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FOREWORD 

Th is  s tudy o f  aerodynamic technology f o r  s ingle-cruise-engine V/STOL 

f i g h t e r l a t t a c k  a i r c r a f t  was Phase I o f  a research program j o i n t l y  sponsored by 

t h e  Nat iona l  Aeronaut ics and Space Admini s t r a t i o n  and t h e  Un i ted  States Navy. 

Technical  Mon i to rs  f o r  Ames Research Center weri M r .  D. A. Durston and M r .  W. 

P. Nelms, A i r c r a f t  Aerodynamics Branch. Navy representa t i ves  inc luded M r .  M. 

W. Brown, Naval A i r  Systems Command and M r .  J. H. Nichols ,  David W .  Tay lo r  

Naval Ship Research and Development Center. 

M r .  H. H. Dr iggers  was t h e  P r i n c i p a l  I n v e s t i g a t o r .  M r .  S. A. Powers was 

respons ib le  f o r  t h e  aerodynamic analys is ;  M r .  R. T. Roush performed t h e  pro- 

p u l s i o n  ana lys is .  The f o l l o w i n g  i n d i v i d u a l s  made s i g n i f i c a n t  c o n t r i b u t i o n s  t o  

t h e  Phase I study e f f o r t :  

W. B. Brooks 

T. D. Bea t t y  

T. C. D u l l  

K. W. Higham 

G. W. H i l lman  

S. E. Orner 

W. B. Sears 

H. E. Sher r ieb  

M. K. Worthey 

Aerodynamics 

Aerodynamics 

Mass P rope r t i es  

Mass P rope r t i es  

Design 

Aerodynamics 

Aerodynamics 

Aerodynamics 

Aerodynamics 

U.S. Customary U n i t s  are used throughout t h i s  repo r t .  A M e t r i c  ( S I )  

convers ion t a b l e  i s  prov ided i n  Appendix I. 





SUMMARY 

The Vought Ser ies Flow Tandem Fan (SFTF) va r iab le  c y c l e  propu ls ion  concept 

was in teg ra ted  i n t o  a  h igh  performance, s i n g l e  engine V/STOL f i g h t e r l a t t a c k  

a i r c r a f t .  The r e s u l t i n g  c o n f i g u r a t i o n  was t h e  focus o f  a  conceptual design 

and aerodynamic ana lys is  study emphasizing t h e  i d e n t i f i c a t i o n  o f  aerodynamics 

uncer ta in t i es .  The TF120 study c o n f i g u r a t i o n  i s  a  canard d e l t a  arrangement 

w i t h  extensive wing-body b lending and th ree  p a i r s  o f  all-moving v e r t i c a l  

c o n t r o l  surfaces t o  main ta in  c o n t r o l  i n  t h e  p o s t - s t a l l  f l i g h t  regime. Side 

i n l e t s  feed t h e  SFTF propu ls ion  u n i t ,  which exhausts through a  two-dimensional 

d e f l e c t i n g  nozzle. I n  t h e  V/STOL mode t h e  forward f a n  e f f l u x  e x i t s  through a  
i 

ven t ra l  nozzle; an a u x i l i a r y  i n l e t  feeds t h e  a f t  f en  and core, which u t i l i z e  

t h e  a f t  d e f l e c t i n g  nozzle. Exhaust temperature o f  both streams i s  950'~ f o r  

v e r t i c a l  t akeo f f ,  enhancing shipboard c o m p a t i b i l i t y .  I n  h igh  speed f l i g h t  t h e  

SFTF converts t o  an a f te rbu rn ing  tu rbo fan  cyc le  which y i e l d s  excep t iona l l y  

h igh  f i g h t e r  performance. 

Est imates o f  TF120 aerodynamics c h a r a c t e r i s t i c s  were made f o r  Mach numbers 

f rom 0.2 t o  2.4 range. An advanced computer code used i n  t h e  ana lys is  pre- 

d i c t e d  complex i n t e r a c t i o n s  between t h e  con f igu ra t i on  and de f lec ted  c o n t r o l  

surfaces. An i n v e s t i g a t i o n  was made o f  unconventional c o n t r o l  modes, i n  which 

simultaneous d e f l e c t i o n s  were commanded t o  augment a  desi red s ingle-axis  

response whi l e  suppressing a1 1  unwanted responses. 

I d e n t i f i c a t i o n  o f  aerodynamic u n c e r t a i n t i e s  was a  p r i n c i p a l  study objec- 

t i v e .  A l l  t h e  computer-based est imates were considered inadequate due t o  

inherent  l i m i t a t i o n s  imposed by l i n e a r  theory  as w e l l  as anomalies encountered 

dur ing  t h e  course o f  t he  study. Aerodynamic c h a r a c t e r i s t i c s  a t  h igh  angles o f  

a t tack  ( i nc lud ing  post -s ta l  I ) ,  1  arge c o n t r o l  d e f l e c t i o n s  and t h e  close-coupled, 

h i g h l y  i n teg ra ted  and blended c o n f i g u r a t i o n  were judged beyond the  c a p a b i l i t i e s  

a v a i l a b l e  methods. Vought be l ieves  a  wind tunnel  t e s t  program i s  mandatory t o  

supply t h e  data  base needed t o  v a l i d a t e  t h e  TF120 c o n f i g u r a t i o n  and assess 

cu r ren t  aerodynamic ana lys is  methods. A  concurrent b e n e f i t  f rom t h e  proposed 

t e s t  program i s  t h a t  s ince the  TF120 i s  o n l y  min imal ly  compromised t o  achieve 

V/STOL c a p a b i l i t y ,  t h e  aerodynamic con f igu ra t i on  i s  representa t ive  o f  advanced 

CTOL f i g h t e r s .  



SYMBOLS 

Aj 
AOA 

e  

ECS 

F  PR 

MGC 

Accelerat ion i n  f t / s e c  2  

Afterburner 

Aerodynamic Center i n  f r ac t i on  o f  Mean Geometric 

Chord 

To ta l  j e t  e x i t  area i n  ft2 

Angle o f  at tack 

Ro l l i ng  moment coe f f i c i en t  

Drag c o e f f i c i e n t  

Gross th rus t  coe f f i c i en t  
Center o f  g rav i t y  

L i f t  coe f f i c i en t  

P i tch ing moment 

Yawing moment coe f f i c i en t  

Side force coe f f i c i en t  
Drag increment i n  pounds 

Equivalent nozzle diameter i n  f t  
Propulsion induced suckdown i n  l b s  

Oswald span e f f i c i ency  f ac to r  

Environmental con t ro l  system 

Fan pressure r a t i o  

Accelerat ion o f  g rav i t y  i n  f t / sec2  

A l t i t ude  i n  f e e t  

Moments o f  i n e r t i a  about the x, y  o r  z  axis, 

respect ively.  

I n l e t  guide vanes 

Constants of  p ropo r t i ona l i t y  
Mach number 

Mean Geometric Chord i n  f ee t  

Ra t io  o f  elevon t o  v e r t i c a l  f i n  de f lec t ion  

Jet  s t a t i c  pressure 

Jet  t o t a l  pressure i n  l b / f t  2  

Pressure r a t i o  

Dynamic pressure i n  l b / f t 2  



SYMBOLS ( Continued) 

q 
r 

R CS 

S 

SFC 

SLS 

ST 0  

T  

T  OGW 

T 4  

T  / W  

V 

W 

X 

a 

B 

6 

6 

Y 

8 

R a t i o  o f  elevon t o  a f t  ven t ra l  f i n  d e f l e c t i o n  

R a t i o  of e levon t o  forward ven t ra l  d e f l e c t i o n  

React i o n  c o n t r o l  system 

Wing re ference area i n  ft2 

S p e c i f i c  f u e l  consumption, 1  b / h r / l  b  

Sea l e v e l  s t a t i c  cond i t i ons  

Short t akeo f f  

T o t a l  j e t  t h r u s t  

Takeof f  gross weight i n  I b s  

Turb ine  o u t l e t  temperature 

Th rus t  t o  weight r a t i o  

Ve loc i ty ,  k t s  

A i r f l o w  i n  l b l s e c  

Downstream d is tance i n  ft 

Angle o f  a t tack  i n  degrees 

S i d e s l i p  angle 

Contro l  surface d e f l e c t i o n  i n  degrees 

Pressure r a t i o ,  PIPSL 

F l i g h t  pa th  angle i n  degrees 

Temperature r a t i o ,  TITSL 
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1.0 INTRODUCTION 

This sect ion shows how Vought experience i n  conceptual design of  

h igh performance V/STOL a i r c r a f t  led t o  the present Series Flow 

Tandem Fan Conf igurat ion Concept. 



1.0 INTRODUCTION 

The TF120 V/STOL f i g h t e r  concept which i s  t h e  sub jec t  o f  t h i s  r e p o r t  i s  

t h e  l a t e s t  i n  a se r ies  of Vought h igh  performance V/STOL designs. The design 

phi losophy discussed i n  Sect ion 2.0 der ives  f rom experience gained i n  e a r l i e r  

conceptual design analyses. Two concepts o f  p a r t i c u l a r  relevance w i  11 be 

b r i e f l y  discussed. 

I n  1977-78 Vought performed a study o f  aerodynamic technology o f  a 

v e r t i c a l  a t t i t u d e  takeo f f  and land ing  (VATOL) f i g h t e r  f o r  Ames Research Center 

under Contract NAS2-9772. Th i s  work i s  repor ted  i n  Reference 1. The SF-121 

study con f i gu ra t i on ,  i l l u s t r a t e d  i n  F igu re  1-1, was a canard-delta arrangement 

powered by two convent ional  af t e r b u r n i  ng tu rbo fan engines w i t h  vec to r i ng  ex- 

haust nozzles f o r  VATOL mode operat ion.  The SF-121 was e s s e n t i a l l y  uncom- 

promi sed t o  achieve V/STOL capabi 1 i t y  and exhi  b i  t ed  excel  l e n t  performance, bu t  

t he  unorthodox t a k e o f f  and land ing  mode requ i red  speci a1 p l a t f o r m  i n s t a l  1 a- 

t i o n s  no t  p r e s e n t l y  on Naval a v i a t i o n  ships. Th i s  unusual c h a r a c t e r i s t i c  l e d  

Vought t o  seek a l t e r n a t i v e  h o r i z o n t a l  a t t i t u d e  V/STOL p ropu ls ion  concepts. 

A major opera t iona l  problem inherent  t o  j e t  l i f t  p ropu ls ion  concepts such 

as l i f t - p l u s - 1  i f t l c r u i s e  o r  remote augmentation 1 i f t  systems (RALS) i s  very 

ho t  gas impingement on t h e  sh ip  o r  runway. I f  exhaust gas temperature i s  

l i m i t e d  to ,  say, 1 0 0 0 ' ~  the  impact on opera t ing  f a c i l i t i e s  and personnel would 

be minimal. 

Vought has devised a promis ing s o l u t i o n  t o  t h e  problem o f  combining h igh  

performance and moderate f o o t p r i n t  i n  one c o n f i g u r a t i o n  : t h e  Ser ies Flow 

Tandem Fan. The SFTF was f i r s t  app l ied  i n  1979 t o  t h e  design shown i n  F igure  

1-2. The V-536 was a r e l a t i v e l y  l a r g e  f i g h t e r ,  i n  which two SFTF engines were 

cross-shafted together  t o  prevent  t h r u s t  asymmetry and t o  pe rm i t  a v e r t i c a l  

land ing  w i t h  one engine d isabled.  The V-536 was evaluated against  VATOL, 

L+L/C and RALS concepts (Reference 2) and found compet i t i ve  i n  weight and 

super io r  i n performance. 



F i g u r e  1-1 - SF-121 VAT01 F i g h t e r  C o n c e p t  

F i g u r e  1 - 2  - V-536 Tandem Fan F i g h t e r  C o n c e p t  

1 - 3  



The Vought response to the NASA request for proposal (Reference 3) for a 
single-cruise-engine V/STOL fighterlattack design analysis melded the 
minimum-fighter-compromise philosophy used in the SF-121 study with the series 
flow tandem fan propulsion concept to yield an entirely new configuration with 
some outstanding characteristics. 

The following sections will discuss design philosophy, describe the 

resulting fighter concept and its powerplant, derive detailed aerodynamic 
characteristics and present performance characteristics. Aerodynamic 

uncertainties arising from unique configuration features will be identified 
and a wind tunnel program structured to resolve principal uncertainties wi 11 
be proposed. SFTF instal led performance and aircraft performance sensit i vites 
are collected in Appendices at the end of the report. 



2.0 AIRCRAFT DESIGN 

This  sect ion contains a discussion o f  the  design philosophy behind 

the  TF120 V/STOL concept, t h e  NASA performance guidel ines and s iz ing  

c r i  t e r i  a. 

This sect ion includes: 

2.1 DESIGN PHILOSOPHY 

2.2 GUIDELINES 

2.3 SIZING CRITERIA 



2.1 DESIGN PHILOSOPHY 

The design philosophy was to achieve V/STOL capability with 
minima1 compromise to an efficient fighter configuration. 

The V/STOL fighterlattack concept described and analyzed in this report 
reflects the philosophy that the means used to achieve V/STOL capability 
should have minimal impact on fighter capability. This objective is best 
achieved by a propulsion concept which can be integrated into an aerodynamic 
configuration which is desirable for a CTOL fighterlattack role. Given the 
current situation of limited research funds and the uncertainty of V/STOL as 
an operational requirement, it is important to develop a data base of 
potentially broad application. The configuration to be described achieves 
this objective. 

General requirements for future fighters will include the ability to 
maneuver at high angle of attack and to remain controllable at and beyond the 
stall. The post-stall regime is characterized by the development of strong 
vortices and separated flow. The Vought TF120 design employs a clipped delta 
wing planform with a canard and wing-body blending to exploit the lift 
potential of vortex flbw and to achieve a smooth variation in aerodynamic 
characteristics with increasing angle of attack. This approach yields a wing 

with the light weight vital to V/STOL aircraft and the volume to accommodate 
large integral fuel cells. Directional stability at high angles of attack is 
enhanced by locating vertical fins outboard on the wings and on the underside 
of the vehicle. 

Fly-by-wire control technology will facilitate use of redundant, 

distributed aerodynamic controls. The TF120 control system elements are 
arranged to prevent a total loss of control power due to separated flow, 
mechanical failure or battle damage. The decision was made to limit static 
instabi 1 ity in order to minimize control surface size required to recover from 

a post-stal 1 excursion. 



Character is t ics  sought f o r  the propuls ion system were ease o f  design 

integrat ion,  moderate f o o t p r i n t  dur ing VTOL, compa t i b i l i t y  w i t h  Mach 2+ 

performance, good ST0 performance a t  overload weights and minimal weight 

penal ty t o  acquire. V/STOL capabi 1 i ty.  Previous Vought work (Contract 

NAS2-9772) on a t w i  n engine Ver t i ca l  A t t i t u d e  Takeoff and Landing (VATOL) 

concept revealed i t s  excel l e n t  performance, a simple propuls ion system and 

one-engine-out v e r t i c a l  landing capabi 1 i t y .  It was obvious t h a t  a s ing le  

engine VATOL design would encounter even fewer uncerta int ies.  We elected t o  

concentrate on a hor izonta l  a t t i t u d e  concept which w i  11 ease operational 

problems on shipboard o r  land bases, y e t  s t i l l  achieve f i g h t e r  performance 

goals a t  low takeo f f  weight. 



2.2 GUIDELINES 

The study configuration was designed t o  meet or exceed NASA 
performance guidelines. 

The TF120 was specif ical ly  designed t o  meet or exceed a l l  performance and 

, operational capabi 1 i t y  guide1 ines specified in the contract statement of work, 

Section 3.1 . I ,  which s t a t e s  that :  

"The conceptual analysis shall  be f o r  an a i r c ra f t  based on the following 

guidelines: 

o high performance, single-cruise-engine, VSTOL f ighter lat tack 

a i r c ra f t  

o supersonic dash capabili ty with sustained Mach number capabili ty 

of a t  leas t  1.6 

o operational from land and from ships smaller than CVs without 

catapults and arresting gear (good ST0 capabili ty) 

o sustained load factor  of 6.2 a t  Mach 0.6, 10,000 foot a l t i tude 

a t  88 percent VTOL gross weight 

o specif ic  excess power a t  1G (PslG) of 900 fps  a t  Mach 0.9, 

10,000 foot a l t i tude a t  88 percent VTOL gross weight 

o VTOL gross weight of approximately 15,000 t o  30,000 pounds 

o ST0 sea-based gross weight = VTOL gross weight plus approximately 

8,000 t o  10,000 pounds." 

In addition t o  the NASA guidelines we sought these performance 

capabi 1 i t i e s :  



o Mach 2.0 dash c a p a b i l i t y  a t  a l t i t u d e  

o  Mach 1.2 dash capab i l i t y  a t  Sea Level 

o  Mach 1+ dash c a p a b i l i t y  a t  a l t i t u d e  a t  Intermediate t h rus t  

o  Accelerat ion from Mach 0.8 t o  1.6 a t  36,089 f e e t  a l t i t u d e  i n  

less  than 60 seconds 

o  Maximum th rus t  c e i l i n g  above 60,000 feet 

o  Intermediate t h rus t  c e i l i n g  above 50,000 f e e t  

o  ST0 deck run o f  400 f e e t  or  less  w i th  zero wind, Tropical  Day, 

a t  VTO weight p lus  approximately 10,000 pounds 



2.3 SIZING CRITERIA 

The study configuration was sized to realistic mission and 
combat constraints. 

High performance V/STOL fighters are typically sized by the combination of 
three requirements: 

(1) radius of action on a specified mission profile (fuel load) 

(2) a VTOL or V/STOL thrust-to-weight ratio constraint (engine size) 

(3) a maneuver constraint (wing area) 

For the Tandem Fan fighter we elected to size to a 200 nautical mile radius 
Mach 1.6 Supersonic Intercept (SI or DLI) mission, a VTO thrust-to-weight 
ratio sufficient to meet MIL-STD-83300 Level 1 hover control power 
requirements (as in the SF-121 VATOL analysis, Reference I ) ,  and all NASA 
guide1 ines. We also generated performance on six alternate missions with 
design mission internal fuel, with external fuel and on numerous maneuver and 
ST0 conditions, as reported in Section 6 and Appendix IV. 



3.0 CONCEPT DESCRIPTION 

T h i s  sect ion describes t h e  physical  charac te r i s t i cs  o f  the  TF120 

V/STOL f i g h t e r  design, from the  outside in .  

T h i s  section contains: 

3.1 AERODYNAMIC CONFIGURATION 

3.2 PROPULSION INTEGRAT ION 

3.3 I NT ERNAL ARRANGEMENT 

3.4 MASS PROPERT IES 



3.1 AERODYNAMIC CONF IGURAT ION 

The study configuration i s  designed f o r  e f f ic ien t  supersonic 
cruise and fo r  h i g h  combat maneuverability t o  extreme angle 
of attack. 

i 

The TF120 i s  a high performance, single engine V/STOL f ighter  designed 
around the Vought ser ies  flow tandem fan (STTF) propulsion concept. The 

tandem fan i s  a unique dual made, variable cycle engine which i s  described in 
Section 5.1. Integration of the SFTF into an ef f ic ien t  f ighter  configuration 
was accomplished with minimal compromise t o  the aerodynamic configuration, as 

i l lus t ra ted  by the TF120 general arrangement, Figure 3-1. 

The TF120 i s  a canard de l t a  configuration featuring extensive wing body 
blending i n  both planform and cross section. Canard control surfaces are 
located on the wing strakes. Small booms extend a f t  from the wing t o  carry 
outboard vertical  f i n s  and ventrals. Two small control f i n s  mounted on the 
lower corners of the in l e t s  pivot from vertical  t o  horizontal depending on 
f 1 ight regime. Table 3-1 summarizes geometric properties of a1 1 aerodynamic 
surfaces f o r  the Point Design. 

The TF120 i s  a control configured vehicle with control surfaces whose 
deflections be optimally coordinated throughout the operating envelope. In 
addition t o  providing d i rec t  l i f t  and d i rec t  sideforce, t h i s  system can cope 
with ba t t l e  damage or random fa i lures  w i t h  fewer channels of redundancy than 
usually postulated fo r  fly-by-wire because of the multiplicity of controls. 

The forward ventral f i n s  below the in l e t s  are all-moving control surfaces 
with two axes of travel.  In addition t o  pivoting t o  generate normal forces, 
these surfaces can be adjusted t o  any dihedral angle between -15 and -75 
degrees. In the down position they help generate d i rec t  side forces and aid 
i n  directional control. A t  supersonic speeds they fold outward t o  reduce the 
rearward s h i f t  i n  the aerodynamic center and augment longitudinal and la teral  







WING CANARD VERTICAL FIN AFT VENTRAL FWD VENTRAL 
(TOTAL ) (EACH) (EACH) ( EACH) (EACH ) 

AREA ft2 350 .O 20.8 26.2 8.5 3.6 

ASPECT RATIO 2.24 1.20 1.30 0.58 1.12 

TAPER RATIO 0.15 0.28 0.35 0.0 0.30 

SPAN f t  28.00 5.00 5.84 2.21 2.00 

ROOT CHORD f t  21.74 6.51 6.65 6.67 2.75 

TIP CHORD f t  3.26 1.82 2.33 0.0 0.83 

MEAN GEOMETRIC CHORD f t  14.78 4.60 4.84 5.10 1.97 

LEADING EDGE SWEEP - DEG 50.0 55 .O 45 .O 45 .O 45 .O 

THICKNESS RATIO, 

ROOTITIP 0.06/0.05 0.04 0.04 0.03 0.04 

AIRFOIL, ROOTITIP 65A006/65A005 65A004 65A004 65A003 65A004 

DIHEDRAL - DEG 0 10 - - -1 5 

FIN CANT - DEG - - 15 -1 5 15 

DEFINITION Idea l ized - Root Chord From Wing From Wing Exposed 

No Strake o r  A t  Strake Ref. Plane Ref. Plane Area 

T.E. Exten- 

s i on 



control. A t  a -45 degree set t ing the f i n s  can be used as two-axis controls 
fo r  gust alleviation and precision ta rge t  tracking. The vertical  f i n s  and a f t  
ventral f i n s  are mechanically independent all-moving controls. Therefore a 
to ta l  of s ix  control surfaces are  available t o  generate side forces. The four 
ventrals provide control effectiveness into the post-stall regime t o  enhance 
combat agi 1 i ty.  

Force controls avai lable f o r  longitudinal and la teral  control are wing 
t r a i l i ng  edge f laps  (elevons), canards and the forward ventral f in s .  A 

t r a i l i ng  edge f lap  a t  the extreme a f t  fuselage provides longitudinal trim and 
h i g h  speed thrust  vectoring capabi 1 ity. 

Wi th  the control surface group under integrated software control, i t  i s  
possible t o  compensate f o r  wide-ranging f 1 ight conditions, control 
nonlinearites and component f a i lu res  t o  achieve a very high level of system 
performance. However a high quality aerodynamic data base will be required t o  
real ize t h i s  potential .  



3.2 PROPULSION INTEGRAT ION 

The Vought s e r i e s  f low tandem fan p ropu ls ion  system prov ides  
V/STOL c a p a b i l i t y  w i t h  minimal compromise t o  a  h igh  performance 
f i g h t e r  con f i gu ra t i on .  

The p ropu ls ion  system f o r  t h e  TF120 i s  t he  s e r i e s  f l o w  tandem f a n  (SFTF) 

v a r i a b l e  c y c l e  engine. The system i s  based on a  mixed f low,  augmented 

tu rbo fan  d r i v i n g  a  remote f r o n t  fan through an extension shaf t .  The nove l t y  

o f  t h i s  arrangement i s  t h a t  t h e  f r o n t  f a n  con t r i bu tes  t o  a i r c r a f t  p ropu ls ion  

a t  a l l  t imes, bu t  i n  two t o t a l l y  d i s t i n c t  opera t ing  modes. I n  h igh  speed 

f l i g h t ,  t he  p ropu ls ion  c y c l e  i s  a  convent ional  a f te rbu rn ing  turbofan w i t h  a l l  

a i r f l o w  passing through both  fans  i n  ser ies.  For  V/STOL operat ions, t he  f r o n t  

f a n  f l o w  i s  separated f rom t h e  a f t  f a n l c o r e  engine f low,  g r e a t l y  inc reas ing  

e f f e c t i v e  bypass r a t i o .  The way Vought accompl i shes  t h i s  t rans format ion  i s  

i l l u s t r a t e d  i n  F igure  3-2. A  unique p i v o t i n g  vane assembly i s o l a t e s  and 

r e d i r e c t s  t h e  f r o n t  f a n  e f f l ux  through a  low temperature burner  and ven t ra l  

nozzle. Simultaneously, an a f t  a u x i l i a r y  i n l e t  opens t o  supply t h e  a f t  f a n  

and core engine. The mixed f l o w  i s  exhaused through an a f t  vec tor ing  nozzle. 

Maximum VTO exhaust temperature i s  l e s s  than t h a t  o f  t h e  Har r i e r .  A se r i es  

f low t r a n s i t i o n  s e c t i o n  i s  undergoing t e s t i n g  a t  t h e  NASA Lewis Research 

Center. 

Both fans  employ v a r i a b l e  i n l e t  guide vanes (VIGV) f o r  he igh t  and p i t c h  

c o n t r o l  i n  t he  V/STOL mode and f o r  f a n  matching i n  bo th  opera t ing  modes. The 

TF120 in t roduces vanes i n  bo th  exhaust streams t o  p rov ide  yaw c o n t r o l  i n  

hover. R o l l  c o n t r o l  i s  achieved us ing  bleed r e a c t i o n  j e t  system. 

F ixed geometry v e r t i c a l  ramp, ex te rna l  compression s ide  i n l e t s  supply a i r  

t o  t he  forward f a n  through a  shor t ,  b i f u r c a t e d  duct.  Blow-in doors are used 

t o  augment low speed i n l e t  performance. 

The tandem f a n  p ropu ls ion  system i n h e r e n t l y  prov ides very  h igh  f i g h t e r  

performance, because v i r t u a l l y  a1 1  o f  t h e  propu ls ion  system con t r i bu tes  t h r u s t  

throughout t h e  "up and away" f l i g h t  envelope. T h i s  prov ides an oppor tun i t y  t o  

combine dramatic advances i n  combat ag i  1  i t y  w i t h  an opera t iona l  l y  a t t r a c t i v e  

V/STOL c a p a b i l i t y  i n  an a i r c r a f t  o f  moderate s i z e  and weight. 





3.3 INTERNAL ARRANGEMENT 

Fuel c e l l s  and fixed equipment are  located on e i ther  s ide 
of the propulsion system t o  f a c i l i t a t e  engine access from 
below and t o  achieve a low profile.  

Figure 3-3 shows the location of TF120 fixed equipment and fuel system. 
The dis t r ibut ion of these elements was determined by several major design 
constraints. The two views in Figure 3-2 emphasize the dominant a t t r ibutes  of 

the configuration: minimal prof i l e  height and the broad blended pl anf orm. 
Since the tandem fan propulsion system would require access a t  several points, 
fuel and fixed equipment f 1 ank the powerpl ant, a1 lowi ng engine access through 
doors on the a i r c ra f t  centerline.  Engine-driven accessories and the internal 

gun are accommodated in the wing-body blending on opposite sides of the core 
engine. Other fixed equipment, including avionics, environmental control 
system, and armament are located as f a r  a f t  as practical in order t o  make 
center of mass and resultant thrust  vector i n  the VTOL mode coincide. 

The fuel system includes subdivided integral tanks in wings and strakes, 
with protected c e l l s  in the fuselage. Referring t o  Figure 3-2, tanks 1 and 4 

are the principal longitudinal c .g. management reservoirs. Saddle tank 5, 

located above the core engine bypass duct, and forward of the afterburner, i s  
not needed t o  meet design radius of action, b u t  can be used t o  extend range. 









3.4 MASS PROPERTIES 

The TF120 design incorporates advanced materi a1 s and subsystems 
technology. A weight breakdown and iner t ias  are presented. 

. J 

The component weights f o r  the TF120 were derived by semianalytical analy- 

ses, s t a t i s t i c a l  equations or  Vendor quoted values. The effects  of techno- 
logical improvements anticipated by 1990 are discussed in the following para- 
graphs. 

Composite material usage on the TF120 i s  projected t o  save approximately 
20 percent of the structural weight. Composite material application i s  
separated into three major levels depending on the state-of-art and the s tatus  
of supporting RaD effor ts .  

Level I Components are fabricated composite materials where production 

capabili ty and payoff has been proven. No new RaD programs are 
necessary. Level I components could be incorporated into a 

prototype today. 

Level I1 Components are fabricated composite materi a1 s where proof of 
concept has not been thoroughly demonstrated; however, necessary 
RaD e f fo r t s  are e i the r  currently being funded o r  funding i s  
planned. Level I1 components will be available fo r  design in 
the 1985 time period. Some Level I1 components could be avail- 
able f o r  a near-term prototype. 

Level I11 Components are fabricated of advanced composite materials f o r  
which l i t t l e  or no design experience ex is t s  and f o r  which RaD 

funding i s  just now being appropriated. Most Level 111 
components will be available fo r  design in the ear ly 1990's. 

Figure 3-3 shows the weight payoff f o r  the three application levels and 

ident i f ies  the components considered f o r  each level. The 20 percent struc- 
tural  weight saving assessed f o r  the TF120 i s  between Levels I1 and 111, re- 
f lect ing composite fuselage bulkheads b u t  conventional landing gear materials. 



0 FUSELAGE - MAJOR BULKHEADS 
@ WING/TAILS - FOLD RIBS 
0 LANDING GEAR -STRUTS 

- BRACES 

FUSELAGE - MINOR BULKHEADS - LONGERONSIKEELS 
0 WING/TAILS -SUBSTRUCTURE 
@ NACELLE -ENGINE SECTION SKINS 

@ WING/TAlLS 
SKINS 
SURFACES 
LEADING EDGE AND TRAILING EDGE 

0 FUSELAGE 
SKINS 
DOORS/FLOORSISHELVES 
MINOR FRAMES 

@ NACELLE 
SKINS 
DUCTS 
DOORS 
FRAMES 

COMPOSITE ASSEMBLIES - %STRUCTURE WEIGHT 

Figure 3-4 - Weight Payoff for Composite Materials 

The TF120 avionics suS'S;e is the same as defined for the SF-122 V/STOL 

strike fighter. The details of the suite and the technology projection method 

used to derive it are provided in Reference 4. 

Propulsion system weights are discussed in Section 5.3.1. 

All the considerations just discussed were represented in the aircraft 

design weight module as calculated quantities or input factors. Table 3-2 is 

the TF120 point design weight statement, including payload for the Supersonic 

Intercept design mission. 

Inertias were calculated using the internal component distribution 

i 11 ustrated in Figure 3-2. Table 3-3 summari zes complete configuration 
weight, center of mass location and inertias for the TF120 point design. 



SHORT GROUP WEIGHT STATEMENT NAVAlR FORM 1306013 (Rev. 9-78) DATE 

37. 

38. 

39. 

40. 

41. 

42. 

43. 

44. 

45. 

46. 

47. 

48. 

49. 
50. 

51. 

52. 

53. 

54. 

55. 

56. 

REPLACES NAVAIR FORM 13060/3 (4-72) WHICH IS OBSOLETE. 

3-13 

TOTAL WEIGHT EMPTY 

CREW 

OIL 
FUEL-UNUSABLE 

FUEL-INTERNAL 

In te rna l  Gun, Less Drum 
400 Rds Ammunition 
M iss i l e  Suspension 
4 Conceptual AMRAAM 

-- 

USEFUL LOAD 

GROSS WEIGHT 

14,253 
200 

60 
85 

8,480 

2'5 0 
224 
200 

1,188 

10,687 * 



TABLE 3-3 - TF120 MASS PROPERTIES 

NO STORES, 

NO FUEL 

14,253 

9.6 

5,882 

42,902 

46,738 

2 70 

LOAD I NG 

GROSS WEIGHT - LB 

CENTER OF MASS - PERCENT MGC 

ROLL INERTIA Ixx - SLUG-FT~ 

PITCH INERTIA Iyy - SLUG-FT~ 

YAW INERTIA IZz - SLUG-FT~ 

PRODUCT OF INERTIA 

I x z - SLUG-FT~ 

DESIGN MISSION 

VTO WEIGHT 

24,940 

7.8 

12,789 

64,469 

74,622 

-5.4 



4.0 AERODYNAMIC CHARACTERISTICS 

T h i s  sect ion describes the  procedures used t o  est imate TF120 

aerodynamic charac te r i s t i cs ,  the  r e s u l t s  and assessment of f l y i n g  

qua l i t i e s .  

T h i s  sect ion contains: 

4.1 DRAG 

4.1.1 Minimum Drag 

4.1.2 Drag Due To L i f t  

4.1.3 I n s t a l l e d  Store Drag 

4.2 LIFT 

4.2.1 Untrimmed L i f t  

4.2.2 Aerodynamic Center 

4.2.3 Trimmed L i f t  

4.3 LAT ERALIDIRECT IONAL CHARACT ERISICS 

4.4 USE OF CONVENT IONAL CONTROLS 

4.5 UNCONVENT IONAL CONTROLS 

4.6 PROPULSION INDUCED EFFECTS 



4.1 DRAG 

4.1.1 Minimum Drag 

r 

TF120 minimum drag c h a r a c t e r i s t i c s  were est imated using 
c o r r e l a t i o n  methods and f a r - f i e l d  wave drag estimates. 

The zero l i f t  drag bu i ldup of t h e  TF120 was determined by using t h e  best  

a v a i l a b l e  t h e o r e t i c a l ,  empir ica l ,  and experimental methods and data. F r i c t i o n  

drag was est imated by determining t h e  e f f e c t i v e  s k i n  f r i c t i o n  c o e f f i c i e n t s  f o r  

each sur face over a range of Mach numbers. M u l t i p l y i n g  t h e  s k i n  f r i c t i o n  co- 

e f f i c i e n t  by i t s  appropr iate wetted area r e s u l t s  i n  t h e  s k i n  f r i c t i o n  D l q ,  
which i n  t u r n  i s  converted i n t o  a drag c o e f f i c i e n t .  These c a l c u a l t i o n s  were 

c a r r i e d  ou t  i n  t h e  Uought A i r c r a f t  Synthesis Analys is  Program (ASAP) 

(Reference 5) . 

The ASAP program was a lso  used t o  determine t h e  form and in te r fe rence  fac- 

t o r s .  These ASAP methods are based on those o f  t he  USAF Datcom (Reference 6). 

No aerodynamic allowance was provided f o r  base drag co r rec t i ons  s ince 

these e f f e c t s  are accounted f o r  i n  t h e  propu ls ion  data. Protuberance, cool- 

ing, and v e n t i l a t i o n  drags were assumed t o  be t h e  same as f o r  t he  SF-121. 

Roughness, waviness, and leakage drag were scaled f rom SF-121 values by the  

r a t i o  o f  wetted areas. Boundary l a y e r  d i v e r t e r  drag was est imated by sca l i ng  

t h e  SF-121 values by t h e  r a t i o  o f  the  engine capture areas and t h e  l o c a l  boun- 

dary l aye r  thickness. Tab le  I i n  Appendix I 1  summarizes t h e  miscellaneous 

drag values over the  Mach number range. 

I n  the  t ranson ic  and supersonic speed ranges, t h e  wave drag was estimated 

by using t h e  area r u l e  program imbedded i n  the  (Aerodynamic Pre l im inary  Analy- 

s i s  System (APAS), Reference 7 ) .  Fo r  these wave drag c a l c u l a t i o n s  the  mathe- 

ma t i ca l  model o f  t he  TF120 inc luded t h e  st rakes as p a r t  o f  t he  body. The s k i n  

f r i c t i o n ,  form and inter ference,  wave, and m i  scel  1 aneous drags were summed t o  

determine t h e  t o t a l  maximum drag values. T h i s  minimum drag value i s  p l o t t e d  

versus Mach number i n  F igu re  4-1, and tabu la ted i n  Table I1  o f  Appendix 11. 

Also i n  Appendix I 1  i s  the  TF120 normal (M=l) area d i s t r i b u t i o n .  





4.1.2 D r a g D u e t o L i f t  

Empi r ica l  methods and wind tunne l  t e s t s  o f  a  s i m i l a r  conf ig- 
u r a t i o n  was t h e  bas i s  f o r  TF120 drag due t o  l i f t  estimates. 

Drag due t o  l i f t  i s  d i f f i c u l t  t o  p r e d i c t  accura te ly  w i thout  a  foundat ion 

o f  emp i r i ca l  da ta  f o r  t h e  s p e c i f i c  conf igura t ion .  F igu re  4-2 shows the  

v a r i a t i o n  o f  e, t h e  Oswald span e f f i c i e n c y  f a c t o r ,  as a  f u n c t i o n  o f  Mach 

number as p red i c ted  by several  methods: 

o  The Linden-O'Brimski/VAC/DATCOM method, which i s  a  c o r r e l a t i o n  o f  

e x i s t i n g  da ta  on ac tua l  a i r c r a f t .  

o  APAS so lu t ions ,  which are based on T r e f f t z  p lane r e s u l t s  f rom a  

Vortex L a t t i c e  ana lys i s  f o r  subsonic speeds and l i n e a r  theory  f o r  

supersonic speeds. 

o  The SF-121 VATOL f i g h t e r  est imates (Reference I ) ,  which are based on 

adjusted o f  experimental  and c o r r e l a t e d  data. 

o  A  General Dynamics c o r r e l a t i o n  method (Reference 8), which determines 

e  as a  f u n c t i o n  o f  t h e  percent  lead ing  edge suction,which i s  a  

c o r r e l a t e d  f u n c t i o n  o f  sweep, Mach number, Reynolds number, and 

lead ing  edge radius.  

Based on t h e  above data, and pas t  studies, t he  v a r i a t i o n  o f  e  w i t h  Mach 

number f o r  t h e  TF120 was chosen t o  f o l l o w  t h e  Linden-0' Br imski  s o l u t i o n  up t o  

approximately M = 1.2, and t o  f o l l o w  t h e  SF-121 exper imenta l l y  based pred ic -  

t i o n s  up through M = 2.4. The r e s u l t a n t  v a r i a t i o n  o f  e  w i t h  l i f t  c o e f f i c i e n t  

i s  shown i n  F igu re  4-3. 

Using t h e  CD da ta  from F igu re  4-1 and the  e  data f rom F igu re  4-3, drag 
m i  n  

p o l a r s  f o r  several  Mach numbers were ca l cu la ted  and presented i n  F igu re  4-4. 

The corresponding l i f t - t o -d rag  r a t i o s ,  a re  presented i n  F igure  4-5. 
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Figure 4-2 - TF120 Wing E f f i c i ency  as a Function o f  Mach Number 







Ffgure 4-5 - Variat ion o f  TF120 Trimmed LID Ratio With L i f t  

Coeff icient  f o r  Various Mach Numbers 



4.1.3 I n s t a l l e d  Store Drag 

Store drag estimates made f o r  a  s im i l a r  f i g h t e r  conf igurat ion 
were appl ied t o  the TF120. 

Store drag f o r  the TF120 was adapted from estimates i n  Reference 4. Four 

conceptual Advanced Medium Range Air- to-Air  M iss i les  (AMRAAM) miss i les  are 

ca r r ied  on the Supersonic In tercept  design mission and on the F ighter  Escort 

mission. The miss i les  are conformally i n s t a l l e d  on the TF120 lower fuselage. 

Two are semisubmerged and would normally be carr ied.  The other two are 

tangent mounted t o  f a c i l i t a t e  car ry ing a l t e rna t i ve  conformal stores. Figure 

4-6 shows incremental drag f o r  both i ns ta l l a t i ons ,  as wel l  as f o r  two Short 

Range Air- to-Air  miss i les  (SRAAM) s im i l a r  t o  the AGILE missi le.  SRAAMs are 

mounted on outboard wing pylons t o  avoid in ter ference w i th  the wingt ip r o l l  

j e ts .  

The LGBllOO conceptual laser  guided bomb drag i n  Figure 4-7 was 

constructed by ad just ing i n s t a l  led drag f o r  tangent mounted MK83LD bombs f o r  

the higher drag o f  the LGB con t ro l  u n i t  and a f t  f i n s .  The MK83LD drag was 

determined from Vought wind tunnel tests.  

Unpublished Vought wind tunnel data was ava i lab le  f o r  the 370 ga l lon 

external  f u e l  tank shape. Figure 4-8 was used without adjustment. 
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Figure 4-7 - Installed Drag of LGBllOO Conceptual laser-Guided Bombs 
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Figure 4-8 - Installed Drag of 370 Gallon External Tank and Wing Pylon 



4.2 LIFT 

4.2.1 Untrimmed L i f t  

The untrimmed l i f t i n g  charac te r i s t i cs  o f  the TF120 were 
estimated using theore t i ca l  and experimental data. 

The v a r i a t i o n  o f  l i f t  c o e f f i c i e n t  w i t h  angle of at tack i n  the  l i n e a r  

aerodynamics region was based on data provided by APAS. Values o f  CL and 
a=O 

dCL/da were determined over the Mach number range from 0.2 t o  2.4. The wings 

o f  the TF120 are uncambered, and theref  ore the changes i n  CL represent the 
a=O 

inf luence of the fuselage on the conf igurat ion aerodynamics. 

Figure 4-9 presents CL and C vs Mach number f o r  the TF120 configu- 
a=O '"a=o 

ra t ion .  Note t h a t  the CL p l o t  uses a ra ther  1 arge v e r t i c a l  scale. T h i s  
a=O 

large scale overemphasizes the changes i n  CL w i th  Mach number. I n  actu- 
a=O 

a1 i t y ,  these values are very small, and the change w i t h  Mach number i s  o f  

l i t t l e  consequence. 

The l i f t  curve slope va r i a t i on  w i t h  Mach number fo l lows the expected 

trends. A t  subsonic speeds CL increases w i t h  increasing Mach number; a t  
a 

supersonic speeds, CL decreases w i th  increasing Mach number. 
a 

The values of Cm vary l i t t l e  w i th  Mach number outs ide o f  t he  transonic 
0 

region. A t  subsonic speeds Cm has a moderately negative value, which i s  de- 
0 

creased ( i n  the absolute sense) by about h a l f  a t  supersonic speeds. The body 

provides the major po r t i on  o f  the Cm . A t  subsonic speeds, the moments induced 
0 

by the fuselage are very small, but  a t  supersonic speeds these induced e f f ec t s  

r e s u l t  i n  a large p o s i t i v e  increment i n  Cm . 
0 



Figure 4-9 - TF120 Lift Curve Slope, Zero Angle of Attack Lift and Moment 

Coefficients as a Function of Mach Number 



For the nonlinear aerodynamics estimates, the results of the previous study 
were utilized as guides. The linear aerodynamics results were faired smoothly 
into the CL andlor amax values. The resulting data are presented in Figure 

max 

Figure 4-10 - Untrimmed Lift Coefficient as a Function of Angle of 
Attack for Several Mach Numbers 



4.2.2 Aerodynamic Center 

A combination o f  slender body theory and l i f t i n g  surface theory 
was used t o  estimate aerodynamic center locat ion.  

The APAS code was used t o  determine the l i f t  and p i t ch i ng  moments o f  the 

TF120 a i r c r a f t  i n  the 1 inear aerodynamics range. The TF120 conf igurat ion was 

more d i f f i c u l t  t o  model than most due t o  the integrated strakes upon which the 

main wing panels and the canards are mounted. The i n i t i a l  math model o f  the 

TF120 included the integrated strakes as p a r t  o f  the fuselage. When run on 

APAS we found t h a t  the predicted aerodynamic center was considerably fur ther  

a f t  than the loca t ion  predicted by the NASA-Langley Vortex L a t t i c e  program 

(Reference 9), which has proven a useful  pre l iminary  design too l .  The APAS 

program implements a Vortex L a t t i c e  method f o r  subsonic wing-l ike surfaces, 

and a slender body method f o r  fuselage shapes. When the strakes were accu- 

r a t e l y  modeled as a po r t i on  of the fuselage, the slender body con t r ibu t ion  was 

unreal i s t  i c a l  l y  large. 

A revised math model was prepared i n  which the strakes were defined as 

elongated wing roots. The fuselage con t r ibu t ion  was then much smaller. The 

resu l t i ng  aerodynamic center locat ions were found t o  be i n  reasonable agree- 

ment w i t h  the resu l t s  o f  Vortex L a t t i c e  ca lcu la t ions.  Figure 4-11 shows the 

aerodynamic center loca t ion  as a func t ion  o f  Mach number as predicted by APAS, 

Vortex La t t i ce ,  and D i g i t a l  DATCOM (Reference 10). The a.c. determined by the 

APAS program i s  somewhat f u r t h e r  a f t  than t ha t  given by the Vortex L a t t i c e  

method. Th i s  i s  a r e s u l t  o f  the use o f  slender body theory i n  APAS as opposed 

t o  the f l a t  l i f t i n g  p l a t e  approach used i n  the Vortex L a t t i c e  approach. The 

D i g i t a l  Datcom resu l t s  are somewhat f u r t h e r  a f t  than the APAS data, and do not 

appear t o  have a r e a l i s t i c  t rend w i th  Mach number. Due t o  the  operational 

d i f f i c u l t i e s  experienced when using D i g i t a l  Datcom, these data are somewhat 

suspect. On balance, i t  appears t h a t  the revised APAS data represents the 

most accurate va r i a t i on  o f  aerodynamic center w i th  Mach number and was used 

throughout the remainder o f  the study. 





4.2.3 Trimmed L i f t  

L i f t  and p i t c h i n g  moment estimates, c o n t r o l  e f fec t iveness pred ic -  
t i o n s  and center  o f  mass l o c a t i o n  was combined t o  get  trimmed l i f t .  

Using t h e  APAS aerodynamic data and t h e  a.c. and c.g. locat ions,  t he  e le-  

von and canard d e f l e c t i o n s  requ i red  t o  t r i m  t h e  a i r c r a f t  were determined. 

F igu re  4-12 shows CL as a f u n c t i o n  o f  Cm f o r  t h ree  elevon def lec-  

t i o n s :  0 and - + 10 degrees. The basic p l o t  i s  made f o r  t h e  most a f t  c.g. 

locat ion .  The in f l uence  o f  moving t h e  center  o f  g r a v i t y  t o  t h e  forward l i m i t  

i s  a lso  shown. From t h i s  f i g u r e  i t  i s  apparent t h a t  s u f f i c i e n t  c o n t r o l  power 

e x i s t s  f o r  t h i s  f l i g h t  c o n d i t i o n  s ince reasonably l a rge  CL values can be 

reached f o r  Cm = 0 w i t h  moderate c o n t r o l  de f lec t ions .  

F igu re  4-13 shows t h e  same type p l o t  f o r  d e f l e c t i o n s  o f  t h e  canards. 

Comparisons o f  t he  two p l o t s  revea ls  that ,  as i s  t o  be expected, t h e  tr imming 

a b i l i t y  o f  t h e  canards i s  about tw ice  t h a t  o f  t he  elevons. 

F igure  4-14 shows t h e  c o n t r o l  d e f l e c t i o n s  requ i red  f o r  t r i m  t h e  a i r c r a f t  

us ing canards alone and elevons alone. Note t h a t  s ince the  basic a i r f rame has 

been designed t o  have a negat ive s t a t i c  margin t h e  t rends i n  t h e  th ree  cha r t s  

discussed above are opposi te t o  those expected f o r  s tab le  a i r c r a f t .  

Using these resu l t s ,  t h e  impact of t r i m  i n  the  l i f t  curves was deter-  

mined. F igu re  4-15 shows the  v a r i a t i o n  i n  CL and dCL/da w i t h  Mach number 
a=O 

f o r  t h e  untrimmed case, and t h e  two trimmed cases; one f o r  tr imming w i t h  the  

canard, t h e  o ther  f o r  tr imming w i t h  t h e  elevons. The changes i n  CL are due t o  
a 

t h e  CL values generated by t h e  fuselage. Note t h a t  t h e  changes i n  l i f t  curve 

slope are opposi te t o  those f o r  a normal veh ic le  because o f  t h e  negative 

s t a t i c  margin. Here, t h e  l i f t  curve slope i s  increased a t  subsonic speeds 

when tr imming by elevon, and decreased when tr imming by canard. The change 

due t o  t r i m  changes s i g n  a t  t ranson ic  and supersonic speeds. 



AFT 
LIMIT 

Figure 4-12 - Elevon Ability to Generate Pitching Moments About 

the Aircraft C.G. 



Figure  4-13 - Canard A b i l i t y  t o  Generate P i tch ing  Moments About the 

A i r c r a f t  C .G. 
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Figure 4-15 - Trim Effects on lift at Zero Angle of Attack 

and on Lift Curve Slope 



Figure 4-16 presents the variation of CL and CL (CL for buffet onset) 
max b o 

with Mach numbers. These experimentally based data were adapted from the pre- 

vious SF-121 configuration (Reference I), which has a very simi lar canard-wing 

pl anf orm. 

Figure 4-17 presents the variation of trimmed lift coefficient with angle 

of attack for several Mach numbers in the 0.2 to 2.4 range. 

The avai 1 abi 1 ity of both canards forward and elevons aft for longitudinal 
control provides a direct lift control capability. The lift and moment 

equations due to elevon and canard deflections may be solved to determine the 
control deflections required to generate incremental values of CL, with the 

incremental pitching moment set to zero. Figure 4-18 summarizes these results 

for the case of M = 0.6. If the elevon deflection is limited to 20 degrees, 

the resulting CL increment is 0.106. This corresponds to an incremental 

load factor of 0.62 at h = 10,000 feet. 
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Figure 4-17 - Trimmed lift Coefficient as a Function of Angle of 
Attack for Several Mach Numbers 





4.3 LATERALIDIRECTIONAL CHARACTERISTICS 

The l a t e r a l l d i r e c t i o n a l  aerodynamic charac te r i s t i cs  and con t ro l  
e f fec t iveness o f  the TF120 were estimated using ana l y t i ca l  
methods. 

The pred ic ted values of the r o l l i n g  and yawing moments and the s ide force 

c o e f f i c i e n t s  o f  the TF120 were generated using the APAS program. With in APAS 

these ca lcu la t ions  were ca r r i ed  out  using the  Woodward u n i f i e d  subsonic1 

supersonic panel method. For  subsonic speed the ca lcu la t ions  are made using a  

Vor tex- la t t ice  method, whi le f o r  t ransonic and supersonic speeds a  1  inear 

theory method i s  used. Separate computer runs were made i n  which the elevons, 

the v e r t i c a l  f i n s ,  the a f t  ven t ra l  f i n s ,  and the forward vent ra l  f i n s  were 

asymmetrically def lected, one set a t  a  time. When compared w i t h  the zero de- 

f l e c t i o n  case, these runs y ie lded  the  incremental moments and fo rce  

c o e f f i c i e n t  due t o  u n i t  de f lec t ions  o f  each surface. 

Figure 4-19 shows the va r i a t i on  o f  r o l l i n g  moment capab i l i t y ,  C1 , w i t h  
6 

Mach number f o r  each o f  the f i v e  de f lec tab le  surfaces. Note t ha t  the v e r t i c a l  

and a f t  vent ra l  f i n s  both have C1 values la rger  than the  value f o r  the  ele-  
6 

vons. Each v e r t i c a l  f i n  has an area o f  26 f t2 compared t o  8  ft2 fo r  each 

elevon, and i s  an a1 1 moving surface, which increases the amount o f  fo rce and 

moment generated per u n i t  def lec t ion.  I n  the  case o f  the v e r t i c a l  f i n ,  86 

percent o f  the r o l l i n g  moment a t  M = 0.6 i s  generated by the loads induced by 

the v e r t i c a l  f i n  on the wing. For the a f t  vent ra ls  almost a l l  o f  the r o l l i n g  

moment (99.5 percent) i s  due t o  the induced forces on the wing. The r o l l i n g  

moment generated by s ide force on the  forward vent ra ls  i s  almost exact ly  

cancel led out  by the r o l l i n g  moment induced on the  canard by the forward 

ventrals. A l a rge r  r o l l i n g  moment, counter t o  t he  r o l l i n g  moment caused by 

the forward ventra ls,  i s  induced on the  wing, and i s  essen t i a l l y  the remaining 

quan t i t y  shown i n  Figure 4-19. T h i s  unusual r e s u l t  was checked w i t h  wind 

tunnel t e s t  data on an AFT1 F-15 model i n  Reference 11 and the same general 

r e s u l t s  were found: de f l ec t i on  o f  the  forward vent ra ls  r esu l t s  i n  a  r o l l  i n  

the d i r e c t i o n  counter t o  the vent ra l  f i n  force. 





The rolling moment at M = 0.6 generated by the canard itself is some 340 
percent of the resultant rolling moment. An opposing rolling moment of 240 
percent of the resultant moment is induced on the wing by the downwash from 
the canard. In the M = 1.1 to 1.3 region the interaction of the canard and 
wing results in an opposing rolling moment. This supports the empirical 
observation that canards are not efficient generators of rolling moment. 

The side forces caused by asymmetrical surface deflections, C , are shown 
Y, 

in Figure 4-20. The forces generated by the vertical fins and the forward and 

aft ventral fins are in the direction expected. The side force due to elevon 
deflection is caused by induced forces on the vertical fins. The side force 
generated by the canard is due to the asymmetric deflection of a wing-like 

surface with dihedral. 

The yawing moments induced by asymmetric control surf ace deflections are 
shown in Figure 4-21. The yawing moments generated by the vertical fins, the 
aft ventral fins, the forward ventral fins and the canard are all in the 
direction to be expected. The yawing moment due to elevon deflection is 
caused by the forces induced by the elevons on the vertical fins. 

These control effectiveness data are tabulated in Appendix 11. 

Due to the linear nature of the equations used in these analyses, 

asymmetric control surface deflections did not cause any changes in lift or 
pitching moment. In reality, significant cross coup1 ings of this type occur. 
As a result, some of our conclusions may need modification when wind tunnel 
results become avai 1 able. 







4.4 USE OF CONVENTIONAL CONTROLS 

r 

The control deflections necessary t o  generate roll ing, yawing 
and sideward motions have been determined. 

- 

On the TF120 the elevons, ver t ica ls  and forward and a f t  ventral f i n s  can 

be deflected independently of each other. The actual deflections " i l l  be 
governed by the control laws bu i l t  into the d ig i ta l  fly-by-wire control sys- 

tem. A s  a prelude t o  the development of the actual control laws, the ab i l i t y  

t o  generate pure roll ing moments and pure side forces using a "conventional" 

control system was evaluated. T h i s  conventional control system used elevons 
f o r  ro l l  control, and the vertical  and a f t  ventral fins as coordinating sur- 
f aces. 

The three equations t o  be evaluated are: 

where the control effectiveness coefficients are those provided in Figures 
4-19 through 4-21. 

If a pure roll ing moment i s  desired, the equations fo r  yawing moment 

(Cn) and side force ( C  ) are s e t  equal t o  zero and the system i s  solved 
Y 

f o r  values of elevon ( 6 e ) ,  forward ventral ( a v )  and lower a f t  ventral 

( 6  deflections corresponding t o  the  desired value of C1. If pure side 
force or pure yawing moment i s  desired the other two equations are  constrained 
t o  zero and the solution i s  repeated. While t h i s  analysis neglects coupling 
w i t h  the longitudinal degrees of freedom (which should be small) i t  i l lus t ra -  

t e s  how the data can be used t o  synthesize a program fo r  the DFBW control 

system. 



Using values appropriate t o  M = 0.6 the resulting control deflection f o r  

various levels of C1 total are given in  Figure 4-22. The powerful roll ing 
moment capabili ty of the vertical  f i n s  i s  accompanied by a large yawing moment 

generated by the same surf aces. Thus, the maximum rolling moment that  can be 

generated i s  limited by the maximum usable elevon deflection. If the maximum 

usable elevon deflection i s  20 degrees, the resulting C i s  approximately 

0.037. 
l~ OT AL 

If the equations f o r  the roll ing moment and yawing moment are se t  t o  zero 

in Equation ( 3 ) ,  the control deflections required f o r  generation of a pure 

side force, Cy, can be evaluated. The resu l t s  f o r  M = 0.6 are shown in 

Figure 4-23. Again the powerful e f fec ts  of the vertical  t a i l s  are limited by 

the effectiveness of the elevons. If the maximum usable elevon deflection i s  

20 degrees the resulting Cy i s  only 0.00167. A t  an a l t i tude  of 10,000 fee t ,  
t h i s  resul ts  in a side force alg of only 0.01; a level that  i s  f a r  t o  low t o  

be useful (Note that  t h i s  s ide force i s  generated using only the conventional 

control s ;  the forward ventral has not been used). 

A pure yawing moment can be generated by the same technique. 



CONTROL DEFLECTION REQUIRED FOR 
GENERATION OF PURE ROLLING MOMENT 

cn=o 
C,,=O 

6, Gain = 6,/ae = +0.170 

6,, Gain = SaV/6, = -0.199 

Figure 4-22 - Control Surface Deflections Required to Generate Pure 
Rolling Moment 



CONTROL SURFACE DEFLECTIONS REQUIRED FOR 
GENERATION OF PURE SIDE FORCE 

tiav Gain = tiav/se = 0.679 

dV Gain = tiv/de = 0.964 

TOTAL Cy 

F igu re  4-23 - Cont ro l  Surface De f l ec t i ons  Required t o  Generate Pure Side Force 



4.5 UNCONVENT IONAL CONTROLS 

Unconventional use of aerodynamic c o n t r o l  s  augments r o l l  i ng 
performance. 

4 

D i r e c t  s ide  f o r c e  capabi 1  i t y  has proven use fu l  i n  air-to-ground weapon 

d e l i v e r y  and i n  a i r - t o -a i r  combat. During air-to-ground d e l i v e r y  o f  weapons, 

the  a p p l i c a t i o n  of d i r e c t  s ide  force can m a t e r i a l l y  a s s i s t  i n  acqu i r ing  and 

t r a c k i n g  t h e  ta rge t .  The TF120 was designed w i t h  t w i n  forward v e n t r a l s  f o r  

use i n  generat ing d i r e c t  s ide  forces. However, du r ing  t h e  aerodynamic analy- 

s i s  we discovered a l t e r n a t i v e  ways t o  generate fo rces  and moments t o  enhance 

maneuverabi l i ty.  

The determinat ion o f  t h e  f o r c e  and moment generat ion c a p a b i l i t i e s  o f  a l l  

c o n t r o l  surfaces was discussed i n  Sect ion 4.4. From t h a t  ana lys is  i t  appears 

t h a t  t h e  elevon-type r o l l  c o n t r o l  system i s  l i m i t e d  because o f  t he  yawing 

moments and s ide  forces generated by t h e  th ree c o n t r o l  surfaces, a l l  o f  which 

are a f t  o f  t h e  center  o f  g rav i t y .  Due t o  aerodynamic i n te rac t i ons ,  t h e  

r o l l i n g  moments generated by t h e  v e r t i c a l  and a f t  v e n t r a l  f i n s  are pred ic ted 

t o  be l a r g e r  than t h a t  generated by t h e  elevons. Thus, i t  appeared l o g i c a l  t o  

i n v e s t i g a t e  rep1 ac i  ng t h e  elevons by t h e  forward ven t ra l  s. T h i s  exchange p u t  

i n t o  the  c o n t r o l  system surfaces capable o f  generat ing t h e  l a rge  s ide fo rces  

needed t o  compensate f o r  t h e  s ide  fo rces  and yawing moment produced by t h e  

v e r t i c a l  t a i l s  and a f t  ven t ra l  f i n s .  

As i n  Sect ion  4.4, we can w r i t e  t h e  equations f o r  t o t a l  r o l l i n g  moment, 

t o t a l  yawing moment and t o t a l  s ide  f o r c e  c o e f f i c i e n t s  as func t i ons  o f  t h e  

i n d i v i d u a l  c o n t r o l  sur face def lec t ions .  I f  we spec i f y  a  f i n i t e  value f o r  t h e  

r o l l i n g  moment and zero f o r  t h e  yawing moment and s ide  force,  these th ree  

equations can be solved f o r  t h e  t h r e e  requ i red  c o n t r o l  de f l ec t i ons .  I n  

Sect ion 4.4 these equations were w r i t t e n  using elevons, v e r t i c a l s ,  and a f t  

ven t ra l  f i n s .  We now r e w r i t e  these equations using t h e  v e r t i c a l ,  a f t  ven t ra l  

and forward v e n t r a l  f ins ,  leav ing t h e  elevon c o n t r i b u t i o n s  out  e n t i r e l y .  The 

s o l u t i o n  t o  t h i s  s e t  o f  equations i s  then s t r a i g h t  forward. 



Figure  4-24 shows t h e  c o n t r o l  d e f l e c t i o n s  requ i red  t o  generate var ious 

l e v e l s  of r o l l i n g  moment wh i l e  tr imming t h e  yawing moments and s ide  fo rces  t o  

zero. I f  t h e  maximum usable d e f l e c t i o n  o f  t h e  a f t  ven t ra l  f i n  i s  20 degrees 

as f o r  t he  elevons, t h e  TF120 con f igu ra t i on  can develop a  r o l l i n g  moment coef- 

f i c i e n t  of 0.043. T h i s  r o l l i n g  moment i s  16 percent  l a r g e r  than t h e  value o f  

0.037 generated by the  con f igu ra t i on  by using the  elevons. The a f t  ven t ra l  

f i n s  operate i n  "c lean a i r " ,  have a  much lower aspect r a t i o  than the  elevons 

and are all-moving surfaces. Hence, a  reasonable maximum d e f l e c t i o n  f o r  t h e  

a f t  ven t ra l  f i n s  i s  25 degrees. As shown i n  F igure  4-24, t h i s  increased de- 

f l e c t i o n  r e s u l t s  i n  a  r o l l i n g  moment o f  0.054, which i s  a  45 percent increase 

over t h e  base l ine  elevon-based conf igura t ion .  

The v e r t i c a l ,  a f t  ven t ra l  and t h e  forward ven t ra l  f i n s  are a l l  e f f i c i e n t  

s ide  f o r c e  generators. They a l so  generate subs tan t ia l  yawing and r o l l i n g  

moments. We inves t iga ted  t h e  magnitude o f  s ide f o r c e  t h a t  could be achieved 

by again so l v ing  t h e  th ree  f o r c e  and moment equations f o r  t he  c o n t r o l  surface 

d e f l e c t i o n s  requ i red  t o  generate var ious  l e v e l s  o f  s ide  f o r c e  w i t h  zero 

r o l l i n g  o r  yawing moments. F igure  4-25 shows the  r e s u l t s  i n  terms o f  l a t e r a l  

accelerat ions, a/g, a t  M = 0.6 and h  = 10,000 ft. I f  the  maximum usable 

forward ven t ra l  d e f l e c t i o n  i s  20 degrees, the  TF120 con f igu ra t i on  can generate 

a  l a t e r a l  acce le ra t i on  o f  0.23 a lg.  I f  t h e  maximum usable d e f l e c t i o n  o f  t h e  

forward ven t ra l  i s  25 degrees, f o r  t h e  same reasons c i t e d  above f o r  t h e  a f t  

ventra l ,  t h e  r e s u l t i n g  l a t e r a l  acce lera t ion  i s  0.29 a/g. Thus t h e  TF120 can 

develop appreciable s ide  forces. 

Having f o u r  surfaces which generate r o l l i n g  and yawing moments, and s ide 

fo rces  permi ts  us t o  look a t  a l t e r n a t i v e s  t o  the  conventional e levon-ver t ica l -  

a f t  ven t ra l  c o n t r o l  concept. The la rge  r o l l i n g  moment c a p a b i l i t y  o f  t he  ver- 

t i c a l  t a i l  i s  accompanied by l a r g e  yawing moment and la rge  s ide  forces. To 

determine i f  the  r o l l i n g  e f fec t iveness o f  t he  con f igu ra t i on  could be improved, 

a  r o l l  c o n t r o l  system cons is t i ng  o f  t h e  elevons, and t h e  forward and a f t  ven- 

t r a l s  was invest igated.  I n  t h i s  system t h e  la rge  yawing moment and la rge  s ide 

force c o n t r i b u t i o n s  of t h e  v e r t i c a l  f i n s  d i d  not  have t o  be trimmed out, It 

was found t h a t  t h e  maximum r o l l  c a p a b i l i t y  o f  t h i s  c o n f i g u r a t i o n  was l i m i t e d  

t o  about h a l f  t h a t  o f  t h e  e levon-ver t ica l -a f t  ven t ra l  conf igura t ion .  
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F igure  4-25 - Cont ro l  Surface De f lec t i ons  Required t o  Generate Various 

l a t e r a l  Acce lera t ions  



Another ro l l  control system consisting of a l l  four roll-inducing controls 
was investigated. In t h i s  case the three equations f o r  r o l l ,  yaw and side 
force must be supplemented by a fourth equation. For the fourth equation we 
assumed a 1 inear relationship between elevon and the other control 
deflections, such that  

Here p ,  q,  and r are arbitrary mixing ra t ios  of elevon-to-control surface de- 
f lect ions (these are equivalent t o  the gains in a control system). The values 

f o r  p, q, and r may range from -a> t o  + -  . The object i s  then t o  solve the 
three force and moment equations plus t h i s  auxiliary equations f o r  the roll ing 
moment corresponding t o  control deflection less  than or  equal t o  the maximum 
allowable deflection. This "limited" maximum rolling moment i s  a function of 
the values of p ,  q,  and r. The values of p ,  q,  and r required t o  maximize the 

limited maximum rolling moment were then determined. 

For the case considered here, M = 0.6 a t  10,000 f e e t ,  the maximum rolling 

moment occured when p and q were equal t o  zero and r was about 18. Figure 
4-26 shows the variation of the limited maximum rolling moment with mixing 
ra t io ,  r, a t  M = 0.6. For r = 0, no elevons deflection occurs with forward 
ventrals deflection. For r = ao , no forward ventral deflection occurs with 
elevon deflection. As the value of r i s  increased from 0 (thus phasing in the 
elevons) the to ta l  roll ing moment increases a t  a ra te  se t  by the maximum usable 
deflection f o r  the a f t  ventrals (25 degrees in the present instance). A t  r - 
18, the l imit  of maximum usable elevon deflection (20 degrees) i s  also 
reached. For larger values of the ra t io ,  the to ta l  roll ing moment decreases, 
due t o  the limited elevon deflection available. The maximum rolling moment 

generated by this four control system i s  some 123 percent greater than the 
original conventional elevon system rolling moment. 

The control deflection fo r  each of the four surfaces corresponding the 
limited maximum rolling moments of Figure 4-26 (with Cn and C = 0)  are shown 

Y 
shown in Figure 4-27, also as a function of the mixing ra t io ,  r .  These de- 
f lections together generate a ro l l  i ng moment whi l e  holding the yawing moment 
and side force t o  zero. Any other combinations of controls will unbalance the 







forces and moments. Note tha t  a t  low values of r the a f t  ventral i s  the 
limiting surface. As r increases the amount of elevon input increase until  
the l imit  of 20 degrees is  reached a t  about r = 18. Above t h i s  value of r, 
the elevon deflection i s  held constant, while the a f t  ventral deflection 

decreases. 

The difference between the three-control and four-control systems f o r  ro l l  
can be understood by considering the following data: 

Evaluation of the Rolling, Sideforce and Yawing Equations 

1. Four-Control 

Contributions 

2. Three-Control 

Contri b u t i  ons 

Here, a1 1 data are normalized by the roll ing moment generated by the four- 
control system. Note tha t  the addition of the forward ventral t o  the control 
systems allows a f t  ventral deflections t o  -25 degrees, a t  which point the a f t  

ventral contributes more than 50 percent of the to ta l  roll ing moment. The 

forward ;ventral contributes a very small amount of rol l  ing moment, and what 
appears t o  be small amounts of side force and yawing moment. These l a t t e r  
contributions however allow the vertical  and a f t  ventral f i n s  t o  increase 
the i r  deflection and hence add s ignif icant ly t o  the to ta l  roll ing moment. 



The roll ing performance of these control systems are compared t o  the re- 

quirements of MIL-F-8785B in Figure 4-28. There i t  i s  seen that  with a step 

input of ro l l  control, the conventional and the vertical-aft  ventral-forward 

ventral control systems will not meet the MIL Spec requirements. The four 
control system handily exceeds the specified value. When the systems' perfor- 
mances are degraded (by using ramp input, e t c ) ,  the four-control system i s  
s t i l l  expected t o  meet the MIL Spec requirements. 

Figure 4-29 shows the roll ing moment generated by the four-control system 
a t  M = 1.6. The shape of the curves are similar t o  those of the M = 0.6 data 

presented in Figure 4-26. The general magnitudes of the ro l l  i ng coefficients 
a t  M = 1.6 are generally smaller than those for  M = 0.6, and the improvements 
due t o  using the four control system are not as large. 

All of the analyses discussed above have been carried out using the l inear 
aerodynamics data generated by APAS. Significant angle of attack effects  will 
be found i n  the actual a i r c ra f t ,  b u t  methods f o r  predicting these e f fec ts  are 
not available a t  the present time. 







4.6 PROPULSION INDUCED EFFECTS 

Je t  induced v e r t i c a l  l i ft l o s s  f o r  t h e  TF120 i n  and ou t  o f  
ground e f f e c t  was est imated us ing  c o r r e l a t i o n  methods. 

J e t  induced suckdown i n  hover ou t  o f  ground e f f e c t  was est imated f o r  t h e  

TF120 c o n f i g u r a t i o n  from a c o r r e l a t i o n  o f  t h e  j e t  exhaust p r o p e r t i e s  and the  

corresponding induced 1 oads. The method, summarized i n  Reference 12, was 

developed by Gentry and Margason i n  Reference 13. It was reasoned t h a t  

increased suckdown was due t o  a h igher  r a t e  o f  entrainment o f  ambient a i r  i n t o  

the  j e t  exhaust, and h igher  entrainment r a t e s  were r e l a t e d  t o  a f a s t e r  decay 

of t h e  j e t .  A j e t  decay c o r r e l a t i o n  parameter was developed by assuming t h e  

r a t e  o f  entrainment and t h e  d is tance f rom t h e  nozzle e x i t  t o  t h e  reg ion  o f  

maximum entrainment was p r o p o r t i o n a l  t o  t h e  maximum change o f  j e t  dynamic 

pressure decay and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  d is tance downstream where the  

maximum decay occurs. F igure  4-30 i 1 l u s t r a t e s  a t y p i c a l  j e t  dynamic pressure 

decay w i t h  d is tance downstream showing t h e  max r a t e  o f  decay and the  

downstream p o i n t  where t h a t  slope occurs. 

F igure  4-30 - Determinat ion o f  J e t  Dynamic Pressure Decay Parameter 



It was found t h a t  suckdown cou ld  be c o r r e l a t e d  t o  t h e  a i r c r a f t  planform 

area and t h i s  j e t  decay parameter by 

where k i s  t h e  constant  o f  p r o p o r t i o n a l i t y .  Downstream d i s tance  i s  x, De i s  

t h e  equ i va len t  nozz le diameter based on t h e  t o t a l  j e t  e x i t  area A S i s  3 
a i r c r a f t  p lan form area, q i s  dynamic pressure, and T i s  t o t a l  j e t  t h r u s t .  The 

j e t  decay. parameter i s  independent o f  a i r f r ame  c h a r a c t e r i s t i c s  and a f f e c t e d  

o n l y  by nozzle shape. Nozzle shapes t h a t  increase t h e  r a t e  o f  decay c lose  t o  

t h e  nozzle promote r a p i d  entrainment and h igh  suckdown loads. 

F u r t h e r  i n v e s t i g a t i o n s  i n  Reference 14 supported t h i  s  c o r r e l a t i o n .  A 

nozz le pressure r a t i o  e f f e c t  was found and t h e  c o r r e l a t i o n  equat ion  was 

rev i sed  t o  

The constant  o f  p r o p o r t i o n a l i t y ,  kl i s  now dependent o n l y  on t h e  a i r c r a f t  

con f i gu ra t i on ,  such as wing height ,  f l aps ,  land ing  gear, nozz le doors, e tc .  

F igu re  4-31 shows t h e  c o r r e l a t i o n  obta ined f o r  a  mid-wing con f i gu ra t i on ,  a  mid 

wing w i t h  l and ing  gear down, and a  low wing. The s lope o f  these curves g i v e  k. 

Je t  induced l i f t  l o s s  was est imated w i t h  t h e  mid wing w i t h  gear down 

c o r r e l a t i o n .  The l i f t  l o s s  a t t r i b u t e d  t o  each nozz le  was est imated 

independent o f  t h e  o the rs  because of t h e  l a r g e  d i f f e r e n c e  i n  t h r u s t  between 

t h e  nozzles. T o t a l  l i f t  l o s s  was then c a l c u l a t e d  as t h e  sum o f  t h e  l i f t  

losses a t t r i b u t e d  t o  each nozzle r a t i o e d  t o  t h e  t h r u s t  f rom each nozzle. 



Model conf 

Figure  4-31 - C o r r e l a t i o n  o f  L i f t  Loss With Nozzle Pressure R a t i o  and J e t  

Decay Parameters 



In ground ef fec t  the TF120 was estimated t o  have a suckdown profi le  com- 
parable t o  a similar configuration with pub1 ished t e s t  data. Several sources 

were reviewed t o  find data on a similar j e t  arrangement. With t h i s  arrange- 
ment a fountain i s  expected near the a i r c ra f t  c.g. Suckdown as a function of 
height above the ground was normalized t o  the out of ground effect  suckdown 
from Reference 15. This r a t i o  was then applied t o  the TF120 t o  obtain the 
suckdown prof i le  i n  Figure 4-32. 

Reingestion was qual i ta t ively assessed. In hover the TF120 planform 

shields the top in l e t  from any d i rec t  upflow from the ground reflected j e t  
exhaust. The cruise in l e t s  are well forward of the j e t  exhausts reducing any 
d i rec t  ingestion effects .  The low exhaust temperatures ( 9 5 0 ~ ~  front  and rear)  
minimize the consequences of any reingestion which does occur. With any 
forward motion or a f t  deflection reingestion i s  negligible in these in le t s .  

L A N D I N G  
GEAR 

H E I G H T  

Figure 4-32 - TF120 Lift Loss i n  Ground Effect 





5.0 PROPULSION SYSTEM 

T h i s  sec t i on  descr ibes how t h e  Ser ies  Flow Tandem Fan c y c l e  works 

and how i n s t a l l e d  performance was est imated f o r  h igh  speed f l i g h t  

and f o r  V/STOL operat ion. 

T h i s  sec t i on  conta ins:  

5.1 INTRODUCT ION TO THE TANDEM FAN 

5.2 CYCLE SELECT ION 

5.3 SYSTEM DESCR I PT ION 

5.3,1 Engine Components and Weight 

5.3,2 A i r  I nduc t i on  System 

5.3.3 Exhaust System 

5.3.4 A t t i t u d e  Contro l  System 

5.4 PERFORMANCE 

5.4.1 I n s t a l l a t i o n  Losses 

5.4.2 Cruise Performance 

5.4.3 VTOL Per f  ormance 

5.4.4 ST0 Performance 



5.1 INTRODUCTION TO THE TANDEM FAN 

The ser ies  f l o w  Tandem Fan i s  an innovative, h igh performance 
propuls ion cyc le  f o r  supersonic V/STOL a i r c r a f t .  

- i 

The Tandem Fan i s  a var iab le  cyc le  propuls ion system f o r  V/STOL applica- 

t i on .  The system operates a t  low f an  pressure r a t i o  and high a i r f l ow  f o r  

v e r t i c a l  takeo f f  and landing and a t  h igh fan pressure and low a i r f l o w  f o r  

hor izonta l  cruise. The h igh bypass r a t i o  v e r t i c a l  mode al lows takeo f fs  and 

landings moderate j e t  ve loc i t ies ,  temperatures, and f u e l  consumption. The low 

bypass r a t i o  c ru ise  mode i s  an e f f i c i e n t  cyc le  f o r  supersonic a i r c r a f t .  The 

Tandem Fan f u r t h e r  u t i l i z e s  v i r t u a l l y  a1 1 engine components i n  both c ru ise  and 

v e r t i c a l  mode, thus minimizing t o t a l  propuls ion system weight. 

The propuls ion system consists o f  a remote f r o n t  f an  connected by shaf t  t o  

a rear  mixed f l ow  turbofan un i t .  Each fan  has i t s  own i n l e t  and de f lec t ing  

nozzle f o r  v e r t i c a l  mode. Th i s  mode i s  re fe r red  t o  as the p a r a l l e l  f l ow  mode 

due t o  separate f l ow  streams. During t r a n s i t i o n  t o  the ser ies f l ow  c ru ise  

mode, the f r o n t  f a n  nozzle and rear  f an  i n l e t  close i n  conjunct ion w i t h  the  

p i vo t i ng  vane t r a n s i t i o n  mechanism, which funct ions as a var iab le  poros i t y  

wal l  t o  minimize f l ow  d i s t o r t i on .  I n  the ser ies  flow c ru ise  mode, a l l  a i r  en- 

t e r s  the forward i n l e t  and passes sequent ia l ly  through both fans and super- 

charges the engine core. The system i s  shown schematically i n  Figure 5-1. 

Performance o f  the  Tandem Fan was ca lcu la ted using the Vought TECSON rou- 

t i n e  (Turbine Engine Cycle Simulat ion) and NNEP (Navy-NASA Engine Program). 

The performance i s  based on composite engine technology trends and fan  charac- 

t e r i s t i c s  provided dur ing Navy Type A V/STOL studies. These trends have been 

p e r i o d i c a l l y  reviewed w i t h  engine companies and customer areas. The tech- 

nology leve ls  used i n  t h i s  study are considered conservative f o r  the post-1990 

period. 

The fo l low ing  sections describe Tandem Fan cyc le  select ion,  propuls ion 

system components, and propuls ion system performance. The po in t  design engine 

cyc le  f o r  the  TF120 a i r c r a f t  i s  designated SSTFO11. 





5.2 CYCLE SELECT ION 

SFTF cycle parameter selection was based on recent propulsion 
trade studies and a preliminary analysis of the Phase I con- 
figuration. 

4 

Vought has performed extensive tandem fan cycle analysis from 1976 t o  the 

present and supported powered model tes t ing a t  the NASA Lewis Research 
Center. The TF120 conceptual analysis benefited from recent cycle trade 
studies. Following i n i t i a l  analysis of the TFlOO proposal configuration a new 
flow tandem fan cycle, the SSTFO11, was defined and incorporated into the 
defini t ive TF120 design. 

The cycle design point is  based on a max vertical  thrust  a t  Sea Level 

s t a t i c  on a Tropical Day in the parallel  flow mode. The engine i s  sized f o r  
25,000 1b of instal led,  non-augmented thrust  w i t h  a 60140 thrust s p l i t  between 
the two vert ical  force generating nozzles. In t h i s  condition, the fans are a t  
max flow and rnax pressure r a t i o  with the core a t  Intermediate power. The 
front  and rear operating fan pressure r a t io s  are 2.2 and 1.75, respectively. 
The engine core operates a t  2 ,800 '~ with a compressor pressure r a t io  of 10:l. 

Cycle properties during vertical  mode and se r i e s  flow cruise are 
summarized in Table 5-1. Factors i nf 1 uencing propulsion system definit ion are 

l i s ted  i n  Figure 5-2. 



Table 5-1 - SSTFOll Cycle Characteristics 

Fan pressure r a t i o  

Combustor temperature O F  

Exhaust temperature O F  

Thrust, augmented, 1 b 

T h r u s t ,  unaugmented 1 b 

Corrected airflow 1 blsec 
Actual airflow 1 blsec 



Tandem Fan Design Variables 

Vehicle Sizing 

o fan thrust requirements f o r  p i tch control 
o bleed thrust requirements f o r  r o l l  control 
o f o r e l a f t  th rus t  s p l i t  f o r  neutral balance 
o degree of augmentation f o r  takeoff 
o engine scale  f ac to r  o r  thrustlweight a t  takeoff 
o c ru i se  mode th rus t  requirements 

Propulsion Design 

f r o n t  fan pressure r a t i o  
r e l a t i v e  s i ze  of f ron t  and rear  fans 

rea r  fan pressure r a t i o  ( f a l l o u t  f o r  given th rus t  s p l i t )  
core cycle: pressure r a t i o  and temperature 
engine f l a t  ra t ing schedule 
component technology levels  
component map locations 
engine control philosophy 
bleed s t a t i on  location 
i n l e t  and nozzle design 

Figure 5-2 - Design Variables f o r  Propulsion System 



5.3 PROPULSION SYSTEM DESCRIm ION 

5.3.1 Engine Components and Weight 

The Tandem Fan engine component c h a r a c t e r i s t i c s  are based on 
technology p r o j e c t i o n s  f o r  mixed f l o w  turbofans. 

The engine c o n f i g u r a t i o n  b a s i c a l l y  i s  a mixed f low,  augmented tu rbo fan 

d r i v i n g  a remote f r o n t  f a n  through an extended shaf t .  The f r o n t  and r e a r  fans  

are two stage f i x e d  p i t c h  fans w i t h  v a r i a b l e  i n l e t  guide vanes (VIGV). The 

f r o n t  f a n  i s  designed f o r  a pressure r a t i o  o f  2.2. The r e a r  f a n  i s  designed 

f o r  a pressure r a t i o  o f  1.75 i n  t he  v e r t i c a l  mode. 

The engine core i s  an advanced c y c l e  based on cu r ren t  and p ro jec ted  engine 

technology. The design pressure r a t i o  i s  10.0. I n  t h e  se r ies  f l o w  mode, t he  

compressor operates a t  a pressure r a t i o  o f  7.33. The o v e r a l l  pressure r a t i o s  

i n  p a r a l l e l  and se r ies  f l o w  are 17.5 and 25.2, respect ive ly .  

The r e a r  augmentor i s  a convent ional  a f te rbu rne r  designed f o r  a maximum 

temperature o f  3 4 0 0 ' ~  and t o t a l  f u e l l a i r  r a t i o  o f  0.06. I n  t h e  ST0 takeo f f  

mode, t he  r e a r  augmentor operates a t  a temperature o f  2800 '~ .  The nominal 

f r o n t  augmentor opera t ing  temperature i s  950 '~ .  The burner operates a t  a max 

f u e l l a i r  r a t i o  o f  0.011 and t h r o t t l e s  along w i t h  t h e  f r o n t  f a n  I G V  f o r  p i t c h  

con t ro l .  

The SFTF engine phys i ca l  c h a r a c t e r i s t i c s  and weight were est imated by 

Vought methodology which re1  ates each component t o  s imi  1 a r  e x i s t i n g  hardware. 

A technology p r o j e c t i o n  f a c t o r  i s  then app l ied  t o  each item. Fo r  t he  SFTFOll 

c y c l e  used i n  t h e  TF120 p o i n t  design, t h e  engine i n s t a l l a t i o n  weight i s  4,747 

Ib. T o t a l  p ropu ls ion  system weight i s  5,629 Ib.  



5.3.2 A i r  I nduc t i on  System 

The Tandem Fan a i r  i n d u c t i o n  system cons i s t s  o f  t h e  forward 
h igh  speed i n l e t ,  t h e  a f t  v e r t i c a l  mode i n l e t ,  and t h e  
t r a n s i t i o n  b locker  doors. 

- 
The forward a i r  i n d u c t i o n  comprises a f i x e d  geometry ex te rna l  compression 

i n l e t  w i t h  b leed and bypass. The ex te rna l  compression sur faces are 7 degree 

two-dimensional ramps w i thout  s idewal ls .  Boundary l a y e r  d i v e r t e r s  and d i f -  

f u s e r  bleed are used t o  c o n t r o l  t h e  boundary l a y e r  on t h e  ex te rna l  ramps and 

i nne r  w a l l s  o f  t h e  subsonic d i f f u s e r .  Overboard bypass i s  used f o r  a i r f l o w  

matching and drag reduc t i on  i n  supersonic f l i g h t .  A u x i l i a r y  t a k e o f f  doors are 

used t o  increase pressure recovery a t  low speeds. The t a k e o f f  door f l o w  area 

i s  s ized f o r  0.30 of t h e  i n l e t  t h r o a t  area and reduces the  t h r o a t  Mach number 

f rom 0.75 t o  0.48. 

F igu re  5-3 shows f r o n t  i n l e t  low speed pressure recovery as a f u n c t i o n  of 

f l i g h t  Mach number and f r o n t  f a n  s p e c i f i c  f low.  The nominal recovery l e v e l s  

are 0.95 f o r  s t a t i c  t a k e o f f  and 0.98 t o  0.99 f o r  subsonic cru ise.  F igu re  5-4 

shows h igh  speed i n l e t  recovery a t  max power a i r f l o w .  T h i s  curve inc ludes  

shock losses, d i f f u s e r  losses, and cowl l i p  losses. I n l e t  s p i l l a g e  drag 

c h a r a c t e r i s t i c s  are shown i n  F igu re  5-5. The i n l e t  bypasses excess f l o w  above 

Mach 1.4 and s p i l l s  s u b c r i t i c a l l y  below Mach 1.4. Engine- in let  a i r f l o w  match- 

i n g  c h a r a c t e r i s t i c s  are shown i n  F igu re  5-6. 

The a f t  f a n  i n l e t  cons i s t s  o f  a u x i l i a r y  t a k e o f f  doors i n  t h e  upper nace l l e  

sec t i on  between t h e  f r o n t  and r e a r  fans. The t a k e o f f  doors are s ized f o r  a 

f low area of 980 i n 2  and a Mach number of 0.50. The a f t  f a n  i n l e t  i s  used 

o n l y  du r ing  t h e  p a r a l l e l  f l o w  mode f o r  v e r t i c a l l s h o r t  takeof f ,  hover, and 

landing and c loses  p rog ress i ve l y  du r ing  t r a n s i t i o n  t o  se r ies  f low. The e s t i -  

mated recovery c h a r a c t e r i s t i c s  of t h i s  i n l e t  are shown i n  F igure  5-7. For  

v e r t i c a l  takeof f ,  t h e  nominal recovery l e v e l  i s  0.95. 



Figure 5-3 - Front Inlet Low Speed Recovery 

5-9 



Figure 5-4 - Front Inlet High Speed Recovery 
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Figure 5-6 - Engine-Inlet Airflow Matching 
5-12 



Figure 5-7 - A f t  Inlet Pressure Recovery 



5.3.3 Exhaust System 

The Tandem Fan incorporates def lect ing forward and a f t  nozzles 
f o r  ver t i ca l  and c ru i se  mode operation. 

The f ron t  fan nozzle i s  used only used during ver t i ca l  mode operation and 

t rans i t ion .  Variable f l a p s  are  used f o r  nozzle e x i t  area control and f o r  
def lect ing t h ru s t  f o r  a t t i t ude  control and t rans i t ion .  The th rus t  vector i s  

variable longitudinally up t o  - +30 degrees. The f ron t  nozzle throat  area 
var ies  between 680 and 1,020 in2 depending upon t he  f ron t  burner e x i t  
temperature. For ver t i ca l  mode operation, the  throat  area i s  typ ica l ly  1,020 
i n 2  f o r  maximum augmented takeoff and 680 i n2 f o r  non-augmented 1 anding. 
The t h ru s t  coef f ic ien t  of t h i s  nozzle i s  estimated t o  be 0.95 f o r  ver t ica l  
operation. 

The r ea r  nozzle i s  a two dimensional, def lect ing hooded nozzle f o r  

ver t i ca l  mode or  c ru i se  operation. The nozzle in  the  c ru i se  posit ion consis ts  
of an adjustable upper ramp and a ro ta t ing  lower f l a p  t o  vary th roa t  area. 

The e f fec t ive  area of the  e x i t  streamtube depends upon internal  and external 
flow conditions. Performance of t h i s  nozzle was calculated as an optimum ex- 

2 panding C-D nozzle limited by a maximum streamtube area of 1,624 in . Dur- 
ing afterburning cruise ,  t he  nozzle throat  area var ies  from 693 t o  1,552 

2 i n ,  changing the  nozzle aspect r a t i o  from 5.2 t o  2.3. Without af ter-  
burning, t he  nozzle throat  area i s  693 in2 with an aspect r a t i o  of 5.2. 

During ver t ica l  o r  ST0 operation, a def lect ing hood ro ta tes  downward from 
the upper ramp t o  form a new external  boundary. The lower variable f l a p  then 
ro ta tes  downward through a range of posit ions t o  vary throat  area from 777 t o  
1440 in2 b u t  can be s e t  a t  a predetermined value s imilar  t o  t he  f ron t  
nozzle. Throat area var ia t ion i s  required only during ST0 takeoff. The 
t h ru s t  coef f ic ien t  during ver t i ca l  operation i s  estimated t o  be 0.95. 



5.3.4 At t i tude Control System 

The Tandem Fan uses a combination of variable i n l e t  guide 
vanes, engine bleed, and def lec tor  vanes f o r  a i r c r a f t  
a t t i t u d e  control .  

The Tandem Fan uses variable fan i n l e t  guide vanes (VIGV) f o r  pitch con- 
t r o l .  The guide vanes change t he  incoming flow velocity and di rect ion ahead 

of t he  fan rotor ,  producing changes in  fan airf low and pressure ra t io .  By 
closing the  IGVs and reducing flow by 40 percent, th rus t  modulation of 50 t o  
70 percent can be achieved depending upon fan pressure ra t io .  The SSTFOll 
Tandem Fan can vary f r o n t  fan thrust t5,000 lb  and r ea r  fan thrust +3,500 l b  
whi  l e  maintaining constant 100 percent fan speed. Dur ing  augmented takeoff ,  
the  fan IGVs and burner fuel  flows are  varied simultaneously while holding 
nozzle area constant. This simultaneous var ia t ion maintains a constant fan 
operating l i n e  and avoids the  necessi ty f o r  a rapid response variable area 
nozzle. 

Ai rc ra f t  r o l l  control i s  accomplished by means of engine bleed. Air i s  
taken from compressor discharge and ducted t o  r o l l  nozzles in  the  a i r c r a f t  
wingtips. A demand bleed system i s  used. A t  the  nominal takeoff condition 
with max r o l l  commands, the  engine supplies 2 percent of t he  core airf low, 
which produces 250 1 b  of bleed th rus t .  The bleed ducts are approximately 2 

inch diameter l i ne s  and experience a 15 percent pressure drop a t  max flow 
conditions. ' 

Yaw control  and l a t e r a l  t r ans la t ion  i s  achieved by asymmetric and 
symmetric def lect ion of def lec tor  vanes in  the  a f t  nozzle and the  ex i t  f l ap s  
of the f ron t  nozzle. The vane system i s  capable of providing up t o  8 degrees 
of th rus t  def lect ion f o r  yaw control ,  resul t ing in a 1 percent loss i n  the  
ver t ica l  thrust component. 



5.4 INSTALLED PERFORMANCE 

5.4.1 Ins ta l  1 at ion Losses 

Tandem Fan i n s t a l  l a t ion  losses include i n l e t  and nozzle 
losses plus engine bleed and power extraction.  

Vertical and c ru i se  mode performance calcula t ions  included the  following 
ins ta l  l a t ion  e f f ec t s :  

o i n l e t  pressure recovery 
o i n l e t  system drag 
o ECS bleed extract ion 
o RCS bleed extract ion 
o horsepower extract ion 
o nozzle th rus t  coef f ic ien t  
o nozzle reference drag 

Character is t ics  of the  fo re  and a f t  i n l e t s  are described in Section 
Front i n l e t  c r i t i c a l  mass flow, pressure recovery, and drag charac te r i s t i cs  
are shown in  Figures 5-3 through 5-6. The f ron t  i n l e t  system drag includes 
c r i t i c a l  and subcr i t i ca l  spi 1 lage drag, bleed drag, and bypass drag. Boundary 
layer d iver te r  drag i s  included in  t he  airplane drag. Pressure recovery of 
the  a f t  i n l e t  i s  shown in  Figure 5-7. Nominal pressure recovery of both 
i n l e t s  a t  takeoff i s  0.95. 

Compressor bleed and power extract ion include environmental control ,  
hydraulic, and e l ec t r i c a l  system loads plus a t t i t ude  control in the  ver t ica l  
mode. The ECS bleed extract ion on a Standard Day i s  shown in  Figure 5-8. 

Vertical takeoff ,  hover, and landing bleed on a Tropical Day i s  1.0 lblsec.  
The power extract ion i s  70 hp  with f o r  afterburning and 50 hp unaugmented. 

Nozzle t h ru s t  coef f ic ien t  e f f e c t s  a re  included i n  engine performance. 

During ver t i ca l  mode operation, both nozzles have a constant 0.95 th rus t  
coef f ic ien t .  In the  c ru i se  mode, the  a f t  nozzle i s  modeled a s  an optimum 
expansion C-D nozzle with a constrained e x i t  streamtube area. The e f f ec t s  of 
e x i t  streamtube area var ia t ions  i s  included in  a i r c r a f t  drag. 





Ins ta l  1 a t ion losses  a t  typical  operating points a re  summari zed in Table 
5-2. 

Table 5-2 - Representative Ins ta l l a t ion  Losses 

40,000 

0.85 

Std 

Non A I B  
Cruise 

2,630 

2,210 
0.995 

- 
80 

0.30 

50 
- 

0.98 

40,000 
1.6 

Std 

Max A I B  
Combat 

25,685 

56,820 

0.953 
- 
625 

0.50 
'70 
- 

0.94 

60,000 

2.0 

Std 

Part A I B  
Cru i se 

7,625 

17,975 
0.827 

- 
5 70 

0.55 
70 

- 
0.93 

10,000 

0.9 

Std 

Max A I B  
Combat 

43,560 

96,590 

0.982 
- 

75 

0.49 

70 
- 

0.98 

Alt i tude 

Mach 

Type Day 
Rat i ng 

Net Thrust, l b  

Fuel Flow, l b lh r  

Front I n l e t  Recovery 

Aft I n l e t  Recovery 

Front I n l e t  Drag, 1b 

Engine Bleed, lb lsec  

Power Extraction, hp 

Front Nozzle Cfg 

Rear Nozzle Cf g 

SL 

0 

T rop 

Max Dry 

Vertical 

25,000 

13,520 

0.95 

0.95 

0 

1 .O 

50 

0.95 

0.95 



5.4.2 Crui  se Mode Performance 

The SSTFOll Tandem Fan i n  the  c r u i s e  mode i s  an e f f i c i e n t  
c y c l e  f o r  supersonic t a c t i c a l  a i r c r a f t .  

I n  t h e  c r u i s e  mode the  Tandem Fan operates as a  convent ional  mixed f l o w  

turbofan.  A i r  en ters  t h e  f r o n t  fan i n l e t  and passes through both f a n  un i t s ,  

thus supercharging the  engine core. The ne t  r e s u l t i n g  f a n  pressure r a t i o  i s  

3.43 w i t h  a  bypass r a t i o  near 1.0. The engine exhaust then e x i t s  through t h e  

a f t  2-0 d e f l e c t i n g  nozzle. 

Cru ise mode performance was c a l c u l a t e d  us ing t h e  Vought TECSON t u r b i n e  

engine c y c l e  s imu la t i on  rou t i ne .  Non-afterburning power s e t t i n g s  were genera- 

t ed  by commanding l i n e s  o f  cor rec ted  f a n  speed w h i l e  apply ing combustor tem- 

pera ture  l i m i t s .  A combustor temperature 1  j m i t  o f  2 , 8 0 0 ~ ~  was used f o r  I n t e r -  

mediate power and a  l i m i t  o f  2 , 6 0 0 ~ ~  f o r  qaximum continuous. A f te rbu rn ing  

power s e t t i n g s  were generated f rom Min t o  ~ a i  A I B ,  l i m i t e d  by a  f u e l  / a i r  r a t i o  

o f  0.06 and an e x i t  temperature o f  3 , 4 0 0 ~ ~ .  

Cruise mode performance a t  rep resen ta t i ve  miss ion p o i n t s  i s  summarized i n  

Table 5-3. The performance i s  based on t h e  i n s t a l l a t i o n  losses discussed i n  

Sect ion 5.4.1. 

Dur ing c r u i s e  mode operat ion, t he  f a n  I G V  angles a re  scheduled t o  main ta in  

constant  f a n  opera t ing  l i n e s  w h i l e  matching f l o w  between t h e  f r o n t  and r e a r  

fans. The opera t ing  l i n e s  ma in ta in  peak f a n  e f f i c i e n c y  and t h e  desi red s t a l l  

margin a t  a l l  opera t ing  po in ts .  The a f t  nozzle t h r o a t  area i s  he ld  constant  

du r ing  non-afterburning and va r ies  du r ing  a f te rbu rn ing  t o  ma in ta in  t h e  f a n  

opera t ing  1  ines. The I G V  schedules requ i red  f o r  optimum f l o w  matching depend 

upon t h e  design f a n  pressure r a t i o s  and t,he r a t i o  o f  annulus areas between 

fans. 



Table 5-3 - Cruise Performance Summary 

Fuel Flow - I b l h r  

17,600 

23,066 

19,305 

8,633 

4,895 

2,314 

2,250 

88,749 
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43,618 

A l t i t u d e  - f t  

SL 

SL 

10,000 
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40,000 

40,000 

SL 

SL 

10,000 

30,000 

40,000 

50,000 

60,000 

50,000 

SFC - l b / h r / l b  

0.665 

0.991 

0.974 

0.891 

0.846 

0.890 

1.125 

2.024 

2.211 

2.165 

2.211 

1.361 

2.357 

2.960 

Mach 

0 

0.85 

0.90 

0.90 

0.85 

0.85 

0.27 

0 

0.90 

0.90 

1.60 

1.60 

2 .OO 

2.40 

Power Se t t i ng  

Interm 

Interm 

I n  t erm 

Interm 

I n  t erm 

Cru i se 

L o i t e r  

Max AIB 

Max A I B  

Max A /B  

Max A/B 

Part  A/B 

Part  AIB 

Max A / B  

Thrust  - l b  

26,485 

23,277 

19,817 

9,687 

5,786 

2,600 

2,000 

43,842 

43,518 

22,095 

25,720 

8,056 

7,626 

14,734 



5.4.3 VTOL Performance 

The Tandem Fan p ropu ls ion  system provides v e r t i c a l  l i f t  f o r  
a  supersonic a i r c r a f t  w i t h  moderate j e t  v e l o c i t i e s ,  e x i t  
temperatures, and f u e l  consumption. 

The c y c l e  c h a r a c t e r i s t i c s  of t h e  Tandem Fan a l l ow  t h e  p ropu ls ion  system t o  

operate a t  h i g h  a i r f l o w  and bypass r a t i o  du r ing  v e r t i c a l  mode operat ion.  T h i s  

t r a n s l a t e s  i n t o  reduced j e t  v e l o c i t i e s  and e x i t  temperatures, which i n  t u r n  

reduce f o o t p r i n t  p r o f i l e s  and r e i n g e s t i o n  losses. The c y c l e  operates a t  a  

s p e c i f i c  f u e l  consumption o f  approximately 1.0 f o r  t a k e o f f  and 0.5 f o r  

landing, much reducing t h e  f u e l  al lowances u s u a l l y  associated w i t h  supersonic 

V/STOL. L im i  t e d  augmentat i o n  a t  t h e  f r o n t  nozzle reduces p ropu ls ion  system 

s i z e  w i thout  exceeding t h e  r e a r  nozz le  temperature. 

V/STOL p a r a l l e l  f l o w  mode performance and c y c l e  c h a r a c t e r i s t i c s  i s  sum- 

marized i n  Tab le  5-4 f o r  t y p i c a l  opera t ing  po in ts .  "Max L i f t ,  Dry" i s  t h e  

c y c l e  design p o i n t  f o r  component f l o w s  and pressure r a t i o s .  "Max L i f t  AIB" i s  

t h e  corresponding p o i n t  w i t h  maximum augmentat i o n  f r o n t  and rear .  T h i s  r a t i n g  

i s  used f o r  STO. "Max Takeof f ,  A / B U  i s  t h e  maximum t a k e o f f  t h r u s t  f o r  an a i r -  

c r a f t  w i t h  a  67/33 t h r u s t  s p l i t .  The Max Takeof f  r a t i n g  prov ides  an a i r c r a f t  

t h r u s t l w e i g h t  o f  1.17 f o r  maximum heave and p i t c h  commands. The 'Nominal 

Takeoff, AIB" case i s  t h e  normal t a k e o f f  t h r u s t  l e v e l  w i thout  p i t c h  commands. 

The "Max V e r t i c a l ,  Dry" case i s  t h e  maximum nonaugmented t h r u s t  l e v e l  a t  67/33 

t h r u s t  s p l i t .  "Nominal Landing, Dry" i s  f o r  a  t y p i c a l  landing weight w i t h  

normal r e t u r n  s to res  and f u e l  reserves. 



Table 5-4 - VTOL Performance Summary 

Notes: (1 )  Cycle design point,  not used fo r  a i r c r a f t  s iz ing  
(2) Same as (2) w i t h  max AIB, used only f o r  ST0 takeof f  
( 3 )  Includes margin f o r  reingest ion, suckdown, engine deter iorat ion,  max v e r t i c a l  accelerat ion and p i t c h  up 

commands 
. ( 4 )  Same as (3 )  but without p i t c h  t h rus t  commands 

(5 )  Used f o r  a i r c r a f t  sizing, TOGW = 24,930 l b .  
(6) Actual landing weight and th rus t  depend on f u e l  and stores returned 
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5.4.4 ST0 Performance 

The Tandem Fan propulsion system provides high thrust f o r  
shor t  takeoff .  

Short takeoff performance (STO) f o r  para l l e l  flow mode i s  shown in Figure 

5-16 and 5-17. The performance i s  with and without afterburning a t  Sea Level, 

Tropical Day. T h e  f igures  include ram drag and gross th rus t  f o r  each stream 

versus f l i g h t  Mach number and nozzle def lect ion angle in addition t o  net 

thrust and fuel  flow. 

During short  takeoff the  f ron t  nozzle i s  deflected a f t  10 t o  30 degrees t o  

increase forward thrust, while the a f t  nozzle i s  deflected 20 t o  45 degrees t o  

cancel the  f ron t  fan pitching moment. 



Figure 5-9 - ST0 Thrust and Fuel Flow 
5-24 



Figure 5-10 - ST0 Ram Drag and Gross Thrust 
5-25 





6.0 TF 120 PERFORMANCE 

T h i s  sec t ion  presents mission, combat and takeo f f  performance o f  

t h e  TF120 p o i n t  design s ized t o  t h e  study guidel ines,  design 

s e n s i t i v i t i e s ,  and an ana lys is  o f  VSTOL t r a n s i t i o n .  

T h i s  sec t ion  contains: 

6.1 POINT DESIGN 

6.1.1 S iz ing  

6.1.2 Miss ion  Capabi 1  i t y  

6.1.3 Combat Performance 

6.2 SENSITIVITIES 

6.2.1 Short T  akeoff  Performance 

6.2.2 Takeof f  and Landing A1 lowances 

6.2.3 Constra int  S e n s i t i v i t i e s  

6.3 VTOL TRANSIT I O N  

6.3.1 Contro l  Power Requirements 

6.3.2 T r a n s i t i o n  Analys is  



6.1 POINT DESIGN 

6.1.1 S i z i n g  

The TF120 was s ized f o r  a  supersonic i n t e r c e p t  miss ion and t o  
VTOL thrust-to-weight and maneuver const ra in ts .  

Design synthesis was accompl ished using t h e  Vought A i r c r a f t  Synthesis 

Ana lys is  Program (ASAP) implemented on a  Contro l  Data Corporat ion CYBER 175 

computer w i t h  i n t e r a c t i v e  graphics c a p a b i l i t y .  ASAP i s  a lso  used by Naval A i r  

Systems Command and i s  being implemented a t  t h e  Naval A i r  Development Center. 

The ASAP modular a rch i tec tu re  i s  diagrammed i n  F igu re  6-1. ASAP in teg ra tes  

t h e  es t imat ion  methods f rom t h e  var ious  techn ica l  d i s c i p l i n e s  requ i red  t o  

de f ine  an a i r c r a f t  ( f o r  t h i s  study, aerodynamics, propulsion, weights and 

performance) and generates a  design space f o r  a  m a t r i x  o f  con f igu ra t i on  

var iables.  Wing area and engine scale f a c t o r  were selected as independent 

var iab les  s ince the  wing planform had p rev ious l y  been opt imized f o r  the  same 

miss ion and maneuverabi l i ty  requirements as described i n  Reference 1. 

The TF120 basel ine con f igu ra t i on  (wing reference area = 350 f t2 and 

u n i t y  engine scale fac to r )  was t h e  center  o f  a  n ine  p o i n t  design space. 

F igure  6-2 shows t h e  takeoff weight v a r i a t i o n  w i t h  Engine Scale Factor  (ESF) 

and Wing Area. A l l  a i r c r a f t  represented i n  F igure  6-2 have been f u e l  balanced 

t o  y i e l d  t h e  same rad ius  o f  a c t i o n  (200 NMi) f o r  t he  Supersonic I n t e r c e p t  ( o r  

DLI) design miss ion def ined i n  Sect ion 6.1.2. The two c r i t i c a l  s i z i n g  

cons t ra in ts  are o v e r l a i d  t o  show t h e  p o r t i o n  o f  t h e  design space i n  which the  

a i r c r a f t  meet o r  exceed a l l  performance requirements. A l l  a i r c r a f t  i n  the  

design space exceed the  o ther  performance guidel ines.  

F igu re  6-2 revea ls  t h a t  t h e  propu ls ion  system i s  s ized p r i m a r i l y  by t h e  

VTO ( p a r a l l e l  f l o w  mode w i t h  f r o n t  f a n  augmentation) thrust-to-weight 

requirement o f  1.17, which meets MIL-STD-83300 Level  1  f l y i n g  qua1 i t i e s .  

Minimum wing area i s  d i c t a t e d  p r i m a r i l y  by the  sustained load f a c t o r  gu ide l i ne  i 
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Figure 6-2 - TF120 Parametric Takeoff  Weight Sizing 



o f  6.2 a t  Mach 0.6, 10,000 ft. The minimum s i z e  a i r p l a n e  which s a t i s f i e s  the  

s i z i n g  c o n s t r a i n t s  weights 24,440 lb ,  has a  307 ft2 wing area and a  0.98 

scale engine (42,960 lbs, i n s t a l l e d ,  s e r i e s  f l o w  mode, max AIB, sea l e v e l  

s t a t i c ) .  

The base l ine  a i r c r a f t  meets t h e  VTO T/W = 1.17 requirement and exceeds the  

maneuverab i l i t y  gu ide l  i n e  w i t h  a  susta ined load f a c t o r  capabi 1  i t y  o f  6.62 a t  

Mach 0.6, 10,000 ft. T h i s  i s  achieved a t  a  l i f t  c o e f f i c i e n t  o f  1.13. T h i s  

r e s u l t  i s  a s t rong f u n c t i o n  of h i g h  angle o f  a t tack  trimmed LID, which i s  d i f -  

f i c u l t  t o  p r e d i c t  accura te ly  because o f  t h e  l a r g e  p o r t i o n  o f  t he  t h e o r e t i c a l  

wing enveloped by t h e  wing-body blending. We e lec ted  t o  de f i ne  t h e  350 ~t~ 

TF120 as t h e  p o i n t  design and exceed t h e  maneuverabi 1  i t y  gu ide l  ine. Deta i  l e d  

miss ion c a p a b i l i t y  and performance are presented i n  t h e  f o l l o w i n g  subsections. 



6.1.2 Miss ion Capab i l i t y  

The TF120 o f f e r s  good rad ius  o f  a c t i o n  c a p a b i l i t y  f o r  a  
v a r i e t y  o f  f i g h t e r  and s t r i k e  miss ion p r o f i l e s .  

The TF120 design was tes ted  against  t h r e e  bas ic  miss ion p r o f i l e s ,  w i t h  

va r ia t i ons ,  depicted i n  F igu re  6-3. The Supersonic In tercept ,  o r  Deck 

Launched I n t e r c e p t  (DLI) was t h e  design mission. A  rad ius  o f  a c t i o n  o f  200 

NMi  w i t h  a  Mach 1.6 dash a t  50,000 ft was spec i f i ed  t o  e s t a b l i s h  i n t e r n a l  f u e l  

capacity.  For  a l l  o ther  missions, rad ius  was determined f o r  t he  same i n t e r n a l  

f u e l  load. I n  a l l  cases a i r - to -a i r  m i s s i l e s  and aummunition are reta ined.  

F igure  6-4 summarizes t h e  miss ion c a p a b i l i t y  o f  t h e  TF120 p o i n t  design. 

The 200 N M i  rad ius  i s  f e a s i b l e  a t  moderate takeo f f  weight because o f  exce l l en t  

acce lera t ion  (1.8 minutes from launch t o  Mach 1.6 a t  50,000 f t )  and moderate 

s p e c i f i c  f u e l  consumption i n  supersonic c r u i s e  (1.36 l b l h r l l b )  . Note t h a t  t h e  

Supersonic I n t e r c e p t  dash can be performed a t  Mach 2.0 and t h e  TF120 w i l l  

s t i l l  be capable o f  a  139 NMi  rad ius  o f  act ion.  

F i g h t e r  Escor t  (FE) i s  an a l l - subson ic  mission, w i t h  an i n t e r n a l  f u e l  

rad ius  o f  541 NMi .  With the  a d d i t i o n  o f  two 370 ga l  drop tanks (and two more 

m iss i l es )  t h e  TF120 i s  capable o f  an FEX rad ius  o f  838 NMi,  an increase o f  55 

percent. 

The powerful ,e f fec t  o f  f u e l  allowances i s  i l l u s t r a t e d  by comparing F i g h t e r  

Escort  rad ius  w i t h  combat ( 2  min Max AIB a t  Mach 1.0) a t  an a l t i t u d e  o f  30,000 

f t  vs. 10,000 ft. The lower a l t i t u d e  reduces rad ius  o f  a c t i o n  from 541 NMi  t o  

322 NMi .  A  task-or iented combat segment would tend t o  equa l ize  miss ion f u e l  

f o r  a i r c r a f t  w i t h  w ide ly  d i f f e r i n g  thrust-to-weight r a t i o s .  

The I n t e r d i c t  i o n  (INX) h i - lo- lo-h i  missions represented i n  F igure  6-4 were 

ca lcu la ted w i t h  a  9,724 1b over load referenced t o  t h e  VTO t a k e o f f  weight. 

Radius w i t h  f i x e d  Mach 0.85 sea l e v e l  dashes o f  50 and 100 NMi  were calculated.  

When t h e  low a l t i t u d e  dash d is tance i s  halved, rad ius  increases from 519 N M i  

t o  641 NMi. 
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6.1.3 Combat Performance 

The TF120 exh i  b i t s  except ional  energy maneuverabi 1  i t y  and 
combat a g i l i t y .  

Po in t  design performance i s  summarized i n  Tab le  6-1. A1 1  parameters were 

ca l cu la ted  a t  88 percent  of VTO weight, which corresponds t o  64.7 percent  i n -  

t e r n a l  f u e l .  The TF120 exceeds NASA gu ide l i nes  by a  wide margin. The speci- 

f i c  excess power capabi 1  i t y  i s  n e a r l y  t w i c e  the  minimum requirement. Accele- 

r a t i o n  t ime from Mach 0.8 t o  1.6 i s  a  b r i s k  34 seconds. Maximum speed a t  a l -  

t i t u d e  i s  l i m i t e d  t o  Mach 2.4 by aerodynamic heat ing. The ac tua l  t h r u s t  = 

drag c o n d i t i o n  occurs a t  Mach 2.55, desp i te  a  r a p i d  decay o f  i n l e t  pressure 

recovery above Mach 2. The design dynamic pressure corresponds t o  Mach 1.2 a t  

sea l eve l .  

Note t h a t  Mach 1.42 can be sustained w i thout  a f te rburn ing .  T h i s  i s  t a c t i -  

c a l l y  s i g n i f i c a n t  because o f  t h e  concurrent  low i n f r a r e d  s ignature.  Super- 

sonic c r u i s e  a t  Mach 1.6 i s  poss ib le  w i t h  near-minimum a f te rbu rne r  ass i s t .  

Sustained load f a c t o r  i s  6.629 a t  t h e  Mach 0.6, 10,000 f t  design condi- 

t i o n .  O f  g rea te r  s i g n i f i c a n c e  t o  t h e  deck launched i n t e r c e p t  r o l e  i s  t he  

4.229 capabi 1  i t y  a t  Mach 1.6. T h i s  f a c i l i t a t e s  m u l t i p l e  a t tacks  against  

supersonic maneuvering t a r g e t s  w i thou t  decelerat ing.  

F igu re  6-5 presents t h e  TF120 opera t iona l  envelope f o r  bo th  maximum A16 

and In te rmed ia te  t h r u s t .  Contour maps o f  sustained load f a c t o r  ( N Z )  w i t h  A / B  

are g iven i n  F igu re  6-6, and w i t h  In te rmed ia te  t h r u s t  i n  F igu re  6-7. Note 

t h a t  contours f o r  NZ = 8 and 9 appear on t h e  map; t h e  p o i n t  design was 

st ressed f o r  7.59 design load f a c t o r .  Corresponding maps o f  spec i f i c  excess 

power (SEP) appear i n  F igures  6-8 and 6-9. 

Another p resen ta t i on  o f  energy maneuverabi l i ty ,  max t h r u s t  SEP as a  func- 

t i o n  o f  Mach number and load f a c t o r ,  i s  prov ided i n  F igures  6-10, 6-11 and 

6-12, f o r  a l t i t u d e s  o f  10,000, 20,000 and 30,000 f e e t ,  respec t i ve l y .  



Table 6-1 - TF120 Point Design Performance 

SEA LEVEL 

ABSOLUTE CEILING - FT 

COMBAT CEILING (500 FPM) 

SPECIFIC EXCESS POWER (lg) 

M=0.9, 10,000 ft - ft/SEC 

ACCELERATION TIME 

0.8 5 MM 5 1.6, 36,089 ft-SEC 

SUSTAINED LOAD FACTOR 

M=0.6, 10,000 ft 

M=0.9, 30,000 ft 



ALTITUDE - 1000 FT 

MACH NUMBER 

F igu re  6-5 - TF120 Operat ional  Envelope 

















6.2 SENSITIVITIES 

6.2.1 Short Takeoff Performance 

TF120 short takeoff performance i s  exceptional due t o  a f t  fan 
flow augmentation and e f f i c i en t  thrust vectoring of both fan 
streams. 

Usable paral le l  mode vertical  takeoff thrust i s  constrained by longitudinal 
balance and by the desire t o  keep exhaust temperatures impinging on a deck 
below 1 0 0 0 ~ ~ .  When deckspace or runway dimensions permit, af terburni ng can 
boost the a f t  fanlcore engine thrust  f o r  an overall increase of 18 percent. 
This increment plus the VTO control margin of 18 percent means that  the TF120 
with a 9,724 1b overload (Interdict ion mission stores) has an i n i t i a l  thrust- 
to-weight r a t io  of 1 .O. However, some of t h i s  thrust  must be directed a f t  t o  
accelerate and t o  maintain longitudinal trim; therefore some aerodynamic 1 i f t  
i s  required. 

We calculated TF120 overload ST0 performance using conservative ground- 
rules, requiring that  front and rear thrust vector moments be in balance a t  
a l l  times and tha t  deck ro l l  be defined *as the actual l i f to f f  point (zero 
sink).  Tropical Day (89.4O~) and zero wind over deck conditions and a f l a t  
deck (no ski ramp) were assumed. 

The forward fan nozzle can be vectored a f t  as much as 30 degrees from the 
vertical  without unduly complicating the nozzle mechanism. The TF120 landing 
gear provides suff ic ient  ground clearance t o  permit a 20 degree rotational 
angle of the a i r c ra f t .  Figure 6-13 shows the e f fec t  of forward fan thrust 
incidence (measured from the horizontal) and angle of attack l imit  a t  l i f to f f  
on ground (or  deck) ro l l .  Even with a nonvectoring forward nozzle (80 degree 
incidence) less  than 450 f t  i s  required. A maximum performance f i e ld  takeoff 
can be made i n  260 f t ,  compared t o  the standard mili tary runway width of 150 
f t .  On shipboard, rotation of the a i r c ra f t  can continue t o  25 degrees angle 

of attack once c lear  of the deck, yielding a 210 f t  deck ro l l .  I t  i s  apparent 
that  TF120 overload takeoff distance performance i s  excellent and i s  not a 
significant design constraint. 
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6.2.2 Takeoff and Landing Allowances 

The fuel efficiency of the ser ies  flow tandem fan cycle en- 
hances mission performance and minimizes takeoff weight. 

Fixed fuel allowances have a dramatic impact on radius of action fo r  high 
thrust-to-weight f ighters .  Two takeoff thrust ratings were used t o  compute 
TF120 takeoff and mission performance. The vertical  takeoff rating i s  with 
forward fan augmenation t o  9 5 0 ' ~  and the rear fan unaugmented (which also has 
a 9 5 0 ~ ~  exhaust temperature). However, for  short takeoffs the rear exhaust i s  

augmented t o  2800'~. Point design mission performance was calculated w i t h  

fuel consumption appropriate t o  the operating mode. However, early sizings 
simply applied the maximum thrust  ST0 rating across the board t o  a l l  takeoffs 
as well as landings, until  precise cycle ratings were established. This 
procedure in e f fec t  represented an unfair and unreal is t ic  penalty t o  VTOL 

operations. 

The consequences of such conservatism are evident in the Supersonic 
Intercept mission fuel consumption breakdown in Figure 6-14. DL1 radius i s  
increased by some 50 NMi by specifying the appropriate VTOL fuel allowances. 
The other missions exhibit comparable improvements. From t h i s  i t  i s  c lear  
that  mission rules fo r  analyzing V/STOL or other high thrust  a i rc raf t  should 

define fuel allowances t o  be a reasonable simulation of power sett ings and 
intervals. Both combat and takeoff and landings should be task oriented t o  
some degree. 
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Figure 6-14 - Impact of Fuel Allowances on Radius of Action . 



6.2.3 Const ra in t  S e n s i t i v i t i e s  

The Vought c o n f i g u r a t i o n  synthesis procedure generates sen- 
s i t i v i t y  da ta  f o r  a l l  performance const ra in ts .  

The i n t e r a c t i v e  computer graphics c a p a b i l i t y  i n t e g r a l  t o  ASAP was used t o  

generate design cha r t s  of a i r c r a f t  p e r f  ormance parameters w i t h i n  the  design 

space. These carpet  p l o t s  a l l ow  t h e  analyst  t o  q u i c k l y  assess the  impact o f  

changing any c o n s t r a i n t  l e v e l  on t a k e o f f  weight, wing area, engine s i ze  and 

a l l  t he  o ther  performance parameters. Such a  t rade  study can be accomplished 

wi thout  access t o  the  computer. 

Appendix I11 conta ins ASAP carpets f o r  TF120 performance parameters i n  t h e  

format o f  F igure  6-2, as func t i ons  o f  wing area (SW) and engine scale f a c t o r  

(SF). The p o i n t  design c o n s t r a i n t  l i n e s  are o v e r l a i d  f o r  reference, w i t h  

numerical value ind i ca ted  f o r  t h e  minimum weight i n te rsec t i on .  



6.3 VTOL TRANSITION 

6.3.1 Hover Control Power 

The TF120 meets MIL-F-83300 minimum hover control power 
requirements, but a greater attitude control power region 
i s recommended. 

Br 

TF120 hover control power in roll is provided by reaction control jets 

located near the wingtips and powered by engine bleed air. Pitch and yaw 

control power is provided by differential inlet guide vane deflections (for 

pitch) and differential forward and aft fan nozzle deflections (for yaw). 

Height control is provided by collective changes to the inlet guide vanes. 

Minimum control power was established by the same criteria used for the 

SF-121 VATOL concept (Reference 1). Control power-levels were sized to meet 

single axis attitude changes in one second as specified in MIL-F-83300 

(paragraph 3.2.3.1). This analysis did not consider that portion of the 

specification which required trimming the aircraft with hover winds from the 

most critical direction prior to the control inputs. While addressing this 

portion of the specification was beyond the scope of this study, it warrants 

analysis when the required aerodynamic data base is avai 1 able. 

The hover control powers provided for the aircraft are: 

Considering instantaneous step input of controls, the following airplane 

Axes 

o Roll 

o Pitch 

o Yaw 

attitude di spl acement s were produced. 

Control Power (Single Axis) - radlsecz 

0.261 

0.176 

0.130 

Inertia 
- slug-ft2 

IxX = 12,789 

IxY = 64,469 

IzZ = 74,622 



*Damping levels used were based on MIL-H-8501A VFR requirements: 

r 

Angular velocity damping - ft-lbslradlsec 

o Pitch VFR - > 8 (Iy)0.7 

o Roll VFR - > 18 ( Ix )0*7  

o Yaw VFR - > 27 (IZ)0.7 

TF120 
Attitude Change 

*(with damping) in one 
sec o r  less  - Deg 

4.5" 

4.5" 

2.8" 

These data indicate tha t  with the control power provided the a i rc raf t  will 

meet the single axis a t t i tude  changes required by MIL-F-83300. However, when 

required t o  provide adequate a r t i f i c i a l  damping, the a i r c ra f t  will probably 

meet that  portion of the hover control power specification. 

TF120 
Attitude Change 

(no damping) in one 
sec or less  - Deg 

7-47" 

5.04" 

3.72" 

Axes 

Roll 

Pitch 

Yaw 

I t  i s  f e l t ,  primarily based on comparing the TF120 control power levels 

with successful VTOL a i r c ra f t  in the same weight category, that  the a i r c ra f t  

wi l 1 have marginal hover control power levels. Additional control power 

analyses are  required in future program development phases. 

MIL-F-83300 
Attitude Change 

in one sec. or less  - Deg 
(Level 1) 

- +6 " 
- +4" 

- +3O 



6.3.2 Transition Analysis 

Analysis of TF120 transitions to and from hovering flight 
revealed no major problems. 

Vertical takeoff transition characteristics are presented on Figure 6-15 

for three acceleration cases (alg = 0, 0.075 and 0.15) for a flight path angle 

of zero. Similarily, transitions from cruise flight to vertical landings are 

shown on Figure 6-16 and Figure 6-17 for descent angles of 0" and 5' and for 

three deceleration rates (a/g = 0, -0.075 and -0.15). 

The transition analyses are based on solutions of the three-degree-of- 

freedom equations for the forward fan gross thrust, aft fan gross thrust and 

aft fan effective nozzle deflection angle using the following aircraft data: 

o Aircraft transition weights and relative c.g. locations 

o Pertinent aircraft geometric characteristics; i e  thrust moment 

arms, wing area, etc. 

o Ram drag 

o Low speed aerodynamic data 

o Flight path angle and acceleration levels 

o Angle-o f -a t tack lve loc i ty  schedule. 

The high speed end of the landing and takeoff transitions occurs at an 

angle of attack of 20.4' (1.225 VSrALL 'NOZ = o', and no forward fan 
power off 

thrust). Conventional f 1 ight pitch control is provided by operating the 

canard and elevons simultaneously to produce the necessary pitching moment 
couple. In this analysis a one-to-one gearing between the elevons and the 

canard was assumed. A scontrol setting of -7.68' (6canard = -7.68' and 

'e 1 evon = + 7.68') was required to trim the airplane in conventional flight 

at 1.224 VgALL . The transitions were analyzed with the longitudinal 
power off 

control surfaces fixed at these settings and forward fan thrust vector was 

deflected 90° relative to the fuselage reference plane. Transition angle-of- 

attacklvelocity schedules were selected after considering vertical landing 
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Figure 6-17 - Landing Trans i t ions  (r  = - 5 O )  



visibility, touch down attitude and aerodynamic lift variation with angle-of- 

attack and increasing airspeed. The selected AOAlvelocity schedules provide 

an airplane attitude of 0' during hover, and an AOA = 20.4" at the high speed 
end of transition. During the landing transitions the angle of attack was 

held constant at ~ 4 . 4 ~  down to an airspeed of 60 KEAS, and then reduced as the 

airspeed approached zero. During the takeoff transition the angle of attack 

was held to a = 0' until the aircraft reached 40 KEAS. Thereafter the AOA 

increased 1 ineari ly to 20.4" at a velocity of 135 KEAS. The takeoff and 

landing weights were 25,339 and 22,298 1 bs., respectively, and center-of- 

gravity was at 9 percent MGC for both configurations. 

Figure 6-18 presents the low speed (M = 0.2) drag and longitudinal 
stability and control aero coefficient data used in the transition analysis. 

Pertinent aerodynamic characteristics are listed below: 

o = 0.0377 (landing gear down) 

0 C LMAX (Control neutral) = 1.6 

o Aerodynamic center at 4.6 percent MGC 

A review of the landing and takeoff transition data shown in Figures 6-15 

through 6-17 indicates that the required aft nozzle deflection angles, aft fan 
thrust levels, and forward fan thrust levels required to meet typical transi- 

tion performance levels form sets of logical smooth continuous curves which 

are necessary for a successful V/STOL configuration. 

Data from Figure 6-15 for the takeoff transition indicate that: 

o Hover flight can be achieved with the aft nozzle deflected 90° 

with an aft fan thrust level of 8,330 lbs. and a forward fan 
thrust level of 17,008 lbs. 

o Hovering over a spot in a 40 KT head wind or tai 1 wind requires 
approximately - + l o  aft nozzle deflection from the nominal 90° 

position. 





o I f ,  while hovering in s t i l l  a i r ,  the a f t  nozzle was deflected t o  
76" the a i r c ra f t  will accelerate a t  a/g = 0.075 a t  40 KEAS, and 

will reach equilibrium f l igh t  a t  60 KEAS w i t h  s l igh t  reductions 
i n  forward and a f t  fan thrust levels. 

o Forward fan thrust  level reduces as airspeed increases and 
s l  ight variation of thrust levels are required as acceleration 
levels change. A t  a given t ransi t ion speed, higher a i r c ra f t  
accelerations are produced by reduced nozzle deflection angles 
and increasing a f t  fan t h r u s t  levels. 

o Transit ions will be complete (forward fan thrust  required = 0 
Ibs and a f t  nozzle deflection = oO)  when the a i r c ra f t  reaches 
approximately 135 KEAS. 

o Maximum gross thrust levels available from forward and a f t  fans 
exceed the thrust  required levels shown in Figure 6-15. 

o Aft nozzle deflection ra tes  used in takeoff t ransi t ion should be 

limited so that  the a f t  nozzle will not reach the t r a i l  position 
before the a i r c ra f t  can accelerate t o  a safe forward velocity. 

Data from Figure 6-16 f o r  the landing configuration t ransi t ions w i t h  

f l i gh t  path angle = 0' indicate that :  

o Landing t ransi t ions should s t a r t  i n  the 125 to  128 KEAS velocity 
range, depending on the a i r c ra f t  deceleration characteristics.  

o A n  angle-of-attack of 20.5" should be held down t o  60 KEAS. 
During t h i s  portion of the t ransi t ion,  the following changes 
will occur: 

- Forward fan thrust  will increase from 0 Ibs t o  
approximately 12,000 lbs. 

- For the a/g = 0 case, the a f t  nozzle deflection increases 

from zero t o  35O, and the a f t  fan gross thrust increases 
from 6,600 t o  9,400 l b s .  
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- For the a/g = -0.075 case, the a f t  nozzle deflection 
increases from zero t o  43', and a f t  fan gross thrust 
increases from 5,000 t o  8,200 Ibs .  

- For the a/g = -0.15 case, the a f t  nozzle deflection 
increases from zero t o  52', and a f t  fan gross thrust  
increases from 3,300 t o  7,100 lbs. 

o Angle-of-attack reduces 1 ineari ly from u = 20.4' a t  60 KEAS t o  u 

= o0 a t  20 KEAS. The larger a f t  nozzle deflection required t o  
maintain the AOA profi le  increases as the deceleration ra te  
required becomes more negative. 

A t  the 20 KEAS point in the transition, the forward fan gross 
thrust level requirement are about 15,000 l b s  fo r  the three 
deceleration cases. To produce an a/g of -.15, the a f t  nozzle 

deflection required i s  114' with an a f t  fan gross thrust level 
of 7,600 lbs. 

o Hover f l igh t  can be achieved i n  s t i l l  a i r  with the a f t  nozzle 
deflected 90' with an a f t  fan thrust level of 7,300 lbs and 
forward fan thrust level of 15,000 lbs. 

From Figure 6-17 for  the landing with 5' descent angle transition, data 
trends similar t o  those discussed above are seen. However, the 5' descent 
angle a t  a given transition speed requires an increased a f t  nozzle deflection 
and a reduction in a f t  gross thrust requirements. 





7.0 AERODYNAMIC UNCERTAINTIES 

T h i s  sec t i on  summarizes and discusses the  p r i n c i p a l  u n c e r i a i n t i e s  i n  

aeropropulsion est imates and ana lys is  uncovered i n  t h e  Phase I study. 

T h i s  sec t ion  contains: 

7.1 CONFIGURAT I O N  DEPENDENT UNCERTAINT IES 

7.2 PREDICT I O N  MET HOD UNCERTAINTIES 



7.1 CONFIGURATION DEPENDENT UNCERTAINTIES 

Aerodynamic and aeropropulsive uncertainties have been identified for the 

study configuration. Some uncertainties in the prediction of detai led aero- 
dynamic characteristics can be attributed to unique features of the TF120; 

others are inherent 1 imitations in available analytical tools. We wi 11 first 
concentrate on the configuration-dependent issues and their significance. 

Section 7.2 addresses the broader subject of inadequacies in preliminary 
design prediction methods. 

Aerodynamic Center: Accurate determination of aerodynamic center is 
essential to confirming the viabi 1 ity of V/STOL configurations. The vertical 
mode thrust vector, center of mass and subsonic aerodynamic center must be 
precisely aligned. Failure to achieve correct placement may use up control 
margins and complicate V/STOL transition. The highly integrated TF120 con- 
figuration will not accommodate arbitrary relocation of wing or propulsion 
system to achieve vector alignment. The TF120 planform is complex and curvi- 

linear; strong interactions are expected between the canard and wing. At high 
angles of attack, strong vortex flow and separated wakes will appear, causing 
possible migration of the aerodynamic center. The combination of highly swept 
strakes and moderately swept leading edges is intended to minimize a.c. shift 

over the Mach number spectrum; the degree to which this is achieved will have 
a direct bearing on supercruise mission capabi 1 ity. APAS a.c. estimates were 

found to be highly sensitive to blended body cross section, raising doubts 
about the validity of aerodynamic center predictions. 

Trimmed Lift and Drag: High sustained load factor capability at Mach 0.6 

was a constraining design guideline. Drag due to lift at lift coefficients in 
excess of 1.0 sizes wing area. The TF120 planform will generate significant 
vortex 1 if t (and vortex drag). T he ' close-coupled canard wi 11 produce favor- 
able interference, but the coplanar relationship of canard and wing, canard 
dihedral and canard incidence make accurate prediction of the overall effects 

difficult. Even for subsonic cruise (CL - 0.32) mission fuel requirements 
are sensitive to trimmed liftldrag. This is the very region in which leading 
edge suction usually begins to break down. 



Minimum Drag: We believe subsonic minimum drag estimates fo r  the TF120 t o  
be reasonably accurate. The basically clean intersections of wing-body and 
canard-strake should yield moderate interference factors.  However, the in le t  
boundary 1 ayer d iverter,  nozzle-afterbody and wi ng-mounted vertical  f i n  i nter- 
ference estimates may not adequately account fo r  accelerated flows and pos- 
s i  ble corner separation. The dominant aerodynamic uncertainity i s transonic 
and supersonic wave drag. APAS solutions were highly sensit ive t o  wing- 

afterbody defini t ion and fa i led  en t i re ly  a t  Mach 2.0 and 2.4. Wind tunnel 
t e s t s  of a sting-mounted model will  not completely resolve the afterbody 
effects ,  b u t  will provide the data base on a l l  other configuration elements 
necessary t o  validate APAS and other supersonic drag methods. The Phase I1 
wind tunnel model will include provisions f o r  a blade support t o  permit 
accurate nozzle-afterbody simulation in future tes t s .  

Longitudinal Control Power. The TF120 elevons and all-moving canards are 
powerful moment generators a t  moderate angle of attack. However the estimated 
control power i s  implicit ly res t r ic ted  t o  the l inear angle of attack region 
and small deflections. The elevons will lose effectiveness a t  high deflec- 
t ions and when the wing s t a l l s .  The all-moving canard controls can be driven 
t o  whatever incidence i s  required t o  prevent canard s t a l l .  However, unporting 
will sp i l l  a i r  a t  the canard root and the degree t o  which canard effectiveness 
i s  reduced i s  not known. We were unable t o  quantitatively address the charac- 
t e r i s t i c s  of the t a i l  f lap  within the scope of the Phase I analysis. This 
control i s  exposed t o  the exhaust stream on the underside, thus yielding 
pitching moments dependent on both dynamic pressure and power sett ing. I t s  
principal function i s  s t a t i c  longitudinal trim, t h u s  leaving canards and 
elevons undeflected in equilibrium f l i g h t .  A t  t h i s  point we do not know if  i t  
will show a payoff fo r  e i ther  high speed thrust  vectoring, or as an aid t o  

recovery from a deep s t  a1 1. 

S ta l l  Departure Characteristics: A n  a i r  combat f ighter  must have good 
flying qual i t ies  near the s t a l l  in order to  fu l ly  u t i l i z e  maneuver capability. 

Indeed, intentional excursions into the post-stall regime may yield tact ical  
advantages. The TF120 i s  designed t o  be controllable a t  extreme angles of 
attack by maintaining the four ventral f i n s  and the canard in the windward 
flow f ie ld .  However, none of the analysis methods used in t h i s  study can be 
relied upon t o  predict e i ther  h i g h  angle of attack (nonlinear) l a t e ra l /  



directional stabi 1 ity deviations or 1 arge ampl itude control effectiveness. 
Such information is prerequisite to assessing flying qua1 ities near and beyond 
the stall. Data should be acquired for variations in control fin size and 
location. Interactions of the canard wake on the vertical fins may require 
changes in spanwise and chordwise location of the fins. 

Unconventional Controls: The remarkable aerodynamic interact ions arising 

from control surface deflections as predicted by the APAS code must be inde- 
pendently verified before serious exploitation of the phenomenon can begin. 

Both the magnitude of the small amplitude effects and the nonlinear high- 

deflectionlhigh-CL region must be known to permit design and simulation of 
an adaptive, multiple-def lection control system. The potential for such a 
control-configured vehicle is high, but so is the technical risk if based 
solely on our present understanding of the cross-coupling effect. 

V/STOL Induced Effects: The emphasis in the Phase I effort and in the 
proposed Phase I1 wind tunnel program has been on up-and-away flight. This is 

appropriate in order to first validate the configuration for its intended role 
as a high performance f ighterlattack weapon system. We performed a first 
order suckdown estimate, hover control power analysis and transition analysis, 
all of which indicated no serious deficiencies in the V/STOL flight mode. It 
should not be concluded that no problems exist. In-depth analysis, backed by 
powered model tests of propul sion-induced effects (suckdown, fountains, 
damping, adverse wind effects, reingestion and reaction control system 
characteristics) must ultimately be performed before even a f 1 ight 
demonstrator can be developed. This wi 11 necessitate a research program 
paralleling the Phase I1 effort directed at the high speed regime. 

Inlet Performance: The one substantial compromise to V/STOL capability 
for the TF120 configuration is in the air induction system. The short duct 
may introduce substantial flow distortion at the front fan face. The inlet 
guide vanes should help the fans tolerate flow distortion but a consequence 
could be reduced control margin for hover mode height and longitudinal control. 
The blow-in doors needed for V/STOL operation and the bypass system for super- 
critical inlet conditions require more analysis. Development of the top auxi- 
liary inlet for the aft fan is expected to be less challenging than the front 



i n l e t ,  since i t  i s  designed only f o r  the V/STOL region and i s  closed f o r  h igh 

speed f l i g h t .  A p o s s i b i l i t y  not  ye t  explored, however, i s  t o  conf igure the 

top i n l e t  t o  permit  subsonic c ru ise  o r  l o i t e r  i n  the  p a r a l l e l  f l ow  mode. 

Combat a i r  p a t r o l  t ime on s ta t i on  might bene f i t  subs tan t ia l l y  from a 

increasing bypass r a t i o  from 1.0 t o  3.43. Some o f  these SFTF propuls ion 

system issues can be addressed by addi t ions t o  the powered model t e s t  hardware 

tested a t  the Lewis Research Center. 



7.2 PREDICT ION METHODS UNCERTAINT IES 

The principal tools used to analyze the TF120 configuration were APAS, and 
to some extent Vortex-Lattice. Both methods are limited to linear aerodynamic 

predictions. Digital Datcom offers nonlinear prediction methods, but the 
quality of the results obtained in this study for the TF120 configuration were 
unsatisfactory and thus were not used. The following discussion out1 ines 

those areas for which no satisfactory prediction methods exist. 

Nonlinear aerodynamics: In a configuration like the TF120 the limit of 
the linear angle of attack range is lower than for more conventional conf igu- 

rations. Due to the close-coupled canard, the wing root strakes, the blended 
body, and the low aspect ratio highly tapered wings, the TF120 configuration 
will generate a very complex and nonlinear flow field. Neither APAS nor 
Vortex-Lattice methods can successfully treat this type of flow field. Datcom 
and Digital Datcom offer nonlinear predictions, but the quality of the results 
obtained for the TF120 configuration were unsati sf actory. In order to 
adequately define the flying qualities of the TF120 improved methods of deter- 
mining the onset of nonlinear aerodynamics and of determining the conf igura- 
tion aerodynamics at larger angles of attack are needed. At subsonic and 

transonic speeds corresponding to maneuvering flight, better methods of 
predicting buffet onset C control effectiveness and maximum lift coef- 

mbo 
ficients are needed to more clearly define the maneuvering envelope of the 
aircraft . 

Closely associated with the need for methods treating the prediction of 
aerodynamic quantities in the nonlinear aerodynamics region is the need for 
methods to predict higher order derivatives. For example, the variation of 
Cn with angle of attack is needed to define the aircraft stall departure and 

B 

characteristics. At the present time no general methods for treating these 
predictions exist. The designer is forced to rely on rough approximations, 
data for similar configurations. 



I Control effectiveness at large angles of attack and large deflection 
angles: The analyses of the control systems presented in this report are 
based on the assumption of linear control effectiveness. Again, due to the 
highly integrated nature of the TF120 configuration, there will be significant 
interactions between the various control surfaces and the vehicle lifting sur- 

faces. APAS and Vortex-Lattice analyses account for some of the aerodynamic 
interactions. However, the reduced effectiveness at large angles of attack 

andlor deflections is not accounted for. Datcom does offer a correlation for 
this reduction in effectiveness but these correlations are based on conven- 
tional configurations. An improved method of predicting control effectiveness 

on a highly integrated configuration is needed. 

Supersonic Zero Lift Drag: Supersonic aircraft have been flying for a 
number of years. At this late date, the principal wave drag analysis tool is 
still the Hays-Emmington type analysis. This method is only suitable for use 

with slender, we1 1 stream1 ined configuration. For compact fighter conf igura- 
tions such as the TF120 the initial and final slopes of the area distribution 
curve may locally violate the slenderness criterion required by the theory. 

In addition, the area distribution tends to be "two-humped" due to the canard 
and wing. The accuracy obtained when using Hays-Emmington methods on these 
types of configurations is questionable. Accurate results can be obtained 
through the use of the Boeing-developed PANAIR program, but long run times and 

complexity of inputs limit its usefulness during the early stages of aircraft 
development. Better methods of predicting wave drag in the conceptual and 
preliminary design phases of an aircraft design are urgently needed. 

Design of Optimum Camber and Twist: Methods exist for the design of opti- 
mum camber and twist for relatively conventional configurations. For complex 
planform configurations such as the TF120 the adequacy of the existing methods 
is questionable. Better methods for rapid design of camber and twist 
distributions are needed. 





RESEARCH PROGRAM 

Th i s  sect i on  presents Vought ' s recommended approach t o  the  

r eso lu t i on  of p r i n c i p a l  aerodynamic uncer ta in t ies  discovered i n  

Phase I. The Phase 11 program w i  11 develop a wind tunnel data base. 

T h i s  sect ion includes: 

8.1 WIND TUNNEL MODEL 

8.1.1 Model Design Concept 

8.1.2 Parametric Var iat ions 

8.2 WIND TUNNEL TEST PLAN 



8.1 WIND TUNNEL MODEL 

8.1.1 Model Design Concept 

A versatile high speed wind tunnel model is described which 
is sized for compatibility with NASA facilities and with the 
XM2R propulsion simulator. 

Vought will design and fabricate a high speed wind tunnel model of the 
Phase I configuration as a portion of the Phase I1 effort. This model will 
have flow-through inlets with a rear sting support. Provisions in the design 
will permit installation of one XM2R compact propulsion simulator and a blade 
mount for future powered tests. Design, size and structure of the model and 
sting system will be compatible with use in the NASA Ames 11-foot and 14 foot 
Transonic and 9 x 7-foot Supersonic Wind Tunnels. Several configuration 
vari ables wi 11 be avai 1 able to provide experimental data for the aerodynamic 
and aerodynamiclpropulsion interaction uncertainties identified in Phase I. 

2 A model scale of 0.087 ( 2 . 6 5  ft wing area) is recommended for the pro- 
posed configuration. The scale was chosen for optimum data quality for the 
flow-through configuration in the applicable tunnel facilities and for accept- 
able scaling when the XM2R propulsion simulator is used. The model wing area 
is less than the published maximum wing area for Ames ll-foot tunnel ( 3 . 6 3  

2 ft ), yet is sufficiently large for good dimensional scaling accuracy. By 

using a model of this size, problems associated with configuration changes, 
balance installation, and future instal lation of the XM2R engine simulator 
will be minimized. Table 8.1 (Page 8-4) shows how this model size relates to 
the NASA tunnel facilities that Vought feels are applicable to this program. 
The final selection of tunnel facilities, model balances and types of stings 
to be used will be made in conjunction with NASA Ames personnel. 

The preliminary design for the model is shown in Figure 8-1. This design 
emphasizes ease of parametric changes in configuration. 

Aerodynamic forces and moments will be measured with an internally mounted 

six-component balance from either Vought or NASA inventory. Internal flow 
drag and base pressure will be determined from internal static and total pres- 

sures measured with Government-furnished Scanivalves mounted within the model. 







Table 8.1 - Comparison of Model and Wind Tunnel Sizes 
(8.7 Percent Model) 



A duct calibration performed at Vought wi 11 relate the pressure measurements 
to internal drag and mass flow in the duct. 

The final choice of a balance will be made during the Phase I1 design 

effort. A rear sting (nominally 2 112-inch diameter) will be provided to 

support the model and will mount to the existing model support systems in the 
NASA tunnel s. 

Total and static pressure instrumentation will be provided near the exit 

nozzle and inlet throat. Balance cavity and base pressure orif ices will also 

be provided. The pressure instrumentation will be designed and located such 

that the internal flow drag, mass flow and base pressure may be measured. 
Final design of the duct instrumentation will be subject to NASA approval to 

ensure that it is consistent with NASA equipment and standard practice. A 
cavity and mounting bracket is provided in the model nose for securing a 

government-furnished Scanivalve and, if desired, a government-furnished bubble 

pack to precisely measure the model angle of attack. 

A preliminary stress analysis was conducted during the proposal design 

effort to support the conceptual approach to the model design and to define 
the nominal balance and sting requirements. A detailed stress analysis of the 

model and sting will be performed during detail design based on predicted 

maximum loads existing on the model for proposed critical test conditions in 

the Ames 11-foot, 14-foot and 9 x 7-foot wind tunnels. A stress report will 

be provided that outlines the calculations and confirms the design has a 

factor of safety of five based on the ultimate strength of the material, or 

three based on the yield strength, whichever is more conservative. In 

addition, the design shall satisfy the 9 x 7-foot wind tunnel starting load 

requi rement . 

Vought will furnish preliminary detailed manufacturing drawings and stress 

analysis of the model and support structure design to the NASA Ames 

Contracting Officer within seven weeks following the start of Phase I I. 
Fabrication shall commence when written approval is given by the Contracting 
Officer. Any proposed changes to the approved design will be implemented only 

when approved by the Contracting Officer. 



8.1.2 Parametric Design Variations 

Control deflections and variations on the base1 ine wind tunnel 
model configuration are recommended. 

The design of the primary structure and the use of joints in the fuselage 

and wing and detachable canopy, canard, wing and tail make possible low cost 

variations in the aircraft configruation. 

The basic model (with neutral settings on a1 1 deflectable surf aces) has 

the following components removable and appropriate off-blocks provided for 

aerodynamic buildup testing: 

o Vertical tails 

o Canard 

o Inletfins 

o Wing-to-inlet strakes 

o Wing-to-body f i 1 lets (upper and lower) 

Configuration variables required for the Phase I1 model are noted below: 

o Elevon, right and left hand; each has five deflections 

(0, +5, - +10 degrees) 
o Vertical fin, right and left; upper and lower, each has four 

deflections (one way only) (0, 5, 10, 15 degrees) 
o Inlet fin, right and left; each has three deflections (one way only) 

(0, 10, 20 degrees) 

o Canard, right and left hand, each has three incidence settings 

(0, 25, +I0 degrees) 

Alternate locations wi 11 be provided for the control surf aces alternate 

locations, whi 1e retaining the range of movements cited above: 

o Vertical fins, 3 longitudinal and and 2 spanwise movements 

o Inlet fins, 2 longitudinal movements 

o Canard, two longitudinal movements and one lower posit ion (cop1 anar 

with wing) 



Added surfaces of other s ize or  geometry located i n  basic location: 

o One canard se t  
o One vertical f i n  se t  
o One in le t  f i n  se t  (vertical position) and one in le t  f i n  set  

(horizontal position) 
o Wing leading edges 



8.2 WIND TUNNEL TEST PLAN 

The wind tunne l  t e s t  p lan  has been designed t o  supply da ta  
necessary t o  reso lve  major aerodynamic unce r ta in t i es .  

The wind tunne l  t e s t  p l a n  has been designed t o  supply da ta  necessary t o  

reduce the  u n c e r t a i n t i e s  discussed i n  Sect ion 7.0 t o  acceptable l e v e l s  s ince 

i t  i s  recognized t h a t  i t  may be uneconomical t o  completely reso lve  a l l  t h e  

unce r ta in t i es .  

Three Ames Research Center tunne ls  were considered f o r  t h i s  t e s t  program. 

Each o f f e r s  important  capabi 1  i t i e s  u l t i m a t e l y  use fu l  t o  t he  a i r c r a f t  design 

under study. Primary emphasis has been placed on maneuvering c a p a b i l i t y  f o r  

an a i r f rame compatible w i t h  V/STOL operat ion. Very low speed and 

l and ing l takeo f f  modes, and which w i t h  representa t ion  o f  t he  landing 

c o n f i g u r a t i o n  ( 1  anding gear and de f l ec ted  nozzles r e q u i r e  u t i  1  izati 'on o f  t he  

Ames 12-f oot  pressure tunne l )  are reserved f o r  f u t u r e  i nves t i ga t i ons .  

The 11-Foot Transonic Tunnel and/or t h e  14-Foot Transonic Tunnel w i l l  be 

used f o r  Mach numbers ranging from 0.6 t o  1.4 and w i l l  cover an angle o f  

a t tack  range f rom -5 t o  approximately +50 degrees i n  two stages. O f f s e t  

s t i n g s  w i l l  be used t o  o b t a i n  t h e  h igh  angles desired. One s t i n g  w i l l  cover 

t h e  -5 t o  25 degrees t e s t  range, and t h e  second t h e  20 t o  50 degrees range. 

The 5  degree angle o f  a t tack  over lap w i l l  p rov ide  c o n t i n u i t y  between data  

taken us ing the  two st ings.  Supersonic t e s t i n g  w i l l  be done i n  the  9 x 7-Foot 

Tunnel a t  Mach numbers o f  1.6, 1.8 and 2.0. Angles o f  a t tack  w i l l  range from 

-5 t o  15 degrees. The s e l e c t i o n  o f  t h e  tunnel  f a c i l i t i e s  f o r  t he  t ranson ic  

speeds w i l l  be done i n  con junc t ion  w i t h  NASA personnel. The 11-Foot Transonic 

Tunnel w i l l  no t  a l l ow  t h e  f a i r l y  h igh  angles o f  a t tack  des i red  bu t  i t  does 

prov ide  reasonable l e v e l s  o f  Reynolds Number. The 1  &Foot Transonic Tunnel 

w i l l  permi t  t h e  angle o f  a t tack  range, w i t h  appropr iate s t i n g  arrangements, 

bu t  does no t  produce t h e  Reynolds Number l e v e l s  o f  t h e  11-Foot Tunnel. 

Therefore, t he  f i n a l  dec i s ion  on which tunne ls  w i l l  be used w i l l  be based on 

a v a i l a b i l i t y  and a p p l i c a b i l i t y  as ascer ta ined by both Vought and NASA. 



Testing in the 12-Foot Pressure Tunnel would be of great value in the 
evaluation of aerodynamics at high angles of attack for subsonic f 1 ight. 
Since th is  study has concentrated on high subsonic, transonic and supersonic 
capabilities, testing in th is  tunnel i s  recommended for future effort after 
the configuration has been further defined and powered testing has been 
implemented. 

In order to understand the aerodynamics of the configuration a complete 

drag buildup i s  needed, extending from the low subsonic to  high supersonic 

speeds as shown in Table 8-2. Control effectiveness must be investigated over 
the same range, bu t  in lesser detai 1 as shown in Table 8-3. This series of 
tes ts  i s  intended t o  evaluate the changes in effectiveness of the various 
controls with angle of attack and the cross coupling of the controls. 

A series of investigative runs i s  needed t o  determine the effects of 
configuration changes. The vertical control surfaces must be moved fore and 
aft ,  as well as inboard and outboard, t o  evaluate the mutual interaction 
effects. The canards must be raised to  the shoulder of the inlet,  and the 
forward ventrals must be moved fore and af t  for the same reason. These 
exploratory runs are not required at each and every Mach number as shown in 
Table 8-4. 



Table 8-2 - Basic Conf igurat ion Test Plan 

a Range A = -4' t o  24" ( 2  deg increments) 
aRange B = - 4 '  - 50 '  ( increments t o  be selected) 
6 Range A = -4' t o  10' (2  deg increments) 
8 Range B = -4' t o  tunnel l i m i t  (increments t o  be selected) 
(Maximum o f  4 8 sweeps per a sweep) 

I - BASIC CONFIGURATION INCLUDING BUILD UP 



Table 8-3 - Control Effect iveness Test  Plan 

I 1  - SURFACE DEFLECTION AND POSITION STUDY 

G = B W l S l C l  
a and 6 ranges same as i n  1 V U ~ V A ~ V I ~ F ~ ~ F ~ ~  

CONF IGURAT I O N  

L I I I I 

The above t e s t  program w i l l  a lso  include combinations o f  def lec t ions and va r i a t i on  

o f  pos i t ion.  The v e r t i c a l  f i n s  w i l l  be moved f o re  and a f t  through a r,ange o f  1 MAC o f  

the ve r t i ca l .  They w i l l  a lso be tested i n  2 spanwise posi t ions.  The i n l e t  f i n s  w i l l  be 

moved a f t  approximately one f i n  r oo t  chord. The canard w i  11 be moved f o re  and a f t  and 

w i l l  be tes ted coplanar w i t h  the wing. Therefore the above matr ix  shows only an ou t l i ne  

o f  the t es t i ng  t o  be done. 



Table 8-4 - Conf igurat ion E f fec ts  Tes t  Plan 

r T 

I I I - CONF IGURAT ION GEOMETRY STUDY 

M Range: A = .6,.9 
B = 1.2, 1.6, 1.8, 2.0 

a, B Ranges same as i n  I and I 1  

CONF I GURAT ION 

(Canard Study) 

6 - c1 + CW 

( V e r t i c a l  Study) 

6 - vul + VuL 

( A f t  Ventra l  Study) 

G - VAI + VA2 

(Forward Ventra l  Study) 

G - "I1 + V12 

(Wing Leading Edge Study) 

6 - w1 + W E  

a 

B 

A 

B 

A 

B 

A 

B 

A 

B 

A 

M 
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B 
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9.0 CONCLUSIONS 

The p r i n c i p a l  Phase I study f indings are  summarized. 



9.0 CONCLUSIONS 

Conclusions resulting from the Phase I design and analysis effort can be 

grouped in three categories: configuration, aerodynamic and propulsion 

uncertainties. The principal conclusions are: 

CONF I GURAT ION 

o The TF  120 aerodynamic configuration is essential ly uncompromi sed by 

installation of the SFTF propulsion system. 

o The aerodynamic configuration can be applied to STOL or CTOL roles 

with minima1 change. 

o T he SFTF-powered T F  120 exhi bits excel lent fighter performance, we1 1 
in excess of study guidelines 

o T he aerodynamic analysis suggests potential payoffs for the unconven- 
tional usage of the multiple all-moving aerodynamic control surfaces. 

o The short air induction system requires development. 

AERODYNAMICS 

o The angle of attack at which TF120 aerodynamics become seriously 

nonl i near is uncertain because of the vortex patterns associ ated with 

the forebodylstrakelcanardlwing complex. Principal concerns are 

elevon effectiveness, pitchup tendencies and yaw departure tendencies. 

o The design goal of post-stall maneuverability was not confirmed due 

to a lack of suitable analysis methods. We see no alternative to 

subsonic wind tunnel tests to the highest feasible angle of attack, 

and including large amplitude control deflections. 



o T h e o r e t i c a l  methods p r e d i c t  s t rong induced responses t o  aerodynamic 

c o n t r o l  de f l ec t i ons .  The ex is tence o f  such e f f e c t s  has been 

confirmed, b u t  t h e  absolute magnitudes and behavior a t  l a r g e  c o n t r o l  

d e f l e c t  ions  must be conf irmed by t e s t .  

o The a b i l i t y  t o  generate pure  s ing le -ax is  response by simultaneous 

d e f l e c t i o n  o f  m u l t i p l e  aerodynamic c o n t r o l s  was demonstrated f o r  a 

1 i n e a r  system. The f e a s i b i  1 i t y  and performance payo f f s  f o r  t h i s  

approach w i t h  nonl i nea r  aerodynamics must await  a more comprehensive 

da ta  base. 

o APAS f a r - f i e l d  wave drag so lu t i ons  were s e n s i t i v e  t o  minor math model 

changes. Est imates a t  Mach 2.0 and above were no t  cons is ten t  w i t h  

Mach 1.2 - 1.8 values. The anomalies encountered warrant f u r t h e r  

study o f  APAS and comparison w i t h  a l t e r n a t i v e  methods. The proposed 

Phase I I  sting-mounted wind tunne l  model w i l l  p rov ide  a data base on 

a l l  i n t e r a c t i o n s  except af terbody drag. 

o Drag due t o  l i f t  es t ima t ion  methods var ied  widely,  a t  a g iven Mach 

number and t h e  r e l a t i v e  t rends  w i t h  Mach number. Loss o f  leading 

edge suc t i on  as l i f t  c o e f f i c i e n t  increased was no t  p rope r l y  accounted 

f o r  by most methods. 

PROPULSION 

o The Ser ies Flow Tandem Fan (SFTF) c y c l e  i n  t h e  se r ies  f low ( h i g h  

speed) mode i s  an a f te rbu rn ing  turbofan,  which permi ts  speeds i n  

excess o f  Mach 2.4. 

o P a r a l l e l  f l o w  opera t ion  f o r  VTOL e x h i b i t s  low s p e c i f i c  f u e l  

consumption (0.94 l b l h r l l b  w i t h  f a n  augmentation, 0.54 dry ) ,  w i t h  a 

favorab le  e f f e c t  on miss ion  radius.  

o Low j e t  v e l o c i t i e s  and moderate exhaust temperatures ( 9 5 0 ° ~  du r ing  

VTO) make t h e  SFTF a t t r a c t i v e  f o r  shipboard operat ion. 



o Augmentation of the aft fan flow stream during free deck takeoffs 

yields a deck roll of 210 feet with a 9,724 1b overload. 

o The SFTF cycle can be implemented using conventional core engine and 
fan technology. 

o Major elements of technical risk are the series/parallel flow 
transition section and the front fan burner. 
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APPENDICES 

Supplementary data developed in the course of  the Phase I study 

effort are grouped here:' 

This section includes: 

APPENDIX I - U.S. CUSTOMARY UNITS TO METRIC (SI) CONVERSION 

APPENDIX I1 - AERODYNAMIC DATA 

APPENDIX I 1 1  - PERFORMANCE SENSITIVITIES 



APPENDIX I 

U.S. CU5TOMARY UNITS TO METRIC ( S I )  CONVERSION 

MULTIPLY U.S. - BY 

Degrees 

Feet ( f t )  

Inches ( i n )  

f t l s e c  

Knots ( k t s )  

Pounds (Mass) ( l b )  

Pounds (Force) ( l b )  

1 b / f t 2  

1 b / i n 2  

S 1 ug-f t 2 

Horsepower ( hp) 

Temperature Conversion: 

TO OBTAIN S I  

Grads 

Meters (M) 

Cent imeters (cm) 

M~ 

cm 2 

Mlsec 

KM/hr 

Kilograms (Kg) 

Newtons (N) 

N I M ~  

N / cm2 

K ~ - M ~  

KW 



APPENDIX II 

AEROOY NAMIC DATA 

MACH 1 AREA DISTRIBUTION FOR TF120 CONFIGURATION 



ZERO LIFT DRAG BUILDUP 

MRCH NUMBER 

0.2 0.4 0.6 0.8 0.9 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

Miscellaneous .0019 .0019 .0020 .C022 .0024 .0038 .0039 .0037 .0036 .0034 .OD33 .0033 

F r i c t i o n  ,0123 .0111 .0102 .OD91 . 0090 '  .0081 .0077 .0075 .0070 .0066 .0063 .0061 

Form and Interference .0013 .0018 .0018 -0021 .0022 0 0 0 0 0 0 0 

Wave Drag 0 0 0 0 .0330 .0320 .0310 .0300 .0290 .0281 .0270 - 0 - - - - - - - - - - -  
TOTAL C~FIIN .0155 .U148 .0:40 .0134 .0316 .0440 .0436 .0422 .0406 .0390 .0377 .0364 

MISCELLANEOUS DRAG 

WCH NUMBER 

MISCELLANEOUS D l q  0.2 0.4 0.6 0.8 0.9 1.2 1.4 1.6 1.8 2.0 2.2 2.4 

Protuberance. Cooling, 
Vent i la t ion  0.382 .380 .377 .401 .435 .659 .603 .557 ,527 .498 .485 .473 

Roughness, Waviness, .266 .268 .269 .282 .298 .469 -404 .355 .332 .308 .301 .294 
Leakage 

Boundary Layer Diverter  .OO9 .030 .052 .082 . lo0 .I92 .369 .413 .400 .388 -382 .377 - - - - - - - - - - - -  
TOTAL 0.657 0.678 0.698 0.765 0.833 1.320 1.376 1.325 1.259 1.194 1.168 1.144 



TF120 SPAN EFFICIENCY FACTORS 



TF120 Aerodynamic Force and Moment Coef f ic ients  

Mach Mach Mach Mach Mach Mach Mach 
.2 .6 .9 1.2 1.6 2 .O 2.4 



TF120 Control Effectiveness 

Mach Mach Mach Mach Mach Mach Mach 
.2 .6 .9 1.2 1.6 2 .O 2.4 

SYMMETRIC DEFLECTION 

ASYMMETRIC DEFLECTIONS 

Y .00109 .00114 .0013 .0018 .00116 .00133 .00113 

'av 

1 - -00156 - .00174 - .00208 - a00173 - e00108 - .00057 - e00038 

'av 



TF120 Control Ef fect iveness (Continued) 

Mach Mach Mach Mach Mach Mach Mach 
.2 .6 .9 1.2 1.6 2 .O 2.4 



APPENDIX Ill 

PERFORMANCE SENSIT IVIT IES 

The f o l l o w i n g  parametr ic  carpet  p l o t s  f o r  the  TF120 were generated by the  

Vought A i r c r a f t  Synthesis Ana lys is  Program (ASAP). They may be used t o  

determine t h e  s e n s i t i v i t y  of takeof f  weight o r  o the r  performance parameters t o  

changes i n  perf  ormance requirementes ( cons t ra in t s ) .  A1 1 p o i n t s  i n  t he  design 

space represent  a i rp lanes  fuel-balanced f o r  the  200 NM radius, Mach 1.6 

Supersonic I n t e r c e p t  miss ion def ined i n  F igure  6-3.  

The base l ine  design f o r  t h e  Phase I design analys is ,  t he  center  o f  t he  

design space, was selected as the  p o i n t  design. The minimum weight a i rp lane  

which s a t i s f i e s  t h e  design c o n s t r a i n t s  (VTO T/W = 1.17 and sustained nz = 6.2, 

M = 0.6, 10,000 f t )  i s  i nd i ca ted  on each char t .  







I-  CFIANCE INOePENDENT UAR. 7- COORDI(YITE PICK 
a- c n ~  D E ~ E N T  w. 8. I N S E R T / D E ~  GRID 
3- NEXT DEPENDENT Um. 9- REPAINT 
4. ADD (5 CONSTR6INT 16- DELETE RPIRKER COORDINATES 
5- DELETE 6 COWTRAIWT 11. BIITCH PLOT 
69 C M T R A I N ?  IWERSECTIONS la= EXIT B 

SYRBOL C O N S T R A I N T  TYPE UC\LUE 

A THRUST TO WEIGHT GT 1.178 
B EQUPL. NZ - 10Kfl= .60 GT 6. i?08 

R A R K E R  C O O R D I N A T E S  
ENGINESCALE WING C\RECI WING LOADING -LB/FT 

X i .  -97649998 386.58827622 70,19551 787 

A 7  0 .8 .  v t o  weicHT 

45 

48 



TflB OR SENSIT IU IT fES  I=  INDEPENDENT UIR. 7- COORDIMTE PICK 
~ m e i i  8 a= CHCYIGE DEPENDENT WR. 8- INSERT/B€LE?E GRID 

3. NEXT DEPENDENT VAR. 9- REPlPINT 

4- ADD A CONStRAINT 10. DELETE MZKER COORDIMTES 

5- DELETE A CONSTRAINT 11- BATCH PLOT 

6- COWSTRlPINT INTERSECTIONS la- EXIT 8 

SYRBOL C O N S T R A I N T  TYPE VALUE 

FI THRUST TO UEIGWT GCT 1 a 178 
B EOUIL. NZ - 1 e K f i ~  .68 CT 6 i!@B 

R F I R K E R  C O O R D I N A T E S  
ENCINESCFILE WING FIREA NAXIRUR RACH NO.AT 36K 

ti. .97649998 386.58827622 2*565?1119  



TFlaO PERFWRMCE SENSITIVITIES 1- CHWGE INDCPENDU(t Urn. 7- COORDIWTE PICK 

SSTfOli S 2. CHAHOE DEPENDENT UAR. 8- IIKRIT/DELETE GRID 
39 N€XT DEPENDENT UW. 91 REPAIM 
4= ADD A CONSTRAINT 189 DELETE IUYlKER COORDIMTES 

5= KLETE A CONSTRAIWT 119 BATCH PLOT 
69 CONSTRCIINT INTERSECTIONS it- EXIT 8 

SYMBOL C O N S T R f i I N T  TYPE URLUE 

A THRUST TO UEIGHT GT 1 178 
B EOUIL. NZ - t0Kn* -68 GT 6.288 

I I A R K E R  C O O R D I N A T E S  
ENGINESCALE WING AREA RAXIRUR RACH NO.AT 36K 

X i .  97649998 306.58827622 1.41654718 

.9 

,8 

INTLLMIDIAIC T W  RUST 



'tFl29 O R M C E  SENSITIVITIES 1- C W  IP(DEPEWDEtfT WR. 7- COORDINATE PICK 
SSTFBI i t a- c w  D E ~ D E W T  a. 8- INSERT/DEI,ET€ GRID 

3- NEXT MPENDENT U4f?. 9- REPAINT 
40 I)DD 64 CONStRIIINT I@= DELETE M X E R  COORDIWllTES 
59 DELETE I )  COWSTRAIM 11- BATCH PLOT 
6* COWSTRAINT INTERSECTIONS 12- EXIT  8 

SYllBOL C O N S T R A I N T  TYPE UCILUE 

CI THRUST TO UEIGHT GT 1,170 
B EOUIL, NZ - l0KR* .68 GT 6,290 

R R R K E R  C O O R D I N A T E S  
ENGINESCALE WING AREA OPTXRUA CEILING - FT 

Xi. ,97649998 386.58827622 65754,53112478 

M A Y I M D M  A/@ 

g/c = Soo FPM 



W i a O  PERF E S€NSITIVITfES 1- W E  INDEPENDENT 
7- COORDlWTE PICK 

SSTFBII % a- M E  MPENDENT VAR, 89 INSERT/#LETE GRID 
3- WEXT DEPENDENT VAR. 9- REPAINT 

4- C~DD A c m ~ x n t  ie= DELETE ~ E R  COORDINATES 

59 DELETE A CONSTRAINT 11. BATCH PLOT 

6- CONSTRAINT INTERSECTIONS 12- EXIT 8 
ESF 1 

SYRBOL C O N S T R A I N T  TYPE VALUE 

FI THRUST TO UEIGHT GT 1.178 
B EOUIL. NZ - iBKH= -60 GT 6.200 

f l A R K E R  C O O R D I N A T E S  
ENGINESCALE WING AREA OPTIRUR CEILING - fT 

ti. -97649998 306.58827622 51589.27759566 



1- GWINGE IMDEPEHCEMT WIR. 7- CaORDIHATE PICK 

2- CHMGE DEPENDENT UAR. 8. IIISERT/DELETE GRID 
3. WEXT DEPENDENT WR. 9- REPAINT 
4- ADD A CONSTRAINT 10- DELETE W K E R  COQRDINAMS 

5- DELETE A CONSTMINT 11. BATCH PLOT 

69 CONSTRAINT INTERSECTIONS 12- EXIT 8 

SYMBOL C O N S T R Q I N T  TYPE VALUE 

CI THRUST TO WEIGHT GT 1.176 
B EQUIL. HZ - l@Ktl* .66 GT 6 . m  

M A R K E R  C O O R D I N A T E S  
ENGINESCALE WING RREA ACC TINE -80 TO 1.6813 

ti. .97649998 306.58827622 33.89700662 



UINC AREA 300 

1- CMMGE IMDEPEHENT VAR. 7- COOllDINIITE PICK 

2. CMMGE DEPENDENT UAR- 8- IWSWT/MLETE GRID 

39 M)cT DEPENDEW WAR. So REPAINT 

4- ADD A COWSTRAIW 10- DELETE M K E R  COORDIWTES 

5- DELETE A CONSTRAINT 11. BATCH PLOT 

69 COWSTRAIHT INXRSECTIWS 12- EXIT 8 

C O N S T R A I N T  TYPE UlLUE 

THRUST TO WEIGHT GT 1.178 
EOUIL. NZ- iOKn= .68  GT 6 .208  

r l A R K E R  C O O R D I N A T E S  
ENGINESCALE WING AREA SEP 10KflN- .90 NZ= 

-97649998 386,58827622 1720,23574999 



K l Z O  PEWORRCLWCE SENSXTIUITIES 1- CHANGE I N D E M N T  W. 
SSTFBII x a- cwnnc~ DEPENDENT UM. 

3- M X T  DEPENDENT VPIR. 
49 PIDD A CONSTRhINT 
5- DELETE 6 CONSTRPIINT 
6- CONSTRAIN? INTERSECTIONS 

SYRBOL C O N S T  

6 THRUST TO 
B EQUIL. NZ - 

H A R K E  
ENGINESCALE 

X I ,  97649998 

7- COORDINATE PICK 

89 IWERT/DELETE GRID 
9. W A I N T  

18- OELETE RARKER COORD1);Y)TES 
11- BATCH PLOT 
l a -  EXIT 8 

R C I I N T  TYPE UALUE 

WEIGHT GT 1.178 
- 10Kfl* e60 GT 6 a 200 

R C O O R D I N A T E S  
WING &RE6 EOUIL. NZ - 10KPl- 

306.58827622 6,20810403 



7 -  COORDIWAK PICK 
8. INSERT/NUEE GRID 

3- NEX? DEPENPEM UFIR. 9 s  REPAINT 
4- LDD A CONSTRAINT I@= DELETE R M E R  CQORDINATES 

5- DELETE L COIlSTRAINT 11- WTCH PLOT 

69 CWTRAIW? IWTERSECTIONS 12- EXIT  8 

SYRBOL C O N S T R A I N T  TYPE UCiLUE 

R THRUST TO UEIGHT GT 1 . 1 7 8  
B EOUIL. NZ - 10Ktl= .60 6t 6 . 2 8 8  

M R R K E R  C O O R D I N A T E S  
ENGINESCALE WING AREA EQa TURNRRTE 10KNs .60 

$1. .97649998 306 .58827622  17 .43863227  
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TF119 PERF E S E W I T I V I T I E S  
SSTFBi i  t 

7. C0OROI)YITE PICK 
8- INSERt/DELETE GRID - - - - - - - 

39 NEXT DEPENDENT #R. 9. REPAINT - - 

4- ADD A CONSTRAINT 18- DELETE M K E R  COORDIWTES 

5- OELETE A CONSTRAIM 11- BATCH PLOT 

6- COWSTRAlWT INTERSECTIONS 12. EXIT 8 

C O N S T R A I N T  TVREE VOOUBE 

THRUST TO UEIGHT GT 1 e 178 
EQUIL. NZ - 1eKfi- .68 G'f' 6, aee 

f i I 3 R K E R  C O O R D I N A T E S  
ENGINESCALE WING RREA INSTRN. NZ - l0Kfim 

.97649998 386.58827622 8,16429276 



TF129 PEWORHMCE SENSITIUITIES 
SSTFBI 1 t 

7- COORDINATE PICK 
Z- C H M  DEPEHOENT W. 88 INSERT/DELETE GRID 
3- M X T  OEPENDENT UAR. 9s REPAINT 
4. ADD A CONSTRAINT lea M U T E  MARKER COCW(DIE#TES 
5- D E L m  P, COSTRIIINT t i -  BATCH PLOT 
6- CONSTRAINT INTERSECTIONS 12- EXIT B 

SYRBOL C O N S T R C I I N T  TYPE UPlLUE 

A THRUST TO UEICHT GI' 1.278 
B EOUIL, NZ - 10KM~ .68 GT 6 e288 

R A R K E R  C O O R D I N A T E S  
ENGINESCALE WING AREA INS TURNRATE 10KH= 

% l a  ,97649998 308.58827622 22.92027327 



TF128 PERFORllANCE SENSITIVITIES 19 CI((Y(CE INEKNDEM wR. 

ssve i i  1: 8- CIO.(OE DEPENDENT ~ 1 .  
3- MXT DEPENDUYl UAR. 

4- ADD A CONSTRfUNT 

5- DEETE A CONSTRAINT 
6- CONSTROINT INTERSECTIONS 

A THRUST TO 
B EQUIL. NZ 

N A R K E  
ENGINESCRLE 

X i .  ,97649998 

7- COORDIN6'TE PICK 

8- INSERT/MLETE (WID 
9- REPAINT 

leg DELETE MOWER C ~ D I W T E S  
11- BITCH PLOT 

12- EXIT 8 

R A I N T  TYPE UAWE 

UEICHT CT 1.179 
- lBKR= .60 GT 6.209 

R C O O R D I N A T E S  
UING AREA R/A,ALT*RISSIONNUH. 

306.58827622 173.62256202 



7s COOIlDtWrRTE PECK 

8. I)(SEWT/DELETE GRlD 
36 NEXT DfPENDEHT WR. 9- REPAEW 
4- hDD 4 CWSTRl)lnt 29- DELETE M K E R  COORDIWES 
5. DELETE A CONSTlPCIIN? 11- BATCH PLOT 

6- CONSTRAIN? JHTERSECTEOt(S 12- EXIT 8 

SYflBOL C O N S f R C l f N T  TYPE VCtLUE 

A THRUST TO UEIGHV GT 1,178 
B EQUZE. NZ - 18Kfl. ,68 GT 6 * 280 

R R R K E R  C O O R D I N A T E S  
ENCINESCRLE WING AREA R/A,ALT,FtISSfON NOR, 

X i ,  .97649998 306.58887622 389.89840396 



TF129 PERFORIIWCE SENSITXUITXES 1. CHI)= I N ~ N T  W. 7- COORDIMTE PICK 

SStFB11 X 29 CHANGE DEPENXNT UhR- 89 INSRT/DELETE ORID 

3. NEXT OEPENDEN'T UAR. 9- REPRINT 

4- ADD A COWSTRAIN'T 10- DELETE M K E R  COORDIWaS 

5- DfLETE O CONStRAINT 11. BATCH PLOT 

61 CONSTRAINT INTERSECTIONS 12s EXIT 8 

SYRBOL C O N S T R A I N T  TYPE UALUE 

A THRUST TO UEICHT GT 1.178 
B EQUIL. NZ - 10Kn9 .60 CT 6.288 

N A R K E R  C O O R D I N A T E S  
ENGINESCALE WING AREA R/G,ALT.RISSION NUH. 

t l .  .97649998 306.58827622 518.62858428 



TFb88 PEW E SENSITPUPTIES 9.. E IWDEPENDRCT UIIR. 7- COORDIWE PICK 

SS'fF8Ib g 8- C W E  DEPENDENT VRR. 8- INSERT/DEEEE @RID 
3- r(EXt DEPENDENT WYZ. 

4- ADD A COflSTRCIlNT 

5= DELETE A CWSTRAIWT 11- BATCH PLOT 
69 CWTRAINT  INTERSECTIOWS 22- EXIT  8 

SVflBOt C O N S T R A I N T  TVPE UElLUE 

CI THRUST TO UEIGNT GT 1.170 
B EQUIL. NZ - 10Kflm $60 GT 6.200 

U A R K E R  C O O R D I N f i T E S  
ENGINESCALE WING BREA R/A,ALT.NISSION NUR. 

X i .  ,97649998 306.58827622 801.58853576 



T f l 2 9  P€PEORORWE SENSITIVITIES I* C H M M  INOEPENDENT WIA. 7- COORDINATE PICK 

S S T m l i  t 2- CHkmr DEP-NT W. 89 INSERT/DELETE GRID 
3s NEXT DEPENDOCT UAR. 9. REPAINT 
49 ADD CONStRI)INT 18- DELETE HARKER COORDIWATES 

5- DELETE A CONSTRAINT 11. BIITCH PLOT 

6- CONSTRAINT 1NTERSECTIOm 12. EXIT 8 

SVIIBOL C O N S T R F I I N T  TYPE UFILUE 

A THRUST TO UEIGHT GT 1 178 
B EOUIL. N t  - i e K R =  .6@ GT 6,280 

R A R K E R  C O O R D I N F I T E S  
ENGINESCALE UINC ARE6 R/A,ALT.flISSION NUR. 

ti. .97649998 386.58827622 406,96599868 

N O T E :  A 0 0  lo0 w*l  R*otrs 
T. e ~ a P C 7  V A ~ ~ ~ ~  



E SEWITIVITIES i 8 E IWMPE-T UM. 7- COORDIMfE PICK 
SSTFBl l  II 8. E DODENDEW UAR. 8- Ir(SERt/DELETE ORID 
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