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FOREWORD - 

This dxument i s  submitted i n  accordance w i t h  the requirements o f  NASA 

Contract NAS1-13871, Exploratory Studies o f  the Cruise Performance o f  

Upper Surface Blown Configurations. W. C. Sleeman, Jr .  i s  the NASA- 

Langley Contract Monitor and J. A. Braden i s  the Lockheed-Georgia 

Pro ject  Manager. 

The technical resu l t s  under t h i s  contract  are presented i n  f i v e  reports.  

For convenience, the ove ra l l  program documentation i s  sumnarized below: 

DOCUMENTAT I ON SUt-!MARY 

CR Number - T i t l e  

CR-3193 Summary Report 

CR-3 192 Experimental Program - Test F a c i i i t i e s ,  Model Design, 
Instrumentation, and Low-Speed, H igh-L i f t  Tests 

CR- 1591 34 Experimental Program - High-speed Force Tests 

CR- 1591 35 Experimental Program - High-speed Pressure Tests 

CR-159136 Program Analysis and Conclusions 
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blowing, noz NsE, AR = 4. 

Var iat ion o f  l i f t  and moment increments due t o  
blowing, noz N5, AR = 6. 

Var iat ion o f  l i f t  and moment increments due t o  
blowing, noz N6, AR = 2.5. 
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T i t l e  - 
Varia t ion  of l i f t  increment due t o  blowing, 
noz Nll, c i r c u l a r .  

Var ia t ion  o f  l i f t  increment due t o  blowing, 
noz N12, AR = 4. 

Var ia t ion  o f  l i f t  increment due t o  blowing, 
noz N13, AR = 6. 

E f fec t  of  nozzle pressure r a t i o  on p l t ch ing -  
momnt, no t  N2, c i r c u l a r ,  HOO = 0.68. 

E f fec t  o f  nozzle pressure r a t i o  on p i tch ing-  
moment, no t  N ~ E ,  AR = 2.5, k=O.68 .  

E f fec t  or  nozzle pressure r a t i o  on p i tch ing-  
moment, no t  N5, AR = 6, b = 0.68. 

Ef fect  o f  nozzle aspect r a t i o  on nacel le  drag. 

E f fec t  o f  nozzle b o a t t a i l  angle on nacel le  drag. 

E f fec t  o f  Mach number on drag f a r  faired-over 
vs flow-through forebodies, s t r a i g h t  wing w i t h  
c i r c u l a r  noz N2. 

Comparison of  lllongll and ltshor;'' f a i red  
forebodies, = 24. 

Comparfson o f  l i f t  performance o f  "short" and 
"long" forebodies, Mm = 0.68, Hj /pm~f low-through.  

E f fec t  o f  nacel le  i n s t a l l a t i o n  and blowing 
on l i f t  a = 3 O ,  Ma, = 0.68. 

Comparison o f  streamlined and symmetrical 
nace l le  drag, C L ~  = 0.40. 

E f fec t  o f  mu l t i p le  engine i n s t a l l a t i o n  on drag 
C L ~  = 0.40, swept wing. 

Comparison o f  l i ft-due-to-blowing fo r  2-eng. and 
4-eng. conf igurat ions l'D-duct'l nacel l e ,  swept 
wing, b = 0.73. 

Ef fec t  o f  Mach number on drag fo r  pylon-mounted 
OTW vs. integrated USB nacel le ,  s t ra igh t  wing 
~ l i  t h  noz N2. 



Figure 

146 

1 l 7  

148 

T i t l e  - 
Stimulation o f  fan pressure r ise. 

Jet s i~nulat ion methods 

Reprosentat ion o f  j e t  spreadf ng and ent rainllent 
by vortex-ring polygons. 

Mzithenratical dl o f  the US8 jet  e f f l ux .  

(a) A i  r f o i  1 sectional character ist ics - 
incidence matched. 

(b) A i r f o i  l sectional character ist ics - 
l i f t  coef f ic ient  watched. 

(c) A i r f o i l  sectional character ist ics - 
leading edge matched. 

Def in i t ion o f  ACd 

L i f t  curves f o r  the s t ra ight  w i n g  a t  4. = 0.60. 

Drag polars fo r  the s t ra ight  wing a t  ?L = 0.60. 

Panel de ta i l s  fo r  D-Duct nacelle and adjacent 
wing. 

Calculated chordwise pressure d is t r ibut ions on 
nacelle surfaces - flaw-through condition, 
% = 0.60. 

Calculated forward-nacel l e  surface pressures - 
flaw-through condition, tL = 0.60. 

Calculated blend-region surface pressures - 
flow-through nacelle, a = +jO, H, = 0.60. 

Predicted clean-wing pressure d is t r ibut ions 
as a function o f  a. 

Predicted nacelle spine and wing surface 
pressure d is t r ibut ions a t  H./p, = 1.25 
( f  law-through) . J 

Predicted spl ine and wing surface pressure 
distr ibut ions a t  Hj /pa  = 1.8. 

Predicted nacelle-spline and wing surface 
pressure d is t r ibut ions as a function o f  j e t  
pressure ra t io ,  a = zO, k = 0.60. 
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T i t l e  - Number - 
162 Predicted insremental surface pressures as a 

function c f  jut pressure r a t  to. 

Predicted and measured surface pressure 
increments a f t  o f  nacel le (Row A). 

Predicted and measured surface pressure 
increments on wing adjacent to nacel le 
(Raw c) 

Predicted and masuied pressures on 
nrcc l  le-surfaces. 

Computed drag count d i s t r i bu t l on  along nacel le 
axis (nacelle surfaces only). 

Drag build-up on nacelle surfaces, M, 0.60, 
a = 3.0°. 

Wing drag increments i n  the nacel le overtap 
region and a f t  o f  it. 

Computed drag count d is t r ibu t ion  alang semi- 
span (a1 l surfaces). 

Drag increments due t o  unpowcred nacelle. 

Typical Cp p lo ts  fo r  drag integrat ion 

(a) Row E 
(b) Rows C and A 

Power-induced changes i n  wing pressure 
coef f ic ients.  

Locat ion o f  drag-praducing and t h r ~ r s t  -producing 
regions due to  appl icat  ion o f  power. 

Predicted drag increments due t o  addit ion o f  
powered N?E nacelle, N, = 0.60. 

Compar i son between pred lcted and measured drag 
increments tor  nacelle N 3 ~  at Et, - 0.60. 

(a)  Hi/pa,- a 1.40 
(b) Hj/p, = 1.60 
(c)  H j / ~ w  1.80 
(d l  Hi/p,. a 2.00 
(e)  H: i /p ,  2.20 



Number Ti  t l a  

Residual dif ference between experimental and 
predicted drag increments f o r  nacel l e  N 3 ~  
a t  M, = 0.60.  

Comparison of  USB-test resul ts w i th  modified 
je t - f l ap  theory, nor N p ~ ,  c i r cu la r ,  Eb. = 0.68. 

Comparison o f  USB-test resul ts w i th  modified 
j e t - f l ap  theory. noz N 3 ~ ,  AR = 2.5, tb = 0.68. 

Comparison o f  USB-test resu l ts  w i th  modified 
j e t - f l ap  theory, noz NbE, AR = 4 ,  &, = 0.68. 

Comparison o f  USB-test resul ts wl t h  modified 
j e t - f l ap  theory, noz Ns, AR = 6 ,  hg,, = 0.68, 

Comparison o f  USB-test rebul ts w i th  modified 
j e t - f l ap  theory, noz NjEI AR = 2.5, k = 0.68. 

Comparison of  USB-test resul ts w i t h  m d i f i e d  
je t - f l ap  theory, noz NkE, AR = 4 ,  I& = 0.68.  

Comparison o f  USB tes t  resul ts w i th  three- 
dimensional l i f t i n g  l i ne  theory, nozzle N3E, 
AR = 2.5, tL = 0.68. 

Comparison o f  USB tes t  resul ts w i th  three- 
dimensional l i f t i n g  l i n e  theory, no2 N 4 ~ ,  
AR = 4, k = 0.68.  

Comparison of USB test  results w i th  three- 
dimensional l i f t i n g  l i n e  theory, noz Ng, 
AR = 6 ,  k, = 0.68. 
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The purpose and scope o f  the USB-Cruise Program (NASI-13871) are b r i e f l y  

reviewed i n  Section 1.0 o f  t h i s  document. A major ob jec t ive  under Task I I  

o f  the ove ra l l  contractual work has been the experimental inves t iga t ion  of 

a comprehensive mat r ix  of upper-surface nace l le  i n s t a l l a t i o n s  across a wide 

range of nozzle blowing pressure r a t i o s  ( l .OyH./p-  3.0) and cru ise  Hach 
J 

numbers (0.60 5 H- 5 0.80). The present repor t  provides an analys is  o f  the 

experimental data encompassing surface pressure measurements, force-measurements 

and wake surveys, a t  both s t a t i c  and wind-on t e s t  conditions. As fundamental 

t o  the analysis, c ru ise  performance trends are  evaluated as r e f l e c t  ing nacel l e  

geometric var ia t ions  and nozzle operat ing conditions. A supporting study i n  

the Task I  I w r k  has been the theore t ica l  model ing o f  the USB-system v i a  a . 

vo r tex - la t t i ce  method. Simulated power, o r  thrust ,  e f f e c t s  are an in tegra l  

pa r t  o f  the theore t ica l  model. The present document presents d e t a i l s  o f  the 

modeling process and provides an aver-view o f  the design and analysis 

capab i l i t i es  provided. A= an outgrowth o f  the Task I I  exper imnta l /ana ly t ica l  

e f f o r t ,  a candidate nacel le  i s  selected fo r  a more detai led, systems-oriented 

study. The select ion and evaluat ion o f  the candidate propulsive system, as 

appl ied t o  a large transport a i r c r a f t ,  represents the major ob jec t ive  o f  

Task 1 1 1  i n  the basic program. This phase o f  the ove ra l l  study, t ha t  i s ,  

Task I  I I  - Compatabi 1 i t y  Studies, has been performed i n  concert w i t h  a 

simi l a r ,  acoust ics-or iented contractual e f f o r t  (NAS1-13870, Noise Character- 

i s t  i c s  o f  Upper Surface Blown Configurations). Oocumentat ion o f  the Task 

I I I  studies and conclusions are contained herein as an appendix. 



1 .0 l NTRODUCT l ON 

In e a r l y  1975, the NASA awarded a contract (NAsI-13871) t o  the Lockheed- 

Georgia Company f o r  the acqu is i t i on  o f  a high-speed, experimental data 

base for  a i r c r a f t  conf igurat ions featur ing nacel les  mounted on the upper 

wing surface. This design concept, known as USB (upper-surface blowing), had 

received e a r l i e r ,  experimental endorsements as a v iab le  means o f  achieving 

moderate-to-good powered l i f t  performance along w i t h  bene f i c ia l  noise 

reduction i n  the STOL environment. In the i n te res t  o f  fur ther  development 

o f  the USE-system, the contractual work performed by the Lockheed-Georgia 

Company emphasized the transonic c ru ise  charac ter is t i cs  o f  USB-designs on 

an exploratory basis. The overa l l  program i s  comprised o f  extensive experi-  

mental tes ts  o f  USB-configurations i n  a transonic wind-tunnel w i t h  support 

provided by an ana ly t i ca l  modeling o f  the system. Test ing was planned around 

a mat r ix  o f  nozzle conf igurat ions su i tab le  f o r  evaluat ing the e f fec ts  o f  key 

USB-design variables. The primary i n ten t  o f  the USB-Cruise Program has been 

the development o f  a compendium o f  experimental and theore t ica l  information 

from which re f ined upper-surface-blowing (USB) nacel l e  i n s t a l  l a t  ions can 

evolve. The present report  documents an analysis o f  the basic experimental 

and theoret i cal  resul t s  obtained under Task I I ( ~ r u  i se Performance Data Base) 

and Task I I I (Compatabi 1 i t y  Studies). 

The ob jec t ive  o f  the experimental phase o f  the program has been t o  i so la te  

charac ter is t i c  aero/propulsive phenomena representing var ia t ions  i n  wing/ 

nacel le  geometric parameters. For t h i s  purpose, the model component mat r ix  

was selected on the basis of geometric arrangements which could be o f  



foreseeable in te res t .  A high degree o f  refinenltlnt i n  node1 colnponent design 

was not appropriate t o  the exploratory nature o f  the program, nor t o  t l w  

extensive array o f  model hardware employed i n  a "build-up" fashion. There- 

fore, the emphasis o f  the experimental program l i e s  nmre i n  the i n t e r p r c t a t i o n  

of  incremental aerofpropulsive "effects" ra ther  than absolute levels  of  

magnitude. As w i l l  be noted, however, reasonable care has been exercised, 

i n  both model design and specia l ized tes t ing ,  t o  nlininlize e f f e c t s  which cou ld  

tend t o  obscure incremental aero/propul s i ve  phenomena. 



Dimensional data are presented herein i n  both the International System o f  

Units (SI) and the U.S. Customary Units. The measurements and calculat ions 

were made i n  the U.S. Customary Units. 

A area, cross-sectional, an2 ( i n m 2 )  

AR aspect rat i o  

b model span, cm (in.) 

c loca l  wing chord, cm (in.) 

- 
c mean aerodynamic chord, cm ( in.) 

Cd sect ion drag coef f ic ient  D/q*Sw 

C~ model drag coef f ic ient .  D/qwSW 

induced drag coef f ic ient  for  complete mdel ,  Di/qmSg 

measured drag coef f ic ient  , D,,/qwSU 

prof  i l e  drag coef f ic ient  for  mde l  without nacel les, DO/qmSw 

pressure drag coef f ic ient  , Dp/qoDSW 

section l i f t  coef f ic ient ,  l/qmc 

model l i f t  coef f ic ient ,  L/q,SW 

sect ion p i tch ing m m n t  coef f ic ient  about quarter chord, Mylqmc2 

model p i tch ing moment coef f ic ient  about quarter chord, My/q S c  
- W  

pressure coef f ic ient ,  ( - p,)/g, based on freestream 

P pressure coef f ic ient ,  (p, - q ,  based on j e t  
j 

C~ nozzle gross thrust coef f ic ient ,  F/qooSW 

x coef f ic ient  o f  t o t a l  force on model i n  thrust d i rect ion,  = -C 
OW 



diameter of nozzle, cm (in.) 

drag force, N(1b) 

induced drag, N(lb) 

p r o f i l e  drag, ~ ( l b )  

pressure drag, ~ ( l b )  

wing e f f i c i e n c y  factor 

force, ~ ( l b )  . 

ax ia l  force, ~ ( l b )  

normal force, ~ ( l b )  

accelerat ion due t o  grav i ty ,  ~ m ~ / k ~ ~  (ft-l bf/ lbm sec2) 

j e t  o r  nozzle height above surface a t  j e t  center1 ine, cm (in.) 

height above wing reference plane, cm ( in.)  

t o t a l  pressure, N/m2(lb/ine2) 

model l i f t ,  ~ ( l b )  

Mach number 

p i t ch ing  moment about quarter chord, m-N(in.-lb) 

s t a t i c  pressure, ~ / m ~ ( l b / i n . ~ )  

dynamic pressure, ~ / m ~ ( l b / i n . ~ )  

radius o f  curvature, cm ( in.)  

Reynolds number per foot 

Reynolds number based on streamwise chord 

s ta tu te  mi le  

semispan wing area, cm2 ( i n 2 )  

thickness, cm ( in.)  

th rus t  N ( l b )  

ve loc i ty ,  m/s ( f t / sec )  

width o f  nozz le  a t  wing surface,  crn ( i n . )  



a i r f low,  Kg/s ( l b  m/sec) 

Subscripts: 

A 

E 

t NST 

l NTERF 

l SOL 

j 

j v 

M 

MAX 

MlSC 

N 

NF 

ordinate along a i r f o i l  chord l i n e  measured from leading 
edge, cm ( in.)  

ord inate along wing span measured from model center l ine ,  
cm (in.) 

ord inate measured normal t o  wing shord plane, cm (in.) 

geometric angle of  a t tack  o f  a i r f o i l  chord l i ne ,  degrees 

b o a t t a i l  angle, degrees 

de f l ec t  ion. angle, d c ~ r e e s  

percent semispan 

j e t  t u rn ing  e f f i c i ency ,  
F 

c i r c u l a t i o n  st rength 

mass dens i t y ,  Kg/m (s  l ugs/ f t )  

angular displacement a t  radius vector, r i n g  cy l inder  

aerodynamic 

e x i t  

i n s t a l  led  

in ter ference 

iso la ted  

j e t  

j e t  v e l o c i t y  

measured 

maxi mum 

m i  sce 1 1 aneous 

nacel l e  

nacel le  f r i c t i o n  



R 

s 

S v 

TOT 

v 

WB 

Q) 

H j/p, 

CLEAN 

r ing cyl inder maximum radius 

s ta t ic  condition 

scrubbing and vectoring 

total  

vector l ng 

wing body 

freestream conditions 

a t  pressure-rat i o  

clean wing value 



3.0 EXPERIMENTAL DATA ANALYSIS - TASK I I  TRANSONIC CRUISE 

The overa l l  experimental program encompassed a wide va r ie t y  o f  t es t s  inc lu -  

s ive  o f  force measurements, surface-pressure measurements and wake surveys 

a t  both s t a t i c  and wind-on condit ions. Certain p r e l  iminary invest igat ions 

were a lso  undertaken e a r l y  i n  the experimental phase t o  assure compa t ib i l i t y  

between the powered models and the r e l a t i v e l y  small, var iable-porosi ty  

b l  owdown tunnel . 

The general order i n  which the more s i g n i f i c a n t  inves t iga t ions  were con- 

ducted i s :  

o Nozzle Cal ib ra t ions  

o Wall-lnterference/Blockage Tests 

o Surface-Pressure Messurements 

o Wake Surveys 

o Force Testing (CFF-blowdown) 

o Force Test ing ( 4 '  x 4 '  blowdown) 

The complete run schedules f o r  a l l  o f  these tes ts  are provided i n  Volume 

IIA. Volume l l B  provides basic data p l o t s  f o r  a l l  force t e s t i n g  inc lus ive  

o f  that  obtained i n  Lockheed Compressible Flow (CFF) and 4 '  x 4 '  t es t  

f a c i l i t i e s .  Deta i l s  o f  the nozzle ca l i b ra t i ons  are a l so  contained i n  

Volume 118. A l l  basic data per t inent  t o  surface pressure measurements and 

wake-surveys are given i n  Volume IIC. 

The i n i t i a l  s t a t i c  ca l i b ra t i ons  o f  the iso la ted  USE-nozzles were conducted 

i n  the Lockheed V/STOL tes t  f ac i  1 i t y  w i t h  checks made a t  various points  i n  



the t e s t  program against the several other  balance systems used i n  the 

high-speed invest igat ions (CFF end 4' x 4' balance systems). With the 

nozzle ca l i b ra t i ons  avai lable,  the experimental phase proceeded t o  the 

study o f  wal l - in ter ference and blockaga correct ions. This was followed 

by the measurement o f  surface pressures on a va r ie t y  o f  wing/nacelle 

combinations along w i t h  wake survey measurements i n  the j e t  e f f l ux .  

Force test ing, the f l na l  phase o f  the experimental work, was conducted i n  

several s ~ e p s  w i t h  most o f  the data derived from the Lockheed Compressible 

Flow F a c i l i t y  (CFF). 

In the paragraphs which fol low, the specia l ized tests,  p re l im insry  t o  the 

main body o f  the basic force and pressure invest igat ions, are discussed 

w i t h  appropriate conclusions drawn. Also i n  t h i s  sectlon, d e t a i l s  o f  the 

aero/propulsive bookkeeping process and data formats necessary t o  force 

and pressure data analysis are provided. 

3.1 ANALYSIS PROCEDURES 

3 . 1 . 1 . 1  Wal I - Inter ference and Blockage - The USB t e s t  program included 

peripheral experimental studies designed t o  study the e f f e c t s  o f  a re la -  

t i v e l y  high blockage, powered model i n  a small, var iable poros i ty  tes t  

f a c i l i t y .  While tes ts  o f  a s im i la r  nature had been successful ly conducted 

i n  t h i s  f a c i l i t y ,  t!s approximately 5 percent physical blockage due t o  the 

model plus the addi t ional  momentum introduced by the blowing nacel le  



created a need f o r  these add i t iona l  studies. Specifically, these tes ts  

invest igated the e f f e c t s  of the powered and unpowered model on tes t -sect  ion 

wa l l  interference for  a range of  t e s t  Reynolds numbers. For t h i s ,  s t a t i c  

pressure taps were i n s t a l l e d  along the tunnel s ide wa l l  10.7 cm (4.2 in.) 

above the tunnel center l ine  as shown i n  Figure 1. 

A p l o t  o f  measured wa l l  pressures w i t h  the model removed i s  shown i n  Figure 

2 which indicates an essen t i a l l y  constsnt Mach number i n  the region o f  the 

model over a wide rang<: o f  freestream Mach condit ions. S imi la r  data are 

given !n Figure 3 f o r  three t e s t  condit ions corresponding t o  Reynolds 

numbers o f  3.5, 7.0 and 11 x lo6 based on the 17.8 crn (7.0 in.)  chord o f  the 

tes t  wing. These data a lso indicate no appreciable e f f e c t  o f  Reynolds number 

on the Mach number d i s t r i b u t i o n  i n  the f ree tunnel. 

%% 

Introduct ion o f  the t ravers ing wake-rake and supporting rods i n t o  the tunnel 

produced a s l i g h t  blockage e f f e c t  i n  tha t  the f low tends t o  slow down i n  the 

region o f  the model as shown i n  Figure 4. A cor rec t  icn f o r  t h i s  r e l a t i v e l y  

small e f fec t ,  i n  terms o f  a Mach-dependent AC was developed and appl ied 
P ' 

accordingly whenever the t ravers ing  wake-rake was i ns ta l l ed .  

Addit ion o f  the nacel ie  t o  the wing produced a conventional blockage incre- 

:vent as evidenced i n  Figure 5;  ;;)is e f f e c t  was considered v ia  a standard 

blockage correct ion when s e t t i n g  the desired freestream condit ion. Adding 

power ( th rus t )  t o  the nacel le  produced the data shown i n  Figure 6. The 

e f f e c t  of  the added momentum o f  the j e t  i n  the t e s t  sect ion appeared t o  be 

qu i te  small. 
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USB CRUISE PROGRAM 

Figure 5 .  Effect of nacelle installation on wall sta t ic  pressures 
a t  MOD= .6 -  
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USB CRUISE PROGRAM 

F i g u r e  6 .  E t f e c t  of pader on wall s t a t i c  pressures a t  M,= . 6 .  



To study the ef fects of wake blockage, a method described i n  Reference 1 

was used. Wind tunnel sidewal l  pressures were i n s t a l l e d  53.3 cm (21 in.) 

forward and 53.3 cm (21 in.) a f t  o f  the model f o r  t h i s  invest igat ion.  Changes 

i n  loca l  ve loc i t y  were calculated as caused by the add i t ion  o f  the c i r c u l a r  

( N ~ ~ )  nacel le and due t o  the app l ica t ion  o f  power up t o  a pressure r a t i o  o f  

2.6. A t  the a f t  measuring s t a t  ion, local tunnel surface v e l o c i t i e s  under datum 

condit ions were found t o  be approximately 10% higher than those fu r the r  

forward due t o  the presence o f  the wake rake. Pos i t i ve  wake blockage 

(drag) would tend t o  increase t h i s  value, negative wake blockage ( j e t -  

e jec tor  ef fect)  would reduce it. Addi t ion o f  the unpowered nacel le  

caused about one-ha1 f percent increase i n  a f t  ve loc i t i es  and the add i t ion  

o f  power caused a fur ther  one-half percent. Using the referenced theory, 

the t o t a l  ef fect  of adding the powered nace l le  was shown t o  be equivalent 

t o  s l i g h t l y  more than a one-percent increase i n  dynamic pressure a t  the 

model i n  a severe case. I n  view o f  the magn'i tude o f  these changes, together 

w i th  those mentioned i n  the previous paragraph, no add i t iona l ,  systematic 

correct ions were made f o r  wake blockage e f fec ts .  

3.1.1.2 CFF Data Corrections - I n  the l a t t e r  stages o f  the USE force-test 

program, the except ional ly  h igh c ru ise  drag penal t ies evidenced i n  the  t e s t  

data created a concern f o r  the basic v a l i d i t y  o f  the resul ts .  As an out-  

growth o f  t h i s  concern, an invest igat ion was undertaken o f  the wall-balance 

system u t i l i z e d  i n  the Compressible Flow F a c i l i t y  f o r  USB-force tes t ing .  

This invest igat ion included "pigby-back" tests o f  the wall-balance w i t h  

blowing model i ns ta l l ed  and mated t o  the pyramidal-balance system o f  the 

Lockheed V/STOL tunnel, flow and pressure-tare studies, temperature and 



humidity e f fec ts  and mult iple-loading checks. The primary resu l ts  o f  these 

Investigations indicated that  the CFF wall-balance was consistent ly  reading 

ax ia l  force (i .e., thrust  o r  drag) too low by a factor  of from 5-10 percent 

when under powered (blawing) conditions. Other wall-balance axes (normal 

force or  I i f t )  appeared t o  be essent ia l ly  unaffected w i th  the ant ic ipated 

level o f  accuracy f o r  these forces corroborated in the "piggy-back" tests. 

While the basic inaccuracies i n  the wall-balance appeared t o  be a systematic 

var ia t ion (i.e., always o f f se t  i n  one d i rec t ion)  and thereby o f f e r i ng  some 

hope o f  a corresponding systematic data correction, i t  was nevertheless 

deemed necessary that  addit ional,  corroborative tes ts  be performed. Accord- 

ingly, a tes t  program involving selected wing-nacelle combinations was 

performed a t  the Lockheed 4' x 4' blowdown tes t  fac i  1 i t y  under the same 

tes t  conditions (i.e., Reynolds number, Mach number) as u t i l  i red  fo r  the 

CFF. I n  t h i s  tes t  program, a s imi lar  wall-balance, bridged by an opposing 

be1 lows arrangement, was employed. The model hardware was the same as that  

tested i n  the CFF. The tes t  program included checks on the thrust  levels o f  

the isolated nacelles, s t a t i c  ins ta l led  thrust  levels and wind-on l i f t ,  drag 

and pitching-moment measurements f o r  the seiected nacel le configurations. 

Results from the 4' x 4'  tunnel tests c~r roborated the ea r l i e r  f indings o f  

the CFF wal I-balance investigation i n  that  the normal forces were accurately 

portrayed by the CFF balance system, but that  the measured thrust  (or drag), 

under powered conditions, was too low by about 5-10 percent. The isolated 

nacelle thrust levels and s ta t i c - ins ta l led  thrust  levels obtained i n  the 

4' x 4'  f a c i l  i t y  essent ia l ly  checked the corresponding data obtained i n  the 

V/STOL tunnel. Addit ional ly, the dif ference i n  s ta t i c - ins ta l  led thrust levels 



between CFF and 4 '  x 4 '  (or V/STOL) appeared t o  accurate1 y r e f l e c t  the major 

discrepancies i n  the CFF - ba1ance"system. Figure 7(a) compares the s t a t i c  

i n s t a l l e d  th rus t  as obtained i n  the 4' x 4 '  tunnel w i t h  tha t  obtained i n  

the CFF-balance f o r  a "0- 

r a t i o  I T ins ta l  ledlBwhere 
Tisolated 

suremnts i n  the 4' x 4 '  

,Ductt1 nace l le  (N3€); the data i s  In terms o f  the 

T iso la ted 
represents the more accurate th rus t  mea- 

3r V/STOL tunnels. The d i f fe rence i n  t h i s  r a t i o  

m u l t i p l i e d  by the appropriate th rus t  coef f i c ien t  should therefore represent 

an incremental correct  ion t o  the CFF data. Figure 7(b) compares the incre- 

mental drag o f  the same "0-Duct" nacel le  as obtained i n  the 4' x 4 '  tunnel, 

w i t h  tha t  derived from the o r i g i n a l  CFF t e s t  data and as corrected by the 

foregoing procedures. As noted, the coi rected data f a l l s  w i t h i n  a(A  CD ) = n 
.0010-0012 o f  the 4 '  x 4' resu l ts .  This d i f ference i s  t yp i ca l  o f  the  agree- 

ment obtained across the spectrum o f  nozzle conf igurat ions, l i f t  coe f f i c i en t  

and Mach number. I t  i s  be1 ieved tha t  f o r  a powered conf igura t ion  o f  the type 

used i n  the present studies tested a t  transonic speeds, an accuracy leve l  o f  

about a(A CD) = .0010-.0012 should be ant ic ipated. Therefore, the drag 

data from a l l  CFF conf igurat ions not re-tested i n  the 4 '  x 4 '  tunnel were 

corrected i n  the prescribed manner. I n  the basic data, presented i n  Volume 

110, the 4'  x 4 '  t es t  resu l ts  are i d e n t i f i e d  as Test S-345-11; a l l  other 

basic data p lo ts  represent CFF-corrected resu l ts .  

3.1.2 Performance Bookkeepinq 

I n  the USB-Cruise Program, several basic ru les for  data accountabi 1 i t y  were 

be1 ieved t o  be mandatory: 

( 1 )  Basic equations must be s u f f i c i e n t l y  general such tha t  a p p l i c a b i l i t y  
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Figure 7 . Comparison o f  s t a t i c  ins ta l  led thrust r a t i o  
and CFF-corrected drag increments. 
Nozzle N3E, Stra ight  Wing 



t o  any powered conf igurat ion can be demonst rated; the USB-conf i gurat ion 

i s  a special case derived from t h i s  general i ty .  

(2) The thrus t  o f  the iso la ted nacel le, ca l ib ra ted according toaccepted 

procedures, represents the t rue  (gross) th rus t  input t o  the system. 

(3) The d i f ferences between the force ( th rus t )  generated by the iso la ted 

nacel le and those forces measured by a balance metr ic  w i t h  the com- 

bined conf igurat ion (wind-on), represents the t o t a l  penalty o f  the 

wing-body p lus the nace l le  i ns ta l l a t i on .  One o f  the basic object ives 

o f  the data accountab i l i t y  process i s  the breakdown o f  t h i s  d i f ference 

i n t o  log ica l ,  i d e n t i f i a b l e  components. 

3.1.2.1 Sign Convention - The sign convention used f o r  data processing i s  

shown i n  Figure 8. As noted, forces i n  the drag d i r e c t i o n  are pos i t i ve  (+) 

i n  sense wi th  measured accelerat ing forces ( th rus t  minus drag) denoted as 

negative (-). This convention i s  used f o r  convenience, since i d e n t i f i c a t i o n  

o f  drag components received primary emphasis i n  the data reduction. 

3.1.2.2 Axes - The axes system u t i l i z e d  i s  bas i ca l l y  the wind axes as in -  

dicated i n  Figure 8. L i f t ,  drag (or  th rus t )  and p i t ch ing  moment are the 

three primary balance-measured variables i n  the tes t  program. 

3.1.2.3 Thrust and Drag Components - A l l  th rus t  and drag components are 

developed around the fundamental equat ion : 





POS ITIVE ACCEL. FORCE = -(NET DRAG) 

-(TOTAL DRAG - ISOLATED NAC THRUST x cos a) (1) 

Under the small angle assumption (i .e. cos a = 1.0), the i so la ted  th rus t  

vector i s  a1 lgned w i  t h  the r e l a t i v e  wind. I'Total Drag" represents a1 1 sys- 

tem losses i n  terms o f  aerodynamic drag, t h rus t  losses o r  any o ther  loss 

which reduces the resul tant ,  accelerat ing force o f  the system when the  

iso la ted  nace l le  t h rus t  i s  introduced. To d i f f e r e n t i a t e  betwee? th rus t  and 

aerodynamic losses, Equation (1) may be w r i t t e n  as: 

ACCEL. FORCE = THRUST INSTALL. LOSSES 

+ CONFIG. DPAGS - ISOLATED NAC THRUST 

Equations (1) and (2) are completely general and are  appl icable t o  e i t h e r  

conventional under-wing propulsion systems or ,  i n  the present case, upper- 

surface blown conf igurat ions. Taking the f i r s t  two o f  the above three 

components o f  the ba lance-measured acczlerat ing force i n  t u rn  : 

~ O L  'INST THRUST INSTALL. LOSSES = - - - = CT[l - 
qmSw q,sw 

(See Figure 9 )  

The i n s t a l l e d  th rus t ,  TINST, i s  determined from s t a t i c  tes ts  o f  the blowing 

nacel le  i n s t a l l e d  on the wing. Balance-measured forces are v e c t o r i a l l y  

summed t o  determine the e f fec t i ve ,  i n s t a l l e d  th rus t  o f  the wing-nacelle 

system r e l a t i v e  t o  tha t  o f  the iso la ted  nacel le,  TISOL. The th rds t  i n s t a l -  

l a t  ion losses, represented by C ( 1  - qT), are general l y  assumed t o  represent T 

jet-scrubbing and j e t  mixing losses. 

CONFIGURATION DRAG = C + AC (see Figure 10) 
D~~ D~ 







i h  re = drag o f  clean wing plus fuselage 

less interfacing footprints 

and AC = incremental nacelle drag 
ON 

AC = incremental nacelle f r i c t i o n  drag 
'NF 

= i n c r m n t a l  induced drag (or ef fect ive 

drag-due-to-1 i f t) due t o  the nacel le/ 

jet/wing interact ions 

1 c = sumation of a l l  incremental pressure 
D~ 

drags due t o  aerodynamic interferences, 

separation, j e t  vectoring, etc. 

where AC = incremental pressure drag due to  boattai 1 
Ds 

sepa r a  t ion 

AC = unidentified miscellaneous pressure drags 
sc 

(shock losses, etc. ) 



AC = incremental wind-on pressure drag due t o  the 
D~ 

jet- induced load on the wing 

Subst i tu t ing  equations (3)  and (4) i n t o  equation (2) gives: 

These re lat ionships are sumnarized schemat i c a l  l y  i n  Figure 11. 

The incremental j e t -  induced pressure drag, ACD requires special  a t t en t i on  
j 

since t h i s  parameter i s  a p a r t i a l l y  i d e n t i f i a b l e  drag term where surface 

pressures w i t h i n  the j e t  scrubbing area are avai lab le.  In tegra t ion  o f  such 

pressures ( i n  the drag d i rec t i on )  can normally quant i fy  t h i s  term which can 

then be weighed against an ideal value. To t h i s  end, i t  may be shown from 

a simple momentum balance that  the theore t ica l  jet-induced pressure drag 

(due t o  vector ing) on the wing may be w r i t t e n  as: 

where 6 = e f f e c t i v e  tu rn ing  angle o f  the j e t  
j 

It i s  noted that f o r  i n te rac t i ve  powered- l i f t  appl icat ions,  the turn ing angle, 

6 . . i s  convent ional ly determined from s t a t i c  tes ts  o f  the i n s t a l l e d  nacelles, 
J 





along w i th  the paraneter. n and the assumption made that  both 9. and T ' 
( 6 . )  remain invariant a t  wind-on conditions. Hotever, the wing pressure 

J s 
load can change from that determined s t a t i c a l l y  due t o  a response o f  the 

j e t  to  alpha and tkch number e f fec ts  on the wing pressure f ie ld.  

The thrust and drag reiat ionships shown i n  Figure 11 also indicate why the 

wing pressure load -st be accounted for  when thc thrust o f  the isolated 

nacelle i s  used as a basis f o r  drag accountabil i t y  i n  1 ieu o f  the system 

net thrust vector (C . lntroducrng equation (6) i n to  equation (5) and 
T"et 

s impl i fy ing gives: 

ACCEL FORCE = C = - nTCT cos (a+6.) + C 
OH J "ve + a C ~ l  

where oTCT cos (a+6.) i s  the drag-wise cc.pMent o f  (C ) net. Equation 
J T 

(7) i s  the convent ional form o f  the accelerating force expression re la t ing  

a system - net thrust vector t o  the more comnon aerodynamic drag penalties. 

In the analyses of  the experimental results, eixpkasis i s  on the idenci f i -  

cation o f  the various drag components indicated i n  equation ( 5 ) .  As an a id  



t o  such identif ication, both force and pressure test-results need to  be 

u t i  l ized. 

The pressure data are instrunrurtal i n  making approximations t o  AC , AC 
o i  DS a 

and AC ,while the force results may be used fo r  defining C 
On1 sc i 

the paranrter AC i s  estimated. Stat ic  instal led test results may be 
'HF 

collpared to  isolated (cal ibrated) thrust to  determine ACD . In  order t o  
n 

maintain perspective on the re la t i ve  magnitudes o f  a l l  drag and thrust 

losses, a progressive buildup can be perfor-med for each nozzle configuration 

such that the fundamental equation ( i -e.  Equation (1)) i s  validated; that 

is, when to ta l  system losses are d i n e d  with the isolated nacelle gross 

thrust, the balance-raeasured accelerating force i s  reproduced. 

3.1.2.4 L i f t  Components - The to ta l  l i f t  o f  the system may be swnnarized 

by (see Figure 11): 

where = 1 i f t  o f  the wing-body combination 

"LN = 1 i f t  increment (or decrement) due t o  the in- 

stal led nacelle a t  a flow-through pressure 

r a t i o  

A C ~  
= 1 i ft increment induced by jet-vector ing at  I a t  

j 
H./pm > flow-through inclusive of direct 

J 
thrust i n  l i f t  d i rect ion 



3.1.3 Data Reduction 

A1 1 balance-measured forces and mmnents i n  the wind-on condl t ion were reduced 

t o  c o e f f i c i e n t  form using standard formats. They were: 

C = measured t o t a l  1 i f t  

L14 qtm s,, 

c = measured accelerat ing (or  drag) force 

q'm s,, 

measured p i  tch ing mMaent about 
C = wing quarter chord po in t  
"M 9. sv 

For s t a t i c ,  nacel l e - i ns ta l  led  force test ing, the balance-measured normal and 

ax ia l  forces were v e c t o r i a l l y  sumned t o  provide an i n s t a l  led thrust ,  which, 

when ra t ioed t o  the ca l ib ra ted t h r u s t  o f  the nacelle, provided the s t a t i c  

ef f ic iency factor nT. 

The th rus t  produced by the various iso lated nozzles was reduced t o  the co- 

e f f i c i e n t  form CT = (T/qR, SW) ; examples o f  these data are shor~n i n  Figures 12 

and 13 across the appropriate ranges o f  nozzle pressure r a t i o  and Mach number. 

For nacel les o f  a specif ied size, the thrust  var ia t ions  w i t h  nacs l le  shape are 

r e l a t i v e l y  small, as was noted i n  the nozzle ca l ib ra t ions .  

Surface pressure measurements on wing and nacel le surfaces were reduced t o  

standard pressure coe f f i c i en t  form wi th  which l i f t  or drag-wise ic tegrat ions 



Figure 12'  . Variation o f  nozzle gross thrust wi th  
Mach No. and pressure r a t i o ,  nozzle N3E. 



Figure 13 . Variation o f  nozzle gross thrust  wi th  
Mach No. and pressure r a t  io ,  nozzle N ~ *  . 



could be performed. Wake rake measurements, i n  terms of loca l  t o t a l  

pressure, were reduced t o  the r a t i o  form, AH/p-,and p l o t t e d  as a func t ion  

o f  wing semi-span s ta t ion .  

3.1.4 Data Formats - 

The nacel le  ma t r i x  described i n  Volume I I A  was tested i n  the low transonic 

speed range a t  the fo l low ing approximate condit ions: 

S t ra igh t  Wing Configurations 0.60 5 NOD 5 0.72 

Swept Wing Configurations 0.60 < fl < 0.80 - w -  

Both Wings 

Both Wings 

Both Wings 

Addi t ional  d e t a i l  as t o  model geometries, t e s t  condi t ions and t e s t  

f a c i l i t i e s  are provided i n  CR-3192. 

Because o f  losses i n  the wing supply duct, nozzle pressure r a t i o s  were 

l i m i t e d  t o  about 2.5 a t  Mm = 0.60, where tunnel s t a t i c  pressure was high. 

The f u l l  range spec i f ied  above was usual ly  ava i lab le  a t  Mach numbers higher 

than 0.68. The general nlethod f o r  acqui r ing both force and pressure mea- 

surements i n  the tes t  f a c i l i t y  was t o  ho ld  constant values of  nozzle pressure 

r a t i o  across a spectrum o f  angle o f  at tack and Mach number. However, since 

the tes t  f a c i l i t y  was o f  the blow-down type, i t  was necessary t o  pre-set 

nozzle pressure r a t i o  p r i o r  t o  each data acqu is i t i on  blow. S l  i gh t  va r i a t i ons  

i n  predicted tes t  sect ion cond i t ions could therefore change the pre-set 



nozzle pressure r a t i o  by a small amount. To maintain constant levels 

of nozzle pressure r a t  l o  f o r  the purpose o f  analysis, the force and moarent 

measurements were f i r s t  cross-plotted against nozzle pressure r a t  lo as shown 

i n  the typ ica l  data o f  Figure 14(a) and 14 (b). The maps o f  measured l i f t  

and drag, as shown i n  Figure 14(c), could then be constructed using both 

measured and cross-plot ted results. An ident ical  procedure (cross-plotted 

tes t  conditions) has been used where small var iat ions i n  pre-set angle o f  

attack have occurred across a matr ix  o f  Hach number and nozzle pressure 

ratios. A typical  example i s  provided i n  Figure 14(d). Due t o  the dynamic 

nature o f  powered tes t ing i n  general, and due t o  the h igh ly  interact ive 

nature o f  the subject tests i n  par t icu lar ,  some data scatter was observed 

across a matrix o f  pressure ra t ios  and angles o f  attack a t  a f ixed Mach 

nuder .  Most o f  t h i s  scat ter  appeared t o  be associated w i th  abrupt detach- 

ment or  reattachment o f  the j e t .  As an analysis aid, ten cross-plots o f  

the measured and reduced data were made t o  establ ish basic trends. Volume 

l l B  presents detai led resu l ts  o f  t h i s  process. In  these forms, the data 

could be further reduced, incremented, o r  processed i n  keeping wi th  the 

bookkeeping procedure out 1 ined i n  Sect ion 3.1.2. 

3.2 DISCUSSION OF RESULTS 

To present an analysis o f  the experimental data obtained i n  the USE-Cruise 

Program, the general format f o r  discussion i s  t o  f i r s t  consider resul ts from 

the pressure tests f o l  lowed by an analysis o f  the force-measurements. In  

the sections which follow, a b r i e f  analysis o f  the basic wing-body per- 

formance i s  f i r s t  given (Section 3.2.1); t h i s  i s  followed by an analysis o f  

USB-nacelle ins ta l la t ions (Section 3.2.2). 
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3.2.1 Basic Wing-Body Performance 

3.2.1.1 Two-Dinensional Pressure Tests - The a i r f o i l  used i n  the present 

experimental program i s  a supercri t i ca l  type designed f o r  appl ica t ion t o  

STOL a i rc ra f t .  I n  part icular ,  the a i r f o i l  d i f f e r s  from a conventional 

supercr i t ical  a i r f o i l  by reductia. i n  the a f t  leading normally carr ied by 

that type section. A sketch of  t h i s  a i r f o i l ,  designated LG 3-316, i s  shown 

i n  Figure IS. Baj ic  c r i t i r i a  f o r  the design re f lec ted ( t yp ica l l y )  a 

= 0.3 a t  a cruise %ch number of 0.70. Since a i r c r a f t  parametric 
I 

optimization studies have indicated that  USB a i r c r a f t  configurations o: 

interest would operate a t  somewhat higher l i f t  coeff icients (0.35 + 0.50). 

t h i s  a i r f o i l  was modified t o  increase Lie design l i f t  coe f f i c ien t  by re- 

moving material from the lower surface. The modified a i r f o i l ,  designated 

LG 7-516, i s  also shown i n  Figure IS. A comparison o f  experimental pressure 

d is t r ibut ions fo r  the two  a i r f o i  I s  a t  MaD = 0.6 and a = 3' i s  shown i n  Figure 

16. The two a i r f o i l s  have iden t i ca l l y  the saine upper surface, but the in- 

creased a f t  loading makes the modified a i r f o i l  operate a t  a higher l i f t  

coeff icient fo r  a given angle o f  attack. A s imi lar  comparison i n  Figure 17 

at a supercr i t ical  k c h  number of 0.72 shows that the more negative pressures 

on the upper surface o f  the modified a i r f o i  1 cause the shock t o  rove fur ther 

a f t .  The ef fec t  of increasing the a i r f o i l  a f t  loading on drag-rise k c h  

number i s  shown i n  Figure 18. This loading change serves t o  s h i f t  the drag- 

r i se  Mach number boundary t o  a higher l i f t  coef f ic ient  rangz. 

The swept wing a i  r f o i l  used for  these tests was obtained by using the LG 

?-516 i r f o i l  normal t o  the leading edge o f  the swept wing. Rs a check on 





US0 CRUISE P R O G W  

@ LC7-516, HODIFIED, Cp 0.45 

0 LGf-316, ORIGINAL, Cp  * 0.30 

&c = 3.5x106 

Figure 1 6 .  Prescure d i s t r i b u t i o n  comparison o f  o r i g i n a l  
and modified a i r f o i l s ,  M,=0 .73 ,  a =  2 . 6 "  



USB CRUISE PROGRAn 

@ LC?-516 MODIFIED tk = 0.56 
a LG3-316 ORIGINAL = 0 .38  

RNC- 3 .5x106 

Figure 17 . Pressure d i s t r i b u t i o n  comaprison of o r i g i n a i  
and modified a i r f o i i s ,  M, ~ 0 . 7 2 ,  a =  3'. 



USE CRUISE PROGRAM 

a LG7-516, WDIFIED 

O LGf-316, ORIGINAL 

R", = 3.5x 106 

Figure 1 8 .  Operating envelopes for orlginal and 
modified a i r f o i l  sections. 



the simple sweep theory, the pressure d i s t r i bu t i on  from the swept wing 

factored by the cosine'2 2 5 O  i s  compared w i th  the unswept wing i n  

Figure 19. 

Experimental resu l ts  (2-0) cn both the swept and unsmpt sections indicated 

sat is factory agreement w i th  the design objectives. Indications were that  

incorporation o f  these sections i n t o  the three-dimensional s t ra ight  and 

swept f i n i t e  wings could provide a reasonable range o f  cruise parameters 

before strong compressibi l i ty o r  other high-speed ef fec ts  would be 

encountered. 

3.2.1.2 Wing-Body Force Tests - Transonic tests o f  both the s t ra ight  and 

25 degree s w p t  wing and fuselage c q i n a t i o n s  were performed i n  both the 

CFF and 4' x 4'  blowdown tunnels. With these unpowercd configurations, 

good agreement between f a c i l i t i e s  was obtained on both l i f t  and drag. Data 

showing the l i f t ,  drag and pitching-moment variat ions fo r  the s t ra ight  wing 

are provided i n  Figures 20 through 22. Figures 23 through 25 show s imi lar  

data for the swept winglfuselage conf igurat ion. The performance o f  both 

wing-bodies were about as anticipated from the ea r l i e r  two-dimensional 

pressure tests o f  the two sections. The drag-rise Hach number f o r  the 

s t ra ight  ..ing a t  CL = 0.4 i s  )b = 0.70 and t& = 0.75 f o r  the swept config- 

urat ion a t  chc save condition. An ana:ysis o f  o i l - f l ow  photographs (see 

Voiume 116; for bath wings shawed no extraneous e f fec ts  occurring on e i ther  

wing a t  suocr i t ic? l  Mach numbers. 
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Figure 19. Comparison o f  swept wing pressures as modified 
by simple sweep theory t o  stra ight  wing pressures. 
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3.2.2 USB Nacel le I n s t a l l a t i o n s  - Pressure Tests 

Pressure tes ts  of  the two-dimensional wing w i t h  selected nacel les i n s t a l l e d  

were conducted t o  provide supportat ive d e t a i l  t o  the conclusions t o  be 

draw from the force measurements. Such t e s t s  included both surface s t a t i c  

pressures and wake-rake traverses o f  the j e t  one chord length downstream 

o f  the wing t r a i l  ing-edge. I n  the analys is  o f  the pressure data which 

f o l  lows, use i s  made o f  several equations f o r  co r re la t i on  purposes. For 

convenience, these w i l l  be discussed below: 

As noted i n  Section 3.1.3, the momentum equations r e l a t i o n  t o  the generation 

o f  l i f t  and drag forces on the wing alone by a vector inq j e t  are: 

ACL = 0 C s i n  ( ~ + 6 ~ )  
t T  (9a) 

These forces are, o f  course, manifested on the constant radius tu rn ing  

surface, Rw, as a pressure f i e l d  which, fo r  t h i r ,  attached j e t s ,  may be 

approximated by: 

I n  Reference 2, documenting resu l t s  o f  s t a t i c  t es t s  invo lv ing  Coanda 

phenomena, i t  i s  noted tha t  the peak negative pressures on the de f lec t ion  

surface are approximated by those derived by equation (10). Where shock con- 

d l  t ions  are present, the referenced resu l t s  ind icate that  the calculated 



value represents an approxfmate mean level o f  pressure about which the 

experimental values fluctuate. That equation (10) i s  essential l y  an 

equivalent o f  equations (9) when the pressure load i s  integrated over an 

increment of wing chord ( IC )  and effective nozzle width (Aw) i s  shown 

in  Figure 26. The corresponding 1 i f t  and drag increments are: 

In th is  form, these may be further incremented re lat ive t o  the flow-through 

nozzle condition as: 

or s i m i l a r l y :  

where 

AC sin (a+&.) = "T T J 

= qT A L ~  ( 1  - cos 
Dj J 





I n  the use of equations (11) o r  (12) f o r  cor re la t ion purposes, the assump- 

t i o n  i s  made that  the j e t  height, h, i s  the nozzle center l ine height which 

requires that  an e f fec t ive  width, Aw , be employed t o  account for the non- 

rectangular shape and specif ied area of the nozzle ex i t .  Addit ional ly, the 

radius o f  curvature, R,,, i s  taken t o  be that  o f  the a f t  a i r f o i l  upper sur- 

face which, f o r  the tes t  wings (s t ra ight  and swept), i s  approximiited by a 

constant radius o f  4.72 cm (12-inches) from x/c = 0.50 t o  x/c = 1.0. It 

should also be noted from the geometry c f  Figure 26, that  by specifying the 

Ac 

ratio iG , the angle through which the j e t  i s  turned i s  a lso specified, 

which would tqual the trai l ing-edge angle o f  the aft-wing upper surface 

when the foregoing geometric values are introduced; t h i s  angle i s  17 degrees 

and 16 degrees fo r  the s t ra ight  and swept wings, respectively. I n  the 

discuss ions which f o l  low, equations (12)  and ( 1  3) are used interchange- 

ably as appropriate t o  the subject matter. 

In  the pressure analyses, pressure integrations are f requer,t l y  used t o  

quanti fy re la t i ve  magnitudes and trends o f  l i f t  and drag inc;.ements usual ly 

wi th in the jet-scrubbed area o f  the nozzle. Carry-over ef fects can 

obviously influence the  pressures beyond the wing-stations considered and, 

therefore,the pressure resul ts can qua l i ta t i ve ly  support but not replace 

the force measurements. 

3.2.2.1 Sta t i c  Performance - I t  was noted i n  Section 3.1.3 that the observed 

pressure load on the wing alone bears a re lat ionship t o  the j e t  def lect ion 

angle obtained from force measurements. Addit ional ly, the jet-vectoring 

load can be portrayed as a pa r t  o f  the t o ta l  i ns ta l la t ion  penalty o f  the 



wing/body/nacel l e  system (i .e., i so la ted th rus t  vector deleted) under s t a t i c  

conditions. Thus, a study o f  tk s t a t i c  pressure d i s t r i b u t i o n s  are  of 

value i n  v e r i f y i n g  the equations and assutnpt ions employed i n  the bookkeep- 

ing process. 

Typical chordwise pressure d i s t r i b u t i o n s  along the j e t  center l ine  are pro- 

vided i n  Figure 27 f o r  a smal I ,  "0-duct" nozzle ( N ~ )  s t a t i c a l l y  tested on 

the s t ra igh t  wing. The nozzle pressure r a t i o  var ies  from about 1.4 t o  3.3 

and the p lo t ted  pressure coe f f i c i en t  has been oormalized on jet-dynamic 

pressure, q I t  may be noted from these data tha t  the  pressure load on 
j ' 

the wing increases rap id l y  w i t h  blowing ra te  and that,  in the higher range, 

the compression/expansion waves w i t h i n  the  j e t  cause abrupt var ia t ions  i n  

the pressure d i s t r i bu t i on .  It :lay a '  be noted tha t  the peak pressure co- 

e f f i c i e n t s  generated on the wing tend toward more p o s i t i v e  values as the 

t ra i l ing-edge i s  approached. Such a trend would be i n  keeping w i t h  an 

assumptian o f  j e t  detachment j u s t  ahead o f  the t r a i l i n g  edge resu l t i ng  i n  

j e t -de f l ec t i on  angles somewhat less than tha t  o f  the wing upper surface 

( 1 7 O ) .  

Also shown on Figure 27 are the values o f  Cp calculated by equation (10). 
j 

As the nozzle pressure r a t i o  i s  raised, the calculated pressure level  tends 

t o  represent a m a n  o f  the experimental pressures and, as such, suggests 

tha t  the nozzle geometry plays a r o l e  i- estab l ish ing  the pressure level  as 

i n  equat ion (12). Further evidence that center1 ine pressure may be governed 

by geometric nozzle height i s  provided i n  Figure 28 . Several sizes o f  

sen;-ci rcu lar  nozzles are represented by the s ize parameter, c ~ / A ~  varying 
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Figure 27 . Jet centerline surface pressures, 
static tests, a = 0'. 
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pressures, s t a t i c ,  a = 2 O ,  Hj/p,= 2.7 .  



i n  magnitude from 12 t o  48. For the pressure r a t i o  represented (2.7) ,  the 

2h , cor rec t l y  p red ic ts  the increase i n  peak pressure w i t h i n  the parameter, - 
'Ir 

scrubbed area as the j e t  height increases. Thus, over pa r t  o f  the downstream 

wing surface, a t  least,  the pressures indicate an attached j e t  t u rn ing  w i t h  

the wing upper surface. 

Pressure data simi l a r  t o  the foregoing have been inregrated i n  a 1 i f t  and 

drag d i rect ion,  assuming tha t  center l ine  pressures ac t  over the nozzle 

width, f o r  a semi-circular nozzle ( N ~ ) .  The resul ts ,  shown i n  Figure 29 i n  

AL 
terms o f  - and - AD , show good agreement w i t h  force t e s t  measure- 

l SOL I SOL 
ments; i t  should be noted here, tha t  a t  h igh  pressure ra t ios ,  shock- 

induced pressure f luc tuat ions  create some d i f f i c u l t y  w i t h  the pressure 

integrat ions. However, the basic agreement between force and pressure 

measurements,as shown i n  Figure 29, v e r i f i e s  the expected consistency betweecl 

the  s t a t i c  wing loads and the Coanda expressions as used i n  the bookkeeping 

process. 

3.2.2.2 Wind-On Perfornsnce - Before considering basic wind-on tes t  resul ts ,  

a comparison between s t a t i c  and wind-on pressures of fers considerable ins igh t  

i n t o  US8 aerodynamic phenomena. The wing pressure load due t o  the def lec t -  

ing j e t  appears t o  be substant ia l l y  changed a t  wind-on condit ions as opposed 

t o  the s t a t i c  observations. Figure 30 compares upper-surface pressure co- 

e f f i c i e n t s  generated ?tong the j e t  center l ine  under both s t a t i c  and wind-on 

condit ions (M- = 0.68) fo r  the small, D-duct nozzle ( N ~ )  ; the pressure co- 

e f f i c i e n t  under e i the r  condi t ion i s  based on j e t  dynamic pressure, q j ,  and 

the nozzle pressure r a t i o  i s  constant a t  about 2.6. Clean wing pressure 
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Figure 29 . Comparison o f  force and pressure-derived 
wing loads a t  s t a t i c  condit ions.  
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Figure 30 . Jet center1 ine pressure distributions, 
"D-Duct" nor ( N ~ )  Hj/p, = 2.6, a - 2 . 6 O .  



data are a lso  shown for  reference. It i s  apparent from the resu l t s  that ,  

w i t h  nace l le  i ns ta l l ed ,  an increase i n  the scrubbing area pressure load 

(pos i t i ve  l i f t  and drag) occurs a t  wind-on condi t ions r e l a t i v e  t o  the s t a t i c  

case. A general observation would be tha t  the t o t a l ,  wind-on pressure load 

on the wing af t -sur face i s  m r e  c lose ly  approximated by some combination o f  

the wing-alone and jet- induced pressures rather  than j u s t  the s t a t i c  

pressure load. I n  t h i s  case a basic d i f fe rence i n  the loadlng could r e f l e c t  

a change i n  the cross-product terms o f  a pressure c o e f f i c i e n t  as derived by 

( A V . ) ~  s t a t i c a l l y  and (v ,+Av.)~ a t  wind-on condit ions. Further, the 
J J 

presence o f  the j e t  can introduce a loca l  cambering e f f e c t  by suppression 

of the a f t  boundary-layer bui ld-up on the clean wing thus prov id ing  an 

increased pressure load as the sect ion approaches loca l  po ten t ia l - f low per- 

formance. Therefore, through such mechanisms, the vector ing j e t  a t  wind-on 

condit ions can produce l i f t  and drag increments which exceed the simple 

superposit ion of wing alone and s t a t i c  vector ing loads on the a f t  surface. 

Addi t ional  evidence tha t  the wind-on behavior o f  the j e t  var ies considerably 

from tha t  found s t a t i c a l l y  i s  shown i n  Figure 31 where j e t  p r o f i l e s  obtained 

from the t ravers ing wake rake are compared. S t a t i c a l l y ,  the j e t  appears t o  

be more d i f fused and does not penetrate the wake t o  the same extent as in- 

d icated f o r  the wind-on case. Also, the wind-on j e t  core appears t o  fo l l ow  

the wing surface more c lose ly  ind ica t ing  a higher tu rn ing  angle (6 . )  a t  
J 

Mach number than was obtained s t a t i c a l l y .  While an exact determination o f  

the parameter, 6 from the wake p r o f i l e s  may be questionable due t o  rap id  
j ' 

changes i n  j e t  curvature between the wing t r a i  1 ing edge and rake, an attempt 

was made t o  quant i fy  the s t a t i c  versus wind-on changes i n  6 - the resu l t s  
j ' 
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F igure  31 . Comparison o f  s t a t i c a n d  wind-on 
j e t  isobars one chord length behind 
s t r a i g h t  wing, Hj/p, = 2 . 2 ,  a = 2.6'. 



are shown i n  Figure 32. The rake data provided were obtained behind an 

aspect r a t i o  2.53 'ID-duct" nozzle (N3) designed w i t h  a low b o a t t a i l  angle 

(B = 9') to suppress j e t  attachment. The upper h a l f  o f  Figure 32 shows the 

loca t ion  o f  the j e t  core as obtained from the wake traverses, both s t a t i c a l l y  

and wind-on. The increment i n  j e t  de f l ec t  ion, A6 shown a t  the bottom o f  1 ' 
the f i gu re  was obtained from f u l l - s c a l e  gtometr ic lay-outs o f  the wing and 

wake p r o f i l e .  I n  the lower f igure,  the j e t  de f l ec t i on  angle as resolved 

from s t a t i c  force measurements i s  shown along w i t h  the added increment as 

evaluated from the wake traverse. About 3 degrees o f  increase i n  angle a t  

the wind-on s ta te  i s  ind icated from these measurements. A t  the t y p i c a l  

c ru ise  angle-of-attack o f  approximately 3 degrees, the pressure drag on the 

wing would be increased by t h i s  add i t iona l  vector ing as would a l so  the 

react ion th rus t  i n  the l i f t  d i rec t ion .  Later discussions concerning the 

drag increment associated w i t h  t h i s  nozzle conf igura t ion  (see Section 3.2.3.3) 

w i l l  show tha t  i n  the h igh  pressure-rat lo  range, the j e t  pressure drag 

corresponds t o  
j 

= lo0 - 12O or  a s l i g h t l y  higher e f f e c t i v e  angle than 

tha t  dzduced from the foregoing wake traverse. 

3.2.2.3 Aerodynamic/Geometric Ef iects  - - Wind-on aerodynamic e f f e c t s  are d is -  

cussed below i n  terms o f  the operat ing envi ronment o f  the wing/nacel l e / j e t  

combination a t  simulated c ru ise  condit ions. These dlscussions are then 

followed by s im i l a r  discr~ssionz o f  the geometric e f fec ts  o f  the nozzle shape 

and size on local  pressure d i s t r i bu t i ons .  

o E f fec t  o f  Mach number - Typical e f fec t s  o f  rlach number on j e t  center l ine  

pressures are shown i n  Figure 33 a t  e constant nozzle pressure r a t i o  of  

2.2 for  a 0-duct nazzle. The major d i f ferences occurr ing w i t h  Mach 
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number are those a - - s o c i ~ t e d  w i t h  the changes in j e t  shock s t ruc ture  and 

the ind ica t ion  o f  higher negative pressures w i t h i n  the scrubbed area a t  

the !ewer Hach number. Inasmuch as Equation (11 !  suggests tha t  the 
q: 

c ~ n t e r l  ine pressures should be dependent upon the parameter, 1 , 
9, 

s i . .~ i l a r  pressure d i s t r i b u t i o n s  have been p lo t ted  i n  Figure 34 a t  a con- 

stant value o f  q..'r * f o r  two Mach numbers. Except for  the presence 
J 

of the shock s t ruc ture  a t  the higher pressure r a t i o  ( 2 . 2 ~ ) ~  the center- 

l ine pressures *re reasonably equal for the two widely  d i f f e ren t  free- 

stream speed conditions. These, and s i m i l a r  t es t  resul ts ,  ind icate t h a t  

freestream Mach number has l i t t l e  e f f e c t  on pressures w i t h i n  the j e t  

scrubbed area and tha t  the primary c o n t r o l l i n g  fac tor  i s  the j e t  dynamic 
v.  

pressure, qj, o r  the j e t  ve loc i t y  rat io ,  (+I. This would imply tha t  a t  
W 

constant levels o f  q./q-, the jet-induced l i f t  and drag increments should 
j 

be approximately constant when considering only the jet-induceci pressures 

w i t h i n  the scrubbed area. 

For reference. the va r ia t i on  of the j e t  dynamic pressure r a t i o  w i t h  Hsch 

nuder and nnzzle pressure r a t i o  i s  provided i n  Figure 35. As shown, and 

as used herein, the data represent a fully-expanded je t .  A t  a speci f ied 

level  o f  nozzle pressure r a t i o ,  i t  may be a lso noted tha t  the r - t i o  

q./qm varies inversely w i t h  Hach number. Therefore, from these as we1 l 
J 

as the foregoing cons ide ra t i o~s ,  pressure changes due t o  the j e t  should 

vary inverqely w i t h  Mach number when the pressure r a t i o  i s  held constant. 

In  keeping w ~ t h  the foregoins  conclusion^, c e r t e r l i n e  pressures have been 

integrated f r4, = rrozzle e x i t  t o  the biing t ra i l ing-edge and the 
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Figure 35 , Jet dynamic pressure r ~ t  io, 
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assumption made t h a t  t he  c e ~ t e r l i n e  pressure l e v e l s  a re  suseained across 

the nozz le  wid th .  The r e s u l t s  a re  shown in F igures 36 and 37. I n  F igure 

36 the data a re  presented as the  r a t i o  o f  the drag increase due t o  blow- 

ing r e l a t i v e  t o  t h a t  found a t  the  f low-through [H: = cond i t i on .  The 
J 

t rends cc  firm the e a r l  ie: conc lus ion a= t o  the  a n t i c i p a t e d  a f f e c t  of  

Mach rtumber. Included on F igure  36 are  data determined i n  a l i k e  manner 

f o r  a s i m i l a r  t e s t  c o n f i g u r a t i o n  and repor ted  on i n  Reference 3. For 

the referenced t es t s ,  the  nozz le  i s  e s s e n t i a l l y  rec tangu la r  i n  shape 

(AH = 3.3) w i t h  a i r  suppl ied f rom upstream of the  t e s t  sec t ion  v i a  an 

a i t - supp l y  pipe. A lso shown on F igure 36 i s  a ca l cu l a ted  t rend  o f  

pressure drag wi t h  Mach n,imber , based on Equat ioc  (12), which can be 

reduced to :  

The f unc t i on  i s  miitched t o  th: retzrenced r e s u l t s  ( v i a  K) a t  Mm = 0.10 

inasmuch as the d e t a i l s  3 f  the  wing/nacel le  geoinetrics a re  l a r g e l y  un- 

known. Both se ts  o f  exper imental  data as w e l l  as the c a l c u l a t i o n  i n d i -  

cate  t ha t  the e f f e c t s  o f  Mach number on pressure drag a re  manifested 
9 .  

pr i lnar i  1 y through the j e t  dynan,ic pressure r a t i c ,  1 . Figure (37) 
4, 

shows the l i f t  increment as in tegra ted  w i t h i n  the j e t  scrubbing area as 

.? f unc t ion  o f  Mach number fo r  a range o f  nozz le  shapes and based on the 

foiegoing assu~ ip t ions .  Ag'iin, a ca l cu l a ted  t rend,  s i m i l a r  t o  equat ion 

( 1 4 1 ,  i s  shown w I t h  the c a l c u l a t i o n  matched t o  the wide nozzle ( A R  = 4! 

.fat3 at  !I = 0.72.  For the wide n o z z l e ,  the exper imental  t rend  o f  l i f t  
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increment w i t h  Mach number i s  seen t o  match reasonably w e l l  w i t h  the 

ca lcu la t ion ,  again i nd i ca t i ng  tha t  the jet- induced l i f t  i s  con t ro l l ed  

p r i m a r i l y  by j e t  dynamic pressure. As the three-dimensional i ty of  the 

j e t  increases, however, the data show tha t  the an t ic ipa ted  increase i n  

l i f t  w i t h  decreasing Mach number is suppressed due t o  the i n a b i l i t y  o f  

the thickening j e t  t o  remain f u l l y  attached t o  the wing surface as the 

r a t i o  q./qm grows i n  magnitude. The c i r c u l a r  nozzle (N2 ) i s  shown 
E 

t o  produce an almost constant l i f t  increment regar t less  o f  Pach number. 

o Ef fects o f  Pressure Rat io - The e f f e c t s  o f  nozzle pressure r a t i o  are 

shown i n  Figure 38 f o r  Ma = .68, a = 2 O .  The nozzle (N ) i s  an aspect 
4~ 

r a t i o  4 conf igurat ion mounted on the s t r a i g h t  wing; the clean wing pressure 

d i s t r i b u t i o n  i s  a lso  shown. With t h i s  type o f  conf igurat ion,  the majcr 

e f f e c t  of pressure r a t i o  i s  a gradual reduct ion i n  center l ine  s t a t i c  

pressure as the nozzle pressure r a t i o  increases. Near the nozzle e x i t  

(x/c = .35), a high-pressure region which grows : * 9 pressure r a t i o  i s  

a lso  evident. This l a t t e r  region ar ises  as a r e s ~ l t  o f  the r e l a t i v e l y  

high boat ta i  1 angle o f  the nozzle ( 3 6 O )  and, i n  e f f e c t ,  tends t o  suppress 

the l i f t  incremnt  ca r r i ed  by the scrubbed area. It would be expected 

from such d i s t r i b u t i o n s  tha t ,  a t  the flow-through condit ion, the l i f t  

increment due t o  the j e t  would be less than th3 t  sustained by the clean 

wing over the same area and, as the pressure r a t i o  i s  advanced, such 

losses would tend t o  be recovered. I t  would a lso be ant ic ipa ted  that the 

e x i t  high-preshure reg!on would have only  neg l i g ib l t  t f f e c t s  on the 

pressure drag, since the tes t  b~ ing  has 1 i t t l e  curvature between x/c = 0.35 

and x / c  = .65.  Dodnstream o f  x/c = 0.65, the  a f t - f ac ing  thickness o f  the 



wing grows r a p i d l y  and i t  i s  i n  t h i s  reg ion t h a t  the  e f f e c t s  o f  ,>ressure 

r a t i o  on cen te r l  i ne  pressures become pronounced. 

The data o f  F igure 38 have been r e p l o t t e d  i n  F igure 39 w i t h  the pressure 

c o e f f i c i e n t  normal ized on q ra the r  than q- , As noted e a r l i e r  i n  
j 

the d iscuss ion o f  Hach e f f e c t s ,  the cen te r l  i ne  pressures tend toward a 

conmn l e v e l  a f t  o f  x/c = 0.70, again i l l u s t r a t i n g  the predominant i n f l u -  

ence o f  the j e t  dynamic pressure as the nozz le  pressure r a t i o  i s  var ied. 

To evaluate the  r e l a t i v e  magnitudes o f  the l i f t  and drag increments gen- 

e ra ted  w i t h i n  the  scrubbed area, pressure d i s t r i b u t i o n s  f o r  a ser ies  o f  

nozzles have been in tegra ted  over a range o f  nozz le  pressure r a t i o s .  

Typica l  r e s u l t s  a re  provided i n  Figures 40 through F igure 44 as the v a r i -  

a t i o n  o f  the in tegra ted  force increment ~ i t h  nozz le  pressure r a t i o  a t  a 

spec i f i ed  c ru i se  Mach number. F igure 40 shows the  pressure drag gcnzrated 

by several  wide (aspect r a t i o s  4 and 6) nozzles w i t h i n  the j e t  scrubbed 

area. Also shown are the clean wing increments ( i n teg ra ted  over the 

same arca) as we1 l as a pred ic ted t rend  based on equat ions (12) o r  ( 1 3 ) .  

As noted, the exper irnental ly -der  i ved trends conf i r m  those p red ic ted  in-  

d i c a t i n g  the pressure-drag equiva lent  o f  f u l l y -a t t ac+ed  j e t s  c l o s e l y  

fu l lowing the wing contour and t u rn i ng  t i lrough an a n g l t  approaching t ha t  

o f  the wing t r a ;  l ing-edge, ( 1  y o ) .  The increase i n  pressuc- drag over 

t ha t  obtained by a s imple superpos i t ion o f  the s t a t i c a l l y - d e r i v e d  tu rn -  

ing qngl- t o  the  wing alone can )e evaluated by adding the expres;im: 
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Figure 39 . Effect o f  nozzle pressu;e r a t i o  on 
j e t  center1 ine pressures, a = jO, tb= 0.68. 
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Figure 40 . Variation o f  scrubbed area pressure drag 
w i t h  pressure r a t  :o, a =2' ,  t h ~ O . 6 8 .  
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Figure 42 . Comparison o f  pressure drag developed 
I n  scrubbed area. 
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Figure 4 3  . L i f t  developed in scrubbed area 
w i t h  h! >wing, a=2', &-0.70 .  
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Figure 44 . L i f t  developed in scrubbed area 
with blaring, a=2O, 4,-0.70. 



t o  the clean wing drag increment, AC 
1 

the nT and d parameters 
s j 5  

r e f l ec t  the s t a t i c  tes t  values. A n  evaluation by t h i s  procedure i s  shown 

in Figure 40. A coaparison of the drag coef f ic ient  level  obtained by 

s inple superposition w i th  those representating the experincntal values 

show the l a t t e r  t o  be higher by about ACo = .0010 t o  -0013. i n  the 

bookkeeping process, the higher drag would be man i fes ted as an aerodynani c 

loss over and above the s t a t i c  i ns ta l l a t i on  loss. 

Additional drag integrat ions over the scrubbed area as generated by in- 

creasingly three-dimensional nozzle shapes,are shown i n  Figure 51. These 

data shou that  the integrated pressure drag f a l l s  below the ful ly-attached 

j e t  level  as nozzle aspect r a t i o  i s  reduced toward the c i r cu la r  shape. 

Even the c i r cu la r  nozzle, b w r ,  shows some increase i n  pressure drag 

over that  which m u l d  be predicted by superposition o f  s t a t i c  turning 

loads onto the clean wing. That other investigators haw found a s im i la r  

e f fec t  from USB-type configurations i s  shown i n  Figure 42. I n  t h i s  figure, 

integrated pressuredragsfrom the present study are compared t o  data 

taken from Reference 3; the reference nozzle has an e x i t  aspect r a t i o  o f  

about 3.3 .  

When only pressure r e s ~ l t s ,  such as these, are considered, a logical  

questioc arises concerning the clean wing drag increment shown on Figure 

40 o r  41. This drag increment i n  the wing-alone configurat ion (2-0) i s  

normally o f f se t  by a leading-edge suction force such that under pre-draj- 

r i s e  conditions, the net drag i s  pr imar i ly  that due t o  skin f r i c t i o n .  

With a three-dimensional closed forebody present t o  suppress t h i s  suction 



force over the width o f  the nozzle, the t o t a l  drag penalty could mli 

include that shawn as representing the clean wing level i n  addi t ion t o  

the aforetlrntioned increase. Pressure surveys i n  the tests  were insuf- 

f i c ien t  t o  f o rm la te  a de f i n i t e  conclusion i n  t h i s  regard and recourse aust 

be niade t o  the force tests results. 

Treating the l i f t  generated in  the jet-scrubbed area i n  the sari  fashion, 

integrated l i f t  resu l ts  are sham in  Figures 43 and 44 f o r  nozzle aspect 

ra t ios  o f  4, 2.5 and 1.25 (circular).  As concluded ear l ie r ,  the l i f t  

increment w i th in  the scrubbed area f a l l s  belaw that o f  the wing atone a t  

the flow-through pressure rat io.  For the t ~ ,  wider nozzle shapes, t h i s  

i n i t i a l  l i f t  loss i s  essent ia l ly  recovered by blowing a t  a pressure r a t i o  

o f  about 2.0 or  higher. The c i rcu la r  je t ,  on the other hand, never re- 

covers the i n i t i a l  l i f t  loss wi th in  the scrubbed area due t o  the nacelle 

ins ta l la t ion.  Relative t o  the f lw-through case, the increase in l i f t  

wi th blowing i s  seen t o  be also generally higher than would be predicted 

by a superposition o f  stat ical ly-der ived wing loads t o  the 1 i f t  level 

present on the wing a t  flow-through conditions. 

In the foregoing discussions, i t  has been observed that the parameter 

qj/qo represents a major influence on pressure d is t r ibut ions as well  as 

jet-induced l i f t  and drag increments. Figures 45 and 46 u t i l i z e  t h i s  

r a t i o  as a correlat  in9 parameter t o  col lapse the integrated drag incre- 

ments to  a common curve regardless o f  pressure r a t i o  or  Mach number. The 

calculated trend i s  shown for  reference along wi th the clean wing pressure 

drag increment. As indicated, the j e t  dynamic pressure r a t i o  serves the 



Figure 45 . Variation of pressure drag with 
Mach No. and pressure r a t  io, a = 2 O .  
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Figure 46 . Variation o f  pressure drag i n  scrubbed area 
wi th  Hach No. and pressure r a t i o ,  a 2 2'. 



intended purpose f o r  the th ree  nozz le  shapes. A s i m i l a r  c o r r e l a t i o n  

o f  the  in tegra ted  l i f t  increments i s  prov ided i n  F igure  47, which again  

shows the value o f  q./q= as an e f f e c t i v e  c o r r e l a t i n g  parameter. I n  an 
J 

e f f o r t  t o  assess the  in f luence  o f  the  aforementioned h i g h  pressure near 

the  nozz le  e x i t , a  r e - i n t e g r a t i o n  o f  the center l ine-pressures was performed 

d e l e t i n g  t h i s  reg ion from the  i n t eg ra t i on ;  the open symbols on F igure 47 

represent the  r e s u l t s .  At a h i g h  pressure r a t i o ,  the  r e l a t i v e  l oss  i n  

l i f t  due t o  the impingement and r e - d i r e c t  i on  o f  the high-pressure a i r  

a t  the  e x i t  i s  seen t o  be appreciable.  The data o f  F igure 47 has been 

u t  i 1 ized t o  prepare F igure  48. I n  t h i s  f i gu re ,  l i f t  increase due t o  

t h r u s t  ( r e l a t i v e  t o  f low-through) i s  shown as a f unc t i on  o f  j e t  dynamic 

pressure r a t i o  and a comparison i s  made w i t h  t he  data prov ided i n  

Reference 3. The referenced resu l t s ,  r e f l e c t i n g  t e s t s  o f  an aspect r a t i o  

3.3 nozzle,  compare favorab ly  w i t h  the present r e s u l t s  from an aspect 

r a t  i o  2.53 nozz le  (D-duct) .  

The v a r i a t i o n  o f  the drag and l i f t  pena l t y  w i t h  b lowing i s  por t rayed  i n  

Figures 49 and 50 respec t i ve ly ,  by norma l i z ing  the increments t o  t h a t  

represent ing the c lean wing. Figure 49 ind ica tes  t h a t  the excess pressure 

drag behind an aspect r a t i o  4 nozz le  can be as much as 4 t imes t h a t  pre- 

sent on the c lean wing and t ha t  :he D-duct nozzle can reach a l eve l  o f  

about 2.5 times the l a t t e r .  Although marg ina l l y  at tached, the  c i r c u l a r  

j e t  can generate an excess pressure drag about equal i n  magnitude t o  t ha t  

o f  the same area on the c lean wing. A s i m i l a r  p resen ta t ion  f o r  the l i f t  

increments i s  shown i n  F igure 50. A l a rger ,  i n i t i a l  l i f t  loss i s  susta ined 

a t  f low-through cond i t i ons  by a wide nozzle (AR = 4 ) ,  bu t  t h i s  loss  i s  
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Figure 48 . L i f t  increase i n  scrubbed area 
due to blowing, a ~ 2 O - 3 ~ .  



Figure 49 . Variat ion o f  excess pressure drag due t o  nacel le  
insta l  l a t i o n  and blowing wi th in  scrubbed area, 
0'2'. 
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Figure 50 . Variation o f  incremental l i f t  due 
t o  nacelle installation and blowing 
within the scrubbed area,  a =  2'. 



more than recovered w i t h  a small excess 1 l f t  bene f i t  ind icated a t  h igh  

blowing rates. The 'ID-duct" nozzle shows some i n s t a b i l i t y  a t  h lgh blow- 

ing rates and may, depending upon pressure r a t i o ,  recover the i n i t i a l  

l i f t  loss o r  essen t i a l l y  separate from the wing surface, as i n  the case 

o f  the c i r c u l a r  nozzle. 

It i s  o f  some in te res t  t o  note tha t  jet- induced pressure drags s i m i l a r  

t o  those o f  the USB-configuration have been observed i n  t e s t s  o f  j e t  

f laps.  Reference 4 re fe rs  t o  t h i s  pressure drag component as "jet-drag", 

where the  source o f  the drag i s  an induced e f f e c t  due t o  f l ow  entrainment 

near the wing t ra i l ing-edge.  The data shown i n  Figure 51 have been ex- 

cerpted from the referenced document and compared t o  USB-data taken from 

Figure 40 (aspect r a t i o  4 nozzle). The referenced mater ia l  represents 

several t es t s  o f  a j e t - f l a p  force model w i t h  some scat te r  i n  the measured 

resul ts ;  t h i s  i s  shown as a band i n  Figure 51. As indicated, the US0 

resul ts ,  represent ing a more three-dimensional nozzle shape r e l a t i v e  t o  

the 2-D j e t - f l a p ,  produce a pressure drag increase w i t h  CT very s im i l a r  

t o  tha t  observed i n  the j e t - f l a p  study. 

o E f fec ts  o f  Nozzle Shape ( ~ s p e c t  Ratio) - The v a r i a t i o n  o f  j e t  center1 ine 

pressures are shown i n  Figure 52 f o r  three d i f f e r e n t  nozzle shapes a t  

Hj/p. = 1.4. The r e l a t i v e l y  low pressure r a t i o  (approximately flow-through) 

i s  employed t o  minimize the extraneous e f f e c t s  o f  the shock s t ruc ture  on 

the d i s t r i b u t i o n s .  As noted, the pressures immediately a f t  o f  the a i r f o i l  

crest  (x/c e 0.45) vary essen t i a l l y  w i t h  nozzle height except i n  the case 

of  the c i r c u l a r  nozzle which characterizes a marginal o r  unattached j e t .  



Figure 5 1  . Comparison o f  USB and j e t - f l a p  pressure drag. 
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Figure 52 . Ef fect  of  nozzle e x i t  shape on j e t  
center1 ine pressures, a 2 2 O ,  Eh, = 0.60, 
Hj/p= = 1 



Predicted i~crementa l  pressure levels based on: 

are shown t o  co r rec t l y  evaluate the change i n  pi-essure c o e f f i c i e n t  f o r  

the tw, wider nozzles whi le the poor ly  attached c i r c u l a r  j e t  does not 

a t t a i n  the predicted level .  

The data presented i n  the e a r l i e r  discussions have been u t i l i z e d  t o  pre- 

pare Figures 53 and 54 f o r  i l l u s t r a t i n g  t yp i ca i  drag and l i f t  var ia t ions  

i n  the j e t  scrubbing area w i t h  nozzle aspect r a t i o .  Figure 53 considers 

the pressure drag va r ia t i on  e.t a nozzle pressure r a t i o  o f  2.6 a t  Hm = 0.68. 

The trends show that  the c i r c u l a r  nozzle e f f l u x  represents an unattached 

j e t  w i th  the pressure drag increment close t o  t h a t  which .would be pre- 

d ic ted  from s t a t i c  tes t  observation;- As the aspect r a t i o  increases, the 

j e t  becomes marginal ly attached, which, combined w i t h  a greater nozzle 

width, proddces a hiaher pressure drag. A t  an aspect r a t i o  of about 4 

and higher, the pressure drag increments correspond t o  tha t  o f  a f u l l y -  

attached j e t  turn ing through essent ia l l y  the f u l l  angle range o f  the a f t  

wing surface. As before, the wind-on pressure drag exceeds tha t  which 

would be prediced by a simple superposi:ion o f  the s t a t i c  pressure load 

onto the clean wing pressure level .  

A s imi ja r  presentation f o r  ;ncremental l i f t  coe f f i c i en ts  develaped i n  

t h e  scrubbed area by the j e t  operating a t  H./po, = 2.6 i s  shown i n  Figure 
J 

54. Also shown are 'he clean wing l i f t  increments over the appropriate 
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Figure 53 . Effect o f  nozzle e x i t  aspect r a t i o  
on pressure drag, a =  30, &-0.68, 
Hj/p-= 2.6. 
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Figure 54 . E f fec t  o f  nozzle aspect r a t i o  on l i f t  
developed i n  scrubbed area, k = 0 . 6 8 ,  
a = 20,  H ~ / P ,  = 2 . 6 .  



nozzle widths and the l i f t  increment as calculated by: 

ACL. ' nT CT s i n  (a+17O)  
J 

This l a t t e r  increment i s  almost a constant a t  a spec i f ied  pressure r a t i o  

except fo r  s l i g h t  var ia t ions  i n  q and CT. At the pressure r a t i o  
T 

se:ected, the integrated pressure indicates tha t  between the nozzle e x i t  

and wing trai l ing-edge, the l i f t  increments essen t ia l l y  correspond t o  a 

leve l  very l i t t l e  d i f f e r e n t  t h a t  developed by the clean wing over the 

same foo tp r in t  area, a t  least  i n  the lower nozzle aspect r a t i o  range. Data 

obtained from Reference 4, shown on the f igure,  corroborates t h i s  trend. 

Force data, discussed la te r ,  w i l l  show that  the t o t a l  l i f t  developed by 

the e n t i r e  wing w i t h  blowing j e t  i ns ta l  led i s  greater than tha t  o f  the 

clean wing (at  the same a) by about AC = .04 - .05 ( t yp i ca l  l y ) .  Shown L  

on Figure 54 i s  an incremental c i r c u l a t i o n  l i f t  calculated from force 

data by; 

AC = C - " C T  s i n  (a+6.)  - C  
Lr L~ J 

H j /P= L~ C L E m  

where, 6 = IS0 i s  used i n  the calculat ions.  This increment represents 
j 

the c i r c u l a t i o n  l i f t  increase due t o  i n s t a l l i n g  the nacel le  and blowing 

a t  H./p- = 2.6. Since the pressure tes t  resu l t s  suggest tha t  very l i t t l e  
J 

o f  t h i s  l i f t  benef i t  i s  car r ied  by the area scrubbed by the j e t  i t s e l f ,  

then @C must represent l i f t  inducedon adjacent sections o f  the wing, 
r 

the lower surface of the wing o r  the nacel le forebody. For the most par t ,  



the spanwise in f luence  o f  the j e t  on adjacent wing sect ions, as discussed 

l a t e r ,  appears t o  be the major mechanism account ing f o r  t h i s  d i f ference.  

o E f fec t  of  Nozzle Size - I n  the discussions o f  the  pressure model r e s u l t s  

a t  s t a t i c  condi t ions,  i t  was noted t ha t  peak negat ive pressures generated 

along the j e t  c e n t e r l i n e  va r i ed  roughly i n  p ropo r t i on  t o  j e t  he ight .  It 

was l i kew ise  shown i n  F igure  52 t h a t  f o r  wind-on condi t ions,  c e n t e r l i n e  

pressures var ied  s i m i l a r l y  when nozz le  s i z e  (and C )was s p e c i f i e d  and 
T 

j e t  he ight  changed w i t h  nozz le  e x i t  aspect r a t i o .  The v a r i a t i o n  o f  

cen te r l i ne  pressures when nozz le  shape i s  s p e c i f i e d  and j e t  he igh t  i s  

al lowed t o  vary w i t h  nozz le  s i z e  i s  considered i n  F igure 55(a). For these 

data, th ree  I'D-ductH-shaped nozzles are represented wi t h  e x i  t areas vary- 

i n g  from c2/n = 48, ( N ~ )  t o  c ~ / A ~  = 12 ( N ~ )  A low, constant nozz le  N 

pressure r a t i o  ( ~ . / p ~  = 1.4) i s  used f o r  the  comparison t o  suppress the 
J 

rap id  f l uc tua t i ons  i n  the d i s t r i b u t i o n s  due t o  shock formations. As noted, 

the three nozzles, a l though vary ing  s i g n i f i c a n t l y  i n  j e t  (o r  nozzle) 

he ight ,  show about the same l eve l  o f  c e n t e r l i n e  pressures as the c lean 

wing over the a f t - p o r t i o n  o f  the a i r f o i  I; 1 i t t l e  o r  no v a r i a t i o n  w i t h  

nozzle he ight  i s  ind icated.  Th is  impl ies t h a t  the c e n t e r l i n e  surface 

f lows are t u rn i ng  through s i m i l a r  angles f o r  the three nozzles. As p rc -  

vided i n  Figure 5 5 ( b )  wherein s i m i l a r  data a re  p l o t t e d  fo r  H./pm = 3.0, 
J 

cen te r t i ne  pressures f o r  the la rge  j e t  ( N ~ )  i nd i ca te  a separated j e t  a f t  o f  

x/c = 0.65. While a l l  three j e t  s izes show i nd i ca t i ons  o f  separat ion o r  

marginal attachment a t  t h i s  pressure r a t i o ,  the  smal ler .  ( N ~ ) ,  generates 

more negat ive pressures as, would general 1 y be expected. As wi 1 1 be 

discussed l a t e r  i n  terms o f  force measurements, pressure drag due t o  
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blowing tends t o  be reduced a t  pressure r a t i o s  o f  t h i s  magnitude. As 

shown i n  Figure 55(b), i t  would be improbable tha t  even the smallest j e t  

i s  we1 1 attached a f t  o f  x/c a 0.80 due t o  the presence o f  the st rong 

compression wave e x i s t i n g  a t  t ha t  point .  

o Spanwise E f fec t  o f  Nacel le I n s t a l l a t i o n  - In a spanwise d i r e c t i o n  the 

major e f f e c t s  o f  the j e t  appear t o  be l oca l i zed  t o  the immediate v i c i n i t y  

of  the nozzle. Figure 56 compares chordwise pressure d i s t r i b u t i o n s  a t  

several spanwise s ta t i ons  c lose t o  a "D-duct" nacel le ,  NS, a t  Mm = 0.68, 

H/p- = 2.0. The spanwise l oca t i on  i n  t h i s  f igure,  as we l l  as those 

f igures immediately fo l lowing,  i s  given i n  terms o f  nozzle hal f -widths 

( b y / ; ) .  As shown i n  Figure 56, the major e f f e c t  o f  the j e t  i s  t o  pro- 

duce a high-pressure region near the nozzle e x i t  (x/c = 0.35), which pro- 

pagates outward f o r  a distance o f  a t  leas t  several nozzle half-widths; 

t h i s  spanwise inf luence has essen t i a l l y  damped out  a t  a distance o f  

four nozzle ha1 f-widths. A t  those measuring s t a t  ions under the st rong 

inf luence o f  t h i s  high-pressure region, a saddle-shaped chordwise d i s t r i -  

but ion o f  pressures i s  noted. At the selected Mach number, t h i s  type of  

d i s t r i b u t i o n  e f f e c t i v e l y  f i x e s  the pos i t i on  o f  the leading-edge wing 

shock we1 1 forward o f  the  nozzle e x i t .  A t  more remote s t a t  ions, the 

shock can move fu r ther  a f t  w i t h  a greater chordwise extent o f  induced, 

supersonic over-veloci t y  near the leading-edge. f ressures on the lower 

surface of  the wing indicate very l i t t l e  spanwise inf luence o f  the j e t .  

Ef fects s im i l a r  t o  those noted above are shown f o r  the same nozzle 

operat ing a t  a much higher nozzle pressure r a t i o  ( ~ / p =  = 3.57) i n  Figure 57. 
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Figure 56 . Spanwise influence o f  j e t ,  I'D-Duct" 
nozzle ( N ~ )  . a =  3'. k.0.68, Hj/pm=2.0. 
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Figure 57  . Spanwise influence of  j e t ,  "D-Duct" 
noz ( N j ) ,  3O, Mmu 0.68, Hj/pms 3-57. 



The same type o f  data are given i n  Figures 58 (H/poJ = 3.0)  and 59 

( ~ / p -  = 2.75) f o r  the wide (aspect r a t i o  6) nozzle tested on the s t ra igh t  

wing. Increased inter ference ve loc i t i es ,  qr super-veloci t ies, are noted 

near the wing leading-edge c lose t o  the j e t  ( AY/: = 1 6 ; these are 

generated by the expanding shape o f  the  wide, f l a t  nozzle a t  the wing/ 

W 
nacel le  juncture. The pressures a t  = 0.84 f a l l  w i t h i n  the j e t  

scrubbed area and therefore are under the d i r e c t  inf luence o f  the j e t  and 

associated shock st ructure.  These data a l so  show tha t  the inf luence 

o f  the j e t  has essen t i a l l y  disappeared a t  approximately 2.5 nozzle h a l f -  

~ i d t h s  from the j e t  center l ine.  

Data s im i l a r  t o  the foregoing, but f o r  representat ive small nacel les in-  

s t a l l e d  on the swept wing are provided i n  Figures 60  and 61. Figure 60  

shows pressure d i s t r i b u t i o n s  a t  two spanwise s ta t ions  inboard o f  the P duct 

nac5l l e  ( Ay/W = -2.7 and -7.9) and one s t a t  ion outboard o f  the nozzle 
2 

+ 
(AYI? = 2.21) a t  Mach = 0.68 and Hj/p,= 2.0. The resu l t s  show the in -  

board side o f  the nacel le  t o  be more sens i t i ve  t o  jet- induced inter ference 

+ 
than the outboard side (compare .Ay/W = -2 .7  and 2.2) ;  i n  fac t ,  some 

2 

sl ight changes from clean wing pressures are noted a t  an inboard s ta t i on  

7.9 nozzle hal f -widths away. Pressure data obtained from tes ts  o f  the 

wide nozzle ( N ~ ~ ,  A( = 6), as tested on the swept wing and shown i n  Figure 

61, a lso  indicate a s e n s i t i v i t y  o f  the inboard f l o w - f i e l d  t o  jet- induced 

interference. Some e f f e c t  i s  noted a t  f i v e  nozzle hal f -widths inboard 

o f  the center1 ine. The data o f  both Figures 60 and 61 show r e l a t i v e l y  

high superveloc i t ies generated on the inboard side o f  the nacel le  a t  

the leading-edge. While the f i l l e t s  used w i t h  these models were o f  some 
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Figure 58 . Spanwise in f luenceof  j e t , n o z , N s  
AR.6, a 3 b m O . 6 8 ,  H j / p . =  3.0 
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Figure 59 . Spanwise i n f l u e n c e o f  j e t ,  n o z N g ,  
AR-6, a = 3 0 9  & - 0 . 6 8 ,  Hj/p,=2.75. 
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Figure 60 . Spanwise i n f l u e n c e o f  j e t  on swept wing, 
noz N8, A R - 2 . 5 ,  a =  3O, k 1 0 . 6 8 .  
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Figure 61 . Spanwise influence of j e t  on swept wing, 
N13, AR-6,  as 3'. h ~ 0 . 6 8 ,  Hj/pOD= 1.96. 



benefi t  i n  suppressing such supervelocities, the need f o r  a more effec- 

t ive nethod, such as area-rul ing o r  stream1 i n  ing, i s  indicated by the 

avai lab le  data. 

It i s  concluded from the foregoing and other data that  l i f t  induced by 

the j e t  i s  generally confined t o  the imnediate spanwise v i c i n i t y  of the 

nozzle. Uhi le l i f t  increases are noted on the adjacent wing sections, 

these appear t o  be associated w i th  nacel le and nozzle planform shapes 

as much as w i th  the jet-induced ef fects.  The general trend appears t o  

be an increase i n  adjacent section l i f t  as the nozzle width increases, 

which probably accounts f o r  the l i f t  changes noted i n  the discussions 

o f  pressure data (Figure 54). 

o Ef fects o f  Mul t ip le  Jets -Pressure tests o f  a four-engine configurat ion 

using small (c2/q( = 48) 11D-d~~ t18  nacel les spaced 1.6 nacel l e  diameters 

apart (surface-to-surface) are represented i n  the data o f  Figures 62 and 

63. These data compare clean wing chordwise pressure d is t r ibu t ions  w i th  

those obtained a t  a cnordwise s ta t ion mid-way between the two j e t s  

(611; = t 2.6). In  Figure 62, the major e f fec t  appears t o  be i n  the 

region o f  the leading-edge where rather extensive f i 1 l e t  ing had been used 

t o  prevent excessive shock losses. A t  Map = 0.60, Figure 62, the high- 

veloci ty region appears t o  recover t o  the clean wing t r a i  1 ing-edge 

pressure level without separating. A t  MOD = 0.73, Figure 63, the forward 

high-velocity region i s  moved a f t  re la t i ve  t o  that  o f  the clean wing wi th  

the predominant e f fec t  being the high-pressure region near the nacel l e  

e x i t  positions. The a f t  pressure gradient resu l t ing from the saddle- 
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Figure 62 . Swept-wing pressure d i s t r i b u t i o n  along 
median l i n e  o f  twin- jet  configuration, 
"D-Duc~" Not ( N ~ ) .  ~ i - 3 ~ ~  & - . 6 0 ,  tIj /p.=2.6.  
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Figure 63 . Swept wing pressuredistribution along 
median l i n e  o f  twin-jet configuration, 
"0-Duct" no2 ( N ~ ) ,  a =  3', l h - 0 . 7 3 ,  ~ ~ / ~ . - 2 . 6 .  



shaped d is t r ibut ion,  along w i th  f low-entrainmnt In to  the Jets, w u l d  

tend t o  suppress boundary-layer bui ld-up o r  separrt ion a t  t h i s  median 

position. Again, the trail ing-edge pressure level  essent ia l ly  nrrtches 

that  o f  the clean wing. From these data, no severe f low problems sug- 

gesting a high interference drag penalty are noted a t  the ratdian posit ion; 

t h i s  would not be surpr.ising in view o f  the relatively large spacfng 

between nacelles. Wake traverses behind the m l t i - j e t  configuration, 

Figures 193 and 194 o f  Volunr I I C ,  Indicate a substantial loss i n  t o t a l  

head immediately downstream o f  the mdian station, which tends t o  con- 

f l i c t  wi th the foregoing conclusion. As w i l l - b e  shown i n  Section 3.2.3.2, 

force test  resul ts indicate very 1 i t t l e  drag penalty iden t i f i ab le  as an 

interference type of drag f o r  t h i s  configuration. 

3.2.3 US0 Instal lat ions -Force Tests 

Discussion o f  the force-test resu l ts  follows the same format as used fo r  

the analyses o f  the pressure-tests. The fo l lowing sections consider f i r s t  

the s ta t i c  performance o f  the USE-system along w i th  the balance-measured 

parameter derived. Mse discussions are followed by the wind-on force-test 

results. 

3.2.3.1 Stat ic  Performance-Force Tests - Static, ins ta l led force tests 

were conducted on a l l  tes t  nozzles t o  eva'uate the two parameters: qT s 
( s ta t i c  ef f ic iency) and 8 ( s ta t i c  turning a ~ g l e ) .  Figure 64 provides a 

j s 
summary of  s ta t i c  ins ta l led thrust e f f ic ienc ies (qT ) and the ef fec t ive 

s 
s ta t i c  j e t  def lect ion angle, ( 6 .  ) for  each test  nozzle as a function o f  

's 
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Figure 64 . - Tabulat ion of  0~~ (6 jS )  for test  nozzles; 
s t a t i c  data .  



nozzle pressure rat io.  Inasmuch as an accurate determination o f  these 

p a r a m t e n  can involve very law force loadings (nornml force w i t h  8 margin- 

a l  l y  attached je t ,  f o r  i nstance) , a separate check was made on several more 

sensit ive balance systems; Section 3.1.1 provides addit ional discussion o f  

these supplementary tests. For each of the several balance systems u t i l i z e d  

under the Task I I  ef fo r t ,  i t  was necessary t o  obtain the isolated thrust  as 

well as the s t a t i c  ins ta l led thrust  t o  derive the several s t a t i c  parameters. 

The values o f  the s t a t i c  parameters shcntm i n  Figure 64 are based on the 

more accurate balance masurements . 

3.2.3.2 General Wind-On Performance - The wind-on aerodynamics o f  the wing/ 

nacelle combinations are discussed i n  the f o l l w i n g  paragraphs i n  terms o f  

incremental e f fec ts  on cruise drag, l i f t  and p i tch ing moment. Where possible, 

these force and mtnnent increments are fur ther broken d w n  i n  an e f f o r t  t o  

ident i fy  the sources o f  the aerodynamic changes induced by the ins ta l la t ion  

o f  the blowing nacelle and fo r  corroborating trends developed from the pres- 

sure tes t  results. These discussions w i l l  be followed by data pertaining 

t o  geometric ef fects.  

o Total Cruise Drag Penalty - Figure 65 shows a typical  trend of the t o t a l  

nacelle drag penalty (AC ) as a function o f  the nozzle gross thrust  

coeff ic ient ,  CT; the Mach number o f  0.68 i s  a t  the drag-rise o f  the 

stra ight  wing/nacelle combination and the nozzle has a "0-duct" shape and 

size o f  e Z/A,, = 24. The experimental ly-derived increments i 1 lustrated 

are obtained from: 





a t  a constant ( t o t a l )  l i f t  c o e f f i c i e n t  o f  0.40. The data po in ts  shown 

have been obtained a t  f i x e d  nozzle pressure r a t i o s  o f  1.4, 1.8, 2.2, 2.6 

and 3.0. S t a r t i n g  w i t h  the f low-through nozzle pressure r a t i o  ( ~ ~ / p =  = 1.40), 

there i s  a gradual reduct ion i n  the drag increment as the th rus t  coe f f i c -  

ient  i s  increased t o  about .06 f o l  lowed by a more rap id  increase between 

CT - values o f  .06 and 0.10. Above CT = 0.10, the i n i t i a l  rrends appear 

t o  be repeated w i t h  a gradual increase i n  the ove ra l l  drag penalty. 

It w i l l  be shown t h a t  t h i s  t rend i s  reasonably t y p i c a l  f o r  the wider 

(higher aspect r a t i o )  nacel les w i t h  the per turbat ions i n  basic drag leve l  

created by a changing t rade-of f  between the scrubbing losses, ACD , the 
n 

drag-due-to- l i f t ,  AC , and the pressure drag induced by the de f l ec t i ng  
i 

j e t ,  ACD . 
j 

Dupl icat ing the foregoing format, the t o t a l  c ru ise  drag penal t ies o f  a l l  

o f  the s t ra igh t  wing nozzles are given i n  Figures 65 through 88 a t  f i xed  

Mach numbers o f  0.60, 0.68 and 0.72. Corresponding swept wing nozzle 

conf igurat ions are s i m i l a r l y  presented i n  Figures 89 through 103 a t  

f i xed  Mach numbers o f  0.60, 0.68 and 0.73; the drag-r ise (o r  cru ise)  con- 

d i t i o n  for the swept wing conf igurat ions i s  Mach 0.73, CL = 0.4P. For 

the single-nacel le i ns ta l l a t i ons ,  the swept wing drag penal t ies are 

shown t o  be approximately one-hzlf  that o f  the s t ra igh t  wing ins ta l la t ions ,  

inasmuch as the nacel le  sizes on the swept wing are normally one-half 

those o f  the st ra ight-wing ( c 2 / ~  = 48, swept). I n  add i t i on  t o  N 
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Figure 94 . incremental nacelle drag and component buf ld-up,  
nor Nil, c i rcu la r ,  H, = 0.73,  CL,, - 0.40. 
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i l l u s t r a t i n g  the range of  incremental drag pena l t ies  found f o r  vary ing 

nozzle and wing geometries, nozzle pressure r a t i o  and b c h  number, the 

foregoing data ( i  .e., Figures 65 through 103) form the basis  o f  the 

geometric e f f e c t s  studies provided i n  Section 3.2.3.2. Shown on the 

f igures represent ing the c ru ise  drag pena l t ies  o f  the various nacel les 

are curves r e f l e c t i n g  the estimated component drag penal t ies as progres 

s i v e l y  sumned f o r  comparison t o  the measured t o t a l  drag penalty.  The 

sources and assumptions made i n  the generation of  the component curves 

are explained i n  the fo l lowing discussions. 

o Nacelle F r i c t i o n  Drag (bC ) - T h i s  component i s  the sk in  f r i c t i o n  drag 

c o e f f i c i e n t  o f  the i n s t a l l a t i o n  inc lus ive  of  lower surface 

pylons, ducting, forebodies and nozzles. These have been estimated by 

standard aerodynamic pr~cedures  and have been modif ied t o  account f o r  

i n te r fac ing  f o o t p r i n t  areas between nacel le  and wing such tha t  the 

tested values o f  the drag o f  the basic wing/bouy combination can be 

appl ied. Figure 104 provides thees t imated va l t reso f  AC 

drag bui ld-up process. 

o Scrubbinp-drag Coef f i c ien t ,  (bcD ) - Evaluat ion o f  the scrubbing drag 
rl 

component makes the assumption that  the value o f  the s ta t i ca l l y -de r i ved  
I i n s t a l  led  

i n s t a l l e d  thrust  r a t i o  (qT = ) remains invar ian t  i n  the wind-on 
Ti solated 

condi t ion.  Therefore, the scrubbing drag loss i s  represented by:  
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196 

N2 + OTW PYLON 

WING INSTALL. A C ~ ~ ~  

STRAIGHT WING 0.0022 

0.0023 

0.0025 

0.0021 

0.0024 

0.0020 

0.0024 

0.0010 

I 0.0023 (FLOW-THROUGH FOREBODY) 

25" SWEPT WING 0.0012 
I 

0.0013 

0.0014 

0.001 3 

Figure 104 . Tabulat ion o f  est imated skin f r i c t i o n  
drag o f  t e s t  nacel les.  



where ACT = ( c ~ ) , , ~  ,p_ - ( C ~ )  FLOW-THROUGH 

Variat ions o f  IIT w i t h  nozzle pressure r a t i o  are provided i n  Figure 64, 

Section 3.2 .3 .1  f o r  a l l  o f  the t e s t  nozzles. Values o f  CT a t  the f low- 

through pressure r a t i o  can be obtained from the CT vs H j / w  curves i n  

Volume l l ( B ) .  

o Drag-Due-To-Lift (QCD; ) - Assessment o f  the drag-due-to-1 i f t  penal t y  

combines a l l  l i f t  - (o r  a-) re la ted  drag penal t ies underonecoef f i c ien t .  

Thus, t h i s  component i s  comprised o f  t rue  po ten t i a l - f l ow  induced drag 

changes due t o  the nacel le-plus blowing j e t ,  p r o f i l e  drag var ia t ions  

w i t h  l i f t  as we l l  as any var ia t ions  i n  the shock/boundary-layer i n t e r -  

ac t ion  w i t h  a. The der iva t ion  o f  t h i s  component penal ty  has made use 

2 
o f  p l o t s  of  C L ~ ~ ~  vs C D ~ ~ ~  f o r  each o f  the f i xed  nozzle pressure r a t i o  

( i .e. .  l . ' + , H i / ~ m >  3 . 9 ) .  U t i l i z i n g  the shapes o f  these curves i n  a con- 

vent ional manner re u l  t s  i n  an "effect ive" induced drag fac tor ,  e, 

which can then be compared t o  a s im i l a r  f ac to r  derived for- the basic 

wing/body combination. The resu l t s  o f  these ca lcu la t ions  are presented 

i n  Figures 105 through 117 i n  the form o f  @e/ew across the blowing- and 

Mach-ranges o r :  

I n  tak ing the slopes o f  the 1 i f t - d r a g  curves, emphasis was placed on the 

1 i f t  range 0.3  5 C L ~ ~ ~  5 0.5 inasmuch as such curves are general l y  not  

e n t i r e l y  l inear  over the l i f t  range o f  i n te res t .  Typical var ia t ions  o f  
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0 0.60 
El 0.68 
A 0.72 

C ~ / A ~  = 24 

i i g u r e  1 1 1  . Varitlon o f  e f fec t ive  drag-due-to-l lft  parameter 
with thrust and Mach no., nozzle Ns, AR - 6 .  
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the Ae/ew curves w i t h  b l o ~ i n g  c o e f f i c i e n t  show a large drag penal ty  a t  

the flow-through cond i t ion  (CT = -025) w i t h  a gradual improvement as the 

blowing ra te  increases. I t  i s  be1 ieved t+a t  such a r  improw~ment, more 

notable w i t h  the ~ i d e r  nozzles, r e f l e c t s  a flow-entrainment process 

whereby the boundary-layer on the more remote sections o f  the basic wing 

are being increasingly con t ro l l ed  (or entrained) i n t o  the j e t  as the 

blowing r a t e  advances. It i s  noted that  ucder no cond i t ion  i s  the 

i n i t i a l  loss incurred by the nace l le  i n s t a l l a t i o n  f u l l y  recovered by 

b l w i n g .  In  fact,  a t  the higher blowing races where the e f f e c t i v e  drag- 

d u e - t o - l i f t  penalty tends toward a minimum, i t  would be ant ic ipa ted  the 

t rue  po ten t i a l  f low induced drag should be increasing rap id l y  and the 

parameter, be, would become more negative as the th rus t  i s  advanced much 
ew 

beyond the l i m i t s  shown. I t  may a lso  be noted tha t  f o r  the c i r c u l a r  

nozzle conf igurat ions, Figure 106, f o r  example, the drag-due-to-l i f t  

penalty recovers beyond flow-through but t o  a r e l a t i v e l y  low levc i  which 

i s  almost constant w i th  blowing rate.  This trend WOU:.~ ~d t o  support 

the supposit ion o f  an entrainment e f f e c t  which may be reduced f o r  the 

c i r c u l a r  nozzle due t o  the marginal ly attached j e t .  

o Jet Pressure Drag ( A C D ~ )  - Stuly o f  the surface pressure w i t h i n  the j e t -  

scrubbed area (sect ion 3.2.2) i dent i f ies a pressure drag penal t y  beyond 

t ~ a t  which would be assessed from purely q t a t i c  measurements o f  j e t  

de f lec t ion .  Tne pressure measurement stud) suggests that  i n  the ~ i n d - o n  

condit ion, both l i f t  and drag increvents due t o  the j e t  shoStd represent 

j e t  de f lec t ion  angles more nearl  y l ike  the t r a i  1 ing-edge angle o f  the 

wing upper surfdce ( 6 j  - 16'-17') i a the r  than the considerably lower 



def lect  ion angles measured s t a t i c a l  l y  (see Figure 64). I n  keep- 

i ng  w i t h  t h i s  concept, the jet-pressure drag pena l t ies  shown on the 

f igures has been computed from: 

where 

a = 2'-3' (cru ise C L ~ ~ ~  = 0.4) 

P a r t i c u l a r l y  where t h i c k  j e t s  are involved ( c i r c u l a r  j e t s  being notable 

examples), lower acgles have been used i n  the ca lcu la t ions  t o  provide 

ins igh t  i n t o  the breakdown o f  t e s t  resul ts ;  the j e t  angle used i n  the 

computation i s  noted on the f igures  and i n  some instances, several angles 

have heen employed. 

A progressive surnmat ion of the four basic drag components ( A C D ~ ~ ,  ACD,..,, 

A C D ~  and A').) t o  a t o t a l  penalty i s  i d e n t i f i e d  on Figures 65 through 
J 

103 as a long dach l ine .  This summation can then be compared t o  tb? 

measured nacel le  drag increment and fu r ther  drag per ,a l i t ies assessed i f  

the comparison appears t o  warrant f u r the r  drag i d e n t i f i c a t i o n .  A com- 

pa r i  son o f  the measured drag increments and the c~mponent i zed bui l d-dp 

shows that ,  f ~ r  the most par t ,  the major por t ion  of  t o t a l  nace~  l e  



drag increment i s  i d e n t i f i e d  by the summed ccmponents. I n  general, the 

pressure drag component appears t o  correspond t o  a j e t  de f l ec t i on  o f  

from 12O t o  16' a t  the lower nozzle pressure ra t ios .  Just beyond the 

theore t ica l  c: i t ical  pressure r a t i o ,  ( 1.89). a "hard-choke" condi- 
P- 

t i o n  w i th  accompanying shock formations i n  the j e t  create a f l ow- f i e ld  

and a f t  wing pressure gradient i n  bihich a completely attached j e t  f low 

i s  d i f f i c u l t  t o  maintain. The data provided ind ica te  a r e s u l t i n g  j e t  

angle o f  10°-120, whereas f o r  a c i  r cu la r  j e t ,  the angle reduces t o  about 

6'. As the blowing ra te  continues t o  advance toward Hj/p, = 3.0 and 

beyond, the downstream movement (and i n c l  i na t  ion) o f  the j e t  compress ion 

waves appear t o  permit some re-attachment o f  the j e t  which i s  accompanied 

by a higher j e t  pressure drag loss. 

An example, where an add i t iona l  drag penalty i s  involved i n  the t o t a l  

increment i s  given i n  Figures 80 through 82 wherein an aspect r a t i o  4 

nozzle ( N ~ ~ )  w i t h  a h igh (36') boat ta i  1 angle i s  represented. Flow sep- 

arat ion on the aft-nozzle i s  evident from f low-v isua l iza t ion  tes ts ,  Figure 

118 and surface pressure measurements. This drag penalty, i d e n t i f i e d  as 

A C D ~ ,  appears t o  be gradual 1 y reduced as CT increases. It i s  be1 ieved 

tha t  t h i s  trend, contrast ing w i t h  the rap id  bui ld-up o f  j e t  pressure 

drag (ej = 16O), i s  caused by a suppression o f  the local  separation by 

a jet-pumping e f fec t .  A t  a C T =  0.13 (Hj/pco= 3.0) the b o a t t ~ i  1 separation 

appears t o  be ent i r e l y  suppressed i f  the assumption o f  a 16-degree j e t  

angle a t  the wing t ra i l ing-edge i s  made. 

An in te res t ing  comparison i f  o f fe red  i n  the data o f  Figures 65 and 75. 

Figure 65 represents a 'ID-Duct" nozzle w i th  a 25' boat ta i  1 angle, whereas 





Figure 75 provides drag resu l t s  from a s i m i l a r  conf igura t ion  except f o r  

the much lower b o a t t a i l  angle o f  9 degrees. Based on the component 

bui  Id-up, the 25 degree boat ta i  1 conf igura t ion  sustains a higher scrub- 

b ing loss (lower rlT) but a lower drag-due-to-1 i f t  penalty than i t s  

counterpart. The t r a i  1 ing-edge j e t  angle appears t o  be s l  i g h t l y  higher 

f o r  the 25 degree b o a t t a i l  angle configuration,as would be expected f o r  

a higher degree o f  j e t  attachment. The sonlewhat h igher  t o t a l  drag i n -  

crement f o r  the case w i t h  the h igh  jet-impingement angle appears p r i -  

mar i l y  due t o  a higher scrubbing loss which i s  no t  o f f s e t  by the improved 

drag-due-to- l i f t .  Thus, f o r  a given nozzle aspect r a t i o  wi thout  s i g n i f i -  

cant b o a t t a i l  separation, the basic  aerodynamic t rade-of f  i n  s e t t i n g  

boat ta i  1 (or j e t  impingement) angle appears t o  be between 'he increasing 

scrubbing losses and pressure drag on one hand versus the improving 

drag-due- to - l i f t  losses on the other,  as pressure r a t i o  advances. 

I n  the foregoing componentized drag increment build-ups, the match w i t h  

the measured t o t a l  does not ind icate any large, con t r i bu t i ng  components 

which remain yet un ident i f ied .  I n  associations w i t h  the analys is  o f  the 

pressure tes t  data, a question was raised regarding the r o l e  o f  a leading- 

edge suct ion force on the clean wing which would normally o f f s e t  the a f t -  

wing pressure drag over an area equivalent t o  tha t  scrubbed by the j e t .  

The pressure data o f  Section 3.2.2.2 shows that ,  a t  the nozzle f low- 

through pressure r a t i o ,  the af t -wing pressures approach those o f  the 

clean wing. With the three-dimensional nacel le  forebody spanning tha t  

sect ion of  the wing, the necessary leading-edge suct ion force must be 

car r ied  by the nacel le  forebody or ,  more l i k e l y ,  i s  accounted fo r  by the 



moderate Increase i n  1 ead lng-edge negat i ve pressure on adjacent sect ions. 

I n  any event, an i d e n t i f i a b l e  increase i n  nace l le  drag ( t y p i c a l l y ,  .0010s 

ACg s .0020) due t o  a loss i n   lean wing leading-edge suct ion force I s  

not apparent i n  the force measurements. 

A second quest ion should be addressed inasmuch as Sect ion 4.0 demonstrates 

tha t  the USB 1 i f t-performance can be represented as a high1 y- local  ized 

j e t  f lap.  This question i s  i n  regard t o  the so-cal l ed  "Thrust Hypothesisi' 

per t inent  t o  j e t - f l a p  theory (see Reference 4, f o r  example). It i s  s tated 

( i dea l l y )  i n  t h i s  hypothesis t ha t  the t o t a l  forward th rus t  w i l l  be essen- 

t i a l  l y  independent o f  the j e t -de f l ec t i on  angle. This form o f  t h rus t  

recovery, normally re fe r red  t o  i n  an ideal ized, two-dimensional s i tua-  

t ion ,  has some theore t ica l  j u s t i f i c a t i o n .  However, as i n  the present 

case, very l i t t l e  "hard-evidence" of  such an e f fec t  has been found on 

three-dimensional wings under experimental condit ions. I n  the USB- 

program, there are several features o f  the experimental set-up which 

tend t o  m i t i ga te  against s i g n i f i c a n t  th rus t  recovery o f  t h i s  type i n  

add i t ion  t o  the three-dimensional i ty o f  the j e t s .  I n  the ideal case, 

i t  i s  suggested tha t  the th rus t  recovery i s  manifested by an increase 

i n  the leading-edge suct ion pressures. W+ile some increase i n  leading- 

edge pressures are noted on adjacent sections o f  the wing (sect ion 

3.2.2.2), i t  i s  apparent tha t  large increases i n  suct ion could not be 

sustained a t  the t e s t  condi t ions without the onsets very strong shocks 

and subsequent f low-separation. Addi t ion?l ly ,a s i g n i f i c a n t  induct ion 

e f f e c t  over the crnsiderable jet-to-leading-edge chordwise distance w i t +  

such a h igh l y  local ized (spanwise) j e t  i s  bel ieved t o  be improbable. I t  



i s  t he re fo re  concluded t h a t  b e n e f i c i a l  drag e f f e c t s ,  represent ing the 

t h r u s t  bypothesis, a re  a h i g h l y  u n l i k e l y  c o n t r i b u t o r  t o  USB c u r i s e  

performance. The c o r r e l a t i o n  obtained w i t h  the bu i  Id-up process appears 

t o  support t h i s  view. 

o L i f t  Due t o  B lowing - Typica l  examples o f  the  v a r i a t i o n  o f  t he  t o t a l  

l i f t  c o e f f i c i e n t  w i t h  nozz le  pressl l re r a t i o  crre g iven i n  Figures 119 

through 121 a t  f i x e d  angles o f  a t t a c k  and constant Mach number (0.68). 

Th is  set  o f  f i g u r e s  covers a range o f  nozz le  e x i t  zhapes i r - m  c i r c u l a r  

(F igure 119) t o  'ID-Duct" (F igure 120), t o  aspect r a t i o  6 (F igure 121). 

The wing-body l i f t  c o e f f i c i e n t  a t  the  same a i s  shown f o r  comparison. 

The general t rends o f  these data show a r a p i d l y  increas ing l i f t  co- 

e f f i c i e n t  i n  the lower blowing range w i t h  a l e v e l i n g - o f f  as Hj/pm = 3.0 

i s  approached. These trends, as we l l  as the comparative greater  l i f t  

developed by the wider (h igher  aspect r a t i o )  nozzles, a re  t y p i c a l  ~f 

l imi ied-span j e t  f l a p  performance; i n  f a ~ t ,  Sect ion 4.0 shows t h a t  

exce l l en t  agreement can be obtained between tne measured USB l i f t  per-  

forvance and t h a t  ca lcu la ted  from simple j e t  f l a p  theory.  While no t  

p a r t i c u l a r l y  emphasized i n  the examples provided, i n  many cases a s l  i:+- 

drop i n  l i f t  i s  obta ined a t  o r  near Hj/p, - 2.0 man i fes t ing  the onset 

o f  a "hard-chakel' e x i t  cond i t i on  o f  the nozzle.  Add i t i ona l l y ,  a s l i g h t  

d rop-o f f  i n  l i f t  i s  o f t e n  r~o ted  a t  the h igher  blowing l eve l  (see Volume 

l l ( B ) )  suppor t ing the specu la t ion  o f  j e t  detachment under such cond i t i ons .  

While the foregoing drag data show a s t rong  dependartce on the ex ten t  o f  

j e t -a t~achment ,  the l i f t  does not  appear t o  be p a r t i c u l a r l y  .;ensitive t o  

moderate changes i n  the j e t  angle,since r  st o f  the pressure cha-iges w i t h  



,LEAN WING c 2 / h  = 24 STRAIGHT YIW6 

Figure 119 . - The effect of  nozzle pressure rat io  on total 
1 i f t ,  noz N p ,  circular, b = 0.68. 
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Figure 120 . The effect of  nozzle pressure r a t i o  on total 
1 i f t ,  noz N3E, AR = 2.5,  Eb. = 0.68. 
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Figure 1 2 i  . Effect o f  nozzle pressure r a t i o  on tota l  
l i f t ,  nor NS, AR = 6.0, H, P 0.68. 



j e t  a:~gle are occurr ing forward o f  the wing t r a i l i n g  edge. As w i l l  be 

shown i n  Section 4.0, reasonable co r re la t i on  o f  the USP l i f t - d u e - t o -  

blowing w i t h  j e t - f l a p  theory i s  obtained on ly  when loca l  j e t  angies o f  

about the same magnitude as deduced from the drag data are u t i l i z e d .  

As a genera! trend, the t o t a l  l i f t -due- to-b lowing improves on ly  s l i g h t l y  

w i t h  angle-of-attack,as would be ant ic ipa ted  from the above-mentioned 

s i m i l a r i t y  t o  j e t - f l a p  performance and considering the l i m i t e d  angle 

range o f  in terest .  However, c i r c u l a r  j e t s  tend t o  show a s l i g h t l y  la rger  

benef i t  w i th  increases i n  angle-of-attack i nd i ca t i ng  tha t  the marginal 

j e t  de f l ec t i on  a t  small -a can be increased as the higher AP e x i s t i n g  

across the j e t ,  as the angle-of-attack Increases, promotes higher j e t  

de f lec t  ions. 

L i f t  increments due t o  blowing have been extracted from the basic data 

p lo t s  discussed i n  the foregoing, and are shown as a funct ion o f  CT i n  

Figures 122 through 132 for  a i  1 o f  the t e s t  nacel les. The increment 

represented i s  

and therefore contains the 1 i f t  due t o  the nacel le  i ns ta l  l a t  ion a t  f low- 

throush condi t ion as wel l  as the add i t iona l  l i f t  due t o  blowing. Inasmuch 

as  f o r  the n ~ a j o r i t y  o f  the nacel les such increments are not s t rongly a- 

dependent, the increments are si~own only fo r  cr = ZO-3' acrqss the Mach 

number range. 
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Figure 122 . Variat ion o f  1 i f t  and moment increments due 
to blowing, not N2, c i r c u l a r .  
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STRA l GHT W l NG 

Figure 124 . Variation of  1 ift increment due to blowing, 
nor NJB, AR = 2.5. 
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Figure 125 . Variat ion o f  l i f t  and moment increments due 
t o  blowing, noz NgE, AR = 2.5.  
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Figure 126 , Variation of l i f t  andmoment increments due 
t o  blowing, noz Nb, AR = 4. 
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Figure 127 . Variat ion o f  l i f t  and moment increments due 
to  blowing, not NsE, AR = 4 .  



Figure 128 . V a r i a t i o n o f  l i f t  andmment Increments due 
t o  blowing, noz Ng, AR = 6 .  
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Figure 129 .  Variat ion o f  1 i t t  and moment increments due 
t o  blowing, no2 N6, AR 2 .5 .  
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SWEPT W l NG 

Figure 130 . Variat ion o f  l i f t  increment due t o  blowing, 
noz N l l r  c i rcu lar .  



Figure 131 . Variation of lift increment due to blowing, 
noz N ~ z ,  AR = 4. 



SWEPT W 1 NG 

Figure 132 . Variation o f  1 i f t  increment due to  blowing, 
noz Nlj, AR = 6.  



o Pi tch ing- 'kmnt Ow t o  Blowinq - The measured "nacelle-on" p i tch ing-  

moments are shown as a funct ion o f  nozzle pressure r a t  lo f o r  t yp i ca l  

nozzle e n i t  shapes i n  Figures 109 through 111. The data are shown a t  

f ixed angles-of-attack and for H- - 0.68. While admittedly, p i tch ing-  

monwni data derived from semi-span models are general ly f e l t  t o  be un- 

re1 iable, the trends shown w i t h  blowing cor re la te  we1 l w i t h  theory (as 

indicated i n  Sect ion 4.0) and are therefore be1 ieved t o  be a reasonably 

v a l i d  representat ion o f  USB-type performance. As noted, the mment 

va r ia t i on  r i t k  H j / b  i s  consistent w i t h  the rate-of-change o f  jet-induced 

1 i f t  over the a f t -po r t i on  o f  the wing wi*h a sl i gh t  trend towara a more 

nose-up moment as the blowing incre3ses. I n  the bu lk  o f  the aata (see 

Volume l i ( B ) )  s l i g h t  ~ e r t u r b a t i o n s  i n  mainent are noted near Hj/pm - 2.0 

as was mentioned i n  the l i f t  discussions. I t  i s  a l so  seen tha t  t5e 

incremeni due t o  blowing i s  not s t rongly dependent on o. As would be 

expected, the th ick,  c i r c u l a r  j e t  produces a lower ( less negative) p i t ch -  

ing roment (Figure 133) than do the higher aspect r a t i o  nozzles ( ~ i q u r r s  134, 

135); again, t h i s  trend i s  consistent w i t h  both 1 i f t  and drag evaluations. 

The basic data p l o t s  shwn above 1;avr been used t o  obta in  the p i t ch ins -  

mment increments due-to-blowing as a funct ion o f  th rus t  coe f f i c i en t  ( c ~ ) .  

These data are provided i n  Figures 125 through 119 for a coilstant angle- 

of-attack (a = 2'-3') f o r  the various Mach numbers o f  in teres t  as typ ica l  

o f  both s t ra igh t  and swept wing nacel le  i ns ta l l a t i ons .  Further discussions 

o f  the pitching-moment data are provided i n  Section 4.0. 
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Figure 133 . Effect o f  nozzle pressure r a t i o  on pitching- 
moment, not N2, c ircular ,  tb = 0.68. 



Figure 134 . Effect o f  nozzle pressure ra t io  on pitching- 
noment, noz NsE, AR = 2.5, & = 0.68. 
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Figure 1 3 5 .  Effect o f  nozzle pressure r a t i o o n  pitching- 
moment, noz NS, AR = 6 ,  & = 0.68. 



3.2.3.3 Aerodynamic and Geonetric Ef fects - Based on the incremental data 

curves presented i n  the foregoing section, the ef fects o f  geometric v a r i -  

a t ions  i n  the nozzles, wlng/nace!le combinations and nace l le  forebodies can 

be evaluated. The fo l low ing sect ions consider the more s i g n i f i c a n t  e f f e c t s  

obtained. 

o Ef fec t  o f  Nozzle E x i t  Aspect Rat io - To show the e f f e c t  o f  nozzle e x i t  

aspect r a t i o  a t  o r  near the wing/nacel l e  drag-r ise (I& = .68, C L ~  = 0.40), 

the data o f  Figure 136 has beep prepared. The drag penal ty  f o r  each- 

nacel le  a t  var ious leve ls  o f  CT has been normalized by the drag o f  the 

c i r c u l a r  nozzle conf igura t ion  (AR = 1.25). This p l o t  ind icates tha t  the 

c i r c u l a r  nozzle has the lowest drag o f  the basic e x i t  shapes considered 

and tha t  i n  the e x i t  aspect r a t i o  range 2.5 ( "0-~uct" )  t o  4.0, the design 

th rus t  c o e f f i c i e n t  would need t o  be considered i n  se lec t ins  a minimum- 

drag conf igurat ion. As noted i n  the discussions and data o f  Section 

3.2.2, the more two-dimensional nozzle conf igurat ions su f fe r  from higher 

scrubbing losses and a h igh  pressure drag induced by a wel l-attached j e t .  

Although these conf igurat ions show a favorable t rend i n  the drag-due-to- 

l i f t  component as CT increases, the improvement i s  not  s u f f i c i e n t  t o  

o f f s e t  the former losses. This would be p a r t i c u l a r l y  t rue  a t  moderate 

nozzle pressure r a t i o s  where the drag-due-to-l i f t  o f  the wide nozzle 

shapes has not recovered from an i n i t i a l l y  large i n s t a l l a t i o n  loss. For 

a representat ive high-by-pass-rat i o  fan engine, a CT-level o f  about 0.07 

would correspond t o  a nozzle pressure r a t i o  o f  about 2.0 and a fan pressure 

r a t i o  o f  1.47. From the data o f  Figure 136, a c i r c u l a r  nozzle would be 

selected from a c ru ise  drag standpoint. However, i n  the in te res t  of  

avoiding the need f o r  an extensive var iab le  geometry capab i l i t y  for  the 
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Figure 136 . Effect of  nozzle aspect ratio on nacelle drag. 



nozzle when operat ing i n  the powered h i g h - l i f t  mode, t h i s  choice could 

be ccmpromised without severe c ru ise  penalty by the se lec t ion  o f  a 

higher aspect r a t i o  e x i t  shape. Thus, the "0-Duct" design (aspect 

r a t  i o  2.5) would represent a reasonable compromise conf igura t  ion and 

the Task I I I Compat ib i l i ty  Study (Section 6.0) r e f l e c t s  t h i s  choice. 

o Ef fec t  of Nacelle Boa t ta i l  Angle - The angle between the nace l le  center- 

l i n e  upper surface a t  the e x i t  and the wing chord plane, as used herein, 

i s  the b o a t t a i l  angle, B. Across the range o f  e x i t  shapes tested, t h i s  

angle var ied from about 6 O  t o  a maximum o f  about 36'. I n  general, the 

lower angles represented c i r c u l a r  nozzle designs w i t h  the higher angles 

required by the wider, h igh  aspect r a t i o  nacelles. For a given nozzle 

aspect r a t i o ,  t h i s  angle was a l so  varied by changing the nacel le  fore-  

body length. I n  an attempt t o  def ine a l i m i t i n g  angle from a c ru i se  

standpoint, the data o f  Figure 137 has been prepared. Test resu l t s  are 

shown i n  a drag ra t io - fo rm w i t h  the denom!nator representing a c i r c u l a r  

nozzle w i t h  B - 6 O .  Below 8 = 25' the trends are not completely uniform 

due, i t  i s  be1 ieved, t o  var ia t ions  i n  the ef fect iveness o f  the wing/ 

nacel l e  f i 1 l e t  ing provided. Above 2 S 0 ,  however, the sharp increase i n  

drag suggests that  about 2S0 represents the maximum value o f  $ i f  severe 

b o a t t a i l  separation e f f e c t s  are t o  be avoided. I t  i s  a lso  noted tha t  as 

CT increases, the drag r a t i o  diminishes i n  value as the j e t  trends t o  

suppress some o f  the separation through a pumping e f f e c t .  

o Effect o f  Forebody F a i r i n q  - The drag increment associated w i t h  an open, 

o r  flow-through, type of  forebody i s  compared i n  Figure 138 t o  tha t  
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Figure 137 . Effect of nozzle boattai 1 angle on 
nacelle drag. 
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associated w i t h  a faired-over forebody w i t h  the l a t t e r  operat ing a t  a 

flow-through nozzle pressure r a t i o .  The nozzle i n  both cases i s  a 

c i r c u l a r  conf igura t ion  o f  intermediate s ize  ( c ~ / A ~  = 24) .  This study 

was made t o  determine i f  any s i g n i f i c a n t  drag d i f ferences were incurred 

when u t i l i z i n g  the two types of  t e s t i n g  mthods.  Note tha t  i n  t h i s  com- 

parison, the in te rna l  f r i c t i o n  drag o f  the f low-through nace l le  has been 

s u b t i a c t ~ d  out. The drag d i f ference i s  on ly  minor a t  speeds i n  t i le sub- 

c r i t i c a l  M.ch range. Beyond the drag-r ise o f  the straight-winglnacel l e  

combinat ion (M, = 0.68), the faired-forebody y ie lds  a substant ia l  l y  h igh  

drag penalty probably as a r e s u l t  o f  a d i f fe rence i n  area-rul  ing e f f e c t  

on the wing-body combination. It i s  concluded, from t h i s  po r t i on  o f  the 

study tha t  no major drag d i f fe rence resu l t s  when using the faired-forebody 

as a simple means o f  synthesizittg powered nacelles, a t  least  f o r  the 

lower nozzle pressure r a t i o s  and a t  speeds up t o  the drag-r ise Mach 

number. 

o E f fec t  of  Forebody Length - An in te res t i ng  s i d e l i g h t  i n  the study o f  the 

fa i red  nacel le  forebody indicates tha t  the length o f  the forebody (Figure 

139) does have some ef fect  on the l i f t  performance of  the system. Figure 

140 compares the t o t a l  l i f t  va r ia t i on  o f  the short  and long forebodies a t  

a flow-through pressure r a t i o  t o  that  o f  the basic wing/body; "D-DuctH 

nozzles ( ~ 3 ~  and N 3 ~ ) ,  are i n s t a l  led as the powered conf igurat ions. The 

longer forebody ( ~ 3 ~ 1 ,  designed to  minimize boat ta i  l angle, apparently causes 

a s h i f t  i n  the ang le -o f - ze ro - l i f t  toward a more p o s i t i v e  value such tha t ,  

fo r  c given a ,  a l i f t  penalty o f  about 0.03 i s  incurred. I n  constrast,  

the short forebody conf igura t ion  (high b o a t t a i l  angle) produces a A C ~ - + O . O I  
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Figure 140 . Comparison o f  1 i f t  performance of  'lshorttl and 
"long" forebodies. = 0.68, Hj/pm = flow-through. 
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r s l a t i v e  t o  the basic wing. This same t rend p reva i l s  across the range 

o f  nozzle e x i t  aspect r a t i o  as shown i n  Figure 141. i n  t h i s  f igure, 

the 1 i f t  increment (or decrement) sustained upon i n s t a l l a t i o n  o f  the 

nacel le  on the basic wing a t  the flow-through condi t ion i s  denoted by 

the bottom l ines.  The top l i n e s  ind ica te  the l i f t  increments obtained 

w i t h  blowing s t  a pressure r a t i o  o f  3.0. It i s  seen tha t  the short-  

forebody nacelles general ly show small p o s i t i v e  l i f t  increments upon 

i n s t a l l a t i o n  a t  flow-through pressure ratic,whereas general l y  negative 

increments are shown fo r  the 1 rger forebody conf igurat ions. Addition- 

a l l y ,  the l i f t  increment due t o  blowing i s  somewhat higher f o r  the 

former designs which could r e f l e c t  the higher b o a t t a i l  angles designed 

i n t o  these nozzles. Thus, wh i le  the use o f  the f a i  red forebody does 

not appear t o  have a s i g n i f i c a n t  e f fec t  on drag (at  a spec i f ied  I ift!, 

there does appear t o  be a consistent e f f e c t  on l i f t  a t  constant a. 

o - Effect  o f  Nacelle Streamlining - A small "0-Duct" nozzle conf igurat ion 

( N ~ )  was ana ly t i ca l l y  designed (~olbrne IIA) and tested on the s t ra igh t  

wing i n  an attempt t o  quant i fy  the meri ts of streamlining. As noted i n  

\ r ~ i r l i ~ e  1 IA, the major d i f ference between the stream1 ine and sym.=tr ica l  

nacelles was a lowering and shaping of the forebody fo r  alignment w i t h  

the incoming stream1 ines. While streami i n ing  the plan-view was a lso  

performed, the geometric di f ferences from that  of the symmetrical nacel les 

was very s l i g h t  aue t o  the planform o f  the unswept wing. A d i r e c t  drag 

ccccr,parison o f  the streamlined nacel le  versus the symmetrical nacel le  i s  

not avai lable i n  the tes t  data inaslnuch as the s t ra igh t  wing nozzles were 

o f  generally a larger size ( c ~ / A ~  = 24 vs. c 2 i ~ N  = 48 (N~)); the snlal l e r  
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Figure i 4 1  . Effect o f  nacelle instal lat ion and blowing 
on 1 i f t  a = 3 O ,  nrn = 0.68. 



nacel le  s izes were normally tested on the swept-winy conf igl l rat ion. 

However, i n  an attempt t o  provide such a comparison, Figure 142 shows 

the drag o f  the streamlined conf igura t ion  compared t o  tha t  o f  3 s y m t r i -  

ca l  nacel le  o f  the same size, but tested on the swept-wing conf igurat ion.  

On t h i s  basis, the e f f e c t s  o f  sweep and the associated di f ferences, o r  

r e l a t i v e  adequacy o f  the wing-nacelle f i l l e t s  m y  play a r o l e  i n  the 

comparison. As indicated, bene f i c i a l  drag e f f e c t s  are noted i n  the 'lower 

Hach-range and a t  the f low-through pressure r a t i o .  This d i f ference i s  

due p r i n a r i l y  t o  the lower d rag-due- to - l i f t  penalty o f  the streamlined 

conf igurat ion which, o f  course, was a major design object ive.  At the 

higher pressure r a t i o  and a t  c ru ise  Mach numbers, the streamlined nacel le ,  

which was designed w i t h  an almost non-existent b o a t t a i l  angle, shows small 

drag benef i ts  due, i n  t h i s  instance, t o  a s l i g h t l y  lower pressure drag 

increment. The l i f t  performance o f  the s t  reaml ined nacel l e  i s  compared 

t o  that o f  two-larger "0-Duct" nozzles i n  Fiaure 139. Since the stream- 

l ined nacel le  i s  designed t o  carry very l i t t l e  loading on the forebody, 

the l i f t  penalty upon i n s t a l l a t i o n  t o  the basic wing i s  the highest f o r  

any o f  the nacel les tested. This d i f fe rence may a l so  be noted on Figure 

141. where the streamlined nacel le  i s  represented by a s ing le  po in t  

(AR = 2.5) a t  flow-through pressure and again a t  Hj/p, = 3.0. The bene- 

f i c i a l  e f f ec t s  o f  s t  reaml i n  ing should become more pronounced as the wing 

sweep i s  increased and the present comparison using a ~ f r a i g h t  wing prob- 

ably should not be generalized. Howeber, f ro3 the present resu l ts ,  tne 

design ra t iona le  u t i l i z e d  for  nacel l e  stream1 in ing  mer i ts  some 

re-examinat ion. 
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0 STREAMLINED ( w ~ )  - STRAIGHT WING 

Q SYMl (12) - SWEPT WING 

Figure 142. Comparison of stream1 ined and 
symnetrical nacelle drag, 
CLM = 0.40. 



o Effect  o f  Hutiple - Nacelles - Figure 143 compares the nacel le drag 

increment of a 4-engine swept-wing configurat ion t o  that o f  a 2-engine 

design both w i th  small "D-Duct" nozzles (N*) a t  several pressure rat ios. 

As presented, the f r i c t i o n  drag (QCD"~) o f  the nacel les has been remved 

from the drag increment. Also shown i s  a drag levei  derived by taking 

one-half of the 4-engine increment for  comparison t o  the 2-engine version 

A t  both o f  the representative pressure rat ios,  the data show that  the 

drag does not scale proport ional ly  w i th  the number o f  engines w i th  the 

2-engine configurat ion showing a higher r e l a t i ve  interference drag than 

does the 4-engine case. I n  the foregoing drag-due-to-1 i f t  data (Figures 

114 and 117) i t  i s  seen that, while t h i s  penalty i s  larger f o r  the 4- 

engine version, i t  i s  not doubly so, as might be expected. Addit ional ly, 

the drag build-ups provided i n  the same section show that, i n  general, 

the 4-engine configurat ion re f lec ts  s l i g h t l y  1-r turning angles than 

the 2-engine counterpart thus producing s l i g h t l y  less pressure drag. 

Further evidence o f  t h i s  dif ference i s  shown i n  Figure 144,where the 

l ift-due-to-blowing i s  presented f o r  the two cases a t  )6, = 0.73. Except 

at  the highest pressure ra t io ,  the t o ta l  l i f t  o f  the '+-engine config- 

urat ion i s  less than that  o f  the 2-engine w i th  the l i f t  trend o f  the 

former showing intermit tent  attachment o f  the j e t  i n  the lower blowing 

range. Note that i n  these data, the '+-engine case i s  producing twice as 

much thrust as i t s  2-engine counterpart. Although the j e t s  are widely 

spaced, i t  i s  be1 ieved that the two jets,  operating i n  close proximity 

t o  each other wi th  ex i t s  a t  a constant x/c = 0.20, produce a mutual 

interference which tends t o  suppress j e t  attachmen?. O i l  flow photo- 

graphs are not conclusive i n  t h i s  regard,although they generally show 
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Figure 143 . Effcct o! multiple engine instal  l a t ion  
on drag CL,, = 0.40, swept wing. 
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Figure 144 . Comparison of 1 i ft-due-to-blowing f o r  2-eng. 
and 4-eng. configurations "D-duct" nacel l e ,  
swept wlng, tL * 0.73. 



a s l  i g h t l y  la rger  scrubbing f o o t p r i n t  behind the s ing le  nace l le  than do 

the photographs o f  the tw in  nacel le  conf igurat ion.  A conclusion basic  

t o  t h i s  study i s  tha t  the interference drag does not  necessar i ly  scale 

i n  propor t ion t o  the number o f  USB-type engines and tha t  any e f f e c t i v e  

means o f  suppressing j e t  attachment wi I 1  general l y  be bene f i c i a l  t o  

cru ise performance drag. 

o E f fec t  o f  Nozzle I n s t a l l a t i o n  Height - I n  an e f f o r t  t o  quant i fy  drag 

trends as the nacel le  i s  moved v e r t i c a l l y  from the wing-surface, the 

c i r c u l a r  nacel le  was tested i n  both an integrated (usB) - type model and 

a pylon-mounted (OTW) conf igurat ion.  Results a re  shown i n  Figure 145 

across the t e s t  speed range; both pylon and nace l le  drags are repre- 

sented i n  the data. The short-pylon conf igura t ion  shows a lower drag 

c o e f f i c i e n t  than e i t h e r  the in tegrated (uSB) o r  the long-pylon OTW 

configuration,although the drag diffference i n  any case i s  not  large. 

Since these tes ts  were conducted on the s t r a i g h t  wing, camber va r ia t i ons  

designed i n t o  the pylons f o r  minimum load,wero very s l i g h t .  O i l - f l ow  

studies o f  the OTW designs indicated tha t  the pylon in te rsec t ion  near 

the wing inboard leading-edge generated a vortex-type o f  f low which 

should be detr imental  t o  the drag o f  these conf igurat ions.  While attempts 

t o  modify t h i s  f low pat te rn  were made through the use o f  wax fa i r ings ,  i t  

appearedthat re-design o f  the pylon i n  both camber and, p a r t i c u l a r l y ,  

chordwise length, would be required t o  a f fec t  a major improvement i n  the 

flow. A t  the superc r i t i ca l  Mach number o f  0.72,  both pylon-conFigurations 

show a favorable trend i n  drag r e f l e c t i n g  a more moderate Jrag-r ise f o r  

the nacel le-on case than f o r  the basic wing-body. The drag d i f ferences 
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shown a t  the lower speeds are due p r i m a r i l y  t o  d i f ferences i n  drag-due- 

t o - l i f t  since scrubbing o r  j e t  pressure drag are essen t i a l l y  zero a t  the 

flow-through pressure r a t i o .  A t  real  i s t  i c  nozzle pressure-rat ios, these 

two drag components would need t o  be o f f s e t  by a jet- induced improvement 

t o  the drag-due- to - l i f t  component i f  the in tegrated nace l le  i s  t o  remain 

the drag-equi valent o f  the OTW-des i gn. These factors, together w i t h  the 

ana ly t i ca l  and experimental resu l t s  o f  References 5 and 6 ind icate some 

mer i t  i n  add i t iona l  studies fo r  opt imiz ing the OTW design as a possible 

c ru ise  conf igurat ion.  



4.0 USB THEORETICAL MODEL 

The US0 wing/nacel le/propul s i ve in terac t  ions are complex, not on1 y i n  t h e i r  

viscous aspects,but a lso w i t h  regard t o  the  po ten t ia l  f lows involved. 

Theoretical studies have heretoforebeen aimed a t  improving understanding o f  

po tent ia l  f lows w i t h  minimal representation o f  viscous e f fec ts .  The over- 

a l l  philosophy has been t o  implement the simplest r e a l i s t i c  method f o r  

simulat ing the nacelle-environment and t o  embed i n  t h i s  a s i m p l i f i e d  model 

o f  the spreading j e t  plume. The present studies represent an implementation 

o f  methods described i n  Reference 7 and, i n  the powered aspects, are some- 

what s im i la r  t o  the approach published i n  Reference 8. 

A large degree o f  real ism i n  the model geometry was enforced by the fac t  

tha t  the present studies support an experimental program embodying t h i c k  

a i r f o i l  sections which, w i t h  the exception o f  a s ing le  streamlined design, 

were f i t t e d  w i  t h  a rb i  t r a r  i 1 y-shaped nacel les. I n  order t o  develop proper 

forcz trends f o r  such geometries, f a i r l y  elaborate panel layouts had t o  be 

generated f o r  both the wings and the nacelles. 

To place the present work i n  perspective, the background fo r  power-effects 

model ing b y  present methods w i  1 1  be described i n  Section 4.2. Thick-wing 

representation and the e f fec ts  o f  boundary layer development w i l l  then be 

discussed i n  Section 4.3 before considering f i n i t e -w ing  and power e f f e c t s  i n  

subsequent sub-sections. 



4.2 POWER EFFECTS MODELING: GENERAL PRINCIPLES 

The nost fundamental aspect o f  powered-flow modeling concerns the simula- 

t i o n  o f  flows o f  d i f f e r i n g  t o t a l  pressure. Figure 146 i l l u s t r a t e s ,  i n  

vortex-model ing terms, the production o f  a t o t a l  pressure jump across a fan 

s i tua ted  i n  a long, constant-area duct, embedded i n  a "mainstream" f low o f  

speed, Vm. The fan i s  s i tua ted  on plane "A" and i t  i s  assumed tha t  the 

duct exhausts a t  the ambient s t a t i c  pressure (pm) i n  a p a r a l l e l  manner. 

For t h i s  t o  happen, the r i n g  v o r t i c i t y  t o  the r i g h t  o f  "A" must convect a t  

mainstream ve loc i t y  plus i t s  self- induced ve loc i ty ,  i.e., ( ~ , + y / 2 ) .  

Conditions downstream o f  the fan are thereby defined. lipstream o f  the fan, 

the absolute pressure i s  (pa - AP), where AP (=AH) i s  the pressure r i s e  irn- 

parted by the fan. An inward force on the duct wa l l  i s  a lso  present which 

can only  be generated i f  the r i n g  v o r t i c i t y  there moves a t  less than i t s  

natura l  convection speed. This r i n g  v o r t i c i t y  convection speed w i l l  now 

be determined. 

I f  VR i s  the convection speed o f  the vortex r i n g  v o r t i c i t y  t o  the l e f t  o f  

AA, the ve loc i t y  of  the f low passing over each element i s  (k +y /2  - v ' ~ )  and 

the force, dF, experienced by an element o f  ax ia l  length dz i s  





We note t ha t ,  i f  the convect ion speed WR equals the  18nat i i ra181 convect ion 

speed ( V M + ~ / ~ )  the re  i s  no r a d i a l  force.  However, f o r  the  i n l e t  a i r  

whi le ,  downstream o f  the  fan, 

so t h a t  

Equating (24) and (25) and s u b s t i t u t i n g  fo r  y 

1 1 
p (vm +r ( v j  - V-) - vR) (v j  - V-) = T P ( v j  + v ~ )  ( v j  - v-) 

which y i e l d s  

Equation (26) shows t h a t  the vo r tex  r i n g  v o r t i c i t y  t o  the l e f t  o f  "A" i s  

f i x e d  t o  the nace l l e  w a l l .  I t  has been shown t h a t  the r i n g  v o r t ~ c i t y  t o  the 

r i g h t  o f  AA i s  moving a t  a t o t a l  v e l o c i t y  o f  ( v m + y / 2 ) ,  so i t  fo l l ows  t ha t  

fan opera t ion  i s  represented i n  vo r tex  terms by a continuous i n j e c t i o n  o f  

r i n g  v o r t i c i t y  from the blade t i p s .  The downstream sheet -s t rength i s  the 



same as the upstream strength; the instantaneous accelerat ion o f  the down- 

stream sheet, a t  the fan plane, gives r i s e  t o  the t o t a l  pressure jump across 

the fan. 

I n  determining the effect,  a t  some po in t  i n  the flow, of a combined system 

o f  f ixed and moving vortex elements, motion of p a r t i c u l a r  elements does not  

a f fec t  the ve loc i t i es  they induce. The f lw f i e l d  j u s t  described may be 

"frozen" a t  a pa r t i cu la r  t i m o n c c  j e t  development reaches equ i l ib r ium 

(see below), and then steady-state condit ions may be determined. The r ing-  

v o r t i c i t y  i n jec t i on  plane around the fan t i p s  i s  not  "v is ib le"  under such 

condi t ions. 

Returning t o  the ideal i r e d  nacel le  o f  Figure 146, i t  wi I 1  be noted tha t  

in f low i s  present through the upstream wal l  unless addi t ional  constra ints 

are appl ied. Figure 147 shows how a vortex l a t t i c e  may be used t o  provide 

appropriate constraints. Radial ve loc i t ies ,  induced a t  the f r o n t  o f  the 

vortex cyl inder, give r i s e  t o  intake thrust  on the vortex l a t t i c e .  

A j e t  emergent coax ia l l y  w i t h  a freestream f low spreads and entra ins main- 

stream f lu id .  A l i n e  s ink down the j e t  ax is  i s  frequently used f o r  the fa r -  

f i e l d  ef fects,  but t h i s  i s  too crude an approximation f o r  the present study 

because o f  the ciose proximity t o  the US0 wing surface. An acceptable 

a1 ternat ive i s  an expanding, decreasing-strength r i n g  vortex system t a i  lored 

t o  conserve ax ia l  mmentum whi le entra in ing mainstream f l u i d  a t  a ra te  de- 

termined from standard resu l ts  fo r  axisymmetric j e t s .  An approximate 

entrainment equation was obtained from resu l ts  quoted i n  Reference 9. This 
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@ REPRESENTATION OF A POWERED NACELLE 

F i g u r e  147. Jet  s imu la t ion  methods. 



re la tes  entrainment mass flow ra te  A; t o  a x i a l  posi t io t :  and vor tex sheet 

strength. Thus, 

where suosrr ip t  E re fe rs  t o  nacel le  e x i t  plane values and RE Is the e f f e c t i v e  

radius a t  the nacel i e  e x i t .  I f  the j e t  mass flow, area and mean ve loc i t y  are 

;I, A and V (a1 l funct ions o f  x)  we may ~ i o w  w r i t e  

For conservation o f  momentum 

p ~ ~ L  = c ~ E ~ ~ Z  i n  a f ree environment. 

Subst i tu t ing  fo r  V i n  (28) and rearranging y ie lds  

Axial  va r i a t i on  o f  vortex cy l inder  s t rength i s  then obtained from 



y = V - V =  i n  f ree a i r  (31) 

h e  re  Y ' V - VLOcAL i n  the wing environnrent. 

It w i l l  be noticed i n  Equations (28) and (29) that  a constant, ambient- 

den:.: t y  j e t  i s  assumed, This simpl i f i c a t i o n  imp1 ies that  the major features 

o f  the flow are dominated by ncwnentum e f fec ts  and that shock c e l l  patterns, 

for example, are o f  secondary importance; t h i s  may be qws t imab le .  

Figure 148 shows an ear ly  e x a q l e  of stream1 ines generated using the above 

approach, w i th  no vortex l a t t i c e  elenrents present. The entrainment effect 

along the j e t  spreading region i s  very evident. Because continuous vort ic -  

i t y  d is t r ibut ions are used t o  represent the j e t  surfaces, the numerical 

problems encountered i n  discrete-r ing solut ions (e.g., i n  Reference 9 )  do 

not cccur. 

For conventionally mounted engines, some nacel le shaping i s  required t o  

provide proper intake, fan and e x i t  areas; but a good power representation 

may be obtained essent ia l ly  as described above. However, fo r  US9 configu- 

rations, the j e t  emerges in to  the wing pressure f i e l d  and interacts wi th  it. 

This could be modeled kinematical ly using a perturbation scheme t o  calculate 

the d is to r t ion  o f  vortex surfaces emergent from the nacel le e x i t  and as they 

progress downstream- A s imi lar  scheme i s  applied t o  a jet- in-crossflow in  

Reference 9. However, the computer demands are heavy and such detai led 

modeling o f  the flow interact ion was both inconsistent w i th  several sirnplify- 

ing assumptions made here and i s  beyond the scope o f  the present work. lqstead, 
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a s i w l  i f ied f i xed  geometry was prescribed, based upon the above model, but  

w i t h  geometric transformat ions appl ied  t o  represent j e t  d i s t o r t  ion due t o  

impingement and w i t h  su i tab le  modi f icat ions t o  j e t  sheet s t rength as d i c ta ted  

by the wing f low f i e ld .  (See Equation (32).) 

Figure 149 shows a t yp i ca l  USB j e t  plume, reshaped t o  r e f l e c t  impingement 

e f fec ts .  The primary var iable involved i n  t h i s  reshaping was the spreading 

angle i n  plan view. For the 0-duct shown, flow v i sua l i za t i on  showed t h i s  

t o  be approximately 30-degrees. A rectangular sheet a t  the t r a i l i n g  edge 

was assumed, w i t h  height defined by the above area requirements. I n  f a i r i n g  

the remainder o f  the plume, care was taken t o  a c c m d a t e  nacel le  b o a t t a i l  

angles properly and t o  conform t o  the mass f low and momentum re lat ionships 

establ ished above. 

4.1 WING SECTIONAL AERODYNAMICS 

4.3.1 Pressure D is t r i bu t i on  

It i s  c l e a r l y  very important t o  provide a good s imulat ion o f  basic wing 

aerodynamics before any study o f  nacel le  o r  power in terac t ion  i s  attempted. 

Development o f  the basic model f a l l s  i n t o  sect ional and f i n i t e -w ing  stages. 

The sect ional stages comprises two par ts :  simulat ion o f  a i r f o i l  character- 

i s t i c s  by accepted, two-dimensicnal simulat ion and methods employing con- 

tinuous v o r t i c i t y  d i s t r i bu t i ons  and the adaption o f  vortex l a t t i c e  methods 

t o  y i e l d  an equivalent resu l t ,  thereby permi t t ing  an economical extension 

t o  three dimensions. 





During a review of  experimental data f o r  the basic  wing, i t  became apparent 

t ha t  theore t ica l  p red i c t i on  o f  even the sect ional  pressure d i s t r i b u t i o n s  i s  

not  straightforward. As i s  usua l ly  the case, app l i ca t i on  o f  the theory a t  

the nominal incidence [Figure lSO(a)] overestimated CL - i n  t h i s  case by 

a large margin. However, reduct ion i n  the incidence o f  the theore t ica l  

model t o  y i e l d  the same net CL produced a completely unrepresentative pres- 

sure d i s t r i b u t i o n  [Figure lSO(b) 1. Contrary t o  experience w i t h  conventional 

a i r f o i  ls ,  the e f f e c t i v e  a f t  chamber i n  the present case was so reduced by 

boundary layer  thickening tha t  a simple s h i f t  i n  incidence, t o  match CL, 

f a i l e d  t o  produce an acceptably-shaped pressure d i s t r i b u t i o n .  

Clearly,  i t  would be possible t o  use an e f f e c t i v e  a f t  camber l i n e ,  w i t h  less 

curvature, t o  provide a proper match. However, the philosophy was adopted 

tha t  the theore t ica l  model should remain simple so tha t  rea l  flow e f f e c t s  

could be in terpreted more readi ly .  Complications t o  power e f f e c t s  e s t i -  

mation are a lso avoided i f  proper sections are maintained. 

Since the boundary layers over the f ron t  o f  the a i r f o i l  are th in ,  t h i s  

region i s  amenable t o  matching. This assures tha t  condi t ions a t  the nacel le-  

wing junct ion,  a t  least,  w i l l  be proper. Figure 1SO(c) shows the matched 

condi t ion f o r  a 2-degree experiment , which requi res a 0-degree theore t ica l  

s e t t i n g  (AU = -2'). A s im i l a r  exercise, f o r  a 1-degree experiment revealed 

tha t  an a - s h i f t  o f  If-degrees was optimum. Idea l ly ,  therefore, the theore t i -  

ca l  a-shi f t  sholjld be made 1 i f  t-dependent . However, t h i  s introduces unwanted 

(though not insuperable) d i f f i c u l t i e s  i n  f i n i  te-wing ca lcu la t ions  so a con- 

stant,  2-degree s h i f t  was therefore adopted. 
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Figure  150(a) .  A i r f o i  l s e c t i o n a l  c h a r a c t e r i s t i c s  
- inc idence matched. 
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Figure 150(b) .  A i r f o i l  sect ional  c h a r a c t e r i s t i c s  
- l i f t  c o e f f i c i e n t  matched. 
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I n  order t o  preserve nace l le  o r i e n t a t i o n  t o  the f low and t o  avoid misd i rec t -  

ing  the j e t  flow, the above lncldence s h i f t  was achieved by superimposing 

an appropriate downwash a t  each wing panel. This introduces a sect ional 

drag term equal t o  CQ ha, where ha = 2/S7.3 radians. 

4.3.2 Sect ional Forces 

Though the above procedure provides an acceptable match i n  leading edge 

pressure d i s t r i b u t i o n  over the desired range o f  C e ,  such a simple f low model 

c l e a r l y  cannot match p r o f i l e  drag over a s i m i l a r  range. Figure 151 shows 

tha t  the value o f  Aa used, 2-degrees, resu l t s  i n  ~ o r r e c t  drag representat ion 

only  a t  a CL-value o f  0.36. Elsewhere, simple theory w i l l  be used t o  cor rec t  

the three-dimensional resu l t s  and provide the required drag increment, which 

i s  ACg = C D ~  - CLAa. ACg i s  added t o  calculated induced drag t o  give a 

t o t a l  which includes a1 lowance f o r  sect ional p ro f  i l e  drag. 

4.4 FINITE-WING AERODYNAMICS 

Figure 152 shows the bui ld-up o f  the s t ra igh t ,  f i n i t e -w ing  l i f t  curve using 

both vortex l a t t i c e  and compressible aspect- rat io  cor rec t ion  methods. The 

experimental curve i s  approximated much more c lose ly  i n  slope than conven- 

t i o n a l  predic t ions might indicate. This i s  a resu l t  o f  reduced sect ional 

l i f t  curve slope inherent i n  the present sect ional representation. D i rec t  

app l ica t ion  o f  conventional aspect r a t i o  correct ions p lus Gothert correct ions 

f o r  Mach number (which include aspect r a t i o )  t o  the prEsent two-dimensional 

l i f t  curve slope y ie lds  a three-dimensional slope which agrees q u i t e  wel l  

w i th  tha t  given by the vortex l a t t i c e  ca lcu la t ion .  







An illustration o f  a corresponding drag polar  analysis i s  given i n  Figure 

153. Curve (1) was calculated using a Treff tz-plane drag in tegra t ion  with 

2-degrees downwash appl ied as indicated above. As was mentioned previously, 

the use o f  t h i s  downwash introduces a drag term d i r e c t l y  proport ional  t o  Cg. 

This i s  removed by applying the correct ions ACd (Figure 151) i n  a s t r ipwise  

manner. The curvature o f  the  corrected 1 ine, on the CL-squared p l o t ,  i nd i -  

cates some reauct ion i n  span e f f i c i ency  as l i f t  increases. 

4.5 SURFACE PRESSURES ON THE FI.OU-THROUGH hACELLE - 

Fi sure 154 shtms the f i n a l  pcnel layout adoprnd for the D-duct nace! le, 

mounted on the s t ra igh t ,  f I n i t e  wing. Though the paneling i s  considerably 

coarser than the ideal, r ~ r e f u l  a t ten t ion  t o  d e t a i l  has made possible a 

reasonatle predict ion o f  in terac t ion  e f fec ts .  Pa r t i cu la r  care was needed 

around the leading edge blend and i n  t b i s  region nacel le  p ~ n e l s  must j o i n  

the wing surface approximately a t  r i g h t  angles, 

The jo in ing  l i n t  used between the wing and nacel le i s  the in tersec t ion  o f  

the basic shapes, w i th  no f i l l e t i l i g  app l ie i .  This simple, f i r s t - c u t  approach 

i s  intended t o  high1 ight  the important in teract ions i n  the blend regic.1. 

Detailed 3-D model ing o f  shaped f i  l l e ~ s  should be the subject o f  fu ture  

studies. 

Vortex l a t t i c e  panels, rather than sources or doublets, were used t o  repre- 

sent the nacel le forebody, barre l  and contract ion regions because i t  was f e l t  







important t o  represent forebody l i f t  e f fec ts .  While i t  i s  t r u e  tha t  the 

nacel le  l i f t  i s  i t s e l f  not  large, i t s  c reat ion  over a short  span generates 

qu i te  strong t r a i l i n g  vortices,which may have s i g n i f i c a n t  l i f t  and drag 

r e d i s t r i b u t i o n  e f fec ts .  

A shortcoming o f  using on ly  vortex l a t t i c e  panels i n  the present app l i ca t i on  

i s  that  the faired-over nose o f  the experimental nacel les cannot be modeled 

d i r e c t l y .  However, an appropriate ret rospect ive correct  ion i s  possible 

which removes unwanted i n l e t  thrust.  

A possibly contentious feature o f  the representation i s  the removal o f  the 

wing upper surface where the nacel le  overlaps it. Careful study o f  the 

present, s ing le  surface representat ion showed that,  for  cont i n u i  t y  o f  ex- 

ternal  surface pressures, wing upper surface bound vor tex l i nes  from each 

side o f  the nacel le  must arch over the nace l le  and must not  a l so  pass be- 

neath i t  along wing generators. Early studies w i t h  the wing leading edge 

'hump' i n  place produced unacceptable resu l ts .  Somewhat hes i tan t ly ,  the 

hump was removed and a be t te r  representation was obtained. It i s  noteworthy 

tha t  there were no upper surface pressure anomalies resu l t i ng  from the f ree  

edge a t  the base o f  the nacel le  e x i t .  

4 .5 .2  Nacelle Surface Pressures 

Due t o  thickness, outward suct ion w i th  Cp i n  the range -1.0 t o  -1.5 i s  

generated across the nacel le  wal l  except near the intake and i n  the wing 

blend region (see Figure 155) .  Pos i t i ve  Cp's are evident on the f i r s t  bay; 

implying external stagnation and a capture area greate- than the intake 

opening. 
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igure 155. Calculated chordwise pressure d is t r ibut ions  on nacel l e  surfaces - flow-through condition tL= 0.60. 



Along the panels which blend w i t h  the wing (Row D), the f low accelerates 

over the fore-nacel le i n  a t yp i ca l  manner, but then slows down as the wing 

leading edge i s  approached. There i s  then a reaccelerat ion towards the 

c res t  o f  the wing. The l a t t e r  e f f e c t s  are ampl i f ied  near the wing surface 

because o f  h igh  curvature i n  p lan view a t  the un fa i red  i n te rsec t i on  (see 

Figure 1541. 

At l o w  angles o f  attack, the forward nace l le  ca r r i es  very l i t t l e  l i f t  (see 

Figure 156), but moderate increases occur a t  higher angles. I n  the blend 

region (Figure 157) the nacel le  b o a t t a i l  curvature causes l i f t  t o  develop 

and the pressure d i s t r i b u t i o n s  become q u i t e  complex. The increments i n  

i f t  coe f f i c i en t  are not large, but t h e i r  generation over a short  span may 

lead t o  s i g n i f i c a n t  drag d i s t r ~ b u t i o n a l  changes which w i l l  be discussed 

l a te r .  A f t  o f  the nacel l e  (tray 9) su rp r i s i ng l y  l i t t l e  change i s  found frm 

the datum, clean-wing condit ion. 

The lower par t  o f  Figure 156 shmrs that  the prnssures developed on tne 

inboard and outboard side c f  the nacel le  are v i r t u a l l y  ident ica l ,  even a t  

3-degrees angle of  attack. The nacel le  i s  therefore proper ly  al igned i n  

yaw and develops near-zero net side forece. 

4.6 SURFACE 'RESSURES FOR POWERED CASES 

As a prelude t o  the force-predic t ion study (Sect ior~ 4.7).  i t  i s  appropriate 

t o  review the predicted pressure d i s t r i b u t i o n s  and compare these, where 

possible, w i th  corresponding measureneitts. Rel iabie pressure measurenents 

are r e l a t  i ve l v  few fo r  the medium-s ized I'D-Duct" ( N ~ E ) ,  on which most 
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Figure 156. Calculated forward-nacel le surface pressures 
flow through condition, Mm = 0.60. 
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F igu re  157. Ca lcu la ted  b lend - reg ion  s u r f a c e  pressures.  
Flow-through n a c e l l e ,  a=+3' ,  Moo= 0.60. 



t heo re t i ca l  study has been c a r r i e d  out ,  be ing r e s t r i c t e d  t o  one o r  two 

angles o f  a t t ack  i n  the pressure tes t ing .  I n  t h i s  t e s t  the  two-dimensional 

wing w i t h  the unmodified sec t ion  was used. Pressure measurements a re  a v a i l -  

ab le  a t  th ree  spanwise s ta t i ons ;  one row i s  located on the nace l l e  center -  

plane ( ' A ' )  and two a re  t o  the s i de  o f  the nace l l e  ('B' and ' C ' ) .  On the. 

nace l l e  i t s e l f ,  pressures a re  a v a i l a b l e  along the upper center1 ine  on ly  and 

extend as f a r  forward as the wing leading edge. 

To prov ide a broader view o f  cond i t ions  on the wing and nace l le ,  t h e o r e t i c a l  

p red i c t i ons  w i l l  be reviewed i n  t h e i r  own r i g h t  before comparing them w i t h  

experimental data. 

4.6 .1  Predic ted E f f ec t s  o f  Angle-of-Attack and Pressure Rat io  

F igure 158 shows p red ic ted  pressure d i s t r i b u t i o n s  on the clean wing a t  

var ious angles o f  a t tack.  The f i g u r e  i s  included as a basel ine case f o r  

comparison w i t h  l a t e r  f igures.  I t  i s  noted t h a t  upper and lower surface 

pressures are approximately equal over the f r o n t  h a l f  o f  the a i r f o i l  a t  

a = 1 degree and the l i f t  then c a r r i e d  i n  the a f t  reg ion i s  a consequence 

o f  the camber there. 

The pressure d i s t r i b u t i o n s  on the nace l le  center plane, f o r  nace l le  N 3 ~  a t  

the f low-through cond i t ion ,  are shown i n  Figure 159. A f t  o f  the e x i t  there 

remains a s t rong reserilblance t o  c lean wing pressure d i s t r i b u t i o n s  though 

the lower surface p r o f i l e  i s  s h i f t e d  forward somewhat. The nace l le  i t s e l f  

experiences apparent suc t ion  Cpls on i t s  upper and lower surfaces. I t  

w i l l  be shown below tha t  these may be a t t r i b u t e d  l a rge l y  t o  p o s i t i v e  inner 



USB C R U l  SE PROGRAM 
- .  . - -  

a - DEG 
3.0 --- . 1  .O --- 2.0 - -  - .-2.5 

0 0.20 0.40 0.60 0.80 1 .OO 

x/c 

Figure 158. Predicted clean-wing pressure 
d i s t r i b u t i o n s  as a funct ion o f  a. 





surface pressure changes generated by the  i n t e r n a l  flow. As angle  o f  a t t a c k  

i s  increased, l i f t  bu i l d -up  on bo th  n a c e l l e  and a f t  wirlg i s  apparent, though 

the  percentage changes a re  no t  large.  

F igure 160 shows the r e s u l t  o f  app l y i ng  power, a t  a constant,  1.8-pressure 

r a t i o ,  t o  the  prev ious cases. There i s  a subs tan t i a l  a m p l i f i c a t i o n  o f  the 

upper sur face suc t i on  hump towards the rea r  o f  the wing, caused by j e t  

tu rn ing .  Just  a f t  o f  the  nozz le  e x i t ,  p i r r t i a l  impingement o f  the  j e t  causes 

a pressure increase. I t  i s  noteworthy t h a t  angle-of -a t tack e f f e c t s  a re  

small r e l a t i v e  t o  power e f f e c t s .  Nace l le  pressures a re  a f f ec ted  very 1 i t t l e  

by power. 

Figure 161 i s  s i : ~ ~ i l a r  t o  tho, prev ious f i gu re ,  bu t  shows the  e f f e c t  o f  

i nc  asing the power s e t t i n g  a t  constant angle o f  a t tack .  Th is  b r i ngs  ou t  

the  power-dependent increments q u i t e  c l e a r l y .  O f  these, the lower surface 

e f f e c t s  a re  u!lexpected and do no t  seem reasonable. I t  seems 1 i k e l y  t ha t  

these e f f e c t s  r e f l e c t  a s p a r s e - l a t t i c e  which would disappear i f  panel s i ze  

was reduced. 

F igure 162(a) expresses the prev ious data i n  incremental form, us i ng  the 

c lean wing as a base. I t  i s  i n t e r e s t i n g  t h a t  small t u r n i n g  loads appear 

even a t  the f low-through pressure r a t i o ;  r e d i r e c t i o n  o f  a i r  f l ow ing  through 

the  n a c e l l e  has e v i d e n t l y  increased the mass f low adjacent t o  the surface. 

As a checking exerc ise,  the standard power-uni t /winy-vortex c y l i n d e r  genera- 

t ion procedure was implemented f o r  the f low-through pressure r a t i o  and appl i ed  
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Figure 162. Predicted incremental surface pressures as 
a function o f  j e t  pressure r a t i o .  



t o  the vortex l a t t i c e  i s  the usual way. Though there were small systematic 

di f ferences from the 1.25 pressure r a t i o  resu l t s  o f  Figure 162(a), t h e i r  

magnitudes were not  s ign i f i can t .  This demonstrated tha t  the power e f f e c t  

modeling techniques were consis tent  a t  the flow-through co ld i t i on .  At the 

p o s i t i o n  OF the rw "C" pressure o r i f i c e s ,  adjacent t o  the nacel le,  Figure 

162(b) r e f l e c t s  an i n i t i a l  speed-up t o  the f low caelsed by nacel le  displace- 

ment e f f e c t s  near the leading edge, fol lowed by a pressure increase towards 

mid-chord,which i s  the l a t e r a l  extension o f  the impingement region. Towards 

the t r a i l i n g  edge, suct ion increments again occur. These r e f l e c t  not  on ly  

carry-over from the cent ra l  suct ion region, but a l so  some l i m i t e d  d i r e c t  

e f f e c t s  where the spreading simulated j e t  in te rsec ts  the row "&'I posi r ion.  

4 -6 .2  Compar i sons w i t h Measured Surface Pressures 

Figure 163 shows that the theore t ica l  surface predic t ions,  described above, 

match the experimental data i n  the j e t  e f f l u x  region on the nacel le  center- 

1 ine q u i t e  we1 1. The p a r t i a l  impingement and tu rn ing  e f f e c t s  are we1 1 

reproduced though there i s  00 theore t ica l  counterpart t o  the shock-cell 

e f f e c t s  kh ich  are evident a t  the highest pressure r a t i o .  

p red ic t  ions o f  pressures adjacent t o  the nacel le  were less successful (see 

Figure 164). Towards the f ron t  o f  the section, predicted suct ion leve ls  

were less than thost masured, possib ly  as a resc l  t o f  spurious power- 

induced f low changes between the upper and tower l a t t i c e  surfaces. Towards 

the t r a i l i t ~ g  edge, .ae add i t ion  of  the powered nacel le  t o  the clean wing 

changed the experitnental pressure ve ry  l i t t l e .  However, the r e l a t i v e l y  

large plan-view spreading angle used i n  the theore t ica l  model, caused a f t  
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Figure 163. Predicted and measured surface pressure 
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Figure 164. Predicted and measured surface pressure 
increments on wing adjacent to nacel le  
(Row C). 



suct ions which were not  found experimental l y .  With f i ne  tuning, the theo- 

r e t i c a l  model could obviously be adjusted t o  remove the above def ic iencies.  

However, such a r b i t r a r y  changes t o  an already a r b i t r a r y  model produce resu l t s  

o f  doubtful  general i ty .  I t  i s  considered tha t  e f f o r t  d i rec ted  towards a 

system w i t h  j e t  boundaries determined as p a r t  o f  the so lu t i on  would be more 

f r u i t f u l .  

Since the theore t ica l ,  t h i n - l a t t  ice representat ion y ie lds  on ly  a pressure 

d i f ference across the nace l le  wa i l ,  i t  i s  not possib le t o  compare predic- 

t ions w i t h  measured external  pressures d i  rec t  l y .  However, i f i t i s  assumed 

tha t  in te rna l  s t a t i c  pressure i s  constant across the duct, the pressure j u s t  

ins ide the nacel le  surface may be &educed from v e l o c i t i e s  a t  the nacel le  

center!ine, which can be calculated w i t h  reasonable accuracy. Figure 165 

shows the resu l t s  o f  ca lcu la t ions  along the upper and lower "spines" o f  the 

nacel le  upper and lower surface respect ive ly  wh i le  curve (3) shcws the 

corresponding center l ine  pressure. On the above one-dimensional in te rna l  

f low assumption, p red i c t i on  o f  upper serface and lower surface pressures 

arc  given by (1) minus (3) and (2) minus (3), respect ive ly .  

The estimated upper surface external  pressure, ( 1 )  minus (3) ,  may now be 

compared w i t h  the measured pressure d i s t r i b u t i o n ,  curve ( 4 ) .  The agreement 

between these two curves i s  good a t  the forward end, but the measured suc- 

t ions  are somewhat greater towards the nozzle e;.it. However, computation 

o f  in te rna l  pressures i n  t h i s  r ~ g i o n  i s  uncertain because o f  in te rna l  f low 

turning. T h i s  provides a s t a t i c  pressure gradient across the in te rna l  f low 

i n  the cor rec t  sense t o  expla in the observed small d i f f e r ,  s'nces. 
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I n  sunnrary, i t  appears th.?t where measurements are avai lab le,  the theo re t i ca l  

p red ic t ions  agree q u i t e  we l l  w i t h  measured pressures. Predic t ions i n  the 

impingement and tu rn ing  regions and on the a f t -nace l l e  agree p a r t i c u l a r l l y  

we l l  w i t h  experiment. However, i n  i t s  present conf igura t ion  the j e t  model 

spreading angle i s  somewhat excessive and cor re la t ions  a longeachs ideo f the  

nacel le  are a f fec ted  adversely. "Fine tuning." to  remove t h i s  e f f e c t ,  i s  

reot considered worthwhile 

4.7 DRAG ANALY S l S AND CORRE LAT I ON : FLOW-THROUGH CASES 

4.7.1 Analysis o f  Drag D i s t r i b u t i o n  

For u n p m ~ r e d  cases, the drag d i s t r i b a t i o n  was found using conventional 

vor tax l a t t i c e  procedures. Figure 166 i s  a  histogram o f  drag counts ca l -  

culated a t  successive bays along the nacel le  (see Figure 157).  The f u l l  

l i n e  shows the drag d i s t r i b u t i o n ,  along the nacel le,  a t  a  t yp i ca l  cru ise 

angle o f  attack, w i t h  the nacel le  car ry ing  not iceable 1 i f t .  T : ~ i s  t o t a l  

drag d i s t r i b u t i o n  may be s p l i t  i n t o  nacel le  shape-dependent and nacel le  

l i f t-dependent par ts .  

We may def ine a  nacel le  shape-dependent drag d i s t r i b u t i o n  which occurs a t  

the angle of at tack f o r  which the nacel le  z e r o - l i f t  l i n e  i s  a l igned w i t h  

the mainstream. For a  p a r t i c u l a r  D-duct nacel le  ( N ~ ~ ) ,  t h i s  i c  a' :;t minus 

2.5 degrees. The d i s t r i b u t i o n  o f  shape-dependent dray i s  : . *  ju re 

166 by the broken 1 ine. There i s  a strong pos i t i ve  drag regi;~ I'orward, i n  

the forebody stagnat ion region, fol lowed by an even stronger th,ust  region 

as the flow accelerates around the forebody. Up t o  bay 5, mos* panels face 
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forward, g i v ing  th rus t  where net  suct ions e x i s t .  However, a f t  o f  t h i s  

(bays 6 t o  a), b o a t t a i l  drop-away causes the suct ion on a f t - f a c i n g  panels 

t o  g ive the drag values shown. 

I n  the f i n a l  analysis,  when the large p o s i t i v e  and large negative drag 

increments o f  tne broken l i n e  i n  Figure 166 are combined w i t h  appropriate 

ram drag and e x i t  t h rus t  correct ions, i t  i s  found tha t  the net  drag incre- 

ment i n  the ze ro -nace l l e - l i f t  cond i t ion  i s  very small - as would be expected 

f o r  a non-1 i f t i n g  body in  po ten t i a l  flow. There i s  ev ident ly  very 1 i t t l e  

net drag due t o  nacelle-induced e f f e c t s  a t  t h i s  condit ion. 

When the wing angle o f  a t tack  i s  increased t o  a t y p i c a l  c ru i se  value ( f u l l  

l i ne ,  Figure 166), a de ta i l ed  study o f  drag increment d i s t r i b u t i o n  (Figure 

167) reveals decreased drag on the lower panels D2 t o  8 and E2 t o  4 (see 

Figure 157). Many o f  these panels face forward a t  a = 3 O .  However, on the 

remaining panels the e f f e c t s  o f  an increasing downwash f i e l d  predominate 

and a-dependent drag e f f e c t s  are s ign i f i can t ,  p a r t i c u l a r l y  i n  the b o a t t a i l  

region. 

The conclusion drawn from t h i s  pa r t  o f  the drag analys is  i s  tha t ,  although 

strong opposing th rus t  and drag f o r ~ e s  are generated on the nacel le  by th i ck -  

ness e f fec ts ,  they have l i t t l e  i f  any resu l tan t ,  and i t  i s  nacel le  l i f t  

which causes s i g n i f i c a n t  drag increments. This occurs predominantly i n  the 

boat ta i  1 region. 
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Figure 168 de ta i l s  the a x i a l  forces on the wing i n  the nace l le  overlap 

region and a f t  o f  it. There are large opposing th rus t  and drag forces,but 

the net drag increment due t o  adding the nacel le  i s  q u i t e  small. Though 

the nace l le  and af t -wing experience h igh  drag, wing sect ions each s ide o f  

the nacel le  experience st rong th rus t  Increments (see Figure 169). This i s  

caused by upwash generated outboard of  the nacel l e  t ra  i 1 ing vo r t  ices. 

Because the spanwise d i s t r i b u t i o n  o f  the panels i s  sparse, the wing drag 

data may not be very accurate, but the trends should be cor rec t .  It i s  

evident tha t ,  a t  the c ru ise  angle o f  at tack,  the f low-through nacel le  exer ts  

a strong red i s t r i bu t i ona l  inf luence on drag. Though the generation o f  a 

narrowly spaced vor tex p a i r  over the nacel le  causes large loca l  drag on 

the b o a t t a i l  and on the wing downstream o f  it, complementary th rus t  forces 

are induced on a f t  surfaces each s ide o f  the nace l le  i n  the upwash regions. 

It i s  evident that,  i n  the spanwise sumnation as we l l  as along the nacel le,  

the net drag force ar ises as a small d i f fe rence between large opposing 

th rus t  and drag forces. 

4.7.2 Corre lat ion w i t h  Ex~erirnent 

Since the vortex l a t t i c e  predic t ions are made using a f low-through nacel le,  

a correct  ion i s  necessary t o  determine closed-forebody resul  t s  f o r  compari son 

w i t h  experiments. I t  i s  possible i n  p r i n c i p l e  t o  do t h i s  w i t h  a ram-drag 

correct ion, but i t  was found preferable t o  r e l y  upon the fact  tha t  tbeore t i -  

ca l  forebody thickness drag, back t o  the bar re l  section, i s  zero and delete 

drag increments f o r  the f i r s t  three bays from the drag summation. This a lso  

removes any induced drag on the forebody. However, i t  was found tha t  forebody 

cont r ibu t ion  t o  drag i s  small i n  comparison w i t h  tha t  i n  the b o a t t a i l  region. 
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Figure 170 shows, i n  curve ( I ) ,  the drag incremeif - I . L ~  t o  adding f low through 

nace l l e  N 3 ~  t o  the c lean wing. On c o r r e c t i n g  t o  the c lose, . ' - ,ase cond i t i on ,  

curve (2) i s  obtained, which may be compared w i t h  t he  expet .  ~ l en ta?  data o f  

curve (3). Since the  t h e o r e t i c a l  curve, ( 2 ) ,  conta ins no a1 lowance f o r  sk in  

f r i c t i o n , i t  should underpred ic t  ::~t drag increment. Cross re ference t o  

Sect ion 3.3.3.2, i n  which s k i n  f l - l c t i o n  est imates a re  made based upon t he  

change i n  wetted area, shows t h a t  the re  should be approximately 20 t o  23 

counts o f  s k i n  f r i c t i o n  for. nace l l e  N3E. Th is  agrees very + e l l  w i t h  the  

d i f f e rence  between curves (2)  and (3)  i n  F igure 173. 

4.8 DRAG ANALYS l S AN? CORRELATION: POWER EFFECTS 

4.8.1 Analys is  o f  Power E f f e c t s  on t : ~ e  Win9 

I t  was found t h a t  a s t r a i s ' l t f o rwa rd  extens ion o f  the  previous, conventional 

vor tex  l a t t i c e  methods t o  drag p r e d i c t i o n  i n  powered cases s!inpiy d i d  no t  

work. This was no t  unexpected, s ince i t  had a l ready been deterr,:ined i n  

pressure d i s t r i b u t i o n  s tud ies  t h a t  i t  was necessary t o  re$:  :ce the  standard 

"pVI'" approach by a "spread I ' l l  method i n  c rder  t o  produce acceptable r e s u l t s .  

One reason :h is  was t h a t  the l a t t i c e  s ~ l r f a c e  a f t  o f  the nace l l e  e x i t  was 

f u l  l y  irnrnerw tn the j e t  e f f l u x  and was, the re fo re ,  subjected t o  unrepre- 

sen t i  t i ve  v, ) c i t i e s  over the bound vo r t i ces .  Various approaches were t r i e d  

us ing sur face v e l o c i t i e s  t y p i c a l  o f  the sheet edge, which corresponds t o  the 

r ea l  f l ow cond i t i on ,  but w i thou t  success. The prev ious "spread Cp's 

were the re fo re  used t o  determine power-dependent drag increments. 



Figure 171(a) shows t yp i ca l  Cp - y l c  p lo ts .  The bpper p a r t  o f  the f igure ,  

which i s  fo r  the flow-through case, shows substant ia l  leading edge th rus t  

contr ibut ions and some lower surface th rus t  due t o  p o s i t i v e  pressures j u s t  

a f t  o f  the lower crest.  Points corresponding t o  the upper and lower surface 

leading edges were jo ined by a s t r a i g h t  l i n e  and no attempt was made t o  l o -  

cate the f ron t  stagnation pc in t .  While t h i s  procedure w i l l  obviously produce 

incorrect  t o t a l  drag in tegra ls ,  i ta consistent use i n  comparison between 

powered and unpawered c;,es should produce acceptable incremental resul ts .  

A s i m i l a r  ra t iona le  was employed a t  the t r a i l i n g  edge. 

f igbres 17i(a) (lower pa r t )  and 171(b) show t yp i ca l  e f f e c t s  o f  adding power 

t o  the f low-through ca,c. One o f  the more pronounced features i s  a sub- 

s tan t i a l ,  but incorrect,  loss o f  leading edge th rus t  on both upper ; i d  lower 

surfaces. This resu l t s  from a power-induced decrease i n  leading edge suction, 

already x t e d  i n  t t e  surface pressure co r re la t i on  study. I t  appears tha t  

power ef fects have disturbed condit ions w i t h i n  the a i r f o i l  and have thereby 

upset the gap tuning process described i n  Sect ion 4.3. Though i t  may be 

possible i n  prTnr ip le t o  overcome t h i s  d i f f i c o l t y ,  i t  was decided t o  omit 

the leading edge region when determining power-induced drag increments. 

A review o f  power-induced e f fec ts  on the a f t  lowe, surface revealed tha t  

these are small, both i n  theore t ica l  predictions and experimentally. 

Accordingly, a t ten t ion  has been focussed cn the a f t  upper surface and uFon 

the nacc! ! c  boa t ta i l  region. 

For greater integrat i - ~ r  accuracy, data such as those i n  F i g ~ ~ r e  1 j r :*ere 

replot ted as power-induced changes i n  pressure c o e f f i c i e n t .  Figure 172 
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Figure 170. Drag increments due t o  unpawered nacel le.  









shows these changes f o r  the a f t  upper surface a t  a l l  spanwise sta;ions. 

Just as for  the flow-through cases, the ou ter  s t a t  ions (D, E afid F) exper i -  

ence thrust .  Though a th rus t  component appears a t  s ta t i ons  A and C, i n  the 

a f t - f ac ing  impingement region, t h i s  i s  overshadowed by tu rn ing  drag. Figure 

173 i s  derived from Figure 172 and shows tha t  the ma jo r i t y  o f  the wing 

experiences thrust .  However, becausz of  j e t  turning,the o v e r a l l  e f fec t  o f  

power i s  t o  increase drag. 

Figure 174 shows the resu l tan t  k i n g  surface drag increments ( f u l l  1 ine) 

r e i d t i v e  to the clean wing condit ior. as a funct ion o f  blowing pressure r a t i o  

a t  t yp i ca l  angles o f  attack. As would be expected, drag increments increase 

w i t h  angle-of-at: .ck, due t o  increaze i n  a f t - f a c i n g  arehand a lso  w i t h  

pressure r a t i o ,  as a consequence of  the associated increase i n  j e t - t u rn ing  

1 cads. 

Tne broken l i n e s  show the e f f ? c t  o f  adding power-induced a f t -nace l l e  loads 

t o  the previous curve . . Drag i s  reduced by an increasing amount as powei 

i s  in: - ~,qsed as a resu l t  o f  forwa-d propagat ion o f  impingement pressure; 

ac t ing  bpon the a f t - f a c i n g  b o a t t a i l  surface. 

=igures 175(a) through (e) show the v a r i t i o n  o f  drag increments f o r  the 

powered ncael le,  r e l a t i v e  t o  clean wing, w i t h  u f o r  a ser ies o f  blowing 

pressure ra t i os .  I n  a l l  cases the theore t ica l  and experimental curves are 

almost p a r a l l e l ,  being separated by a residual drag increment which varies 

x i t h  Hj!p, i r ?  the manner shown i n  Figure 176. Idear t o  f loir-through pressure 

ra t i os ,  the residual drag can be i d e n t i f i e d  read i l y  w i t h  net n ? ~ e l l e  sk in  
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Figure 174. Predicted drag increments due to addition o f  
powered NSE nacelle. M, = 0.60. 
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F l  ,ure 175. Comparison between pree ,ted and measured drag 
increments for nacelle r i 3 ~  at H, = 0 .b0 .  
(a )  Hj/pm = 1.40. 
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Figure 175. (Continued) Comparison between predicted and 
measured drag increments f o r  nacel le  N3€ a t  
M, 0.60- (b)  H ~ / P w  = 1.60. 
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Figure 175. (Continued) Comparison between predicted and 
measured drag increments for nacelle NjE at 
k * 0.60. (d) H j I p w  . 2.00. 
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Figure 175. (~oncl uded) Comparison between predicted and 
measured drag increments for  nacel le  NgE a t  
k = 0.600 (el Hj/Pm = 2.20.  
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f r i c t i o n  (see previous section). As j e t  pressure r a t i o  i s  increased, 

scrubbing drag on the wing surface increases up t o  the c r i t i c a l  pressure 

rat io.  This i s  re f lec ted i n  Figure 176 andthe increase betueen H j / k a s  of 

1.4 and 1.8 appears reasonable i n  t h i s  regard. Beyond Hj/poof 1.8, as the 

nozzle flaw goes supercr i t ical ,  the residual drag increment decreases- 

Inspection o f  the relevant pressure p lo ts  shows that  j e t  turning i s  reduced 

under these conditions, which may be a t t r i bu tab le  t o  shock-induced separa- 

t i o n  o f  the j e t  from the wing surface. 

it may be concluded that, up t o  c r i t i c a l  j e t  pressure rat ios,  the predict ion 

o f  drag increment i s  remarkably accurate and sui table addit ions f o r  nacel le 

skin f r i c t i o n  and f o r  j e t  scrubbing drag w i  11 produce resul ts which corre- 

la te  well  w i th  experiment. 

4.9 LIFT ANALYSIS AND CORRELATION 

4.9. r Vortex Lat t ice  Results 

L i f t  increments, due t o  adding the powered nacel le N j E  t o  the clean wing, 

were generally small, w i th  values up t o  0.06 a t  Hj/p,=2.2. The net effect 

again arose as the dif ference between large pos i t ive  and negative forces. 

Posit ive l i f t  increments arose predominantly i n  the nacelle boa t ta i l  region 

and, wi th power applied, i n  the turning region towards the wing t r a i l i n g  

edge a f t  o f  the nacelle. Download occurred i n  the impingement region j us t  

a f t  o f  the nacelle e x i t  plane and t o  each side o f  th is .  



Cocnparisons between measured and vortex-latt ice-predicted l i f t  increments 

showed good agreement i n  trends w i th  angle-of-attack,but the theory was 

almost t o t a l l y  unresponsive t o  change i n  pressure rat io.  An alamst unique 

curve of ACL versus a was produced by the theory, corresponding t o  an experi- 

mental pressure r a t i o  of roughly 1.6. Further investigation s b d  that  

predicted i m p i n g e n t  pressures, which correlated wel i  a f t  o f  the j e t  ex i t ,  

propagated sideways and produced m r e  darnload each side of the nacel le 

posi t ion than was indicated by pressure measurements. This excessive down- 

load evidently n u l l i f i e d  pos i t ive  l i f t  i n c r e n t s  from the boa t ta i l  and 

turning regio AS. Since the anomaly occured in a region where the wing sur- 

face was approximately horizontal, drag predict ions e r e  affected w r y  l i t t l e .  

I t i s  evident that, by using a f i ne r  spamise g r i d  i n  the theory and wi th  

some f i ne  tuning of the j e t  model, bet ter  correlat ion w i th  experimental 

1 i f t  measurements could be obtained. Hotever, a para l le l  study using j e t  

f l ap  theory produced good l i f t  predict ions more readi ly (see below), though 

the corresponding drag predictions were unreliable. 

4.9.2 Simpli f ied Jet Flap Theory 

Basic je t - f lap theory, applied t o  various degrees of  sophistication, has 

general l y provided a thread o f  comnonal i t y  for  the theoretical treatment o f  

most interactive aeropropulsive systems. The theory has been par t i cu la r l y  

e f fec t ive for representing powered systems   US^, augmntor wings, EBF, etc.) 

operating i n  the low-speed, h i g h - l i f t  mode. The application of the theary 

t o  the limited-span interact ive powered system, operating i n  the compressible- 

flow cruise regime has received only l imi ted attention. In the interest of 



developing quick analysis techniques for representing the general i zed aero- 

propulsive system a t  cruise, correlations have been performed between US8 

high-speed test results and the two-dimensional je t - f lap  theory o f  Spence 

(Reference 11) m d i  f ied for  f i n i t e  aspect ratio, part-span blowing, and 

conpressibi l i ty effects. 

The foliowing terms w i l l  be used in  addition t o  the usual terminology: 

incompressible, three-dimensional l i f t  coeff ic ient 

rate o f  change o f  local Cg, with (see Eq. 36) 

2-0 1 i f t  curve slope (see Eq, 38) 

airplane thrust coeff icient = T/q & 

local (20) momentum coeff icient 

f in i tew ing ,  aspect-ratio correction function (see Eq. 34) 

blown area 

part-span factor for C L ~  (see Eq. 37) 

part-span factor for Cg, (see Eq. 35) 

In Reference 12, i t  i s  shwn that 

where 



A fu r ther  modif icat ion i s  necessary t o  adapt the ca lcu la t i on  t o  the h c h  

range of in teres t  (0.6 s tb, < 0.8); t h i s  subject i s  dea l t  w i t h  in References 

13 and 14. Employing the modi f i ca t ion  suggested by Reference 13 along w i t h  

standard Prandtl -Glauert simi l a r i  t y  cor rec t  ions, the compressible 1 i f t  

becomes 

and C,, and AR i n  equat ions (34) , (36) and (38) are replaced by 0 Cv  and 

B AR, respect ively. A corresponding equation f o r  the compressible flow 

p i t ch ing  moment o f  a system w i t h  l i m i t e d  span blowing can be obtained by 

s im i la r  subst i tu t ions i n t o  the basic equations o f  Reference 12. 

4.9.3 Correlat ion by S impl i f ied  Jet-Flap Theory 

Figures 177 through 180 compare the t o t a l  1 i f t  coe f f i c i en t  as calculated 

by the foregoing expression, t o  tes t  resu l ts  obtained fo r  various USB-nozzle 

shapes, angles-of-attack and nozzle pressure ra t i os  a t  the drag-r ise Mach 



US0 CRUISE PROGRAH 

0 a A X  EXPT'L 

JET-FLAP THEORY (HOD) 
BLOWN SPAN = .082 b/2 

Figure 177. Comparison o f  US0 t es t  r e s u l t s  w i t h  mod i f ied  
j e t - f l a p  theory, noz N I E ,  c i r c u l a r ,  M, = 0.68. 



USB CRUl  SE PROGRAM 

O a A X E X P T '  L 

JET-FLAP THEORY (MOD) 
BLOWN SPAN = .12 b/2 

6j = 15' 

Figure 178. Comparison o f  USE t e s t  r e s u l t s  w i t h  mod i f ied  
j e t - f l a p  theory,  nor N g E  AR = 2.5, M, = 0.68. 



US0 CRUISE PROGRAM 

JET-FLAP THEORY (HOD. ) 
BLOWN SPAN = 0.16 b/2 
6 j  = 1P 

Figure 179. Comparison o f  USB t e s t  resu l ts  w i th  modified 
j e t  f l a p  theory, noz NsE, AR = 4 ,  Mco = 0.68.  



USB C R U I S E  PROGRAM 

0 0 x E X P T ' L  

JET-FLAP THEORY (MOD) 
BLOWN SPAN = .19 b/2 

S j  = 17" 

Figure 180. Comparison o f  USB t e s t  r e s u l t s  w i t h  m o d i f i e d  
j e t - f l a p  theory,  noz N s ,  AR = 6 ,  M, = 0.68. 



number (k = 0.68). Figures 181 and 182 show example co r re la t i ons  of  the 

computed pitching-moments with those derived from t e s t s  o f  the semi-span, 

powered model, a l so  a t  E1, = 0.68. In both calculat ions,  two-dimensional 

wing t e s t  resu l t s  a t  Mach number were used t o  evaluate the v i rcour  Cga (2-0) 

and Ch (2-0) parameters t o  be used i n  l i e u  o f  the pure ly  po ten t i a l  f low 

values; t h i s  procedure, i n  e f fec t ,  establ ishes the three-dimensional l i f t  

and moment coe f f i c i en ts  a t  the nozzle flow-through condi t ion.  The compari- 

sons show tha t  the l i f t  and moment increments due t o  the l i m i t e d  span blowing 

t y p i f y i n g  a USB-instal lat ion are accurately predic ted by the s i m p l i f i e d  j e t  

f l ap  theory across the blowing range. While the agreement i s  g ra t i f y i ng ,  

o f  more importance are the several f ac t s  brought out by the cor re la t ion .  

An e a r l i e r  analysis o f  the USB -pressure t e s t  resu l t s  ind icated tha t  j e t -  

induced 1 i f t  and drag increments (as integrated across the scrubbed area) 

corresponded t o  a much higher j e t - t u r n i n g  angle a t  the wind-on condi t ion 

than had been found from s t a t i c  t es t s  o f  the system. Typical ly ,  the s t a t i c  

j e t  tu rn ing  angle f o r  a "0-duct nozzle would be about 4 degrees whi l e  the 

wing-on pressure data indicated an increase t o  15-16 degrees ( i  .e., w i t h i n  

several degrees o f  the t ra i l ing-edge angle o f  the a i r f o i l  upper surface, 

~ T E  = 17'). The foregoing cor re la t ions  o f  1 i f t  and p i t c h i n g  moment were 

obtained only when the assumed j e t  angle c lose ly  approached tha t  o f  the wing 

t r a i  1 ing-edge regardless o f  the shape, t h i s  was o f ten  contrary t o  the observed 

s t a t i c  performance. The th ickes t  j e t  ( i .e. ,  tha t  from the c i r c u l a r  nozzle) 

does show i n  Figure 177 a tendency t o  separate from the wing surface a t  low 

angles o f  at tack where the pressure change (AP) across the j e t ,  due t o  wing- 

f low i s  small, Figure 177 a lso shows that  f o r  a = 1.0 degree, the l i f t  w i t h  



USB CRUISE PROGRAM 

0 EXPT, Hj/p, = FLOW-THPOUGH 

EXPT, Hj/p, 3 . 0  

- -  CALC, BLOWN SPAN = 0 . 1 2  b/2 

F igu re  181. Comparison o f  USB t e k t  r e s u l t s  w i t h  m o d i f i e d  
j e t - f l a p  theory ,  noz N 3 E ,  AR = 2.5, M, = 0.68. 



USP CRUISE PROGRAM 

0 EXPT, H j  Jp, = FLOW-TWROUGH 
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I I '"T 

I 

I 
I 1 I . -  - L A -  

Figure  182. Comparison of  USE t e s t  r e s u l t s  w i t h  r m d i f i e d  
j e t - f l a p  theory ,  noz N I + ~ ,  AR = 4, 4, = 0.68. 



the  c i r c u l a r  nozzle co r re l a tes  best w i t h  a j e t  angle o f  6 degrees whereas 

i n  the c r u i s e  range o f  a = jO-4') the  wing t r a i l i n g  edge angle o f  17' i s  

g radua l l y  approached by the  t u r n i n g  j e t .  The observed statOc t u r n i n g  angle 

w i t h  t h i s  nozz le  ( i .e., c i r c u l a r )  was e s s e n t i a l l y  zero. It i s  t h i s  apparent 

change i n  angle t h a t  probably accounts f o r  an observed increase i n  pressure 

drag a t  wind-on cond i t i ons  ( f rom in tegra ted  pressure measurements) f o r  

e i t h e r  USB-type con f i gu ra t i ons  o r  f o r  t h a t  mat ter ,  a p u r e - j e t - f l a p  system. 

I n  the l a t t e r  case, the wind-on pressure drag r e s u l t s  p r i m a r i l y  from f low 

entrainment i n t o  the t r a i l  ing-edge je t ,wh i le  f o r  the USB, i t  i s  e f f e c t i v e l y  

an induced t u r n i n g  o f  the j e t  by the  wing f l o w - f i e l d  a t  the  c ru i se  l i f t  

c o e f f i c i e n t .  

4.9.4 Co r re l a t i on  by L i f t i n g  L ine Theory 

The data c o r r e l a t i o n s  discussed above have been extended v i a  a computer 

program devel oped by Lockheed-Georg i a f o r  Aerospace Research Lab ( ~ e f e r e n c e  

14). Th is  program, as referenced, u t  i l izes the mechanical f l a p  analogy t o  

p r e d i c t  j e t - f l a p  wing/body performance i n  e s s e n t i a l l y  the incompressible, 

h i g h - l i f t  mode. The compressible case has, f o r  present purposes, been 

t r ea ted  i n  much the same fash ion as the s i m p l i f i e d  j e t - f l a p  ca l cu l a t i ons  

above by t ransforming the input  geometry o f  the con f i gu ra t i on  by the t ran -  

Aa A6 
sonic  s i m i l a r i t y  parameters ( i  .e., BAR, - - B B '  CT, e t c . ) .  Figures 183 

through 185 show the exce l l en t  c o r r e i a t i o n  achieved by t h i s  r a the r  simp!e 

program mod i f i ca t i on  t o  p r e d i c t  USB t o t a l  l i f t  c o e f f i c i e n t  a t  Mcs = 0.68 as 

a f unc t i on  o f  nozz le  pressure r a t i n  and e x i t  aspect r a t i o .  As i n  the m d i -  

f i e d  2-0 approach, the best data match i s  obtained when the input  j e t  angle 
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L  l F T l N G  L I N E  THEORY 
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Figure 183. Comparison of USB test results with three-dimensional 
lifting line theory, nozzle N 3 ~ ,  A R  - 2.5, M, = 0.68. 
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-- LIFT LINE THEORY 
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Figure 184. Comparison of USB test results wirh three- 
dimension.1 lifting-line theory, nor NU€, 
AR = 4, Hal = 0.68. 
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equals the wing t r a i  1 ing-edge angle o f  17 degrees (again, contrary t o  "he 

s t a t i c  tes t  resu l t s ) .  

From the foregoing co r re la t i on  studles, i t  appears tha t  the present US8 tes t  

conf igurat ions operate essent ia l  l y  as a I imf ted-span j e t  f lap ,  a t  l eas t  from 

the standpoints of l i f t  and pitching-moment. Ef fects of compressib i l i ty  on 

1 I f t  performance i s  adequately portrayed by j e t  f l a p  theory up t o  the 

moderate drag-r ise ?tach numbers o f  the subject designs. Design f o r  higher 

b c h  numbers, o r  operat ion wel l  i n t o  the drag-rise, may produce e f fec ts  

detrimental t o  the good co r re la t i on  achieved i n  the present study. 

Addit ional experimental/analyt ical  work i n  t h i s  area i s  needed. 



5.0 CONCLUSIONS - TASK II 

As a resu l t  of a deta i led  experimental/analyt ical  program for  the study o f  

the upper-surface-blowing concept, a number of s i g n i f i c a n t  conclusions may 

be ident i f ied. Such conclusions, however, must r e f l e c t  the "data-base" 

nature of  the experimental work t . ,  which r e l a t i v e l y  unref ined models and a 

broadly-spaced tes t  mat r ix  were necessary features. With in these constraints, 

i t  i s  be1 ieved tha t  the aerodynamic and geometric trends developed have 

general a p p l i c a b i l i t y ;  t h i s  has been the major ob jec t ive  o f  Task II. With 

p a r t i c u l a r  regard f o r  the leve ls  o f  c ru ise  drag portrayed, u l t imate  levels 

o f  USB-cruise performance, obtained through more h igh ly  re f ined d e s i g ~  pro- 

cesses, are not necessari ly represented by the present data. 

5.1 EXPERIMENTAL PROGRAM 

1 I n  the unrefined state, the t o t a l  drag penalty of t yp i ca l  USB-nacelle 

configurations, under transonic-cruise, powered condit ions, can be exception- 

a l l y  h igh by current standards. 

2. The major drag producing phenomena i n  the general case, appears t o  be 

o a jet-scrubbing e f f e c t  on the aft-wing surface 

c the conventional aerodynamic f r i c t i o n  drag o f  the nacel le/ 

nozzle and associated external hardware 

o a pressure-drag component representing def lec t ion  o f  the j e t  

over the af t -wing surface 

o a drag-due-to-l i f t  component inc lus ive o f  a l l  l i f t - r e l a t e d  

t ranson i c phenomena under powered model cond i t ions 



o a po ten t ia l  drag penal ty  r e f l e c t i n g  excessive nozzle 

b o a t t a i l  angles which promote loca l  flow separation. 

3. The major drag components are general ly i d e n t i f i a b l e  by force and 

silrface-pressure measurements o f  powered models tested under both s t a t i c  

and wind-on conditions. 

4. Scrubbing losses tend t o  increase w i t h  nczzle two-dimensional i t y  

( i  .e. w i t h  measuring aspect r a t i o )  and nozzle pressure r a t i o .  

5 .  Pressure drag, tending to  increase w i t h  nozzle width, aft-wing camber, 

angle-of-attack, and nozzle pressure-rat i o  can be moderated by the j e t  shock 

format ions a t  h igh nozzle pressure ra t ios .  

6.  Highly three-dimensional j e t s ,  such as a c i r c u l a r  shape, show s i g n i f i c a n t  

amounts o f  pressure drag a t  cru ise conditions. 

7. For moderate nozzle aspect ra t ios ,  j e t  de f l ec t i on  by the a f t  wing appears 

t o  be w i t h i n  several degrees less than tha t  of the wing upper-surface a t  the 

trai l ing-edge. 

8. Total  l i f t  performance a t  constant angle-of-attack i s  improved by in-  

creasing nozzle e x i t  aspect ra:io - typ ica l  values a t  a nozzle pressure 

r a t i o  o f  3.0 a r e  ACL = .03 f o r  a c ircu lar  nozzle and about A C L  = 0.10 for  

an aspect r a t i o  6.0 nozzle. 

9 .  A semi-ci rcu lar  ( "D-~uct")  nozzle (AR = 2.5) represents a reasonable 

compromise between good cru ise and potent ia l ly- favorable h i g h - l i f t  performance. 



10. Nozzle boat ta i  l angles i n  excess o f  about 25 degrees may cause s i g n i f i -  

cant drag pena l t ies  due t o  loca l  f low separation. 

11. On a m u l t i - j e t  conf igura t ion  w i t h  nacel les spaced 1.6 D. apart ,  both 

l i f t  and drag incl-ements due t o  blowing =re diminished by an apparent 

mutual in ter ference between je ts .  

12. A t  a flow-through pressure r a t i o ,  ~ n d  a t  sub -c r i t i ca l  Mach numbers, a 

f a  i red-over forebc4y nacel l e  showed essent l a  l l y the same drag penalty as 

tha t  o f  a f low-through type o f  forebody. 

1 .  Cruise drag penal t ies associated w i t h  a pylon-mounted (OW) nacel le  

posit ioned one-half nozzle diameter above the wing surface, compared favor- 

able w i th  a surface-integrated USB-type arrangenlent under s i m i l a r  t e s t  

condit ions. 

14. A small streamlined USB-nacelle, in tegrated w i t h  a s t ra igh t  wing-body 

comb ina t  ion, showed favorable drag due-to-1 i f t performance when compared 

t o  that  o f  a symnetrical design; the e f f e c t  o f  s t reaml in ing on the t o t a l  

cru ise drag penalty showed only a modest benef i t  due, i t  i s  believed, t o  

the st ra ight-wing i n s t a l l a t i o n .  

5.2 THEORETICAL PROGRAM 

The USB wing/nacelle/propulsive in te rac t ions  are complex not only  i n  t h e i r  

viscous aspects, but a lso  w i t h  regard t o  the viscous flows involved. 

Theoretical studies have. therefore, been aimed a t  understanding the 



po ten t i a l  flows w i t h  minimal representat ion o f  viscous ef fects.  The over- 

a l l  philosophy has been t o  implement the simplest r e a l i s t i c  method f o r  

s imulat ing the nace l le  environment and t o  embed in t h i s  a s i m p l i f i e d  model 

of  the spreading j e t  plume. 

5.2.1 Vortex L a t t i c e  Studies 

A major e f f o r t  has been d i rec ted  towards a vor tex l a t t i c e  representat ion 

o f  the wing/nacelle combination, w i t h  s u f f i c i e n t  d e t a i l  t o  permit compari- 

sons w i t h  surface pressure measurements. A power ef fects package was de- 

veloped, f o r  use w i t h  the vor tex l a t t i c e ,  which comprises v o r t i c i t y  panels 

which model the j e t  surface and simulate both i t s  t r a j e c t o r y  and i t s  changing 

cross sect ion. Compressibi 1 i t y  e f f e c t s  f o r  the complete model were simulated 

v i a  geometric transformat ion according t o  Gothert 's ru le .  

The vortex l a t t i c e  study, which was r e s t r i c t e d  t o  the N ~ E  'D-duct' nacel le  

a t  M = 0.60, leads t o  the fo l low ing conclusions: 

1 .  Where experimental surface pressure measurements were avai l ab le  ( i  .e., 

i n  the scrubbed region, i n  the a f t  pa r t  o f  the b o a t t a i l  and on sections j u s t  

inboard and j u s t  outboard o f  the nacelle), there was general ly good corre la-  

t i o n  between vortex l a t t i c e  pred ic t ions  and measured surface pressure 

coe f f i c i en ts .  The co r re la t i on  was p a r t i c u l a r l y  good i n  the impingement and 

tu rn ing  regions. Some dif ferences were noted f o r  supe rc r i t i ca l  pressure 

r a t i o s  ( the theory was f o r  MJET < 1 )  and i n  small regions inboard and outboard 

o f  the nacel le  loca t ion  where the theore t ica l  j e t  spreading angle was too 

large towards the t r a i l i n g  edge. 



2.  L i f t  increments i n  the scrubbed region qre  small. Upload due t o  j e t  

tu rn ing  i s  almost e n t i r e l y  o f f se t  by download i n  the impingement region. 

Honever, there i s  an adverse e f f e c t  on drag because o f  wing surface curvature. 

This causes the a f t  facing, suct ion area i n  the tu rn ing  region t o  be several 

times greater than the a f t  fac ing area i n  the impfngement region and s i g n i f i -  

cant net  pressure drag resu l t s .  

3. Drag increments occur as r e l a t i v e l y  small di f ferences between oppcsing 

th rus t  and drag forces both along the nace l le  and across the wing span. 

Large drag forces w i t h i n  the nace l le  span are o f f s e t  t o  a s i g n i f i c a n t  degree 

by th rus t  t o  each side. This r e d i s t r i b u t i o n  e f f e c t  i s  l a rge l y  associated 

w i t h  upwash and downwash induced by a  vor tex p a i r  which springs from the 

1 i f t i n g  region on the nace l le  b o a t t a i l .  

4. Corre lat ion between the theore t ica l  drag pred ic t ions  and experiment 

shows d i f ferences which are l a rge l y  independent o f  a, but which vary w i t h  

pressure r a t i o .  A t  flow-through, t h i s  d i f fe rence agrees we l l  w i t h  independ- 

ent estimates o f  nacel le  sk in  f r i c t i o n .  Thereafter, the d i f fe rence increases 

w i t h  Hj/p,ata ra te  consistent w i t h  estimated j e t  scrubbing drag e f fec ts .  A t  

supercr i t i ca l  pressure r a t i o s  t h i s  trend reverses, possibly due t o  reduced 

a f t -suc t ion  and reduced scrubbing when shocks i n  the j e t  reduce i t s  a b i l i t y  

t a  turn. 

5 . 2 . 2  Appl icat ions o f  Jet Flap Theory 

The two-dimensional j e t  f l ap  theory o f  Spence was emp i r i ca l l y  modified by 

McCormick fo r  app l ica t ion  t o  f in i te -span models i n  incompressible f lows. I n  



the i n te res t  o f  p rov id ing  quick, ove ra l l  estimates o f  USB performance over 

a range of  nacel le  nozzle conf igurat ions a t  cruise, the Spence/McCormick 

method has been fu r the r  modified, as described herein, t o  include cornpress- 

i b i  1 i t y  correct  ions. For present purposes the r e s u l t i n g  procedure has been 

designated l tS impl i f ied Jet-Flap Theoryu. 

I n  a fu r the r  approach, .which a lso  r e l i e s  upon j e t  f l ap  theory, Holmes e t  a1 

use a three-dimensional, 1 i f t i n g  1 ine program i n  which the computation o f  

f i n i t e  span e f f e c t s  i s  less empir ical .  This e x i s t i n g  program was a l so  

appl ied t o  selected USB conf igurat ions. 

The conclusions of  the above studies are as fol lows: 

1. Both the s i m p l i f i e d  j e t  f l a p  theory and the l i f t i n g  l i n e  thecry g ive 

good predic t ions o f  l i f t  increments fo r  nozzle conf igurat ions ranging from 

c i r c u l a r  t o  aspect-rat i o  four.  To achieve t h i s  co r re la t i on  i t  was necessary 

t o  employ j e t  de f l ec t  ion angles, which approached the upper surface t r a i  1 ing 

edge angle, i n  conjunct ion w i t h  measured values o f  wing sect ional  l i f t  curve 

s 1 ope. 

2. The s lmp l i f i ed  j e t  f l a p  theory a lso  predicted p i t ch ing  moment increments 

we l l  f o r  the cases t r i e d ,  namely the D-duct and aspect- rat io  four  nozzles. 

3. Neither method predicted drag increments which cor re la ted  cons is ten t ly  

w i t h  experiment. 



6.0 COHPATABILITY STUDIES - TASK Ill 

Under the basic Program Plan (Reference 16), the sequence o f  de ta i led  in-  

vest i ga t  ions of the USB-concept ca l  led  for,  f l r s t ,  an extensive experimental 

invest igat ion employing geometric var ia t ions  i n  the nace l le  design. Secondly, 

a candidate nacel le would be selected from the experimental resu l t s  around 

which more detai led, systems-oriented studies would be performed. Thi rd ly ,  

a wind-tunnel t es t  would invest igate the low-speed, h i g h - l i f t  performance 

of the candidate nacel le  as integrated w i t h  the a i r c r a f t  h i g h - l i f t  system. 

The e f f o r t  associated w i t h  steps 2 and 3 above are denoted as the Task Ill - 
Compatability Study. I n  t h i s  phase o f  the contractual e f f o r t ,  the aero- 

dynamic studies are c lose ly  combined w i th  the companion acoustics program 

(NASI-13870, Noise Character is t ics o f  Upper Surface Blown Configurations) 

f o r  evaluat ing USB as appl ied t o  a commercial t ransport  design. The 

Appendix o f  t h i s  document d e t a i l s  the aerodynamic nacel le  select ion process, 

the aerodynamic/acoustics design compromises and the transport conf igurat ion 

evolving from these combined studies. Conclusions are drawn as appropriate. 

The second h a l f  o f  the aerodynamic Task I l l  e f f o r t ,  an experimental study of 

the h i g h - l i f t  charac ter is t i cs  o f  the selected system, i s  contained i n  Volume 

I I ( D ) .  
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APPEND l X 

C O M P A T I B I L I T Y  STUDY 

A. P. Pennock and J ,  P. Hancock 

To inves t iga te  the c o m p a t i b i l i t y  o f  USB/OTW nace l le  i n s t a l l a t i o n s  w i t h  

advanced t ranspor t  a i r c r a f t ,  a de ta i l ed  design f e a s i b i l i t y  study was per- 

formed based an a i r c r a f t  developed i n  the NASA short-haul s tudies o f  

References A-1 through A-4 .  Accomplishn=nt of  the study requi red the 

fo l low ing three steps: 

O Select ion of  a su i t ab le  mission and d e f i n i t i o n  o f  the associated 

basel ine a i r c r a f t .  

Determination o f  the e f fec ts  o f  per turbat ions from the basel ine 

and se lec t ion  o f  a f i n a l  conf igura t ion .  

Establ ishmen: o f  the design feas ib i  1 i t y  o f  the f i n a l  conf igura t ion .  

Throughout the study the basic  goals o f  ( 1 )  c ru i se  drag compet i t ive w i t h  

tha t  o f  conventional i n s t a l  l a t  ions, (2)  sa t i s fac to ry  sho r t - f  i e l d  character- 

2 i s t i c r ,  and (3) a 90 EPNdB noise f o o t p r i n t  area o f  2.59 kmi ( 1  s.m. ) were 

kept i n  mind. 

1.0 A l  RCRAFT PERFORMANCE REQUl REHENTS 

The p r i nc ipa l  operat ing requirements considered i n  t h i s  phase o f  the in- 

ves t i ga t i on  here the stage length, f i e l d  length, and c ru i se  Mach number. 

The nacel le  drag levels  were h igh  enough t o  ind ica te  tha t  the analys is  

should concentrate on short-range and medium-range missions. These were 



selected t o  be 805 km (500 n.m.1 and 2414 km (1500 n.m.) respect ive ly .  

The design f i e l d  lengths chosen were 610 m (2000 f t )  f o r  the short-haul 

a i r c r a f t  and 1219 m (4000 f t )  f o r  the medium-haul a i r c r a f t .  The design 

payload was set  a t  148 passengers, a break p o i n t  above which more cabin 

attendants are requi red under FAA regulat ions.  

2.0 CANDIDATE ENGINES AND AIRCRAFT 

The engines used i n  the ana lys is  were the A l l i s o n  Pa-287-11, w i t h  a design 

fan pressure r a t i o  o f  1.35, and the General E l e c t r i c  CFn56, w i t h  a design 

fan pressure r a t i o  o f  1.47. The PD-287-11 i s  a study engine developed i n  

the program tha t  l e d  t o  the Qu ie t  Clean STOL Experimental Engine (QCSEE). 

The CFH56 i s  a cur ren t  engine now undergoing tes t .  A lower fan pressure 

r a t i o  r e s u l t s  i n  a qu ie ter ,  bu t  sometimes heavier and more expensive, a i r -  

c r a f t  and v i ce  versa. The t radeo f f  between noise and cos t  was determined 

a t  both stage lengths by designing a i r c r a f t  around each o f  the two engines. 

Drag considerat ions and pre l im inary  s e n s i t i v i t y  s tudies led  t o  the choice 

o f  nace l le  conf igurat ions.  The two types considered were (1)  US0 i n tegra ted  

nacel les  and (2) OTW py Ion-moun ted conf igura t ions .  

For , I - : .  USB integrated nacel les, a range o f  d i f f e r e n t  nozzle types was 

exam~,~ed. The s e n s i t i v i t y  o f  a selected short-haul a i r c r a f t  t o  the Irag 

and weight cha rac te r i s t i cs  o f  the d i f f e r e n t  nozzle types was examined across 

a range o f  nozzle pressure r a t i o s .  O f  the conf igura t ions  examined, the D- 

duct nozzles resu l ted  i n  the lowest ramp weight penal t ies,  as shown i n  

Figure A - 1 .  I t  was a l so  t rue  tha t  these minimum pena l t ies  were experienced 

a t  the lowest pressure r a t i o s  tested. Thus, among the in tegra ted  nacel les, 

the choice o f  the D-duct was c lea r  cu t .  



Although the drag o f  the pylon-mounted conf igura t ions  was not  ~,wasurcd 

d i r e c t l y  under power, i t  was measured f o r  the flaw-through case. A compari- 

son o f  the integrated 0-duct versus short  and long py Ion-mounted nacel l a  

conf igurat ions i s  shown i n  Figure A - 2  fo r  the flow-through pressure r a t i o .  

Here the short  pylon shows s i g n i f i c a n t l y  lower drag, wh i le  the long pylon 

nacel le  drag i s  s l i g h t l y  higher thara fo r  the integrated. The drag penal ty  

due t o  power i s  expected t o  be lower fo r  the oylon-munted nacel les because 

there i s  no scrubbing. Based on these resu l ts ,  the shcr t  pylon-mounted 

nacel le  was chosen for  i n s t a l l a t i o n  i n  the second study a i r c r a f t .  

Since the best in tegrated nace l le  h3d a higher drag leve l  than the short  

pylon conf igurat ion,  i t  was decided t o  employ the E-duct f o r  the 805 km 

(500 n.m.1 mission. I t  then f o l  lowed tha t  the short  py lon nacel le would 

be used on the 2114 km (1500 n.rn.1 mission. 

A i r c r a f t  weight and cost usua l ly  increase w i t h  c ru ise  h c h  number, but  i t  

was not  c lea r  how strong the e f f e c t  o f  Hach number would be on these a i r -  

c r a f t .  The basic combinations - short  range/l . jS fan pressure r a t i o /  

i n t e g r a t t ~  nacel l e  and medi urn range/1.67 fan pressure r a t  io/py Ion-mounted 

nacel le  - were therefore run a t  0.70, 0.75, and 0.80 :wise Hach numbers. 

The mat r ix  o f  e igh t  a i r c r a f t  tha t  evolved from the fac tors  j u s t  dis,ussed 

and was used i n  the analyses i s  shown below: 

A i  r c ra f  t No. 1 2 3 4 1  5 6 7 8 

No. of Passengers 148 

-- Stage Length, km (n-m.) 805(500) - 
F ie ld  Length, m ( f t )  610(2000) - 
Fan Pressure Rat io 1.35 --A 1.47 

Nacelle Type I n tegra ted -. c. 

Cruise Mach NO. 0.70 0 . 7 5  0.80 0.75 



3.0 ANALYSIS 

The ana lys is  used computer programs, data bases, and experience developed 

dur ing Lockheed's three-year study o f  short-haul t ranspor ta t i on  systems f o r  

NASA, reported i n  References 6 1 - 1  through t i -4 .  The sequence o f  operat ions 

was as fo l lows:  

1. An a i r p o r t  performance program was used t o  determine the wing loading 

and th rus t  loading needed t o  meet the takeof f  and landing f i e l d  length 

requirements. US0 h i g h - l  i f t  system cha rac te r i s t i cs  developed i n  the 

short-haul work were used. These cha rac te r i s t i cs ,  drawn la rge l y  from 

tes ts  conducted i n  the Quest01 program, which led  t o  the Qu ie t  STOL 

Research A i r c r a f t  (QSRA) competi t ion, are based 01 the use o f  a  la rge  

f l a p  o f  moderate d e f l e c t i o n  w i t h  a  f i n a l  segment, blown a t  the knee, 

that  can be fu r the r  de f lec ted  as needed. The a i r p o r t  performance pro- 

gram a l so  provided takeof f  and landing f l i g h t  paths and landing th rus t  

se t t ings  and f l a p  se t t i ngs  fo r  use i n  ca lculat ;ng noise. 

Aerodynamic parameters such as wing aspect r a t i o ,  sweep angle, taper 

r a t i o ,  thickness r a t i o ,  e tc . ,  were selected on the basis  o f  op t im i -  

za t ion  studies conducted under the short-haul t ranspor ta t i cn  system 

contracts.  Two-engine a i r c r a f t  were chosen fo r  the medium-range mission 

t o  reduce the takeof f  noise f o o t p r i n t  area. A two-engine a i r c r a f t  re- 

qui res more t o t a l  th rus t  than a four-engine, but the steeper c l i nbou t  

angle more than compensates f o r  the added th rus t  when f o o t p r i n t  area i s  

the c r i t e r i o n .  A two-e+lgine design may a lso be marginal a t  the short 

landing f i e l d  length associated w i th  the short-range mission. Highly 

def lected landing f la?s  are needed t o  get the a i r c r a f t  i n t o  the short  

f i e l d ,  and t h e i r  drag i s  such tha t  the i n s t a l l e d  th rus t  requi red t o  



handle an engine-out go-around can become excessive. Four-engine 

a i r c ra f t  were therefore used fo r  the short-haul IV ion. 

3. The a i r c r a f t  thus defined were run through t h e i r  missions i n  the general 

a i r c r r f  t s i z ing  program (GASP) , wf t h  the performance curves o f  the se- 

lected engine, t o  determine the component sizes-and weights needed t o  

meet the requi r m n t s .  GASP converges t o  the requi red combinat Ion o f  

engine size, wing area, and mission fuel,  ca lcu la t ing the drag, weight, 

and s ize o f  each major component and system o f  the a i r c r a f t  as i t  does. 

It also calculates procurement and operating costs. The cost equations 

were not updated f o r  the present analysis, but are ind icat ive  o f  re la-  

t i v e  magnitudes. 

Naceile drag coe f f i c ien ts  were input t o  GASP as a function o f  a i r c r a f t  

l i f t  coe f f i c ien t  and were based on the design nozzle pressure ra t i os  o f  

the study engines. Drag values used were actual t es t  data from the US8 

cruise performance program reported i n  Reference A-5 .  They were modi- 

f i e d  f o r  scale e f f ec t  and corrected for  the di f ference i n  wing aspect 

r a t i o  betweet, the tes t  model and the fu l l - sca le  study a i r c r a f t .  

4. The noise levels and foo tp r in t  areas o f  the resu l t i ng  a i r c r a f t  were 

calculated using the noise pred ic t ion progrxn described i n  Section 6 

of  t h i s  volume. 

4.0 RESULTS 

The sa l ient  character ist ics of the e ight  a i r c r a f t  analyzed i n  the baseline 

select ion phase are l i s t e d  i n  Table A - 1 .  Cost, weight, and noise compari- 

sons are presented i n  Figures A - 3  through A - 5 .  I t  can be seen i n  Figure A-3 



that nei ther procurement cost nor d i  rect  operrt I ng cost (DOC) are strongly 

affected by the mission variables; a factor o f  1.2 covers the spread be- 

tween the highest and lowest va lws  o f  both costs. 

Rvnp m i g h t  thaws laore overal l  variation, p r i l a r r i l y  because the medium 

haul mission requires considerably amre fuel, and thus a larger a i rc ra f t ,  

than the short-haul mission. One interest ing feature o f  the weight com- 

parison i s  that a i r c r a f t  2, designed for h c h  0.75, i s  s l i g h t l y  l igh ter  

than a i r c ra f t  1, which i s  designed fo r  Mach 0.70. There are two reasons 

fo r  this.  f i r s t ,  the f i e l d  length requirement i s  so str ingent that the 

engine size i s  set by takeoff requirements; as i t  turns out, the resul t-  

ing engine size i s  better matched t o  Mach 0.75 that t o  Mach 0.70 cruise. 

Second, nacelle drag i s  very sensit ive t o  l i f t  coeff ic ient a t  the lomr 

wing loadings. Since the cruise l i f t  coef f ic ient  fo r  the k c h  0.75 a i r -  

plane i s  s l i gh t l y  lamr than for  Hach 0.70, the drag coef f ic ient  i s  also 

lower. It i s  possible that further optimization o f  the wing would e l imi -  

nate the m i g h t  minimum a t  0.75 cruise Hach number. 

Noise shows the largest var iat ion among the parameters sham. Takeoff 

noise levels are dictated pr imari ly by the choice of  engine, as can be 

seen from the follawing table. 

Fan Pressure Ratio 1.35 1.47 

Aircraf t  Nos. 1-3.8 4-7 

Range o f  Values - 
Takeoff Footprint, Km 

2 
3-4 10-17 

Takeoff Flyover, EPNdB 83-86 89-96 
Takeoff Si.deline, EPNdB 99-101 106-107 

Landing noise i s  more a function of f i e l d  length, The shorter f i e l d  re- 

quires highly deflected flaps and substantial thrust settings (38-46%) 



during approach, whi le the f l ap  def lect ions are much lower and the thrust  

set t ings are only 12-24% w i t h  the longer f i e l d .  Thus the 1.47 fan pres- 

sure r a t i o  a i r c r a f t  a t  the shorter f i e l d  length ( a i r c r a f t  4) has the high- 

es t  approach f lyover measurement po in t  noise (99 EPN~B) and the only appre- 

c iab le  landing footpr in t .  Otherwise the landing foo tp r in ts  are neg l ig ib le  

and the approach f lyover noise levels are a l  l i n  the range o f  91-95 EPNdB. 

The e f f e c t  o f  design cru ise Hach number i s  f a i r l y  small a t  e i t he r  stage 

length. Weight, cost and noise generally increase w i t h  Hach number along 

an accelerat ing curve, w i th  l i t t l e  dif ference between 0.70 and 0.75 fl and 

somewhat more increase a t  0.80 fl. 

5.0 BASELINE AIRCRAFT SELECTION 

The 1.47 fan pressure r a t i o  a i r c r a f t  (4-7) Here ru led out as baselines be- 

cause o f  t h e i r  noise. I t  appears from Figure A - 5  that  a fan pressure r a t i o  

o f  about 1.35 i s  required t o  meet the 90 EPNdB t o t a l  footpr in t  area goal o f  

2 2 2.59 km (1 s.m. ) .  

The study showed that  sat is fac tory  a i r c r a f t  could be designed w i th  t rue 

USB nacelles ( a i r c r a f t  1-3). I t  was therefore decided t o  e l iminate a i r -  

c r a f t  8 w i t h  i t s  pylon-mounted nacelle. This l e f t  a choice t o  be made 

between the three cru ise Mach numbers represented by a i r c r a f t  1-3. The 

dif ferences between a i r c r a f t  2, a t  0.75 H, and a i r c r a f t  1, a t  0.70 H, are 

minor. A i r c r a f t  3, a t  0.80 M, i s  somewhat poorer thar! the other two on 

a l l  counts, and the time saved by i t s  extra speed i s  small a t  the 805 km 

(500 n.ln.) range - four minutes, compared to  the 0.75 M a i  r c r a f t ,  i f  the 

f u l l  805 km i s  covered a t  design cruise speed. A i r c ra f t  2 was therefore 

selected as the baseline design. 



6.0  PERTURBAT I ON STUD I ES 

With a basel ine design selected, the e f f e c t s  o f  per turbat ions o f  a i r c r a f t  

var iables which a f fec t  performance and noise were invest igated.  The c r u i s e  

performance parameters var ied  were nozzle b o a t t a i l  angle, aspect r a t i o ,  r e \ -  

a t i v e  s ize,  and discharge pos i t ion .  Parameters a f f e c t i n g  noise tha t  were 

var ied  were nozzle aspect r a t i o  and impingemnt angle on the wing, f l a p  

extension, de f lec t ion ,  and radius o f  curvature, fan duct noise treatment, 

and t o t a l  noise source strength. Each parameter was var ied  i n d i v i d u a l l y  

wh i le  ho ld ing  the others constant. I n  add i t ion ,  f o r  the noise studies, 

the e f fec ts  o f  a long-chord f l a p  combined w i t h  changes i n  nozzle aspect 

r a t i o  and fan duct noibe treatment were determined. Only takeof f  f o o t p r i n t  

area and takeof f  measurement po in t  f l yover  noise were considered i n  t h i s  

study. 

6.1 CRUISE PERFORMANCE 

Using force t e s t  resu l ts ,  the e f fec ts  o f  the various nozzle geometric para- 

meters were examined across a wide range o f  t h rus t  c o e f f i c i e n t s .  Perform- 

ance data fo r  the s t r a i g h t  and swept wings were evaluated a t  the appropri-  

a te  drag divergence Mach numbers o f  0.68 and 0.73 respect ive ly .  The 

c r i t e r i o n  f o r  evaluat ion was t o t a l  nace l le  in ter ference drag, ACD,,~~, which 

i s  the sum o f  the nace l le  aerodynamic drag, scrubbing drag, and vector ing, 

less nace l le  sk in  f r i c t i o n  drag. 

Restilts from the evaluat ion o f  b o a t t a i l  angle e f f e c t s  are presented i n  Fig- 

ure ;+-6(A) for  th rus t  c o e f f i c i e n t s  ( C T 8 s )  .anging from 0.04 t o  0.12. The 

approximate corresponding range o f  pressure r a t i o  i s  1.6 t o  2.9. Two d i s -  

t i n c t l y  d i f f e r e n t  trends are apparent. I n  the s u b c r i t i c a l  range o f  pressure 



ra t ios  considerably greater tolerance t o  boa t t a i l  angle i s  evident. Here 

l i t t l e  o r  no drag penalty i s  experienced unt i 1 the boat ta i  l angle reaches 

25' o r  more. A t  supercri  t i c a l  pressure ra t ios ,  on the other hand, a neat ly 

deficed optimum occurs a t  around 15-18O and the drag increments r i s e  sharp- 

l y  above those values. Since most transports cru ise i n  the c r i t i c a l - t o -  

supercri t i c a l  range, good design pract ive  w i  11 cal  l f o r  hold ing boat ta i  l 

angles t o  less than 20°. 

Nacelle drag increments as a funct ion o f  nozzle pressure r a t i o  are shawn 

:n Figure A-b(6). Except f o r  the lowest pressure r a t i o  examined, a d e f i n i t e  

perference was indicated f o r  the D-duct (AR = 2.5) .  A t  the pressure ra t i os  

3f greatest interest ,  i.e. 1.9 t o  2.6, a 22 t o  30% drag reduction i s  shawn 

re l a t i ve  t o  the c i r cu la r  nozzle. Next t o  the 0-duct, the nozzle w i t h  AR = 6 

appeared t o  have the lowest drag increment, although i t  i s  not c lear  why 

t h i s  i s  so. The advantage shown over an aspect r a t i o  of  4 i s  r e l a t i v e l y  

smal I. 

To determine the e f f ec t  c f  size, two nozzles which were ident ica l  except 

fo r  s ize were selected from the cru ise performance program matrix. These 

2 2 
were nozzle Nq, w i t h  c /AN = 24. and nozzle N12.  wi th  c /AN = 48, where c 

i s  the wing chord and AN i s  the nozzle area. (These nozzles and others 

referred t o  below are defined i n  Reference A-5.) Evaluation o f  the drags 

o f  these nozzles a t  various pressyre ra t i os  resulted i n  the curves shown 

i n  Figure A - 6 ( C ) .  Surpr is ingly,  the data show that as the nacel l e  gets 

smaller, the drag coe f f i c ien t  h s s a  gn nacel le f ron ta l  area goes up. This 

i s  probably re lated t o  the e f f ec t  o f  the nacel le on spanloading and thus 

on wing e f f ic iency.  Although the basic drag o f  the nacel le i s  a funct ion 

o f  nacel le cross-sectional area, the span af fected varies w i t h  nacel le 



diameter. Thus the change i n  wing e f f i c i e n c y  i s  r e a l l y  a funct ion of the  

square root  o f  the cross-sect ional area. 

The change i n  nace l le  incremental drag w i t h  chordwise p o s i t i o n  i s  presented 

i n  Figure A-6 (0).  This was based on resul t s  obtained wi t h  c i  r c u l a r  nozzles 

(p r imar i l y  nozzles N I E  and N : ~ )  w i t h  discharges a t  d i f f e r e n t  chordwise 

pos i t ions .  Drag was shown t o  be cons is ten t l y  reduced by forward movement 

o f  the  nacel les.  This r e s u l t  i s  h i g h l y  c red ib le  s ince i t  i s  the same 

t rend as has been obtained before f o r  conventional under-the-wing i n s t a l l -  

a t ions.  The favorable t rend i s  due t o  the improvement i n  nacelle-wing area 

d i s t r i b u t i o n  as the nace l le  i s  moved forward. 

As had been ant ic ipated,  the per turbat ion  studies o f  the basic nozzle 

geometric var iables d i d  not  r e s u l t  i n  any changes o f  these parameters 

from t h e i r  basel ine values. A b o a t t a i l  angle o f  16*, previously selected 

f o r  the base1 ine, i s  seen i n  Figure A - 6 ( A )  t o  be near optimum. The choice 

o f  a 0-duct nozzle i s  unassai lable from a performance standpoint,  based on 

the nozzle aspect r a t i o  e f f e c t s  o f  Figure A-6(8). 

Figure A-6 (C)  ind icates tha t  l a rge r  nozzles r e s u l t  i n  lower drag penal t ies.  

This would mean tha t  f o r  the same i n s t a l l e d  th rus t ,  two la rge engines would 

be b e t t e r  than four  small ones. For an a i r c r a f t  tha t  must operate from a 

2000-foot f i e l d ,  however, swi tching t o  a twin-engine design would r e s u l t  i n  

a considerable increase i n  required i n s t a l l e d  th rus t  c a p a b i l i t y ,  more than 

2 
negating the po ten t ia l  drag saving. The value o f  c /AN employed on the 

basel ine i s  approximately 14, which, as i s  seen i n  Figure A - 6 ( ~ ) ,  resu l ts  

i n  a s i g n i f i c a n t l y  l w e r  drag c o e f f i c i e n t  that  the reference ( intermediate) 

nace l le  t e s t  value o f  24. 



I n  the case o f  nozzle e x i t  pos i t ion ,  Figure A - ~ ( D )  shows tha t  nace l le  drag 

i s  reduced as the nace l l e  i s  moved forward r i g h t  up t o  where x/c approaches 

zero. The t radeof f  here i s  against  weight and scrubbing drag, and the 

choice o f  x/c - 0.35 was made based on extensive work performed f o r  the 

QSRA e f f o r t ,  which ind ica ted t h i s  was a near-optimum value. 

6.2 NOISE 

Noise e f f e c t s  were determined from the noise p r e d i c t i o n  program alone, 

wi thout  res i z ing  the a i r c r a f t  o r  reca lcu la t i ng  i t s  a i r p o r t  performance. 

For most var iables t h i s  procedure i s  bel ieved t o  y i e l d  r e s u l t s  tha t  are 

e i  ther approximatel y co r rec t  o r  conservat ive (higher than the t rue  noise 

leve ls ) .  Incorporat ing s i z e  and f l i g h t  path e f fec ts  would y i e l d  h igher 

noise leve ls  on ly  i n  the case o f  the nozz:e aspect r a t i o  va r ia t i on ;  the 

higher aspect r a t i o s  o f  the nozzle var ian ts  are associated w i t h  h igher 

c ru i se  drag and thus w i t h  less noise reduct ion when s i ze  and f l i g h t  path 

e f f e c t s  are considered. 

Size and f l i g h t  path e f f e c t s  i n  the other cases are general ly  e i t h e r  

favorable (especial l y  w i t h  the long-chord f l ap )  o r  smzl I. Greater f l a p  

de f lec t i on  could have e i t h e r  adverse o r  favorable i n d i r e c t  e f f e c t s  on 

noise, depending on what other  changes were made i n  the h i g h - l i f t  system 

t o  ho ld  the f i e l d  length constant. 

The resu l t s  are shown i n  Figure 8-7, i n  which takeof f  f o o t p r i n t  area a t  

90 EPNdB i s  p l o t t e d  against takeof f  f l yover  noise level  a t  the 6.49 km 

(3.5 n.m.) measurement po in t .  The basel ine a i r c r a f t  has a 90 EPNdB foot -  

2 2 
p r i n t  area o f  3.03 km (1 .17  s.m. ) and a f l yove r  noise leve l  o f  83.4 EPNdB. 

2 2 The goal i s  a t o t a l  f oo tp r in t  area o f  2.59 km ( 1  s . m .  1; a l lowing 0.11 km 2 

2 f o r  the landing f o o t p r i n t ,  the takeof f  f o o t p r i n t  goal becomes 2.48 km . 



Changes i n  f l a p  radius o f  curvature, f l a p  de f lec t ion ,  nozzle impingement 

angle, and fan duct noise a t tenuat ion  cause e s s e n t i a l l y  no change i n  the 

basel ine noise values. The po in t s  represent ing these va r ia t i ons  are  

grouped near the basel ine po in t .  However, the o ther  var iab les  - nozzle 

aspect r a t i o  increase,noise source s t rength  reduct ion, and f l a p  extension - 
are q u i t e  e f f e c t i v e  i n  reducing noise. A i r c r a f t  incorpora t ing  these modi f i -  

ca t ions  are  indicated t o  be capable o f  beat ing the noise goal. These 

var iab les  are  discussed below. 

Nozzle Aspect Rat io  - F l a t  rectangular nozzles are  shown t o  markedly re-  

duce both f o o t p r i n t  area and f l yove r  noise. As i s  noted above, however, 

they have h igher  drags than the basel ine semic i rcu lar  D nozzle, and the 

e f f e c t s  o f  the drag increase on a i r c r a f t  s i ze  and f l i g h t  path a re  no t  

included i n  the analys is .  The favorable e f f e c t s  o f  increased nozzle aspect 

r a t i o  on noise would be diminished i f  s i ze  and f l i g h t  path e f f e c t s  were 

considered. 

Since the noise goal i s  achievable w i t h  the D nozzle, nozzle aspect r a t i o  

va r i a t i ons  were not pursued fu r ther .  I f  the nozzle were t o  be changed, 

however, the aspect r a t i o  6 design would be pre fer red  t o  the aspect r a t i o  

4. Both conf igura t ions  hsde more drag than the D nozzle, but  aspect r a t i o  

6 has s l  i g h t l y  less drag than aspect r a t i o  4 and i s  considerably qu ie te r .  

H igh -L i f t  System Noise Reduction - The noise generated by a USB h i g h - l i f t  

system can be reduced by modifying the f low condi t ions a t  the f l a p  t r a i l i n g  

edge. A1 though p r e l  iminary resul  t s  by Hayden (Reference A - 6 )  i nd i ca te  re-  

duct ions o f  up t o  10 dB, attempts t o  repeat these r e s u l t s  i n  the present 

program were unsuccessful; the OASPL reductions achieved were about 2 dB 

w i t h  passive treatment of  the f l a p  surface and about 5 dB w i t h  t r a i l i n g  

edge blowing. 



The e f f ec t  o f  a 3 dB decrease i s  shown I n  Figure A-7.  (For convenience i n  

using the pred ic t ion program the decrease was appl ied t o  a1 1 sources but 

the e f f ec t  i s  essent ia l ly  the same as applying i t  t o  h i g h - l i f t  system 

noise alone, as h i g h - l i f t  system noise i s  the only s i gn i f i can t  cont r ibutor  

t o  the noise o f  the basal ine a i r c ra f t . )  The ef fect  i s  t o  reduce the take- 

o f f  f l yover  measurement po in t  noise by s l i g h t l y  more than 3 EPNdB and t o  

cut the takeoff f oo tp r i n t  area i n  ha l f .  The e f f ec t s  o f  f l a p  treatment on 

a i r c r a f t  s ize and performance and thus on noise should be considered i n  a 

more complete analysis but such e f fec ts  are expected t o  be small. Surface 

treatments would a f f ec t  only takeoff and landing, being covered when the 

flaps are retracted. Blowing would be o f f  a t  c ru ise and i s  already in-  

cluded i n  the baseline f l ap  system. 

Flap Extension -- As i s  discussed i n  Sections 5 and 6 o f  t h i s  volume, ex- 

tending the f l ap  chord i s  the most e f f ec t i ve  way t o  reduce noise. The 

baseline f lap, described ea r l i e r ,  def lec ts  20° over most o f  i t s  chord, 

w i th  a f i n a l  blown segment that  def lects fur ther.  There i s  no increase 

i n  chord when the f lap i s  deployed. By changing t o  an uii3:otted Fowler 

f lap,  w i t h  the segments s l i d i ng  back on tracks t o  extend the basic wing 

chord by 50%. h i g h - l i f t  system noise i s  reduced enough t o  lower the f l y -  

over noise from 83.4 EPNdB to  77.6 EPNdB and the takeoff foo tp r in t  area 

2 2 
from 3.0 km to  1.2 km . These reductions do not include the e f fec ts  o f  

the increased l i f t i n g  area on the climbout angle, which would cause fur ther  

decreases i n  both o f  the noise parameters. 

I n  view o f  the large reductions achieved by extending the f lap,  t h i s  per- 

turbat ion was combined w i th  changes i n  fan duct noise treatment and i n  

nozzle aspect ra t io .  The resu l ts ,  p lo t ted  as s o l i d  symbols a t  the l e f t  



i n  Figure A - 7 ,  are s i m i l a r  t o  those obtained w i t h  the basel ine f lap.  Fan 

duct treatment has somewhat more e f f e c t  because h i g h - l i f t  system noise i s  

reduced, but  fan noise i s  s t i l l  unimportant, Increasing the nozzle aspect 

r a t i o  i s  less bene f i c ia l  than w i t h  the basel ine f l a p  because the noise 

leve ls  are  already low and f u r t h e r  improvements y i e l d  d imin ish ing returns.  

6.3 FINAL DESIGN 

The selected f i n a l  design, s h w n  i n  Figure A - 8 ,  i s  the same as the basel ine, 

a i r c r a f t  2 o f  Table A - 1 ,  i n  most respects. I t  i s  a high-wing four-engine 

a i r c r a f t  designed f o r  a passenger capaci ty  o f  148, f i e l d  length o f  610 m 

(2000 f t ) ,  stage length o f  927 km (500 n.m.), and c ru i se  Mach number o f  

0.75. The ramp &eight i s  66,067 kg (145, 678 l b )  and the wing area i s  

2 2 2 
170 m (1828 f t  ) ,  f o r  a wing loading o f  387 kg/m (79.2 ps f ) .  The engines 

are A1 l ison PO-287-1 1 's  scaled t o  a takeoff  ra ted th rus t  o f  83,200 N 

(18,705 Ib) ,  g i v ing  an i n s t a l l e d  thrust-to-weight r a t i o  o f  0.48. Other 

features and charac te r i s t i cs  are  shown i n  'ablz A - 1  and Figure A-8. 

The i n i t i a l  c ru ise  l i f t  c o e f f i c i e n t  fo r  the f i n a l  design i s  0.31, which 

r e f l e c t s  a r e l a t i v e l y  low wing loading. The associated drag c o e f f i c i e n t  

i s  0.0256, r e s u l t i n g  i n  a c ru i se  1 i f t / d r a g  r a t i o  o f  12.1. The t o t a l  nace l le  

drag c o e f f i c i e n t  i s  0.0096. The approach speed i s  160 km/hr (86 kn) wh i le  

c l  imbout speed i s  185 krn/hr (100 kn). 

I n  accordance w i t h  e a r l i e r  discussion, the nace l le  has a D nozzle located 

a t  35% chord, w i t h  a b o a t t a i l  angle o f  16O. Extended-chord f laps are used 

t o  get the noise bene f i t  o f  the increased flow length from the nozzle t o  

the f l a p  t r a i l i n g  edge, and the f l a p  in terna l  blowing system i s  deleted. 

The a f t  fan duct noise treatment i s  deleted, leaving the fan duct untreated 



forward and a f t ,  al though there i s  p rov i s ion  t o  incorporate treatment i n  

both areas i f  i t  i s  found t o  be desi rable.  

7.0 NACELLE DESIGN 

The propuls ion and h i g h - l i f t  system i n s t a l l a t i c n  fo r  the outboard p o s i t i o n  

i s  shown i n  Figure A - 9 .  I n s t a l l a t i o n  design d e t a i l s  are discussed i n  toe 

fo l low ing paragraphs. 

7 .1  INLET 

The fan in take i s  a standard short-duct arrangement which extends roughly 

one-half nace l le  diameter forward o f  the fan face. A generous l i p  thickness 

i s  employed t o  f a c i l i t a t e  e f f i c i e n t  i n f l ow  a t  h igh  angles o f  a t tack .  The 

cowl i s  c i r c u l a r  w i t h  the except ion o f  the lower lobe, which i s  s l i g h t l y  

e l  l i p t  i c a l  to  provide space fo r  the engine accessory package. 

The i n l e t  leading edge and the i n te rna l  l i p  downstream t o  the th roa t  are 

protected w i t h  an evaporat ive a n t i - i c i n g  system, which employs aluminum 

skins i n  conjunct ion w i t h  overheat detectors.  Downstream o f  the th roa t ,  

p rov is ion  i s  made f o r  acoust ica l  treatment o f  the i n l e t  duct t o  at tenuate 

forward radiated f l a p  noise. 

The in let - forebody assembly i s  supported by and attached t o  the f r o n t  

f lange o f  the engine fan case. I t i s  cons idered t o  be a component of  the 

quick eng i ne change un i t (QECU) , a l though i ts  overhaul schedule i s based 

on a i  rframe t ime-between-overhauls (TBO) ra ther  than engine TBO. 

7.2 FAN CASE COWLING 

The fan case cowling i s  d iv ided i n t o  upper and lower segments. The lower 



segment can be opened by un la tch ing  the lower center seam and i s  hinged a t  

o r  j u s t  below the engine ho r i zon ta l  cen te r l i ne  fo r  quick access t o  the 

engine reduct ion gear case and accessories. The upper h a l f  i s  attached t o  

the fan case f langes and i s  removable f o r  engine access o r  removal. 

7 . 3  FAN DUCf AND NACELLE STRUCTURE 

The upper fan duct i s  in tegra ted  i n t o  the nacel l e  by two heavy main r i ngs  

and c a r r i e s  the engine loads i n t o  the wing box skins w i t h  a p i n  attachment 

on the upper surface and by skate angles on the lower surface. A monocoque 

she l l ,  which incorporates the f r o n t  and rear engine mounts i s  thereby 

e f fec ted .  This type o f  cons t ruc t ion  a l lows the engine t o  be changed i n  

the convent'cnal manner by 1oweri:rg i t  onto a t ranspor ta t i on  t r a i l e r ,  e i t h e r  

w i t h  AGE attached t o  the nace l le  or w i t h  an e levator  on the ground c a r t .  

ihe inner surface o f  the fan duct can be acoust ica; ly t rea ted  t o  minimize 

a f t  radiated fan noise. 

7 .4  THRUST REVERSER 

The rear  upper external  contour o f  the nace l le  i s  formed by the outer  sur- 

f3ce o f  the ta rge t  t h rus t  reverser door. The inner surface o f  t h i s  door 

i s  constructed o f  high-temperature mater ia l  t o  mainta in s t r u c t u r a l  s t rength  

and r i g i d i t y  dur ing i t s  shor t ,  but high-temperature, duty cycle. Extension 

o r  r e t r a c t i o n  o f  the door on i t s  four-bar l inkage i r  accomplished hydrau- 

l i c a l l y  w i t h  the movable hinge po in ts  descr ib ing the arcs i l l u s t r a t t d  i n  

Figure A - 3 .  The t o t a l  j e t ,  both primary and secondary, i s  de f lec ted  f o r -  

ward and upward, p rov id ing  a reverse force plus a  downdard force on the 

a i rcraf t ,making i t s  brakes more e f f e c t i v e .  As i s  a l so  i l i u s t r a t e d  i n  the 

f igure ,  there i s  an a r t i c u l a t e d  eyebrow-shaped sec t ion  on the a f t  l i p  o t  



thrust  reverser which can be extended t o  exert  a downward force on the 

discharging j e t  and thereby assure i t s  attachment t o  the upper surface o f  

the wing and f lap.  The deflr.ctor would be employed whenever high l i f t  co- 

e f f i c i e n t s  are required, as during takeoff and landing. 

A p a i r  o f  stangs extends a f t  o f  the nozzle from along the sides t o  provide 

f ixed hinge paints f o r  the a f t  bars on the door linkage. The stangs are 

located several boundary layer heights above the wing surface and outside 

the j e t  e f f lux .  Because o f  the venting thus provided, t he i r  interference 

w i th  the local f low patterns i s  expected t o  be minimal. 

7.5 NOZZLE 

Separation o f  the fan and primary duct flow streams i s  maintained r i g h t  up 

t o  the nozzle discharge i n  order t o  minimize flow suppression and other 

interact ion ef fects.  The primary nozzle i s  s l i g h t l y  S-shaped i n  the side 

view. but a c i r cu la r  cross-section i s  maintained throughout. I t  i s  con- 

structed o f  steel honeycomb w i th  the forward inner por t ion fabricated t o  

include a perforated face sheet t o  attenuate turbine noise. The outer 

fan duct above the wing surface i s  conventional sheet metal /st i f fener 

construction. 

7.6 WING INSULATION 

The upper surface o f  the wing box beam a f t  o f  the nozzle discharge i s  in- 

sulated wi th a f i reproof  coating. This protects the upper wing and f l ap  

structure from burning fuel which can resu l t  from a wet s t a r t  and reduces 

the t+mperature var ia t ion i n  the wing structure t o  w i th in  acceptable l im i ts .  



7.7 FLAP SY ST EN 

To obtain maxinnrsl acoustic attenuation f o r  the upper surface j e t  flow, a 

long-chord high-extension f l ap  system was selected. D i rec t l y  behind the 

engine the f l a p  surface i s  continuous, as i s  shown i n  Figure A-9. b a y  

from the nacel ies, however, s l o t s  are provided t o  assure attachment of the 

freestream. I n  case o f  engine fa i lu re ,  s lo ts  can be opened i n  the unslot ted 

por t ion o f  the wing behind the dead engine. 

The f l ap  system shown indicates haw chord extension can be obtained. The 

f i r s t  f l ap  segment s l ides back on a f ixed track. The second segment i s  

mounted t o  the f i r s t  through another track which provides fur ther  extension. 

As shown, i n  a representative landing configuration, the extension, measured 

along the upper surface, i s  36% of  the wing chord. 

A t  takeoff the extension w i th  t h i s  track configuration would be about 25% 

o f  the wing chord. In terpo la t ion on Figure A-7  indicates that  a 25% chord 

extension i s  i n  i t s e l f  s u f f i c i e n t  t o  achieve the noise foo tp r in t  area goal, 

even w i th  the baseline takeoff performance. Baseline perfcnnance can be 

improved, however, i n  several ways. F i rs t ,  the 12% o f  fan a i r f l ow  used by 

the baseline internal  f lap blowing system can be returned t o  the main nozzle 

for  more e f f i c i en t  thrust  production and the weight o f  the f l ap  ducts can be 

saved. Second, the f lap tracks can be designed so that  the takeoff se t t ing  

provides considerably more chord extension, w i th  only the angular def lec t ion 

required f o r  takeoff, whi le the f i n a l  extension t o  the landing se t t ing  

serves pr imar i ly  t o  increase def lec t ion wi th  l i t t l e  increase i n  chord. 

This arrangement i s  i n  use today. Chord extensions of 40% or  more a t  take- 

o f f  should be feasbile. 



8.0 NOISE CHARACTERISTICS 

The noise c h a r a c t e r i s t i c s  o f  the f i n a l  design were ca lcu la ted  based on the 

f o l  lowing .- 

O A i r c r a f t  s ize ,  weight, and performance as i n  basel ine. 

O 408 chord f l a p  extension a t  bo th  takeoff  and landing, 

O Flap def lec t ions  and landing th rus t  s e t t i n g  as i n  basel ine. 

O No in te rna l  f l a p  blowing. 

No fan duct noise treatment. 

The ca lcu la ted  values are  - 

Takeoff Foo tp r i n t  Area, 90 EPNdB - 2 2 
1.76 km (0.68 s.m. ) 

Takeoff Flyover a t  6.19 Km (3.5 n-m.) - 79.5 EPNd8 

Takeoff, Maximum a t  152.4 H (500 Ft)  S ide l i ne  - 98.4 EPNdB 

3 
Landing Footpr in t  Area, 90 EPNdB - 0.12 km' (0.05 s . s . ~ )  

Landing Flyover a t  1.86 Km (1 n.m.) - 86.8 EPNdB 

Tota l  Foo tp r i n t  Area, 90 EPNdB - 2 2 
1.88 km (0.73 s.n. ) 

2 
I t  can be seen tha t  the ca lcu la ted  t o t a l  f o o t p r i n t  area o f  1.88 km (0.73 

2 2 2 
5.m. ) be t te rs  the 2.59 km (1 s.m. ) goal by a considerable margin. The 

area would be fu r the r  reduced i f  the over lap  o f  the takeof f  area and landing 

area were subtracted. 

The f l i g h t  pat+ and f o o t p r i n t  are shown i n  Figure +]-Id.  The takeof f  spectra 

o f  the various noise sources considered i n  the p red i c t i on  program and o f  the 

complete a i r c r a f t  are presented f o r  the f l vover  loca t ion  i n  Figure , \ - I  I .  

Even w i t h  no fan duct treatment, h i g h - l i f t  system noise i s  the strongest 

source, although fan noise exceeds i t  a t  the higher frequencies. The PNL 

d i r e c t i v i t y  pat terr l  a t  takeof f  i s  shown i n  Figure ? ] - I . ' .  
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FIGURE A - 3 .  WEI2HT AND COST - USE STUDY AIRCRAFT. 
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