a t  least two corrected speeds. 

A second topic  of d i s t o r t i o n  analys is  modeling t o  be invest igated was 
t ha t  cf  ro tor  dynamic response. Since rotor  blade rovs ciurnot respol.d instan- 
taaeously t o  changes in  i n l e t  conditions -when passing through a d i s to r t ed  
flm: f i e l d ,  a p r e l h i n a r y  formulation of a ro tor  dynamic response function 
was developed. The respocse function -as evaluated through the  analysis  of 
circuraferential Cnlet total-pressure d i s to r t ions  of varying extents  a t  sev- 
e r a l  d i f f e ren t  corrected speeds. 

-411 total-pressure losses were assumed t o  occur only ir! ro to r  blade rovs 
during the Reference 1 study. This assumption is of ten  used when in te r s t age  
data  a r e  iimited and is not a l imi ta t ion  of the blade row model per se. The 
e f fec t  of t h i s  assumption on surge l i n e  predictions and t\e locat ion of the 
stage i n i t i a t i n g  the i n s t a b i l i t y ,  were evaluated by estimating s t a t o r  blade- 
row losses and including them i n  the  model. Then assuming tha t  the stage 
cha rac te r i s t i c s  remained unchanged, new re lac ive  total-pressure loss  coeffi- 
c ients  and ro tor  deviat icn angles were derived for  each rotor.  The im?rove- 
ments offered i n  the prediction of the loss  of surge pressure r a t i o  3y  in- 
cluding s t a t o r  losses  i n  the  model were evaluated by t h r o t t l i n g  clean-inlet 
flows t o  i n s t a 5 i l i t y .  The resul t ing  loss  i n  surge pressure r a t i o s  and cor- 
rected flows at surge were compared with test data. Further, the stage whexc 
i n s t a b i l i t y  w a s  i n i t i a t e d  with clean i n l e t  f low was compared with the  Refer- 
ence 1 resu l t s .  

During analysis  of t e s t  da ta  t o  es tabl i sh  s tage  c h a i z c t e t i s t i c ~  during 
the  Reference 1 study, i t  was found tha t  the s tage  chs rac te r t s t i c s  based upon 
data  (and assum~:ions required i n  l i e u  of n iss ing  t e s t  data) when stacked, 
did not prt,perly simulate the overa l l  speed l ine .  This was due t o  some 
stages being loaded d i f fe ren t ly  than design goals o r  ewer ience  would dic- 
t a t e .  Although, t h e  reason for  t h i s  discrepancy was not f e r re t t ed  out ,  the 
poss ib i l i ty  of instrumentation or instrumentation-induced e r ro r s  cculd never 



be ruled out.  Since the  Dynamic Dig i t a l  Blade Row Compression Camponcot 
S t a b i l i t y  Nodel requires l o s s  c o e f f i c i e n t s  and devia t ion  angles, vhich are 
derived from stage c h a r s c t e r i s t i c s  as input ,  i t  was deemed rppropr ia te  to  
determine t he  manner i n  which changes i n  s t a g e  c h a r a c t e r i s t i c  l e v e l s  would 
effect s t a b i l i t y  predict ioas .  

This e f f o r t  was conducted by paraesotricslly varying che pressure coef f i -  
cient of one stage and maintaining the  i w e r a l l  pressure r a t i o  - correcred 
flow charac te r i s t i :  I: t h e  speed l ine .  The model was then t h r o t t l e d  w!th 
clean i n l e t  flow t o  surge and the  d i f fe rence  i n  surge pressure ratio an; 
loca t ion  of the s t a g e  i n i t i a t i . ~  i n s t a b i l i t y  noted. 
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The parallel-compressor a a r l y s e s  of c t rcumfarcnt ia l  i n l e t  d i s t o r t i o n  
repor ted  u p  i n  Refereace 1 revealed c c r t a l n  a r eas  i n  which an improvement 
in t he  technique o f  surge l ine  predfc t foa  was suggested, p a r t i c u l a r l y  is the 
l w  speed regwe. This section repor t s  upoa an  inves t iga t ion  i n  which the  
p a r a l l e l - c ~ r e s s c ; r  Dyiamic D i g i t a l  Blade Row Compression C q m e n t  S t a S i l f t y  
b d e l u a s  modified t o  account f o r  t h e  c f r c d a r e a t i a l  r e d i s t r i S u t i a n  e f f e c t s  
axperfenced with c i r c m f e r e n t i a l l y  d i s t o r t e d  f a l e t  flovs.  These d i f i c a t i m s  
p e r a i t  the  model t o  ca l cu la t e  the  c i r c t a f a r e r i t i a l  readjustment of flw in 
blade-free volumes upstream and domstresm of the c.wpression component. 
Evaluation of t he  m d e l  resuLts  was accomplished through the a a a l v s i s  of 
circumferential cotai-pressure d i s t o r t i o n  on the  '%ossW 385-13 engine 
(Reference 5).  A dcscripcion of t he  385-13 and t h e  bas i c  m d e l  geometry m a y  
be found i n  Ref ereace 1. 

The model gewe:ry as reported i n  Reference f was podiffed s l i g h t l v  f a r  
t h e  r e d i s t r i b u t i n a  atodeling a:tiuities.  The mcdfi icat ions consis ted of :he 
add i t i on  of f i v e  add i t i ona l  blade-free volumes t z  rhe f ron t  of the  model. 
These volumes and the  two o r i g i n a i  blade-free volumes upstream of the  i c l e t  
guide vanes were added t o  p e w i t  ca l cu la t ion  of ZIw r e d i s t r i b u t i o n  I n  the 
region between the  d i s t o r t i o n  screen and the  i n l e t  su ide  vanes and t o  ~ s i c t a i a  
voltme leagths  no longer than the  l ang r s t  compressor blade rou. Figure 1 
provides 3 schematic of the  mcdel geometry used i n  t he  redis:ribution analyses 
sad Table 1 provides a tabula t ion  of the a d d i t i c n a l  g e ~ m e t r i c  lengths and 
areas. 

3.1.1 E q u 3 ~ f . s  of Chsnge 

The ccnplete  set  of non-linear par t ia l  d i f f e r e n t i a l  equat ians vhich 
descr ibe  the t r ans fe r  and s to rage  of mass, m e n t u n .  and energy uithin a 
f l u i d  a r e  ca l l ed  the  cquat1or.o of change (Reference 6 ) .  These e q s a t i ~ n s  have 
been in tegra ted  once over an s r b i t r s i y  voime cf the f l a w  systtr t z  ob ta in  
the  macroscopic balances f o r  quas i  two-di~censiona?. f l o w  vithcru: heat transfer 
and i n t e r n a l  f l u i d  shear  and a r e  r s p r d u c e d  below i n  t h e  i o n  i n  w h ~ c b  they 
a r e  used i n  the d~manic  coapression ccwoonent model. 







The t e r n  enclosed by braces,  i 1, i n  the  above equat ions a r e  add i t i ons  
t o  t h e  one-direcnsional feros of the  cont inui ty ,  axial momentum and energy 
equat ions as spec i f i ed  in Refereace 1. Equation 3 is t he  macro-balance 
expressioa f o r  t he  consen-ation of angular  momentun. Subscripted va r i ab l e s  
on t h e  right-hand side of the equations r e f e r  t o  q u a n t i t i e s  a t  t he  faces  of 
the control volume; i.e,, "in r e f e r s  t o  t he  a x i a l  f aces  and "f" r e f e r s  t o  the  
t angen t i a l  faces. Variables on the  left-head s i d e  r e f e r  t o  volume averaged 
q u a t i t l e s ,  1.e-, i n  general ized € o w  

The energy equation (Equation 4) was derived by co&ining the  equation 
of change f o r  energy and one of the chermdynantic TdS r e l a t i onsh ips .  These 
equat ions were used i n  t h i s  f o m  f o r  ca i cu la t ing  the  v o l m e  averaged q u a ~ t i t i c s  
i n  each s e c t a t  i n  blade-free volumes. The equat ions were used u i thou t  the 
terms enclosed by braces and without Equation 3 f o r  bladed v o l w e s .  

3.1.2 Forcc. E'ressure, and Entropy Production Terns 

This  set of equations (o ther  than being appl icable  t o  quasi  two-dimensicnal 
flaws without hea t  t r a n s f e r ,  v i thout  I n t e r n a l  f l u i d  shear ,  and a f i n i t e ,  but 
small volume) descr ibes  the  s t a t e  of a f l u i d  i n  motion. In  order  f o r  a 
so lu t ion  t o  be obtained, it  is necessary t o  supply the c a l o r i c  and the rna l  
equations of s t a t e  and expressions f o r  FB, Pg, and SF. FB (Equation 2 )  
represents  the  blade force  ac t ing  upon the  f l u i d  and includes cont r ibu t ions  
from the energy-producing torque term and the  drag force  t e rn .  Py (Equation 
2) represents  the  mean pressure over the  l a t e r a l  sur face  a rea  af the volume 



ehaent and is s a m e t ~  referred t o  a$ the drum and shroud force, It Ls 
calculated from a linear combinstian of the  entrance Md exit add static 
preesurtm. SF (Quat ion 4) is the  term whlch represents the  t o t a l  rate of 
itreversible commrsioa of mechamfurl t o  internal eaergy iand, in  the  case of 
tbis model, represents  the entropy productioa due t o  bl- row losses. 
Details of the  d e r i v a t l m s  of t h e  th ree  tenma may be found in Reference 1. 

3.1.3 Calculation Technique 

Tbe-dependent  s o l u t i a r  of the  system of equations (Equations 1 through 
4 and expr-sioae f o r  FB, Pn awl SF) t h a t  comprise the  m c  d i g i t a l  com- 
pression aqamnt mdel is effec ted  through a Taylor series which es tabl ishes  
the values of the  four  independent vol-atreraged variables 6, &, @, E )  
at the aext increment i n  t ime.  Thls technique is i d e n t i c a l  t o  that discussed i n  
Refemace 1 with the  addit ion tha t  t h e  tangent ia l  terms a l s o  must be considered, 
that is, jus t  as there are axial s t a t ions ,  there are c i r c d e r e n t i a l  s ta t ions .  
The circumferential  s t a t i o n  values are obtained usiag an in terpola t ion tech- 
nique which weights the  adjacent volume-averaged quan t i t i e s  in a manner 
inversely proport ioaal  t o  t h e i r  respective volumes, Hence, the  statioa 
values of density p i ,  c i r c t d e r e a t i a l  flow Wei. a x i a l  velocity CZi. and 
tangent ia l  ve loci ty  Cgi are obtained according t o  the generalized re la t ioa-  
ship 

Eqwtioa  (6) maximizes the  e f f e c t  of the  s m a l l  extent sec to r  which is i n  
keeping with the  f a c t  tha t  the  sec to r  s t a t i o n  is c loser  t o  the center  of the 
smaller volume than it is t o  the  center  of the larger volume. Thus, the 
s t a t i o n  value is more l ikely  t o  be c loser  t o  tke small sector-volume averaged 
value than it is t o  the large sector-volume averaged value. Further d e t a i l s  
on the Taylor series prediction of volume-averaged variables a re  given i n  
Reference 1. 

The redis t r ibut ion model w a s  developed as an extension of the DynamLc 
Dig i t a l  Blade Row Compression Component S tab i l i ty  Model discussed i n  Reference 
1 and as such the computational technique is qu i te  s imi la r  t o  tha t  i l l u s t r a r s d  
i n  Figure 12 of tha t  documeat. The s ign i f i can t  difference between the two 
techniques is the addit ion of a sec to r  calculat ion loop inside tke volume 
calculat ion loop f o r  the  redis t r ibut ton model. 

3.2 INITIALIZATION 

Like a l l  time-dependent solut ions ,  the dynamic redis t r ibut ion model 
requires a set of i n i t i a l  conditions i n  order tha t  the transient  event may be 
simulated. However, i n  the case of the circumferential redis t r ibut ion analysis ,  
the  problem of i n i t i a l i z i n g  a t rans ient  event is complicated by the fac t  tha t  



t he re  is no e a s i l y  obtaLPrable steady-stage s e l u t i a n  a s  there  is f o r  axisym 
metric flow. Therefore the startiag condit toas f o r  the  t r ans ien t  simulation 
were e b c a i a d  by a l l o w h g  a steady-state parallel-coaqrassor so lu t ion  t o  
settle out  d a r  the conatrafnt  of e coastant exit-flow function. Thus, the  
model use$ a thie-depeudeat c a l c u h t l m  u n t i l  the  flow der iva t ives  a r e  small 
enough t o  inssure that the  flow ltas readjusted t o  a val id  set of i n i t i a l  
c a n d i t i m  f o r  the traurslient event S~JBULB~IOU. 

3.3 C ~ B e W T x A L  BEDISTRIBUTIOt3 DISTORTION ANALYSIS 

The e f f e c t  of circumferential  ( tangential)  flow red i s t r ibu t ion  on the  
predict ion o f  the  behawtor of  the  d i s to r t ed  surge l i n e  was evaluated through 
the  simulation of 60° and 180' extent  l/rev c i r c d e r m t i a l  inlet to ta l -  
pressure d i s t o r t i o n s  st 80% and 100% corrected speeds. The d i s t o r t i o n s  were 
produced by a screen wlth 49% blockage and were tes ted  on the  "Xoss" 385-13 
engine as reported i n  Reference 5. The model was constructed such tha t  
r ed i s t r ibu t ion  was allowed i n  the  seven blade-free volumes upstream of the  
IGV and i n  t h e  blade-free volumes between t h e  OW and the  uniform static- 
pressure boundary condition (see Figure 1). 

The dynamic red i s t r ibu t ion  model was used t o  inves t iga te  a 180°, l / r e v  
circumferential  total-prerlsure d i s t o r t i o n  a t  80% corrected speed. The model 
was subdivided circuraferentially i n t o  six 60" sec tors ,  three  each i n  the 
clean-inlet and the  d is tor ted- in le t  regions of the  flow. The resu l t an t  oper- 
a t i n g  points  of the  individual  sec to r s  a f t e r  allowing s e t t l i n g  out  f o r  800 
time-steps from the  i n i t i a l  parallel-compressor so lu t ion  a r e  shown i n  Fig- 
ure 2. The operation of each sec tor  d i f f e r s  l i t t le  from the o r ig ina l  oper- 
a t ing  points  of the  sec to r s  of the  parallel-compressor case. It should be 
noted that Figure 2 represents the  performance a s  defined by the  region from 
the  IGV leading edge t o  the  OCV t r a i l i n g  edge and does not i l l u s t r a t e  the  
readjustment of the  flow upstream and downstream of the  conpressor i n  the  
blade f r e e  volumes. Figures 3 and 4 i l l u s t r a t e  the  a x i a l  flow d i s t r i b u t i o n  
and flow angle d i s t r ibu t ions  i n  the  blade f r e e  volumes. The incredse of 
a x i a l  flow i n  the d i s to r t ed  i n l e t  flow sec to r s  can be observed (Figure 3) 
with increasing distance downstream of the d i s t o r t i o n  screen. This in f lux  of 
flow i n t o  the  d i s to r t ed  sec to r s  is fu r the r  substantiated by the flow angle 
d i s t r i b u t i o n  (Figure 4). As one might i n t u i t i v e l y  expect, the f l u i d  tends t o  
flow i n t o  the  d i s to r t ed  (low t o t a l  pressure) flow sectors  downstream of the 
d i s to r t ion  screen. Figures 3 and 4 a l s o  i l l u s t r a t e  the  downstream readjust-  
ment of the flow between the  OGV and the  uniform stat ic-pressure boundary 
condition. Figure 5 i l l u s t r a t e s  the tangential-flow d i s t r ibu t ion  in the 
blade-free volumes upstream and downstream of the  compressor. 

A t  60°, l l r e v  circumferential  total-pressure d i s to r t ion  a l so  was inves- 
t iga ted  a t  80% corrected speed. Again the flow-field was divided i n t o  s i x  
6G0 sez t o r s  with total-pressure d i s t o r t i o n  occuring only i n  one of the sec tors  
The operating points of the sec tors  a f t e r  s e t t l i n g  out from the pa ra l l e l -  
compressor i n i t i a l i z a t i o n  a r e  shown i n  Figure 6. In addit ion,  a t h r o t t l i n g  
simulation was performed. L i t t l e  difference between the parallel-compressor 
and red i s t r ibu t ion  s t a b i l i t y  l i m i t s  was noted. The a x i a l  flow, flow angle, 
and tangent ia l  flow discrfbutions i n  the  blade-free volumes a r e  given i n  
Figures 7 ,  8, and 9. 
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Que to  the sysleacry of forces OR Sector 3 (the clam-Wet-f 1- sector 
opposite the Qfstorted sacor) wesy UttZe &mge &B seen frt the rural floor, 
t v t i a t  flaw, aad f h w  angle frae, the  di.tortioa screen t o  the cosprwssr 
fece. Theeta results are saqqmtd by the Referee 7 caslpoaeot tests, du- 
robich detailed f b  surveys were taka at the caarptessor Wet when operating 
wfth  dis tor ted M e t  flw conditfoas. 'Ehese tests sbQHPa tha t  the 
o e ~ o s f t e  the  scceao poesessed alPPoet 8e circllPf=ential miriatiam in acbl 
velocfty or flow nnafe. &camlaation of Figures  7 and 9 reveals two LOter- 
estw facts whkh are not camisteat 4 t h  Iut~itioD: 1) the  h c r w e  ~II 

€1- In tbe  dis tor ted sector is due t o  a deeresse i u  axial f l w  in Sactors 2 
aa8 b (eectors which are not adjacent ta the &tortcad sector) asti 2) there 
I s  a aet t6ingeatLal f law a U y  ta the aro Sectors (1 a d  5) adjscceat t o  the 
dtstorted sector. In aa attempt t o  obtain a be t te r  derstmditq of this 
predicted fl&r process, the c f r c d e r e m t f a l  static-pressure dis t r ibut ion tras 
eme1211gd. h i s  was accomplfstaed by plott ing the volume asit s t a t i c  pressure" 
(a prfmary flow variable) at each axial s ta t ion  as a function of aagular 
pasftitam (Figure 10). The ioportant feature of t h i s  plot  Ls tbat "side 
lobes" ~f l ow static-preosure are be- developed where f t  d d  be m t i c i -  
pat& tba t  w, static-presoure d e f i c i t  wPrrld occur although they have dLs- 
appear& by the tLae the tCO's are reuc&ed. fa order t o  d e t d e  what 
effect iaterpollatioa ia the c i r c d e r e a t Z a l  d i r ec t f a t  played, the interface 
stat ic-pressures betweea sectors  were plotted (Figure 11)- This plot shows a 
bet te r  b e b a d  dis t r ibut ion (no s ide  lobes), but the static-pressure distor- 
tloa has been s p r d  over 120° tdth a reduced rfniagn aagaitude. It is w e l l  
recegnfxed that  s m  of these flow field calculation aaa~olisco caa be reamed 
by going t o  a d i f fe ren t ia l  fo ra i l s t ion  as opposed to the Integral  formlat ion 
that is being used. However ,  such a formulation muld  mt mtch  we11 with 
the integral  compressor farawlacion which we vtshd to maintain. b7i le  it 
would be qui te  satis€* i f  the integral  flav f i L d  solution gave aa sGe- 
quate representatioa of the complete flow f ie ld  i n  blade f ree  voi-, i t  is 
fripportant t o  real ize  that  the raajor objective of the integral  c i r c d e r e n t i a l  
flow r edh t r i bu t ioa  forat la t ioa  is t o  provide a better representation of the 
flav entering the compression component and not necessarily of the  h o l e  flow 
field.  A t  chis point, i t  was appropriate t o  investigate the cause of t h i s  
behawfor aociag chat i t  also occurs in other flow variables. The e f f e t s  of 
the f o l l m n g  items were investigated: 

a A f i ne r  c i r c d e r e n t f 9 1  grid (=re s tz tors) .  

b) An odd amber of sectors. 

c )  A nonrquiangular sector distribution, 

d) A f iner  ax ia l  grid i n  the blade free v o l ~ .  

f 
It should be noted that  although the s t a t i c  pressure is plotted using l inear 

interpolation between the midpoints of each sector, the predicted model dis- 
t r ibution is represented by the tnset schematic . 
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I n  o rde r  to  obta in  an understanding of these  items, model conf igura t ions  
of t r#lve equal  30' sec to r s ,  eleven equal  32.721. sex to r s ,  and eleven s e c t o r s  
(one 60". t e n  30") corresponding t o  above items a ,  b, and c ,  r e spec t iv s ly  
(see Figure 12) were used f o r  t hese  s tudies .  

The v o l e  ax i a l - a s i t  c i rcumferent ia l  s ta t ic -pressure  d i s t r i b u t i o n s  a r e  
p lo t t ad  f o r  t h e  volume 1 e x i t  i n  Figure 13 with the  s i x  60" s e c t o r  d i s t r l bu -  
t i o n  superposed. The volume a x i a l  e x i t  c i rcumferent ia l  p ressure  d i s t r i bu -  
t i o n s  are p lo t t ed  i n  a similar mancer f o r  t h e  volume 7 e x i t  i n  Figure 16. 
The important f ea tu re s  of these  f igu res  can be swmarized as follows: 

1. A f i n e r  angular ex ten t  g r i d  does not r e m v e  the s i d e  lobes o r  even 
reduce t h e i r  magnitude. 

2. The occurrence of t he  s i d e  lobes is not r e l a t ed  t o  uhether  the  cors  
pressor  face  flow is divided i n t o  an even o r  odd number or' sec tors .  

3. The occurrence of t he  s i d e  lobes fs not r e l a t ed  t o  whether the  
s e c t o r s  are of equiangular ex ten t .  

.An attempt was made to run with same 15. s e c t o r s  adjacent  t o  t h e  d i s t o r t e d  
region i n  be l i e f  t h a t  even a f i n e r  gr id  i n  the region of high gradien ts  n ight  
g ive  b e t t e r  circrmtferential  d ' s t r i bu t ions .  Ynfartunataly,  t h i s  case  uould 
not run although no s i g n i f i c a n t  expenditure of tine uas made t o  circumvent 
t h e  incurred prcblems. 

The e f f e c t  of a f i n e r  a x i a l  g r i d  was examined 5g increasing the  nunber 
of blade f r e e  a x i a l  volumes upstream a t  the comoressor IGV from seven t o  
cweive i n  t h e  six 63' sec to r  a-del  (see Figures 13 and 14). ddain no s i g n i f i -  
can t  improvement uss noted, s i n c e  the  volume r e x i t  s t s t l c -p re s su re  s i d e  
lobes have aaqni tudes approsiaarely equal  t o  che d i s t o r t e d  sec to r  s t a t i c -  
pressure,  and a t  t he  e s i t  of the l a s t  blade f r e e  v o l u ~ e ,  the resu?:s a r c  
e s s e n t i ~ l l y  equivalent to the  s i x  60° s e c t a r  w i e l .  

Upon considering :he 100: corrected speeii 1ir.e. i t  uas tcc ided  tc L3vi.s- 
t i g a t e  only the  "worst" case configurat ion of 3 o O J ,  l j r e v  c i r c c x f e r e ~ t i a l  
to ta l -pressure  d i s t o r t i o n .  This  case required s a n s i 2 e r ~ b l c  e f f o r t  to s e t t l e  
out  as the  d i s t o r t i o n  l e v e l  uas 10.~"; (?LL!-YI?i)!AVC) and ca re  !lad t o  be 
exercised t o  avoiZ computaticna? prcklens due  t ~ v  :he i n i t i a l l y  la rge  s t a r t -up  
gradients .  Figure 15 i l l u s t r a c e s  :he r e su l t an t  operat ing poin ts  of che 
s ec to r s  an3 the  comparison with the ~ a r a l l e 1 - s o n p r r s s o r  sd lu t ion .  ihcuaen- 
t a t i o n  of the  a x i a l  flaw, flow angle,  and tangential-flow d i s t r i b u t i ~ n s  i n  
the blade-free volumes is provided ctbg Flgurss  l 6  through 18 respec t ive ly .  

Since the  $0: corrected speed t h r o t t l i n g  s i s u l a t i o n  showed l i t c l e  change 
when compared t a  the parallel-campressor model ? red is red  s t a b i l i t y  l i m i t  and 
s ince  the  100: corrected-speed sec to r  operat ing pa in t s  a r e  c lo se  t o  the  
parallel-compressor operacing poin ts ,  i t  was ZecidcC tha t  a  t t r r a t t i i c g  simu- 
l a t i o n  a t  1005 corrected s:eed was nor j u s t i f i e d .  



'I: - - - 
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3 . 4  REDISTRIBUTION t,YALY SES SUEMY 

The r e s u l t s  of t h e  a n a l y s e s  d i scussed  i n  t h e  previous  s e c t i o n  i n d i c a t e  
t h a t  i t  is p o s s i b l e  t o  c a l c u l a t e  some of t h e  c h a r a c t e r i s t i c s  of f low r e d i s -  
t r i b u t i o n  i n  t h e  b lade-f ree  volumes of a  compression component ds ing  a coarse  
g r i d .  That  is, u s e  of s e c t o r s  of l a r g e  angu la r  e x t e n t  can be used t o  o b t e i n  
t h e  g r o s s  c h a r a c t e r i s t i c s  of  t h e  f low f i e l d  which i t  is hoped are s u i t a b l e  
f o r  conduct ing s t a b i l i t y  ana lyses .  However, t h e r e  are some a s p e c t s  of t h e  
c a l c u l a t i o n s  which cannot be  improved by e i t h e r  i n c r e a s i n g  t h e  f i n e n e s s  of 
t h e  c i r c u m f e r e n t i a l  o r  a x i a l  g r i d s .  It  is s t r o n g l y  suspected t h a t  t h e  pres-  
ence  of  t h e  s t a t i c - p r e s s u r e  s i d e  l o b e s  is a r e s u l t  of t h e  algoric$m used t a  
d e f i n e  s e c t o r  i n t e r f a c e  v a l u e s  i n  t h e  c i r c u m f e r e n t i a l  d i r e c t i o n .  The flow- 
f i e l d  a t  t h e  e n t r a n c e  zo t h e  I G V ' s  i n t u i t i v e l y  appears  t o  be  c o r r e c t  and 
t h u s ,  h o l d s  promise f o r  p rov id ing  S e t t e r  conpressor  e c t r a n c e  c o n d i t i o n s  f o r  
u s e  i n  s t a b i l i t y  c a l c u l a t i o n s .  I f  o n e ' s  main in tz res :  were che d e t a i l s  of t h e  
f l o w f i e l d ,  then  i t  probably would be necessa ry  co r e s o r t  t o  a  d i f f e r e n t i a l  
formulat ion.  

b f i i l e  t h e  p r e d i c t i o n  of t h e  a a j o r  c h a r a c t e r i s t i c s  cf t k e  f l o w f i e l d  fs of 
i n t e r e s t  i n  i t s e l f ,  i t  has  n o t  i m ~ r o v e d  t h e  a b i l i t y  t o  p r e d i c t  the  lcss i n  
s u r g e  r r e s s u r e  r a t i o  due t o  d i s t o r t i o n ,  e x p e c i a i l y  a t  low speeds  f a r  t h e  JS5- 
1 3  comkressor. Although t h e r e  a r e  a  number of p o s s i b l e  s s p l a n a t i c n s  f o r  t h i s  
apparen t  d e f i c i e n c y ,  i t  is suspected t h a t  two of t h e  more s i g n i f i c a n t  e s s lana-  
t i o n s  a r e :  1) t h e  presence of t h e  IG1: and how i t  is modeled; and 2 )  r h s  
dynamic response  of t h e  r c t o r s .  

For t h i s  model of t h e  335-13 engine ,  t h s  1. e t  guide  vanes a r e  nodsled 
a s  a l o s s l e s s  blade-row having c o n s t a n t  d e v i a t i o n  ang1.e " " s  any pzrt icu lar  
speed l i n e .  Th i s  c o n s t r a i n t  f o r c e s  t h e  e x i t  a i r  ang le  ar' t?.e IG?' t o  r exa in  3 

c o n s t a n t ,  r e g a r d l e s s  of t h e  inc idence  ang le  t o  which it is s u b j  sctsd. %or 
example, F igure  4 i n d i c a t e s  a  23' range i n  a i r  ang le  a t  the  I G V  i n l e t  and :Jet  
t h e  e x i t  a i r  a n g l e  and l o s s  a r e  t h e  same f o r  a l l  s e c t o r s .  iiowever, t h e  rc-  
moval o f  t h i s  c o n s t r a i n t  rcouLd r e q u i t e  t e s t  da:a which s e n e r a l l y  is not 
a v a i l a b l e .  I t  is a n t i c i p a t e d  t h a t  a s imula t ion  af 3 fan wi th  20 IGV voul3 
e x h i b i c  cons ide rab l?  nDre respanse  t o  t h e  effects of r e d i s t r i 5 u t i m  zinc2 the  
r o t o r  1 l o s s  c o e f f i z i e n t s  and 2 e v i a t i o n  acgles v i l l  vary from sec:or t a  s e ; t ~ ? r  
as t h e  inc idence  azgle varFes  from s z c t a r  CL. s e c t o r .  

An a d a i t i o n a l  i:em o f  concern is t 5 a t  pa ra l l e l - canpressor  :y?e s c ; u ~ i z ? a  
doe not address  t h e  problen a f  t h e  dynamic respsnse  of t h e  r o t o r s  as they 
t r a v e l  through :he d i s t o r t i o c  p a t t e r n .  X ; r e l i m i n a r ! ~  i n v e s t i g a t i o c  i c t a  t i c  . . .  
tynainic b lade  r43w r i s p o n s e  was performed iq an d t t enpc  t o  gain sons :ns:gn: 
i n t o  the  magnitude of t h i s  e f f e c t  and i s  d i s c a s s e d  i n  thc  f . ~ i l c ~ i n g  szsticr.. 

Oze of t h e  s t andard  assumptions used i n  paralle!-compressor :yFe .ln.ll- 
yses is t h a t  the  conpress ion component of  each s e c t o r  responds iniieptii!ic:?t :y 
and a s  if each were exper iznc ing  c l e a n  i n l e t  f l aw .  This  impl ies  :hat sach 
s e c t o r  responds i n s t a n t a n e o u s l y  t o  c i r c u n f s r e n t i 3 1  v a r i a t i o n s  i n  inc idence  



angle. Durlng t h e  s imula t ion  of p lanar  p r e s s u r e  waves i n  a two-stage f a n  
(Reference 8). it was found that abowe c e r t a i n  f requenc ies  t h e  b l a d e  response 
could n o t  be adequate ly  represented vith an ins tan taneous  response,  but 
r a t h e r  p rov i s ion  f o r  t h e  dynamic response had to be d e  i n  o r d e r  t o  o b t a i n  a 
b e t t e r  r e p r e s e n t a t i o a  o f  t h e  b lade  row performance. It was t h e  purpose of 
t h e  fol lowing a n a l y s i s  t o  f o r m l a t e  a dynamic response f u n c t i a n  f o r  b lades  
c a t u r l n g  and leawlng c i r c u r a f e r e n t i a l l y  d i s t o r t e d  reg ions  and at  t h e  same t h e  
r e t a i n  t h e  econoatical c a a p u t s t i o n a l  advantages of a paral le l -compressor  type  
s o l u t i o n .  The method proposed in t h i s  r e p o r t  f o r  r e p r e s e n t i n g  t h e  aero- 
dynamic b l a d e  response t o  c i r c u m f e r e n t i a l  d i s t o r t i o n  b u i l d s  upon t h e  b lade  
response f u n c t i o n  developed f o r  b lade  rows s u b j e c t e d  t o  p l a n a r  waves in 
Reference 8 and t h e  work of Kimzey (Reference 9). 

The response of a b lade  row t o  chaqges of i n s t a n t a t o u s  inc idence  angle 
can be expressed a: 

where r is t h e  b lade  row time constaxx, i, is t h e  e f f e c t i v e  inc idence  a n g l e ,  
ii is t h e  ins tantaneous  incidence ang le ,  and i, is a r e f e r e n c e  inc idence  
angle. The dependent v a r i a b l e ,  e f f e c t i v e  inc idence  ang le ,  is def  incd as t h e  
incidence ang le  which fs equ iva len t  t o  t h e  dynamic response of t h e  b lade  a s  
i t  passes  through t h e  d i s t o r t i o n .  Th is  impl ies  t h a t  t h e  blade-row c h a r a c t e r -  
i s t i c s  a r e  f u n c t i o n s  of t h e  e f f e c t i v e  incidence ang le  r a t h e r  than  t h e  ins tan-  
taneous inc idence  m g l e .  T h i s  fo tmula t ion  permi t s  uorkinp wi th  only  one 
d i f f e r e n t i a l  equat ion and can account f o r  t h e  b lade  response t a  a s t e p  change 
i n  t h e  a c t u a l  incidence angle. 

With re fe rence  t o  Figure  19a and a p a r a l l e l  compressor model, t h e  quan t i -  
t y  ii is t h e  s t e p  change i n  a c t u a l  incidence ang ie  and f, is t h e  previous  
s e c t o r  e f f e c t i v e  incidence ang le  a s  t h e  b lade  leaves  t h e  s e c t o r .  Solving 
Equation (7) f o r  the homogeneous and p a r t i c u l a r  s o l u t i o n s  f o r  t h e  s t e p  change 
i n  incidence ang le  of Figure  19a y i e l d s  

The e f f e c t i v e  incidence ang le  response f o r  a l a r g e  angular  e x t e n t  d i s -  
t o r t i o n  where t h e  e f f e c t i v e  incidence ang le  rises e s s e n t i a l l y  t o  t h s  i n s - a n -  
taqeous v a l u e  of incidence ang le  is shown i n  Figure  19a. The s f  f e i t i v e  
incidence ang le  response f o r  a smal l  angu la r  e x t e n t  d i s t o r t i o n ,  where the  
e f f e c t i v e  incidence angle  w i l l  not  r i s e  t o  t h e  ins tantaneous  incidence ang le  
before  t h e  blade l eaves  t h e  d i s t o r t e d  region is shown i n  Figure  L9b. Notice 
t h a t  i n  t h i s  case .  t h e  s t a r t i n g  point  ( r e f e r e n c e  value)  f o r  t h e  e f f e c t i v e  
incidence ang le  c a l c u l a t i o n  i n  t h e  u n d i s t o r t e d  region is tire l a s t  va lue  of  
t h e  e f f e c t i v e  incidence ang le  i n  t h e  d i s t o r t e d  region.  
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Before the e f f e c t i v e  incidence angle can be used i n  a parallel cmpre%- 
s o r  d e l ,  it should be a o t d  t h a t  t h e  flow i n  each s e c t o r  is an  average flow 
for that sec tor .  Henee, t he  c o ~ ~ e r p o n d i n g  e f f e c t i v e  incidence angle t o  be 
used in  the p a r a l l e l  campressor ca l cu la t ions  i s  an average (mean) e f f e c t i v e  
Lacidence angle f o r  each sec tor .  In t eg ra t ion  of Equation 8 over the  i n t e r v a l  
(0 t o  t 2 )  t h a t  t h e  blade is wi th in  the s e c t o r  gives 

as an expressioa f o r  t h e  mean e f f e c t i v e  incidence angle. Since only r o t o r  
blade raw move i n t o  a d  out of dis turbances in a steady d i s t o r t e d  flow, 
Equation 9 is applied only t o  r o t o r s  and the  mean e f f e c t i v e  incidence angle 
r a t h e r  than t h e  instaritaureous incidence angle is used t o  determine t h e  r o t o r  
l o s s  c o e f f i c i e n t s  and devia t ion  angles. Therefore, i t  remained t o  de te rn ine  
t h e  t i m e  constant  of Equation 9 t h a t  bes t  represented the  t e s t  r e su l t s .  This 
vaur accoetplished by e v a l u t t n g  d i f f e r r n t  values of T u n t i l  an improved d a t a  
match betveen the  a d e l  r e s u l t s  and tire test d a t a  was obtained i n  terms of 
MRS. Since i t  had Seen wel l  es tab l i she?  i n  Reference i t h a t  t h e  Gynrt~lic 
parallel-compressor s t a b i l i t y  l i m i t  was reached vhen t he  d is tor ted-sec tor  
speed-line s lope  vent t o  zero, i t  w a s  f e l t  t h a t  t h e r e  w a s  no need f o r  dynamic 
s imulat ions during t h i s  preliminary inves t iga t ion -  Therefore,  t h i s  e f f o r t  
was performed through the  use cf  t he  s teady-state  parallel-compressor d e l .  
modified accordingly f o r  :he calcu1a: i~n of t he  e f f e c t i v e  inciderrce angle. 

The time constant i n  keeping ~ 3 r h  Reference 8 and the  w r k  of o thers  
(Reference 9) was defined t o  be propcrt ional  t o  t he  chord of t5e ro to r  d i -  
vided by t h e  i n l e t  r e l a t i v e  ve loc i ty ;  o r  in o ther  words, some mul t ip le  of the  
time i t  takes r p a r t i c l e  t o  t r a v e l  through the blade row. 

The same time constant  was used f o r  sach blade rou r a t h e r  than varying i t  as 
a function of s o l i d i t y  a s  uas  done i n  Reference 8. 

An attempc w a s  made t o  de te rp ine  an o~rimum value of the propor t iona l i ty  
constant  A at  each speed (80% and l O O Z  X//8 f o r  each d i s t o r t i o n  (180° and 
60° l / r e v )  by choosing the  i n t e g e r  value f r m  Figure 20 which gave the least 
e r r o r  becween the  predicted and measured values of LPRS. The 180'. l / r e v  s i m -  
u l a t i o n s  were performed using a two 180° sec to r  model while the  60°, l / r e v  
s imulat ions were performed using a two sec to r  d e L  with a 300° clean-inlet-  
flow sec to r  and a 60' dis tor ted-inlet-f low sec tor .  The speed l i n e  and predict-  
ed surge point  fo r  each d i s t o r t i o n  pa t te rn  and spsed with the  se lec ted  value 
of A a r e  given i n  Figures 21 through 23. Unfortunately,  it was not poss ib le  
t o  obta in  a so lu t ion  f o r  values of A g r e a t e r  than 2 f o r  the low flow sec to r  fo r  
t h e  60' ex ten t  d i s t o r t i o n  a t  80f corrected speed. The lack of r e s u l t s  v i t h  
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t h e  60°, 1lre-v total-pressure d i s t o r t i o n  r e s u l t s  at 80% correc ted  speed 
represent  more of o l i m i t a t i o n  of the  blade raw c h a r a c t e r i s t i c s  than t h e  
de t e r s l imt ion  of a n  optimum propor t ioaa l i t y  constant.  Any f u r t h e r  increase  
in t h e  constant  A t o  a va lue  g r e a t e r  than 2 pushed the  performance of the  
d i s t o r t e d  s e c t o r  t o  o l e v e l  here  t h e  uniform s ta t ic -pressure  boundary condi- 
t i o n  could not be s a t i s f i e d .  This  is a r e s u l t  of severe mismatching between 
t h e  c lean  inlet c h a r a c t e r i s t i c s  of  t he  ind iv idua l  s t ages  . 

The tiate cons tan ts  implied by the  above obtained p ropor t iona l i t y  con- 
s t a n t s  a r e  one-fifth t o  one-half the  t i m e  a blade r e s ides  i n  a 180° d i s to r t cd -  
flow s e c t o r ,  thus  i nd ica t ing  that the  e f f e c t i v e  incidence =gle has very 
near ly  reached a va lue  equal t o  the  instantaneous incidence angle  by the  time 
it has completely t raversed the  dis tor ted-f low region. An inspec t ion  of the  
p ropor t iona l i t y  constant  used i n  t he  planar  wave s t u d t e s  of Reference 8 shows 
t h a t  t he  constant  obtained i n  t h i s  s tudy is an order  of magnitude g r e s t e r  
than che Reference 3 propor t iona l i t y  constanc. It was recognized t h a t  the  
planar  wave propor t iona l i ty  constant ,  which was based on an incompressible,  
i nv i sc id  ana lys is ,  was too  small t o  permit proper representa t ion  of t he  blade 
row response t o  planar  waves. Further ,  the t i m e  constant  developed f o r  the 
c i rcumfereut ia l  d i s t o r t i o n  analyses  i m p l i c i t l y  takes i n t o  accourlt t h e  phase 
Lag between the  blade passages wi th in  a blade row operat ing i n  a d i s t o r t e d  
flow region and the  flow f i e ld  edge e f f e c t s  assoc ia ted  with the  low pressure 
region of t he  d i s t o r r i o n  pat tern.  

3.6 DYNAMIC BLADE-ROW RESPONSE S L ! Y  

Comparison of the  experimental,  parallel-compressor, and pa ra l l e l -  
compressor with dynamic blade-row response surge points  presented i n  Figures 
21 through 23 show t h a t  t he re  is considerable  gain t o  be r ea l i zed  when the 
blade-rm- dynamic response is taken i n t o  account. Even with the preliminary 
formulation given i n  t h i s  repor t .  s i g n i f i c a n t  improvements over the  pa ra l l e l -  
compressor analyses  can be made. It appears,  however, t n a t  the same value of 
propor t iona l i ty  constant (Equation 9) is not appl icable  fo r  a l l  speeds. This 
would tend t o  ind ica te  thac the  proporr iona l i ty  constant  is depsadent on son@ 
combination of the flow condit ions t h a t  change a s  a funct ion of speed. 



During the  dy&c blade-row s t a b i l i t y  ~ l y s e s  performeti in the  pra- 
vious sec t ioa  and i n  Reference 1, the  losses  f o r  an e n t i r e  s t age  were as- 
signed t o  the  rotor.  The s t a t o r  had no losses  assigned t o  i t  and possessed a 
c o ~ l e a a t  d e v h t i o n  angle. This d i s t r i b u t i o n  of losses  t d t h i n  a s t age  was not 
a constraint of the  modal, but r a the r  was dic ta ted  by the test data  which did 
not lend i t s e l f  t o  d i s t r ibu t ing  the  losses  between the ro to r  and the  s t a to r .  
It w a s  the  purpose of t h i s  study t o  evaluate the  impact of var iable  s t a t o r  
losses  on the  behavtor of the  dyn&c model. Since it was desired t o  m i d  
an extensive restackfag of the  canpressor, each individual  stage was held t o  
the  same overa l l  total-pressure and total-temperature cha rac te r i s t i c  with o r  
without the  inclusion of s t a t o r  losses. Thus, the overa l l  s tage  character- 
i s t i c s  and the  s t a t o r  deviat ion angle were held Invariant ,  while new ro to r  
l o s s  coe f f i c fen t s  and deviat ion angles were derived assuinfng a s t a t o r  loss  
d i s t r i b u t i o n  based upon cascade da ta  and correlat ions.  Evaluation of the  
a f f e c t  of var iable  s t a t o r  losses  was performed through a series of clean- 
inlet t h r o t t l i n g  simulations using the  dynamic analys is  computer model. The 
results obtained from these sfwrlat ions were compared with r e s u l t s  obtained 
during the  Reference 1 study i n  which s t a t o r  losses  were not included. 

4.1 DETERHINATION OF ROMR M D  STATOR LOSS DISTRIBUTIONS 

S ta to r  l o s s  d i s t r ibu t ions  were generated using a corre la t ion  technique 
based on experimental cascade t e z t  data. The corre la t ion  incliided the in- 
fluence of parameters such a s  s o l i d i t y ,  turning angle, incidence angle, i n l e t  
Mach number and d i f fus ion factor .  Once the s t a t o r  loss  d i s t r ibu t ions  were 
established,  the  resul tant  ro to r  l o s s  and deviation angle d i s t r ibu t ions  were 
determined using a der iva t ive  of the steady-state program (Reference 1)  with 
the  constraint  tha t  the  overa l l  total-pressure and total-temperature s tage  
cha rac te r i s t i c s  remain unchanged. Figures 24 through 29 present the  ro to r  
l o s s  and deviat ion angle d i s t r ibu t ions  and the s t a t o r  loss  d i s t r ibu t ions  
developed f o r  use i n  t h i s  analysis .  The inclusion of s t a t o r  losses  required 
t h a t  the  drag force of the s t a t o r  on the f lu id  be calculated. This drag 
force  was calculated i n  a manner analogous t o  tha t  for  ro to r s  (Reference 1) 
with the  difference tha t  r e l a t i v e  quant i t ies  such a s  t o t a l  pressure were 
replaced with absolute quant i t ies .  The Loss coeff ic ient  was defined as the 
l o s s  f n  t o t a l  pressure across the s t a t o r  divided by the s t a to r - in le t  dynamic 
head. 

4.2 CLEAN-INLET THROTTLIXG SIXULATIONS 

The e f f e c t  of including variable s t a t o r  losses on the dvnamic model was 
evaluated by performing a series of clean-inlet t h r o t t l i n g  s i~nula t ions  t o  
determine i f  any s ign i f i can t  differences i n  dynamic response or  locat ion of 
i n s t a b i l i t y  i n i t i a t i o n  occurred. Thrott l ing simulations were performed fo r  
the  "Moss" 385-13 engine a t  80% and 100% corrected speeds. Figures 30 and 31 
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i t rue t race  the dif ferent  respames fo r  the 80L speed l i ne  with aad without 
s t a to r  loclrss, respectively. A sirartrr coraparisoa is shown in Figures 32 
and 33 fo r  the 100% corrected s p e d  line. It was apputent fraa these 
throt tUng sislulotioas tha t  the indicated s t a b i l i t y  l i m i t  d i d  not c h a q e  
appreciably with the inclusioa of variable s t a to r  losses. However, during 
these s ~ l a t ~  it was discovered that the co9lputatima.l t i m e  required t o  
perform these th ro t t l ing  shuLatioas was signfficantly reduced with the 
inclusion of s t a t o r  loss. On the merage, the inclusion of the s t a to r  losses 
resulted fn a 332 reductioa in the computational t i m e  required t o  t h ro t t l e  t o  
the surge line. 

Further, an investigation of the s t a b i l i t y  cr i ter ion,  the r a t i o  of the 
volume-averaged flow time derivative t o  the exit volume-averaged flaw t i m e  
derivattve (amplification function), showed that  when the value of t h i s  
q l i f i c a t i o a  functioa exceeded 1.5 in a l l  volumes a d  the th ro t t l ing  process 
was terminated, the model wuld not settle in to  a steady-state condition. 
During the Reference 1 study when the s t a to r  lasses were assumed to  be zero, 
L t  was f o u d  tha t  the amplification function ~ u l d  have to  equal or exceed a 
value of 2.0 kt a l l  volumes before the &el would not s e t t l e  in to  a steady- 
state condition when the throt t l ing .recess was terminated. Thus, the re- 
duced th ro t t l ing  t h e  and 1-r vslue or' tne aepl i f icat ioa  functfoa for  
Gtfinfag the surge l i ne  a re  evidence tha t  the inclusion of s t a to r  losses 
resu l t s  i n  increased sens i t iv i ty  of the &el. 

Examination of the th ro t t l ing  simulation data b e l w  the experimental 
surge l i ne  indicated tha t  the inclusion of s t a to r  losses produced no s ignif i -  
cant changes i n  the individual blade-row performaaces and no change in the 
locations of the s t a l l i n g  stage, Certain differences i n  flow behavior i n  the 
post-surge region w e r e  observed for the cases * . t h  and i t h o u t  s t a to r  losses, 
but it is not k n m  whether t o  a t t r i bu t e  these differences to  the e f fec t  of 
s t a t o r  losses o r  t o  the extrapolation of blade-rou character is t ics  into the 
pos t-surge region. 
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A study was d e  t o  iden t i fy  the  impact of measurement e r r o r  on tke 
der1vati.m of stage characteristics and the resulting e f f e c t  oa the predic- 
tioa of  the s t a b i l i t y  limits of the  compression component. This analys is  was 
conducted using t he  '3Qssg1 as13 engine charac te r i s t i c s  a t  8QX and lOOX 
corrected speeds. A t  each sped the t o t a l  presaura at  the exit oE me s tage  
was varied t l Z  while holding the t o t a l  temperature constant. TBc modified 
nom-dhmsioaal  characteristics -re derived v f t h  the const ra in t  that the  
clean-Met-flow o v e r a l l  compressor cha rac te r i s t i c s  were maintained. The 
s t age  selected f o r  t h e  parametric va r i a t ioa  of exit t o t a l  pressure was the 
moist a f t  s t age  i n  the  compressor u i t h  a pos i t tve  s lope  pressure coeff ic ient  
characteristic. These s tages  were chosen because it uas thought they night  
produce the  largest e f f e c t  on s t a b i l i t y .  A t  802 corrected speed, s tage  4 uas 
se lected  and at lQOX corrected speed, s t s g e  3 was selected.  

Figures 34 a d  35 i l l u s t r a t e  the  non-diPtensional c ' b r a c t e r i s t i c s  fo r  the  
802 corrected s p e d  l i n e  u i t h  and without the  deviat ion i n  t o t a l  pressure. 
Only stages 4 and 5 are shown as these are the  only s tages  affected by a 
change in s t age  4 e x i t  t o t a l  pressure. Similar results are shown in Figures 
36 and 37 f o r  the  v a r i a t i ~ n  a t  130% corrected speed i n  the  s tage  3 exit t o t a l  
pressure. Since the  dynamic anal-ysis program uses blade-row characteristics 
i n  the  form of l o s s  coeff ic ient  and deviat ion azlgle, the modified non- 
dimensional s t age  charac ter5s t ics  were used t o  generate the  blade-row chaiac- 
tetistics. Figures 38 t k o u g h  41 i l l u s t r a t e  the  change i n  loss  coe f f i c i en t  
and deviat ion angle z s  a function of change ia t o t a l  pressure for  the 802 and 
lOOX corrected speed l ines .  

The impact of the  change in charac te r i s t i c s  on the s t a b i l i t y  l i m i t  was 
evaluated through a series of clean-inlet-flow t h r o t t l i l g  simulations which 
were p e r f 0 4  on both the 80% and 100: corrected speed l ines.  Figures 42 
and 43 i l l s s t r a t e  the  80% corrected speed t h r o t t l i n g  simulations for plus and 
minus one percent variat ion of the  s tage  5 t o t a l  pressure, respectively. The 
stability l i m i t  of the o r ig ina l  simulation and the experimental surge l i n e  
a r e  shown on the  figures. It can be seen tha t  there is r.0 s ign i f i can t  d i i f e r -  
ence between the o r ig ina l  sitnulation and &:re total-pressure var ia t ion  simula- 
t ions.  Similarly, Figures 44 and 65 show the lOOZ corrected speed t h r o t t l i n g  
s f su la t ions  for  plus and minus one percent s tage  3 e x i t  total-pressure vzria- 
t ion ,  respectively. Again tne sane conclusions can be drawn as for the case 
of the  80% corrected speed t h r o t t l i n g  simulations. Based on these analyses. 
it appears t h a t  the  s t s b i l i c p  l i m i t  of the  compressor is g r ina r i ly  tependent 
upon the  shape of  the overa l l  speed l i n e  ra ther  than the l eve l  of sane of rhe 
individual s tage  charac ter is t ics .  No change i n  the locat ion of the s t a l l i n g  
s tage  was observed a s  a r e s u l t  of perturbing the s tage  cha rac te r i s t i c s .  
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Enqinc. 80% XA", Plus One Percent Stage 4 To-31- 
Pressure. 
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Figure 45. Clean-Inlet-fhrott ling Sianrlat ion. '*YossV~ 385-13 
Engine. ;Om S/,'?, Minus One Percent Stage 3 Total- 
Pressure. 
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dpurLc pardbl-ampresoor ad- activltias dir aimed ta Ref- 
eraaee 1 1 4  t o  tecaPaPrlaciars dicb - to of fe r  pocsatiirl f o r  the 
dmmlqmmt of greater  imwt iaco forpreesor ad- in general a d  sta- 
bil&ty @elin$ lta parttEulrr. 'LBe s c t i r i c w  reported ugnm benth foclude 
am m a h i t t a m  of these r~mmmdeal t-. 

The! ablllty to calculate cirdesentlal  redis t r ikut ioa  effects in 
B l a Q A  vwlums rae deralnped ard dererrs t ra td  vf th ia  the cmputatiarrat 
b g i c  of the o q i o a l  DpamSc M~ral Elsde Reu C a r p r e s s h  Coapcmmt Stu- 
b d .  It is smf i caac  tsat grass redistribalom ef fec t s  fo r  the 
pmpses af stability edlculatioas can be predicted vftbout resor t iag t o  a 
f h e  wceh, dlfferentisl form of  the eqgstiorPls of change. Aftbogs'r the redis- 
trlbuthn rodel has not eater id ly  -roved the predictloa capabil i ty for the 
J8S-13, f t  f s  w~ r=o(faized tbt  the f u l l  pteptfol of tk model d not 
be eraluaced vben s i u r P t i a g  a compressor v l t h  an IGV. A rodel of a fan 
vimt an IGV would be a wre seesitire vehicle for  evalrut3.q the capabil- 
i t y  of tbe circdereatiol r ed t s t r i k r t i oe  por t f a t  of the radel. This e f fo r t  
fs bebg  acco~pl ishcd as part of a pt t o  be published study. Further, it i s  
recameded  tha t  ocher a l g o r i t b s  for deffnfug sector interface values in the 
c i r c d e r e u t f a l  d i rectfoa be lmrescfgated. While such s c h e ~ e s  are coocep- 
tuaIlf simple t o  formtlace, i t  fs noted that cbey are fundanental t o  main- 
tabisg numerical s tab i l i ty ,  an a t t r i bu t e  which feu a lgor thlas  can maintab. 

~rclbdnab Investigations revealed that significant gr ins  i n  the bra- 
eatch capabflicy of the model may be realized by appr>rimating the response 
of a rotor-blade flaw field t o  distort ion.  Considerably pore w r k  needs t o  
be accomplished t o  establish the dependace of the rotor flow-field respaase 
t o  rotor geometry, sped, and possibly other unknown factors. 

fnclusfoo of variable s t a t o r  losses in the dyasnic w d e l  resulted i n  the 
d e l  becoming more responsive t o  the th ro t t l ing  boundary condition. This 
h t e a s e d  reaponsfveaess has potentla1 payoff i n  -roved computational 
econcnnics and mote valid representations of transient events. Further, no 
significant difference i n  the predicted s t a b i l i t y  1 i m . i ~  of the compression 
component vith o r  without the iaclusion of variable s t a to r  losses occurred. 

Au evaluation of the stage c b r a c t e r i s t i c  sens i t iv i ty  to  ateasurm?t 
er ror  was performed for  two speeds on the J8S-13 engine and provided insight 
i n t o  the impact of such variat ions on the overall  s t a b i l i t y  1-t. It was 
shown tha t  the s t a b i l i t y  of the corppressor uas established by the overall  
characteristics of the compressor rather than by changes i n  level  to  an 
individrurl stage. However, it is recognized chat only one stage measurement 
was varied and f t  cannot be assumed that  t h i s  conclusion is valid for level 
changes i n  any stage. Furthewore, the impact of isolated measurement errors 
o r  test data extrapolations which might resu l t  i n  a variat ion in stage char- 
a c t e r i s t i c  slope were not evaluated. 
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