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TECHNICAL EVALUATION REPORT

by

B.C.CARTER
Aircraf t  Researc h Assocn.Ltd .  U.K .

1.  INTRODUCTION

The AGARD Flui d Dynamic s Pane l  organise d a  four-da y Symposiu m o n 'Airfram e Propulsio n
Interference '  fro m 3r d -  6t h Septembe r  1974 .  Th e meetin g wa s hel d i n th e Palazz o Aeronautica ,  Rome,
Italy .

The Programm e Committee ,  whic h wa s Chaire d b y Mr .  P.P.Antonato s o f  Wrigh t  Patterso n AFB ,  comprise d
Dr.J.Barch e (Germany) ,  Professo r  C.Buongiorn o (Italy) ,  M.P.Carrier e (France) ,  Mr.R.Diet z (USA) ,
Mr.J.P.Hartzuike r  (Netherlands) ,  Dr.R.C.Pankhurs t  (UK )  an d Mr.R.J.Templi n (Canada) .  Th e member s o f  th e
Committe e als o acte d a s Chairme n fo r  th e fou r  technica l  sessions .  Th e Conferenc e ende d wit h a
round-tabl e discussio n befor e a  larg e audienc e fo r  whic h th e Pane l  consiste d o f  Mr.Antonato s (Chairman) ,
Dr.Barche ,  M.Carriere ,  Professo r  Ferr i  (USA )  an d Mr.Carte r  (UK) .

-Sectio n 2  o f  thi s repor t  set s th e scen e fo r  th e nee d fo r  thi s Symposiu m an d it s relatio n
t o th e previou s Lectur e Serie s b y th e Propulsio n an d Energetic s Pane l  o n thi s subject .  Section s 3  t o 6
inclusiv e dea l  wit h th e conten t  an d discussion s o n th e fou r  sessions .  Sectio n 7  present s th e author' s
conclusion s an d recommendation s t o th e Flui d Dynamic s Panel .

Thi s repor t  contain s detaile d view s an d comment s whic h ar e th e responsibilit y  o f  th e autho r  an d
does no t  necessaril y  represen t  th e view s o f  th e Programm e Committee .

2.  GENERAL CONSIDERATIONS

The subjec t  titl e 'interference '  provide s almos t  unlimite d scop e i n th e analysi s o f  an y aeronautica l
subject .  Ther e i s a  particula r  inevitabilit y  o f  interferenc e i n th e 'engin e airfram e combination '  whic h
provide s a  challeng e t o th e designe r  an d th e theoretician .  Naturall y th e ultimat e objectiv e o f  th e
outcom e o f  suc h a  meetin g a s thi s i s th e provisio n o f  theoretica l  method s perhap s combine d wit h
empiricisms ,  t o enabl e u s t o desig n intelligentl y t o deriv e th e maximu m benefi t  obtainabl e fro m shape s
whic h ar e dictate d b y other-than-fluid-dynami c considerations .

Engine s hav e t o b e 'accommodated '  o n th e airfram e a t  a  variet y o f  positions .  T o a n exten t  th e
earl y familie s o f  subsoni c civi l  transport s hav e trie d t o wra p thei r  engine s i n idea l  slende r  bodie s an d
plac e the m a t  position s wher e the y an d thei r  associate d airframe s ar e no t  awar e o f  eac h other .  Th e mor e
recen t  design s howeve r  hav e ha d t o accep t  th e clos e wing/nacell e proximit y impose d b y hig h by-pas s
engine s an d groun d clearance .  Futur e design s ar e considerin g nois e shieldin g configuration s wher e th e
permission-to-fl y  become s mor e importan t  tha n th e absolut e economics .  Th e fighte r  desig n ha s provide d
an amazin g rang e o f  solution s t o it s particula r  problem s where ,  a s distinc t  fro m th e transport ,  dra g i s
not  alway s o f  prim e importance .  Fo r  th e fighter ,  th e interferenc e field s ca n strongl y influenc e th e
intak e flo w givin g benefit s o r  losse s t o th e intak e recovery ,  distortio n t o th e engin e fac e an d limit s
t o th e operatin g boundarie s fo r  th e aircraft .  Th e body ,  win g an d tai l  interferenc e field s ca n influenc e
th e afterbod y recover y an d separation s t o a n exten t  tha t  make s th e result s o f  theoretica l  solution s
and Reynold s numbe r  effect s insignifican t  b y comparison .

A specialis t  meetin g o f  thi s typ e ha s t o b e planne d t o illustrat e th e theoretica l  approache s t o th e
problems ,  th e experimenta l  validatio n an d th e relativ e gain s t o b e mad e i n th e many area s o f  study .  Th e
meetin g wa s divide d int o fou r  session s considerin g th e inlet ,  th e afterbody ,  testing ,  an d integratio n
desig n an d accountin g procedure s respectively .  Thes e division s followe d closel y th e titl e lecture s o f
th e AGARD PEP Lectur e Serie s 5 3 o n Airframe/Engin e Integratio n an d i t  i s  o f  interes t  t o se e wha t
progres s ha s bee n mad e i n th e pas t  2  years .  A t  tha t  tim e Professo r  Ferri ,  th e Lectur e Serie s Director ,
lai d stron g emphasi s o n th e nee d fo r  theoretica l  method s an d ne w approaches .  I t  wa s propose d tha t  th e
presen t  stron g relianc e o n experimenta l  dat a shoul d b e coordinate d wit h numerica l  method s t o provid e
dat a base d o n th e bes t  combinatio n o f  bot h fields .  Th e Lectur e Serie s di d no t  expan d i n an y detai l  o n
thi s thesis ;  i t  i s  o f  interes t  t o se e whethe r  an y progres s ha s bee n mad e alon g thes e lines .

I t  migh t  hav e bee n questione d wh y th e Flui d Dynamic s Pane l  shoul d se e th e nee d t o rais e th e subjec t
of  engine-airfram e interferenc e a s soo n a s 2  year s afte r  th e PEP Lectur e Series .  Th e numbe r  an d rang e
of  papers ,  th e specialis t  author s an d th e distinguishe d audienc e an d visitor s provide d th e answe r  o f  th e
wis h o f  many worker s t o b e informe d an d t o tak e par t  i n th e discussion s o n th e subject .  Th e gain s an d
losse s associate d wit h interferenc e ca n b e ver y larg e particularl y whe n on e i s operatin g o n improvement s
t o gros s thrus t  b y wa y o f  eithe r  th e inle t  o r  exhaus t  performance .  A  poo r  hig h by-pas s nozzl e performanc e
can soo n eliminat e th e benefit s o f  a n exoti c supercritica l  wing .

I n retrospect ,  bot h fo r  th e benefi t  o f  th e audienc e an d th e presen t  authors ,  i t  woul d hav e helpe d
t o se t  th e scen e wit h a n invite d introductor y pape r  fo r  eac h o f  th e fou r  sessions .  Onl y Sessio n 1  ha d
suc h a n introductio n t o intake-airfram e interactio n b y J.Leynaert J th e othe r  session s tende d t o div e
straigh t  int o thei r  subjec t  o n som e particula r  face t  whic h di d no t  necessaril y  se t  th e scene .  Sessio n I V
was nevertheles s adequatel y introduce d b y paper s b y Brazie r  an d b y Riche y whic h wer e sufficientl y wid e
t o serv e th e introductor y purpose .

To assist.th e reade r  wh o may hav e specialis t  interests ,  Figs. l  an d 2  illustrat e th e particula r  area s
of  stud y treate d b y th e numbere d papers .



3.  AI R INTAKE S AND AIRFRAME/INLE T INTERACTIONS

Somewhat  surprisingl y ther e wer e onl y 4  paper s i n thi s sessio n althoug h th e firs t  hal f  o f  th e pape r
by Richey 23 an d tha t  o f  Krenz 26 coul d wel l  hav e foun d a  plac e here .  Thi s i s  perhap s indicativ e o f  th e
effort s tha t  ar e mad e t o kee p th e inlet s i n a  controlle d environmen t  an d ho w thi s i s muc h mor e i n th e
designer' s contro l  tha n th e nozzl e region .  Comprehensiv e measurement s mad e b y Richey 23 sho w th e effec t
of  fligh t  attitude s an d spee d o n th e intak e approac h flow .  Othe r  results 2' 3' ^  obtaine d o n model s i n
th e correc t  interferenc e environmen t  illustrat e th e effect s o n dra g an d inle t  stability .

1
The introductor y pape r  b y Leynaer t  cover s a  wid e rang e o f  inle t  interactio n problem s includin g th e

installatio n o f  subsoni c nacelle s o n wings ,  groun d effect s an d wing-interferenc e o n spanwis e lif t  an d
induce d drag .  Th e Concord e installatio n i s naturall y discusse d showin g example s o f  win g an d sideplat e
interferenc e an d mutua l  interferenc e o f  th e twi n ducts .  Leynaer t  als o introduce s theoretica l  method s o f
flo w fiel d calculatio n aroun d supersoni c an d hypersoni c bodie s relatin g som e o f  th e result s t o
experimenta l  data ;  th e reference s t o thi s wor k shoul d b e o f  valu e t o othe r  worker s i n th e field .

2
The pape r  b y Hal l  consider s th e airfram e interferenc e effect s associate d wit h th e distortio n o f  th e

tota l  pressur e flo w fiel d approachin g th e intak e an d th e effect s o f  thi s o n th e intak e instabilit y
characteristics .  A  criterio n i s postulate d tha t  th e conditio n wher e th e approac h tota l  pressur e i n a
strea m tub e combine d wit h th e inle t  shoc k losse s result s i n a  tota l  pressur e whic h i s les s tha n th e
engin e fac e stati c correspond s t o the .  buz z o f  tha t  strea m tube .  Goo d agreemen t  wit h experimen t  i s show n
at  a  Mac h numbe r  o f  2 .  Thi s pape r  provide s scop e fo r  furthe r  wor k usin g theoretica l  method s o f
flow-fiel d predictio n t o deduc e buz z boundaries .

3 4
The remainin g tw o paper s i n thi s sectio n '  conside r  th e dra g o f  two-dimensiona l  inlets .  Transoni c

dra g o f  supersoni c inlet s ha s a n importan t  plac e i n th e missio n requirement s o f  fighte r  aircraf t  an d th e
hig h subsoni c .le g o f  th e overlan d supersoni c transpor t  fligh t  path .  Th e pape r  b y Thornley 3 deal s wit h
th e experimenta l  techniqu e o f  measurin g th e transoni c spillag e dra g o f  a  twin-duc t  inle t  model .  Th e
pape r  deal s wit h th e detaile d calibratio n necessar y t o obtai n th e hig h accurac y o f  definitio n o f  interna l
flow .  T o worker s plannin g partia l  mode l  measurement s thi s pape r  i s o f  valu e a s a  warnin g o f  th e degre e
of  definitio n neede d a t  a  momentu m statio n t o provid e accurat e drag .  Th e pape r  b y Callahan 1*  deal s wit h
inle t  dra g test s i n th e mor e genera l  contex t  o f  th e whol e mission ;  unfortunatel y thi s pape r  doe s no t
includ e an y significan t  quantit y o f  dra g dat a no r  a n analysi s o f  th e dra g accuracy .  Thi s latte r  woul d
hav e bee n o f  interes t  a s th e metho d measure s th e dra g o n a  part-inle t  an d consequentl y woul d hav e t o
deal  wit h th e difficul t  tas k o f  momentu m definitio n a t  th e engin e fac e spli t  line .

These thre e specialis t  paper s hav e contribute d t o particula r  item s associate d wit h th e performanc e
of  supersoni c integrate d inlets .  Th e interferenc e aspect s i n thes e case s wer e associate d wit h th e
fuselag e viscou s flo w fields ;  th e obviou s missin g lin k wa s a  pape r  discussin g curren t  technique s -  o r
lac k o f  -  fo r  th e calculatio n o f  th e intak e environment .  Eve n i f  nothin g ne w coul d b e added ,  many
worker s woul d b e intereste d i n a  revie w o f  curren t  methods ,  thei r  limitation s an d thei r  succes s i n
relatio n t o experimenta l  results .  Reference s i n Leynaert 1 t o paper s b y Antonatos ,  Babenk o an d Walit t
deal  wit h th e supersoni c problem ;  bu t  subsoni c an d supercritica l  method s no w bein g develope d deserv e
mention .  I n th e meetin g discussion s o n th e abov e paper s o n inlet s n o plea s wer e mad e fo r  informatio n i n
othe r  area s o f  inlet/airfram e interferenc e s o i t  woul d appea r  tha t  th e fundamenta l  problem s ar e
recognise d an d onl y nee d theoretica l  an d improve d techniqu e solutions .

4.  NOZZLES/AFTERBODIES FLOW FIEL D AND AIRFRAME INTERFERENCE

Thi s sessio n o f  th e meetin g covere d 1 0 papers ;  the y comprise d a  reasonabl e cros s sectio n o f  th e
proble m area s wit h littl e overla p bu t  th e firs t  o f  th e papers 5 o n mode l  by-pas s engin e representatio n
woul d hav e bee n bette r  place d i n th e thir d sessio n o n testin g techniques .  Analytica l  paper s discus s
th e mixin g flow s fro m a  hig h by-pas s fan 8,  th e flo w i n th e afterbody/je t  regio n a t  transoni c spee d fo r
normal 7 an d ver y hig h pressur e ratios 11* .  Tw o papers 10 ' 11 discus s thrus t  reversers ,  relate d particularl y
t o th e effect s o f  forwar d spee d o n reingestio n an d th e effect s o n aircraf t  stability .  Experimenta l
result s showin g th e benefit s o f  lo w velocit y ai r  injectio n o n th e supressio n o f  afterbod y drag 9 a t
transoni c speed s ar e give n alon g wit h tw o paper s o n afterbod y testin g techniqu e problems .  Th e firs t  o f
thes e b y Aulehla 12 give s a  significan t  warnin g o n th e problem s o f  part-bod y testin g method s an d o n th e
use o f  tunnel s fo r  Reynold s numbe r  effects .  Th e pape r  b y Reid 13 als o spell s ou t  a  warnin g o n th e us e o f
correctio n method s fo r  forebod y interference ,  particularl y fo r  bas e pressure s o n cylindrica l  afterbodies .

On th e whol e th e paper s hav e covere d interestin g features ,  touche d o n many area s an d reiterate d ho w
littl e i s know n abou t  afterbod y flo w field s eve n i n th e simples t  axi-symmetri c cases .  Theoretica l  method s
ar e no t  makin g a  lo t  o f  progres s bu t  th e degre e o f  aerodynami c interferenc e i n thi s are a i s s o grea t  tha t
i t  mus t  b e doubte d whethe r  theoretica l  method s ca n eve r  b e o f  an y practica l  valu e othe r  tha n a s a n
indicatio n o f  trends .  What  i s perhap s disconcertin g i s th e suspicio n tha t  ca n b e cas t  o n th e
experimenta l  methods ;  withou t  reliabl e experimenta l  dat a analytica l  method s ar e no t  goin g t o b e supporte d
and th e cros s fee d betwee n th e tw o wil l  no t  occur .  Afterbody/nozzl e tes t  technique s hav e alway s bee n
amongst  th e mos t  difficult ;  many paper s fo r  many year s hav e describe d th e multitud e o f  method s use d i n
th e measuremen t  an d accountin g o f  afterbod y thrus t  an d drag .  Pressur e distribution s hav e mainl y bee n
used fo r  diagnosti c purpose s o n th e mor e comple x bodie s wher e onl y forc e measuremen t  ca n provid e a
satisfactor y integration .  Mos t  method s o f  forc e measuremen t  ar e associate d wit h a  metri c (live )
part-bod y only ,  usuall y wit h a  metri c t o non-metri c  spli t  lin e nea r  th e maximu m cros s section .  Eve n i n
thi s mos t  simpl e o f  case s i t  i s  show n tha t  a  part-bod y forc e ca n b e seriousl y i n erro r  i f  th e tunne l
referenc e pressur e i s no t  know n t o a  hig h orde r  o f  accuracy .  I t  i s  pointe d ou t  b y Aulehla 12 ho w
part-bodie s ar e particularl y sensitiv e t o win d tunne l  stati c pressur e error s an d ho w i t  migh t  b e possibl e
t o interpre t  a  measure d forc e chang e a s bein g associate d wit h a  mode l  o r  flo w paramete r  chang e whe n i n
realit y i t  i s  associate d wit h a  tunne l  wal l  interferenc e o r  calibratio n change .  I t  i s  t o b e hope d tha t
most  tunne l  establishment s ar e awar e o f  thes e problems ,  althoug h i t  i s  possibl e tha t  a n attitud e o f
complacenc y associate d wit h comparativ e testin g coul d lea d t o th e issu e o f  absolut e dat a whic h i s no t  s o
reliable .



I t  i s  ver y appropriat e tha t  ther e shoul d a t  thi s moment  b e a  join t  FDP/PE P Workin g Grou p lookin g a t
th e whol e proble m o f  nozzl e testin g techniques .  Thei r  finding s shoul d b e valuabl e an d opportune .

8
Now dealin g briefl y wit h th e individua l  papers ,  th e theoretica l  wor k b y Maria-Sub e deal s wit h th e

mixin g o f  internal/externa l  flow s a t  a n axi-symmetri c nozzl e exit .  Th e two.case s o f  subsoni c externa l
flo w wit h supersoni c an d subsoni c je t  respectivel y ar e considered .  Th e externa l  an d interna l  flow s ar e
calculate d b y a  finit e differenc e o r  a  smal l  perturbatio n metho d i n conjunctio n wit h a  hodograp h o r
characteristic s metho d respectivel y fo r  th e jet .  Th e calculation s ar e compressibl e invisci d an d
compariso n wit h experimenta l  result s i s give n fo r  a n AGARD an d a  NACA afterbody .  Th e metho d show s
reasonabl e comparison s bu t  th e trend s wit h pressur e rati o ar e no t  good' ,  th e autho r  attribute s thi s t o
viscou s effect s although 7result s wit h tw o value s o f  displacenen t  thicknes s ar e slightl y wors e tha n th e
invisci d case .  Querman n provide s anothe r  solutio n t o thi s problem ,  dealin g wit h bot h a  subsoni c an d
supersoni c je t  fro m th e bas e o f  a n axi-symmetri c body .  Th e invisci d subsoni c potentia l  flo w aroun d a
body wit h a  define d je t  boundar y i s obtaine d b y th e metho d o f  A.M.O.Smit h an d a  Goether t  compressibilit y
correctio n i s applied .  Th e Kors t  metho d o f  supersoni c base-flo w analysi s i s adapted ,  b y th e us e o f
ellipti c bas e streamlines ,  t o th e subsoni c case .  Result s o f  flight ,  win d tunnel ,  an d calculatio n ar e
presente d showin g varyin g degree s o f  correlation .  A n importan t  featur e o f  thi s metho d i s th e abilit y  t o
allo w fo r  je t  ga s propertie s an d temperature ,  bas e bleed s an d othe r  influencin g parameters .  Predictio n ,
of  th e interactio n betwee n je t  expansio n an d afterbod y pressure s i s a  usefu l  featur e o f  thi s technique .
The pape r  b y Moulde n an d Wu* 1*  provide s a  goo d backgroun d t o th e curren t  theoretica l  situation .  I n
attemptin g t o highligh t  th e solutio n o f  th e mixe d flo w regio n o n th e boattai l  an d bas e o f  th e simpl e
axi-symmetri c bod y wit h completel y froze n je t  flow ,  many problem s ar e presented .  Th e us e o f  larg e
computer s fo r  exac t  solution s i s recommende d bu t  difficultie s as'sociate d wit h th e modellin g o f  th e
turbulen t  boundar y laye r  mak e th e resultan t  solutio n fo r  flo w o n viscou s bodie s fa r  fro m "exact 1.  Th e
poin t  i s als o mad e tha t  detaile d an d fundamenta l  experimenta l  dat a shoul d b e availabl e a s a  basi s fo r  th e
theoretica l  understanding .  Th e discussio n i n sectio n 5  o f  pape r  1 4 i s commended t o th e reade r  requirin g
a brie f  summar y o n th e curren t  analytica l  situation .  A s a  connectin g pape r  betwee n th e theoretica l  an d
practical ,  Piva 9 describe s experiment s o n th e reductio n o f  afterbod y dra g a t  transoni c speed s b y th e us e
of  lo w spee d ai r  injectio n t o contro l  th e separation .  A n estimat e o f  th e cos t  o f  takin g th e injecte d
ai r  o n boar d woul d hav e bee n worth y o f  mentio n a s th e us e o f  lo w tota l  pressur e ai r  fro m bleed s ha s ofte n
been show n t o b e difficul t  an d impractical .

The tw o thrus t  reverse r  paper s i n thi s sectio n dea l  wit h th e effec t  o f  forwar d spee d o n reverse r
performance 10' 11 an d wit h reingestio n an d aircraf t  handling .  Hardy 10 consider s tw o type s o f  Concord e
reverser ,  th e firs t  comprisin g a  reverse r  bucke t  i n th e ejecto r  shrou d wit h reverse r  jet s passin g throug h
grill s  a t  th e upstrea m en d o f  th e shroud ,  th e secon d bein g a '  targe t  type.reverse r  behin d th e shroud .  I t
i s show n tha t  th e performanc e o f  th e tw o type s i s ver y simila r  bu t  th e secon d i s mechanicall y simple r  an d
has bette r  supersoni c performance .  I t  i s  interestin g t o not e ho w th e simila r  performanc e o f  th e tw o
reverser s i s obtaine d fo r  differen t  reasons .  Hard y provide s correlatin g parameter s t o conver t  stati c
performanc e t o forwar d spee d performance .  Th e pape r  b y Wilmer 11 i s  complementar y t o 10 ,  an d make s eas y
and interestin g readin g o n testin g techniques ,  reingestio n speed s an d aircraf t  handling .  Thes e tw o
paper s i n conjunctio n wit h 2 7 o n thrust-reverse r  optimisatio n provid e a  wel l  documente d sectio n o f  th e
meeting .  Th e wor k i s specialise d an d th e interferenc e discusse d i s inevitabl e bu t  ther e i s basi c dat a
provide d her e whic h wil l  b e o f  valu e t o th e designer .

The tw o remainin g paper s o f  thi s sessio n discus s win d tunne l  technique s an d for m a  lin k wit h
Sectio n III .  Aulehla 12 discusse s th e practica l  problem s o f  part-bod y testin g particularl y i n relatio n t o
afterbodies .  I t  i s  ofte n erroneousl y assume d tha t  measuremen t  o f  a  par t  bod y improve s th e accurac y bu t
Aulehl a shows ,  b y considerin g th e longitudina l  developmen t  o f  axia l  pressur e force ,  th e larg e change s i n
th e siz e o f  th e forc e measuremen t  whic h wil l  b e mad e o n a  par t  bod y fo r  give n bod y spli t  lin e positions .
I n particula r  i t  i s show n ho w th e afterbod y dra g i s th e differenc e betwee n th e muc h large r  axia l  forc e
due t o th e shoulde r  expansio n an d th e thrus t  forc e du e t o th e termina l  recompressio n o n th e boattail .
The common assumptio n tha t  afterbod y dra g change s ar e no t  transmitte d t o th e forebod y i s als o challenge d -
as i t  shoul d b e o n th e basi s o f  potentia l  flow .  Howeve r  fo r  practica l  purpose s i t  i s  probabl y onl y th e
full y subsoni c cas e wit h separation s tha t  migh t  se e a  significan t  reshapin g o f  th e pressur e distributio n
on th e forebody .  Th e cas e o f  stron g afterbod y shock s wil l  probabl y b e quit e adequatel y represente d b y
afterbod y measurements ,  a s o f  cours e wil l  th e supersoni c case .  Perhap s th e mos t  importan t  par t  o f  pape r
12 i s th e examinatio n o f  unexpecte d Reynold s numbe r  effect s o n afterbod y dra g whic h hav e bee n show n fro m
a numbe r  o f  recen t  tunne l  investigations .  Thes e result s ar e contrar y t o fligh t  measurement s an d indicat e
an increas e i n afterbod y dra g wit h Reynold s number .  A n analysi s b y Aulehl a o f  hi s ow n results.whic h als o
gav e thi s trend ,  showe d th e effec t  t o b e du e t o a n erro r  i n th e tru e tunne l  stati c pressur e whic h varie d
wit h Reynold s number .  I t  wa s suggeste d tha t  othe r  win d tunnel s -  transoni c i n particula r  -  suffere d fro m
th e sam e trends .  I t  woul d see m t o b e a  coincidenc e i f  al l  tunnel s givin g thi s dra g tren d wit h Reynold s
number  showe d th e sam e erro r  betwee n th e referenc e an d tru e stati c tunne l  pressure ,  howeve r  Aulehl a mad e
a logicall y  deduce d poin t  whic h need s t o b e refute d o r  answere d -  probabl y b y th e PEP/FD P Workin g Party .
These provocativ e argument s ar e partl y refute d i n th e pape r  fro m Sessio n II I  b y Wilcox 21 wher e hi s result s
of  afterbod y dra g measurement s sho w simila r  increase s wit h Reynold s number .  I n Wilcox' s result s th e
pressur e distribution s an d dra g change s ar e mor e marke d tha n thos e o f  Aulehl a an d thes e item s ca n b e
rationalise d i n term s o f  th e effec t  o f  Reynold s numbe r  o n th e boundar y laye r  thicknes s an d th e effec t  o f
thi s o n th e afterbod y separation s an d supersoni c shoulde r  expansions .  Fligh t  dat a b y Wilco x show s a
decreasin g afterbod y dra g wit h Reynold s numbe r  bu t  unfortunatel y ther e i s n o fligh t  dat a a t  lo w enoug h
Reynold s numbe r  t o correlat e wit h th e highes t  Reynold s numbe r  win d tunne l  data .  Th e relate d proble m o f
th e effec t  o f  differen t  forebodie s o n afterbod y dra g ha s bee n considere d b y bot h Reid 13 an d Brazier 22.
The latte r  show s fro m potentia l  flo w calculation s th e effec t  o f  differen t  forebodie s o n afterbod y pressur e
dra g an d conclude s tha t  a s muc h o f  th e bod y a s possibl e shoul d b e metric .  Reid 13 treat s experimentall y  th e
cas e o f  th e interferenc e o n afterbod y dra g du e t o forebod y effects ,  assumin g tha t  forebody-supporte d
afterbod y rig s wil l  inevitabl y continu e t o exis t  i f  fo r  n o othe r  reaso n tha n practica l  simplicity .  Rei d
shows tha t  pressur e measurement s mad e o n a  cylindrica l  afterbod y t o determin e th e forebod y interferenc e
flo w fiel d d o no t  provid e a n adequat e correctio n fo r  bas e pressures .  Thi s i s a n extrem e cas e an d i t  woul d
hav e bee n mor e interestin g t o se e Reid' s wor k extende d t o th e correctio n o f  a n afterbod y pressur e
distribution .  I t  i s  understoo d tha t  thi s wil l  b e done .  Rei d als o considere d th e forebod y interferenc e



on je t  effects ,  thi s wa s show n t o b e negligible ,  an d a  nove l  metho d i s provide d correlatin g bas e dra g du e
t o th e je t  wit h a  compressibilit y  facto r  an d th e je t  thrus t  coefficient .

5.  WIND TUNNEL TESTIN G AND CORRELATION WIT H FLIGH T DATA

Thi s sessio n containe d 7  paper s an d fo r  th e purpos e o f  thi s revie w pape r  5  o f  Sessio n I I  i s  als o
discusse d here .  Th e Programm e Committe e hav e ha d a  difficul t  tas k i n th e allocatio n o f  th e paper s t o
thi s Session .  Many o f  th e Conferenc e paper s presente d us e an d discus s experimenta l  result s bu t  th e
Committe e hav e rightl y confine d t o thi s sessio n thos e paper s whic h se t  ou t  t o discus s an d introduc e
techniques .  A s previousl y mentione d th e air-intak e conten t  o f  th e whol e meetin g wa s ver y lo w an d s o
apar t  fro m th e discussio n o f  technique s i n paper s 3  an d 4  th e whol e o f  Sessio n II I  wa s devote d t o
afterbod y an d exhaus t  nozzl e techniques .  Th e paper s usuall y conside r  thei r  ow n particula r  proble m area s
i n th e presenc e o f  othe r  proble m areas .  Thi s i s th e natura l  proces s bu t  i t  tend s t o leav e th e reade r
who ha s jus t  bee n indoctrinate d wit h th e all-importanc e o f  sa y stru t  interferenc e wonderin g ho w muc h th e
result s o f  temperatur e interferenc e discusse d i n th e nex t  pape r  say ,  migh t  hav e bee n influence d b y th e
strut .  When considerin g th e problem s o f  stru t  interference ,  plum e representation ,  temperature ,  etc .  i t
i s realise d ho w importan t  th e engin e simulato r  becomes .  Thi s wa s perhap s no t  th e meetin g t o g o int o
simulato r  method s bu t  a  revie w pape r  a t  th e beginnin g o f  thi s sessio n migh t  hav e se t  th e scen e o f  it s
positio n i n th e interferenc e testin g problem .  (Pape r  5  make s a  smal l  contributio n i n thi s direction) .
The fligh t  dat a presented ,  a s previousl y mentioned ,  di d no t  provid e th e Reynold s numbe r  overla p wit h
win d tunne l  result s tha t  migh t  hav e bee n hope d for }  i n fac t  t o th e contrary ,  th e opposit e trend s o f
tunne l  an d fligh t  dat a wa s a  majo r  talkin g poin t  o f  th e meetin g -  an d a n importan t  suggestio n wa s mad e
tha t  lo w R.No .  fligh t  technique s shoul d b e considered .

As previousl y mentione d th e provisio n o f  reliabl e experimenta l  dat a i s a n essentia l  adjunc t  t o th e
developmen t  o f  theoretica l  methods .  Th e paper s i n thi s sessio n considere d suppor t  interference ,  soli d
plum e representation ,  th e effectivenes s o f  annula r  jets 15,  je t  temperatures 16' 19 an d fligh t  pressur e
data 18' 20' 21.  Th e pape r  fro m Sessio n II s discusse s th e effec t  o f  no t  bein g abl e t o experimentall y
represen t  inle t  flow s an d blow n exi t  flow s a t  th e sam e tim e -  a s i s ofte n th e cas e wit h standar d
aero-forc e mode l  testirig .  A  win g mounte d po d installatio n i s teste d fo r  forc e an d pressur e dat a i n
(a )  th e fre e flow ,  (b )  th e faire d inlet/blow n nacelles ,  condition .  Compariso n o f  (a )  an d (b )  give s
th e faire d inle t  spillag e wit h (b )  i n th e free-flo w pressur e rati o condition .  Compariso n o f  thi s
free-flo w pressur e rati o (b )  an d a  full y blow n (b )  give s th e je t  effects .  I t  i s show n tha t  a  fairin g
can giv e a  satisfactor y representatio n o f  th e approac h pressur e distributio n t o th e nozzle s havin g a n
influenc e o n onl y th e fron t  30 % o f  th e cowl .  Th e engin e je t  representatio n (c )  i n thes e test s wa s b y
compresse d heate d ai r  fo r  th e fa n an d b y decompose d H_ 0 fo r  th e core .  Thi s pape r  give s interestin g
pressur e distributio n result s showin g th e effec t  o f  th e jets ,  bu t  n o forc e result s ar e presente d althoug h
some ar e inferre d fro m loca l  pressur e integrations .  Result s ar e quote d fo r  th e effec t  o f  th e fa n flo w
on th e externa l  surface s o f  th e cor e engine ,  fo r  th e effec t  o f  externa l  flo w o n th e ne t  thrust ,  fo r  th e
effec t  o f  th e jets ,  an d fo r  th e effec t  o n win g induce d dra g du e t o win g lif t  changes .  Al l  thes e item s
wer e quote d a s bein g wort h 6 - 8 dra g count s whic h sound s larg e bu t  muc h o f  th e interferenc e come s fro m
th e fa n je t  interferenc e o n th e cor e engin e cow l  whic h wa s no t  accounte d i n th e engin e performanc e i n
thi s installation .  Thi s pape r  set s th e proble m ou t  well ,  definin g th e variou s interferenc e term s fully ;
i t  woul d hav e bee n helpfu l  t o hav e a  simila r  pape r  providin g answer s t o th e many practica l  problem s
associate d wit h forc e rathe r  tha n pressur e measurement s t o th e las t  dra g count .

Jet  temperatur e effect s receive d fairl y ful l  treatmen t  i n th e paper s b y Compton 15 an d Robinson 19.
Compton usin g decompose d H O i n varyin g concentration s provide d je t  composition s i n th e rang e o f  tota l

temperatur e fro m 650° K t o 100 0 K  an d y  fro m 1. 3 t o 1.26 .  Th e referenc e end-poin t  wa s col d air .  I n hi s
flo w structur e mode l  Compto n trie d t o separat e th e entrainmen t  effec t  o f  th e je t  fro m th e plum e blockag e
effect .  Correlation s fro m thes e carefull y controlle d experiment s showe d tha t  th e afterbod y dra g fo r  a
single-je t  boattai l  mode l  coul d b e relate d t o je t  divergenc e angl e fo r  blockag e an d th e jet/freestrea m
rati o o f  R T fo r  entrainmen t  ( R i s th e ga s constant ,  T  i s tota l  temperature) .  A n importan t  conclusio n wa s
tha t  a  col d je t  representatio n ca n giv e u p t o 20 % pessimisti c value s fo r  th e A C du e t o th e correc t  jet .
A simila r  conclusio n ca n als o b e draw n fro m th e result s o f  Robinson 19 wh o ha s mad e simila r  studie s t o
Compton usin g a n ethylene/ai r  combuste r  wit h a  je t  temperatur e fro m col d t o 1500°K .  Robinso n relate s th e
plum e blockag e effec t  t o th e initia l  expansio n angl e an d conclude s tha t  col d je t  dat a ca n b e use d a t
correcte d pressur e ratio s t o simulat e th e lo w y  ho t  je t  plumes .  Thi s o f  cours e i s no t  a  ne w approach ,
havin g bee n discusse d muc h earlie r  b y Goether t  o f  AEDC.  Thi s pape r  howeve r  present s a  goo d collectio n o f
boattai l  an d afterbod y pressur e dat a whic h enable s thes e approache s t o b e studie d i n detail .  Correcte d
col d je t  dat a show s ver y goo d agreemen t  i n genera l  wit h th e ho t  results ,  th e correlatio n tendin g t o b e
bes t  fo r  th e highe r  pressur e ratios .  Fre e strea m Mac h numbe r  effect s i n th e correlatio n ca n als o b e see n
but  i t  mus t  b e realise d tha t  th e correctio n make s n o allowanc e fo r  th e entrainmen t  effect s whic h Compto n
has show n t o b e significant .  Thi s paper 19 als o give s th e variatio n o f  afterbod y dra g wit h Reynold s numbe r
and show s th e usua l  increas e wit h increas e o f  Reynold s number .  Th e rat e o f  increas e i n thi s wor k howeve r
i s ver y muc h smalle r  tha n tha t  o f  Wilcox 21.

Thi s latte r  pape r  set s ou t  t o explor e th e Reynold s number/afterbod y dra g proble m b y studying.pressur e
distribution s o n th e boattai l  o f  a  fligh t  mode l  an d tw o win d tunne l  models .  A s pape r  1 9 onl y give s tota l
afterbod y dra g variatio n wit h Reynold s numbe r  an d pape r  2 1 give s boattai l  drag ,  i t  i s  perhap s no t
surprisin g tha t  eac h may sho w differen t  rate s o f  change ,  a s discusse d b y Aulehla 12.  Wilcox 21 describe s a
tes t  programm e tha t  set s ou t  t o stud y Reynold s numbe r  effect s o n boattai l  drag .  A  Reynold s numbe r  rang e
of  19: 1 wa s obtaine d b y tw o win d tunne l  model s an d a n airborn e nacell e fo r  Mac h number s 0. 6 an d 0.9 .  Th e
stud y wa s o n 3  differen t  axisymmetri c boattai l  shape s wit h fina l  angle s fro m 1 6 t o 3 0 .  Th e thre e set s
of  test s wer e al l  wit h identica l  flo w fiel d interference s o n th e boattai l  an d s o shoul d b e comparative .
The tw o tunne l  result s giv e a  significan t  increas e i n boattai l  dra g wit h Reynold s numbe r  whils t  th e
fligh t  dat a give s a  decrease ;  result s ar e plotte d showin g a  maximu m dra g t o occu r  o n a  smoot h peakin g
curv e a t  a  poin t  nea r  th e lowes t  fligh t  Reynold s number .  I t  i s  extremel y unfortunat e tha t  a n overla p
coul d no t  hav e bee n produced .  Thi s pape r  set s ou t  t o explai n th e reason s fo r  th e peak y characteristi c  o f
th e boattai l  dra g wit h Reynold s number .  I t  i s  demonstrate d b y pressur e distribution s tha t  t o a  varyin g
degre e fo r  al l  boattails ,  th e balanc e o f  th e axia l  forc e du e t o th e shoulde r  expansio n an d th e rea r



recompressio n ca n explai n th e dra g characteristics .  A t  th e highes t  fligh t  Reynold s numbe r  th e flo w
remain s attache d t o th e rea r  o f  th e afterbody ,  a t  th e lowes t  fligh t  Reynold s numbe r  th e shoulde r  suctio n
remain s wit h it s pressur e dra g bu t  becaus e o f  a  separatio n i s no t  compensate d b y a  rea r  compression .
Thi s i t  i s  argue d represent s th e wors t  tota l  pressur e dra g condition .  Fo r  lowe r  Reynold s number s typica l
of  th e mode l  scal e test s th e rea r  separatio n influence s an d reduce s th e shoulde r  expansio n suction s thu s
reducin g th e overal l  balanc e o f  drag .  Fo r  som e afterbod y shape s wit h wea k shoulde r  expansion s an d rea r
separatio n i t  i s show n tha t  th e resultan t  dra g ca n b e les s tha n tha t  i n a  full y  attache d flo w o n a  stron g
expansio n afterbody .  Thi s paper 21 wa s th e on e substantia l  piec e o f  evidenc e t o sho w tha t  increasin g
afterbod y dra g a s measure d i n win d tunnel s i s du e t o th e afterbod y flow ,  an d no t  necessaril y  du e t o win d
tunne l  effect s a s previousl y suggested .

The pape r  b y Glidewell 15 review s th e mode l  suppor t  proble m relate d t o afterbod y testing ,  i n a
concis e manne r  providin g quantitativ e evidenc e fo r  severa l  importan t  tes t  techniqu e problems .  I t  i s
shown fo r  exampl e tha t  i n relatio n t o afterbod y dra g interference ,  a  win g ti p suppor t  syste m wit h a
well-faire d boo m wil l  giv e minimu m interferenc e whils t  swep t  bod y suppor t  strut s giv e varyin g degree s o f
increase d interference .  Transonically ,  eve n th e bes t  suppor t  ca n giv e u p t o 1 0 dra g count s o f
interference .  Fo r  a  twi n nozzl e airfram e a  twi n stin g (throug h th e nozzles )  suppor t  i s  considere d bot h
fo r  rea r  stin g adapto r  interferenc e an d fo r  th e representatio n o f  th e jet .  Th e result s sho w th e soli d
plum e t o b e a n inadequat e je t  representatio n bu t  thi s shoul d no t  necessaril y b e th e cas e 'i f  on e know s
how t o shap e th e plume .  Th e annula r  je t  howeve r  i s show n t o giv e goo d afterbod y dra g representatio n a s
lon g a s th e je t  maximu m diameter ,  an d no t  necessaril y  th e pressur e ratio ,  i s  represented .  Th e twi n stin g
suppor t  syste m howeve r  mus t  b e specia l  t o eac h applicatio n (a s i s indicate d i n tw o example s i n thi s
paper 15)  an d s o th e result s an d comment s b y Glidewel l  ca n onl y b e take n a s a  guide .  Th e questio n o f
inle t  flo w effect s an d inle t  fairing s o n th e afterbod y i s als o treated ;  a s migh t  b e expecte d a n
influenc e o n afterbod y dra g ca n b e see n bu t  th e effect s o n othe r  force s i s negligible .  Thi s i s a  usefu l
surve y i f  fo r  n o othe r  reaso n tha n t o indicat e th e area s wher e car e shoul d b e take n an d wher e assumption s
migh t  b e reasonabl y made .  Brazie r  i n th e Sessio n I V paper s devote s som e tim e t o thi s subjec t  o f  mode l
suppor t  an d testin g technique .  H e advise s cautio n i n th e us e o f  part-model s du e t o spli t  lin e problem s
betwee n metri c an d non-metri c  part s an d cite s a n exampl e o f  afterbod y pressur e distributio n bein g
significantl y affecte d b y th e forebod y shap e an d vic e versa .  Thi s i s a n exampl e o f  th e typ e o f  mutua l
interferenc e betwee n for e an d afterbod y tha t  wa s concernin g Aulehla 12.  I t  i s  al l  to o eas y t o loo k a t
change s i n pressur e distribution s o n bodie s whic h appea r  t o b e negligibl e withou t  realisin g thei r
significanc e i n pressur e drag .

6.  INTEGRATIO N DESIG N AND ACCOUNTING PROCEDURES

Previou s section s o f  th e meetin g discusse d interferenc e aspect s o f  th e mai n engin e flo w fields ,  i.e .
th e inle t  an d th e exhaust .  I t  ha s bee n see n tha t  th e inle t  doe s no t  presen t  an y significan t  ne w
interferenc e problem s whils t  th e nozzl e an d afterbod y flo w fiel d eve n i n relativ e isolatio n ha s bee n
seen t o presen t  many problems .  I n thi s sectio n th e interactio n o f  al l  th e part s ha s bee n considere d t o
provid e a n integrate d fully-interferin g whole .  T o thi s en d th e firs t  pape r  b y Brazier 22 set s ou t  t o
lis t  a  logica l  se t  o f  item s i n a  drag/thrus t  equation .  I n doin g thi s h e discusse s th e us e o f  variou s
referenc e model s relativ e t o whic h incrementa l  change s ca n b e defined .  Th e us e o f  variou s referenc e
condition s er i  rout e ar e show n t o provid e bette r  break-dow n understandin g o f  th e performance ,  bu t  ar e no t
essentia l  t o th e calculatio n o f  th e fina l  performanc e o f  th e airplane .  Th e plac e o f  th e aero-forc e
model  an d th e specia l  part-model s (inle t  an d nozzle )  ar e pu t  int o perspective .  A  secon d par t  o f  Brazier' s
pape r  deal s wit h th e collectio n o f  geometrica l  dat a an d it s us e i n performanc e prediction .  Example s ar e
give n o f  afterbod y dra g predic t  ion,an d inle t  recover y an d dra g prediction ,  al l  combine d t o giv e predicte d
overal l  propulsio n syste m performance .  Th e suggestion s an d result s o f  thi s typ e o f  wor k coul d b e ver y
valuabl e i n a  genera l  poo l  o f  data .  Brazie r  refer s t o hi s prediction s bein g mad e i n relatio n t o inpu t
dat a fro m recen t  parametri c win d tunne l  studies ;  ther e mus t  b e a n enormou s wealt h o f  suc h dat a availabl e
fro m many sources .  Perhap s thi s coul d for m th e basi s o f  som e idea s fo r  a  dat a shee t  serie s i n thi s wor k -
othe r  geometri c correlatio n method s fo r  inlet s an d nozzle s hav e bee n foun d impossibl e t o handl e i n th e
past .

A usefu l  presentatio n o f  practica l  dat a o n th e integrate d inle t  an d afterbod y flow s o f  curren t
fighte r  type s i s give n b y Richey 23.  I n presentin g a  selectio n fro m wha t  mus t  b e a  ver y larg e sourc e o f
data ,  h e show s ho w th e flo w losse s an d distortion s associate d wit h thre e type s o f  fron t  fuselag e shape s
develo p t o provid e th e flo w int o a  basi c rectangula r  sidemounte d inlet ,  throug h th e throa t  an d finall y
at  th e compresso r  face .  Effect s o f  win g an d fuselag e shieldin g ar e the n develope d showin g th e ver y
dramati c benefit s t o loca l  flo w upwas h angle s fo r  bot h type s o f  shielding .  Th e effect s o f  thi s reduce d
inle t  flo w distortio n ar e agai n pursue d throug h th e inle t  duc t  t o sho w th e benefit s a t  th e compresso r
face .  I n a  similar ,  detaile d manner ,  th e buildru p o f  th e afterbod y an d nozzl e dra g i s pursued ,  studyin g
th e effect s o f  tailplan e interferenc e an d nozzl e spacin g an d interfairin g shape .  Comprehensiv e dat a i s
agai n presente d showin g th e differen t  natur e o f  the.subsoni c an d supersoni c performances .  Some
reservation s shoul d b e pu t  o n th e subsoni c interferenc e o f  th e tai l  Surface s a s th e latte r  ar e no t
include d i n th e tota l  dra g pressur e integration .  Thi s collecte d dat a ca n b e o f  considerabl e qualitativ e
valu e t o worker s i n thi s field ,  an d serve s t o sho w th e complexit y o f  th e afterbod y flo w field ,  confirmin g
th e feelin g tha t  ther e i s onl y a  limite d distanc e on e ca n g o wit h generalise d dat a fo r  specifi c  designs .

The us e o f  a  'panel '  metho d a t  subcritica l  speed s i s describe d b y Ahmed 25 t o optimis e th e spanwis e
and chordwis e positio n o f  a n overwin g an d underwin g nacelle ,  o n a  straigh t  an d a  swep t  wing .  Experimenta l
and theoretica l  pressur e distribution s agre e wel l  a s doe s th e spanwis e lif t  distribution .  Fo r
optimisatio n purpose s th e induce d dra g ha s bee n use d an d ver y significan t  difference s betwee n above-an d
below-win g installation s wer e foun d e.g .  th e uppe r  win g installatio n showin g a  60 % highe r  induce d dra g
facto r  compare d wit h tha t  fo r  a n underwin g installatio n fo r  th e swep t  win g case .  I t  shoul d b e note d tha t
th e nacell e wa s represente d b y a  bod y wit h faire d inle t  an d exit ;  furthe r  calculation s wil l  probabl y b e
made wit h allowanc e fo r  th e strea m tube .

I t  i s  interestin g t o not e th e conflic t  o f  result s here 25 wit h thos e o f  Kren z &  Ewald 26,  wh o hav e mad e
measurement s o f  nacell e an d je t  interferenc e o n th e airfram e wit h above-an d below-win g installation s an d



als o a n integrate d uppe r  forwar d installation .  Curve s give n b y Ewald 26 indicat e tha t  bot h uppe r  win g
installation s hav e th e lowes t  induce d drag ,  followe d a t  a  significantl y highe r  leve l  b y th e clea n win g
and th e lowe r  surfac e nacell e installation .  Th e basi c dra g leve l  o f  th e uppe r  installatio n i s als o a s
lo w a s tha t  o f  th e clea n win g a t  lo w C,  whic h i s no t  necessaril y  surprising ,  a s buoyanc y effect s betwee n
nacell e an d win g wil l  undoubtedl y giv e a n ultimat e tota l  pressur e dra g greate r  tha n tha t  o f  th e win g alone .
Explanatio n o f  th e differenc e i n th e experimenta l  conclusion s o f  2 5 an d 2 6 ar e give n a s lac k o f  inle t
and exi t  flo w representatio n i n th e forme r  an d lac k o f  pylo n an d nacell e force s i n th e latter .  Th e firs t
par t  o f  pape r  2 6 b y Kren z give s theoretical/experimental/fligh t  result s fo r  thi s interestin g overwin g
installation *  Th e greatl y reduce d inle t  distortio n du e t o win g shieldin g i s demonstrated.fro m mode l
tests ,  an d tunne l  fligh t  correlation s o f  spanwis e stal l  developmen t  i s given .  Muc h o f  th e dat a i s lo w
spee d bu t  on e resul t  o f  spee d instabilit y  wit h Mac h numbe r  a s illustrate d b y th e elevato r  angl e t o trim ,
shows goo d correlatio n betwee n tunne l  an d fligh t  fo r  th e power-o n condition .  Th e lo w spee d experimenta l
method s use d i n th e developmen t  o f  thi s overwin g installatio n ar e discusse d i n th e secon d par t  o f  th e
pape r  2 6 b y Ewal d wh o consider s inle t  an d je t  representatio n methods .  Some genera l  result s o f  th e
jet/win g pressur e interferenc e ar e presente d demonstratin g ho w th e wing-je t  influence.significantl y
increase s th e loca l  surfac e suctions .  I n th e cas e o f  th e above-win g installation ,  th e presenc e o f  th e
je t  i s  muc h mor e significan t  creatin g a n approximatel y unifor m uppe r  surfac e suctio n increment ;  fo r  th e
lowe r  surfac e je t  th e suction s ar e mor e confine d t o th e lowe r  rea r  surfac e o f  th e aerofoil .  I t  i s
apparen t  fro m thes e lo w spee d result s tha t  a n uppe r  nacell e installatio n i s muc h mor e likel y t o develo p
earl y supercritica l  flo w tha n a  lowe r  surfac e installatio n -  a s evidence d b y th e tendenc y t o spee d
instability .  Th e lowe r  surfac e installatio n teste d her e o f  cours e i s no t  ver y typica l  o f  th e genera l  je t
position .

The fina l  pape r  o f  th e meetin g b y Lette r  &  Kurz 27 reopene d th e subjec t  o f  thrus t  reverser s an d a s
previousl y mentione d make s a  usefu l  complemen t  t o paper s 1 0 an d 11 .  Althoug h nominall y writte n t o discus s
th e genera l  aspect s o f  thrus t  reverse r  installatio n problem s o n aircraf t  i t  draw s it s informatio n fro m
optimisatio n studie s relate d t o a  twi n je t  fighte r  configuration .  Thi s i s i n n o wa y a  criticis m bu t
simpl y advic e t o th e reade r  tha t  thi s pape r  deal s with.simila r  problem s t o 1 0 an d 1 1 an d shoul d b e rea d
i n conjunction ,  whethe r  i t  b e i n Sessio n I I  o r  IV .  Th e pape r  show s th e developmen t  o f  a  practica l  targe t
typ e reverser .  Emphasi s i s place d o n th e shap e requirement s impose d b y th e integratio n wit h th e afterbod y
i n th e retracte d positio n an d th e effec t  o f  thi s o n th e limite d sid e turnin g o f  th e flo w an d th e ultimat e
reverse r  efficienc y vi z 4 0 -  50%.  Optimisatio n result s o f  li p shap e an d spacin g distanc e ar e given .  A n
interestin g featur e o f  th e pape r  i s th e descriptio n o f  th e reduce d throttlin g programm e neede d t o optimis e
th e tota l  landin g patter n performance .  Tunne l  testin g technique s ar e o f  interes t  her e a s i s th e evidenc e
tha t  a  15 % decreas e i n re-ingestio n cut-of f  spee d i s obtaine d wit h a  movin g groun d belt .  The .
traditiona l  proble m o f  ho t  ga s re-ingestio n i s show n t o b e no t  alway s s o all-importan t  fo r  th e particula r
cas e considere d here ,  a s debri s ingestio n occurre d a t  a  highe r  groun d speed .  Structura l  heatin g i s als o
shown t o b e o f  importance .  Considerin g th e aerodynami c forc e interferences ,  th e magnitud e an d sig n o f
th e pitc h an d lif t  increment s i s show n t o b e ver y dependen t  upo n nozzl e pressur e ratio .  Fo r  twi n nozzl e
configuration s th e co-ordinatio n o f  th e twi n reverser s i s obviousl y als o o f  importanc e t o th e latera l
stabilit y i n th e groun d roll .  Th e pape r  make s a  ver y usefu l  contributio n t o th e optimisatio n o f  thrus t
reverse r  operatio n i n relatio n t o al l  th e conflictin g requirement s o f  airborn e deployment ,  programme d
throttling ,  pitc h stability ,  hea t  an d debri s ingestio n an d structura l  heating .

7.  CONCLUSIONS AND RECOMMENDATIONS

Perhap s th e easies t  an d mos t  satisfactor y conclusio n t o dra w i s tha t  th e meetin g wa s ver y successful .
A ver y wid e spectru m o f  topic s wa s covere d an d a  larg e audienc e wa s kep t  intereste d an d participatin g
righ t  t o th e en d o f  th e round-tabl e discussion .  Significan t  advance s hav e no t  bee n mad e sinc e th e
earlie r  PE P Lectur e Serie s bu t  th e fiel d ha s broadene d an d th e result s an d technique s ar e bein g criticall y
viewe d b y th e authors .  Th e numbe r  o f  paper s o n afterbod y result s an d technique s ar e a  stron g
justificatio n fo r  th e existenc e o f  th e join t  PEP/FD P Workin g Grou p o n Improve d Nozzl e Testin g Technique s
i n Transoni c Flow .  A t  thi s meeting ,  particula r  criticis m wa s levelle d a t  th e curren t  method s o f  approac h
t o afterbod y testin g includin g th e arbitrar y choic e o f  metric/non-metri c spli t  line s a t  variou s position s
alon g th e afterbody .  I t  i s  hope d tha t  reader s o f  thes e paper s wil l  learn ,  a s di d many o f  th e audience ,
how misleadin g th e trend s o n part-bod y measurement s ca n b e an d i t  i s  hope d tha t  th e Workin g Party ,  wh o
wer e well-represente d a t  th e meeting ,  wil l  b e abl e t o provid e som e workin g rule s fo r  th e us e o f  common
approache s an d th e magnitud e o f  th e error s tha t  migh t  occur .

The followin g recommendation s ar e made: -

Technique s (.1 )  Operator s o f  curren t  tes t  facilitie s wit h variabl e Reynold s numbe r
capabilitie s shoul d b e prepare d t o demonstrat e tha t  th e buoyanc y pressur e
gradient s i n th e workin g sectio n ar e insignifican t  o r  a t  leas t  invarian t  wit h
Reynold s number .  Also ,  fo r  par t  bod y testing ,  tha t  th e referenc e tunne l
pressure s ar e correctl y an d consistentl y relate d t o th e tru e workin g sectio n
stati c pressur e fo r  al l  Reynold s numbers .

(2 )  Ther e shoul d b e urgen t  attentio n t o th e provisio n o f  hig h qualit y afterbod y
pressur e an d forc e dat a fo r  th e developmen t  o f  theoretica l  methods .

(3 )  Th e curren t  tren d fo r  win d tunne l  dat a t o demonstrat e increasin g afterbod y
dra g wit h increasin g Reynold s numbe r  i n contradictio n t o th e reducin g dra g
tren d o f  fligh t  dat a shoul d b e satisfactoril y  explaine d b y test s wit h a n
overla p o f  dat a fro m win d tunne l  an d flight .



(4 )  Th e solutio n t o (3 )  coul d b e readil y applie d i f  th e propose d ne w
high-Reynolds-numbe r  transoni c tunne l  wer e availabl e -  assumin g o f  cours e
tha t  i t  meet s th e requirement s o f  recommendatio n (1 )  above .  Wor k o n
afterbodie s ca n b e a s rewardin g an d justifyin g o f  th e ne w facilit y  a s many
othe r  aerodynami c aspects .  I t  i s  recommende d tha t  thes e point s b e note d a s
additiona l  justificatio n fo r  th e ne w tunnel .

(5 )  Wor k shoul d b e don e t o validat e tha t  engin e simulator s giv e representativ e
fligh t  results ,  an d als o practica l  recommendation s shoul d b e provide d fo r
thei r  us e fo r  th e hig h accurac y requirement s o f  th e civi l  transport .

(6 )  Method s shoul d b e develope d fo r  th e representatio n o f  correctl y scale d
approac h boundar y layer s t o th e afterbod y i n lo w Reynold s numbe r  testing .
Agai n thi s wor k coul d b e greatl y assiste d b y th e existenc e o f  a  hig h qualit y
variabl e hig h Reynold s numbe r  transoni c tunnel .

I t  ha s bee n apparen t  tha t  many facet s o f  th e interferenc e problem s coul d b e guide d i n th e
righ t  directio n b y th e us e o f  a  genera l  metho d fo r  computin g th e flo w field .  Presen t  pane l
method s fo r  invisci d flo w calculation s ar e inadequat e an d time-consuming.an d i t  i s  obviou s
fro m th e paper s tha t  many author s woul d recommen d urgen t  attentio n t o th e complet e flo w
fiel d solution .  A s progres s i n thi s objectiv e i s likel y t o b e slo w th e followin g intermediat e
stage s ar e recommende d fo r  attention .

(7 )  Ther e i s a  nee d fo r  th e continuin g developmen t  o f  theoretica l  method s
fo r  th e solutio n o f  th e mixin g o f  afterbod y an d je t  flows ;  i t  woul d
appea r  tha t  onl y th e fring e o f  thi s subjec t  ha s bee n touche d s o far .

(8 )  I n conjunctio n wit h (7 )  theoretica l  prediction s o f  th e limit s o f  loca l
afterbod y distortio n tha t  ca n b e permitte d withou t  drasti c separatio n
shoul d b e devise d s o a s t o optimis e practica l  configurations .

(9 )  I t  ha s bee n suggeste d tha t  th e occurrenc e o f  buz z du e t o inle t  approac h
flo w distortio n may b e predicte d fro m a  quantitativ e knowledg e o f  th e
distortion .  T o mak e us e o f  this ,  theoretica l  method s fo r  th e calculatio n
of  th e flo w fiel d du e t o th e viscou s flo w pas t  forebodie s a t  incidenc e
shoul d b e developed .  Fo r  buz z application s the.supersoni c solutio n
wil l  b e necessar y an d may mak e th e approac h mor e tenable .  Howeve r  thi s
caus e o f  buz z wil l  almos t  certainl y b e associate d wit h viscou s separation s
on th e bod y ahea d o f  th e intak e s o th e metho d ca n onl y ai m a t  predictin g
'safe '  boundaries .

(10 )  Th e suggestio n o f  correlatio n o f  dat a fo r  inle t  an d afterbod y performanc e
fro m parametri c win d tunne l  information ,  a s give n i n pape r  22 ,  shoul d b e
investigate d furthe r  wit h a  vie w t o ultimat e publicatio n o f  performanc e
predictio n information .  Th e parametri c dat a mus t  howeve r  b e o f  hig h quality .



APPENDIX

CONFERENCE PAPERS

SESSION I  -  AI R INTAKE S AND AIRFRAME/INLE T INTERACTIONS

1.  J.Leynaer t  Intake-Airfram e Interactio n Problem s

2.  G.R.Hal l  A  Criterio n fo r  Predictio n o f  Airfram e Integratio n effect s o n
Inle t  Stabilit y  wit h applicatio n t o advance d Fighte r  Aircraf t

3.  S.A.M.Thornle y Th e Measuremen t  o f  th e Transoni c Spillag e Dra g o f  a  Supersoni c
B.C.Carte r  Intak e

4.  C.J.Callaha n A n Experimenta l  Investigatio n o f  th e Componen t  Dra g Compositio n
of  a  Two-Dimensiona l  Inle t  a t  Transoni c an d Supersoni c Speed s

SESSION I I  -  NOZZLE/AFTERBODY FLOW FIELD S AND AIRFRAME INTERFERENCE

5.  B.Munniksm a Je t  Interferenc e o n a  Podde d Engin e installatio n o f  a  Twin-Engine d
F.Jaarsm a wid e bod y Aircraf t  a t  cruis e condition s

6.  G.d e Richemon t  e t  J.Deler y Influenc e d e L'Ecoulemen t  Exterieu r  su r  l e Fonctionnemen t  D'u n
Ejecteu r  Supersoniqu e

7.  J.K.Querman n Subsoni c Bas e an d Boattai l  Drag :  A n Analytica l  Approac h

8.  R.Maria-Sub e e t  Etud e d e L'Ecoulemen t  Subsoniqu e su r  u n Fusea u Moteu r  e n Presenc e
G.Gillo n de s Jet s Provenan t  D'Ecoulement s interne s

9.  R.Piv a Lo w spee d Injectio n Effect s o n th e Aerodynami c Performanc e a t
Transoni c Spee d

10.  J.M.Hard y Etud e d e L'Interferenc e d e L'Ecoulemen t  Extern e e t  de s condition s
J.P.Carr e D'Installatio n su r  le s Performance s de s Inverseur s d e Pousse e

11.  A.C.Willme r  Revers e Thrus t  experienc e o n th e Concord e
R.L.Scotlan d

12.  F.Aulehl a Reynold s Number  Effect s o n Fore-an d Afterbod y Pressur e Dra g
G.Besig k

13.  J.Rei d Th e Subsoni c Bas e Dra g o f  Cylindrica l  Twin-je t  an d Single-je t
A.R.G.Mundel l  Afterbodie s
J.F.W.Cran e

14.  T.H.Moulde n On som e Problem s encountere d i n a  Theoretica l  Stud y o f  th e Externa l
J.M.Wu Flo w ove r  a  Nozzl e Configuratio n i n Transoni c Fligh t
D.J.Sprin g

SESSION II I  -  WINDTUNNEL TESTIN G AND CORRELATION WIT H FLIGH T TEST

15.  R.J.Glidewel l  Twi n Je t  Exhaus t  Syste m Tes t  Technique s
A.E.Fannin g

16.  W.B.Compto n A n Experimenta l  Stud y o f  Je t  Exhaus t  Simulatio n

17.  T.D.Coombe s A  Mode l  Techniqu e fo r  Exhaus t  Syste m Performanc e Testin g

18.  S.C.Walke r  Isolatin g Nozzle-Afterbod y Interactio n Parameter s an d Siz e Effect s
-  A  Ne w Approac h

19.  C.E.Robinso n Exhaus t  Plum e Temperatur e Effect s o n Nozzl e Afterbod y Performanc e
M.D.Hig h ove r  th e Transoni c Mac h Number  Rang e
E.R.Thompso n

20.  W.J.Rohlin g Th e Influenc e o f  Nacell e Afterbod y Shap e o n Airplan e Dra g

21.  F.A.Wilco x Reynold s Number  Effect s o n Boattai l  Dra g o f  Exhaus t  Nozzle s fro m
R.Chamberli n Win d Tunne l  an d Fligh t  Test s



SESSION I V -  INTEGRATION DESIG N AND ACCOUNTING PROCEDURES

22.  M.E.Brazie r
W.H.Bal l

23.  G.K.Riche y
L.E.Surbe r
J.A.Laughre y

24.  G.Schul z
G.Viehwege r

25.  S.R.Ahme d

26.

G.Kren z

B.Ewal d

27.  K.Lette r
W.Kurz

Accountin g o f  Aerodynami c Force s o n Airframe/Propulsio n
System s

Airframe/Propulsio n Syste m Flo w Fiel d Interferenc e an d th e
Effec t  o n Ai r  Intak e an d Exhaus t  Nozzl e Performanc e

Detaile d Experimenta l  an d Theoretica l  Analysi s o f  th e
Aerodynami c Interferenc e betwee n Liftin g Jet s an d th e Fuselag e
and Win g o f  V/STO L Aircraf t

Predictio n o f  th e Optimu m Locatio n o f  a  Nacell e Shape d Bod y
on th e Win g o f  a  Wing-Bod y Configuratio n b y Invisci d Flo w
Analysi s

Airframe-Engin e Interactio n fo r  Engin e Configuration s Mounte d
abov e th e Win g

Par t  1 :  Interferenc e betwee n win g an d intake/je t

Par t  2 :  Engin e je t  simulatio n problem s i n win d tunne l  test s

Aerodynami c Aspect s an d Optimisatio n o f  Thrus t  Reverse r  System s



10

INLET

BUZZ PREDICTION 2
SPILL DRAG 3.4

PERFORMANCE PREDICTION 22

PERFORMANCE MEASUREMENT
AND DISTORTION 23

REINGESTION T/0 AND LANDING 27
JET/AFTERBODY INTERACTION
THEORY U

TEMP EFFECTS 16,19

TESTING METHODS

FOREBODY INTERFERENCE 13

REYNOLDS NUMBER EFFECTS 12

SUPPORT INTERFERENCE 15,22
NOSE FAIRING » 15,22

SUPERSONIC EJECTOR 6T/ REVERSER
INTERFERENCE

PERFORMANCE

FUSELAGE LIFT ENGINE PERFORMANCE
AND INTERFERENCE 24

NOZZLE BOATTAIL AND AFTERBODY
PERFORMANCE 23,22
FLIGHT / TUNNEL COMPN 18

REYNOLDS NUMBER EFFECTS 21

BLOWING CONTROL OF BOATTAIL
SEPARATION 9

ACCOUNTING METHODS 22

FIG. 1. FIGHTER.



11

OVERWING NACELLE 26
EFFECT ON PRESSURE DISTRIBUTION
STALL
INLET PERF
AERODYNAMIC PERF
JET TESTING METHODS.

THEORETICAL 25

INTERFERENCE NACELLE/WING
OVER / UNDER / ON WING

NACELLE / PYLON /WING
INTERFERENCE
MODEL 5
FLIGHT 20

TWO STREAM NOZZI F
PERF. MEASUREMENT 17
THEORETICAL 8

FIG 2 TRANSPORT.



1. Recipient's Reference 2. Originator's Reference

AGARD-AR-81

3. Further Reference 4. Security Classification
of Document

UNCLASSIFIED

REPORT DOCUMENTATIO N PAGE

5. Originator Advisory Group for Aerospace Research and Development
North Atlantic Treaty Organization
7 rue Ancelle. 92200 Neuilly sur Seine. France

6. Titl e

Technical Evaluation Report on the Fluid Dynamics Panel Symposium on
Airframe/Propulsion Interference

7. Presented at

Rome

8. Authors)

E.G.Carter

9. Date

May 1975

10. Author' s Address 11.Pages

Aircraft Research Association, Bedford, U.K. 14

12. Distributio n Statement This document is distributed in accordance with AGARD
policies and regulations, which are outlined on the
Outside Back Covers of all AGARD publications.

13. Keywords/Descriptors
Airframes
Afterbodies
Air intakes
Jet engines

Jet flow
Interactions
Nozzles
Windtunnel models

Flight tests
Correlations

14.UDC

533.695.27:533.6.07

15. Abstract

The Symposium evaluated in this AR was held at Rome in September 1974. Areas
covered are Air intakes and airframe inlet interactions; Nozzles/afterbodies flow field
and airframe interference; Windtunnel testing and correlation with flight data; Integration
design and accounting procedures. Main recommendations are: There is urgent need for
high quality afterbody pressure and force data; contradictory trends of drag with Reynolds
number variation in windtunnel and flight must be resolved; the need for extended wind-
tunnel Reynolds number capability is again demonstrated; engine simulator techniques
require development and validation; theoretical treatment of mixing of afterbody and jet
flows and of afterbody distortion effects must be extended; theoretical treatment of
intake "buzz" requires development.

Technical Evaluation of the Fluid Dynamics Panel Symposium held in Rome, Italy,
3-6 September 1974. The Proceedings are published as AGARD-CP-150.



A
G

A
R

D
53

3.
69

5.
27

ro
in

8 =

•a
o

« « s E (3

3^1 8 f q
-3 h

t i i
<D ,O 60

|||||

1 H O S r i i ll
r-
o

2 §

o

•3 £ a
C « .2

S

Q



TIt
val
S

ep

8 I"  aS-.-g „
l ^ f f S g L

_. .
8 a ? 3

g. 3 g S n « §
o " S n P £• O-°- § 2. 2 § & ^3 „ o. p g.
. .

K B, e. ̂   ̂ ™.
s (T 51 GS' 3 o.

O ft

?|
w o

»g
s- cCP m

3 S:
5- 2ft 3

r^
CB £3

D. S
5-3.

a _K S. c e ^ a
S f ^ l i i ia S g s a « |
o p a  2 §  a p

^ 0
o, 3

o

S H
D3 0)

r ffaa

a"

ft "So. o

5s-





NATO £fe OTAN

7 RUE ANCELLE - 92200 NEUILLY-SUR-SEINE

FRANCE

Telephone 722.28.00 Telex 61176

DISTRIBUTIO N OF UNCLASSIFIE D

AGAR D PUBLICATION S

AGARD does NOT hold stocks of AGARD publications at the above address for general distribution. Initial distribution of AGARD
publications is made to AGARD Member Nations through the following National Distribution Centres. Further copies are sometimes
available from these Centres, but if not may be purchased in Microfiche or Photocopy form from the Purchase Agencies listed below.

NATIONA L DISTRIBUTIO N CENTRES

BELGIU M
Coordonnateur  AGARD - VSL
Etat-Majo r  de la Force Aerienne
Caserne Prince Baudouin
Place Dailly , 1030 Bruxelles

CANADA
Defence Scientific Informatio n Service
Department of National Defence
Ottawa, Ontari o K1A OZ2

DENMAR K
Danish Defence Research Board
0sterbrogades Kaserne
Copenhagen 0

FRANCE
O.N.E.R.A. (Direction)
29 Avenue de la Division Leclerc
92 Chatillon sous Bagneux

GERMAN Y
Zentralstelle fii r Luft- und Raumfahrt-
dokumentation und -information
D-8 Munchen 86
Postfach 860880

GREECE
Hellenic Armed Forces Command
D Branch, Athens

ICELAN D
Director  of Aviation
c/o Flugrad
Reykjavik

ITAL Y
Aeronautica Militare
Uffici o del Delegate Nazionale all'AGAR D
3, Piazzale Adenauer
Roma/EUR

LUXEMBOUR G
See Belgium

NETHERLAND S
Netherlands Delegation to AGARD
National Aerospace Laboratory, NLR
P.O. Box 126
Delft

NORWA Y
Norwegian Defence Research Establishment
Main Library
P.O. Box 25
N-2007 Kjeller

PORTUGAL
Direceao do Servico de Materia l
da Forca Aerea
Rua de Escola Politecnica 42
Lisboa
Attn: AGARD National Delegate

TURKE Y
Department of Research and Development (ARGE)
Ministry of National Defence, Ankara

UNITED KINGDOM
Defence Research Information Centre
Station Square House
St. Mary Cray
Orpington, Kent BR5 3RE

UNITE D STATES
National Aeronautics and Space Administration (NASA),
Langley Field, Virginia 23365
Attn: Report Distribution and Storage Unit

TH E UNITE D STATES NATIONA L DISTRIBUTIO N CENTRE (NASA) DOES NOT HOL D
STOCKS OF AGAR D PUBLICATIONS , AND APPLICATION S FOR COPIES SHOULD BE MAD E

DIREC T TO THE NATIONA L TECHNICA L INFORMATIO N SERVICE (NT1S) AT THE ADDRESS BELOW .

Microfiche or Photocopy
National Technical
Information Service (NTIS)
5285 Port Royal Road
Springfield
Virgini a 22151, USA

PURCHASE AGENCIE S

Microfiche
ESRO/ELDO Space
Documentation Service
European Space
Research Organization
114, Avenue Charles de Gaulle
92200 Neuilly sur Seine, France

Microfiche
Technology Reports
Centre (DTI)
Station Square House
St. Mary Cray
Orpington, Kent BR5 3RF
England

Requests for microfiche or photocopies of AGARD documents should include the AGARD serial number, title, author or editor, and
publication date. Requests to NTIS should include the NASA accession report number. Full bibliographical references and abstracts

of AGARD publications are given in the following journals:

Scientific and Technical Aerospace Reports (STAR),
published by NASA Scientific and Technical
Information Facility
Post Office Box 8757
Baltimore/Washington International Airport
Maryland 21240, USA

Government Reports Announcements (GRA),
published by the National Technical
Information Services, Springfield
Virgini a 22151, USA

Printed by Technical Editing and Reproduction Lid
Harford House, 7-9 Charlotte St, London W1P IHD


