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16 Abstract 

To quan t i f y  the i n s t a l l e d  performance o f  h i gh  speed (M = 0.8) turboprop pro- 
pu ls ion  systems, an experimental program designed t o  assess the magnitude o f  
the aerod-lnamic in te r fe rence  o f  a p rope l l e r  s l ips t ream on a s u p e r c r i t i c a l  wing 
has been conducted. The t e s t  was conducted i n  the  NASA Ames 14-Foot Wind 
Tunnel. An e jec to r -nace l le  p rope l l e r  s l ips t ream s imulator  was used t o  produce 
a s l ips t ream w i t h  cha rac te r i s t i c s  t y p i c a l  o f  advanced p rope l l e r s  p resen t l y  
being invest igated. A s u p e r c r i t i c a l  wing-body con f i gu ra t i on  was used t o  
evaluate the in te r fe rence  e f f ec t s .  A t ravers ing  t o t a l  pressure rake was used 
t o  make f low f i e l d  measurements beh i rd  the wing and t o  c a l i b r a t e  the s l i p -  
stream simulator.  The fo rce  r e s u l t s  ind ica ted  t ha t  the in ter ference drag 
amounted t o  an increase o f  ten counts ( A C ~  = .0010) o r  about 3% o f  the wing- 
body drag f o r  a two engine con f igura t ion  a t  the nominal p r o p e l l e r  opera t ing  
condit ions. However, a t  the h igher  s w i r l  angles (11" vs. 7' nominal ly)  the 
in ter ference drag was favorable by about the same magnitude. Up-i nboard 
genera l ly  was found t o  have less drag than up-outboard. These resu l t s  were 
essen t ia l  1 y independent of 1 i f t  coe f f  i cien t o r  f r e e  s t  ream Mach number. The 
l i f t  c o e f f i c i e n t  increments a t  a f i x e d  angle o f  a t t ack  were small (z.025) and 
changes t o  the wing surface pressures were e s s e n t i a l l y  r e s t r i c t e d  t o  the  
region washed by the s l  ipstream. The wake t o t a l  pressure measurements i n d i -  
cated n e g l i g i b l e  e f f e c t s  due t o  power but  revealed t ha t  up inboard s w i r l  o f  7" 
produced a low enerqy res ion  on the inboard s i de  o f  the-slipstream,- 
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1.0 SUMMARY 

To help quant i fy  the i n s t a l l e d  performances o f  h igh speed (M- = 0.8) 

turbo-prop propulsions systems, an experimental program designed t o  assess 

the magnitude o f  the aerodynamic in ter ference o f  a  simulated p rope l l e r  

s l ipst ream on a  superc r i t i ca l  wing has been conducted. The t e s t  was con- 

ducted i n  the NASA Ames Research Center 14-Foot Wind Tunnel. An e jec tor -  

. nacel le  p rope l le r  s l ipst ream simulator was used t o  produce prope l le r  

s l ipst ream charac ter is t i cs  t yp i ca l  o f  propel lers present ly being invest igated. 

A 32" swept supercr i  t i cal w i  ng-body was used t o  evaluate the in te r fe rence 

effects. A t ravers ing t o t a l  pressure rake located downstream o f  the model 

was used t o  make f l o w f i e l d  measurements behind the wing and ca l i b ra te  the 

p rope l l e r  simulator. The force resu l t s  ind ica ted  t h a t  in ter ference drag 

ef fects amounted t o  an increase o f  ten counts (AC,, = .0010) o r  abcut three 

percent o f  the wing-body drag f o r  a  two engine conf igurat ion a t  the nominal 

p rope l le r  operat ing condit ions. High s w i r l  angles (0.192 rad o r  11 " )  reduced 

the drag by about the same magnitude. Up-inboard s w i r l  general ly was found 

t o  have less drag than up-outboard. These resu l ts  were essen t i a l l y  indepen- 

dent of a i rp lane l i f t  coef f ic ient  o r  freestream Mach number. The l i f t  

coef f ic ient  increments a t  a  f i x e d  angle o f  attack were small, about,3.025. 

The i n s t a l l a t i o n  o f  the simulator ahead o f  the wing moved the wing shock 

forward. Changes t o  the wing surface pressures due t o  power were essen t i a l l y  

r e s t r i c t e d  t o  the region washed by the sl ipstream. The t o t a l  pressure t ravers-  

i n g  rake data ind ica ted  neg l i g ib le  e f fec ts  due t o  power but  revealed t h a t  up- 

inboard sw i r l  o f  0.122 rad (7 ' )  produced a  low energy region above the wing on 

the inboard side o f  the sl ipstream which may ind ica te  some loca l  f low separation. 



2.0 INTRODUCTION 

With the occurrence o f  fue l  shortages and h i ghe r  f u e l  p r i ces ,  the  

emphasis on f u e l  conservat ive a i r c r a f t  i s  increas ing.  I ndus t r y  system 

s tud ies  and NASA task f o r ce  s tud ies have i d e n t i f i e d  t h a t  a subs tan t i a l  

reduc t ion  i n  f u e l  consumption i s  p o t e n t i a l l y  ava i l ab l e  through t h e  use o f  

a p ropu ls ion  system(' 92s3). However, t o  meet passenger and a i r l i n e  demands 

i t  i s  des i r ab le  t o  c ru i se  a t  o r  near cu r ren t  speeds, M =0.8. Recent 

technology advances by ~ a m i  1 t o n - ~ t a n d a r d ' ~ )  have demonstrated h i gh  propel  l e r  

e f f i c i e n c i e s  a t  these Mach numbers by use o f  a h i g h l y  loaded, small diameter 

p r o p e l l e r  c a l l e d  a Prop-Fan. The i n t e r f e rence  e f f e c t s  o f  the  Prop-Fan s l i p -  

stream on the  a i r c r a f t  has no t  been determined t o  date and could  degrade 

the i n s t a l  l e d  performance of the  propel  1 er-wi  ng combination. Prev ious ly  

i n s t a l  1 ed p ropu ls i  on system performance experience us ing a turboprop has 

been l i m i t e d  t o  a i r c r a f t  designed w i t hou t  t he  use o f  modern superc r i  t i c a l  

wing o r  advanced Prop-Fan technology. The need ex is ted,  therefore,  t o  

es tab l i sh  the technology data base f o r  Prop-Fan i n s t a l l a t i o n  e f f e c t s  on an 

advanced s u p e r c r i t i c a l  t r anspo r t  type wing a t  speeds between M = 0.7 and 

0.84. 

The c h i e f  source o f  concern regard ing adverse s l  i pstream-wi ng i n t e r -  

ference i s  due t o  the t o t a l  pressure r i s e  i n  the s l i ps t r eam which p r o l ~ c e s  

an increased v e l o c i t y  downstream o f  the  p rope l l e r .  A t  high-speed c ru i se  

cond i t i ons  the  f l o w f i e l d  around a wing conta ins extens ive regions o f  l o c a l  l y  

supersonic f low.  The design of a s u p e r c r i t i c a l  wing concentrateson accomo- 

da t ing  these imbedded supersonic regions i n  such a way as t o  promote a 

c a r e f u l l y  c o n t r o l l e d  dece le ra t ion  o f  the f l ow back t o  the f reestream 

cond i t i ons  w i t h  minimum losses. A c h a r a c t e r i s t i c  o f  h igh subsonic f l i g h t  

speeds i s  t h a t  a i r p l ane  economics d i c t a t e  operat ion very c lose  t o  the drag 

divergence Kach number. A t  t h i s  p o i n t  the  wing f l o w f i e l d  i s  very s e n s i t i v e  

t o  minor changes i n  the onset f low.  Therefore, the i n t e r a c t i o n  between the 

s l i p s t r e a r  and wing could r e s u l t  i n  an increase i n  the shock wave s t reng th  

and poss ib le  boundary l a y e r  separat ion i r ,  the reg ion o f  the wing washed by 

the s l ips t ream. A t  the minimum t h i s  w i  11 cause an increase i n  the  l o c a l  

wave drag o f  the wing sec t ion .  Depending on the magnitude o f  the  increase 



i n  s l i p s t r eam Mach number, the strengthened shock wave may a lso  provoke 

s u f f i c i e n t  separat ion t o  reduce the sec t i ona l  1 i f t  c o e f f i c i e n t .  Th is  would 

then requ i r e  a compensating l i f t  increase on the  r e s t  of the  wing which 

would lead t o  a f u r t h e r  drag increase across t he  e n t i r e  wing. Whether the 

s l i ps t r eam produces an increase o r  decrease i n  the  l o c a l  l i f t  c o e f f i c i e n t ,  

there w i l l  be a span load ing disturbance which w i l l  produce an increase i n  

the  induced drag as we1 1. Increased ve l  oc i  t y  over the  wing i n  t h e  s l i ps t r eam 

w i  11 a l so  produce h igher  scrubbing drag due t o  t he  g rea te r  dynamic pressure 

i n  the  s l ips t ream. 

The o the r  major d i s t i n c t i v e  f ea tu re  o f  the Prop-Fan f l o w f i e l d  i s  the 

s w i r l  . This  wi 11 a c t  t o  induce an increase i n  t he  lead ing  edge upwash on 

the upgoing s i de  o f  the s l i p s t r eam and a decrease on the o ther  s ide.  These 

per tu rba t ions  i n  the wing lead ing edge onset f l ow  w i l l  produce l o c a l  l oad ing  

changes which could  aggravate a1 ready h igh  suc t i on  peaks and r e s u l t  i n  l o c a l  

separat ions o r  shock waves. It i s  probable, however, t h a t  such adverse 

e f f e c t s  cou ld  be e l im ina ted  by ca re fu l  t a i l o r i n g  o f  cambered lead ing  edge 

extensions. The i n t e r a c t i o n  o f  t h e  wing w i t h  the  s l i ps t r eam s w i r l  cou ld  

r e s u l t  i n  an o v e r a l l  b e n e f i c i a l  e f f e c t  i f  the  wing can recover some o f  the 

s w i r l  energy as a l o c a l  t h rus t .  

To support  ongoing system s tud ies  and i d e n t i f y  areas f o r  add i t i ona l  

development i t  was necessary t o  ob ta in  an e a r l y  i n d i c a t i o n  o f  the magni tude 

o f  these in te r fe rences .  I t  was a l so  des i rab le  t o  separate ly  i d e n t i f y  the 

e f f e c t s  o f  increased s l ips t ream v e l o c i t y  and s w i r l  . 

To accomplish t h i s  a p r o p e l l e r  s imu la to r  was developed f o r  use w i t h  an 

e x i s t i n g  Douglas A i  r c r a f t  Company wind tunnel  model i nco rpo ra t i ng  a wing 

which was desiqned u t i  1 iii ng modern supercr i  t i c a l  wing technology. The 

s imu la to r  consi s ted  o f  a nace l l e  enc los ing a h i  gh pressure a i  r d r i ven  e, jec tor  

system designed t o  produce an accurate s imu la t i  on o f  a t y p i c a l  modern 

Prop-Fan s l ips t ream. By vary ing the s imu la to r  d r i v e  a i r  pressure, o r  by 

changing a replaceable s e t  o f  s w i r l  vanes, a parametr ic v a r i a t i o n  i n  s l i p -  

stream v e l o c i t y  o r  s w i r l  angle was e a s i l y  produced vr i  t hou t  having t o  develop 

an actua l  model p r o p e l l e r  design. 



I n  add i t ion  t o  the customary wing-body model force and pressure 

instrumentation,  a computer-controlled t ravers ing rake apparatus was 

u t i l i z e d  t o  survey the wing wake and t o  permit  in-tunnel  c a l i b r a t i o n  o f  

the p r o p e l l e r  simulator.  



3.0 SYMBOLS 

area 

d r i v e  nozz le  pr imary area 

wing aspect r a t i o  

e j e c t o r  e x i t  area 

area o f  m ix ing  sec t i on  a t  d r i v e  nozzle l o c a t i o n  

wing semi span 

sec t i on  wing chord 

drag c o e f f i c i e n t  , DRAG/q,SREF 

sec t i on  l i f t  c o e f f i c i e n t  

l i f t  c o e f f i c i e n t ,  LIFT/qoSREF 

cent imeters 

wing mean aerodynamic chord, 19.1 cm (7.522 i n )  

pressure c o e f f i c i e n t ,  (P-P,)/qo 

pressure c o e f f i c i e n t  corresponding t o  son ic  ve l  oci  t y  a t  the  
f rees  tream t o t a l  pressure. 

tw ice  the  measured incremental  drag w i t h  scrubbing drag 
remcved 

tw ice  the  measured incremental  1 i f t  

diameter 

propel  l e r  diameter 

f e e t  

inches 

Mach number 

Mach number a t  the e x i t  o f  the s imu la to r  

meters 

pascal 

peak t o t a l  pressure i n  the s l ips t ream d i v i ded  by f rees t reav  t o t a l  
pressure 



SHP 

SUBSCRIPTS 

a ve 

max 

0 

s imu la to r  d r i v e  pressure d i v i ded  by freestream s t a t i c  pressure 

s t a t i c  pressure 

f reestream s t a t i c  pressure 

f reestream dynamic pressure 

l o c a l  rad ius  

ou te r  r a d i  us 

cascade ( s w i r l  vane) spacing t o  chord r a t i o  

s h a f t  horsepower 

2 2 wing reference area 0.2123 m (2.285 f t  ) 

t o t a l  temperature 

d r i v e  nozz le  t o t a l  temperature 

wing thickness t o  chord r a t i o  

v e l o c i t y  

tangent i  a1 v e l o c i t y  

f r a c t i o n  o f  wing l o c a l  chord 

spanwise wing l o c a t i o n  

fuselage reference plane angle o f  a t tack  

s w i r l  angle, up inboard i s  p o s i t i v e  

% o f  semispan 

sweep o f  wing quar te r  chord 

wing taper  r a t i o ,  t i p  chord t o  r o o t  chord f o r  t rapazo ida l  wing 

average value 

maxi mum 

frees tream o r  reference condi t i o n  



4.0 WIND TUNNEL MODEL DESIGN AND TUNNEL INSTALLATION 

The experimental equipment used fo r  t h i s  t e s t  corlsisted o f  a 

supercr i  t i c a l  w i  ng-body model and an ejector-nacel l e  used t o  generate a 

simulated slipstream. The i n s t a l l a t i o n  i n  the NASA Ames 14-Foot Wind 

Tunnel i s  shown i n  Figures 1 and 2. 

The wing-body model was metr i  c, mounted t o  the s t i n g  by a Task Mark 

X I V - A  two-inch balance. The wing o f  the model contained 234 surface s t a t i c  

pressures d i s t r i b u t e d  chordwise a t  s i x  spanwi se stat ions.  The s l ipst ream 

simulator was non-netr ic and was mounted t o  the f l o o r  o f  the wind tunnel by 

a s t r u t  which supported the simulator and housed the e jec to r  d r i ve  a i r  l i n e .  

The d r i ve  a i r  t o  the s imulator  was suppi ied from the NASA high pressure 

system. A heater was csed t o  res tore  the t o t a l  temperature l o s t  during the 

t h r o t t l i n g  process t o  preclude the p o s s i b i l i t y  o f  f r o s t  forming i n  the e x i t  

stream. The dr ive  a i r  was piped i n t o  the tunnel through a se12n-inch 

diameter pipe which was used as a plenum chamber from which a i r  was del ivered 

up through the s t r u t  t o  the simulator. This seven-inch pipe was also used 

t o  support the s t r u t  and simulator. The s t r u t  was designed t o  f i t  around 

the pipe i~ a c o l l a r  type arrangement t ha t  allowed long i tud ina l  and l a t e r a l  

movement o f  the simulator s t r u t .  This movement permit ted the s imulator  t o  

be posit ioned a t  the desired loca t ion  r e l a t i v e  t o  the wing-body. An aerody- 

namic f a i r i n g  was placed around the support pipe on the tunnel f l o o r  t o  

minimize disturbances t o  the w i  ng-body. 

The s l ipst ream simulator consisted o f  a nacel le  enclosing an e jec to r  

comprised o f  20 dr ive  nozzle assemblies attached t o  the inner  duct wa l l  and 

spanning the outer 60% o f  duct radius. Removable sets o f  s w i r l  vanes located 

downstream o f  the d r i ve  nozzles were used t o  produce angular ve loc i ty ,  or 

sw i r l ,  i n  the energized flow. 

A remotely cont ro l led  t rans la t i ng  rake containing t o t a l  pressure probes 

and a f low d i rec t i on  probe was locate4 downstream o f  the wing t r a i  1 i n g  edge 

The rake was computer cont ro l led  which posit ioned the rake and recorded 

the rake data. I n  add i t ion  t o  measuring the f l ow f ie ld  downstream o f  the wing, 



the rake was used t o  measure and c a l l  b ra te  the e x i t  f l ow from the  i s o l a t e d  

s imu la to r  as a f unc t i on  o f  d r i v e  pressure and s w i r l  vane con f igu ra t ion .  

4.1 S l ips t ream Simulator  - 
The purpose o f  the s imu la to r  was t o  produce a f i ow  s imu la t i ng  the  

s l i ps t r eam o f  a h i g h l y  loaded p r o p e l l e r  t y p i c a l  o f  those c u r r e n t l y  under 

development by  Hami 1 t on  Standard and NASA f o r  use on a i r c r a f t  c r u i s i n g  near 

Mach 0.8. A t y p i c a l  f l o w f i e l d  measured behind one o f  these p rope l le rs ,  

operat ing a t  a d i s c  loading, SHP/D,,', of 30/kw/m 

Figure 3. (4) Peak t o t a l  pressure r a t i o s  near 

0.113 rad  (6.5") are  present. For t h i s  t e s t  program a range o f  va r iab les  

con ta in ing  these values was chosen. Nominal s w i r l  angles o f  0.52, 0.105, and 

0.157 rad  (3" ,  6", and 9* , p o s i t i v e  up inboard) and peak t o t a l  pressure 

r a t i o s  o f  1.000, 1.05, 1.075, ant: 1.100 were selected. A s w i r l  (up outboard) 

o f  -0.105 rad  (-6") was a l so  se lected t o  i n v e s t i g a t e  t he  e f f e c t s  o f  swi r 1  

d i  r e c t i  on. 

Po s imulate  t h i s  f l o w f i e l d  an e j e c t o r  o f  t he  type shown on Figure 4 

was selected. The p r o p e l l e r  s l i ps t ream has the h i gh  energy a i r  i n  the ou te r  

60 percent o f  the s l i ps t ream cy l inder .  Therefore, the e j e c t o r  d r i v e  nozzles 

were a lso  loca ted  i n  the ou te r  p a r t  of the i n t e r n a l  duct  t o  energ ize t h i s  

p a r t  o f  the  f l ow  and leave an i n n e r  core of f l ow  a t  freestream t o t a l  pres- 

sure. M i  x i  ng between the two streams smoothed o u t  the t r a n s i t i o n  between 

the two energy streams. The s w i r l  vdnes downstream o f  t he  d r i v e  nozzles 

were used t o  prodcce the s w i r l  i n  the stream. 

4.1.1 S imulator  S i z i n g  - The e x i t  nozzle diameter ( o r  the s imulated 

p r o p e l l e r  d iameter)  was determined by sca l i ng  the  model span by the r a t i o  o f  

the p r o p e l l e r  diameter t o  wing span from the  r e s u l t s  of a recent  systems 

study. The D /b r a t i o  from these s tud ies  was 0.117. The wind tunnel  
P 

model span was 122 cm (48 i n )  r e s u i t i n g  i n  a s imu la to r  e x i t  diameter o f  

14.2 cm (5.6 i n ) .  

The maximum diameter of the s imu la to r  was kep t  as small as poss ib le  

bu t  la rge  enouqh t o  avoid choking o f  the i n t e r n a l  f low. I t was necessary 

t o  minimize the externa l  d ipne te r  because of the t r l rnsonic t e s t  t4ach numbers 



and the need t o  minimize the i n t e r a c t i o n  between m e  non-metric nacel le  and 

the met r i c  wing-body. Assumi,rg an ex1 t Mach number o f  one and an i n t e r n a l  

Mach number o f  0.6, and a l lowis9 fo r  the d r i ve  nozzle plenum chamber volume 

and mater ia l  thickness, the r e s u l t i n g  maximum diameter was 18.3 cm (7.2 i n )  

and the i n t e r n a l  diameter was 15.5 cm (6.12 i n ) .  

4.1.2 Simulator Design - The s imulator  was comprised o f  f i v e  separate 

sect ions as shown i n  Figure 4. Thcse sections w i l l  be described s t a r t i n g  

a t  the a f t  end. 

4.1.2.1 E x i t  Nozzle - Having selected the e x i t  diameter and maximum i n t e r n a l  

and external  diameter, i t  remained t o  se lec t  the nozzle length and shape. 

The length was found by using an external  rad ia l  contract ion r a t i o  c r i t e r i a  

o f  

%ax - " e x i t  , O.l 
length 

and the external  shape was determined by us; ng a d r a f t i n g  sp l ine  s e t  

p a r a l l e l  t o  the simulator ax is  a t  the maximum radius (Rmax) and terminat ing 

w i t h  an angle o f  0.157 rad (9') a t  the nozzle w i t h  (ReXit). 

4.1.2.2 S w i r l  Vane A s s = - ~ b l y  - The s w i r l  vanes and i n t e r n a l  instrumentat ion 

were contained i n  t h i s  sect ion. The s w i r l  vanes were l o ~ a t e d  i n  the maxi- 

mum i n t e r n a l  diameter sect ion t o  avoid blockage and choking i n  the accelerat-  

i n g  nozzle f low. 

The s w i r l  vanes weri removable as an assembly which was reta ined by 

the nozzle sect ion. The s w i r l  vane assembly consisted o f  an outer and i , .ner  

r i n g  t o  which the vanes were attached. 

The swi r l  vanes were designed using a two-dimensional cascade theore t i  ca l  

computer program. (5) The re la t i onsh ip  between the s w i r l  angle a t  the vane 

loca t ion  and a t  the e x i t  was found using the conservation of angular momentum. 

The angular momentum equation i s  

r V t  = rV tan 4 = constant 

As the f low t rave ls  from the s w i r l  vanes t c ~  the e x i t  i t  accdlerates t o  a 



higher ve loc i t y  and shrinks t o  a smal ler radius. Compressible f low w l a t i o n s  

were used t o  r e l a t e  V t o  r. Using the above re la t ionsh ip  the fo l l ow ing  

resu l t s  were cibtai ned: 

(exi t (vanes 

0.052 rad (3") 0.069 rad (4") 

0.105 (6 ) 0.141 (8.1) 

0.157 (9 ) 9.213 (12.2) 

(ex i t  = 0.105 rad (6'). the maximum sect ion l i f t  c o e f f i c i e n t  (cL) o f  

the vanes was l i m i t e d  t o  0.2 because o f  the low Reynolds number and small 

vane thickness t o  chord r a t i o  (s 3 percent). Using simple cascade 
(6). theory . 

S c . 2 c  
R ( tan +van,) 

t h i s  cL = .2 requirecent could be s a t i s f i e d  i f  20 vanes were used w i th  a 

chord o f  3.6 cm (1.4 i n )  a t  the outer  radius (7.77 cm o r  3.06 i n ) .  The vanes 

were tapered i n  proport ion t o  the radius t o  maintain S/C constant as they 

spaned 60 percent o f  the i n te rna l  duct radius measured from the outer wal l .  

The two-dimensional theore t ica l  computer program(5) was used t o  se t  the 

amount o f  camber t o  produce the cor rec t  mVane values and y ie lc i  i den t i ca l  

pressures peaks on the suct ion and pressure surfaces a t  the leading edge. 

Vane realignments t o  the 0.105 rad (6") set  were made based on i n i t i a l  t es t s  

o f  the 0.157 rac (9") set. The f i n a l  designs are given i n  Table 1. 

4.1.2.3 Mixing S e c t i m  - The t h i r d  sect ion i s  an opt ional spacer interposed 

between the vanes and d r i ve  nozzles t o  provide length t o  achieve adequate 

mixing. The simulator could have been operated w i th  any o f  three d i  f f e r c  * t  

lengths. The estimated mixing length of 20.3 cm (8 i n )  was determined 

experimentally t o  be adequate and the spacer prov id ing t h i s  length wcs used 

throughout the tes t .  

4.1.2.4 Drive Nozzle Assembly - The d r i ve  nozzles consisted o f  twenty s t r u t s  

brazed i n t o  a r i n g  tha t  forms the inner  plenum wal l .  The s t r u t s  extend 

across the outer 60 percent o f  the duct radius. The inner  40 percent was 

flow-through. Each s t r u t  was a brazed assembly o f  21 tubes bent along a 



gent le curve. The d r i v e  nozzles were formed by swaging the tube t o  the 

e x i t  diameter. The e x i t  diameter o f  the tubes var ied along the radius. 

The r a d i a l  d i s t r i b u t i o n  o f  d r i ve  nozzle area was designed t o  produce 

the desired rad ia l  d i s t r i b u t i o n  o f  e x i t  t o t a l  pressure r a t i o .  Figure 5 

shows the design t o t a l  pressure r a t i o  d i s t r i b ~ t i o n  a t  MoD = 0.8. The 

rad i  u s  between = 0.4 & 1 .D was d i  vided i n t o  three annular reg i  om. The 

simulator e x i t  Mach o f  each region was then selected t o  simulate the 

desired d i s t r i bu t i on .  The d r i v e  nozzle area was chosen by using e jec to r  

parametric performance calculated by using a one-dimensional analysis 

computer program which i ncl  uded empi ri cal  loss factors. These resul  t s  are 

summarized i n  Figure 6 i n  terms of simulator nozzle e x i t  Mach number, M5 
(see Figure 4), versus d r i v e  pressure ra t i o .  PD/Po, as a funct ion of 

d r i ve  nozzle area r a t i o .  A design d r i ve  pressure r a t i o  o f  8.8 was seiected 
5 (which corresponds t o  d r i ve  pressure c f  5.86~10 Pa o r  85 psia),  and the area 

r a t i o s  required t o  achieve the desired aqaenta t ion  i n  the three annular 

regions were respect ive ly  58, 50, 45. These zrea ra t ios ,  d iv ided i n t o  the 

area o f  the annular duct regions, specif ied the primary j e t  e x i t  areas f o r  

the regions. The calculat ions are summarized on Figure 5. 

The number o f  d r i ve  nozzle s t r u t s  i s  se t  by the need t o  achieve uniform 

c i  rcumferent ial  m i  x i  ng. Based an e m ~ i  r i  ca l  c r i  t e r i  a and previ  ous e jec to r  

experience, i t  was determined tha t  20 s t r u t s  would be adequate f o r  complete 

mixing t o  occur w i t h i n  20.3 cm (8 i n ) .  

4.1.2.5 Simulator I n l e t  - The i n l e t  f o r  the sl ipstream simulator was 

designed f o r  e f f i c i e n t  operat ion a t  the desired t e s t  condf t ions  a t  Mach 

numbers o f  0.7 t o  0.84. The i n l e t  design was constrained by the simulator 

diameter requirements as we l l  as prov id iqg adequate a i r f l o w  and drag 

divergence margins a t  a1 1 operat ing condit ions. The i n te rna l  t h roa t  area 

and l i p  thickness were sized t o  accommodate 5% mcre a i r f l o w  than the e s t i -  

mated maximum a i r f l o w  required by the i n te rna l  e jec to r  system. The external 

cowl was designed t o  have a drag divergence Mach number o f  0.86 a t  an 

a i r f l o w  condi t ion t h a t  was 10% below the estimated minimum a i r f l o w  f lowing 

through the simulator w i th  the power o f f .  A mximum loca l  Mach number o f  



0.86 f o r  a freestream Mach number o f  0.84 was determined from resu l t s  o f  

an off-body f l o w f i e l d  analysis using the Douglas Neumann Potent ia l  Flow 

f o r  a simi l a r  w i  ng-body conf igurat ion. C r i  ti ca l  dimensions o f  

the i n l e t  r e l a t i v e  t o  the maximum radius 9.14 cm (3.6 i n )  are shown i n  

Table 11. 

4.1.3 Simulator Instrumentation - i h e  s imulator  instrumentat ion consisted 

of (1) external  surface s t a t i c  pressures, used t o  determine whether severe 

adverse in ter ference e f f e c t s  were experienced between the s i  mu1 a t o r  and the 

fuselage o f  the wing body model, and (2) i n t e r n a l  t o t a l  and s t a t i c  pressures 

used t o  monitor operat ion o f  the simulator. 

The e jec to r  plenum was instrumented w i t h  two high pressure transducers 

and two copper constantan thermocou~les. These were used t o  se t  e j e c t o r  

d r ive  a i r  pressure t o  achieve the desired e x i t  condit ions. 

4.2 Support S t r u t  

The support s t r u t  was <-signed t o  be th i ck  enough t o  enclose the 2.54 cm 

(1 i n )  outside diameter (OD) h~ 3h pressure d r i ve  a i r  l i n e  used t o  power the 

e jec to r  simulator. The thickness r a t i o  and sweep o f  the s t r u t  were selected 

so tha t  a t  a freestream Mach number of 0.84, the maximum surface Mach number 

would be subc r i t i ca l .  The a i r f o i l  shape normal t o  the leading edge o f  the 

s t r u t  was a NACA 0015 sect ion ( t / c  = 15 percent) w i th  a maximum thickness 

o f  3.5 cm (1.375 i n ) .  The sweep was 0.7 rad (40") r e s u l t i n g  i n  a streanwise 

t / c  o f  11.50 percent. Ant ic ipa t ing  unsweeping e f fec ts  near the simulator, 

t h i s  strearwise t / c  was reduced t o  e i g h t  percent a t  the i n te rsec t i on  o f  the 

s t r u t  and the simulator. The e igh t  percent was f a i r e d  i n t o  the 11.5 percent 

i n  a distance equal t o  one simulator diameter. 

4.3 F loor  Mount and Floor  Fa i r i ng  

The support s t r u t  was attached t o  a 17.8 cm ( 7  i n )  OD tube which 

del ivered d r i ve  a i r  from the NASA high pressure a i r  supply system to  the 

2.54 cm (1 i n )  OL pipe hhich goes up the s t r u t  t o  the simulator. The s t r u t  

attachment t o  the 17.8 cm ( 7  i n )  p ipe was a c o l l a r  type arrangement t o  



permit  l a t e r a l  and long i tud ina l  movement o f  the simulator. S i x t y  three cm 

(25 i n )  o f  f o re  and a f t  movement o f  the s t r u t  was ava i lab le  t o  a l low the 

simulator t o  be located c lose t o  the wake rake f o r  c a l i b r a t i o n  and i n  f r o n t  

of the wing f o r  test ing.  La tera l  movement o f  53.8 cm (21.2 i n )  from the 

v e r t i c a l  was a lso  provided so t h a t  the s imulator  could be located on e i t h e r  

s ide or the fuselage and t o  be posi t ioned r e l a t i v e  t o  the  fuselage. The 

v e r t i c a l  o r i en ta t i on  o f  the s imulator  e x i t  r e l a t i v e  t o  the wing was achieved 

by moving the wing-body w i t h  the tunnel s t i n g  support. 

An aerodynamic f a i r i n g  on the tunnel f l o o r  was designed t o  enclose t h i s  

mounting system t o  minimize disturbances i n  the f l o w f i e l d  about the wing 

body. The shape o f  t h i s  f a i r i n g  i s  i l l u s t r a t e d  w i t h  photographs o f  the 

tunnel i n s t a l l a t i o n .  Figure 7 gives the calculated(8) ve loc i t y  per turbat ions 

along the model center l ine  due t o  the f l o o r  f a i r i n g .  No correct;ons f o r  t h i s  

small ve loc i t y  increnent are included i n  the data. 

4.4 Wing Body Model 

The wing body model (Figure 8) was a Douglas A i r c r a f t  model used 

previously i n  the Ames 11-Foot Wind Tunnel f o r  supercr i  t i c a l  wing develop- 

ment. Previous tes ts  ind ica ted  good performance and very l i t t l e  drag creep 

up t o  the drag divergence Mach number. Figure 9 i l l u s t r a t e s  the drag 

charac ter is t i cs  obtained previously.  

4.3.1 Wing Geometry - The wing planform i s  shown i n  Figure 8 w i t h  the 

per t inent  wing parameters. The def in ing  a i r f o i l  sect ions are given i n  

Table 111. S t ra igh t  l i n e  i n te rpo la t i on  i s  used between the de f in ing  sections. 

The a i r f o i l  sections are def ined i n  the wing reference plane and the re la t i on -  

ship o f  t h i s  plane t o  the fuselage i s  shown on Figure 10. 

4.4.2 Wing Instrumentation - The wing was instrumented w i th  234 surface 

s t a t i c  pressures a t  s i x  spanwise locat ions indicated on Figure 11. The 

pressure rows a t  13, 35, and 65 percent semi-span were on the r i g h t  s ide 

and the others were on the l e f t  side. This necessitated running the simu- 

l a t o r  on both sides o f  the fuselage t c  obtain a complete s ~ t  o f  surface 

pressures i n  the presence o f  the sl ipstream. 



4.5 Traversing Tota l  Pressure Rake (Wake Rake) 

A t ravers ing  rake was used t o  c a l i b r a t e  the s l ipst ream s imulator  w i t h  

the wing-body removed from the tunnel and t o  measure the f l o w f i e l d  downstream 

o f  the wing t r a i l i n g  edge w i t h  the s l ipst ream s imulator  operating. A f i v e  

hole f low angle probe was used dur ing the s imulator  c a l i b r a t i o n  t o  determine 

the s w i r l  angle produced by various s w i r l  vane sets. 

The rake was comprised o f  11 t o t a l  and 10 s t a t i c  pressure o r i f i c e s  

a l t e r n a t i v e l y  arranged and spaced a t  1.27 cm (1/2 i n )  increments as i l l u s -  

t ra ted  i n  Figure 12. It was attached t o  the forward end o f  a separate s t i n g  

which could be remotely p i tched so t h a t  the tubes traversed an a rc  length 

o f  3.05 cm (1.2 i n ) .  The s t i n g  i n  turn, was mounted t o  a carr iage which 

could be moved l a t e r a l l y  on two p a r a l l e l  remotely actuated lead screws. These 

screws were r igged w i th  a sweep angle o f  0.231 rad  (13-1/4") and a dihedral 

angle o f  0.035 rad (2") so t h a t  the rake fol lowed the wing t r a i l i n g  edge 

during a l a t e r a l  t raverse. The t ravers ing apparatus was attached t o  the 

model support s t i n g  downstream o f  the model. The pressure probes were 

connected t o  i nd i v idua l  pressure transducers through three-posi t i  on zero- 

operate-cal i b r a t e  valves. The transducers and valves were mounted on the 

t ravers ing carriage. The wake rake system was equipped w i th  e l e c t r i c  d r i ve  

motors and pos i t i on  i n d i c a t i  ng potentiometers f o r  remote operat i  on. The 

pos i t i on  o f  the rake and acqu is i t ion  o f  the pressure data was cont ro l led  by 

a Douglas owned SEL 810A computer system located i n  the wind tunnel contro l  

room. 

The f ive-hole f low angle probe was mounted 7.12 cm (2.805 i n )  inboard 

o f  the basic  wake rake. The probe i s  i 1 lus t ra ted  i n  Figure 13. I t  was 

p a r a l l e l  to, and i n  the plane o f  t rave l  o f ,  the center t o t a l  head probe 

o f  the rake. 

4.6 S w i r l  Vane Flow Test Rig 

A s w i r l  vane f low t e s t  r i g  was uced t o  measure the s w i r l  angles produced 

by the s w i r l  vanes p r i o r  t o  i n s t a l l a t i o n  i n  the simulator a t  Ames. This was 

t o  provide an opportunity t o  modi f J  the s w i r l  vane design p r i o r  t o  the wind 

tunnel t e s t  i n  the event undesirable f low condit ions o r  i n s t a b i l i t i e s  were 

discovered. 

14 



4.6.1 Descript ion o f  Test R i g  - The t e s t  r i g  i s  i l l u s t r a t e d  on Figure 14. 

It consisted o f  a series o f  ducts attached t o  a cen t r i f uga l  compressor. The 

a i r  was del ivered througb the la rge  p ipe which turned the f low 1.57 rad  (90') 

and passed i t  through a honeycomb sect ion which was i n s t a l l e d  t o  ensure 

uniform p a r a l l e l  f low a t  the e x i t .  A f t e r  passing through the honeycomb the 

duct ing contracted t o  a diameter o f  15.24 cm (6 i n )  where the s w i r l  vanes were 

i ns ta l l ed .  The f low was then f u r t h e r  contracted t o  the e x i t  diameter o f  

14.2 cm (5.6 i n ) .  The f low exhausted v e r t i c a l l y  toward the c e i l i n g  which 

was about 13.7 m (45 f t )  away from the nozzle e x i t .  

The compressor had the capab i l i t y  o f  producing M = 0.4 a t  the s w i r l  

vanes. Ant ic ipated tunnel t e s t  condit ions a t  the vanes was M = 0.6. 

4.6.2 Test Rig Instrumentation - The instrumentat ion used t o  measure the 

e x i t  f low consisted o f  fluorescent m in i - t u f t s  w i t h  a diameter o f  0.0018 cm 

(0.0007 in! attached t o  a t n  I 1-1 r ~ i  r e  stretched across the e x i t  diameter and 

a laser  Doppler velocimeter (LDV). The angle between the f low t u f t s  

i n s t a l l e d  a t  equal r a d i i  on opposite sides o f  the nozzle center l ine  were 

used as a f i r s t  order check o f  f low angle. The LDV was l a t e r  used f o r  

accurate measurements o f  the r a d i a l  s w i r l  d i s t r i bu t i on .  The f low was 

observed t o  be very steady and repeatable, w i t h  no s ign o f  i n s t a b i l i t y .  

4.7 NASA Ames 14-Foot Wind Tunnel 

The Ames 14-foot wind tunnel i s  dr iven by a three-stage a x i a l  f low 

compressor powered by three e l e c t r i c  motors mounted i n  tandem outside the 

tunrlel. The a i r  c i r c u i t  i s  closed except f o r  an a i r  exchanger i n  the low 

speed sect ion which i s  used t o  cont ro l  the a i r  temperature t o  approximately 

46°C (115°F). The t e s t  sect ion i s  4.11 m (13.5 f t )  high and 4.21 m (13.8 f t )  

wide. The tunnel was operated from 0.7 t o  0.84 Mach number f o r  t h i s  t es t .  

The a i r f low t o t a l  pressure i s  always atmospheric r e s u l t i n g  i n  a var iable 

Reynolds number w i t h  Mach number. The Reynolds number versus Mach number 

recorded during t h i s  t e s t  i s  shown on Figure 15. 



5.0 RESULTS AND DISCUSSION 

5.1 In t roduc t ion  t o  Test Results 

The t e s t  apparatus described i n  Section 4.0 was i n s t a l l e d  i n  the Ames 

14-foot tunnel. Various combinations o f  these par ts  were used during the 

tes t .  The sequence o f  tes ts  consisted o f  the fo l lowing:  i n i t i a l l y  the 

wing-body alone was tested t o  determine the proper boundary l aye r  t r a n s i t i o n  

t r i p  and t o  determine tunnel f low angular i ty .  Next the wing-body was 

removed and the wake rake apparatus and s imulator  was i n s t a l  led. The f low 

angle probe was ca l i b ra ted  w i t h  the simulator posi t ioned as f a r  as possib le 

from the probe ( t o  the r i g h t  about s i x  nacel le  diameters from the probe). 
The simulator was then reposit ioned i n  f ron t  o f  the rake and ca l i b ra ted  

by surveying t o t a l  pressure and s w i r l  d i s t r i b u t i o n s  across the e x i t .  The 

wing-body was r e i n s t a l l e d  and the wake rake data o f  the simulator-wing 

i n te rac t i on  was obtained. F i n a l l y  the rake was removed and the force data 

on the wing-body was obtained i n  the presence o f  the simulator.  

Because the simulator was non-metri c, the base1 i ne conf igurat ion f o r  

power incremental e f fec t s  was assumed t o  be w i t h  the s imulator  i n s t a l  l e d  a t  

zero power and s w i r l  . I f  increments from w i  ng-body alone condi t ion were 

used, then a non-metric in ter ference force between the metr ic  wing-body and 

non-metri c simul a to r  would be i n c o r r e c t l y  included i n  the observed increments . 
Incor rec t  in ter ferences due t o  power could also appear on the s imulator  f o r  

the power-off/power-on increments, however, t h i s  e f f e c t  was indeterminable 

from the pressures measured on the nacel le.  Another po ten t i a l  shortcoming 

o f  the simulat ion technique i s  the presence o f  the wake o f  the simulator 

f lowing over the wing. However, since the wake d i d  no t  vary w i th  power, i t  

was assumed tha t  the incremental e f fec t s  are va l id .  It must be remembered 

t h a t  the purpose o f  the t e s t  was t o  i denti  f y  any 1 arge order-of-magni tude 

s l ipst ream wing i n te rac t i on  e f fec ts  and not  t o  es tab l ish  h igh ly  accurate 

resul t s  . The resu l t s  t o  be shown 1 ater,  however, are s i  m i  1 a r  t o  those 

obtained i n  1 9 5 6 ( ~ )  where an ac t ive  prope l le r  on a conventional wing was 

used. 



5.2 Wing- 3ody Alone 

Thc ding-body was i n s t a l l e d  i n  the tunnel wi thout  the rake o r  simulator 

present. However, the f l o o r  f a i r i n g  was present. Forces and surface pres- 

sures were recorded through a ser ies o f  p i t c h  angles over the range o f  t e s t  

Mach numbers from 0.70 t o  0.84. The fo l low ing data were derived from these 

tes ts  . 

5.2.1 Trans i t ion  - A t r a n s i t i o n  study was conducted t o  i d e n t i f y  the minimum 

s i ze  roughness capable o f  e f f e c t i v e l y  causing t r a n s i t i o n  a t  the desired 

locat ion. Boundary l aye r  t rans i  t i o n  was f i xed  by s t r i p s  o f  roughness elements 

composed o f  glass beads attached t o  the wing by brushing a suspension o f  the 

b a l l s  i n  colored lacquer. The s t r i p s  were 0.32 cm (118 i n )  wide and located 

on the wing upper surface a t  3.17 cm (1.25 i n )  from the leading edge o r  15 

percent o f  the l o c a l  wing chord, whichever was least,  and on the wing lower 

surface a t  4.32 cm (1.7 i n )  fvom the leadins zdge. The t r i p s  were v e r i f i e d  

t o  be e f f e c t i v e  by F'uorene sub?imation f low v isua l iza t ion .  The minimum s ize  

roughness was determined t o  be beads w i t h  a d i  a m t e r  o f  0.137 cm (.0054 i n ) .  

5.2.2 Flow Angular i ty  - The model was run upr igh t  and inver ted  t o  determine 

f low angular i ty .  A Aa cor rec t ion  o f  0.003 rad (0.15") was determined 

from CL versus a p lo t s  and i npu t  i n t o  the data reduct ion program. 

5.2.3 Force Data - The drag charac ter is t i cs  o f  the wing-body are shown on 

Figure 16 a t  CL's o f  0.4, 0.5, and 0.6. Drag charac ter is t i cs  are as 

expected f o r  an advanced technology wing o f  t h i s  geometry. The drag r i s e  

Hach number, def ined t o  be the Mach number a t  a drag slope bCD/dM o f  0.1 , i s  

0.8 and above. The wing also has exce l len t  drag charac ter is t i cs  p r i o r  t o  

drag r i s e  w i th  essen t i a l l y  no drag creep. 

The l i f t  curves a t  two Mach numbers are shown on Figure 17. The buffet 

onset (def ined by the break i n  the l i f t  curve) i s  a t  a CL o f  0.677 f o r  

Mo = 0.8 i l l u s t r a t i n g  excel lent  l i f t i n g  capab i l i t y  f o r  t h i s  wing. 

5.2.4 Pressure Data - The wing surface pressures a t  the l a s t  l i n e a r  po in t  

i n  the l i f t  curve are p l o t t e d  i n  Figure 18. The wing exh ib i ts  an extensive 



supercr i  t i c a l  f low region wi thout  the appearance o f  s i g n i f i c a n t  f low 

separations . 

The span load a t  the same condi t ion i s  shown on Figure 19. 

5.3 Simulator Ca l ib ra t ion  

5.3.1 S t a t i c  S w i r l  Vane Ca l ib ra t ion  - Because o f  the two-dimensional f low 

assumptions made during the vane design, these tes ts  were used t o  check the 

actual f low angles obtained and based on these data, any remaining sets could 

be redesigned t o  insure tha t  the desired angles were obtained. The f i r s t  

check occurred on the nominal 0.157 rad (9" )  se t  and indicated peak s w i r l  

angles o f  0.227 rad (13'). Based on t h i s  resu l t ,  the 0.105 rad ( 6 " )  nominal 

se t  was modif ied t o  produce 0.127 rad (7") peak s w i r l  and the 0.052 rad (3") 

se t  was not  changed and was estimated t o  produce 0.C7 rad (4") and peak s w i r l  

Measured peak angles turned out  t o  be 0.14 rad (8") and 0.087 rad (5") ,  

respect i  vely . 

5.3.2 Tunnel I n s t a l l e d  Ca l ib ra t ion  - The f low angle probe was ca l i b ra ted  

before the s i ~ u l a t o r  was cal ibrated.  With the s imulator  out o f  the presence 

o f  the rake, the f low angle probe was p i tched using the tunnel s t i n g  and the 

d i f f e r e n t i a l  s t a t i c  pressures on the probe conical surface, hCp, recorded 

over a range o f  tunnel Mach numbers. A c a l i b r a t i o n  o f  AC,, versus a was 

thereby obtained. During simulator ca l ib ra t ion ,  the hCp was recorued and 

the value o f  the s w i r l  angle, as, determined. 

During simulator ca l i b ra t i on ,  the simulator was posi t ioned so t h a t  the 

f low angle probe could be traversed across thc simulator e x i t .  The wing-body 

model was removed from the tunnel a1 though the balance remained on the s t i n g  

covered by a small f a i r i n g .  The f low angle probe was located so tha t  as the 

rake traversed hor izonta l l y ,  the probe would pass thi-ough the center of the 

e x i t  nozzle. The streamwise l oca t i on  o f  simulator was se t  so tha t  the probe 

would pass immedi a te l y  behind the nozzle, which corresponded t o  the technique 

used by Hamilton Standard t o  make the measurements on the prope l le r .  The 

simulator d r ive  pressure, PD,  was se t  a t  selected values and ths wake rake 



traversed and the data recorded. The c a l i b r a t i o n  data consisted o f  t o t a l  

pressure and swi r l  angle d i s t r i bu t i ons .  The i n te rna l  s imulator  i nstrumenta- 

t i o n  (Figure 4) was not  needed. 

The t o t a l  pressure data from rake probes located zbove and below the 

flow angle probe were examined f o r  selected cases. These data gave t o t a l  

pressure d i s t r i bu t i ons  s i m i l a r  t o  tne flow angle probe but  a t  several v e r t i -  

cal posi t ions r e l a t i v e  t o  the simulator center l ine.  Analysis o f  these data 

conf i  rmed t h a t  uniform c i  rcumferenti a1 mixing was being achieved. 

Selected resu l t s  o f  the simulator c a l i b r a t i o n  are shown i n  Figures 20 

through 22. Based on p l o t s  s i m i l a r  t o  these, a co r re la t i on  o f  peak P-rJ/PTo 
( i  . r . ,  1.095 on Figures 21 o r  22) versus d r i ve  pressure P o  was made 

and used t o  f i nd  the PD/Po values f o r  the selected P T ~ / P ~ ~  values o f  

1.000, 1.05, 1.075, and 1 . lo .  The s w i r l  angle used f o r  reference was one- 

h a l f  the sum o f  the absolute va;ues a f  the peak pos i t i ve  and negative values. 

There was small increase i n  the s w i r l  angle w i th  power so values selected 

were near the intermediate power s e t t i n g  o f  PT~/PT, = 1.05. There was an 

increment i n  s w i r l  o f  approximately 0.007 rad (0.4') f o r  a P T ~ / P T ~  increment 

o f  0.025. The measured s w i r l  angles versus the nominal values are given 

be1 ow: 

.052 rad (3') 

,105 (6 1 
-.I05 (-6 ) 

. I57 (9 

C( 

'TUNNEL 
CALIBRATION 

.07 rad (4") 

.I22 (7 ) 

-.I22 ( -7 ) 

.I92 (11) 

The c a l i b r a t i o n  resu l ts  are compared t o  the nominal Hamil ton Sta. dard 

prope l le r  operating condit ions on Figure 23. The s w i r l  angles are wel l  

represented but  there i s  not  enough t o t a l  pressure i n  the outer p a r t  o f  the 

j e t .  This appears t o  be a consequence o f  the nacel le  i n te rna l  and external 

wake regions which are an undesirable bu t  unavoidable consequence o f  the 

simulatSon technique. 



The s w i r l  angles are compared t c  the  s t a t i c  data obtained us1 ng t he  LDV 

i n  F igure 24. The agreement i s  q u i t e  good except a t  t he  ou te r  rad ius  f o r  

the negat i  ve angle values. This di f ference i s  a t t r i b u t e d  t o  experimental 

inaccurac ies i n  the s t a t i c  data. 

To eva luate the  r a t e  a t  which the s w i r l  angles and ve loc i  ty p r o f i l e s  

change w i t h  a x i a l  d is tance downstream o f  the  s imulator ,  the s imu la to r  was 

pos i t i oned  f u r t h e r  forward from the  rake a t  d istances corresponding t o  t he  

wing qua r t e r  chord and wicg t r a i l i n g  edge as measured along t he  c e n t e r l i n e  

o f  the  s imulator .  These resu l t s ,  shown ijn F igure 25, i n d i c a t e  very l i t t l e  

change i n  the  s w i r l  and some smoothing of t he  t o t a l  pressure p r o f i l e  due t o  

mix ing r e l a t i v e  t o  the condi t ions present  a t  the s imu la to r  e x i t .  

5.4 Simul ator-Win?-Body Combinati on 

5.4.1 Tunnel I n s t a l l a t i o n  and Test Procedure - The wake survey datd were 

obtained w i t h  the  rake-wing-body and s imu la to r  i n s t a l  led.  No f o r ce  data 

were taken dur ing  these runs. Wake rake data was taken a t  0 and . I22  r a d  

(7") s w i r l  on ly  and a t  l i m i t e d  Mach numbers because o f  the  t ime requ i red  

t o  ob ta in  t h i s  data. To ob ta i n  the  force data, the rake was removed and a 

complete se r i es  o f  asgle o f  a t tack  and s imu la to r  e x i t  cond i t i ons  were 

run. Because h a l f  the wing surface pressures were loca ted  on each wing 

(F igure 11 ), the  s imu la to r  had t c  be placed on both s ides o f  t he  fuse1 age 

t o  ob ta in  a complete s e t  o f  sur face pressure data. Th? oppos i te  s ide  runs 

were l i m i t e d  t o  the 0 and . I22 rad  (7") s w i r l  cases. 

Dr i ve  pressures were s e t  which cor responded t o  t he  appropr ia te  values 

o f  the  e x i t  cond i t i ons  obtained from the previous c a l i b r a t i o n  runs. 

5.4.2 Test Resul ts 

5.4.2.1 Force Data - The fo rce  r e s u l t s  Gre nrcsented as increments from the 

s imu la to r  i n s t a l l e d  cond i t i on  a t  zero power which corresponded t o  a j e t  

pressure r i ' . i o  P T ~ / P T ~  = 1 .O and s w i r l  angle, n = 0. The increase i n  
S 

the sk i n  f r i c t i o n  drag (scr i tbbing drag) due t o  the d i f f e rence  i n  the  s l i p -  

stream dynamic pressure and the freestream was est imated and removed from 

the power-on experimental i ncrements. The increments obtained w i t h  the 



simulator on one s ide have been doubled t o  represent a two engine configu- 

ra t ion .  Doubling the drag i s  an approximation since the drag o f  a two engine 

conf igurat ion i s  no t  exact ly  twice the value o f  a s l ipst ream on one side. 

Ha~ever, i t  i s  a close approximation consistent w i t h  the exploratory nature 

of the tes t .  This subject  w i l l  be discussed again i n  Section 5.4.3. 

The wing body drag charac ter is t i cs  w i  t h  the simulator a t  zero power are 

shown on Figure 26. The drag r i s e  Ksch numbers based on a aCD/dM o f  0.1 

are s l i g h t l y  higher than f o r  the wing body alone case because of the presence 

o f  the non-metri c simulator. 

The incremental drag resu l t s  a t  three l i f t  coe f f i c i en ts  f o r  various 

pressure r a t i o s  and s w i r l  angles are shown on Figures 27 through 29. 

There i s  very l i t t l e  dependence o f  the drag increment on CL o r  Mo, 

even above the drag divergence Mach number o f  the wing body. Therefore, the 

drag r i s e  charac ter is t i cs  o f  the wing-body are unaffected by the presence o f  

the sl ipstream. Also, the increments are general l y  w i t h i n  20 counts (0.0020) 

o r  about s i x  percent o f  the wing body drag. Because o f  the nature of a super- 

c r i t i c a l  wing operat ing a t  transonic Mach numbers and near drag d l  vergence 

i t  was expected p r i o r  t o  the t e s t  t ha t  a subs tant ia l l y  greater drag penalty 

might have occurred and t h a t  the penal t ies would be a s t rong fucc t ion  o f  the 

frees tream Mach number. 

Since the data are weak funct ion o f  Mo and CL, the data w i  11 be 

summarized a t  selected values o f  these variables. Spec i f i ca l l y  the condi- 

t ions  selected are No = 0.8 and an average value o f  the three CL 's.  

The e f fec ts  o f  pressure r a t i o  and s w i r l  are surmarized on Figures 30 and 

31. Figure 30 indicated t h a t  high s w i r l  angles, around 0.196 rad ( 1  l o )  

ac tua l ly  produce a favorable drag increment ( less drag w i th  power than wi th-  

out).  This r e s u l t  was confirmed by ana ly t i ca l  ca lcu la t ion  as w i l l  be 

discussed l a t e r  i n  Section 5.4.3. This can occur because the loca l  l i f t  

vector must always be perpendicular t o  the loca l  onset f low. Where t i iere i s  

large upwash due t o  s w i r l  the wing car r ies  add i t iona l  l i f t  and i t  i s  ro tated 



i n  a forward d i r e c t i o n  re1 a t i v e  t o  the f l i g h t  path. This forward vector  

d i r e c t i o n  can produce th rus t ,  On the downwash s i de  the  magr,i tude o f  the li ft  

i s  diminished s ince the l o c a l  sec t ion  i s  operat ing a t  a reduced angle o f  

a t tack  acd the rearward r o t a t i o n  o f  the l i f t  vector  has a small compensating 

e f f e c t .  Large s w i r l  angles do mean less  a x i a l  t h r u s t  f rom the  p rope l le r ,  so 

a ca re fu l  t rade  must be made. 

The r e s u l t s  a t  lower s w i r l  angles show a drag increase. A s w i r l  angle 

of 0.122 rad  (7') a t  a P T ~ / P T ~  = 1.075 has about .0010 more drag than the 

wing body. Other adverse e f f e c t s  have apparent ly overcome any favorable 

e f f e c t s  due t o  l i f t  vector  r o t a t i o n  a t  these lower s w i r l  angles. The e f f e c t  

o f  a pressure r a t i o  o f  1.075 a t  zero s w i r l  i s  +r, increase the drag by O.GO03. 

Therefore, the e f f e c t  o f  0.122 rad (7")  o f  s w i r .  i s  t o  increase the drag by 

0.0007. 

The opposi te d i r e c t i o n  s w i r l ,  up-outboard, data i s  a l so  shown on 

Figure 30. The drag increments are l a r g e r  i n d i c a t i n g  t h a t  the up-inboard 

s w i r l  may be the p re fe r red  s w i r l  d i r ec t i on .  

F igure 31 i s  a c ross-p lo t  of the prev ious f i g u r e  as a f unc t i on  of 

pressure r a t i c .  This f i g u r e  ind ica tes  t h a t  there i s  no t  a s i g n i f i c a n t  e f f e c t  

o f  pressure r a t i o .  

The incremental l i f t  r e s u l t s  are very small a; shown on Figure 32, 

Again there  i s  l i t t l e  e f f e c t  due t o  pressure r a t i o  o r  Mach number. Sw i r l  

angles around 0.07 rad (4")  seem t o  produce the minimum l i f t  increment. 

5.4.2.2 Pressure Data - The pressure d i s t r i b u t i o n s  are shown a t  f o u r  o f  the 

s i x  spanwise locat ions.  The data a t  13% and 85% semispan were n o t  a f fected 

by the s imu la to r  va-iables. The s imu la to r  s l ips t ream extends from 31% t o  

55% o f  the  semis pa^^ which places the s ta t i ons  a t  35.5% and 50% w i t h i n  the 

sl ipstream. Onl j  se lected cases can be shown s ince h a l f  the wing pressure 

rows were on each wing so on ly  l i m i t e d  f u l l  span data was obtained by p l ac i ng  

the s imu la to r  on the opposi te s ide  o f  the fuselage. 



The e f f e c t s  due t o  power a t  Mo = 0.7 and 0.8 a re  shown on Figures 33 
and 54 f o r  a f i x e d  angle o f  a t tack .  A t  Mach 0.8 the  shock on the  wing i s  

a f fec ted which c o n t r i  b u t i s  t o  the smal l  ,0003 drag i nc re i . r e  obta ined a t  t h i s  

cond i t i on .  The e f f e c t  o f  the  s i  mu1 a t o r  w i t hou t  power on the  w i  ng has been 

t o  move t he  shock forward i n  the  reg ion  downstream o f  the  s imu la to r  as can 

be seen by comparing the i s o l a t e d  wing pressures shown on F igure 18 (which 

a re  a t  a s l i g h t l y  h igher  angle o f  a t tack )  w i t h  those shown i n  F igure 34 a t  

P P T ~ / P T ~  = 1.000. 

The e f f e c t s  due t o  s w i r l  a re  shown on Figures 35 a m  36. Much more 

s i g n i f i c a n t  e f f e c t s  can be seen here. The inboard l o c a t i o n  w i t h i n  the  

j e t  (35.5%) i nd i ca tes  l a rge  e f f e c t s  due t o  s w i r l  w h i l e  the outt  ~ a r d  l o c a t i o n  

a t  50% does not .  No la rge  separat ions are i n d i c a t e d  based on these sur face  

pressure data. Data a t  a lower angle o f  att;;k, shcwn on F igure 37, 

i nd i ca tes  s i m i l a r  t rends t o  t h a t  obtained a t  h igher  angles. 

Figures 38 and 39 focus on the e f f e c t s  o f  s w i r l  a t  constant P T ~ / P T ~ .  

F igure 38 i l l u s t r a t e s  the e f f e c t s  o f  0.122 rad  (7")  s w i r l  and F igure 39 

i l l u s t r a t e s  the  e f f e c t  o f  0.192 rad  (11") s w i r l  r e l a t i v e  tu 0.122 rad  (7") 

s w i r l .  The incremerit from 0.122 r a d  (7 " )  t o  0.192 r a d  (11") i s  w a l l  and 

y e t  the  drag v a r i a t i o n  was s i g n i f i c a n t .  The data at 35.5% was n o t  obtained 

f o r  the 0.192 rad  (1  1") case which may have helped understand these e f f e c t s .  

T!,e span loads a t  M = 0.7 and 0.8 and a f i x e d  angle o f  a t tack  are 
3 ,  . I  on Figures 40 and 41. The trends are p red i c t ab le  f o r  each cond i t i on  

For example, the load ing w i t h  power i s  inc!,ased r e l a t i v e  t o  the no power 

case over the reg ion o f  the s l ips t ream. Also a t  the 35.5% selnispan s t a + . i o ~ ,  

up inboard s w i r l  increases the loda ing  and up outboard (down inboard) 

decreases the loading. Some d e t a i l  o f  the r a p i e  va r i a t i ons  t h a t  might be 

occur r ing  i s  l o s t  due t o  having on ly  s i x  spanwise pressure rows. 

5.4.2.3 Wake Rake Data - - The dsta obtained us ing the wake rake i s  showti on 

Figures 42 and 43 f a r  PT~/PT, = 1.075 w i t h  zero and 0.122 raa  (7") o f  s w i r l .  

The l i n e s  are isobars  o f  the r a t i o  PT /F~o .  Key features o f  the data are 

the low energy regions o f  the wing and s imulatcr /suppor t  system. The l s d  



energy region outside the s l ipst ream for  the simulator would no t  be present 

f o r  an ac t ive  propel ler.  However, the ac t ive  p rop ,? l l e r  would have a low 

energy region i ns ide  the s l ipst ream due t o  the nacel le  body. Since s t a t i c  

pressure disturbances are transmitted through the outer  simulator wake, 

disiurbances i n  the sl ipstream can be t ransmit ted t o  the r e s t  o f  the wing. 

Also, as w i l l  be discussed i n  Section 5.4.3, using ana ly t i ca l  methods, the 

e f fec ts  o f  these wakes were estimated t o  be small. 

The high energy regions due t o  the simulated p rope l l e r  s l ipst ream are 

shown by the P,./PT, boundary o f  1.0 and greater. I n  Figure 42 where there 

i s  no swir l ,  the j e t  shape i s  s t i l l  annular as i t  was when i t  l e f t  the 

simulator bu t  has been displaced by the spanwise flow induced by the f i n i t e  

wing shed ~ o r t i c i  ty. The s ize  and shape o f  the s l ipst ream was essen t i a l l y  

unchanged a t  l ~ w e r  Mach nuwbers and angles o f  attack. I n  addit ion, more 

de ta i led  analysis o f  the s l ipst ream region revealed t h a t  peak PT/P~, values 

were unchanged w i t h  Mo and aFRP v a r i a t i ~ n s  and w i t h i n  ,005 o f  the i so la ted  

values. These resu l t s  ind ica te  t h a t  there were n e g l i g i b l e  losses w i t h i n  the 

sl ipstream f o r  these condit ions. 

For the case w i t h  s w i r l  shown on Figure 43, the shape and s ize  of the 

region qreater than 1 .OO i s  s i g n i f i c a n t l y  d i s to r ted  and reduced i n  size. 

Comparing thc s w i r l  and no-swir l  cases and p l o t t i n g  only  the PT/P~,  
boundaries o f  1.0 and greater as shown on Figure 44, i 11 us t ra tes  tha t  the 

1.04 boundary i s  s i g n i f i c a n t l y  smaller implying losses w i th in  the sl ipstream. 

A large low energy region o f  PT/P~,  < 1.0 i s  observed above the wing on 

the inboard s ide o f  the sl ipstream suggesting tha t  there i s  a f low separation 

This separation and attendant losses have contr ibuted t o  the seven count 

(.0007) increase i n  the drag a t t r i bu ted  t o  s w i r l  as discussed previously. 

Unl ike the zero s w i r l  case, reductions i n  % and nFRp reduced the 

size o f  the low energy region and increased the s ize  o f  the high energy s l i p -  

stream region as shown on Figures 45 and 46. 

Unfortunately, e f f i c i e n t  use o f  tunnel occupancy tiroe necessitated 

obtaining the wake rake data p r i o r  t o  obta in ing the force data. Therefore, 



the rake data wqs only  obtained f o r  the nominal p rope l l e r  s w i r l  anglc o f  

0.122 rad  ( 7 O )  and the favorable e f f e c t  due t o  the  0.192 rad (11") s w i r l  

condi t ion was n o t  observed u n t i  1 the force data was obtained and the wake 

rake had been removea. 

5.4.2.4 O i l  Flow V isua l iza t ion  - Fluorescent o i l  f low v i sua l i za t i on  runs 

were made on the r i g h t  hand wing upper surface w i t h  the simulator i n s t a l  led. 

The f luorescent o i l  was dispensed during the run from a s in te red metal s t r i p  

i n s t a l  l e d  f l u s h  i n  the wing leading edge. Because o f  the tendency o f  the o i  l 

t o  f o u l  the pressure o r i f i ces ,  t h i s  was done only  a t  the conclusion o f  the 

t e s t  using the s imulator  conf igurat ion i n s t a l  l e d  a t  t h a t  time. 

Comparisons o f  the power-3n and power-off condit ions wi thout  s w i r l  a t  

Mo = 0.8, aFRp = 0.052 rad ( 3 O )  shown on Figure 47 i nd i ca te  li t t i e  o r  no 

e f f e c t  i n  the v isual  data o f  the j e t  scrubbed por t ion  o f  the wing. Well up 

the drag r i se ,  a t  Mo = 0.84, an increase i n  the t r a i l i n g  edge separation i s  

evident as i l l u s t r a t e d  on Figure 48. However, by inference from the force 

data, t h i s  separation i s  no worse than t h a t  which would be experienced by 

the i so la ted  wing. 

5.4.3 Comparison o f  Theory and Data - The t e s t  data has b2en compared t o  a 

theoret i  ca l  so l  u t i  3n developed in-house by Doug1 as A i  r c r a f t .  The theory i s  

r e s t r i c t e d  t o  wings alone and incompressible f low. This theore t ica l  model 

i s  based on l i f t i n g  l i n e  theory and has the capab i l i t y  o f  accounting f o r  an 

a r b i t r a r y  onset flow. The onset velaci  t i e s  are only spec i f ied  i n  the plane 

o f  the wing. The uniform freestream f low was i npu t  over the regions outside 

the s l ipst ream area and the p rope l l e r  ( o r  simulator) f .dw i s  i n p u t  i n  the 

region o f  the sl ipstream. For the current  test ,  the program was used t o  

compare incremental l i f t  and drag ef fects and t o  estimate the effects o f  the 

wake and the assumption o f  doubling the "one-side-only" r e s u ~  t. Span loads 

are also compared but  i t  must be remembered tha t  the theory does not  account 

f o r  the simulator nacel le  body e f fec ts .  The re fo r~ ,  increments are a more 

meaningful output o f  the program. 

5.4.3.1 Force Data - The incremental force resu i ts  are shown on Figures 49 

and 50. Figure 49 indicates tha t  there i s  l i t t l e  e f t e c t  o f  power without 
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s w i r l  wh i le  pos i t i ve  s w i r l  (up-inboard) resu l t s  i n  a drag reduct ion and 

negative s w i r l  (up-inboard) resu l t s  on a drag increase. Experimental ly, 

other  interferences prevent these trends from being fol lowed bu t  a s w i r l  

angle o f  0.192 rad (1 l o )  does produce a negative drag increment. 

The increments i n  the l i f t, shown on Figure 50, are small. The experi-  

mental minimum l i f t  a t  0.07 rad (4") s w i r l  i s  no t  confirmed ana ly t i ca l l y .  

Theoret ical ly,  the e f f e c t  of removing the s imulator  nacel le  wake 

( P T ~ / P ~ ~  < 1 on Figure 21) and the v a l i d i t y  o f  doubling the drag increment 

on one s ide are given on Table I V .  Based on t h i s  theore t ica l  analysis, i t  

may be concluded tha t  the wake has a n e g l i g i b l e  e f f e c t  on the resu l t s  and 

t h a t  doubling the r e s u l t  obtained on one s ide i s  an adequate approximation. 

5.4.3.2 Span Loading - The span loading o f  the clean wing (no nacel le)  

compared very we l l  w i th  the t e s t  data as shown on Figure 51. 

The theore t ica l  e f f e c t  o f  power only w i t h  no s w i r l  i s  shown on Figure 52. 

The negative increments are due t o  the nacel le  wake and the p o s i t i v e  incre-  

ments are due t o  increased s l ipst ream ve loc i t ies .  The t e s t  data had 

i n s u f f i c i e n t  spanwise pressure rows t o  obta in the deta i  1 obtained ana ly t i ca l l y .  

However, r e f e r r i n g  back t o  Figure 40, the predic ted increrrrints i n  load seem 

t o  be somewhat higher than obtained experimentally. 

The e f fec ts  o f  s w i r l  are shown on Figure 53. The t e s t  data have a lso 

been indicated on t h i s  f igure .  The l eve l  o f  the theory i s  d i f f e r e n t  due t o  

i t s  i n a b i l i t y  t o  model nacel le  body e f f x t s  bu t  the trends are cor rec t  i f  

somewhat overpredi cted agai n. 

The e f f e c t  o f  the nacel le  wake on the span load i s  neg l i g ib le  everywhere 

except i n  the immediate v i c i n i t y  o f  the wake as indicated on Figure 54. 



6.0 CONCLUSIONS AND RECOMMENDATIONS 

It i s  concluded t h a t  an e jector-nacel le  p rope l l e r  s imulator  s i m i l a r  t o  

the one presented i n  t h i s  study can be successful ly designed t o  produce a 

s l ipst ream f l o w f i e l d  represent ing an ac t ive  propel ler .  The fo l l ow ing  con- 

clusions can be drawn from the force data: 

r Incremental drag ( A C ~ )  due t o  power f o r  a two-engine conf igura t ion  a t  

the nominal p rope l l e r  condit ions (?TJ/PTo = 1.075, as = 0.122 rad (7") )  

was about .0010 o r  3% o f  the wing-body drag. 

There was no s i g n i f i c a n t  e f f e c t  o f  CL o r  Mo on the incremental 

force resul ts .  

r The e f fec ts  on the force and pressure data due t o  s w i r l  were more 

s i g n i f i c a n t  than due t o  pressure r a t i o .  

Swi r l  angles o f  0.192 rad  (1 1") produced a reduct ion i n  drag. 

S w i r l  angles o f  0.122 rad (7") produced 7 counts (.0007) more drag 

than the same power condi t ion w i t h  zero s w i r l .  

Up-inboard s w i r l  general ly had less drag than up-outboard sw i r l .  

r Incremental l i f t  e f fec ts  were small; on the order o f  bCL* = 0.025. 

Analysis ind icates t h a t  the e f f e c t  o f  the nacel le  wake was neg l i g ib le  

and i t  was s u f f i c i e n t l y  accurate t o  double the "one-side only" resu! t. 

;he fo l low ing conclusions can be made regarding the wing pressure d i s t r i  bu- 

t~ ons and \rake rake data: 

The presence o f  the s imulator  without power af fected the wing surface 

pressures producing less c r i  ti cal  f low condit ions downstream o f  the 

simulator than i f  the wing were i n  freestream flow. 

Wing surface pressure var iat ions due t o  power were essenti a1 l y  

r e s t r i c t e d  t o  tne region w i t h i n  the sl ipstream. 

r Wing surfar: pressure var iat ions due t o  s w i r l  were much la rge r  a t  the 

inboard loca t ion  than a t  the outboard locat ion.  



Experimental span load var iat ions were as expected but  somewhat less 

than predicted a n a l y t i c a l l y  . 
The wake rake data indicated small e f f e c t s  due t o  power but  revealed 

t h a t  up-inboard s w i r l  produced a low energy region above the wing on 

the inboard side o f  the sl ipstream possib ly  i f id ica t ing  a f low 

separation. 

Three recommendations are made: 

A t e s t  w i th  an ac t ive  prope l le r  needs t o  be conducted t o  v e r i f y  the 

v a l i d i t y  o f  the t e s t  technique used here. During t h i s  test ,  carefu l  

a t ten t i on  must be given t o  the thrust-drag accounting system used and 

the technique used t o  ca l i b ra te  the propel ler .  

Using appl icable theoretical tools, develop revised wins contours t h a t  

w i  11 pctentia! l y  reduce the separated region occurr ing when s w i r l  i s  

present and conduct another experimental program employing these revised 

wing contours i n  the presence o f  an engine nacel le body attached t o  

the wing. 

Derive scal ing laws t o  be appl ied t o  the data t o  estimate character- 

i s  t i c s  o f  other conf i  gura t i  ori; . 
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TABLE I 

SWIRL VANE GEOMETRY 

FLOW 

RC VARIED LlNEARlLY WITH LENGTH 

2 MINUS 0.105 RAD SET TURNED I N  OPPOSITE DIRECTION 

NOMINAL SWIRL 
VANE SET 

0.052 RAD 
(3 DEG) 

0.105 * 
(6 DEG) 

0.157 
(9 DEG) 

R 
COUTER O 

27.18 CM 
(10.703 IN.) 

14.59 
(5.744) 

10.24 
(4.03 1 ) 

'GINNER (3 
10.87 CM 
(4.281 IN.) 

5.84 
(2.298) 

4.09 
(1.612) 

'OUT 

3.56 CM 
(1.40 IN.) 

3.56 CM 
(1.40 IN.) 

3.56 CM 
(1.40 IN.) 

CI N 

1.42 CM 
(0.56 IN.) 

1.42 CM 
(0.56 IN.) 

1.42 CM 
(0.56 IN.) 

OLE 

0.026 RAD 
(1.5 DEG 

0.075 
(4.3 DEG) 

0.061 
(3.5 DEG) 

'T E 

0.105 RAD 
(6 DEG) 

0.169 
(9.7 DEG) 

0.288 
(16.5 DEG) 



TABLE II 
INLET GEOMETRY 

I 

k Xi 
D 

(- 7 RF 9.14 R ~ . q ~  cm (2 6 IN.) 

R~~ 

- - 



TABLE Ill 
AIRFOIL COORDINATES 



TABLE l V  

THEORETICAL EFFECTS OF THE NACELLE WAKE AND DOUBLING "ONESIDE-ONLY" VALUE 

Mo = INCOMPRESSIBLE 

P IP, = 1.075 
T~ 0 

%SWIRL = 0.122 RAD (7 DEG) 

CASE 

ONE SlDE DOUBLED 

ONE SlDE DOUBLT3 

SOLUTION FOR BOTH SIDES 

NACELLE 
WAKE AC~THEoRY 

YES -18 0.016 

N 0 - i8  x 0.022 

YES -17.5 x 0.016 



FIGURE 1. SKETCH O F  WINO T U N N E L  MODEL 

FIGURE 2. PHOTOGRAPH OF M O D E L  INSTALLATION F R O M  UPSTREAM 0: T H E  M O D E L  



DATA REFERENCE: HAMILTON STANDARD (1977) 

1.08 

SWIRL ANGLE 

6 TOTAL PRESSURE RATIO 

RLADE RADIUS RATIO, r/RMAX 

FIGURE 3. ACTIVE PROPELLER FLOW FIELD 

SIMULATOR STATION NUMBERS 

0 0 0 @ 0 
I I I SWIRL I I 

VAY E 

I EJECTOR MIXING 
k iNLET-ckAssy .ckSrCTIOh'  - 
I 

- * . - .- . 

\I-:-=- 

SWIRL VANE 

STRUTS WPOI i- 

FLANGE 

FIGURE 4. DESCRIPTION OF EJECTOR SIMULATOR 



DESIGN 
PROF l LE 

I ZONE I ZONE 1 ZONE 
II I " 1  

I I I 

ZONE M, A31A, 

FIGURE 5. D R I V E  NOZZLE DESIGN P.1RAFdETEtIS 



EJECTOR DRIVE PRESSURE RATIO, PD/Po 

FIGURE 6. THEO2ETICAL ONE DIMENSIONAL EJECTOR PERFORMANCE 



SIMULATOR 

FIGURE 7. VELOCITY INCREMENT A T  MODEL CENTERLINE DUE TO FLOOR FAIRING 

AR = 7.0 
i2C,4 = 32 DEG 

BODY aMnx = 15.24 (6)  

'DIMENSIONS cm (IN.) 

FIGURE 8. ILLUSTRATION OF WING-BODY PLANFORM 



MACH NUMBER. Mo 

FIGURE 9. DRAG RISE OF WING-BODY MEASURED DURING PRLVIOUSTEST IN AMES 11 FOOT 
TUNNEL 

PLANE 

0.035 rad 
(2 DEG) 

APEX OF WlNG 

I jp 

I 
r 54.8cm 4 

(25.5 IN.) 2.08 cm 
(0.821 IN.) 

PLAN VlEW 

FIGURE 10. LOCATION OF WlNG REFERENCE PLANE 
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FRONT VlEW 



SIMULATOR 
EXIT 

'LOCATED ON RIGHT HAND SIDE 

FIGURE 11. LOCATION OF WING SURFACE PRESSURE 

STATIC PRESSURE 

\ /- TOTAL PRESSURE 

y VERTICAL MOVEMENT 
. . 

H 91.44 cm (36 IN.) 

FIGURE 12. DESCRIPT!ON OF WAKE RAKE (SIDE VIEW) 
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,SWIRL PROBE 

WAKE RAKE--/ 

FIGURE 13. DESCRlmlON OF FLOW ANGLE PROBE (TOP VIEW) 

- NOZZLE 

L-. - 

FIGURE 14. ILLUSTRATION OF SWIRL VANE FLOW TEST RIG 

4 1 



REYNOLDS 
NUMBER 
PER 
FOOT 

REYNOLDS 
NUMBER 
PER 
METER 

0.66 0.70 0.74 0.78 0.82 0.34 

MACH NUMBER, Mo 

FIGURE 15. TEST REYNOLDS NUMBER VARIATION WITH MACH NUMBER 

MACH NUMBER, Mo 

FIGURE 16. WING BODY ALONE - DRAG 



0 4 .. 
0 2 4 6 DEG 

I L 1 

0 0.05 0.1 RAD 

U~~~ 

FIGURE 17. WlNG BODY ALONE - LIFT CURVE 

65 M, = 0.8 

;------ 
aFRp = 0.057 RAD 

I (3.28 DEG) 
I NO SIMULATOR 50 

\ C, = 0.677 

-1-3 

+0.4J1 x/c 

FIGURE 18. WlNG BODY ALONE - W I N G  SURFACE PRESSURES 
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SURFACE PRESSURE LOCATED: 

0 RIGHT SlDE 
A LEFT SlDE 

a,,, = 0.057 RAD 
(3.28 DEG) 

FRACTION OF SEMISPAN 

FIGURE 19. WING BODY ONLY SPAN LOADING A T  Mo = 0.8 



PROBE POSITION: NACELLE TRAILING EDGE 
RUN 31 :5 
DRIVE PRESSURE RATIO (PD/POJ = 7.83 

12 0.2 

8 

0.1 
4 V) 

z 
5 

0 0 2 
-4 

-0.1 

-8 

-12 -0.2 

RADIUS RATIO, r/R 

FIGURE 20. ZERO SWIRL SIMULATOR CALIBRATION A T  Mo = 0.8 



PROBE POSITION: NACELLE TRAILING EDGE 
RUN 36:l 
DRIVE NOZZLE PRESSURE RATIO (P,,/P,) = 7.04 

12 - 0.2 

8 

-0.1 
4 

V) 
2 
a 0 - 

' O  0 
a 
a 

-4 - -0.1 

-8 

-12 - -0.2 

RADIUS RATIO, r /R 

FIGURE 21. 0.105 RAD(G0) SWIRL (NOMINAL) CALIBRATION A T  M,, = 0.7 



PROBE POSITION: NACELLE TRAILINS EDGE 
RUN 39:l 
DRIVE NOZZLE PRESSURE RATIO (P,,/P,) = 7.77 

-1.5 -1.0 -0.5 0 0.5 1 .O 1.5 

RADIUS RATIO, r1H 

FIGURE 22. 0.105 R A D  (6') SWIRL (NOMINAL)  CALIBRATION A T  Mo = 0.8 



- SIMULATOR (RUN 39:l) 

RADIUS RATIO, r/R 

FIGURE 23. COMPARISON O F  SIMULATOR EXIT  FLOW WITH HAMILTON STANDARD 
PROPELLER DATA 



0 STATIC DATA 
- TUNNEL DATA - Mo = 0.8 (RUN 39:l) 

RADIUS RATIO, r1R 

FIGURE 24. COMPARISON O F  T U N N E L  A N 0  STATIC SWIRL ANGLE MEASUREMENTS 
FOR 0.105 R A D  (6'') N O M I N A L  SWIRL V A N E  SET 



PROBE POSITION ' RUN Po IPo - NAC T.E. 39:2 5.38 
----WING C/4 55: 1 4.99 
x x x  WING T.E. 57.2 5.14 

"WING NOT PRESENT - PROBE POSITION CORRESPONDS TO THESE 
LOCATIONS WHEN SIMULATOP AND WING AR5 TESTED IN 
COMBINAl ION 

RADIUS RATIO, r:R 

FIGURE 25. EFFECT OF STREAMWISE DISTANCE ON SLIPSTREAM PROFILES AT M, = 0.8 
A N D  0.105 R A D  (6') NOMINAL SWIRL ANGLE 



u s =  ZERO 

MACH NUMBER, Mo 

FIGURE 26. WING BODY DRAG ATSIMULATOR REFERENCE CONDITIONS 
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MACH NUMBER, Mo 

F I G U R E  27. INCREMENTAL DRAG AT PT /PT = 1.05 
J O 
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FIG!JRE 28. INCRErClENTAL DRAG D A T A  A T  P /P = 1.075 
'J 
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0 0.4 
P /P =1.100 
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FIGURE 29. INCREMENTAL DRAG D A T A  AT P /P = 1.100 
T~ 

OPEN SYMBOLS POSITIVE (UP-INBOARD) SWIRL 

0 2 4 6 3 10 12 DEG 

CLOSED SYMBOLS NEGATIVE (UP-OUTBOARD) SWIRL 

-.L- 
O 0.05 O 10 0.15 0.2 RAD 
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SWIRL ANGLE 

FIGURE 30. SUMMARY OF DRAG VARIATION WITH SWIRL ANGLE 
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SWIRL ANGLE 

0 ZERO 

0.122 RAD (+7 DEG) UP INBOARD 

0.192 RAD (+I1 DEG) M, = 0.8 

PRESSURE RATIO, P /P 
T~ 

FIGURE 31. SUMMARY OF DRAG VARIATION WITH SIMULATED PROPELLER PRESSURE RATIO 

a,,, = 0.052 RAD (3 DEG) 

a =ZERO 

@ MO= 0.7 

A Mo = 0.8 

P /P = 1.075 
T~ 

= 0.122 RAD (7 DEG) 

0 Q FRP = 0.052 RAD (3  DEG) 
5 
A = 0.017 RAD (1 DEGI -. 

MACH NUMBER 
0.1 

Q~~~ = 0.052 RAD (3 DEG) 
F IP  = 1.075 

0 
T~ 

0 2 4 6 8 10 12 DEG 0 Mo = 0.7 
I ---A. 2 

0 
A Mo = 0.8 

0.1 0.2 RAD 

W l R L  ANGLE, as 

FIGURE 32. INCREMENTAL LIFT DATA 



P P 65 
'.I '0 as Mo = 0.7 - 1 .OW ZERO - - -1.075 ZERO 

a FRP = 0.052 RAD (3 DEG) 
50 

FIGURE 33. WlNG SURFACE PRESSURE VARIATION DUE TO POWER A T  Mo = 0.7 

1.000 ZERO 

----- 1.075 ZERO 

a FRP = 0.052 RAD ( 3  DFG) 

85 

0.4 J 1 xlc 

FIGURE 34. WlNG SURFACE PRESSURE VARIATION DUE TO POWER AT Mo = 0.8 
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P /P as, RAD (DEG) 
T~ 65 

Mo = 0.7 - 1 .OW ZERO -- 1.075 0.122 (7) UP-INBOARD aFRP =0.052 rad (3 DEG) 

--- - 1.075 -0.1 22 (-7) UP-OUTBOARD 
50 

FIGURE 35. WlNG SURFACE PRESSURE VARIATION DUE TO POWER AND SWIRL A T  Mo = 0.7 

P /P as RAD (DEG) 
T~ 

FIGURE 36. WlNG SURFACE PRESSURE VARIATION DUE TO POWER AND SWIRL AT Mo = 0.8 
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a, RAD (DEG) 

ZERO 

ZERO 

0.122 (+7) 

FIGURE 37. EFFECT OF POWER AND SWIRL = 0.017 RAD (1 DEG) 

Mo = 0.8 P /PT %, RAD (DEG) 50 T~ o 
a, ,p = 0.052 RAD (3 DEG) - 1.075 ZERO 

1.075 0.122 RAD (7) 

',\ 
\. 

' -?-7 
CP \ i 

L- -1 

FIGURE 38. WING SURFACE PRESSURE VARIATION DUE TO 0.122 RAD (7 DES) OF SWIRL 
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P /PT % RAD (DEG) 
T~ 0 - 1.075 0.1 22 (+7) -- - - 1.075 0.192 (11) 

Mo = 0.8 

a~ RP = 0.052 RAD (3 DEG) 

FIGURE 39. EFFECT OF 0.192 R A D  (11 DEG) SWIRL O N  WING SURFACE PRESSURES 

P /PT % RAD (DEG) 
T~ 0 

1.000 ZERO 
-- 1.075 ZERO 
---- - 1-075 0.122 (7) UP INBD 
--- 1.075 -0.1 22 (-7) UP OUTBD 

SPAN 
LOAD 

a, ,.+, = 0.052 RAD (3 DEG) 

LOCATION OF EXPERiMENTAL 
SURFACE PRESSURE ROWS-. 

SIMULATOR 
0 u 

I 
II s 

I 
.I 

1 
L 

FIGURE 40. SPAN LOADING AT NI, = 0.7 



P /P, % RAD (DEG) 
T~ 0 

1.000 ZERO -- 1.075 ZERO --- -- 1.975 0.122 (7) UP INBOARD 

'"1 
--- 1.075 -0.122 (-7) UP OUTBOARD 

0.8 - 
aFRP = 0.052 RAD (3 DEG) 

SPAN 

0.6- 

~ ~ u / ~ r n a c  

0.4 - 

0.2- 

SLIPSTREAM 

0 +. .L & * 4 I- 
I I 

0 
I 

0.2 0.4 0.6 0.8 1 .O 

FRACTION OF SEMISPAN 

F IGURE 41. SPAN LOADING A T  M, = 0.8 

PT,/PT, = 1.075 

aF R p  = 0.052 RAD (3 DEG) 

FIGURE 42. WAKE RAKE SURVEY A T  M, = 0.8 WITH ZERO SWIRL 
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FIGURE 43. WAKE RAKE SURVEY A T  M, = 0.8 AND 0.122 RAD (7 DEG) OI. SWIRL 

aFRP = 0.052 RAD (3 DEG) 

ol, = ZERO 

I I I I I 

85 65% y/b/2 50 35.5 25 13 

FIGURE 44. EFFECT OF SWIRL ON JET SHAPE 
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75, a,,, = 0.052 RAD (3 DEG), a- = 0.122 RAD (7 DEG) 

WING SURFACE 
PRESSURE ROWS 1 

FIGURE 45. EFFECT OF FREE STREAM MACH NUMBER ON JET SHAPE 



M, = 0.8 
PT,/PTo = 1.075 

% = 0.122 RAD (7'1 

a~~~ = 0.017 RAD (1'1 

Q~ R P = 0.052 RAD (3'1 

------ 
WING SURFACE 
PRESSURE ROWS 

I 7 I L I I 
85 65% v/b/, 50 25.5 25 13 

FIGURE 46. EFFECT OF ANGLE OF ATTACK ON JET SHAPE 





Mo 0.84 "FRP - 0.052 RAD (3') 

F I G U R E  48. 011 FLOVI  P H O T O G R A P H  AT M, - 0.84 



P,,/P,, = 1.075 

C, = 0.5 

- M,, = INCOMPRESSIBLE THEORY 

TEST DATA 

DEG 

C 1 

-0.2 
I 

-0.1 
I I 

0 0.1 0.2 RAD 
SWIRL ANGLE 

FIGURE 49. COMPARISON OF THEORETICAL A I D  EXPERIMENTAL INCREMENTAL DRAG DATA 

P !P, = 1.075 
T~ 0 

a F R p  = 0.0.52 RAD (3') 

Mn = INCOMPRESSIBLE THEORY 

0 M o = 0 7  
TEST DATA 

I 

i '  -.-- - - . . 
I 

6 8 10 12 DEG 
J 

0 
-- 

0.1 0.2 RAD 

SW 3, ANGLE 

FIGURE 50. COBPARISON OF THEORETICAL AND EXPERIMENTAL INCREPENTAL L IFT DATA 
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FRACTION OF SEMlSPAh 

1 .O - 

0 
E . 
OI 

U 
U 

a 
a 
2 

1::: 
0.4- 

z 
2 
V) 

0.2- 

FIGURE 51. COMPARISON OF THEORETICAL AND EXPERMENTAL SPAN LOAD FOR CLEAN WING 

-THEORY M,, = INCOMPRESSIBLE 
aF ,, = 0.052 RAD (3 DEG) 

A EXPERIMENT ivl, = 0.7 aFRp 0.055 RAD (3.14') 

1 

NO SIMULATOR 
- -- P /P = 1.075 

T~ 

aFRp = 0.52 RAD ( 3  DEG) 

Mo -. INCOMPRESSIBLE 

0 0.2 0.4 0.6 \ 0.8 1 .O 
010 

/ 

LOCATION OF 
EXPERIMENTAL 
SURFACE PRESSURE 

SLIPSTREAM - 
FRACTION OF SEILIISPAI\J 

FIGURE 52. THEOREilCAL EFFECT OF POWER WITH NO SWIRL ON SPAR! LOAD 



'-Ol OF"' 

= 0.052 RAD (3 DEG) 

SPAN 
LOAD 

THEORY 

---- 
--- 

FRACTION OF SEMISPAN 

M, 
INCOMP 

0.7 

0.7 

DATA 

h 
0 

FIGURE 53. EFFECT O F  POSITIVE AND NEGATIVE SWIRL O N  SPAN LOAD 

CONDITION 

NO SIMULATOR 

pTJ/pT0 = 1.075 as = 0.122 RAD (+7 DEG) [UP INBOARD] 

pT,fpT0 = 1.075 us = -0.122 RAD (-7 D t G )  (Up OUTBOARD1 
-- - 

PTllPTO = 1075 

1.0 - "S 
- +0.122 RAD (+7 DEG) 

WITH WAKE 
- WITHOUT WAKE 

" F R P  = 0.052 AAD (3 DEG) 

Mo = IKCOMPRESSIBLE 
SPAN 0-6- 
LOAD 

Cc,.' 'mat 0.4- 

0.2 - 
SLIPSTREAM I--- _____( 

0.2 0.4 0.6 0.6 1 .O 

FIGURE 54. THEORETICAL EFFECT O F  NACELLE WAKE ON SPAN LOAD 
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