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SUMMARY 

Recent emphasis on increased maneuverability r. ,rements f o r  f i g h t e r  
a i r c r a f t  has necess i t a ted  an ex tens ive  engineering develop men^ e f f o r c  be 
d i r e c t e d  towards i n l e t l e n g i n e  compat ibi l i ty .  In le t / eng ine  compat ib i l i ty  must 
be assessed e a r l y  i n  the  a i r c r a f t  development program t o  a l low necessary 
i n l e t  ard engine design m d i f i c a t i o n s  t o  be def ined and inplemented a t  minimum 
c o s t  impact. This e a r l y  assessment of b - l e  t /engine compat ib i l i ty  is determin- 
ed by engine s t a b i l i t y  a u d i t s  computed us ing i n l e t  d i s t o r t i o n  l e v e l s  trom 
subscale  i n l e t  model d a t a  and engine s e n s i t i v i t i e s  t o  i n l e t  d i s t o r t  ion. 
Therefore, the  accuracy wi th  which subscale  i n l e t  model d i e o r t i o n  l e v e l s  
p r e d i c t  f l i g h t  test veh ic le  d i s t o r t i o n  l e v e l s  is a c r u c i a l  element i n  assess-  
ing  i n l e t l e n g i n e  compat ibi l i ty .  

The primary goal of t h i s  d i s t o r t i o n  methodologies study was t o  determine 
i f  t ime v a r i a n t  d i s t o r t i o n  d a t a  taken from a subscale  i n l e t  model can pre- 
d i c t  peak d i s t o r t i o n  l e v e l s  f o r  a f u l l  s c a l e  f l i g h t  t e s t  vehic le .  The d a t a  
base used t o  accomplish t h i s  goal was c o l l e c t e d  i n  s e p a r a t e  programs by FlCAIR 
and NASAIDryden, Subscale and f u l i  s c a l e  wind tunnel d a t a  were c o l l e c t e d  by 
3X.4IR during t h e  F-15 develepment program, and f l i g h t  t e s t  d a t a  were c o l l e c t e d  
by MAIDryden dur ing t h e  :.!=A I?-15 i n l e t l e n g i n e  compat ib i l i ty  f l i g h t  test 
program. This d a t a  base has a liar:A number range of 0.4 t o  2.5 and a n  angle  
of a t t a c k  range from -10 degrees t o  +12 degrees. 

The primary o b j e c t i v e s  accomplished i n  meeting the  o v e r a l l  program goal  
wer2 t o  determine t h e  e f f e c t s  on peak d i s t o r t i o n  of :  (1) Reynolds Number/ 
s c a l e ,  (2 )  engine presence arid (3) frequency content.  In  add i t ion ,  the capa- 
b i l i t y  of the  P&WA s t a b i l i t y  a u d i t  system t o  p r e d i c t  engine s t a l l s  w a s  
evaluated,  and the  c a p a b i l i t y  of Melick's procedure, Reference ( I ) ,  t o  pre- 
d i c t  peak t i m e  v a r i a n t  d i s t o r c i o n  i e v e l s  was evaluated.  Using t h e  P r a r t  and 
Whitney A i r c r a f t  d i s t o r t i o n  d e s c r i p t o r ,  Ka,, t h e  d a t a  i n d i c a t e  the  following 
s i g n i f i c a n t  r esuk t s  f o r  t h e  F-15lF100 inle$/engine p r o p u l s i ~ n  system. 

*:& 
o Peak t imGpvariant  d l . s tor t ion from bsca le  i n l e t  model wind tunnel * t e s t s  a r e  r e p r e s e n t e v e  of f u l l  s c a l e  f l i g h t  t e s t  d i s t o r t i o n .  

'..f 

o The time v a r i a n t  pressure  da ta  o f  t h i s  study a r e  random s t a t i o n a r y  
d a t a ,  thereby allowing va l id  s t a t i s t i c a l  analyses  t o  be condicteci. 

o The e f f e c t  o f  the  engine presence on t o t a l  pressure  recovery, peak 
time v a r i a n t  d i s t o r t i o n  and turbulence l e v e l  is small  bu t  favorable. 

o The Re--qolds numbrr/scale evaluat ion i n d i c a t e s  a general  t rend of 
inc reas ing  t o t a l  pressure  recovery, decreasing peak t h e  v a r i a n t  f an  
d i s t o r t i o n  and decreas ing turbulence wi th  inc reas ing  Reynolds number/ 
sca le .  

o The frequency content  evaluat ion i n d i c a t e s  t h a t  peak t ime v a r i a n t  
fan d i s t o r t i o n  and turbulence inc rease  with increas ing f i l t e r  cutoff  
frequency f o r  a l l  of the  da ta  evaluated in  t h i s  study. 

o The c a p a b i l i t y  of t h e  P r a t t  & Whitney A i r c r a f t  s t a b i l i t y  a u d i t  system 
to  ~ r e d i c t  engine s t a l l s  has been v e r i f i e d  f o r  both s t a l l  and non- 
? ta l l  f l i g h t  t e s t  c mdi t ions .  



G Predictions of peak distortion valws usurg Wick's procedure are 
accurate to 11.3 percent average error for fourteen data points 
having noninal turbulence levels .nd are accurate to 20 percent 
average error (the u x b m  error approaches 40 percent) for eight 
data points  having high turbulence levels. 



Becent emphasis on kcteased masewerability r c q u i r ~ l l a t s  for f ighter  
a i r c r a f t  has necessitated a extensive ensheering M o p s e n t  e f f o r t  be 
directed towards ialet lengine compatibility. Ialet/engine c o q a t i b i l i t y  
must be assessed early ia the  a i r c r a f t  develogpmt p r o g a r  t o  allow a m -  
sary Met and engine design rodificatifms t o  be definea axl iqlerenied 2 
minima cost  impact. Ikis ear ly  Pssessvnt of inlet/ensine corpa t ib l l i ty  is 
d e t e r r i n - 4  by engine s t a b i l i t y  audits corputed ming inlet d%storticm levels  
f r o m  subscale Met  model data and engine s c l u l t i v i t f e s  to Met d i s t o r t h a .  
,,.-sfore, the  accuracy with which subscale inle: rodel d i s to r t ion  levels 
predict fligb: test wehicle dis tor t ion  levels is a crucial eleaent ia a s s e s  
s ing  Inletlengine compatibility. 

I)urhg the develo-t prograr of the  F-l5 air superiori ty f igh te r  air- 
c ra f t ,  the  tiPe variant  pressure data w e r e  aaalyzed as required t.a ensure 
the  F-151F100 t o  be a compatible Mat /eng ine  sys tea  pr ior  t o  f l e e t  intro- 
duction, but no in-depth analyses -re conducted t o  invest igate d i s to r t ion  
methodologies and test techniques. Th i s  d i s to r t ioa  methodologies a d  test 
teckniqrres study u t i l i z e s  the extensive HCMR F-15 developeat  test data base 
and the data  base collected during the USUDrydea F-15 inlet, =..,ae cats- 
p a t i b i l i t y  f l i g h t  test program. The wind tunnel 4ata base was c o i l e c t d  
during the  period of Xarch 1970 through Xarch 1972 using a subscale M e t  
mdel (1/6th Scale), a f u l l  scale inlet &el without en-e (FSCP) and a 
f u l l  scale inlet ~ o & l  with engine (FSE) which vere dl tested at the Arnold 
Engineering l k v e l o p ~ l e ~ t  Center (AEDC) a t  T u l l a ! ~ ~ ,  Tennessee. The wind 
tunnel test conditions simulated both lcvel  f l i g h t  high energy mnewer- 
a b i l i t y  f l i g h t  conditions. The f l i g h t  test data base was collected i n  
NASA inlet lengine compatibility f l igh t  test program daring the period of 
April 1976 through June 1976 u s k g  F-15 a i r c r a f t  number 716281 vhich was 
tested a t  the W D r y d e n  Flight Research Cencer a t  Edwards Air Force Base, 
California, The a i r c r a f t  test conditions duplicated the selected wind rurmei 
test conditions for  both high energy maueuverability and level  f l i g h t  test 
conditions. These tm data bases vere integrated t o  provide the data  matrix 
used i n  t h i s  study. 

The F-15 i n l e t  system is a two-dimensional, external  compression, over- 
head three raq  variable capture area design v i t h  an in ternal  d i f fuser  ramp. 
This unique design is capable of rotat ing the e n t i r e  upper cowl and compres- 
s ion ramp system of the  inlet. thus providing a variable capture area  a d  
aligning the inlet with the approaching airflow over a wide range of :kch 
riders, angles of at tack,  and engine airflows. The Pra t t  and Uhimey Mr- 
c r a f t  (PSUA) FlOO turbofan engine, is a tw in  spool, high pressure ra t io ,  
lightweight engine with mixed flow augmentation and variable area convergent- 
divergent exhaust nozzle, the fan mdult has three stages and the compressor 
has ten stages. The fan and compressor a r e  each driven by dual turbine 
stages and the fan and core airflows are  mixed i n  the augmentor pr ior  t o  
af terburning. 

The prinmry goal of t h i s  study was to  ditermine i f  subscale i n l e t  model 
peak t i m e  variant d is tor t ion  data w i l l  accurately predict f u l l  sca le  f l ight  
test peak tinre variant d is tor t ion  data. To achieve this goal, several  speci- 
f i c  technical objectives were established including: (1) evaluate the 



quali ty of the t i u  variant  data, (2) determine the e f fec t  of  engine pre- 
sence on d is tor t ion  levels, (3) es tabl i sh  Reynolds number/scale e f fec t s  on 
d is tor t ion  levels, and (4) invest igate the e f f e c t  of frequency content on 
d i s t o r t  ion levels ,  

The f i r s t  sections of t h i s  report provide descriptions of the i n l e t  
mdsis, t e s t  pmgrars and the associated data acquisi t ion and data reduction 
s y s t m .  The follovi-g sect ions describe the  evaluation of the tire variant  
data quali ty,  e f fec t  of (1) engiae Fresence, (2) Re)nolds n u m b e r l s d t  and 
(3) frequency content, In addition, the capabil i ty of the P6UA s t a b i l i t y  
audi t  system t o  predict engine stalls is evaluated and the capabil i ty of 
I(e1ick's procedure, Reference (11, to p d i c t  post probable peak tipt. variant  
d is tor t ioa  values a re  edu~ec! .  The appendices contain a sample calculation 
of the d u t o r t i o a  descriptor,  Ka2, the d i s to r t ion  analysis p lo ts  and the  
associated s t a t i s t i c a l  ftmctions used for  the analyses. 



HDDEL DESCRIPTIONS 

The time va r i an t  pressure  da t a  from which the  peak va lues  of t i m e  var- 
iant d f s t o r t i a n  verc ca lcu la ted  fo r  t h i s  s tudy were co l l ec t ed  using J 1 /6 th  
sca l e  i n l e t  wind tun:~c'l model, a f u l l  s c a l e  i n l e t  wind tunnel  model t e s t e d  
with and without an engine and the f u l l  s c a l e  f l i g h t  t e s t  vehicle ,  a i r c r a f t  
71-0281. Schematics of these t h r ee  test a r t i c l e s  a r e  shom i n  Figure 1. The 
appl icable  test s e r i e s ,  test da t e s  and t e s t  f a c i l i t i e ~  a r e  as follows: 

*Amold Engineering Dr-velopment Center 

Ibe general physical  c h a r a c t e r i s t i c s  of  t h e  F-15 i n l e t  configurat ion,  
f u l l  s c a l e  f l i g h t  test vehicle ,  f u l l  scale inlet wind tunnel  model, 1 / 6 t h  
s c a l e  i n l e t  wind tunnel model, and engine f a c e  t o t a l  pressure rake a r e  d is -  
cussed below. 

- F a c i l i t y  
Test  S e r i e s  

NASA F-15 I n l e t /  
Engine Compatibt l i ty  
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TF269/SF144 
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SF1 39 
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F-15 I n l e t  Configuration 
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F a c i l i t y  
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AEDC* 
Tulla-, Tenn. 
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Tullah-, Tenn. 
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Tullahoma, Tenn. 
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Tullahoma, Tenn. 
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The i n l e t  configurat ion is a two-dimensional, ex t e rna l  compression, 
overhead three rasp va r i ab l e  capture a r ea  design wi th  an i n t e r n a l  d i f f u s e r  
ramp, and the  raa,  and bypass system geometries are i l l u s t r a t e d  i n  Figure 2. 
The i n l e t  cons i s t s  of  t he  th ree  forward compression ramps and a d i f f u s e r  o r  
four th  ramp, The cowl r o t a t i o n  system r o t a t e s  t h e  f i r s t  compression ramp 
assembly about a pivot point  near the cowl l i p .  The second, t h i r d  and 
fourth ramp s y s t e m  a r e  s laved together  and a r e  positioned simultaneously. 
The boundary layer  bleed s y s t e m  cons i s t  of t h e  second and t h i r d  ramp porous 
surfaces,  throat  s l o t  bleed and inboard and outboard s idcp la t e  bleeds. The 
th roa t  s l o t  i n  conjunction with the bypass door a c t s  a s  t h e  i n l e t  bypass sys- 
tem f o r  inlet /engine mtching.  
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Full  Scale Flight Test Vehicle 

The f l i g h t  test da ta  f o r  t h i s  study was obtained using F-15 a i r c r a f t  
number AF 71-0281 on b a i l  t o  NASA from the  U.S. Air Force and is shown i n  
Figure 3. This a i r c r a f t  which is f u l l y  i n s t r m n t e d  w a s  used i n i t i a l l y  as 
the Fl ight  Test Propulsion Subsystem Development Aircraf t  f o r  the  PiCAIR 
F-15 f l i g h t  t e s t  development program. 

On the  F-15 a i r c r a f t ,  t he  second, t h i r d  and fourth (dif  fuser)  i n l e t  
ramps a r e  l inked together and a r e  positioned by a u t i l i t y  hydraulics power 
actuator. The var iab le  capture a rea  feature is accomplished by a s i n g l e  
actuator  vhich r o t a t e s  the c w l  (including the f i r s t ,  second, and th i rd  ramps) 
about the lover cowl l ip .  The bypass door is positioned by a t h i r d  hydraulic 
actuator.  

The positioning of the three ac tua tors  is accomplished by an Air Inlet 
Controller (AIC) vhich uses freestream Xach number, inlet throa t  Mach number, 
co ta l  temperature, and angle of a t t ack  s igna l s  from the a i r c r a f t  sensors. 
In addition, t h i s  a i r c r a f t  is equipped with manual a i r  i n l e t  con t ro l l e r  
capabi l i ty  (not a production item) t o  allow i n f l i g h t  p i l o t  cont ro l  of the  
ramp and bypass door positions.  

The F-15 a i r c r a f t  is powered by two P r a t t  and Uhitney Aircraf t  F100-?W- 
100 turbofan engines. The F lOO engine is a twin spool, high pressure r a t i o .  
lightweight engine with mixed flow augmentation and a var iab le  area conver- 
gent-divergent exhaust nozzle. The fan module has three  s tages  and tire com- 
pressor has ten stages,  The fan and compressor a r e  each driven by dual tur- 
bine s tages  and the fan and core a i r f l o v s  are mi-xed in the augmentor p r io r  
t o  afterburning. The combustor is an annular design. The FlOO engines used 
f c r  this study vere S e r i a l  Nde r s  P690063 and P690081. Engine S i x  063 
vhich is a pre-production engine and denoted as an F100(2 719) MS r e t r o f i t t e d  
with a production fan and engine controls. This engine was hs t a l l ed  in the 
l e f t  engine nace l le  and instrumented with a nigh response engine face rake. 

Full Scale I n l e t  Wind Tunnel &del 

The f u l l  sca le  inlet wind tunnel pzodel, shown In  Figure 4, was t es ted  
u i t h  and without an engine in s t a l l ed ,  therefore providing the da ta  necessary 
t o  evaluate the e f f e c t  of the  esgine presence on peak time var ian t  d i s t o r t i o n  
levels .  This f u l l  s c a l e  i n l e t  test a r z i c l e  includes the basic  components of 
the i n l e t ,  i n l e t  controls ,  engine and transonic and supersonic p a r t i a l  fore- 
bodies. 

The f u l l  s ca l e  i n l e t  model, including the  e n t i r e  d i f fuse r  sect ion,  repra- 
s en t s  the t rue  aerodynamic configuration of the a i r c r a f t .  This i n l e t  model 
is fabricated of fl ightweight hardware and the a i r c r a f t  i n l e t  descr ipt ion 
of the previous sec t ion  is an accurate descr ipt ion of t h i s  i n l e t  model. 

The inlet ramps, var iab le  cowl and bypass door were positioned using the 
same model AIC a s  on the  f l i g h t  t e s t  a i r c r a f t .  The AIC used the  freestream 
Xach number, i n l e t  throat  Hach number, t o t a l  temperature and angle of a t t ack  
s igna ls  from e i t h e r  the model o r  vind tunnel sensors to posi t ion the ramps, 
var iable  covl and bypass door. This A I C  a l so  had a manual mode (same a s  the 
f l i g h t  t e s t  AIC) which allowed the t e s t  operator to vary the inlet ramps, 
var iable  cowl and bypass door while the tunnel was operating. 



For the  f u l l  scale inlet t e s t i ng  with engine, P r a t t  and Whitney Ai rc r a f t  
(P&WA) furnished the XF100-PW-100 ground t e s t  engine designated as -13. 
This engine is of t h e  same bas ic  desiga as the prototype and production FlOO 
engines with minor differences i n  the aerodynamic gas path. For t he  f u l l  
sca le  inlet t e s t i n g  without engine, a flow control/measurement system, de- 
noted as the cold pipe, was used in place of the  engine, i.e. f u l l  scale 
cold pi2e. The s i z e ,  munt ing  and face gecnnetry duplicated the P&WA engine. 

The complete a i r c r a f t  forebody could no t  be simulated a t  f u l l  scale be- 
cause of tunnel s i z e  l imitat ions.  Therefore, t ransonic  and supersonic p a r t i a l  
forebodies were ciesigned t o  simulate the  l o c a l  f lowfield a t  t he  inlet. Pre- 
vious inlet develop~rent t e s t i n g  using t h e  1 /6 th  s c a l e  model indicated t h a t  
t ransonicdl ly .  over the  range of angle of  a t t a c k  and zero s i d e s l i p  covered 
in the f u l l  s c a l e  wind tunnel testinz, the inlet performance a d  d i s t o r t i o n  
cha rac t e r i s t i c s  were not s i gn i f i can t ly  a f fec ted  by the presence of  the for- 
ward fuselage. Therefoze, a small p a r t i a l  forebody w a s  designed, which vas  
primarily required t o  funct ion as a f a i r i n g  forward of the fuselage. The 
supersonic p a r t i a l  forebody shape w a s  defined during the F-15 Forebody Flow- 
f i e l d  Development Test. Flowfield comparisons betveen the  f u l l  forebody and 
the  p a r t i a l  forebody showed t h a t  t he  f u l l  forebody generated more dovnwash 
a t  the inlet plane. This downwash w a s  duplicated during the  f u l l  scale i n l e t  
t e s t i ng  with the  p a r t i a l  forebody by ro t a t i ng  the e n t i r e  model negatively, 
with the  amount of ro t a t i on  as a function of fuselage ailgle of attack. The 
f u l l  s c a l e  test a r t i c l e  and supersonic p a r t i a l  forebody are shown i n  Figure 4. 

The boundary layer  bleed system w a s  i den t i ca l  t o  t h a t  on a i r c r a f t  71-0281. 
However, a test pecul iar  au-ul iary bypass door was b u i l t  i n t o  the test a r t i c l e  
forward of the  engine face. The aux i l i a ry  door eliminated i n l e t  i n s t a b i l i t i e s  
during engine s t a r t u p  and windmilling. During normal engine operation, the 
auxi l ia ry  door closed t o  make a smooth d i f fu se r  l ine.  A l l  bleed systems on 
t h e  f u l l  s ca l e  model vere  individual ly  ca l ib ra ted  p r io r  t o  tes t ing .  

1 /6 th  Scale I n l e t  Wind Tunnel Node1 

The 1/6th inlet wind tunnel model was used during +,he F-15 inlet develop- 
nent program. The model consis ted of a fuselage forebody assembly, a remote- 
l y  control led l e f t  i n l e t  and an inlet t o  engine duct t h a t  is in t e rna l ly  
s inu la ted  t o  the  engine compressor face s ta t ion .  The main duct a f t  of the  
engine face s t a t i o n  is equipped with a remotely actuated mass flow plug. 
The tunnel i n s t a l l a t i o n  o f  t h i s  model is s h o w  in Figure 5. 

The 1/6th s ca l e  i n l e t  model, including the e n t i r e  d i f fu se r  sec t ion ,  
represents  the t rue  aerodynamic configuration of the a i r c r a f t .  The cowl 
ro ta t ion  system, which includes the f i r s t  ramp assembly, and <he second, 
t h i r d  and fourth ramp system is iden t i ca l  t o  the  f u l l  s ca l e  ram? system and 
can be remotely positioned using two hidependent dr ive  systens.  The i n l e t  
assembly can be tes ted i so la ted  or with the forebody. 

The aerodynamic configuration of the boundary layer  bleed system is 
iden t i ca l  t o  the f u l l  s ca l e  t e s t  a r t i c l e s ,  however, bleed flow ducts  were 
attached t o  the bleed e x i t s  and these ducts yere  f i t t e d  with remotely ac- 
tuated mass flow plugs. The ducts could be removed i f  desired. 



Engine Fa:r Total  Pressure  Rake 

The engine face  rake conf igurat ion has  e i g h t  l e g s  and s i x  r i n g s  equal 
a r e a  weighted wi th  the  high response and s teady  state pressure  probes loca ted  
s i d e  by s ide .  The 116th scale con£ i g u r a t i o n  is an exact  s c a l e  ve rs ion  of 
full s c a l e  engine face  rakes a s  shovn i n  Figure 6. The full s c a l e  engine face  
rake w a s  used f o r  t h e  full s c a l e  i n l e t  w i ~ d  tunnel  t e s t i n g  and a l s o  on the  
f l i g h t  test vehicle.  



TEST DESCRIPTIONS 

Valid comparisons o f  peak time v a r i a n t  d i s t o r t i o n  d a t a  from f l i g h t  test 
and wind tunnel  test requ i re  t h a t  t h e  i n l e t  conf igura t ions ,  t e s t  cond i t ions ,  
a n a l y s i s  ti-ses and i n l e t  a i r f lows ,  be equivalent .  The i n l e t  conf igura t ions ,  
described above, a r e  i d e n t i c a l  f o r  each of the  test a r t i c l e s .  The techniques 
used t o  ob ta in  comparable test condi t ions ,  a n a l y s i s  times and i n l e t  a i r f l o w s  
of f l i g h t  and wind tunnel  t e s t  a r t i c l e s  are discussed below. 

F l i g h t  Tes t  Procedure 

The d a t a  base  f o r  t h e  1!6th scale inlet and t h e  f u l l  s c a l e  inlet wind 
tunnel  models e x i s t e d  p r i o r  t o  t h e  NASA F-15 Inle t IEngine Compat ibi l i ty  Tes t  
Program. Test  cond i t ions  were s e l e c t e d  from these  d a t a  t h a t  would provide a 
h igh l e v e l  of turbulence and s teady  state d i s t o r t i o n .  Some of t h e s e  s e l e c t e d  
t e s t  condi t ions  have extreme a i r c r a f t  a t t i t u d e s  such as -10 degrees angle  of 
a t t a c k  and +10 degrees angle of s i d e s l i p  a t  0.9 Mach number and -4 degrees 
ana le  o f  a t t a c k  z t  1.6 ?la& number. While wind tw.el models can be posi- 
t! led i n  these  extreme a t t i t u d e s  f o r  i n d e f i n i t e  pe r iods  of time, t h e  a i r c r a f t  
cannot f l y  a t  these  f l i g h t  condi t ions  i n d e f i n i t e l y  and s t i l l  maintain Mach 
number and a l t i t u d e .  To achieve these  extreme a t t i t u d e s ,  the a i r c r a f t  had 
t o  be maneuvered i n t o  the  des i red  test condit ion.  For t h e  -10 degree ang le  
of a t t a c k  and +10 degree angle  of s i d e s l i p  a t  0.9 Mach number, Fig- re 7, 
t h e  a i r c r a f t  was f i r s t  inver ted  and then s ides l ipped.  For the  1.6 %ch 
number a t  -4 degrees angle  of a t t a c k ,  the  a i r c r a f t  w a s  acce le ra ted  t o  the  
des i red  Mach nuyber, then "pulled-up" t o  p o s i t i v e  ang le  of a t t a c k  ( inc reas ing  
a l t i t u d e  and decreas ing Mach number) and then "pushed over" (decreasing a l t i -  
tude, increas ing Mach number) t o  achieve -4 degrees angle  of a t t a c k ,  1.6 
U c h  n d e r  a t  t h e  c o r r e c t  a l t i t u d e  as shown in Figure 8. 

Analysis T i r e  

m e  a v a i l a b l e  a n a l y s i s  times (time a t  des i red  f l i g h t  condi t ion)  f o r  the  
extx-erne f l i g h t  maneuvers a r e  r e l a t i v e l y  s h o r t  s i n c e  simultaneous matching of 
the  f i r s t  ramp, v a r i a b l e  cowl pos i t ion ,  second, t h i r d  and four th  ramp p o s i t i o n ,  
bypass door pos i t ion ,  angle  of a t t a c k ,  angle  of s i d e s l i p  while maintaining 
constant  Xach number, a i r f l o w  l e v e l  and a l t i t u d e  a r e  required t o  properly 
a s s e s s  the  d a t a  comparisons between f l i g h t  and wind tunnel  data.  

The a n a l y s i s  times f o r  the  f l i g h t  d a t a  ranged from .600 t o  2.8 seconds 
depending on the  des i red  test condit ion.  Using the  a c o u s t i c  s c a l i n g  c r i t e r i a  
of Reference (2) ,  t h e  respec t ive  a n a l y s i s  times f o r  t h e  116th s c a l e  i n l e t  
wind tunnel nodel a r e  .lo0 t o  .&67 seconds. 

Engine Airflow Level 

An engine power s e t t i n g  of in termediate  power o r  a f t e rburn ing  power was 
required f o r  mst of the  f l i g h t  maneuvers t o  achieve o r  s u s t a i n  t h e  f l i g h t  
maneuver. These two power s e t t i n g s  both have maximum cor rec ted  engine a i r f low.  
Therefore, nost  of the  d a t a  comparisons f o r  f l i g h t  t e s t  condi t ions  a r e  l i m i t e d  
t o  one corrected engine a i r f low.  However, f o r  the  wind tunnel  t e s t  a r t i c l e s ,  
the ensine power s e t t i n g  was var ied o r  the  mass flow plug was t r a n s l a t e d  t o  
provide a range of cor rec ted  engine a i r f low l e v e l s  for both s u p e r c r i t i c a l  



(without engine only) and subcrit ical  i n l e t  operation for 2ach t e s t  condition. 
Therefore, data points for two engine corrected airflow lek -1s were selected 
from the wind tunnel data to  bracket the airflow from the f l i gh t  t e s t  data 
point. This allowed in terpo l~ t ion  to match the f l i gh t  t e s t  airflow leve ls .  



DATA ACQUISITION AND 2EDUCTION 

Two similar procedures were used t o  a c q u i r e  and reduce t h e  time v a r i a n t  
pressure  d a t a ,  one f o r  the  wind tunnel tests and one f o r  the  f l i g h t  t e s t s .  
The primary d i f f e r e n c e  between the  two procedures is t h a t  t h e  Analog Distor-  
t i o n  Ca lcu la to r  was used in reducing the  f l i g h t  t e s t  d a t a  bu t  n o t  t h e  wind 
tunnel  test data.  

The Analog Dis to r t ion  Ca lcu la to r  (ADC) w a s  used dur ing t h e  NASA F-15 
i n l e t l e n g i n e  compat ib i l i ty  f l i g h t  t e s t  program. Analog va lues  o f  d i s t o r t i o n  
d a t a  were computed a s  a funct ion of time, and e l e c t r o n i c  f l a g s  were placed on 
t h e  wide band FH pressure  d a t a  tapes  corresponding t o  peak d i s t o r t i o n  values.  
The analog p ressure  d a t a  were then d i g i t i z e d  5300 mil l i seconds  about t h i s  peak 
f lhg ,  and t h e  d i g i t a l  time v a r i a n t  d i s t o r t i o n  d a t a  were calcula ted.  This 
procedure vhich w a s  a l s o  used dur ing t h e  F-15 inlet development wind tunnel  
program represented a s c b s t a n t i a l  cos t  savings  s i n c e  i t  el iminated d i g i t i z i n g  
lengthy d a t a  segments ( t h i r t y  seconds f o r  t h e  F-15 i n l e t  development program). 
Xowever, f o r  t h i s  study, the  AM: w a s  not used f o r  t h e  wind tunnel  d a t a  reduc- 
t i o n  procedure s i n c e  t h e  maximum a n a l y s i s  t i m e  was only  2.8 seconds. The 
analog pressure  d a t a  were d i g i t i z e d ,  and peak d i s t o r t i o n  va lues  were c a l c u l a t e d  
f o r  t h e  e n t i r e  a n a l y s i s  time. The d a t a  segment t o  be d i g i t i z e d  w a s  randomly 
s e l e c t e d  from v i t h i n  the  t h i r t y  second d a t a  record. Approximately 35 m i l l i o n  
pressure  values were d i g i t i z e d  and used t o  compute t h e  time v a r i a n t  d i s t o r t i o n  
d a t a  and t h e  required s t a t i s t i c a l  funct ions  f a r  t h i s  study. The d a t a  reduc- 
t i o n  paths f o r  t h e  f l i g h t  test d a t a  and wind tunnel  t e s t  d a t a ,  t h e  f i l t e r  
c h a r a c t e r i s t i c s ,  the  pressure  probe s u b s t i t u t i o n  technique,  t h e  d i s t o r t i o n  
d a t a  accuracy a d  t h e  time h i s t o r y  comparisons o f  analog and d i g i t a l  d i s -  
t o r t i o n  d a t a  a r e  descr ibed below. 

>#=I\IR F l i g h t  Test  Data Processing System 

The system c o n s i s t s  of a network of equipment loca ted  a t  XAIR/Edwards 
and a t  MUIR/St. Louis l inked  together  by a high-speed d i g i t a l  t ransmiss ion 
system u t i l i z i n g  a leased telephone l i n e .  The hear t  of t h e  system is a high 
speed d i g i t a l  computer loca ted  a t  t h e  XCXIR/St. Louis f a c i l i t y .  The t o t a l  
system is composed of t h e  preprocessor subsystem, d i g i t a l  transmission sub- 
system, hiqh speed d i g i t a l  computer subsystem and t h e  f o r n a l  d a t a  d i sp lay  
subsystem. A flow diagram dep ic t ing  the  d a t a  process ing system is shown i n  
Figure 9. 

? re ;~rocessor  Subsystem - The purpose of t h e  preprocessor subsystem is 
t o  ac&t t h e  onboard tape recorded s i g n a l s ,  perform t h e  necessary process ing 
c o n t r o l s ,  convert  t h e  analog s i g n a l s  i n t o  a d i g i t a l  form, s e r g e  t h e a n a l o g  

- 

and pulse  coded m d u l a t i o n  (PCM) data ,  provide t i m e  synchronizat ion of tile 
da ta  and produce a computer compatible tape. Header information on t h i s  
preprocessed tape provides the  necessary i n s t r u c t i o n s  t o  t h e  high speed d ig i -  
ta l  computer t o  al low i t  t o  perform a l l  t h e  requested computations and p l o t s  
on t h e  test runs preprocessed. The preprocessor has a mini-computer c e n t r a l  
process ing u n i t  (CPU) and a s p e c i a l  purpose d i g i t a l  computer. Set-up of t h e  
preprocessor is accomplished through t h e  use of process c o n t r o l  ca rds  t h a t  
include the job d e f i n i t i o n  cards  and measurand d e f i n i t i o n  cards.  These ca rds  
a r e  denoted a s  t h e  Instrumentation Ground Equipxlent (IGE) ca rds  and a r e  a l s o  
used f o r  p re - f l igh t  instrumentation checkout and set-up of the programmable 
a i rborne  d a t a  a c q u i s i t i o n  system. I n  add i t ion ,  the  preprocessor subsys tem 



uses  a d a t a  compression a lgor i thm t h a t  reduces d a t a  t ransmiss ion time by 
removing redundant d a t a  p o i n t s  dur ing transmission. 

D i g i t a l  Transmission Subsystem - Low- and high-speed d i g i t a l  transmis- 
s i o n  subsystems u t i l i z i n g  voice-aracle telephone l i n e s  in te rconnec t  t h e  MCAIRI 
S t .  Louis and the MCAIRIEdwards f a c i l i t i e s .  The low speed system is used f o r  
computer f i l e  updates and the  high-speed system is used a s  a tape-to-tape 
system managed on both  ends by i d e n t i c a l  c o n t r o l l e r s .  The high speed t rans-  
mission system t ransmi t s  synchronously (constant  b i t  r a t e )  and opera tes  i n  
a f u l l  duplex mcde which a l lows simultdneous t ransmiss ion o f  d a t a  and e r r o r  
s i g n a l s .  E f f e c t i v e  t ransmiss ion r a t e s  of a p p r o x h t e l y  67C3 b i t s  pe r  second 
a r e  being obtained. The l c r s p e e d  t ransmiss ion systems a t  the  MCAIRIEdwards 
f a c i l i t y  c o n s i s t s  of a mini-computer i n t e r f a c e  subsystem configured w i t h  a 
keyboard and p r i n t e r ,  card  reader ,  and card  punch. It i s  connected t o  t h e  
h igh speed d i g i t a l  computer i n  S t .  Louis. Transmission is asynchronous at 
r a t e s  cp t o  14.8 c h a r a c t e r s  pe r  second i n  a half-duplex mode. 

High Speed Computer Subsystem - This h igh speed d i g i t a l  computer subsystem 
provides s t o r a g e  space f o r  t h e  i n f o r m t i o n  f i l e s  and t h e  computat i o n a l  capa- 
b i l i t y  t o  r a p i d l y  process and d i sp lay  t h e  required d a t a  i n  suppor t  of t h e  
XAIR f l i g h t  test a c t i v i t i e s .  To handle t h i s  t a sk ,  the  system is configured 
wi th  a 512 thousand by te  aemory, a 400 mi l l ion  by te  d i s k  s to rage ,  f o u r  nine- 
t r a c k  dual-density (80011600 BPI) t ape  u n i t s ,  a l i n e  p r i n t e r  (1100 LPM) and 
a combination ca rd  readerlpunch (1100 CZM read and 300 CPM punch). The sub- 
system is operated i n  a V i r t u a l  Storage (VS-1) environment which is c u r r e n t l y  
configured t o  a l low four  multiprogrammed p a r t i t i o n s  of  512 thousand bytes .  
I f  necessary ,  any p a r t i t i o n  s i z e  can be increased t o  4 m i l l i o n  by tes  of v i r -  
t u a l  memory. Th i s  arrangement provides many f e a t u r e s  of a very  l a r g e  comput- 
i n g  system without  the  l a r g e  s c a l e  c o s t s .  

Forrnal Data Display Subsystems - The Formal Data Display subsystem con- 
sists of l i n e  p r i n t e r s  and e l e c t r o s t a t i c  p l o t t e r / p r i n t e r s .  The MCAIRISt. 
Louis f a c i l i t y  has an e l e c t r o s t a t i c  p l o t t e r / p r i n t e r  i n t e r f a c e d  (on-line) 
t o  t h e  high speed d i g i t a l  computer. This p l o t t e r / p r i n t e r  is  capable of pro- 
ducing a completely annotated hard copy p l o t  i n  approximately 4 seconds and 
a t a b u l a r  p r i n t o u t  a t  approximately 2500 l i n e s  per s i n u t e .  A p r i n t e r  (1100 
l i n e s  per  minute) is a l s o  i n t e r f a c e d  t o  the high speed d i g i t a l  computer. The 
liCXIR/Edwards f a c i l i t y  has  an e l e c t r o s t a t i c  p l o t t e r / p r i n t e r  which opera tes  
a s  a "stand alone" system con t ro l l ed  by a mini-computer. I n  t h i s  configura- 
t i o n ,  a magnetic tape  is t h e  inpu t  t o  the subsystem. 

FICAIR Wind Tunnel Test  Data Process ing System 

The d a t a  process ing system c o n s i s t s  of a network of equipment loca ted  
a t  YCAIR/St. Louis. The t o t a l  system i s  composed of a d a t a  recording sub- 
system, d a t a  d i g i t i z i n g  subsystem, a high speed d i g i t a l  computer subsystem 
and a formal d a t a  d i s p l a y  system. 

Data Recording and Playback Subsystem - The high response wind tunnel  
pressure  d a t a  is recorded on one inch wide band magnetic t ape  us ing cons tan t  
bandwidth (CBW) techniques. The subscale  d a t a  were recorded wi th  s i x  d a t a  
~ h a n n e l s  per  t r ack  and the  f u l l  s c a l e  d a t a  were recorded with seven d a t a  
channels per  t rack.  I n  add i t ion ,  two t r a c k s  were a l l o c a t e d  t o  record t h e  
IRIG time code and a reference  o s c i l l a t o r  s i g n a l ,  and two t r a c k s  were l e f t  
blank f o r  use during the  d i g i t i z i n g  process.  



Data D i g i t i z i n g  Subsystem - To i d e n t i f y  the  d a t a  segment f o r  d i g i t i z a -  
t i o n ,  the  magnetic tapes  a r e  replayed on t h e  t ape  recorder  a s  shown i n  Figure  
10a. During playback, t h e  I R I G  time code is e l e c t r o n i c a l l y  processed by t h e  
t ime code reader  and assoc ia ted  e l e c t r o n i c s  and a D.C. l e v e l  d i g i t i z i n g  pu l se  
is recorded on one of the  blank t r a c k s  t o  i d e n t i f y  the  d a t a  segment s e l e c t e d  
f o r  d i g i t i z a t i o n .  

The tapes  were then replayed a g a i n  as shown i n  Figure lob,  and t h e  d a t a  
were d iscr iminated (two t r a c k s  f o r  each pass ) ,  f i l t e r e d  wi th  the  d e s i r e d  four  
pole  Bessel  f i l t e r s  and d i g i t i z e d  us ing  sample and hold modules and an 
analog-to-digital  converter .  S ince  the  d a t a  were d i g i t i z e d  dur ing m u l t i p l e  
passes  of the  t ape ,  it was necessary  t o  t i m e  c o r r e l a t e  t h e s e  data .  Th i s  
was a=complizhed by g a t i n g  t h e  D.C. l e v e l  d i g i t i z i n g  pu l se  w i t h  t h e  I R I G  
time code and then ga t ing  the  re fe rence  o s c i l l a t o r  s i g n a l  t o  t h e  analog-to- 
d i g i t a l  conver ter .  The d i g i t i z e d  d a t a  were then buffered i n t o  a c o r e  memory 
=d recorded on a n ine  t r ack ,  e i g h t  hundred b i t s  pe r  inch d i g i t a l  tape. 

High Speed D i g i t a l  Computer Subsvstem - Using t h e  d i g i t a i  d a t a  t a p e  
generated dur ing the  d i g i t i z i n g  process  as the  primary i n p u t ,  t h e  mul t ip le  
pass  d i g i t i z e d  d a t a  segments were merged i n t o  a s i n g l e  pass  d a t a  seepent 
which was o u t p ~ t  t o  magnetic t ape  (merged high response da ta )  having a blocked 
format with one d a t a  f i l e  p e r  d a t a  segment, a s  shown i n  Figure lob. The merg- 
i n g  process was con t ro l l ed  by a high speed d i g i t a l  computer which used a 
80 aegabyte d i s c  f o r  working Zi les .  The output  d a t a  format w a s  a 24 b i t  
b inary  i n t e g e r  which corresponded numerically t o  t h e  16 b i c  inpu t  da ta .  

The merged high response p r e s s u r e  d a t a  were then read from t h e  magnetic 
tape  by a high speed d i g i t a l  computer and c a l i b r a t i o n  s c a l i n g  was app l i ed  t o  
o b t a i n  high response p ressure  d a t a  i n  engineer ing u n i t s .  These d a t a  were 
used t o  compute t h e  t i m e  v a r i a n t  fan d i s t o r t i o n  data.  The tine v z r i a n t  pres- 
s u r e  and d i s t o r t i o n  d a t a  were then output  t o  magnetic tape.  

Formal Data Display Subsysten - Using t h e  time v a r i a n t  p ressure  and 
d i s t o r t i o n  d a t a  magnetic output  t ape  and t h e  appropr ia te  sof tware  packages, 
high q u a l i t y  time h i s  to ry  t r a c e s  of d i s t o r t i o n  da ta ,  t o t a l  p ressure  contour,  
power s p e c t r a l  d e n s i t y  p l o t s ,  c r o s s  s p e c t r a l  d e n s i t y  p l o t s ,  a u t o c o r r e l a t i o n  
p l o t s  and c r o s s  c o r r e l a t i o n  p l o t s  were produced using a high speed 
e l e c t r o s t a t i c  p r i n t e r l p l o t t e r .  

F i l t e r  C h a r a c t e r i s t i c s  

Low band pass ,  4 pole a d j u s t a b l e  Bessel  f i l t e r s  were used f o r  t h i s  s tudy,  
the  frequency response c h a r a c t e r i s t i c s  of which a r e  shown i n  Figure  11. The 
f i l t e r  cu to f f  frequency could b e  ad jus ted ,  thus a l lowing t h e  e n t i r e  s e t  of 
d a t a  used f o r  t h e  study (wind tunne l  and f l i g h t  t e s t )  t o  be reduced using 
t h i s  one s e t  (48) of f i l t e r s ,  thereby,  e l imina t ing  incons i s t enc ies  i n  f  re- 
quency response c h a r a c t e r i s t i c s  f o r  t h e  model and f l i g h t  data .  High response 
pressure  d a t a  used t o  compute time v a r i a n t  d i s t o r t i o ?  d a t a  f o r  t h e  FlOO engine 
s t a b i l i t y  a u d i t s  a r e  f i l t e r e d  a t  170 Hertz cu to f f  frequency a s  s p e c i f i e d  
by P&WA which corresponds t o  des ign r o t o r  speed. 



Pressure  Probe S u b s t i t u t i o n  Technique 

During the  computation of d i g i t a l  d i s t o r t i o n  and generat ion of engine 
face  pressure  p r o f i l e  p l o t s ,  i t  was sometimes necessary  t o  s u b s t i t u t e  f o r  
a o p e r a t i v e  probes on t h e  rake ts - , . ra in  values  a t  a l l  48 probe loca t ions .  

A probe w a s  considered t o  b s  o u t  of to le rance  when t h e  t o t a l  p ressure  
recovery f o r  t h a t  probe l o c a t i o n  w a s  g r e a t e r  than 1.1 and less than 0.2. The 
output  from each probe o f  t h e  rake w a s  examined p r i o r  t o  d a t a  rcduccion, and 
probes were de le ted  i f  the  probe ou tpu t  was suspect.  I n  add i t ion ,  d a t a  
reduction was ha l t ed  i f  more than s i x  probes were inopera t ive  on two adjacent  
l e g s  o r  more than twelve probes were inopera t ive  on the f o r t y  e i g h t  probe 
rake. 

A s e t  of probe s u b s t i t u t i o n  c r i t e r i a  which were developed dur ing t h e  
F-15 i n l e t  c,-velopment program were used f o r  t h e  s tudy a r e  a r e  presented I n  
Figure 12. I f  these  c r i t e r i a  f a i l e d  t o  determine a forty-eight probe s e t ,  
the adjacent  most r a d i a l  and c i rcumferen t ia l  t h r e e  probes were averaged and 
used t o  o b t a i n  a probe l o c a t i o n  v a l u  Probes were obtained by p ~ o c e e d i n g  
in a r a d i a l  d i r e c t i o n  f i r s t  and i n  a rcumferent ia l  d i r e c t i o n  second. 

Dis to r t ion  Data Accuracy 

An e r r o r  assessment was made i n  Reference (3) f o r  t h e  F-15 f l i g h t  t e s t /  
f u l l  s c a l e  i n l e t  wind tunnel model engine face  rake conf igurat ion.  Typical  
e r r o r  in  t h e  f a n  d i s t o r t i o n  f a c t o r  a s  a func t ion  of pressure  e r r o r  i s  shown 
i n  Figure 13. 

Analog and D i g i t a l  Dis to r t ion  Data Comparisons 

The Analog Dis to r t ion  Calcula tor  was used dur ing the  NASA F-15 i n l e t /  
engine f l i g h t  t e s t  program to f l a g  peak values ,  the re fore  i d e n t i f y i n g  t h e  
da8.a time segment t o  be d i g i t i z e d .  It is important t h a t  the  ADC c a l c u l a t e  
peak time v a r i a n t  d i s t o r t i o n  accura te ly  s o  t h a t  the  c o r r e c t  t i m e  segment is  
s e l e c t e d  f o r  d i g i t i z a t i o n .  To i l l u s t r a t e  t h e  accuracy of t h e  ADC, time his-  
to ry  t r a c e s  of analog d i s t o r t i o n  d a t a  and of d i g i r a l  d i s t o r t i o n  d a t a  f o r  t h e  
f l i g h t  t e s t  program a r e  compared in Figure 14 and a d d i t i o n a l  comparisons 
a r e  made i n  Appendix A. As can be seen from t h e  f i g u r e s ,  the  ADC computes 
peak distortion values t o  wi thin  - +5 percent of t h e  d i g i t a l l y  computed peak 
d i s t o r t i o n  values. 



DATA BASE SELECTION 

The d a t a  base  f o r  t h i s  s t u d y  w a s  e s t a b l i s h e d  by assembling d a t a  from 
four d i s t i n c t  i n l e t  test s e r i e s :  (1)  the  NASA i n l e t / e n g i n e  compat ib i l i ty  
f l i g h t  t e s t  program, ( 2 )  the  MCAIR f t d l  s~:ale i n l e t  development t e s t  without 
engine (FSCP!, (3) the  MCAIR f u l l  s c a l e  i ~ l e t  developmert t e s t  wi th  engine 
(FSE), and (4)  the  MCAIR 1 / 6 t h  s c a l e  i n l e t  development t e s t .  To meet :he 
o b j e c t i v e s  of  the  s tudy,  r e s t  condi t ions  were s e l e c t e d  which encompasced 
wide ranges of Mach number, ang le  of  a t t a c k ,  a n g l e  of  s i d e s l i p  and cor rec ted  
engine a i r f l o w  and had high l e v z i s  of  peak d i s t o r t i o n .  

The i n l e t  conf igura t ion ,  a s  previously descr ibea ,  was i d e n t i c a l  f a r  a l l  
t h e  wind tunnel  models and t h e  f l i g h t  t e s t  vehic le .  The programmed i n l e t  
ramp and bypass door schehules  were a l s o  i d e n t i c a l .  The i n l e t  ramp angles ,  
a s  def ined i n  Figure 2,  w a e  i d e n t i c a l  t u  wi th in  s.5 degrees f o r  each 
se lec ted  d a t a  p o i n t  and test a r t i c l e  f o r  a given t e s t  condi t ioc .  The Dypaas 
door a r a a s  were e i t i r c r  f u l l y  open o r  f u i l y  c losed f o r  each z e s t  cond i t ion  
wi th  t h e  except ion of t h r e e  d a t a  p o i n t s  vhich had p a r t i a i l y  opened bvpass 
pos i t ions .  The t e s t  cond i t ions  f o r  each d a t a  point ,  model s c a l e ,  Mach 
number, angle  of  a t t a c k ,  ang le  o f  s i d e s l i p ,  i n l e t  cowl r o t a t i o n  angle,  
i n l e t  t h i r d  ramp angle ,  bypass door posi . t ion,  percent  c c r r e c t e d  engine a i r -  
flow, Reynolds number, a n a l y s i s  t i n e  and par t -point  number f o r  t h i s  study 
a r c  s m a r i z e d  in Figure 15. 



DISTORTION DESCRIPTOR 

Ooe of the object ives  of t h i s  study was t o  evaluate  the c a p a b i l i ~ y  of 
the P r a t t  6 Yhitney s t a b i l i t y  audi t  procedure to pred ic t  engine s t a l l s .  
Since current  state of t he  a r t  distortion descr ip tors  are dependent -1pon the  
eitgine configuration, evaluation of the P r a t t  6 Uhitney s t a b i l i t y  audi t  
procedure necessitates using the P r a t t  & Uhimey d i s t o r t i o n  aescr ip tor ,  Ka2, 
s ince  i t  is the d i s tor t icm descrLptor f o r  the  F-15 powerplant, the  FlOO 
engine. 

W i n g  &e develop-t phase of t he  F-15 h l e t / e s g i n e  propulsion system, 
the d i s t o r t i o n  descr ip tor  w a s  repeatedly improved as the  experinmental d a t a  
base increased t o  b e t t e r  aef ine the re la t ionsh ip  betveen the d i s t o r t  ion  
descr iptor  and the engine stall margin, A s  a r e s u l t  of  t he  repeated improve  
?mnt of tne  d i s to r t i on  descr ip tor ,  the  b ~ n d  tunnel d i s t o r t i o n  da ta  and f l i g h t  
test d i s to r t i on  da ta  vere not c o q a r a b l e  on a d i r e c t  basis.  To make val id  
comparisons of d i s to r t i on  leve ls ,  the d i s t o r t i o n  da ta  fo r  a l l  the t e s t  
c o ~ i i i t i o o s  of Figure 15 vere  c-utea using the  current  d i s t a r t i o n  descr ip tor  
e r  Reference (4). The mat aatical  f o n a d a e  of the  d i s t o r t i o n  descr ip tor  
used t o  reduce the data for  this study and previous F-15 development da ta  are 
presented i n  Figure 16, The parameters t ha t  have been changed throughout t he  
deve lop~ea t  phase of the FlOO engine a r e  the reference r a d i a l  p r o f i l e  and 
the r a d i a l  d i s to r t i on  weighting factor .  A sample ca lcu la t ion  of t he  d i s tor -  
t i on  descr iptor  is shoun i n  Appendix 3, and the reference r a d i a l  p r o f i l e s  
and r a d i a l  d i s to r t i on  veight ing fac tors  f o r  the  FlOO (2 7/8) engine a r e  a l s o  
prssented . 

Distor t ion descr iptor  values a r e  derived to  have a linear re la t ionsh ip  
vith re=ining engine stall margin, and &e d h t o r t i o n  lid: is defined as 
the  d i s t o r t i o n  l eve l  f o r  which co reziaiaing stall margin e x i s t s  (engine s t a l l ) ,  
Therefore, the  s ignif icance of a d i s to r r ion  l e v e l  is its r e l a t i v e  xnapituae 
t o  the d i s to r t i on  l i m i t  l eve l  fo r  which an engine stal; say occur. R e  
levels of d i s to r r ion  valses fo r  which a stall  m y  occur fo r  the  F l O O  (2  7/81 
d g i n e  a r e  shorn i n  Figure 17. This curve is a screening curve which is con- 
se rva t ive  r e l a t i ve  t o  predict ing engine stalls since i t  uses t he  Lovest 
l eve l  of d i s to r t i on  fo r  a given airf low t h a t  could possibly s t a l l  an e n s h e  
f o r  any g i v a  ?hch nuPj2r and a l t i tude .  it is termed a screeni rg  curve s ince  
values f r ax  t h i s  curve a r e  not t o  be used a s  d i s to r t i on  limits fo r  engine 
stall; instead when an M e t  d i scor t ion  level. fo r  a parzicular  a i r f low ex- 
ceeds the  value from :his curve, additional analysis  should be conducted to  
l e t e m i n e  i f  there is  any remaining engine s t a l l  margin fo r  the p a r t i c - J a r  
test conctition. I t  shculd b e  noted from Figure 17 tLht the  variat20n in 
engire  ts ierance t o  d i s ~ o r t i o n  leve l  fro= high t o  low airf low is s ign i f i can t  
s ince :he respective ranges of d i s to r t i on  l e v e l  from the screening curve 
range from 0.75 (high airf low) t o  16-75 (low airflow). 

l?te range i n  d i s to r t i on  l eve l  from high t o  low a i r f low is p r ina r i l y  a 
r e s u l t  of  s ign i f ican t  chanpos i n  the r ad i a l  d i s to r t i on  weighting fhctor,  b. 
This fac tor  is shown ir. Figure 18 to  range from 0.93 (high airflow! to  29.29 
(lcw airf low) a s  a function of airflow. Since fan Oistorzion is the sum of 
circuscferential d i s to r t i on  and r ad i a l  d i s  ,ortion multiplied by ihe  r ad i a l  
d i s to r t i on  weighting fac tor  (I;a? 

L 
Y3 + b Kr,), and s ince the l eve l s  of 



c i i - c u f e r e n t i a l  and rad ia  d i s t o r t i o n  generally have values between 0.25 t o  
1.9 for  t he  engine a i r f l o v s  of i n t e r e s t  in t h i s  study, r a d i a l  weighting fac- 
t o r s  correspcnding to  lov  engine a i r f lows  (b = 25) can e a s i l y  r e s u l t  in fan 
d i s to r t i on  values of 16 o r  greater .  The r a d i a l  d i s t o r t i o n  weighting f ac to r  
implies t h a t  a t  reduced engine airflows, t!! fan is umre sens i t i ve  t o  r a d i a l  
d i s to r t i on  than ta  c i rcumferent ia l  d i s tor t ion .  As a r e s u l t  of discontinui- 
ties in the r a d i a l  d i s t o r t i o n  weighting fac tor ,  Figure 18, a t  approxinately 82 
percent corrected engine airf low,  an in te rpola t ion  procedure was required 
fo r  d i s t o r t i o n  data  ccimparisons a t  constant corrected engine airflows. This 
is discussed in t t e  In te rpola t ion  Procedure section. 

The i r r e g u l a r i t y  i n  the  r a d i a l  d i s t o r t i o n  weightiiig f ac to r  is d i r e c t l y  
r e l a t ed  t o  t he  sub t l e  aspects of the PWA FlOO s t a b i l i t y  aud i t  system. The 
decreasing s e n s i t i v i t y  of the F l O O  fan t o  c i rcumferent ia l  d i s t o r t i o n  and the  
increasing sens i t  i r i t y  t o  r a d i a l  d i s tor t ion ,  a s  corrected engine a i r f low 2s 
reduced, results in the  i r r e g u l a r i t y  at approximately 82 percent corrected 
engine a i r f law as shown ia Figure 18. 



The a a t a  comparisons necessary to s a t i s f y  the  primary object ives  of 
t h i s  study require  t h a t  the ramples of tiae var ian t  d i s t o r t i o n  da ta  be 
s ta t ionary  randoa data. This implies tha t  the s t a s i s t i c a l  propert ies  of 
each da t a  sample a r e  constant with t i m e  and are repeatable. With constant 
statis t i c a l  propert ies  and iden t i ca l  test conditions,  reduced data f tom the 
various inlet test programs can be meaningfully invest igated f o r  the e f f e c t s  
of Reynolds/scale e f fec ts ,  frequency content and engine presence. Detailed 
investig:l.tion i n t o  the da ta  c l a s s i f i ca t ion ,  descr ipt ion and charac te r iza t ion  
were made and samples of wind tunnel and f l i g h t  data were evaluated in d e t a i l  
f a r  s ta t ionary  random data  ver i f  icatian. In add i t i o r ,  comparisons of sta- 
tionary random data  and periodic data were made f o r  two samples a f  f l i g h t  data. 
The test conditions selected from t h e  c q l e t e  data umtrix, Figure 15, f o r  
sval-tion of s ta t ionary  random cha rac t e r i s t i c s  are s k v n  in Figure 19. 

Data Class i f ica t ion  

Data f tom observed pheno~iena a r e  generally categorized as e i t h e r  deter- 
& i s t i c  o r  random, and the  various c l a s s i f i ca t ions  of data  f o r  both deter- 
rrinistic and random data  are shown i n  &e schematic of Figure 20. Determh- 
i s t i c  data  can be categorized a s  being e i t h e r  per iodic  o r  non-periodic. 
Periodic da ta  can be fur ther  categorized as being e i t h e r  s inusoidal  o r  non- 
s inusoidal  (complex periodic).  ?bn-priodic da t a  can be fur ther  categorized 
as being e i t h e r  "almst periodic" o r  t ransient .  I n  addition, combinations 
of these de t e rn in i s t i c  forms may a l s o  occur. 

Data representing random phys i cd  phenomenon cannot be aescribed by an 
e x p l i c i t  mathematical re lat ionship s iac-  each o b s e r ~ a t i o n  of tne phenomenon 
is unique. Any given observation w i l l  represent only one of many possible  
r e su i t s  t h a t  could have occurred. X s ingle  time h is tory  representing a ran- 
dom phenomenon is ca l led  a sample record, the co l lec t ion  of all possible  
sample records which the ranciom phenomenon could have produced is ca l l ed  a 
random process. Therefore, a sample record can be thought of as one physical 
occurrence of the random process. Random processes can be cetegorized a s  
ei&!er non-s ta t ionary o r  s ta t ionary.  Non-stationary random processes can 
be fur cher categorized i n t o  spec i f i c  types of non-stat i o n a q  phenomenon. 
Nore l t ~ a i l e d  discussions of non-stationary data  can be found i n  Reference 
(6). Stationary random processes can b e  fur ther  categorized a s  e i t h e r  
srgodic o r  nonergcdic. 

Data Descrip t ion  

Examples of each data  c l a s s i f i ca t ion  a r e  a s  follows: 

o Deterministic Data 

- Sinusoidal Periodic - Described mathematically by the periodic function: 
x ( t )  = X s i n  (27rfo + 3) 

- Complex Periodic - With few exceptions can be described mathern;;tically 
by the Fourier se r ies :  



a 
0 ~ ( t )  = - + Z [ a  cos ( 2 m f l t )  + Sn sin (2xnf t )  f 

2 n 1 

- Almost Pe r iod ic  - Has an i- finitely long fundamental per iod and does 
no t  s a t i s f y :  x ( t )  = [ r ( t )  - + NT ] r e l a t i o n s h i p s ,  

P 

Example: x ( t )  = 5 sin ( 2 t  + el; + X, sin ( 3 t  + a2) - 

o Random Data 

- Son-Stationary - inc ludes  a l l  random processes  which do not  ineet t h e  
requirements i o r  s t a t i o n a r i t y ,  Example: x ( t )  = X(t)  * 

A(t) where X(t) is random and A(c) is c ie re rn in i s t i c .  

- KeaUy S t a t i o n a r y  - ?lean Value ( f i r s t  moment) k v a r i a n t  v i t t  time 

- Autocorre la t ion ( j o i n t  moment) i n v a r h n t  wi th  tine 

- Strongly  S t a t i o n a r y  - X i 1  p o s s i b l e  moments and j o i n t  mments  ixvar- 
iant wi th  time. 

- Ergodic S ta t ionary  - Xean value  ( f i r s t  w w n t )  invariariz ui-th t h e  
f o r  a l l  s a q l e  records  

- Autocorre la t ion ( j o i n t  wment)  b v a r i a n t  w i t h  
t i m e  f o r  a l l  sanp le  records  

For d e t e r m i n i s t i c  d a t a  i n  genera l ,  e x p l i c i t  mt i i emat ica l  func t ions  w i l l  
desc r ibe  the  dependent v a r i a b l e  as a f -mct ion of  t h e  f o r  a p a r t i c u l a r  ca te-  
gory of  data.  In  c o n t r a s t ,  t 5 e r e  a r e  no e x p l i c i t  m a ~ t e m t i c a l  func t ions  
t h a t  w i l l  desc r ibe  t h e  random d a t a  obser- ati ion s i n c e  i t  is unigue. However, 
time averages of s t a t i o n a r y  random d a t a  w i l l  be conscant over t h e  sample 
record o f  i n t e r e s t ,  and i f  the  d a t a  is e rgcd ic  s t a t i o n a r y  random, the  ti= 
averages w i l l  be cons tan t  f o r  a l l  sample records  f o r  a given ensenble  of 
data.  I n  a c t u a l  p r a c t i c e ,  i f  random d a t a  e x h i b i t  s t a t i o n a r y  physica' phaom- 
ena, the  d a t a  a r e  genera l ly  s a i d  to  be ergodic  and random s t a t i o n a r i t y  can 
3e measured proper ly  from a s i n g l e  sample record r a t k e r  than 2n ensemble of 
simple records.  

Data Charac te r i za t ion  

Since no e x p l i c i t  mathematical funct ions  exis: f o r  s t a t i o n a r y  random 
d a t a ,  four  main types af  s t a t i s t i c a l  funct ions  a r e  used t o  c h a r a c t e r i z e  the  
b a s i c  p r o p e r t i e s  of s t a t i o n a r y  randon data.  These s t a t i s t i c a l  func t ions  a r e  
( a )  mean square  values ,  (b) p r o b a b i l i t y  d e n s i t y  func t ions ,  ( c )  a u t o c o r r e l a t i o n  
funct ions ,  and (d) power s p e c t r a l  dens i ty  functions.  

The mean square value ,C~lrnishes a d e s c r i p t i a n  of the i n t e n s i t y  of t h e  
data.  The p r o b a b i l i t y  d e n s i t y  funct ion (PDF) fu rn i shes  information about :he 



d a t a  in t h e  amplitude domain. The a u t o c o r r e l a t i o n  func t ion  and t h e  power 
s p e c t r a l  d e n s i t y  function f u r n i s h  information about the  d a t a  i n  t h e  tiPe 
domain and t h e  frequency domain respect ively .  For s t a t i o n a r y  random d a t a ,  
t h e  power s p e c t r a l  dens i ty  funct ion fu rn i shes  no new information r e l a t i v e  t o  
t h e  a u  t o c o r r e l a  t i o n  funct ion s i n c e  t h e  a u t o c o r r e l a t i o n  funct ion and t h e  power 
s p e c t r a l  d e n s i t y  funct ion are transform p a i r s  of one another,  

For most s t a t i o n a r y  random data ,  i t  is unnecessary t o  de r ive  all o f  t n e  
statis tical funct ions  discussed above. Using four  b a s i c  assumptions, which 
are l i s t e d  below, s t a t i o n a r y  random d a t a  can be v e r i f i e d  using t h e  t i m e  
varying mean and time varying m a n  square  values. These s z a t i s t i c a l  par- 
e t e r s  must have a c o n s t m t  value f o r  t h e  sample record,  It should be noted 
t h a t  the mean square  of t h e  f l u c t u a t i n g  pressure  component is equa l  t o  t h e  
va r iance  of the ins tantaneous  pressure  (s teady state pressure  component p l u s  
the  Clrictuating pressure  component) and is r e f e r r e d  t o  as the  ins tantaneous  
p ressure  var iance throughout the  r e m i n d e r  of t h e  repor t ,  

Xean Square of 
l i m  1 

Fluctuat ing Pres- = 
s u r e  Component T-- T - 

0 0 

= Variance of Instantaneous 
Pressure  

Theore t i c a l  proof of s t a t i o n a r i t y  r e q u i r e s  t h a t  a l l  stat is t i c a l  p r o p e r t i e s  
of t h e  random process be i n v a r i a n t  u i t h  t ine .  V e r i f i c a t i o n s  of t h i s  type 
a r e  c l e a r l y  no t  f e a s i b l e  s i n c e  t h e r e  are an i n f i n i t e  number of s t a t i s t i c s  t h a t  
vould have t o  be computed f o r  an ensemble r a t h e r  than a s i n g l e  sample 
record. However, four  b a s i c  assumptions can be made, thereby allowing prac- 
t i c a l  t e s t s  f o r  s t a t i o n a r i t y .  

The f i r s t  assumption is t h a t  t h e  s t a t i s t i c a l  p r o p e r t i e s  of a s h o r t  t i n e  
i n t e r v a l  of d a t a  v i l l  not  vary s i g n i f i c a n t l y  from 3 s h o r t  tiize i ~ t e r v a l  of 
tne  next  sainple, This simply seans  t h a t  s e l f  s t a t i o n a r i t ~ r  of ind iv idua i  
records  caii be accepted a s  s t z t i o n a t i t y  of t h e  random process f r o n  which :he 
sample records v e r e  taken, 

The second assumption is chat  v e r i f i c a t i o n  of weak s t a t i o n a r i t y  is s c f f i -  
c i en t .  If t h i s  a s s u q t i c n  is accepted, s t a t i o n a r i t y  can be v e r i f i e d  using 
only t h e  mean value  and the  a u t o c o r r e l a t i o n  funct ion of che sample record. 
Tuo reasons make t h i s  a s s m p t f o n  acceptable.  3ower s p e c t r a  and autocorre- 
l a t i o n  ana lys i s  do not  r equ i re  more than weak s t a t i o n a r i t y  t o  be v a l i d  and 
random d a t a  w i l l  general ly  be  s t rong ly  s t a t i o n a r y  i f  weaicly s t a t i o n a r y .  For 
t h e  c a s e  of d a t a  wi th  a n c m a l  p robab i l i ty  dens i ty  funct ion,  weak s t a t i o n a r y  
d a t a  a r e  s t rong  s t a t i o n a r y  d a t a  s i n c e  a l l  higher o rder  s t a t i s t i c a l  p r o p e r t i e s  
of normal d a t a  a r e  determined by t h e  mean value  and a u t o c o r r e l a t i o n  function.  

L'he t h i r d  assumpcion Is t h a t  the  sample record t o  be inves t iga ted  is  long 
compared t o  the  random f l u c t u a t i o n s  of the  da ta  time h i s to ry .  I n  e f f e c t ,  the  
sample must be lengthy enough t o  p e r n i t  long t e r n  t r ends  t o  be d i f f e r e n t i a t e d  
from the  time h i s t o r y  f luc tua t ions .  



h four th  important assumption is t h a t  i f  t h e  va r iance  of t h e  sample d a t a  
record is s t a t i o n a r y  then t h e  au tocor re la t ion  funct ion is a l s o  s t a t i o n a r y .  
This assunpt ioa  which is somewhat less dependable than the  f i r s t  t h r e e  
assumptions s i m p l i f i e s  t h e  t e s t i n g  procedures and is usually v a l i d  s i n c e  
i t  is highly  un l ike ly  t h a t  nonstacionary d a t a  w i l l  have a time varying auto- 
c o r r e l a t i o n  funct ion f o r  any time displacement T without  the v a l u e  a t  T = 0 
varying. Since t h e  var iance equa l s  the  au tocor re la t ion  funct ion a t  T = 0, 
the  var iance r a t h e r  than the  e n t i r e  au tocor re la t ion  func t ion  is used. 

With t h e s e  assuuptions,  t h e  s t a t i o n a r i t y  of random data can be v e r i f i e d  
using only t h e  mean and t h e  va r iance  of t h e  sample d a t a  record,  These assump- 
t i o n s  a r e  v e r i f i e d  i n  t h e  following s e c t i o n  by examining power s p e c t r a l  
dens i ty  funct ions ,  a u t o c o r r e l a t i c n  functions,  p r o b a b i l i t y  d e n s i t y  f m c t i o n s ,  
mean values  and var iance va lues  f o r  s e l e c t e d  f l i g h t  test and v ind  tunnel  
d a t a  points.  

Ver i f i ca t ion  of Randoa S ta t ionary  Data 

S t a t i s t i c a l  d a t a  analyses  were a d e  to: (1) v e r i f y  t h e  use of t h e  pres- 
s u r e  var iance and t h e  mean pressure  values  t o  determine i f  d a t a  a r e  randoa 
s t a t i o n a r y ,  (2)  v e r i f y  the  f l i g h t  test da ta  t o  be s t a t i o n a r y  random f o r  
r e l a t i v e l y  s h o r t  a n a l y s i s  times and (3) i l l u s t r a t e  t h e  d i f f e r e n c e s  betxecn 
s t a t i o n a r y  random d a t a  and per iod ic  ( d e t z r n i n i s t i c )  data.  

Ciir OE t h e  most extreme f l i g h t  test condi t ions ,  .%ch number 1.6 a t  angle  
of a t t a c k  of -4 degrees and s i d e s l i p  angle of 0 degrees,  xas  s e l e c t e d  t o  
v e r i f y  t h e  a s s u q t i o n s  f o r  s t a t i o n a r i t y  of rv ldos  data.  This test condi t ion  
required a t r a n s i e n t  f l i g h t  inaneuver, shown i n  Figure 8, t o  o b t a i n  the  des i red  
f l i g h t  a t t i t u d e .  The test condi t ion w a s  obtained by a pull-push saneuver and 
t h e  a i r c r a f t  w a s  on condition f o r  apprasimately 0.6 seconds as 2oted i n  Figure 
15. I f  t h i s  d a t a  point ,  v i t h  t h e  underlying assumptions f o r  s t a t i o n a r i : ~  
ei!!ibits the  p roper t i e s  of s t a t i o n a c  da ta ,  the  assumptions f o r  s t a t i o n a r i t y  
should a l s o  be v a l i d  f o r  t h e  wind tunnei  d a t a  and one "g" f l i g h t  condi t ions .  

The power s p e c t r a l  dens i ty  funct ion (PSD) of Figure 21(a),  generated 
using da ta  f o r  the  F l igh t  t e s t  cond i t ion  i ron  Figure 8, e x h i b i t s  t h e  sane 
frequency c h a r a c t e r i s t i c s  of wide band random n o i s e  t y p i c a l  of randon sta- 
Cionary da ta ,  per  Reference (6). In  cozcras t ,  the  PSD funct ion of f i g u r e  
31(b) shcws per iodic  d a t a  with d i s c r e t e  frequency s p e c t r a  of appros ina te ly  
9, 18,  27, 39, 45 and 54 Hertz, This c o c t r a s t  of t h e  PSD funct ions  espna- 
s i z e s  t h e  pressure  da ta  randomness (no d i s c r e t e  frequency s p e c t r a )  of the  
s e l e c t e d  f l i g h t  test condit ion.  

The au tocor re la t ion  functions for  the  two f l i g h t  t e s t  condi t ions  a r e  
presented i n  Figure 22. The au tocor re la t ion  funct ion of Figure 22(a) shows 
;lo c o r r e l a t i o n  f o r  t h e  i n l e t  rake pressure  probe L6R3 a t  t h e  engine face. 
This is t y p i c a l  of random da ta ,  and very rap id ly  approaches a  ons st ant vzlue  
a s  a funct ion o f  l a g  tiine wnich a l s ~  is t y p i c a l  of s t a t i o n a r y  da ta ,  there- 
fo re  the d a t a  again  e x h i b i t s  t h e  p r o p e r t i e s  of s t a t i o n a r y  random data .  For 
the  per iodic  da ta  o f  Figure 22(b), almost perfecz  c o r r e l a t i o n  is obtained 
f o r  the  same przssure  probe ioca t ion  a s  used f o r  the  random d a t a  a n a l y s i s ,  
The elapsed tims between t h e  ?eak c o r r e l a t i o n s  f o r  the  pressure  probe of 
Figure 22(b) a r e  0.111 seconds which correspond to  the  fundamental frequency 
of 9 Hertz obtained from the  PSD function.  .As expected, the  autocorre la t ior .  
function does not approach a cons tan t  value. 



The probabi l i ty  densi ty  functions f o r  the  random and per iodic  da ta  sets 
for  t he  same pressure probe used i n  the comparisons of the  PSD and autocorre- 
l a t i o n  functions a r e  p lo t ted  in Figure 23, Even though only a l imited number 
of pressure da ta  a r e  ava i lab le ,  the random d a t a  set a r e  seen t o  approach a 
no& d i s t r i b u t i o n  and the periodic  da ta  set a r e  seen t o  approach a s ine  
wave d i s t r i b u t i o n  as expected, Since the random da t a  is approximately nor- 
mally d i s t r i bu t ed ,  the  higher order  s t a t i s t i c a l  p roper t ies  w i l l  be s t a t i ona ry  
s ince  the  au tocor re la t  ion function (variance when using the four th  assumption 
a s  described above) and the  mean a r e  s ta t ions ty .  

The time h i s to ry  values of freestream t o t a l  pressure, instantaneous probe 
pressure L6R3 and the associated mean and variance values a r e  presented i n  
Figure 24 f o r  both the random and periodic f l i g h t  t e s t  d a t a  sets. The 
time h i s to ry  mean and variance values can be seen t o  be s t a t i ona ry  fo r  the 
random d a t a  of Figure 24(a), whereas t h e  t ime h i s to ry  mean and variance 
values of Figure 26(b) are periodic  as expected f o r  :he per iodic  data. 

The statistical functions used t o  prove random s t a t i o n a r i t y  f o r  the f l i g h t  
da ta  have a l so  been used to ve r i fy  random s t a t i o n a r i t y  f o r  t he  wind tunnel 
data ,  nese s t a t i s t i c a l  funct ions a r e  presented i n  FLgure 25 thrcugh 
Figure 30 fo r  d a t a  co l lec ted  using the  f u l l  scale model urth engine, t he  
f u l l  s c a l e  coldpipe model (without engine) and the 116th s c a l e  inlet d e l .  
High frequency spikes  occurred i n  some or' the  wind tunnel PS3  p l o t s  as shorn 
i n  Figures 25a, 27a and 29a. The cause of tnese spikes  is unknown, however, 
the frequency a t  vhicn they occurred is s ign i f i can t ly  above the frequency of 
i n t e r e s t  fo r  t h i s  study. The normalized autocorrelat ion function of Figure 
27 shovs a bias  o r  o f f s e t  of approximately -0.2. The cause of the  o f f s e t  is 
unknown, but the l eve l  of cor re la t ion  is Lasignificant.  These tuo discre- 
pancies have no impact on t h i s  study. The time h i s to ry  p l o t s  of instantaneous 
pressure,  of mean pressure and of the pressure variance f a r  se lec ted  probes 
from eazh of the t e s t  conditions l i s t e d  i n  Figure 19 a r e  presented in Appen- 
d ix  C. 

In  summary, representat ive da t a  from the coaqlete  da t a  matrix have been 
stobn to  be random stat ionary.  In  addition, assumpti@ns have been ve r i f i ed  
t ha t  allow randon s ta t ionary  da t a  to  be demonstrated using only :he time 
averaged mean and variance of che pressure values. 



INTERPOLATION PROCEDURE 

One of t h e  primary cons idera t ions  i n  e s t a b l i s h i n g  t h e  study base w a s  
iden t i fy ing  t e s t  condi t ions  with comparable engine a i r f l o w s  f o r  each t e s t  
a r t i c l e .  Since a c t u a l  i n f l i g h t  engine a i r f lows  could no t  be predic ted f o r  
every combirution o f  Mach number and a l t i t u d e  combination dur ing t h e  develop- 
a e n t  phase of t h e  i n l e t ,  t h e  d a t a  c o l l e c t e d  dur ing t h e  w i n d  tunnel t e s t i n g  
and t h e  d a t a  c o l l e c t e d  dur ing f l i g h t  t e s t i n g  genera l ly  have d i f f e r e n t  engine 
a i r f l o w  values  even though the  geometrical  conf igura t ions  are i d e n t i c a l .  
S i g n i f i c a n t  d i f f e r e n c e s  i n  d i s t o r t i o n  l e v e l  can occur n o t  only  because of the  
d i f fe rences  i n  the  t o t a l  p ressure  contours a t  t h e  engine face ,  but a l s o  as a 
r e s u l t  of s i g n i f i c a n t  changes i n  the  engine r e l a t e d  weighting f a c t o r s  which 
are a funct ion of engirie airf low. 

As an example, the  e f f e c t  of f i l t e r  cutoff  frequency on f a n  d i s t o r t i o n  
and turbulence is i l l u s t r a t e d  i n  Figure 31 where t h e  a i r f l o v  f o r  each d a t a  
point  of t h e  t e s t  cond i t ion  is d i f f e r e n t .  These d a t a  a r e  not  d i r e c t l y  com- 
parable s i n c e  each curve is f o r  a d i f f e r e n t  a i r f low.  Therefore,  t o  i l l u s t r a t e  
t h e  e f f e c t  o f  engine a i r f low,  the  d a t a  wi th  f i l t e r  cu to f f  frequency of 170 
tfertz a r e  p l o t t e d  in Figure 32 as a funct ion of cor rec ted  engine a i r f l o w  f o r  
each of t h e  t h r e e  test a r t i c l e s .  Since only one a i r f l o w  l e v e l  (78.9 percen t )  
is a v a i l a b l e  f o r  t h e  f l i g h t  da ta ,  t h e  f u l l  scale co ld  pipe  d a t a  and t h e  f u l l  
s c a l e  with engine d a t a  have t o  be i n t e r p o l a t s d  and ex t rapo la ted  respec t ive ly  
t o  ob ta in  comparable d i s t o r t i o n  and turbulence values. Note t h a t  i h e  f u l l  
s c a l e  cald  ~ i p e  far, d i s t o r t i o n  l e v e l s  a t  78.9 percent  engine a i r f l o w  a r e  
s i g n i f i c a n t l y  higher than those o f  the  o t h e r  mi test a r t i c l e s ,  

I n  general ,  the  c i rcumferen t ia l  and r a d i a l  components of f an  d i s t o r t i o n  
a r e  % e l l  behaved funct ions  of a i r f l o u .  Since fan d i s t o r t i o n  is not snly  
dependent on these  d e s c r i p t o r s  but  a l s o  cn t h e  r a d i a l  dfs t o r t i o n  ve igh t iag  
f a c t o r  xnich is no t  a w e l l  behaved funct ion of a i r f l o w  ( a s  d isccssed above),  
fan  d i s t o r t i o n  is no t  e-xpected tc be a we l l  beha-.red funcr icn c f  a i r f low,  
Therefore,  i n t e r p c l a t i o n  of c i rcumferen t ia l  and r a d i a l  d i s t o r t i o n  d a t a  i s  
t echn ica l ly  f e a s i b l e  whereas i n t e r p o l a t i o n  o f  fan d i s t o r t i o n  is qaes t icnable .  

X cechnique involving l i n e a r  i n t e r p o l a t  ion /ex t rapo la t ion  of circumfer- 
e n t i a l  and r a d i a l  d i s t o r t i o r  d a t a  was developzd f o r  t h i s  study. Tire i n t e r -  
pola ted values a r e  used together  with the appropr ia te  r a d i a l  d i s t o r t i o n  
weignting f a c t o r  a s  a funct ion of engine a i r f l o u  t o  def ine  fan d i s t o r t i o n  
values a t  cons tan t  engine a i r f low.  The s o i i d  symbols of Figure 33 were 
compuied using t h i s  technique. I n  the  engine a i r f l o w  range of 82 percent,  the  
interpolated values of fan d i s t o r t i o n  s t rong ly  r e f  l e c c  i h e  c h a r a c t e r i s t i c  
v a r i a t i o n  of the  r a d i a l  d i s t o r t i o n  weighting f a c t o r  with a i r f low,  as  might be 
e q e c t e d .  iiowever, comparison of t h e  d i f f e r e n c e s  between the  d i s t o r t i o n  
l e v e l s  ($.i) a t  78.9 percent f o r  t h e  th ree  t e s t  a r t i c l e s  and of the  scrcefiing 
curve, Figure 17, d i s t o r t i o n  l e v e l  (8 .i) i l l u s t r a t e s  t ! :z t  :he d i f fe rences  
a r e  r e l a t i v e l y  i n s i g n i f i c a n t .  

The r e s u l t s  of inLerpola t ing the  fan  d i s t o r t i o n  and turbulence a t  ail 
frequencies f o r  78.9 percent engine a i r f low is shown i n  Figure 34. For a 
constant  t i l t e r  cu to f f  frequency, inc reas ing  zurbulence c o r r e l a t e s  wi th  in- 
c reas ing  fan d i s t o r t i o n ,  and f o r  a p a r t i c u l a r  test a r t i c l e  inc reas ing  t h e  
f i l t e r  cutoff  frequency inc reases  both fan d i s t o r t i o n  and turbulence. 



Interpolatedlextrapolated fan distort ion values with respect to  a i r £  low 
have been computed using th i s  technique throughout the study to  make d i rec t  
data comparisons when comparisons at identical  a irf lows are not avai lable .  



ESGINE PRESENCE EFFECT ON DISTORTION LEVELS 

The d a t a  f o r  t h i s  s tudy a r e  unique s i n c e  t h e r e  a r e  l i m i t e d  sets of 
d a t a  where t h e  same inlet has been ~ e s t e d  both  wi th  and v i t h o u t  an  engine. 
The e f f e c t  of t h e  engine i n s t a l l a t i o n  was evaluated for t h e  test cond i t ions  
shown in Figure  35. Sixteen d a t a  p o i n t s  f o r  supersonic  f l i g h t  cond i t ions  
were used t o  e s t a b l i s h  t h e  f i v e  t e s t  cond i t ions  f o r  evaluat ion.  

The i n l e t  models csed t a  generate  t h e  d a t a  are t h e  f u l l  s c a l e  with 
engine (FSE) and t h e  f u l l  s c a l e  co ld  p ipe  (FSCP) which i n  e f f e c t  is t h e  
same i n l e t  model t e s t e d  v i t h  and without a n  engine. Therefore,  t h e  i n l e t  
seometrical  conf igurat ions  a r e  i d e n t i c a l  f o r  t h e s e  test condi t ions  wi th  
the  zxcrpt ion of bypass door areas which d i f f e r  f o r  two test cond i t ions  as 
noted i n  Figure 35. 

However, t h e  bypass area d i f f e r e n c e s  were only s i g n i f i c a n t  f o r  t h e  
Xach 2.2, a = -2" t e s t  condi t ion,  t h e r e f o r e  only t h i s  condi t ion was sl imin- 
a ted  from t h e  comparisons t o  determine engine presence e f f e c t .  I n  deter-  
mining the  e f f e c t  of engine presence on d i s t o r t i o n  l e v e l ,  t h e  following six 
items v e r e  invest igated:  (1) steady s t a t e  and Izs tantaneous  pressure  con- 
tours ,  (2) power s p e c t r a l  dens i ty  func t ions ,  (3) der ived turbuLence l e v e l ,  
($1 t o t a l  pressure  recovery, ( 5 )  f a n  d i s t o r t i o n  d e s c r i p t o r ,  and (6) sea- 
sured turbulence l e v e l .  

Contour P l o t s  and Power S p e c t r a l  Density P l o t s  

The cfinparisons of s teady s t a t e  t o t a l  p ressure  contours ,  ins tantan-  
eous t o t a l  pressure  contours and power s p e c t r a l  d e n s i t y  (PSD) p l o t s  wi th  
and without engine a r e  shown i n  Figures  36 through 45. I n  general ,  t h e  
s teady s t a t e  t o t a l  and instantaneous pressure  contours  compare favorably.  
I n  p a r t i c u l a r ,  the  s teady state contours  of Figure  40 a r e  almost i d e n t i c a l .  
The engine a i r f l o v  d i f fe rences  between these  contours is 1.0 percent.  The 
small d i f fe rences  i n  t h e  s teady s t a t e  contours of t h e  o t h e r  comparisons may 
be due t o  s m a l l  d i f f e r e n c e s  i n  t h e  a i r f l o w  l e v e l s .  

Although t h e  p a t t e r n s  f o r  v i t h  and without engine are s i m i l a r  f o r  both 
s teady s t a t e  and ins tantaneous  pressure  contours ,  one q u a l i t a t i v e  a i f f e r e n c e  
was observed. I n  Figure SO, t h e  "islands" i n  t h e  upper r i g h t  quadrant f o r  
both  t h e  s teady s t a t e  and the  ins tantaneous  contours tend t o  be s l i g h t l y  
r o t a t e d  counter clockwise f o r  t h e  wi th  engine contours ,  t h e  same r o t ~ t i o n a l  
d i r e c t i o n  as the  engine. 

The s teady s t a t e  pressure  contours a r e  l abe led  wi th  t h e  s t a t i c  pressure  
r a t i o s  and t h e i r  loca t ions  i n  Figures 36 through $0. X compilation of these  
s t a t i c  pressure  r a t i o s  is presented i n  Figure 36 for inc reas ing  engine air- 
flow f o r  each t e s t  condi t ion.  I n  a d d i t i o n ,  the  average hub and average t i p  
s t a t i c  pressure  r a t i o s  have been computed f o r  each d a t a  point  and a r e  p l o t t e d  
i n  Figure 4 7 .  For these  f i v e  t e s t  condi t ions ,  the  d a t a  i n d i c a t e s  t h a t  t h e  
engine presence decreases the  average t i p  s t a t i c  pressure  r a t i o  r e l a t i v e  
t o  the  average hub s t a t i c  pressure  r a t i o .  These r e l a t i v e  changes i n  hub and 
t i p  s t a t i c  pressure  r a t i o s  r e f l e c t  r e l a t i v e  changes i n  hub and t i p  duct velo- 
c i t i e s  t h a t  a r e  conducive t o  improved i n l e t  engine compat ib i l i ty  f o r  these  
t e s t  condit ions.  



The power s p e c t r a l  d e n s i t y  (PSD) p l o t s ,  wi th  and without engine a r e  
presented i n  Figures  41 through 4 5 .  Addi t ional  PSD p l o t s  f o r  each of these  
d a t a  p o i n t s  a r e  presented i n  Appendix D,  and t h e  corresponding au to -cor re la t ion  
funct ions  a r e  presented i n  Appendix E. The PSD func t ions  a r e  we l l  behaved 
f o r  a l l  t h e  d a t a  p o i n t s  and t e s t  cond i t ions  evaluated.  

Turbulence, der ived from these  PSD p l o t s  by i n t e g r a t i o n ,  i s  presented 
a s  a func t ion  of f i l . t e r  cu to f f  frequency i n  Figures  48  through 52 f o r  t h e  
respec t ive  PSD p l o t s  of t h i s  s e c t i o n .  The c h a r a c t e r i s t i c  func t ion  of cur- 
bu1en.e a s  a func t ion  of frequency is c o n s i s t e n t  and w e l l  behaved f o r  t h e s e  
pressure  probes. Turbulcnce va lues  f o r  every  PSD p l o t  of t h i s  s tudy  were 
der ived and presented a s  a func t ion  of frequency i n  Appendix F. No apparent  
engine e f f e c t  was observed f o r  t h e  PSD p l o t s  o r  f o r  t h e i r  r e s p e c t i v e  i n t e g r a t -  
ed funct ions .  

Pressure  Recovery, D i s t o r t i o n  and Turbulence 

To ta l  p ressure  recovery, peak time v a r i a n t  d i s t o r t i o n  and turbulence  
values  wi th  and without the  engine  p resen t  a r e  compared i n  Figures  53 and 
54.  I n  t h e s e  f i g u r e s ,  favorable  engine e f f e c t s  a r e  ind ica ted  f o r  t o t a l  
pressure  recovery va lues  above and time v a r i a n t  d i s t o r t i o n  va lues  below 
the  l i n e  of perfsc: agreement. For each of these  t h r e e  i n l e t  parameters,  
the  d a t a  ind ica ted  t h a t  the  engine h a s  a small but favorable  e f f e c t .  

I n  summary, a q u a l i t a t i v e  assessment of t h e  t o t a l  p ressure  contours  
and power s p e c t r a l  d c i s i t y  p l o t  comparisons i n d i c a t e s  t h a t  t h e  "with" and 
"without engine" i n l e t  conf igura t ion  r e s u l t  i n  no s i g n i f i c a n t  d i f f e r e n c e s .  
However, a  q u a n t i t a t i v e  assessment of t o t a l  p ressure  recovery,  peak time 
v a r i a n t  d i s t o r r i o n  and turbulence  l e v e l  ccmparisons i n d i c a t e  a smal l  but  
favorable  e f f e c t  of the  engine i n s t a l l a t i o n .  I n  z d d i t i o n ,  the  d a t a  i n d i c a t e  
t h a t  the  engine presence dec reases  th2  average c i p  s t a t i c  p ressure  r a t i o s  
r e l a t i v e  t o  t h e  average hub s t s t i c  p ressure  r a t i o s .  



REYNOLDS NUMBER/SCALE EFFECTS ON DISTOKTION, 
PRESSURE RECOVERY AND TURBULENCE 

To eva lua te  t h e  e f f e c t  of Reynolds nuaber /scale  on peak t i m e  v a r i a n t  
d i s t o r t i o n ,  s teady s t a t e  d i s t o r t i o n ,  t o t a l  p ressure  recovery,  s p a t i a l  d i s -  
t o r t i o n  and turbulence,  62 d a t a  po in t s  were u t i l i z e d  from a t o c a l  of 82 f o r  
t h e  study. The zespec t ivc  t e s t  cond i t ions  f o r  t h e  62 d a t a  p o i n t s  a r e  shown 
i n  Figure 55. The 3eynolds numberlscale evaluat ion w a s  conducted us ing 
time v a r i a n t  d a t a  f i l t e r e d  a t  170 Hertz f o r  f u l l  s c a l e  d a t a  and a t  1040 Hertz 
f o r  1 / 6 t h  scale data .  The Reynolds number/scale va lues  a r e  computed by 
mul t ip lying t h e  Reynolds number pe r  f o o t  va lues  obtained from t h e  test  
condi t ions  by one f c o t  ( u n i t  c h a r a c t e r i s t i c  length)  f o r  f u l l  scale d a t a  and 
by 116th £oat f o r  t h e  116th  s c a l e  data .  

I n  general ,  t h e  range of Reynolds number/scale va lues  f o r  each of ;he 
t e s t  a r t i c l e s  a r e  shown i n  t h e  following t ab le .  An F-15 f l i g h t  envelope 
as a funct ion of Reynolds number/scale and Mach number is  shown i n  Figure 56. 

P l o t s  cf t o t a l  pressure  recovery, turbulence l e v e l s ,  peak t-he v a r i a n t  
d i s t o r t i o n  va lues  and time v a r i a n t  s p a t i a l  d i s t o r t i o n  ( a t  peak t h e  v a r i a n t  
d i s t o r t i o n )  a s  a func t ion  of Reynolds number/scale a r e  present.ed i n  Figures  
57 through 82. I n  a d d i t i o n ,  s t eady  s t a t e  f a n  d i s t o r t i o n  d a t a  and s teady 
s t a t e  s p a t i a l  d i s t o r t i o n  da ta  a r e  shown as s o l i d  symbols and e x h i b i t  the  
same t rends  a s   he corresponding time v a r i a n t  da ta .  Thz major i ty  of t h e  d a t a  
show t h e  expected t rends  of increas ing t o t a l  pressure  recovery and decreas- 
ing  peak t i ine  v a r i a n t  d i s t o r t i o n  and turbulence wi th  inc reas ing  Reynolds 
nunber:scale. Time v a r i a n t  s p a t i a l  d i s t o r t i o n  w a s  evaluated a t  t h e  skme t i ~ e  
frame a t  which the  peak t i m e  v a r i a n t  d i s t o r t i o n  l e v e l  occurred and shows no 
cons i s ten t  t rend wi th  inc reas ing  Reynolds number/scale. 

b 

I n l e t  Model 

1 / 6 t h  s c a l e  

F u l l  Scale  Cold Pipe (FSCP) 

F u l l  Scale  With Engine (FSE) 

F l i g h t  
i 

The d a t a  trend of inc reas ing  pressure  recovery and decreas ing fan d i s -  
t o r t i o n  and turbulence a s  a funct ion of inc reas ing  Reynolds namberlscale does 
have some incons i s tenc ies ,  exa:nples of which a r e  shown i n  Figures  58 and 62. 
The discrepancies  occur i n  cou.paring 1 / 6 t h  s c a l e  i n l e t  da ta  a t  low Reynolds 
number/scale values ( .2  - .45 x 106) t o  f u l l  s c a l e  i n l e t  d a t a  ( e i t h e r  f l i g h t ,  
FSE o r  FSCP) a t  low Rey.olds number/scsle values (approximately 1.5 x 106). 
These discrepancies  do n o t  occur when comparing 116th s c a l e  i n l e t  d a t a  a t  
low Reynolds number/scale t o  f u l l  s c a l e  d a t a  a t  l a r g e  Reynolds numberlscale 
values  (5.5 x 106). The discrepancies  noted represent  only a small percent-  
age of the  d a t a  evaluated f o r  the  e f f e c t  of Reynolds numberlscale and may 
be due t o  s e v e r a l  poss ib le  f a c t o r s .  

Reynolds Number/Scale 
2 

0.2 x lo6 - 0.4 x lo6 

1.2 x lo6 - 1.5 x 1 0  6 

1.2 x lo6  - 3.6 x 1 0  
6 

0.8 x l o 6  - 3.6 x 10 
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Peak time v a r i a n t  d i s t o r t i o n  is  a s t a t i s t i c a l  parameter s i n c e  i t  is  
computed from random s t a t i o n a r y  time v a r i a n t  p ressure  da ta .  The peak value  
f o r  a given t i m e  segment may not  r epea t  i t s e l f  e x a c t l y ,  but  may f a l l  i n t o  a 
range of values  f o r  t h e  s p e c i f i e d  time segment. Therefore  a s  t h e  range of 
Reynolds numberlscale va lues  is reauced, the  v a r i a t i o n  i n  the  peak d i s t o r t i o n  
values  f o r  a given t i m e  segment may overshadow t h e  change i n  peak t i m e  
v a r i a n t  d i s t o r t i o n  f o r  small changes i n  Reynolds numberlscale va lues .  Note 
t h a t  t h e  d i sc repanc ies  d i d  not  occur f o r  l a r g s  d i f f e r e n c e s  i n  Reynolds number/ 
s c a l e  values .  I n  a d d i t i o n ,  the  d i sc repanc ies  i n  the  Reynolds number/scale 
da ta  t r end  occurred f o r  comparisons of 1 / 6 t h  s c a l e  i n l e t  d a t a  and f u l l  s c a l e  
i n l e t  da ta .  While these  two s e t s  of da ta  were acquired wi th  i d e n t i c a l  rake 
conf igura t ions ,  d i f f e r e n t  dynamic probes and d i f f e r e n t  d a t a  a c q u i s i t i o n  
systems were used. 

I n  summary, the  d a t a  e x h i b i t s  a d e f i n i t e  t rend a s  a func t ion  of Reynolds 
number/scale, i . e . ,  i nc reas ing  t o t a l  p ressure  recovery,  decreas ing peak time 
v a r i a n t  d i s t o r t i o n  values  and decreas ing turbulence  l e v e l s  as a func t ion  of 
inc reas ing  Reynolds numberfscale. The time v a r i a n t  s p a t i a l  d i s t s r t i o n  value  
take., a t  peak time v a r i a n t  f a n  d i s t o r t i o n  d id  no t  c o r r e l a t e  wi th  t h e  peak 
time v a r i a n t  fan  d i s t o r t i o n  value .  



FREQUENCY CONTENT EFFECT ON DISTORTION XND TURBULENCE 

The test c o n d i t i m s  and the  t h i r t y  two associazed d a t a  p o i n t s  used t o  
d e t e r n i n e  t h e  e f f e c t  of frequency content  on peak time v a r i a n t  f an  d i s t o r -  
t i o n ,  turbulence l e v e l  and time v a r i a n t  s p a t i a l  d i s t o r t i o n  va lues  ( a t  peak 
time v a r i a n t  f a n  d i s t o r t i o n )  £0; variou, va lues  of Rsynolds numSer/scale a r e  
shovn i n  Figure 83. For each test cond i t ion ,  the  d a t a  were evaluated a: t h e  
engine  cor rec ted  a i r f l o w s  l i s t e d  i n  Figure 83. 

To r e l a t e  frequency content  t o  peak t ime v a r i a n t  d i s t o r t i o n ,  :he analog 
p r e ~ s u r e  d a t a  were f i l t e r e d  a t  s e l e c t e d  f i l t e r  cu to f f  f requencies ,  and peak 
t ime v a r i a n t  f an  d i s t o r t i o n ,  turbulence  and s p a t i a l  d i s t o r t i o n  were calcu-. 
l a t e d  and p l o t t e d  a s  a func t ion  of the  f i l t e r  c l t o f f  frequency. The f i l t e r s  
used f o r  t h i s  s tudy were t h e  a d j u s t a b l e  f o u r  pole  Bessal  f i l te r : ,  descr ibed 
i n  Figure  11. The f u l l  s c a l e  f i l t e r  cu to f f  f requencies  were s e l e c t e d  t o  be 
both  g r e a t e r  than and l e s s  than t h e  P&WA s p e c i f i e d  engine f i l t e r i n g  frequency 
of  1.70 h e r t z .  The 1 /6 th  s c a l e  f i l t e r  cu to f f  freallencies a r e  sca led  t o  match 
t h e  f u l l  s c a l e  f i l t e r  cu to f f  f requencies  using t h c  frequency s c a l i n g  c r i t e r i a  
of Reference (2 ) .  The f i l t e r  cu to f f  f r equenc ies  used f o r  f u l l  s c a l e  p ressure  
d a t a  were 45, 100, 170 and 500 h e r t z ,  and t h e  f i l t e r  cu to f f  f requencies  used 
f o r  t h e  1 / 6 t h  s c a l e  p ressure  d a t a  were 275, 615, 1040 and 3070 h e r t z .  The 
f ~ e q u e n c y  content  e f f e c t  on fan  d i s t o r t i o n ,  turbulence  end s p a t i a l  d i s to rz io .1  
f o r  the  116th s c a l e  t e s t  is p l o t t e d  a s  a func t ion  of t h e  equ iva len t  f u l l  s c a i e  
f i l t e r  f reqvencies  t o  s impl i fy  the  eomparisons between the  1 /6 th  s c a l e  hnd 
- u l l  s c a l e  data .  To a c c u r a t e l y  represen t  these  d a t a  d i g i t a l l v ,  t h e  analag 
p ressure  s i g n a l s  were sanpled a t  approximately f i v e  t imes (o r  g r e a t e r )  t h e  
appropr ia te  f i l t e r  cu to f f  frequency. The sampling r a t e s  v a r i e d  from 270 
samples per  second t3 21,000 samples pe r  second, and these  r a t e s  ;re l i s t e d  
i n  Figure  11 f o r  each of the  r e s p e c t i v e  f i l t e r  c ~ t o f f  f requencies .  

@& F i l t e r  Cutoff Frequency Ef fec t  
T r  

I n c r e a s i  f% f i l t e r  cu to f f  frequeccy is scen t o   crease pebk t i n e  v a r i -  
a n t  d i s t o r t i o n  a s  shown i n  Figure 34. This e f f e c t  of f i l t e r  cutoff  frequency 
on peak time v a r i a n t  f an  d i s t o r t i o n  and turbulence  is expected i f  a  phys ica l  
understanding of t h e  frequency content  is recognized. B power s ~ e c t r a l  
dens ic  l o t  i s  shown i n  Figure 84a, ~ i t h  dependent and independent parameters 

zrequency respec t ive ly .  The a r e a  beneath the  curve  From zero  of bP# and - 
frequency t o  d s e l e c t e d  "cutoff" frequency is  p ropor t iona l  t o  turbulerlce. 
Since  turbulence is propor t iona l  t o  t h e  a r e a  beneath the PSD curve,  t h e  l a r g e r  
t h e  cutoff  frequency f o r  a p a r t i c u l a r  pressure  probe th?  l a r g e  the  turbulence 
a s  shown i n  Figure 84b. This same l o g i c  follows f o r  peak time v a r i a n t  fan 
d i s t o r t i o n  value;. S ince  t i n e  v a r i a n t  d i s t o r t i o c  is ca lcu la ted  usi.l& time 
v a r i a n t  pressure@ncreases  i n  t i m e  v a r i a n t  p ressure  va r i ance  ( i n c r e z s e s  i n  
turbulence) inc rease  the  p r o b a b i l i t y  of l a r g e r  ?eak time v a r i a n t  t i s t o r t i o n  
va lues  wi th  increas ing cu to f f  frequency. 

Teak time v a r i a n t  f an  d i s t o r t i o n  inc reases  a s  f i l t e r  cu to f f  frequer2y 
is  incre3sed,  but  the  peaks do not n e c e s s a r i l y  occur a t  t h e  same segment time. 
This e f f e c t  can he seen i n  Figure  85 where time h i s t o r y  t r a c e s  a f  time v a r i a n t  
d i - - o r t i o n  f o r  cutafr '  f requencies  of 45, 100, 170 a -  d 500 Hertz a r e  shown fclr 
d a t a  point  43. Time h i s t o r y  t r a c e s  of time v z r i a n t  d i s t o r t i o n  a r e  shown i n  
hppondix G f o r  a l l  of t h e  d a t a  p o i n t s  i n  t h i s  s e c t i o n .  The time hiscory  da ta  
t r a c e s  include 100 mi l l i seccnds  of 116th s c a l e  (600 in i l l i seconds  f o r  f u l l -  
s c a l e  da ta )  time v a r i a n t  d i s t o r t i o n  da ta  and the  peak d i s t o r t i c n  l e v e l .  



Peak tine v a r i a n t  d i s t o r t i o n ,  torbulence and s p a t i a l  d i s t o r t i o n  d a t a  
a r e  presented as a func t icn  of f d l  scale f i l t e r  cu to f f  frequency i n  Figures  
86 through 93. The curves f o r  turbulence pass  through zero turbulence a t  
zero cu to f f  freqwnc!:. This  s i a p l y  implies t h a t  a t  zero frequency response 
t h e  time v a r i a n t  pressure  (wit'. no var4hnce) is equal  t o  t h e  s teady state 
pressure.  S imi la r ly ,  the  t i m e  v a r i a n t  d i s t o r t i o n  va lue  a t  zero  frequency 
response is equal t o  t h e  s t eady  state fcn d i s t o r t i o n .  The s teady  s t a t e  f a n  
d i s t o r t i o n  l e v e l s  are denoted by s o l i d  symbols i n  the  p l o t s .  

Far a l l  test condi t ions ,  i ac reas ing  f i l t e r  cu to f f  f r e q u n c y  increased 
both t h e  l e v e l s  of peak time v a r i a n t  f a n  d i s t o r z i o n  and trirbulence. For 
a l l  but  one test condit ion.  t h e  test a r t i c l e  wi th  t h e  h ighes t  turbulence a l s o  
has t h e  h ighes t  d i s t o r t i o r :  l e v e l  f o r  a given f i l t e r  cu to f f  frequency. The 
 tin^ v a r i a n t  s p z t i a l  d i s t o r t i o n  d a t a  a t  peak time v a r i a n t  f a n  d i s t o r t i o n  d i d  
not  i n d i c a t e  acy c o r r e l a t i n g  p r o p e r t i e s  wi th  i e a k  f a n  d i s t o r t i o ~ .  The plozted 
values  o f  s p a t i a l  d i s t o r t i o n  appear t o  occur randomly zbout t h e  s teady state 
leve l .  

Combined Efft:: of F i l t e r  Cutoff Frequency and Reynolds StlEberIScalc 

The e f f e c t  of ReynolGs su?nber!scale on peak t h e  v a r i a n t  f a n  d i s t o r t i o n ,  
turbulence l e v e l  ard s p a t i a l  d i s t o r t i o n  is shown i n  Figures  94 through 101 
f o r  c o n s t a r t  l e v e l s  af f i l t e r  curoff  i r e ~ u e n c y .  The t rend  of decreas ing 
c u r b d e a c e  level 2nd decreas ing peak t h  v a r i a n t  f an  d i s t o r t i o n  f o r  increas-  
ing Reynolds =&er!scale is s i m i l a r  :o that shown i n  the seccion f o r  Reynolds 
zuahr!scale e f f e c r s -  This t rend in, t h e  b r a  appears t o  3e c o n s i s t e n t  f o r  
ell l e v e l s  a f  f i l t e r  ca to f f  frequezcy. Since m c h  of the  same d a t a  is 
i x i l i z e d  here  as i n  t h e  3e)moias n ~ e r , ' s c a l e  a n a i y s i s ,  some of t h e  saae a i s -  
c r e ~ a n c i e s  occu.. S lnce  they were discussed i n  t h e  ~ r e v i  ?us s e c t i o n ,  they 
a r e  nor r e i r e r a t e d  here.  

I n  st=nnary, turbulence l e v e l  and peak tine v a r i a n t  Fan d i s t o r t i o n  in- 
:rease as f i l t e r  cu to f f  frequency is increased.  This d a t a  t rend is main- 
ta ined xhm evaluat ing curbulcnce l e v e i  an2 peak time v a r i a n t  d i s t o r t i o n  a s  
a f ~ a ~ c z i o z  of Reynolds n d e r i s c a l e  f o r  constant  f i l t e r  cu to f f  frequency. 



PEAK TIM& VARIANT FAS DISTORTION PREDICTIONS 

The primary o b j e c t i v e  o f  t h i s  a n a l y s i s  w a s  t o  compare t h e  p red ic ted  most 
probable peak d i s t o r t i o n  va lues  as computed by ,Yelick's procedure t o  t h e  mea- 
sured peak time v a r i a n t  d i s t o r t i o n  valties. Hel ick 's  procedure w a s  developed 
under NASA Contract  NAS2-6901 and is descr ibed i n  d e t a i l  i n  Reference (1). 

The necessary i n p u t s  t o  Melick's procedure, a n  eva lua t ion  of t h e  d i s -  
t o r t i o n  p r e d i c t i o n  c a p a b i l i t y  and a n  assessment of t h e  hypothesis  used i n  
developing t h e  procedure are descr ibed below. 

Inpu ts  t o  Hel ick 's  Procedure 

The necessary inpu ts  t o  Hel ick 's  procedure are: 

o C n f i l t e r e d  turbulence f o r  each of t h e  dynamic probes t o  be  used 
i n  t h e  p red ic t ion  (each d a t a  po in t  w a s  evaluated us ing u n f i l t e r e d  
turbulence l e v e l s  f o r  a l l  48  dynamic probes),  

o Rat io  of f i l t e r e d  mean square p ressure  v a r i a t i o n  t o  u n f i l t e r e d  
aean square  pressure  v a r i a t i o n  f o r  each of t h e  dynamic probes 
t o  be used i n  t h e  p r e d i c t i o n  (each d a t a  po in t  w a s  evaluated us ing 
man square p ressure  r a t i o s  f o r  a l l  $8 dynamic probes),  

o F i f r e r  cutoff  frequency f o r  the  f i l t e r e d  Eean square  pressure  va r ia -  
t ion,  

o Airflow v e l o c i t y  a t  t h e  engine face ,  normalized dyaamic p ressure ,  
(q/Pt2) a t  t h e  engine f a c e  and engine cu to f f  frequency, (iclo) eng, 

o Reference r a d i a l  p r o f i l e ,  r a d i a l  d i s c o r t i o n  weighting f a c t o r ,  and 
a n a l y s i s  time, 

o Steady state t o t a l  p ressure  a r r a y  a t  t h e  engine f a c e  and t h e  
average engine face  s t a t i c  pressure  r a t i o e d  to f rees t ream t o t a l  
pressure.  

Yeasured and Predic ted Peak Ins taataneeus  Dis to r t ion  Value Comparisons 

The d a t a  po in t s  used t o  evalgare  Xel ick 's  ~ r o c e d u r e  are shown i n  
Figure 102. This d a t a  set is composed of two s e t s  of d a t a ,  one wi th  nominal 
average t u r b u l e x e  with no engine srai ls  and one wi th  a high l e v e i  of average 
turbulence such t h a t  an engine s t a l l  occurred f o r  each a a t a  point .  The com- 
p a r i j o n  of measured peak t i n e  v a r i a n t  d i s t o r t i o n  va lues  and t h e  predicred 
=st probable peak d i s t o r t i o n  values f o r  t h e  d a t a  with nominal torbulence 
l e v e l s  and no engine s t a l l s  is shown i n  Figure 103. The average e r r o r  f o r  
th; predic ted d a t a  is 11.3 percent.  The comparisons of measured peak t i n e  
v a r i a n t  d i s t o r t  ion values  and t h e  predic ted most probable peak d i s t o r  cion 
values  f a r  t h e  d a t a  with high turbulence l e v e l s  and engine s t a l l s  is shown 
i n  Figure 104. The average e r r o r  f o r  t h e  predic ted d a t a  is 20 percent  with 
the. saximum e r r o r  approacninq 40 percent .  Note t h a t  the  predic ted d i s t o t t i o n  
l ~ ~ e l s  a r e  lower than the  measured d i s t o r t i o n  l e v e l s  f o r  a l l  t e s t  c o n d i t i ~ n s  
f o r  t h e  d i s t o r t i o n  d a t a  wi th  high turbulence l e v e l s .  



Vortex Diameter and Cross C o r r e l a t i o ~  Coef f ic ien t  Comparisons 

Hel ick hypothesized i n  Reference (1) t h a t  i n l e t  turbulence r e s u l t s  from 
a random d i s t r i b u t i o n  of d i s c r e t e  v o r t i c e s  being convected downstream by t h e  
mean f lov.  and i n  R e f e r e x e  (7). t h a t  t h e  c r o s s  c o r r e l a t i o n  c o e f f i c i e n t  ( a t  
zero l a g  t i m e )  betveen two dynamic probes is a funct ion of t h e  probe spacing 
normalized by t h e  vor tex  r a d i u s  f o r  these  s e t  of random v o r t i c e s .  To in- 
v e s t i g a t e  these  hypotheses f o r  every p ressure  probe a t  the  engine face  vould 
incur  a n  exorb i t an t  d a t a  reduc t ion  cos t .  Hovever, Helick i n d i c a t e s  i n  Reference 
(1) how the  mean vor tex  p o s i t i o n  can be found, t h e r e f o r e  al lowing judic ious  
s e l e c t i o n  of probes t o  be c ross  cor re la ted .  The procedure i o r  f ind ing  t h e  
p o s i t i o n  of t h e  vor tex,  a n  example of i ts  use, and a n  i n v e s t i g a t i o n  of Xel ick 's  
hypothesis  regarding t h e  presence of v o r t i c e s  a r e  discussed below. 

Using t h e  s teady s t a t e  t o t a l  p ressure  d a t a  at the  engine fzce, t h e  rake 
l e g s  having t n e  min imu and maximum t o t a l  p ressure  recovery a r e  deternined.  
I f  these  two l e g s  d iv ide  the  engine face  into m-? ucequal c i r c u l a r  segnents,  
the  vor tex  should be found i n  t n e  smaller c i r r ~ l a r  segzierr: miduay between the  
two legs .  If t h e  tvo l e g s  u i t h  minimum and aaxis~u~ t o t a l  pressure  recovery 
d iv ide  t h e  engine face  i n t o  two semi-circles.  che vor tex  should 5e f x n a  =id- 
way between t h e  t v ~  l e g s  i n  t h e  semi-ci rc le  s i t h  lowest o v e r a l l  pressure  
recovery. 

A n  e?tample of how t h e  probes were s e l e c t e d  f o r  cozputing c r o s s  cor re lz -  
t i o n  funct ions  uses t h e  s teady s t a t e  t o t a l  pressure  cor.:our s h a m  i n  Figure 
105. The rake l e g s  with ~ n i m u m  and z3xinum t o t a l  p ressa re  recovery brszket  
the  c i r c u a f e r e n t i a l  seczion of ince resc  and are n o ~ e 2 .  The ?robes a r e  
se lec ted  on th.? rake l e g  approximately midxa:; x i t h i n  t5e desigr,atesl circxic- 
f e r e n t i a l  sec to r .  The c i rcumferen t ia l  s e c t i o n  and rake l eg  l o c a t i o n  i.s noced 
i n  Figure 105. Cross c o r r e l a t i o n  func:ions f o r  t h e  selected p r z k s  ara pre- 
sc?nted i n  Figures 106, 107 atid 108, and the  peak c o r r e l a t i o n  coef f i c ien t ;  
betveen the  probes arc noted i n  each f i g u r e .  Cross c o r r e l a t i o n  funct ions  
f o r  eacn of t h e  d a t a  p o i n t s  evaluated ( u i c t o u t  engine s t a l l s )  aye  presented 
i n  Appendix B and t h e  respec t ive  c ross  s p e c t r a l  d e c s i t y  p l o t s  a r e  ?resented 
i n  Appendix I. 

Csing Xelick's  5ypotheses of References (1) and (7)  as x e v i o u s l y  dis- 
cussed, the  values  of t h e  computed vor tex  r a d i u s  us ing Xelick's a n a l y s i s  
and the  Cross Cor re la t ion  Coef f ic ien t s  ( t t  zero  lag time) der ived fro: 
neasured pressure  d a t a  a r e  presented i n  Figure 109 for s e i e c t e d  ?robes lo- 
ca ted i n  :he region of the  hypothet ical  random v o r t i c e s .  Csing Yelick 's  
ana lys i s ,  Relerence ( 7 ) ,  t h e  c r o s s  c o r r e l a t i o n  i o e f f i c l e n t s  were der ived tha: 
correspond t o  che computed vor tex  rad ius  and probe spacing f o r  each of the  test 
coc6 i t ions  of Figure 109. The dcrived c r o s s  c o r r e l a t i o n  c o e f f i c i e n t s  anci che 
measured c ross  c o r r e l a t i o n  coefficients f o r  each ser of probes have been 
t e s t e d  f o r  s i m i l a r i c y  using t h e  Chi-Square Test .  Acceptance of the  n u l l  
hy?ochesis (Ho: derived c r o s s  c o r r e l a t i o n  c o e f f i c i e n t  = neasured c r o s s  cor- 
r e l a t i o n  c o e f f i c i e n t )  would confirm the  ex i s tencz  of a rando- set of - ~ o r c i c e s  
and vould confirm the  f l u i d  dynamic model (Xel lck 's  a n a l y s i s )  represent ing 
the  ranaos  s e t  of v o r t i c e s .  However, t h e  d a t a  f o r  t h e  test c o n d i t i o t ~ s  cor- 
responding t o  Figure 109 i n d i c a t e  t h a t  the  n u l l  hypothesis can be r e l e c t e d  
with aore  than 99.95 percent p robab i l i ty ,  i . e . ,  P robab i l i ty  (derived c ross  
c o r r e l a t i o n  c ~ e f f i c i e n :  f neasured c r o s s  c o r r e l a t i o n  c o e f f i c i e n t )  .9995. 



However, the evaluation of these s t a t i s t i c a l  data  is inconclusive as t o  the 
determination of the existents o r  non-existence of a j i s c re t e  s e t  of ranaom 
vort ices .  It is possible f o r  the vor t ices  t o  e x i s t  and the mathematical 
re la t ionship  between the  vortex radius and cross  cor re la t ion  cozf f ic ien t  t o  
be inaccurate,  therefore yielding lov probabi l i ty  of s imilar ly between the 
measured and derived cross  cor re la t ion  coef f ic ien ts .  

I n  sumnary, Helick's procedure predicted peak d i s t o r t i o n  values t o  
within 11.3 percent average e r r o r  f o r  fourteen data  points  havirg an average 
turbulencs of 0.0155 and t o  within 20 percent average e r ro r  f o r  e igh t  data  
points where engine stalls had been induced having an average turbulencz of 
O.iO9. The procedure is inaccurate fo r  t e s t  conditions with high leve ls  of 
i n l e t  turbulence. The derived and neasured c ross  cor re la t ion  da t a  is incon- 
c lus ive  as t o  the  determination of the existence o r  non-existence of a dis- 
c r e t e  s e t  of randcm vort ices .  I f  the  vor t ices  a r e  present,  :hen the  theory 
for  mathematical modeling of the v o r t i ~ e s  is inaccurate,  and i f  the  mathe- 
matical model cif the vo r t i ce s  is cor rec t ,  then the vor t ices  a r e  non-existent. 



ENGINE STABILITY ALTIT EVALUATION 

P r i A  has e s t a b l i s h e d  a s t a b i l i t y  a u d i t  system f o r  t h e  FlOO engine'which 
has  been success fu l ly  used throughout the  F-15 de-~elopment program. The capa- 
b i l i t y  of t h e  Pb'ZA s t a b i l i t y  a u d i t  procedure t o  p r e d i c t  FlOO engine stalls w a s  
evaluated f o r  t h e  t e n  f l i g h t  cond i t ions  of F i g l r e  110. Engine stalls were 
iaduced dur ing t h e  M A  F-15 Inle t jEngine Compatibil i ty F l i g h t  Tes t  Programs 
by pos i t ion ing  t h e  inlet ramps t o  a n  off-design pos i t ion ,  thereby a r t i f i c i a l l y  
c r e a t i n g  high i n l e t  d i s t ~ r t i o u  l e v e l s .  Dcring t h i s  t e s t  program, a i r c r a f t  
ins t rumentat ion w a s  i n s t a l l e d  t o  accura te ly  measure inlet d i . s t o r t i o n  and 
p e r t i n e n t  engine parameters necessary  t o  conduct s t a b i l i t y  a u d i t s .  

S t a b i l i t y  Audit; Procedure 

The FlOO engine s t a b i l i t y  a u d i t  procedure vas developed t o  p r e d i c t  f a n  
and high compressor s t a b i l i t y  l e v e l  f o r  s t eady  s t a t e  opera t ion  f r o s  i d l e  t o  
maximum augmentation. I n  add i t ion ,  i t  can a l s o  be used t o  p r e d i c t  f a n  and 
high compressor s t a b i l i t y  l e v e l s  f o r  n o w 1  augmector t r a n s i e n t s  w i t h i n  in- 
termediate power t o  ~x~~ a u g ~ e n t a t i o n  por8er s e t ~ i n g .  The engine aud i ted  
in t h i s  study is an FlOO (2 7/8) engine with Ser i21  Sllmber P690063. The F1q0 
( 2  7/8) engine ccmpression system components c o n s i s t  of a n  Improved S t a b i l i t y  
Fan (ISF) wi th  a -25O t o  -5" i n l e t  guide vane schedule and a n  Advanced Aero- 
dynamic Compressor (>AC) with a Scherae V I I  i n l e t  guide vane scheduie. 

An engine matching prccedure was e s t s b l i s h e d  which matched FlOO (2  7!8) 
data obta iaed durSng s e a  l e s e i  tests, f l i g h t  t e s t s  and simulated ground t e s t -  
ing  a t  XEDC. S u f f i c i e n t  ins t rumentat ion was a v a i l a b l e  dur ing t h e  NASA P-15 
Inle t /Engine Compat ibi l i ty  Test  Program t o  o b t a i n  complete engine match p o i n t s  
f o r  t h e  s t a b i l i t y  a u d i t s  by matching t h e  following neasurands wich the  engixe 
matching procedure. The procedure then provided p r e c i c t i o n s  f c r  any o t h e r  
required parameters. 

- 
P t 2  

s Tan i n l e t  average t o t a l  p ressure  

= t 2  s Fan i n l e t  average t o t a l  temperacure 

s I s Low r o t o r  speed 

CIW -d Fan i n l e t  guide vane ang le  

Pt6 /PtZ % Engine p ressure  r a t i o  
m 

RCW Sigh Fressure Compressor (XPC) i n l e t  guide vane angle  

The surge l i n e  d e s t a b i l i z i n g  inf luences  accounted f o r  i n  t h e  s t a b i l i t y  
a u d i t  include Zeynolds number, engine-to-engine v a r i a t i o n s  and i n l e t  d i s t o r -  
cion as shown i n  Figure lli. Operati-ng l i n e  d e s t a b i l i z i n g  inf iuences  accounted 
f o r  include d i s t o r t i o n  rematch and augmentor combustion anomalies. 

The surge l i n e  d e s t a b l i z i n g  in f luences  appi ied t o  t h e  h ighes t  a v a i l a b l e  
surge l i n e  (Point  A) a r e  shown i n  Figure  111. These in f luences  include Rey- 
nolds number (Point  B ) ,  engine-to-engine v a r i a t i o n s  (Point  C) and i n l e t  d i s -  
t o r t i o n  (Point  D) . The opera t ing  l i n e  d e s t a b l i z i n g  i n f l u e w e s  appl ied t o  



t h e  o r i g i n a l  a a t c h  Point  1 a r e  a l s o  shovn. These include d i s t o r t i o n  rematch 
(Pcint  2 ) .  augmentor blovout (Point  3) and augnentor r e i g n i t i o n  (Point  6 ) .  
After  accounting f o r  a l l  d e s t a b i l i z i n g  in f luences ,  the  s tal l  margin remaining 
is determined by s u b t r a c t i n g  t h e  f i n a l  opera t ing  p ressure  r a t i o  from t h e  f i n a l  
surge pressure  r a t i o  and normalizing t h i s  with t h e  h ighes t  a v a i l a b l e  surge 
pressure  r a t i o ,  e.g. (P% - PR4)/PRA. 

Surge l i n e  l o s s e s  due t o  Reynolds number e f f e c t s  a r e  based o t  a cor re la -  
t i o n  of surge l i n e  l o s s  ve rsus  Reynolds m~mber f o r  va r ious  engi-les including 
t h e  F100. These l o s s e s  v e r e  app l ied  t o  f a n  and HPC undis to r ted  surge l i n e s  
previously  obtained from nSsnerous r i a  and engine tests. The surge l i n e  l o s s  
a t t r i b u t e d  t o  engine-to-engine v a r i a t i o n  was audi ted a t  one percent  f o r  both  
t h e  f a n  and high compressor. 

The surge  l i n e  l o s s  due t o  i n l e t  d i s t o r t i o n  vas  based on time v a r i a n t  
d i s t o r t i o n  measured wi th  the  48 probe engine face  rake.  Fan and 'WC sensi -  
t i v i t i e s  t o  i n l e t  d i s t o r t i o n  have been previously  determined from FlOO r i g  
and engine t e s t s .  Peak t h e  v a r i a n t  d i s t o r t i c n  values  were determined us ing 
an  analog d i s t o r t i o n  c a l c u l a t o r  t o  "flag" maximum t i m e  v a r i a n t  d i s t o r t i o n  
l e v e l s  f o r  non-stal l  t e s t  condi t ions .  For test condi t ions  wi th  engine stall,  
va lues  occurr ing 8-20 n i l l i s e c o c d s  p r i o r  t o  t h e  engine s ta l l  were used f o r  
the  a u d i t s .  

The destabLl iz ing e f f e c t  on fan  and high compressor operat ing l i n e s  due 
t o  d i s t o r t i o n  rematch w a s  14 and OX r espec t ive ly  a s  d e t e m i n e d  from d a t a  
co l l ec ted  during previous engiae  t e s t i n g .  

For so-: of t h e  t e s t  cond i t ions  where engine s t a l l s  were induczd by 
f u l l y  extending t h e  t h i r d  ram? a c t c a t a r  an  augmentor anomaly (blowout and 
r e i g n i t i o n )  would occur. The e f f z c t  of t h i s  anomaly on t h e  fan  opera t ing  
i i n e  has  been de temined  from rnasured engine parameters and Factored i r r o  
the  s t a b i l i t y  a u d i t s  of t h i s  study. 

Induced S t a l l  Procedure 

The d a t a  f c r  t h e  inauced engine s t a l l s  were obtained on a F100(2 7/8) 
:est e r ~ g i n e  wi th  S e r i a l  Xunbtr P690063 wnicn was sounted i n  t h e  l e f t  hand 
s i d e  of A i r c r a f t  Sunber 71-0281. S t a l l s  were induced by mznually extending 
the  l e f t  i n l e t  t h i r d  r a p  a c t u a t o r  snobn i n  Figure  3 beyond t h e  schedxied 
posi t ion.  

Extending the  i n l e t  t h i r d  ramp a c t u a t o r  beyond t h e  scheduled p o s i t i o n  
r e s u l t s  ia a smaller  i n l e t  t h r o a t  a r e a  which s i g n i f i c a n t l y  reduces t o t a l  
pressure  recovery and increases  fan  d i s t o r t i o n  Factor,  Ka, as  shown i n  
Figure 112. Sote  the  reduct ion i n  t o t a l  pressure  recovery'and i a c r s a s e  i n  
d i s t o r t i o n  which occurs r e l a t i v e  t o  normal t h i r d  ramp scheduling (L3 = 11'). 
This t o t a l  pressure  reduct ion b r ings  about an  inc rease  i n  t h e  e f f e c t i v e  
?ressrlre a l t i t u d e  a t  the engine face .  The "as tes ted"  a l t i t u d e  and Xach 
number f o r  each of t h e  s t a b i l i t y  a u d i t  po in t s  a s  we l l  a s  t h e  ecgine face  
e f f e c t i v e  pressure  a l t i t u d e  is shown i n  Figure 113. 



S t a b i l i t y  h d i t  Tes t  Condit ions 

The t e n  test condi t ions  of Figure 110 v e r e  s e l e c t e d  t o  provide represen- 
t a t i v e  s t a b i l i t y  a u d i t s  throughout the  F-15 f l i 3 h t  envelope. Engine stalls 
were induced f o r  e i g h t  of t k e  t e n  test condi t ions  by f u l l y  extendiag t h e  t h i r d  
ramp ac tua to r .  The Mach number range f o r  these  e i g h t  test cond i t ions  is 0.4 
t o  1.2. The remaining tvo test condi t ions  are f o r  Mach number 1.6 and 2.0. 
For f l i g h t  s a f e t y  reasons,  engine s t a l l s  v e r e  not  induced a t  t h e  high super- 
sonic  Mach number f l i g h t  condi t ions .  The ins t rumentat ion p e r t i n e n t  t o  mea- 
sur ing  time v a r i a n t  fan d i s t o r t i o n  and f o r  d e t e c t i n g  t h e  s t a l l i n g  component 
(fan and high pressure  compressor) and augmentor i n s t a b i l i t i e s  is  shown i n  
Figure 114. 

During t h e  process o f  inducing engine s tal ls  on engine P690063, augmentor 
combustion anomalies occurred f o r  th ree  of t h e  t e n  test condi t ions .  For Data 
Points  3, 4 and 16, augmentor blowouts occurred and v e r e  followed by stalls 
induced by augmentor r e i g n i t i o n  p ressure  pulses .  The augmentor blowouts 
occurred because t h e  augmentor was opera t ing  o u t s i d e  the  des ign envelape. 
This occurred because t h e  reposi t ioned i n l e t s  ramps reduced t h e  engine face  
t o t a l  pressure  t o  a l e v e l  corresponding t o  an a l t i t u d e  o u t s i d e  the  des ign 
envelope, as shown i n  Figure 113. The s t a b i l i t y  a u d i t  can acc0ur.t f o r  t h e  
e f f e c t  of augmentor blowout and r e i g n i t i o n  on t h e  t a n  opera t ing  po in t  by using 
t h e  f a n  discharge high response probe da ta .  

Cpon examining t h e  t i n e  h i s t o r y  t r a c e s  of fan  d i s t o r t i o n ,  i t  w a s  found 
t h a t  t h e  f a n  would, f o r  some t e s t  condi t ions ,  t o l e r a t e  d i s t o r t i o n  l e v e l s  
higher than those that f i n a l l y  s t a l l e d  t h e  fan.  As the  t o t a l  ? ressure  a t  t h e  
ezgine face  was reduced, due ro t h i r d  ramp a c t u a t o r  extension,  t h e  engine 
operat ing pressures  were reduced and t h e  f a n  would match t o  a lower opera t ing  
fan p ressure  r a t i o ,  thereby allowing to lerance t o  higher d i s t o r t i o n  l e v e l s .  
.As the  engine c o n t r o l  system natched the  fan  back up t o  t h e  normal operat ing 
fan  pressure  r a t i o ,  a peak d i s t o r t i o n  l e v e l  would be encountered of s u f f i c i e n t  
l e v e l  t o  s ta l l  t h e  fan,  thereby expla ining t h e  engine 's  temporary to le rance  
t o  higher  than s t a l l i n g  d i s t o r t i o n  l e v e l s .  These fan  opera t ing  po ia t  excur- 
s ions  a r e  depic ted on a f a n  aap i n  Figure 115. 

S t a b i l i t y  Audits 

Five s t a b i l i t y  a u d i t s  representative of the  t e n  a u d i t s  conducted a r e  
presented i n  the  set of Figures  116 through 120. The a u d i t s  f o r  t h e  remain- 
ink f i v e  t e s t  cond i t ions  a r e  presented i n  Appendix J. The f i r s t  f i g u r e  of 
each s e t  presents  d a t a  t r a c e s  of fan discharge high response p ressures ,  fan  
i n l e t  high response pressure  and i n l e t  t h i r d  rasp  ac tua to r  p o s i t i o n  a t  the  
ti= of t h e  s tal l  po in t  audi ted o r  f o r  the  time a t  which peak d i s t o r t i o n  
occurred during a non-s ta l l  point .  The second f i g u r e  of each set i n d i c a t e s  
the  peak d i s t o r t i o n  value  s e l e c t e d  j u s t  p r i c r  t o  s t a l l  o r  the  peak value 
during t h e  event f o r  a no-s ta l l  point .  The t h i r d  f i g u r e  of each s e t  p resen t s  
the  f a n  i n l e t  p a t t e r n  audi ted f o r  each f l i g h t  po in t ,  and t h e  four:h f i g u r e  
of each s e t  p resen t s  tho fan  and HPC s t a b i l i t y  a u d i t  r e s u l t s  f o r  each t e s t  
condi t ion.  

For t h e  fan  and HPC s t a b i l i t )  a u d i t s ,  t h e  cor rec ted  a i r f l o w s  presented 
were converted from the  engine value  to  an equivalent  fan and HPC " r i g  Sasis".  



S t a b i l i t y  a u d i t s  are conducted on  t h i s  b a s i s  s i n c e  t h e  o r i g i n a l  s t a l l  margin 
l o s s  and d i s t o r t i o n  c o r r e l a t i o n s  were e s t a b l i s h e d  from r i g  d a t a .  S t a b i l i t y  
a u d i t s  f o r  f i v e  of t h e  t e n  test c o n d i t i o n s  a r e  d i s c u s s e d  below. 

S t a b i l i t v  Audit (Mach 0.59, .Utitude=76lOm, WAT2=104. I T ,  I.D.=2) - A f a n  
s t a l l  du r ing  s t e a d y  state a u g m n t o r  o p e r a t i o n  w i t h  t h e  t h i r d  r a p  a c t u a t o r  
f u l l y  extended is i l l u s t r a t e d  i n  F igu re  116a. An a u d i t  of t h e  peak d i s t o r t i o n  
j u s t  p r i o r  to s t a l l  ( s e e  F igu res  116b and 116c) i n d i c a t e  a  n e g a t i v e  6.2 pe rcen t  
f a n  s t a l l  n a r g i n  and a p o s i t i v e  18.4 pe rcen t  HPC s ta l l  margin remaining as 
shown i n  Figure  116d. 

S t a b i l i t y  Audit (Y!ch 0.52, SLti tude=10960n,  WXT2=107.12, I.D.=3) - A 
rumble induced augmentor blowout fol lowed by a n  augmentor a u t o - i g n i t i o n  re-  
l i g h t ,  which induced a f a n  s t a l l  w i t h  t h e  t h i r d  ramp a c t u a t o r  f u l l  extended 
is i i l u s t r a t e d  i n  F igure  117a. An a u d i t  of  rhe  peak d i s t o r t i o n  p r i o r  t o  s u r g e  
iros Figure  117b i n d i c a t e s  s t a b l e  f a n  o p c r a t i m  a f t e r  t h e  Slowout but  p r i o r  
t o  augmentor r e i g n i t i o n .  Once r e i g n i t i o n  occu r s ,  a  n e g a t i v e  27.A pe rcen t  f a n  
s t a l l  margin is shown i n  Figure  117d a long  w i t h  1k.7 pe rcen t  p o s i t i v e  HPC s t a l l  
margin remaining. The augmnntor blowout ar.d r e i g n i t i o n  e f f e c t s  on  the  f a n  
o p e r a t i n g  po in t  were d e t e m i n e d  from t h e  f a n  d i s c h a r g e  h igh  response  ? r e s s u r e  
probe t r a c e s .  

S t a b i l i t y  Audit (?lath 0.85,  A l t i t u d e  =lO76n, lJAT?=lOk. 2: .  I .D.=l5) - -1 
f a n  s t a l l  du r ing  s t e a d y  s t a t e  augmentor  pera at ion wi th  t h e  t h i r d  ramp s c t u a t o r  
f u l l y  extended is i l l u s t r a t e d  i n  F igure  1132. Fan s t a b i l i t y  a u d i t s  of t h e  
n i g h e s t  n o n - s t a l l  d i s t o r t i s n ,  as w e l l  as t h e  peak s t a l l  induciag  d i s ~ o r t i o c ,  
from Figure  l l 8 b  a r s  p re sen ted  i n  F igu r s  11EC. The n o n - s t a l l  c a s e  i n d i c a t e s  
i0.6 percen t  p o s i t i v e  f a n  s ta l l  ziargin r ena in ing  u h i l e  t h e  s t a l l  c a s e  i n d i c a t e s  
a  nega t ive  6.4 p e r c e n t  fan s t a l l  na rg in .  The iiPC s t a b i l i t y  a u d i t  is  skiom i n  
F igu re  113e and i n d i c a t e s  a  p o s i t i v e  15.3 percen t  E?C s t a i i  ziargin remaining.  

S t a b i l i t y  Audit (?lach 1.2,  ~ ~ l t i t u d e = l i 2 2 O m ,  l<XT?=98.3Z. 1.3.134) --A f a n  
s t a l l  dur ing  s t e a d y  s t a t e  augmentor o p e r a t i o n  s i i t h  t h e  t h i r d  r azp  a c t u a t o r  
f u l i y  extended is L l l u s t r a t e d  i n  F igure  119a. An a u d i t  of the  ?eak d i s t o r t i o n  
p r i o r  t o  s t a l l  from F igure  119b i n d i c a t e s  a n e g a t i v e  3 .1  pe rcen t  f a n  s t a i l  
n a r g i n  and a  p o s i t i v e  16.2 pe rcen t  HPC s t a l l  margin remaining a s  shown i n  -. 
t l g u r e  l i 9 d .  

S t a b i l i t y  Audi ts  (?Iach 1.6,  Xl : i tud~=18~7On.  XAT2=89.3, X.D.=4) - High 
response p r e s s u r e s  and i n i e t  t h i r d  ramp a c t u a t o r  p o s i t o n  a t  t h e  t i x  dr peaK 
d i s t o r t i o n  a r e  i l l u s t r a t e d  i n  F igure  120a l o r  t h i s  t e s t  cond i t ion .  This  Gas 
a supersonic  n o n - s t a i l  even t  u i t h  t h e  engine  power s e t  a t  nasimum a u q e n t a t i ~ n ,  
and t h e  i n l e t  t h i r d  ramp a u t o m a t i c a l l y  scheduled t o  i ts  n a m a l  p o s i t i o n .  The 
?sak d i s t o r t i o n  f a c t o r  shown i n  F igu re  12Oc w a s  a u d i t e d  and :he r e s u l t s  a r e  
shown i n  Figure  120d. The a u d i t s  i n d i c a t e  a p o s i t i v e  2 2 . i  p e r c e n t  f an  s t a l l  
a a r g i n  remaining and a p ~ s i t i v e  17.0 pe rcen t  HPC s t a l l  z a r g i n  remaining. 

Screening  Curve V e r i f i c a t i o n  

The l e v e i s  of d i s t o r t i o n  v a l u e s  f o r  which a s t a l l  may occur f o r  t h e  FlOO 
(, 7,Y) engine  a r e  shown i n  t h e  d i s t o r t i o n  sc reen ing  curve  of F igu re  i 2 l .  I t  
is a  sc reen ing  curve  i n  t h e  s e n s e  t h a t  t h e  va lues  from t h i s  Lurve a r e  no t  t o  
be used a s  d i s t o r t i o n  l i m i t s  f o r  engine  s t a l l ,  but  when an i n l e t  d i s t o r t i o n  
l e v e i  f o r  a  p a r t i c u l a r  a i r f l o w  exceeds the  comparable va lue  from t h e  s c r e e n i n g  



curve, addi t iona l  ana lys i s  should be conducted t o  determine i f  there  is any 
remaining engine s t a l l  margin f o r  t he  pa r t i cu l a r  test condition. The f an  
d i s t o r t i o n  l e v e l s  for  the audited test condi t ions a r e  p lo t ted  on the screening 
curve of Figure 121. FOT the  e igh t  t e s t  condi t ions where engine s t a l l s  were 
induced, the d i s t o r t i o n  l eve l s  l i e  above the  l i n e  i n  t he  region of predicted 
s t a b i l i t y  problems and the  d i s t o r t i o n  l e v e l s  f o r  the two no s t a l l  test condi- 
t ions  l i e  belaw the  screening curve i n  the region vhere s t a b l e  operat ion is 
predicted. These r e s u l t s  lend c r e d i b i l i t y  to  both t he  s t a b i l i t y  aud i t  system 
and the  screening curve. 

Iden t i f i ca t i on  of S t a l l  Inducing Dis tor t ion  Peaks 

For each of the stall poin ts  audi ted,  the  peak time va r i an t  d i s t o r t i o n  
value j u s t  p r i o r  t o  t he  s t a l l  w a s  chosen as the l e v e l  which induced the  s t a l l .  
For each test condition evaluated, the da ta  record time a t  which the peak dis- 
t o r t i on  and the engine s t a l l  occurred a r e  summarized i n  Figure 122, arid the  
elapsed time from the beginnLng of the  d i s t o r t i o n  da ta  record to  the engine 
s t a l l  is presented. The elapsed time from the  audited peak d i s t o r t i o n  t o  t he  
s t a l l  point,  a s  indicated by s t a l l  overpressure, ranged from 8 to  20 m i l l i -  
seconds f o r  a l l  events. Numerous s tud i e s  have indicated t ha t  :his is the  
time in t e rva l  magnitude required fo r  the  peak d i s t o r t i o n  pressure wave t o  
t r ave l  from the  instrumentation plane t o  the engine s t a l l e d  compression s tage ,  
fo r  the s t a l l  t o  occur, and fo r  the stall  overpressure t o  re turn  t o  the  i n s t r ~ -  
mentation plane. 

I n  summary, evaluation of the s t a b i l i t y  audi t  system ind ica tes  t h a t  suf- 
f i c i e n t  technology e x i s t s  t o  successful ly  przd ic t  in le t /engine  compatibi l i ty  
s t a t u s  during the ea r ly  phase of the in le t /engine  development prograros. 



CONCLUSIONS XIVD RECOMHEXDATIOSS 

Conclusions 

The following conclusions can be drawn from t h e  r e s u l t s  of t h i s  pro- 
gram : 

o Peak time v a r i a n t  d i s t o r t i o n  va lues  from subscale  i n l e t  model wind 
tunnel  t e s t s  a r e  represen ta t ive  of those  from f u l l  scale f l i g h t  
t e s t  a i r c r a f t  . 

o The time v a r i a n t  p ressure  d a t a  a r e  random s t a t i o n a r y  d a t a ,  thereby 
a l lowing v a l i d  s t a t i s t i c a l  analyses  t o  be conducted. 

o The e f f e c t  of the  engine presence on t o t a l  p ressure  recovery,  peak 
time v ~ r i a n t  d i s t o r t i o n  and turbulence l e v e l  is small but favorable .  

o The iteynolds number/scale eva lua t ion  i n d i c a t e s  a general  t rend of 
inc reas ing  t o t a l  pressure  recovery, decreas ing peak time v a r i a n t  fan 
d i s t o r t i o n  and decreas ing turbulence l e v e l  a s  a funct ion of increas-  
ing  Reynolds number/scale . 

o The frequency content  eva lua t ion  i n d i c a t e s  t h a t  peak t i m e  v a r i a n t  
f a n  d i s t o r t i o n  and turbulence l e v e l  inc rease  a s  a func t ion  of in- 
c reas ing  f i l t e r  cu to f f  frequency f o r  a l l  of t h e  d a t a  evaluated 
i n  t h i s  study. 

o The c a p a b i l i t y  of t h e  T r a t t  S Kl i tneg A i r c r a f t  s t a b i l i t y  a u d i t  s y s t e z  
t o  p red ic t  engine s t a l l s  has been v e r i f i e d  f o r  both s ta l l  and non- 
s t a l l  f l i g h t  t e s t  condi t ions .  

o P r e a i c t i s n s  af peak d i s t o r t i o n  va lues  us iny ?!e1ic'K1s p r ~ c e d u r e  
a r e  accura te  t o  11.3 percent sverage e r r o r  f o r  four teen d a t a  po in t s  
having noainal  turbulence l e v e l s  and a r e  accura te  t o  20 percent 
average e r r s r  ;:he nssinum e r r o r  approaches LO percent)  f o r  e i g h t  
d a t a  poi28 trau;ng hl gh turbulence l e v e l s .  

Recomnenda t ions  

i3ased on the  r e s u l t s  of t h i s  program t h e  following recommendation is  
nade: 

o A s t a t i s t i c a l  study should be made t o  eva lua te  t h e  p r o p e r t i e s  of  the 
t i n e  v a r i a n t  d i s t o r t i o n  da ta .  S p e c i f i c a l l y  the  d i s t r i b u t i o n  and 
var iance of the  peak tine v a r i a n t  d i s t o r t i o n  values should be 
invest igated a s  a funct ion of a n a l y s i s  t i s e  t c  f u r t h e r  a id  i n  :he 
i n t e r p r e t a t i o n  of the  d a t a  f o r  t h i s  s tudy.  
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FIGURE 2 
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FIGURE 6 
F-15 ENGINE FACE RAKES 
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FIGURE 8 
SAMPLE FLIGHT CONOlT ION 
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FIGURE 10 (Continued] 
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FIGURE 11 
FILTER ATTENUATION CHARACTERISTICS AND CUTOFF FREQUENCIES 
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F IGURE 12 
PRESSURE P R O B E  SUBST ITUT ION T E C H N I Q U E  

Example Diagram 

SUBSTITUTION TECHNIQUE 

SUBSTIT UTE AVERAGE 2 ADJACENT RADIAL PROBES 
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FERENTIAL AND 1 ADJACENT RADIAL 
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FIGURE 13 
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SEL ECTiON 

' C = Closed 
"For flight test. these data are flight-run numbers 

FIGURE 15 
DATA MATRIX 
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FIGURE 19 
TEST CONDITIONS FOR EVALUATING 
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FIGURE 20 
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FIGURE 21 
FUGHT TEST POWER SPECTRAL DENSlTY PLOTS 

Random vs Periodic Data 
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FIGURE 27 
TlME VARIANT DATA QUALITY 
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INSTANTANEOUS. MEAN AND MEAN SQUARE PRESSURE TIME HISTORY 
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FIGURE 31 
EFFECT OF FILTER CUT OFF FREQUENCY ON 

PEAK FAN DISTORT ION PARAME1 EfiS 
Mach 1 8  cl = -2 #3 = O  p = -3 1 3  = 18 7 Svpass = 0 
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FIGURE 33 
INTERPOLATION TECHNIQUE FOR FAN DISTORTION 

OESCRIPTORS vs PERCENT CORRECTED ENGINE AIRFLOW 
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FIGURE 34 
INnRPOLATlON TECHNIQUE FOR FAN DISTORTION 

EFFtCT OF F!LTER CUTOFF FREQdENCY O N  INS'iANTANEOUS DISTORTION PARAMETERS 
M a c h 1 8  a = - 2  @ = O  p = - 3  A 3 : 1 0 7  8 t , ~ a s s - O  W 9 T Z = 7 8 9 a ~  

I 



'3 . BIN% C ;..>m Sv-4 " - P ~ r t . d i ~ v  Own Brpars 

. .- ,rtZ e:, -a* 3 t-agell: i)vw~l 3 . ~ 3 1  am: 2re na* IF*- n .nr ~ u a n t ~ : r t ~ ~  s n ~ . % s t s  

Datl Point 
M.r?ar*hor, Nurnkr 1 

FIGURE 35 
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FIGURE 36 
COMPARISONS OF STEADY ST ATE AND 

INSTANTANEOUS TOTAL PFIESSURE CONTOURS 
Mach 1.8 a = -2 B = O  P = - 3 . 0  

A3 = 18.7 Bypass = 0 C W  = -25.0 A# = 1 7.700 



FIGURE 37 
COMPARISONS OF SfEAOV STATE AND 

INSTANTANEOUS TOTAL PRESSURE CONTOURS 
Machl.88 a = 4  B = O  = 2.5 

A 3 = 18.7 Bypas = 0 CWV = -25.0 Alt = 17.700 



FIGURE 38 
COMPAFilSONS OF STEADY STATE AN0 

INSTANTANEOUS TOTAL PRESSURE CONTOURS 
Mach 2.2 a = -2 B = 0 p = 4 . 0  

A3 = 25.0f24.8 Bypass = a0278 - 0.0774 CIVV = -25 0 Alt = 19,800 - 21,300 
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FIGURE 39 
COMPARISONS OF STEAOY STATE AND 

!NST lTANEOUS TOTAL PRESSURE CONTOURS 
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1 3 = 25.0 B V ~ ~ S S  = 0.0774 CIW = -25.0 Alt 19.800 - 21.300 
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FIGURE 40 
COMPARISONS OF STEADY STATE AN0 

INSTANTANEOUS TOTAL PRESSURE CONTOURS 
Mach 2.2 a = 11 f? = 0 p = 6.8 
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FIGURE 41 
COMPARISON OF POWER SPECTRAL DENSITY PLOTS 

Mach 1.8 a = - 2  j3=0 p=-3.0 = 107 ClW=-25.0 
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FIGURE 42 
COMPARISON OF POWER SPECTRAL DENSITY PLOTS 

Mach 1.8 a = 4 P = 0 p = 2.5 
1 = 18.7 C l W  = -25.0 



W n H  ENGINE f$SE) 
1 . . . . . . . . . .  : ' P P  . L - . L &  : : .. - .... .. -- ... - . . . . . .  .... 

7 

4 7 x 1  F~- ..................... ..... - .- -. .... . . . .  -: :. . . .  
. . 

:.... . . UP$2 -.-:.-. r ..: 
4 7 . 5 4 x l d  -,,:. - -- - . . . . . . . .  T G i . 1  :.. . . . . . .  

. ... . . . .  Ht - .- .- - --. -- - .- - - -- . . . . -- -- - --- .. - . 

FREQUENCY - M FREQUENCY - Wr mw 

FIGURE 43 
COMPARISON OF-POWER SPECTQAL DEN-SllfY PLOTS 
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FIGURE 44 
COMPARISON OF POWER SPECTRAL DENSITY PLOTS 
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FIGURE 46 
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FIGURE 84 
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FIGURE 102 
TEST CONDITIONS FOR EVALUATING MEUCK'S PROCEDURE 
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FIGURE 10s 
PROBE SELECTION FOR CROSS CORRELATION COEFFICIENT CALCULATIONS 

Steady State Pressure Contour 

Mach 0.69 a = - 4 . 4  B = 10.6 I.D. Number = 7 Flight 421 Run 10 
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'Stab~lity audirs are In Appendix K 
"HMS - Hours, Minutes. Seconds 
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FIGURE A-7 
COMPARISONS OF DlGlTlZED AND ANALOG DISTORTION DATA 

Mo = 0.69 a = 3.4 P = 0.7 p = 6.9 
L 3 = 1 1 . 1  WAT2=74.1% Bypass=0.0 

1.0. Number = 12 fc/o = 170 

B) ANALOG 
1.0 

FAN OlSTORTlON 

'b" FACTOR 

$2 
0.5 - 

b 
a-* 

0 

- 

Y 

I I 

-0.21 

ex - -  

! 

0 0.1 0 2  0.3 0.4 0.5 0.6 0.7 
05:17:55.6 ~ ~ m m s s 7  

I 

0.1 

SEC 

I 



FAN OISTORTION 

'W' FACT OR .- 

Klz 

7.- 

0 0.1 02 0.3 0.4 0.5 0.6 0.7 

12:05:59.334 ELAPSED TIME - SEC 
B) ANALOG 

1 -0 

FAN DISTORTION 

" b  FACTOR 
0 5  

Ka2 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

12:05:59.3 ELAPSED TIME - SEC O C ~ ~ ~ Q I  

FIGURE A-8 
COMPARISONS OF DIGITIZED AND ANALOG DISTORTION DATA 

Mo= 0.59 a= 4.6 /3= 1.2 p =  7.0 
A3 = 1 1.1 WAT2 = 107.9% Bypass = 0.0 

1.0. Number = 13 fc/o = 170 



Al DIGITIZED 
1.6 

1.2 

FAN OlSTORTlON 

"bb" FACTOR 
<; 0.8 

0 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

17: 14:28.345 ELAPSED TlME - fEC 

81 ANALOG 
4.0 - I I 1 

I 1 
I i I i ! 0.1 / 

I 
FAN DISTORT ION 

"b" FACTOR 

Ka2 - 
b 

I I 

0 I I I I 
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 

17:14:28.3 ELAPSED TIME - SEC - 
FIGURE A-9 

COMPARISONS OF DlQlTlZED AND ANALOG DISTORTION DATA 
Mb = 0.85 a =  8.8 /?= - 4 . 5  p =  7.0 

A 3  = 27.6 WAT2 = 104.2% Bypass = 0.0 
1.0. Number = 15 fc/o = 170 
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FIGURE A-10  
COMPARISONS OF DIGITIZED AND ANALOG DIS'TORTION DATA 

Mo = 0.92 a = 5 6 P = 0.6 p = 7.0 
A = 26.6 WAT2 = 104.5% Bypass = 0.0 - - -. . - . - -- - . . . . . - 

1.0. Number = 16 fc/o = 170 
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FIGURE A-1 1 
COMPARISONS OF DIGITIZED AND ANALOG DISTORTION DATA 

Mo=0.94 a=-8 .9  /3=10.2 p=1.0  
A 3 =  10.5 WATZ= 107.1% Eypass=0.0 

1.0. Number = 19 -fc/o = 170 
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FIGURE A-12 
COMPARISONS OF DIGITIZED AND ANALOG DISTORTION DATA 

Mo = 0.90 a = -2.8 B = -4.2 P = -1 2 
1 = 8.7 WAT2 = 97.5% Bypass = 0.0 

i.D.  umber = 21- fg/o= 170 
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flGURE A-1 3 
COMPARISONS OF MGfnrrO AND ANALOG DlSTORTlON DATA 

M,=1.21 a = ! . 5  @=O.O p = 6 . 0  
A 3 = 27.6 WAT2 = 98.3% Brpass = 0.0 

1.0. Number = 34 fc/o = 170 
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FIGURE A-14 
COMPARISONS OF MG#TQEO AWD ANALOG DISTORTION DATA 

Mo = 1.24 a = 3.0 8 = 0.8 p = 6.7 
A 3  = 27.6 WAT= W.4% Bypas = 0.0 

1.0. Nu* = 35 f T'O = 1 70 
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FIGURE A- 15 

COMPARISONS OF DlGlTUED AND ANALOG DISTORTION DATA 
M o = l . S l  a = l 5  b z O . 0  p=-1.4  

A = 27 0 WA'M = 95.4% Bvpau = 0.0 
1.D Number = 41 fc,,o = 170 
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FIGURE A-16 
COMPARlSONS OF DIGITIZED AND ANALOG OlSTORT ION DATA 

.Wo = 1.75 a= -2.6 8 = 0.4 p = -2.2 
A3=16.7 WAT2=80.7% Bvpass=00 

1.0. Number = 47 fc/o = 170 
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FiGURE A-17 
COMPARISONS OF DIGITIZED AND ANALOG OlSTORTlON DATA , 

Mo=2.2  ~ ~ 0 . 3  Pz0 .2  p=-2 .2  
J 3 = 22.9 WAfZ = 73.0% Bvpess = 0.0 

1.0. Number = 70 fc/o = 170 



APPENDIX B 

DISTORTION DESCRIPTOR EQUATIONS MD SAMPLE CALCULATI3N 

Presented herein a r e  t h e  d e t a i l s  a f  the d i s t o r t i o n  descr ip tor  equations,  
of t h e  a A t o r t i o n  descr ip tor  ca lcu la t ion  procedure, of a ~ m p l e  ca lcu la t ion  
and of t he  d i s t o r t i o n  descr ip tor  reference r a d i a l  p r o f i l e  and r a d i a l  d i s tor -  
t i o n  weighting f ac to r  t h a t  are used i n  t h i s  study. These top ics  a r e  separated 
i n to  sec t ions  a s  follows. 

Topic 

Summary of M s t o r t i a n  Descriptor Equations (see Figure B-1) 
Calculation Procedure 
Sample Calculation 
Reference Radial P ro f i l e  6 "b" f ac to r  (see Figure B-9) 

Figure 

B-1 
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CALCU~ATION PROCEDURE FOR Ka? AND Kc2 FOR r n ~  
TTNE VARIANT PRESSURE DATA 

I. Select  the  recorded i n l e t  pressure pa t t e rn  f o r  the operating condition 
under consideration. 

2. This pa t t e rn  is obtained from t o t a l  pressure d a t a  measured a t  equid is tan t  
circumferential s t a t i ons ,  el, 92, 83 ... etc. ,  and at the mean of J annu- 
lar r ings,  d l ,  d2, dg.. . etc. ,  counting from the hub t o  the  t i p .  

3. Consider t he  r ing  d and list the  t o t a l  pressure r a t i o  Pt2/Pto f o r  each 
angle of 8. 1 

4. For each angle €I obta in  the s ine  and cosine of the  angle and the  product 
(Pt2/Pto) s i n e  8 and (Pt2/Pto) casine 3. 

5 .  Sum the  values of Pt2/Pto s i n e  8 and Ptt/Pto cosine 3 f o r  a l l  angles of 
8 t o  give 

x p t 2 / ~ t 0  s i n e  3 a n d x  Pt2/Pto cosine 3 
-7 -Ir 

6 .  From the  sum computed i n  s t e p  (5) and the value (LG/a), obtain the product 

I - 
~ P t 2 ' P t 0  s ine  983 and +x Pt2/Pto cosine ?Ae 
T lT 

These values a r e  respect ively equal t o  al/Pto and bl/Pto 

7. The Fourier coef f ic ien t  parameter A /P is then obtained 
1 t o  

8. The value of the Fourier coef f ic ien t  is determined f o r  ten values of N 
where N (i.e., 9 ,  28, 38, ... 108) is subs t i tu ted  f o r  9 i n  s t eps  4-7 and 
the  l a rges t  value of 

-- I ?I is obtained. 
P to  x 2 

9. Find the r ing  average value of pressure, Pt2*/Pt0 

vhere No is the number of circumferential  locat ion.  

10. Repeat s teps  3-9 fo r  each ring. 



11. Multiply the values of l/Pto (&/NZ) eaxiPrrn obtained i n  s t ep  8 by the  
weighting function 1 / D  and sum f o r  all r ings t o  obtain 

Where J is the number of diameters. 

12. Obtain the sum of the weighting fac tors  1 / D  

13. Obtain i$pt0, the arithmetic average value of Pt2*/Pto, from s tep  9 

i 

14. Obtain Q/Pt2, vhere Q/P is defined as a function of percent t o t a l  engine 
a i r  f lov corrected to  tk f  engine face. 

15. Obtain Ka from the re su l t s  of s teps  11, 12, 13 and 14. 

($) t o  avg ( )  it 
16. Obtain a s  from 0/Pt2 (step 14) and Figure 3-2. 

17. Compute S p l i t t e r  Diameter 

18. Coaputer Kg as i n  s tep  15, but using values only fo r  rings hav- 
ing diameters%a@ than o r  equal t o  s p l i t t e r  diameter. 

19. Compute 



P~o(*) iwt 
vs 8 f o r  r i n g  diameters smaller than o r  equa l  t o  

s p l i t t e r  diameter. 

21. Obtain 8- where 8- is equa l  t o  t h e  g r e a t e s t  c i rcumferen t ia l  e x t e n t  vhere  
Pt2/Pt2* c1.0. I f  t h e r e  are tw, regions  of l o w  P t * / P t p  by 25 deg o r  
less, they are t o  be t r e a t e d  as one low pressure  region.  The lower l i m i t  
of 8' is t o  be 90 deg. 

22. Compute b2 

24. S e l e c t  appropr ia te  re fe rence  r a d i a l  p r o f i l e .  

- 
25. For each r ing ,  compute 't2* 't2* base  

Pt2 

Pt2* - Pt2* base = Pt2* 

Pt2 - pt2* - Pt2  I i n s t  ( s t e p  231 - 
Pt2 base  

26. Compute 1 f o r  each r ing.  
D 

28. S e l e c t  appropr ia te  r z d i a l  d i s t o r t i o n  weighting f a c t o r  

29. Compute K, 
2 





Sample Calculation of Ka2 and Kc2 D i s tor t ion  Descriptors 

Given Values : 

In board 

r This l e g  is zenerally labeled ( 8 ) .  The d i s tor t ion  value 
computed w i t h  (8) i s  ident ica l  t o  t h i s  ca lcu la t ion .  
216 

Reference 
P r o f i l e  "b" factor  
Radial 

.9622 12.50 

.9783 
1.0016 See fol lowing page f o r  
1.0166 probe prezsure values 
1.0191 
1.0185 

L 

Ring 

1 
2 
3 

i 

4 
5 
6 

Diametzr 

1 A .  64036 
19.91952 
24.03636 
27.54072 
30.64836 
33.48108 



2 Calculation of M s x i m u m  %IN and K a  

where 

2 

2 Pt2 s in  (KNPS) z 3 cOs ( a A a l ]  [G 1 - =~db N pt2 Pt2 1' 























Calculation of K, 
2 

Calculation of KC2 

2 * - & (on2 - I D  ) + ID 2 
D~plitter 

a = .47 f r ~ m  Figure B-2 
s S 

3' = 218 from Figure 3-4 

mis value usually computes so as to use the inner three rings. 



Detemination of 8- 

Maximum value of 8- occurs i n  Ring 2, which can be determined by examin- 
i ng  t he  Ring 1 through Ring 6 Circumferential Pressure Contours t h a t  are 
shown i n  Figures B-3 through B-8. In  addi t ion ,  the  Fourier Se r i e s  curve f i t  
of Ring 2 Circumferential Pressure contour is  p lo t t ed  on the graph and the 
equation is shown below. The f i t  has  l e s s  than .6X e r r o r  throughout the  
e n t i r e  contour. 

P2(e) = 10.5836 - ,25598 cos (45K) + .21605 s i n  (45K) 

+ .0582 cos (90K) - .0918 s i n  (90K) 

- .0321 cos (135K) + .0715 s i n  (135K) 

+ .I198 cos (180K) 

8' = 218O on Ring 2, Figure B-4 
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T REFERENCE RADIAL PROFILE 
X WATZ 

0.4207 U.5724 13.6907 10.7914 0.8807 1 0.9621 

55.0 2 3  42 1.0111 1.0099 1.0060 
60.0 1.0103 1.0090 1.- 
60.5 2877 1.3104 l.M)91 1.005. 
623 24-49 1.0106 1.~1092 1.0054 
628 2x79 
6 3 1  22 37 

2472 
66.0 
68.0 1&71 

1513 
7ao r4.n ' 72.0 , 11.99 
729 1 

i 
li.04 ,0.9814 ' a9913 1.0037 1.0101 ! 1.0083 ' 1.0040 

7x0 : 1 a32 ; 0.9811 / ass ir  . l . m  1.0102i1.- / 1.- 
9.95 : 0.9812 ! 49914 . 1.0038 

' 

1.0101 8 1.- 1 l.OW.6 
'5.0 a99 a9832 0 9926 1.0038 i 1.0094 i 1.0076 j 1.00#) 
760 i a06 

I 
,0.9852 0.5938 , 1.0037 ! 1.0088 ' 1.0069 ! 1.0015 ' 

77.0 ! 6-50 
7 a . O  t 543 0-9863 ! 0.9944 1.0037 : 1.0001 : 1.- 4 1.0010 
79.0 4.47 1 0 . 9 ~ 7  I 0.9983 1.- ; :.wn 1.- ! 0-99311 
80.0 1 386 ' 1.0150 j 1.0217 1.G217, 1.0064 4 0.97bO 0.9469 
820 ! 6-29 1.0298 1.0304 1 0284 1 1.0131 0.9637 0.9410 I 

I 
825 ; 4.00 1.0288 1 1.0296 1 1.0276 i 1.0031 : 0.9648 : G.9426 
85.0 2M 1 0242 j 1.0258 1.0243 : 1.0031 ' 0.9699 O.!X96 
87.3 232 ' 1.0216 1.0239 1.0226 ; 1.0032 : 0.9726 0 3531 

232 87.5 , 1.0215 1 1.0238 1.0225 . 1.0032 0.9727 ' 0.9533 
89.4 a 238 1.0222 : 1.0246 ' 1.0230 1 1.0031 0.9720 C.9520 
90.0 ' 234 ' 1.0210' 1.0239 1.0225~ 1.0033 0.9731 0.=4 
925 , 219 1 i .on i i 1.0242 i . o m  : 1.- 1 0 . 9 7 ~  a o.%n I 
95.0 1 200 / 1.0262! 1.0281 1.0247 / 1 W20:0.9678 0.94531 
97.0 1 1.71 1.0392 ) 1.9341 j 1.0255 ; 0.9985 ' 0.96i2 0.9371 
97.2 f 1.67 , 1.3409 1.0348 ; 1.0256 I 0.9982 0.9606 , a9363 
97.5 ' 1.66 1.0429 I 1.0360 1 1.0261 1 0.9981 ' 0-9j98 : 0.9348 
99.0 1 1.57 I 1.0551 j 1.0421 1 1.0292 0.9963 ! 0.9525 0.9264 

100.0 ; 1.53 ' 7 . 0 6 3 0  , 1.0473 ' 1.0333 / 0.99Q7 ! 0.9432 * 0.9169 
101.2 i 1.40 

i 1025 j 1.82 
105.0 , 1.08 
' m 3  ! 0.94 
1070 j 0.93 
1071 i 0.93 

'Prototype F 1W I 2 7 8) Eqg~ne W~-~J.J-III 

FIGURE 8-9 
REFERENC? RADIAL PROFILES AND RADIAL VdElGHTlNG FACTORS FOR THE 

NASA,'F- 15 DISTORTION METHCDOLOGIES STUDY' 



H* coefficient  of the  s ine  term in a - F ~ u r i e r  expansion of the Pt2/Pto vs 
8 curve for one ring. 

= xth caefficfent  of the cosizlg terra in 
a Fmrier expansion of the Pt2/Pto vs 
8 curve fo r  one r f  ng. 

= ring at diameter Di 

= diameter of rtng - any uni:s 

- nornalized frequency r a t i o  

= Inside Diar&ter 

= J d e r  of diameters 

= dis tor t ion  factor  

= order of F o u r i e ~  coefficient  (number 
of waves per c i r c d e r e n c e )  

= number of circrnrferential locations 

= O*~tside Diameter 

= t o t a l  o r  stagnation pressure - lb/ ft2 
= radia l  d is t ro t ion  veight fac tor  

= average dynamic pressure heat a t  com- 
pressor face - lb / f t2  

= angular increment between tno a d j a c e ~ t  
circumferential points. (This quanti- 
tv nust be t h t  same f o r  a l l  points.) 
- radians 



T 

Superscripts 

i-1 

( I* 

Subscripts 

a 

avs 

C 

i 

ins t 

N 

= c i r c d e r e n t f a l  location - radians 

circumfereotial extent of distortion 
(largest region of pressure less than 
the average? 

= overall average 

= ring average 

= a p p l i e s  to fan 

= refers to time averaged v a l u ~  

= applies to high pressure compressor 

= index of any ring counting fr- !iub 
to t i p  

= refers r o  instantaneous average value 

= order of Fourier coefficient (rider 
of xaves per circumference) 

= reference 

= rzdial parc appllts t o  fan 

= refers t o  engine inlet  place 


