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SECTION I 

SUMMARY 

This  is  t h e  f i n a l  r e p o r t  p r e sen t ing  t h e  r e s u l t s  of var ious  s t u d i e s  and 

analyses  t h a t  were performed i n  support  of t h e  V/STOL re sea rch  t r a n s p o r t  

design e f f o r t s .  This  a c t i v i t y  covered t h e  per iod from June 1971 t o  March 1972 

and was performed under an amendment t o  Contract  NAS2-6056. 

In  June 1971, t h r e e  a i r c r a f t  companies w e r e  con t r ac t ed  t o  perform con- 

cep tua l  des ign  s t u d i e s  of  a  V/STOL r e sea rch  t r a n s p o r t  t h a t  employed t h e  LF460 

t u r b o t i p  l i f t  f a n  a s  t h e  prime V/STOL propuls ion  component. P r i o r  t o  t h i s  

a i r c r a f t  s tudy  c o n t r a c t ,  t h e  d e t a i l  des ign  of t h e  LF460 had been completed, 

and add i t i ona l  des ign  s t u d i e s  were being performed f o r  remote l i f t  u n i t s  employ- 

i n g  heavy exhaust suppress ion  and low f a n  p re s su re  r a t i o s  f o r  reduced no i se  gen- 

e r a t i o n .  The a i r c r a f t  support  a c t i v i t y  included s t u d i e s  and a n a l y s i s  of t h i s  

complete LF4XX family of l i f t  f ans .  The des igna t ion  "4" denotes  t h e  f o u r t h  
11 des ign  genera t ion  and t h e  XX" denotes  t h e  f a n  s i z e  i n  terms of t i p  diameter.  

The support  a c t i v i t y  can be separa ted  i n t o  four  major c a t e g o r i e s :  

Cycle a n a l y s i s  and performance 

I n s t a l l a t i o n  and systems 

Acoustic Analysis  

F'reliminary and conceptual des ign  s t u d i e s  

This  r e p o r t  p r e s e n t s  t h e  r e s u l t s  of  t hose  s t u d i e s  and ana lyses  where 

s i g n i f i c a n t  c o n t r i b u t i o n s  were der ived  during t h e  a i r f ramer  support  a c t i v i t y .  



SECTION I1 

INTRODUCTION 

Studies were i n i t i a t e d  by NASA and the  General E l e c t r i c  Company i n  1968 

t o  def ine  an advanced, high pressure r a t i o ,  tu rbo t ip  l i f t  f a n  system which 

would take advantage of avai lable  higher energy gas generator  sources. The 

i n i t i a l  s tud ies  of t h i s  advanced system were d i rec ted  towards a po ten t i a l  

appl ica t ion  i n  a modified XV-5 a i r c r a f t  f o r  f l i g h t  research t e s t i n g .  The 

proposed system, a LF446 l i f t  fan  was driven by the  discharge gas of an ad- 

vanced engine ( ~ ~ 1 / 1 0 ) ;  however, recognizing t h a t  t h i s  cycle would not be 

ava i l ab le  i n  time f o r  the  planned f 1 igh t  demonstration, the  YJ97-GE-100 

tu rbo je t  gas generator  was se lec ted  as  the  most promising candidate f o r  the  

f l i g h t  demonstration program. 

In l a t e  1969, the  program was red i rec ted  by NASA toward a research 

t r anspor t  a i r c r a f t  t h a t  would provide technology information appl icable  t o  

t h e  design of f u t u r e  V/STOL commercial t r anspor t s .  With t h i s  change i n  

program d i rec t ion ,  t h e  LF446 was scaled-up i n  s i z e  t o  t ake  advantage of t h e  

f..ll .. 0-" - - - -  " 7  ---- 
-LA b i Y G I I a I g ~  L L U W  of tiie Y397 engine. .Tinis r e s u l t i n g  60-inch l i f t  fan  

configurat ion was c a l l e d  the  LF460 advanced tu rbo t ip  l i f t  fan. 

Preliminary design s tud ies  of the  LF460/YJ97-GE-100 system were conducted 

i n  t h e  l a t e  1969, e a r l y  1970 time period of an advanced l i f t  f a n  t h a t  would 

s a t i s f y  the  V/STOL t ranspor t  research a i r c r a f t  requirements. Strong emphasis 

was placed on achieving low fan  noise while maintaining t h e  high thrust/weight 

c a p a b i l i t y  of the  high pressure r a t i o  l i f t  fan  systems. The d e t a i l e d  design 

of the  LF460 was i n i t i a t e d  i n  April 1970 and was completed i n  May 1971. The 

f i n a l  fan layout  is shown i n  Figure 1. The program summary and r e s u l t s  of the  

d e t a i l e d  design of t h i s  LF460/YJ97-GE-100 system a r e  presented i n  Reference 1. 

Performance of t h e  LF460/YJ97-GE-100 system was a l s o  est imated and presented 

i n  a customer deck f o r  use on e l e c t r i c  da ta  processing equipment. This customer 

deck represented a complete l i f t  fan-engine system, and included, representa t ive  

interconnect  ducting,  i n l e t , . e x h a u s t  nozzles and power t r a n s f e r  control  systems. 

The next phase i n  development of a V/STOL research t r anspor t ,  .using l i f t  

fan  a s  the  method of propulsion, was i n i t i a t e d  by NASA i n  June 1971. A t  t h a t  

time, th ree  separa te  a i r c r a f t  companies were contracted t o  s tudy research V/STOL 

a i r c r a f t  designs t h a t  would provide t h e  needed technology f o r  an advanced 
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V/STOL commercial t r anspor t  system. The propulsion system spec i f i ed  f o r  these  

s tudies  was the  LF460/YJ97-GE-100 tu rbo t ip  l i f t  fan. 

Coincident with th ik  addi t ional  a i r c r a f t  design a c t i v i t y ,  the  scope of 

the  LF460 program was expanded t o  provide propulsion system support f o r  the  

se lec ted  a i r c r a f t  companies. This a c t i v i t y  covered the  time period f r o m ,  

June 1971 t o  March 1972. This r epor t  documents the  s i g n i f i c a n t  work items 

o r  tasks  performed during t h i s  programed support a c t i v i t y  of t h e  V/STOL re- 

search a i r c r a f t  s tud ies .  

The work i t e m s  w i l l  be divided i n t o  four major ca tegor ies  a s  l i s t e d  below: 

e Cycle analys is  and performance s tud ies  

I n s t a l l a t i o n  and systems support 

Acoustic analys is  

Preliminary o r  conceptual design s tud ies  



SECTION 111 

CYCLE ANALYSIS AND PERFORMANCE 

In  support of the  V/STOL research t ranspor t  s tud ies ,  performance and 

cycle  s tud ies  were conducted f o r  the  LF460-YJ97-GE-100 propulsion system. 

Much of the  a c t i v i t y  was involved i n  v e r i f i c a t i o n  of system performance a s  

estimated by the  use r s  of customer deck and development of rou t ine  performance 

da ta  a s  requested by t h e  p a r t i c u l a r  airframe companies. The following dis-  

cussion presents  some of t h e  s tud ies  where s i g n i f i c a n t  cont r ibut ions  were made 

t o  enhance t h e  understanding of l i f t  fan  performance p a r t i c u l a r l y  f o r  the  

unique interconnect  power t r a n s f e r  methods incorporated i n  the  L F ~ ~ O / Y J ~ ~ - G E -  

100 system and corresponding cycle deck. 

Expanded Performance Deck Operation 

Performance of t h e  LF460/YJ97-GE-100 t u r b o t i p  l i f t  f an  system was repre- 

sented i n  a customer deck developed as  pa r t  of t h e  bas ic  LF460 design s tudies .  

This performance deck was provided t o  each of the  a i r c r a f t  companies involved 

i n  the  preliminary design of the  V/STOL research t r anspor t .  The bas ic  deck 

included a r ep resen ta t ive  duct f o r  t r ans fe r r ing  the  hot gases from the  YJ97- 

GE-100 gas generator  t o  t h e  LF460 and representa t ive  convergent nozzles and 

e x i t  louver exhaust systems f o r  customer usage. The option was a l s o  provided 

f o r  t h e  customer o r  use r  t o  supply t h e i r  own connecting duct and exhaust systems 

computational procedure. 

During t h e  conduct of t h e  a i r c r a f t  design s tud ies ,  customer usage indica ted  

a d e s i r e  t o  expand the  deck capab i l i ty  i n  severa l  a reas .  The following dis -  

cussion presents  t h e  expanded c a p a b i l i t y  provided during t h i s  e f f o r t .  Appendix 

A presents  t h e  i n s t r u c t i o n s  required t o  incorporate these  changes i n t o  t h e  

o r i g i n a l  cycle  deck representa t ion .  

Turbine Temperature Limit 

The YJ97-GE-100 engine had an es tabl i shed steady s t a t e  exhaust gas t e m -  

pera ture  l i m i t  of 1835 degrees Rankine. Engine opera t ion  a t  above standard 

day condit ions would requ i re  an engine speed cut-back i n  order  t o  maintain 

opera t ion  within t h i s  l i m i t .  A t e n t a t i v e  revised  temperature l i m i t  of 1870 

degrees Rankine has been es tab l i shed  f o r  the  engine during the  above standard 
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day operat ion.  The new l i m i t  permitted r a t e d  speed (101.5%) operat ion a t  

above standard condit ions only and does not represent  a revised  l i m i t  f o r  

engine trimming on a standard day. The procedures f o r  r ev i s ing  the  present 

customer deck t o  include t h i s  c a p a b i l i t y  i s  given i n  Appendix A. 

Sizing with Customer Bleed and Power Extract ion 

The o r i g i n a l  customer deck s i z e s  the  system f o r  operat ion a t  the  engine 

design point  with no power ex t rac t ion  o r  compressor bleed. Bleed and power 

ext rac t ion  would produce engine speed cut-back consis tent  with the  es tabl i shed 

exhaust gas temperature l i m i t  of 1835 degrees Rankine. An a l t e r n a t e  method 

of s i z i n g  the  system was provided t o  include correc t ions  f o r  continuous l e v e l s  

of power ex t rac t ion  and customer bleed. The procedure f o r  r e s i z ing  the  system 

with bleed and power ex t rac t ion  was developed using a design point  (ZBCRSN) 

correc t ion  fac to r .  

Nozzle Performance 

The customer deck includes representa t ive  performance of nozzle config- 

ura t ions  f o r  use with the  LF460 l i f t  fan. The deck user  o r i g i n a l l y  had the  

option of providing h i s  own nozzle subroutine t o  replace  the  b u i l t - i n  systems. 

The expanded procedures def ine  the  nozzle parameters present ly  i n  the  deck and 

provided the  customer an opt ion  of r ev i s ing  these  parameters t o  represent  h i s  

pa r t i cu la r  nozzle system. This expanded c a p a b i l i t y  permitted the  deck user  t o  

represent  h i s  nozzle configurat ion using the  computational procedures included 

i n  the  e x i s t i n g  customer deck. 

Ducting Systems Representation 

The customer deck .includes a r ep resen ta t ive  ducting system with a d i f f u s e r ,  

close-coupled ducting,  t h r o t t l i n g  valve and interconnect  duct systems. The 

option of using t h i s  method of representa t ion ,  with modificat ions,  was provided 

i n  the  expanded deck capab i l i ty .  Provisions were given fo r  adjustment of the  

ducting system performance and input parameters t o  match the  p a r t i c u l a r  LF460/ 

YJ97-GE-100 system i n s t a l l a t i o n .  The a i r c r a f t  propulsion designers could then 

make use of customer deck procedures without developing t h e i r  own ducting rep- 

resenta t ion .  



System Operat ion  with Speed Unbalance 

The power t r a n s f e r  method used i n  the  ~ ~ 4 6 0 / Y ~ 9 7 - ~ & 1 0 0  system employs 

a p a i r  of interconnected gas generators .  Operation of the  two engines a t  

equal power l e v e l s  can r e a d i l y  be determined by t r e a t i n g  each engine separa te ly  

using a conventional cycle ana lys i s  methods. The case of opera t ion  a t  unequal 

power l e v e l s  requi res  an evaluat ion  of the  mutual i n t e r a c t i o n  of the  two 

engines through the  interconnect  duct system. This condit ion of unbalanced 

power opera t ion  was experimentally inves t iga ted  as  p a r t  of a NASA sponsored 

program f o r  t e s t s  of two interconnected YJ97 engines. These t e s t s  f o r  demon- 

s t r a t i o n  of the  f e a s i b i l i t y  of the  power t r a n s f e r  cont ro l  concept were performed 

by the  McDonnell Douglas Corporation a t  S t .  Louis, Missouri. 

This t e s t  program demonstrated t h a t  the  interconnected engines do have 

a l a r g e  to lerance  f o r  power o r  speed unbalance. In addi t ion  t o  the  t e s t  program, 

a p a r a l l e l  ana ly t i ca l  cycle  study was undertaken t o  inves t iga te  operat ion 

with speed unbalance. For t h i s  s tudy,  t h e  interconnect  ducting system was 

assumed t o  be accura te ly  represented by the  system included i n  the  LF460 

cycle deck. References 2 and 3 descr ibe  the  ducting arrangement and the  

associa ted  ducting l o s s  parameters. 

The r e s u l t s  of t h i s  analys is  a r e  presented i n  Figure 2 through 8, and 

v e r i f y  t h a t  operat ion i s  poss ib le  with q u i t e  l a r g e  speed unbalances. The 

l i m i t s  of the  speed unbalance can be estimated based on the  l e v e l s  of com- 

pressor s t a l l  margin presented i n  Figure 7. This da ta  ind ica tes  t h a t  adequate 

s t a l l  margin e x i s t s  f o r  the  maximum a t t a i n a b l e  range of  speed unbalance as  long 

a s  the  high engine speed is  below about 92.5 percent.  The maximum speed 

unbalance occurs when the  low engine i s  a t  t h e  i d l e  power s e t t i n g  of 60 percent 

speed. The range of speed unbalance where s t a l l  of t h e  low speed engine w i l l  

occur i s  presented i n  Figure 8. This c h a r a c t e r i s t i c  i s  based on cycle  ca lcu la t ions  

f o r  iden t i ca l  engine systems with no allowance f o r  engine acce le ra t ion  t o  

higher speeds. The ana ly t i ca l  s t a l l  c h a r a c t e r i s t i c  agrees with the  experimental 

test program where engine s t a l l  occurred with the  high speed engine a t  97.5 

percent and the  low speed engine a t  i d l e .  

Effec t  of Variable Scrol l  Arc on Engine-Out Operation 

The ~F460/YJ97 l i f t  f an  system was designed f o r  opera t ion  with interconnect  

between two engine and t w o ' l i f t  u n i t s .  The interconnect  system provides a 
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method of power t r a n s f e r  between the  p a i r  of engines, thus, l i f t  fan t h r u s t  

can be modulated t o  provide a i r c r a f t  cont ro l  moments. 

The interconnect  ducting system, as included i n  the  cycle deck represent-  

a t ion  i s  presented schematical ly i n  Figure 9. This ducting system represents  

an es t imate  of t h e  system as  proposed during the  i n i t i a l  V/STOL research 

s tud ies .  

Operation of the  ducting system t o  provide d i f f e r e n t i a l  t h r u s t  f o r  a i r -  

c r a f t  control  proved q u i t e  adequate f o r  t h e  case of both engine systems op- 

e ra t ing .  Inves t iga t ions  of opera t ion  of engine ducting system during engine- 

out opera t ion  showed a considerable fan t h r u s t  mis-match i n  addi t ion  t o  an 

increased engine discharge temperature. This increased engine temperature 

reduced t h e  l eve l  of control  t h r u s t  ava i l ab le  based on the  engine e x i t  ten- 

pera ture  l i m i t  of 2060 degrees Rankine. 

The problem of engine-out operat ion i n i t i a t e d  a study t o  inves t iga te  

the  e f f e c t s  of var iable  s c r o l l  a rc  on the  magnitude of fan  t h r u s t  mis-match. 

  he LF460 l i f t  f an  was designed f o r  equal o r  180 degree s c r o l l  a rcs  a s  supplied 

by each i n l e t  duct.  For t h i s  s tudy,  the  s c r o l l  a rc  was permitted t o  vary 

between 180 and 240 degrees f o r  the  unpowered o r  engine-out fan  and between 

180 and 120 degrees fo r  the  powered l i f t  fan. The t o t a l  s c r o l l  a rc  f o r  each 

fan was held constant a t  360 degrees as required t o  achieve design operat ion 

with two functional  engines. 

The performance assumed f o r  t h e  r ep resen ta t ive  ducting system i s  sum- 

marizes i n  Table I and Figures 10 and 11. Table I  l i s t s  the  assumed l o s s  

c o e f f i c i e n t s  f o r  each of the  major ducting components a s  i d e n t i f i e d  i n  Figure 9. 

Figures 10 and 11 present the  losses  associa ted  with the  interconnect bleed 

flow ex t rac t ion  and i n j e c t i o n  processes. These assumed losses  a re  reasonable 

est imates f o r  a  representa t ive  ducting system. Ver i f ica t ion  of these losses  

f o r  t h e  p a r t i c u l a r  a i r c r a f t  system w i l l  be required a f t e r  the  f i n a l  a i r c r a f t  

system is  se lec ted .  For t h i s  study, these  losses  were assumed t o  apply f o r  the  

i n i t i a l  study. In addi t ion ,  the  losses  were reduced by one hal f  of the  i n i t i a l  

l eve l  t o  observe the  changes of s i n g l e  engine performance l eve l s .  

Figures 12 through 15 present  s i g n i f i c a n t  performance parameters a s  a  

function of the  s c r o l l  admission arc .  For the  equal s c r o l l  s p l i t  configu- 

' r a t i o n ,  180 degrees, the  fan  t h r u s t  mis-match i s  apparent. For t h i s  case,  

the  f a n  d i r e c t l y  connected t o  the  operat ing engine would develop about 8200 
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pounds while the  remote o r  engine-out u n i t  would develop about 6400 pounds, 

and the  engine exhaust gas temperature is  2000 degrees Rankine. Compared t o  

a l imi t ing  temperature of 2060 degrees Rankine, t h e  overtemperature range f o r  

control  i s  very low, and thus the  po ten t i a l  f o r  control  fo rce  development 

i s  a t  an unacceptable low leve l .  

The s c r o l l  a r c  required f o r  equal fan  t h r u s t  is  a 210-150 degree s p l i t .  

For t h i s  condit ion,  t h e  engine operat ion has moved i n t o  a speed cut-back 

condit ion due t o  the  l imi t ing  exhaust gas gemperature and the re fo re  t h e r e  

is  no margin f o r  control  with power t r a n s f e r .  In order  t o  provide con t ro l ,  

addi t ional  engine speed reductions could be employed t o  reduce t h e  exhaust 

gas temperature a t  some s a c r i f i c e  of t o t a l  fan  t h r u s t .  

The analys is  was extended t o  inves t iga te  t h e  e f f e c t s  of reducing the  

interconnect  losses .  For t h i s  study, t h e  losses  of the  cross-duct ,  including 

bleed-in and bleed-out por t s  were s e t  a t  50 percent of the  o r i g i n a l  value. 

The performance f o r  a range of s c r o l l  a r c s  is  presented i n  Figures 16 through 

19. Comparison of t h i s  performance with da ta  with t h e  o r i g i n a l  l o s s  es t imates  

shows a considerable improvement i n  the  l e v e l s  of cont ro l  capable with s c r o l l  

a r c s  adjusted f o r  trimmed f o r  t h r u s t .  The s c r o l l  a rcs  f o r  t r i m  a r e  about 

197/163 degrees and the  engine discharge temperature i s  about 1930 degrees 

Rankine. 

The r e s u l t s  of t h i s  analys is  show t h e  extent  of the  ducting design 

problems f o r  the  p a r t i c u l a r  case of engine-out o r  s i n g l e  engine operat ion.  

Low duct pressure losses  and a se lec ted  s c r o l l  a r c  s p l i t  a r e  a requirement 

f o r  achieving control  capab i l i ty  with no change of t r i m  requirements i n  t h e  

a x i s  where the  engine-out condit ion occurs. 



SECTION I V  

INSTALLATIONS AND SYSTEMS 

The i n s t a l l a t i o n  of propulsion systems i n t o  V/STOL a i r c r a f t  r equ i res  

c lose  l i a i s o n  between the  propulsion and a i r c r a f t  system designers. The 

i n s t a l l a t i o n  problem i s  p a r t i c u l a r l y  c r i t i c a l  i n  the  area  of propulsion 

system con t ro l ,  s ince  the  propulsion system is  the  only source of l i f t  a t  

hover, and i n  the  methods of i n s t a l l a t i o n ,  because the  volume of t h e  propul- 

s ion  components occupy a s i g n i f i c a n t  p a r t  of the  a i r c r a f t  s t r u c t u r e .  Through- 

out the  preliminary and f i n a l  design phases of the  LF460 l i f t  fan  system, 

considerable e f f o r t  was applied t o  develop a system t h a t  would meet the  a i r c r a f t  

requirements and a t  the  same time develop a lightweight high e f f i c i ency  propul- 

s ion  system. 

The following discussion presents  some of the  s i g n i f i c a n t  r e s u l t s  obtained 

during i n s t a l l a t i o n  and system s t u d i e s  a s  requested by the  concerned airframe 

design groups. 

Fan S t a l l  EnveloDe 

Previous experience with fan-in-wing operat ion has shown t h a t  a s t a l l  

condit ion can occur a t  high angles of a t t ack  and high cross-flow v e l o c i t i e s .  

This s t a l l  condit ion appears a s  a breakdown of the  flow in to  the  f an  i n l e t  

and over the  surrounding wing o r  l i f t i n g  surface.  One of the  i n i t i a l  s tud ies  

undertaken was t o  define a c r i t e r i a  f o r  s t a l l  of l i f t  fans when i n s t a l l e d  

i n  typ ica l  shallow i n l e t  configurat ions.  

The bas ic  source of fan-in-wing s t a l l  da ta  was t e s t s  performed by NASA 

with the  ~F336/A fan  i n s t a l l e d  i n  a two fan  model. During these  t e s t s ,  one 

hard s t a l l  condition and two points  of approaching o r  s o f t  s t a l l  were observed. 

These s t a l l  poin ts  a r e  i d e n t i f i e d  i n  Figure 20 and provided the  bas i s  f o r  

evaluat ion of the  s t a l l  boundary. The s t a l l  boundary i s  defined i n  terms of 

a ve loc i ty  r a t i o ,  qo/qf, and appl ies  only t o  t h e  p a r t i c u l a r  wing and fan 

configurat ion as  t e s t ed .  However, addi t ional  experience with f an-in-wing 

systems has shown t h a t  the  d is tance  from the  fan  cen te r l ine  t o  the  wing leading 

edge influences the  s t a l l  boundaries. Short leading edge systems tend t o  have 

a narrower range of s t a l l  f r e e  operat ion.  

Using the  data  presented i n  Figure 20, and the  t rend of reduced s t a l l  

margin f o r  shor t  leading edge systems, the  general shallow i n l e t  s t a l l  c r i t e r i a  
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i s  defined i n  terms of the  surface  geometry, angle of a t t ack  and ve loc i ty  

r a t i o  parameters. ,The estimated c r i t e r i a ,  although based on a minimum amount 

of data,  provides a method of est imating the  opera t ional  l imi ta t ions  of 

p a r t i c u l a r  i n s t a l l a t i o n s  during the  preliminary design s tudies .  Actual 

d e f i n i t i o n  of these  s t a l l  c h a r a c t e r i s t i c s  can only be determined by t e s t s  

of t h e  f i n a l  f an  and wing i n s t a l l a t i o n  system. 

Exi t  Louver Thro t t l ing  Charac te r i s t i c s  

A common method of t h r u s t  vectoring and t h r u s t  modulation f o r  l i f t  fans 

employs an e x i t  louver cascade located i n  the  f a n  exhaust flow. Figure 22 

dep ic t s  a typ ica l  e x i t  louver system where both t h r u s t  vectoring and modulation 

a r e  possible.  Thrust vectoring i s  achieved by o r i en t ing  a l l  louvers i n  t h e  

same d i rec t ion .  S imi la r i ly ,  t h r u s t  modulation i s  obtained by o r i e n t a t i o n  of 

every o the r  louver i n  opposi te  d i rec t ions  o r  by staggering the  louvers. The 

louver vector  angle and stagger angle,  a s  defined i n  t h e  f igure ,  a re  t h e  

average louver angles and the  d i f f e r e n t i a l  louver o r i e n t a t i o n  angles, respec- 

t i v e l y .  
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e f f e c t i v e  area may be reduced t o  an area  small enough t o  produce fan  s t a l l .  

This i s  p a r t i c u l a r i l y  the  case f o r  f an  systems designed f o r  high pressure 

r a t i o s .  Model t e s t s  of fans with e x i t  louvers has shown t h a t  the  area  reduction 

due t o  the  louvers can be re l ieved by increas ing the  space between the  fan  e x i t  

and the  louver leading edge. Dropping t h e  louvers i n  t h i s  manner r e l i e v e s  the  

f an  s t a l l  problem, but ,  i n  the  process, increases  the  mechanical complexity 

of the  louver mounting and ac tuat ion  system. I t  is  therefore  des i rab le  t o  

maintain a minimum louver drop d is tance  f o r  a p a r t i c u l a r  s e t  of t h r u s t  vector  

and modulation requirements. 

In  order  t o  e s t a b l i s h  the  minimum drop height ,  t h ree  parameters must be 

known o r  spec i f i ed :  

Blockage o r  t h r o t t l i n g  to lerance  of the  f an  design. 

Maximum blockage of the  louver system based on vector and t h r u s t  

spo i l ing  requirements. 

e Variat ion of e f f e c t i v e  blockage with increased spacing o r  drop 

d is tance .  



The f i r s t  two items a r e  a  function of the  se lec ted  designs. The f i n a l  

items, o r  e f f e c t s  of drop d is tance ,  a r e  a  general ized parameter independent 

of the  s p e c i f i c  design. In order  t o  inves t iga te  blockage downstream of a  

f r e e  j e t ,  a  simple t e s t  program was conducted using an e x i s t i n g  f a c i l i t y  

and nozzle configurat ion.  Blockage was simulated by an ar ray  o f  0.250 inch 

diameter rods mounted i n  a  frame a t  various locat ions  i n  the  f r e e  jet. Tes ts  

were performed f o r  both a round and a 0.5 radius  r a t i o  annular j e t .  The 

cor re la t ion  of these  t e s t  r e s u l t s  a r e  shown i n  Figures 23 and 24. 

This blockage c r i t e r i a  was used a s  a  bas i s  f o r  t h e  estimated louver 

stagger blockage c h a r a c t e r i s t i c s  given i n  Figure 25. The louver performance 

a t  zero drop d is tance  i s  based on experimental louver performance obtained 

during t e s t s  of t h e  X-353-5, t h e  26-inch low speed s c a l e  model fan  and the  

15-inch sca le  model high pressure r a t i o  fans. The c h a r a c t e r i s t i c s  a re  typica l  

of louvers with about 8 t o  10 percent thickness a d  1.4 t o  1.6 s o l i d i t y .  

The louver c h a r a c t e r i s t i c s  incorporated i n t o  the  ~F460/YJ97-GE-100 

performance deck were based on t h i s  louver performance c r i t e r i a .  These 

c h a r a c t e r i s t i c s ,  showing a typ ica l  louver performance maps, a r e  presented i n  

Figures 26 and 27. Performance obtained f o r  the  LF460 l i f t  f an  with t h i s  

louver system i n s t a l l e d  i s  summarized i n  Figure 28.  

Control of Multi-engine Common Manifold Systems 

The LF460/YJ97-G&100 l i f t  fan  system was designed f o r  operat ion with 

interconnect between a two engine and two f a n  system. Some of the  e a r l y  

V/STOL research a i r c r a f t  s t u d i e s  considered multi-engine interconnect  con- 

f igura t ions .  The problem then was t o  es t imate  the  l i f t  control  c a p a b i l i t i e s  

f o r  these  systems. 

During analys is  of t h e  problem of multi-engine interconnect ,  a  simple 

method was developed f o r  predic t ion  of t h e  amount of l i f t  control  ava i l ab le  

f o r  the  general interconnected arrangement. The general ized t h r o t t l i n g  o r  

control  c h a r a c t e r i s t i c s  a re  presented i n  Figure 29. The t h r o t t l i n g  parameter 

i s  a product of t h e  number of interconnected u n i t s  and t h e  percent of t h e  t o t a l  

system control  applied t o  each fan. 

The procedure f o r  est imating the  cont ro l  c a p a b i l i t i e s  of a  s i x  fan,  s i x  

engine interconnected L F ~ X X / Y J ~ ~  system i s  given i n  Figure 30. The example, 

a s  presented, applied t o  the  case  where a l l  engines a r e  operat ing a t  t h e  



maximum temperature l e v e l  o r  the  maximum control  condit ion.  Negligible 

losses  a r e  assumed f o r  t h e  interconnect  ducting system. The fan  l i f t s  a s  

estimated do not include any t h r u s t  spo i l ing  f o r  cont ro l .  Additional l i f t  

changes due t o  t h r u s t  spo i l ing  could be employed t o  increase  the  control  

forces  of the  sytem and t o  maintain a cons tant  t o t a l  system l i f t .  

Acceleration Time of LF460 L i f t  Fans 

During the  s tud ies  of the  V/STOL research a i r c r a f t ,  the  need ex i s t ed  

f o r  an es t imate  of the  t i m e  f o r  the  LF460 t o  acce le ra te  from s t a n d s t i l l  follow- 

ing  an instantaneous input  of gas energy. For t h i s  ana lys i s ,  two input energy 

l e v e l s  were assumed. One condit ion was constant  gas condit ions a t  the  f an  

turbine  i n l e t .  For t h i s  case,  the  turbine  torque was estimated t o  vary l i n e a r l y  

with speed as  shown i n  Figure 31. The fan torque was estimated, based on cycle 

ca lcu la t ions ,  t o  vary with r o t a t i o n a l  speed squared. The d i f f e r e n t i a l  fan- 

turbine  torque i s  t h e  ava i l ab le  torque t o  acce le ra te  the  r o t a t i o n a l  i n e r t i a .  

The r o t o r  polar  moment of i n e r t i a  was se lec ted  as  the  ca lcu la ted  design value 
2 

of 19.6 (pound-ft-sec ). A second analys is  was performed and assumed a constant 

design turbine  torque of 186,700 inch-pounds, 

The ca lcu la ted  v a r i a t i o n  of fan  speed with time f o r  these  two instantaneous 

torque inputs  t o  t h e  turbine  r o t o r  a re  presented i n  Figure 32. The e f f e c t i v e  

t i m e  constants  a r e  0.28 seconds and 0.42 seconds f o r  the  two cases analyzed. 

Cruise Fan I n l e t s  

The LF4XX family of l i f t  fans incorporate f an  aerodynamic designs t h a t  

a re  matched t o  t h e  r o t o r  inflow condit ions inherent  t o  shallow fan-in-wing 

types of i n s t a l l a t i o n s .  These shallow i n l e t s  develop i n l e t  ve loc i ty  p r o f i l e s  

t h a t  a r e  higher a t  the  t i p  than over the  remainder of the  i n l e t  annulus. The 

fan  r o t o r  blades a r e  then designed t o  accept t h i s  high veloci ty  by increasing 

the  blade camber and o r i e n t a t i o n  angle above t h a t  required f o r  a cy l indr i ca l  

i n l e t  flowpath as  e x i s t s  with most conventional engine i n s t a l l a t i o n s .  

When a shallow i n l e t  f an  system i s  operated i n  a  simulated c ru i se  fan  

system, the  i n l e t  ve loc i ty  p r o f i l e s  w i l l  devia te  from the  shallow i n l e t  

design condit ions.  The l e v e l  of devia t ion  w i l l  depend on the  diameter of the  

cy l indr i ca l  i n l e t  t h a t  t r a n s i t i o n s  i n t o  t h e  f a n  r o t o r  i n l e t .  A small diameter 

i n l e t  is  des i rable  f o r  a  c r u i s e  fan type of i n s t a l l a t i o n ,  and a l so  produces 

the  g rea tes t  i n l e t  flow deviat ion.  



Studies were performed t o  determine the  minimum cy l indr ica l  i n l e t  diameter 

tha t  could be used with the  LF460 l i f t  fan.  This analys is  was performed 

using the  off-design fea tu res  of the  aerodynamic design program o r i g i n a l l y  

employed t o  design the  LF460 system. A s e r i e s  of various i n l e t  diameters 

were analyzed and the  r e s u l t s  showed a minimum to le rab le  i n l e t  diameter of 

69.0 inches. The c r i t e r i a  f o r  s e l e c t i o n  of t h i s  i n l e t  diameter was a moderate 

increase i n  aerodynamic r i s k  at tendant  with the  increased r o t o r  blade incidence 

i n  the  v i c i n i t y  of the  f an  t i p .  This l a rge  c ru i se  i n l e t  requirement f o r  

the  LF460 l i f t  fan system could not y ie ld  a t t r a c t i v e  c ru i se  f an  i n l e t  designs. 

A s  t he  i n s t a l l a t i o n  s tud ies  progressed, more emphasis was placed on low 

fan  noise generat ion and thus the  t rend was towards fans incorporat ing lower 

pressure r a t i o s  than the  LF460. A s imi la r  c ru i se  fan i n l e t  analys is  was 

performed f o r  t h e  LF467, a 1.30 pressure r a t i o  l i f t  fan  system. For t h i s  f an  

design, the  minimum t i p  diameter was only about 2 percent l a r g e r  than the  fen 

i n l e t  t i p  diameter. This smaller cy l indr i ca l  i n l e t  diameter was much more 

adaptable t o  c r u i s e  f an  i n s t a l l a t i o n ,  and i s  shown i n  Figure 33. 

Impingement of an Annular J e t  on a Ground Plane 

When flow issuing from an annular j e t  nozzle impinges on a ground plane 

normal t o  t h e  j e t  ax i s ,  t he  back pressure e f f e c t  of the  ground plane i s  f e l t  

upstream a t  the  nozzle e x i t  plane. Of p a r t i c u l a r  s igni f icance  f o r  l i f t  fans ,  

the  presence of the  ground plane may have very l a r g e  e f f e c t s  on the  mass flow, 

j e t  ve loci ty  and t h r u s t  produced by the  j e t .  Also of i n t e r e s t  i s  the  e f f e c t  

of the  ground plane on the  centerbody base pressure. A'study ~s 

direc ted  toward determining these  e f f e c t s  f o r  a wide range of ground plane 
11 height j e t  diameter" r a t i o s .  

Besides the  ground-plane "height/diametern r a t i o ,  a number of o the r  

var iables  may be assumed t o  have a s i g n i f i c a n t  e f f e c t  on the  back pressure 

produced by the  ground plane. Among these  are:  

Radius r a t io -  of t h e  annular nozzle. 

Nozzle pressure r a t i o .  

Reynold's number. 

Average angle of i n c l i n a t i o n  of the  flow t o  the  jet ax i s  a t  the  

nozzle e x i t  plane . 
Swirl angle 
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Previous s tud ies  and analys is  have inves t iga ted  various combinations 

of the  above var iables  both a n a l y t i c a l l y  and experimentally, however they 

have f a l l e n  genera l ly  i n t o  two c lasses  : 

1) Very high radius  r a t i o s  when the  jet i s  e s s e n t i a l l y  a  t h i n  c u r t a i n  

and the  centerbody wake is  l a r g e  and i n  in t imate  contact  with t h e  

ground plane o r ,  

2 )  Zero radius  r a t i o  cases where the re  is  no centerbody o r  centerbody 

wake. 

For appl ica t ion  t o  l i f t  fans ,  it is  des i rab le  t o  study j e t s  with radius  

r a t i o s  i n  the  range of 0.3 t o  0.7. Analysis of j e t s  i n  t h i s  range of radius  

r a t i o s  has proven t o  be considerably more d i f f i c u l t  than i s  t h e  above mentioned 

cases f o r  two reasons. F i r s t ,  some of the  simplifying assumptions which can 

be made f o r  high radius  r a t i o s  a r e  no longer r e a l i s t i c .  Second, two poss ib le  

flow pa t t e rns  may e x i s t  f o r  many i n t e r e s t i n g  combinations of variables,  and 

predic t ion  of which of the  two w i l l  occur and when t r a n s i t i o n  from one t o  the  

o the r  w i l l  occur becomes an important pa r t  of t h e  problem. 

Figures 34a and 34b show p i c t o r i a l l y  t h e  two flow pa t t e rns  which may 

exist f o r  a s i n g i e  set of var iables .  Figure 34a shows the  wake of the  center-  

body c los ing before reaching the  ground plane. In Figure 34b, the  centerbody 

wake does not c lose  a t  a l l  but spreads t o  contact  a  l a r g e  area  of t h e  ground 

plane . 
In general ,  these  two flow pa t t e rns  w i l l  produce d i f f e r e n t  base pressures 

on t h e  center-body and w i l l  cause t h e  j e t  t o  produce d i f f e r e n t  t h r u s t s  and 

mass flows. Trans i t ion  from one flow pa t t e rn  t o  the  o the r  could be p a r t i a l l y  

responsible f o r  the  d i f f i c u l t y  experienced i n  f l y i n g  l i f t  f an  powered V/STOL 

a i r c r a f t  i n  ltground ef fec t" .  

Analysis 

An analys is  was made f o r  the  following two cases:  

o  The case shown i n  Figure 34a with a  ground plane height/diameter 

r a t i o  of i n f i n i t y .  

o  The case shown i n  Figure 34b with va r i ab le  height/diameter r a t i o .  

Deta i l s  of these  analyses w i l l  not be given i n  t h i s  summary but t h e  

following i s  a  discussion o f  the  general approach and assumptions. 

The bas ic  assumptions used i n  the  analys is  a r e  a s  follows: 
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Within the  range of pressure r a t i o s  of i n t e r e s t  f o r  l i f t  fans 

compressibi l i ty would not be a s i g n i f i c a n t  f ac to r .  

Within the  body of the  main stream flow v i scos i ty  would be ins ign i f i can t .  

Viscous forces  on t h e  outer  surface  of the  j e t  could be ignored as 

f a r  a s  t h e i r  influence on ground plane e f f e c t s  and centerbody base 

pressures.  

Viscous shear forces  between the  centerbody wake and main stream flow 

were constant per u n i t  of i n t e r f a c e  area.  

The flow was axisymetric.  

Swirl angles were zero. 

Consider f i r s t  the  case i l l u s t r a t e d  i n  Figure 34b. I f  an i n i t i a l  base 

pressure and flow angle B a r e  assumed and the  appropriate momentum and conti-  

nui ty  equations a r e  applied t o  the  j e t  and t h e  centerbody wake, then the  

t r a j e c t o r y  d t h e  wake can be ca lcula ted  by stepwise in teg ra t ion  i n  t h e  d i r e c t i o n  

of flow. A time sharing computer program was wr i t t en  t o  do these  computations. 

The minimum base pressure which can be assumed f o r  t h i s  flow p a t t e r n  i s  t h e  

value which r e s u l t s  i n  a  flow as  shown i n  Figure 34c, where the  centerbody 

wake near ly  c loses  and then opens up again. Higher assumed base pressures 

r e s u l t  i n  flow pat terns  more l i k e  t h a t  shown i n  Figure 34b. The ground plane 

height f o r  t h i s  case was assumed t o  be a t  the  point  where the  flow t r a j e c t o r y  

of the  inner  surface  of the  j e t  becomes normal t o  the  jet axis .  

Next consider the  case i l l u s t r a t e d  i n  Figure 34a but with t h e  ground plane 

a t  downstream i n f i n i t y .  In  t h i s  case,  the  base pressure cannot be a r b i t r a r i l y  

spec i f i ed  but must s a t i s f y  momentum re la t ionsh ips  involving the  viscous forces 

between the  centerbody wake and the  jet. A second time sharing computer program 

was wr i t t en  f o r  t h i s  case which i t e r a t e d  on the  base pressure u n t i l  these  

r e l a t ionsh ips  were s a t i s f i e d .  

It has been postulated i n  t h i s  study t h a t  t h e  higher and lower c r i t i c a l  

height/diameter r a t i o s  a t  which t r a n s i t i o n  from one flow pa t t e rn  t o  the  o ther  

w i l l  occur may be approximated by the  values of (WD) and (H/D) shown i n  
H L 

Figure 34c. 

In order  t o  check the  above analys is ,  experimental da ta  was used from 

t e s t s  of a  26-inch diameter low speed s c a l e  model of a  l i f t  f an ,  where da ta  

ex i s t ed  i n  ground plane e f f e c t s .  This fan  had.a  radius  r a t i o  of 0.4 and the  

angle A equal t o  zero. With no ground.plane, the  fan  had a measured hub s t a t i c  
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pressure c o e f f i c i e n t  of -0.1. The viscous shear  fo rce  term i n  the  analys is  

was adjusted u n t i l  t h i s  r e s u l t  was duplicated by the  analys is  with the  ground 

plane a t  downstream i n f i n i t y .  This same viscous term was then used a s  the  

ground plane height  was varied.  The r e s u l t i n g  comparison between these  calcula-  

t i o n s  and the  measured values a r e  shown i n  Figure 35. This agreement was 

considered s a t i s f a c t o r y .  In f u l l  s c a l e  l i f t  fans ,  hub base pressure co- 

e f f i c i e n t s  with no ground plane have been cons i s t en t ly  measured a t  -0.125 

f o r  s imi la r  geometrics. The viscous term was adjusted t o  give t h i s  value f o r  

a  r ad ius  r a t i o  of 0.4 and the  angle f! equal t o  zero f o r  the  remainder of t h e  

r e s u l t s  presented i n  t h i s  study. 

Results  

Figures 36 through 40 present  the  r e s u l t s  f o r  the  case with no ground plane. 

Figure 36 shows t h e  hub drag coe f f i c i en t  a s  a  function of radius  r a t i o  and $, 

where the  drag c o e f f i c i e n t  i s  defined as  

Figure 37 shows t h e  hub s t a t i c  pressure coe f f i c i en t  based on the  t o t a l -  

to-ambient head of the  j e t .  

2 c, = (Pl - Po 1 (4 p Vo 1 

Figure 38 shows the  jet ve loc i ty  c o e f f i c i e n t  as  a  function of radius  

r a t i o  and $ and is  defined as  

Figure 39 shows the  flow coef f i c i en t  a s  a  function of radius  r a t i o  and 

@ and is defined as  

This flow c o e f f i c i e n t  does not include the  e f f e c t  of any boundary l aye r  

i n  t h e  j e t  nozzle but includes only the  e f f e c t s  of the  base pressure coe f f i c i en t  

and angular i ty  e f f e c t s  when fj # 0. Figure 40 shows t h e  t h r u s t  coe f f i c i en t  a s  

a  function of radius  and $ and i s  defined a s  , 



Figures 41 through 50 present  r e s u l t s  f o r  t h e  case with ground plane 

i l l u s t r a t e d  i n  Figure 34b. These r e s u l t s  have been presented as  carpet  p l o t s  

where 8 i s  a constant ,  radius  r a t i o  and C a r e  parameters, ground plane "height/ 
P 

diameter" r a t i o  i s  the  abcessa and C v' C ~ '  
o r  C i s  the  ordinate .  I t  w i l l  be 

T 
noticed t h a t  C and CT a r e  o f t en  above un i ty  f o r  these cases. This i s  a r e s u l t  v 
of th rus t  augmentation provided by the  ground e f f e c t .  I t  w i l l  be noticed t h a t  

a s  a general r u l e  pos i t ive  t h r u s t  augmentation r e s u l t s  from the  ground plane 

fo r  radius  r a t i o s  over 0.6 and negative augmentation r e s u l t s  f o r  radius  r a t i o s  

l e s s  than 0.55. 

Figure 41 shows how the  higher and lower c r i t i c a l  "height/diameterV r a t i o s  

vary with radius  r a t i o  and 8 .  These c r i t i c a l  values a r e  a s  defined i n  Figure 

34c. I t  should be noted t h a t  these  c r i t i c a l  values a re  hypothetical  only 

and a r e  subs tant ia ted  by a minimum of experimental da ta  but should give general 

t rends.  I t  i s  q u i t e  l i k e l y  t h a t  flow unsteadyness and o ther  f a c t o r s  i n  a r e a l  

case could have a subs tan t i a l  e f f e c t  on the  r e s u l t s  shown i n  Figure 41. 



SECTION V 

ACOUSTIC ANALYSIS 

In  support of the  NASA V/STOL research  a i r c r a f t  program, noise f o o t p r i n t s  

were ca lcula ted  f o r  the  t h r e e  proposed a i r c r a f t  designs. Figure 51 is  a photo- 

graph of models of these  t h r e e  a i r c r a f t .  The f o o t p r i n t s  were determined on a s  

cons i s t en t  bas i s  a s  poss ib le  t o  allow a d i r e c t  comparison t o  be made of both 

t h e  s i d e l i n e  noise l e v e l s  and the  t o t a l  exposure acreage f o r  95 PNdB. Some 

of t h e  more c r i t i c a l  assumptions were: 

A l l  a i r c r a f t  use the  LF460/YJ97-GE-100 with suppression 

Common takeoff f l i g h t  path and ve loc i ty  schedule a s  shown i n  Figures 

52 and 53. 

McDonnell and North American t h r u s t  vectoring schedule a s  shown 

i n  Figure 54. 

Boeing t h r u s t  vectoring modified as  shown i n  Figure 55 t o  account 

f o r  canted c r u i s e  engine. 

Several d i f ferences  were apparent i n  the  th ree  a i r c r a f t  designs. The 

McDonnell configurat ion i s  t h e  l a r g e s t  gross weight a i r c r a f t  with s i x  LF460 

l i f t  fans operat ing a t  the  noise r a t i n g  point  (80% maximum t h r u s t ) .  Next 

i n  s i z e  is  t h e  North American configurat ion which a l s o  u t i l i z e s  s i x  l i f t  fans.  

Due t o  the  lower gross weight, the  a i r c r a f t  is  capable of taking off  with re- 

duced t h r u s t  on a l l  engines, o r  i f  a i r c r a f t  balance i s  maintained with noise 

r a t i n g  point  t h r u s t  on 4 l i f t  fans and very low t h r u s t  on the  remaining two 

fans.  The e f f e c t s  of these  t h r u s t  va r i a t ions  a r e  shown by configurat ions 4 

and 5, Table 11. The smal le s t .  a i r c r a f t  is  the  Boeing configurat ion which 

requi res  only four l i f t '  u n i t s  a t  noise  r a t i n g  point  th rus t .  Two of these  fans 

a r e  o r i en ted  such t h a t  c r u i s e  and l i f t  t h r u s t  may be obtained without a vector- 

ing  exhaust nozzle a s  used on the  preceding two configurat ions.  

To evaluate  the  e f f e c t  of adding suppression, the  North American and 

McDonnell configurat ions were assumed t o  have the  following: 

L i f t  c r u i s e  f a n  i n l e t ,  -5 PNdB 

L i f t  c ru i se  gas generator  i n l e t ,  -5  PNdB 

L i f t  and l i f t  c r u i s e  f an  exhaust,  -6 PNdB 



The McDonnell research a i r c r a f t  was a l s o  assumed t o  have varying degrees 

of l i f t / c r u i s e  fan  i n l e t  and gas generator  i n l e t  suppression as  follows: 

L/C Fan I n l e t  

-5  

No noise 

Gas Gen. I n l e t  

No noise 

No noise 

Results  of t h e  study a r e  presented i n  Figures 56 through 63 and summarized 

on Table 11. The foo tp r in t s  a r e  genera l ly  of the  same shape with the  maximum 

s ide l ine  noise occurring during the  v e r t i c a l  r i s e  port ion of the  takeoff 

represented by the  almost c i r c u l a r  constant  contour l ines .  An elongated t o n y e  

i s  then crea ted  as  the  a i r c r a f t  t r a n s i s t i o n s  t o  horizontal  f l i g h t .  

The e f f e c t  of i n s t a l l a t i o n  suppression i s  seen primari ly as  a  l a rge  re- 

duction of the  95 PNdB exposure acreage. S idel ine  noise is  reduced by 2.5 PNdB, 

f o r  both the  high t h r u s t  McDonnell (configurat ions 1 and 2)  and low t h r u s t  

North American (configurat ions 4 and 6 a i r c r a f t  1. 

Figure 63 shows the  e f f e c t  of providing i n s t a l l a t i o n  suppression s u f f i c i e n t  

t o  el iminate the  l i f t  c r u i s e  and gas generator  i n l e t s  a s  noise sources. These 

a r e  configurat ions 8 and 9 on Table IT. For t h i s  case of both noise sources 

el iminated,  the  exposure acreage i s  reduced t o  only 81 acres.  The maximum 

500 f t .  s i d e l i n e  noise ,  however, i s  s t i l l  i n  excess of 95 PNdB. This points  

out  the  problem i n  evaluat ing a i r c r a f t  noise on a s ing le  point bas is .  

The e f f e c t  of takeoff p r o f i l e ,  configurat ions 2 and 3 ,  was found t o  be 

small f o r  the  two types evaluated. Both the  maximum s i d e l i n e  PNdB and 95 

PNdB exposure acreage were s imi la r .  It i s  s i g n i f i c a n t  t h a t  the  low a l t i t u d e  

t r a n s i s t i o n  reduced the  s i d e l i n e  noise by 0.5 PNdB but increased the  exposure 

area  by 20 acres.  From these  r e s u l t s ,  it is  evident t h a t  t h e  s i d e l i n e  noise 

near the  point  of l i f t o f f  may show l i t t l e  improvement while the  exposure acreage 

may be reduced s i g n i f i c a n t l y  by con t ro l l ing  the  engine vectoring and power 

during t h e  horizontal  f l i g h t  por t ion  of the  takeoff p ro f i l e .  

A s  expected, s i d e l i n e  noise was reduced with the  lower takeoff t h r u s t  

configurat ions.  The change was proport ional  t o  t h r u s t  t o  the  f i r s t  power 

~db=lOlog  (Thrust Ratio) .  

Varying the  number of engines from 6 t o  4 ,  .configurat ions 1, 5, and 7, 

provided a maximum of 1 PNdB reduction.  This is  s l i g h t l y  l e s s ,  0.5 t o  1 PNdB, 

- 19- 



than expected and the  d i f ference  is  thought t o  be t h e  e f f e c t  of i n l e t  radia ted  

noise from the  l i f t  c r u i s e  fans which is  constant  f o r  t h e  4 and 6 fan  configurai  

t ions.  

In summary, the  f o o t p r i n t s  ca lcula ted  f o r  t h e  t h r e e  research a i r c r a f t  

showed t h e  f l i g h t  path and l eve l  of i n l e t  suppression on the  l i f t  c r u i s e  and 

gas generator  i n l e t s  could r e s u l t  i n  a very low l e v e l  of 95 PNdB exposure 

acreage. Achieving t h e  500 f t .  s i d e l i n e  goal of 95 PNdB, however, w i l l  requi re  

extensive suppression and perhaps be u n r e a l i s t i c  when the  noise is  evaluated 

on an a i r p o r t  usage b a s i s  due t o  the  low exposure acreage. 



SECTION V I  

PRELIMINARY AND CONCEPTUAL DESIGN STUDIES 

The LF460 l i f t  f an  configurat ion was designed f o r  minimum weight con- 

s i s t e n t  with minimum overa l l  f a n  thickness and low noise generation. These 

c r i t e r i a  produced a l i f t  f a n  design t h a t  incorporated t h e  following fea tu res :  

Tr ip le  bubble s c r o l l  with gooseneck t o  provide minimum fan  i n s t a l l -  

a t i o n  diameter cons i s t en t  with minimum thickness.  

A double mid-span r o t o r  with 88 blades incorporating i n t e g r a l  t i p  

turbine  c a r r i e r s .  The l a rge  number of blades was se lec ted  based on 

l i g h t  weight and low noise generation. 

m Two chord r o t o r - s t a t o r  spacing f o r  minimum noise generation. lldoderate 

- i n t e r s t a g e  acoust ic  treatment was applied t o  the  design. 

A four s t r u t  f r o n t  frame with an in teg ra l  shallow i n l e t  bellmouth 

contour. 

Leaned e x i t  s t a t o r  vanes f o r  low ro to r - s t a to r  i n t e r a c t i o n  noise  

generat ion. 

This bas ic  LF460 l i f t  f an  design was se lec ted  as the  propulsion system, 

with the  YJ97-GE-100 tu rbo je t  a s  the  gas generator ,  f o r  use i n  the  s tud ies  

of a V/STOL research a i r c r a f t .  Early i n  the  program, p a r a l l e l  s tud ies  of more 

advanced remote l i f t  u n i t s  incorporated novel fea tures  cons is tent  with improved 

design t h a t  were r ead i ly  adaptable t o  the  LF460 design. For example, a th ree  

s t r u t  f ron t  frame design and s impl i f ied  s c r o l l  represented a subs tan t i a l  weight 

savings over the  LF460 design a t  a small increase i n  overa l l  thickness.  

The need f o r  a i r c r a f t  adap tab i l i ty  and the  des i re  f o r  fu r the r  design 

optimizat ion i n i t i a t e d  severa l  preliminary and conceptual design s t u d i e s  of 

modified LF460 systems. The following sec t ions  of t h i s  repor t  describe t h e  

r e s u l t s  of some of the  more important design s tudies .  

Modified Three- S t ru t  Front Frame 

The basic LF460 l i f t  f an  included a four s t r u t ,  major and minor, f ron t  

frame design and the  t r i p l e  bubble s c r o l l .  This design i s  described i n  d e t a i l  

i n  Reference 1. During the  conceptual design s tudies  of advanced remote l i f t  

fans,  a new approach was conceived t h a t  incorporated a th ree - s t ru t  frame 

s ing le  bubble s c r o l l  system. This design concept was ca r r i ed  through a concept 
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d e f i n i t i o n  phase t h a t  developed approximate system weight and i n s t a l l a t i o n  

dimensions f o r  t h e  modified LF460 system. 

The i n s t a l l a t i o n  sketch of t h e  modified LF460 design is shown i n  Figure 64. 

The s i g n i f i c a n t  i n s t a l l a t i o n  dimensions f o r  t h i s  modified system a re  compared 

with the  o r i g i n a l  LF460 design i n  the  f igure .  The e f f e c t s  of t h e  design change 

increased t h e  f a n  depth by about 20 percent ,  with some decrease i n  the  overa l l  

p l  anf orm dimensions. 

This design change represents  a weight reduction of about 62 pounds 

from the  o r i g i n a l  LF460 weight of 789 pounds. Thus, a modified th ree - s t ru t  

f r o n t  frame design of the  LF460 has an est imate weight of 717 pounds. 

Modified 75/25 S p l i t  Sc ro l l  Arc 

The bas ic  LF460 l i f t  f a n  system was designed t o  opera t ion  as  a two engine, 

two fan  interconnected system. For t h i s  configurat ion,  each s c r o l l  i n l e t  

would supply 180 degrees o r  one-half of the  turbine  a rc .  In t h e  event of an 

engine f a i l u r e ,  one s c r o l l  i n l e t  on each of the  interconnected fans would 

be closed o f f ,  and, the  remaining engine would operate i n t o  two 180 degree 

s c r o l l  segments, one i n  each fan. The t o t a l  s c r o l l  a r c  would then r e f l e c t  a 

nozzle a rea  near design f o r  one engine system. 

A spec ia l  case  was proposed where four engines, four fans  were in te r -  

connected. For th i s '  system, a s ing le  engine f a i l u r e  would represent  a 25 

percent l o s s  i n  t o t a l  gas supply, and, s c r o l l  a rea  of each fan  would requi re  

a 25 percent o r  90 degree reduction i n  s c r o l l  a rc .  

A conceptual design was performed t o  study t h i s  75/25 ' scro l l  s p l i t  con- 

f igura t ion .  The approximate i n s t a l l a t i o n  dimensions f o r  t h i s  configurat ion,  

with t h e  two s c r o l l  i n l e t s  located  d iametr ica l ly  opposi te ,  is  shown i n  

Figure 65. This  preliminary configurat ion incorporated the  th ree - s t ru t  f ron t  

frame and s i n g l e  bubble s c r o l l  designs as discussed previous1 y. The estimated 

weight f o r  t h i s  conf igura t ion  was 717 pounds, o r  the  same weight a s  a 50/50 

s c r o l l  s p l i t  conf igura t ion  t h a t  incorporated s imi la r  design concepts. 

Parametric L i f t  Fan Study 

The guidel ines  f o r  t h e  design s tud ies  of t h e  V/STOL research a i r c r a f t  

spec i f i ed  t h e  LF460/YJ97-GE-100 system as  t h e  ava i l ab le  propulsion system. 

The LF460 had been designed f o r  maximum thrust-.to-weight cons is tent  with 

low noise generation. A s  t h e  a i r c r a f t  design s tud ies  progressed, the  emphasis 
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sh i f t ed  t o  lower noise l e v e l s ,  and thus decreased the  a t t r a c t i v e n e s s  of the  

LF460 because of t h e  inherent  noise  associated with the  design f a n  s t age  

pressure r a t i o  of about 1.40. With t h e  trend t o  lower noise and thus lower 

pressure r a t i o ,  a  preliminary study was performed t o  evaluate t h e  e f f e c t s  of 

pressure r a t i o  on fan  performance and s i z e .  Other parameters such as  l e v e l s  

of fan in te rna l  exhaust suppression, radius  r a t i o ,  t i p  speed and design ambient 

temperature were included i n  the  analys is .  Because of the  depth of  t h i s  

study and the  number of var iables  involved, the  analys is  was performed using 

time sharing design point  programs and maximum engine discharge gas condit ions.  

This method of analys is  gave approximate performance data  t h a t  l a t e r  provided 

the  bas is  f o r  a  more accurate analys is  using a modification t o  LF460/YJ97- 

GE-100 customer deck. 

The parametric study was performed f o r  sea  l eve l  standard day and a 90 

degree Fahrenheit ambient temperatures. The YJ97 discharge gas condit ions 

used f o r  t h i s  analys is  a r e  l i s t e d  i n  Table 1.11. The r e s u l t s  of t h i s  para- 

metric study a r e  presented i n  Figures 66 and 67. Performance f o r  two famil ies  

of l i f t  fans a r e  presented;  one bas ic  unsuppressed and the  o the r  with heavy 

exhaust suppression incorporat ing four acous t i ca l ly  t r ea ted  s p l i t t e r  r ings .  

Performance and s i z e  a r e  shown f o r  both a constant  t i p  speed of 1125 f e e t  per 

second, radius  r a t i o  being var iable ,  and f o r  constant radius  r a t i o  of 0.454, 

t i p  speed being var iable .  The performance of the  standard day fan  designs is  

shown i n  Figure 66. Comparable da ta  f o r  the  90 degree Fahrenheit day designs 

i s  shown i n  Figure 67. 

This study was then used a s  a  bas i s  f o r  a  more accurate performance 

evaluat ion using modifications t o  the  LF460/YJ97-GE-100 customer deck. The 

se lec ted  fan  diameter, based on airframe study inputs ,  had a 64.0 inch t i p  

diameter. Performance was ca lcula ted  f o r  the  maximum contro l  condit ions,  . 

with interconnect duct t r a n s f e r  flow, and f o r  the  nominal r a t e d  operat ing 

conditions of the  engine. The r e s u l t s  of t h i s  analys is  a r e  summarized i n  

Table I V  f o r  two l e v e l s  of exhaust suppression, two t i p  speeds and two radius  

r a t i o s .  Performance f o r  f an  systems designed t o  the  standard day condit ions 

i s  a lso  tabulated during off-design opera t ion  on the  hot day. 

A conceptual study was performed t o  def ine  the  approximate weight and 

i n s t a l l a t i o n  dimensions f o r  a  typ ica l  64-inch l i f t  fan  system. This study 

showed the  weight of t h e  LF464 l i f t  f an  t o  be 800 pounds f o r  a  l i g h t l y  
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suppressed conf igura t ion  and 880 pounds f o r  a heavi ly  suppressed configurat ion.  

Figure 68 shows the  s i g n i f i c a n t  i n s t a l l a t i o n  dimensions f o r  a heavi ly  suppressed 

LF464 l i f t  f an  employing t h e  th ree - s t ru t  f r o n t  frame, s i n g l e  bubble s c r o l l  

concepts. 

L i f t  Fan Parametric Corre la t ion  

During t h e  research a i r c r a f t  and propulsion i n t e g r a t i o n  s t u d i e s ,  con- 

ceptual  o r  preliminary designs were completed f o r  severa l  l i f t  fan  systems 

of the  LF4XX family. These s tud ies  were e i t h e r  performed a s  pa r t  of the  

a i r c r a f t  support a c t i v i t y  o r  under separa te  con t rac t s  with NASA. These 

s tud ies  produced preliminary designs f o r  the  LF464, LF467 (Reference 4)  and 

t h e  LF468 (Reference 5)  remote l i f t  fans.  A d e t a i l e d  design of the  LF460 

was a l so  completed and is  described i n  Reference 1. A separa te  design study 

f o r  a family of unsuppressed, c lose  r o t o r - s t a t o r  spacing, l i f t  fans  was a l s o  

c a r r i e d  through an i n i t i a l  concept d e f i n i t i o n  phase and was included i n  the  

development of the  parametric co r re la t ion .  

It has been very d i f f i c u l t  t o  compare these  systems on an equal bas i s  

because of the  numerous d i f ferences  i n  i n s t a l l a t i o n  and design assumptions. 

In  addi t ion ,  t h e  performance of the  YJ97 gas generator  has a l so  been modified 

t o  incorporate more recent  performance l eve l s .  Because of t h i s  apparent lack 

of commonality i n  t h e  various designs, a study was undertaken t o  c o r r e l a t e  

the  s i g n i f i c a n t  performance and geometric parameters f o r  the  LF4XX l i f t  fan 

family. The following discuss ion presents  the  r e s u l t s  of t h i s  study and should 

provide a valuable l i n k  i n  understanding t h e  t rade-offs  o f  such items as  

f an  pressure r a t i o ,  t i p  speed and l e v e l  of noise suppression. 

For t h i s  s tudy c e r t a i n  ground r u l e s  were assumed concerning the  i n s t a l l -  

a t ion .  Ducting and gas generator  i n s t a l l a t i o n  e f f e c t s  were considered and 

es tabl i shed as follows f o r  reference:  

Gas generator  i n l e t  recovery . . . . .  0.985 

Compressor bleed . . . . . . . . . . .  0.5% 

Horsepower ex t rac t ion .  . . . . . . . .  25 

Ducting l o s s  without flow t r a n s f e r  . . 10.7% 

The assumptions concerning the  l i f t  u n i t s  include: 

A th ree - s t ru t  f ron t  frame 

A s i n g l e  gooseneck s c r o l l  



Performance es t imates  include e x i t  louvers a t  zero degree vector angle 

Non-acoustic fans do not include any added r o t o r - s t a t o r  spacing f o r  

low noise generat ion 

o Non-acoustic fans have two s t a t o r  s t i f f e n i n g  r ings  and two r o t o r  

mid- span dampers 

Acoustic fans include s t a t o r  l ean  and two chords spacing 

."e Moderate noise treatment includes two acoust ic  s p l i t t e r s  s imi la r  

t o  t h e  LF460 system 

Heavy acoust ic  treatment includes four acoust ic  s p l i t t e r s  s imi lar  

t o  the  LF467 and LF468 systems. 

e Fan designs considered a r e  e i t h e r  a constant hub radius  r a t i o  of 

0.454 o r  a constant t i p  speed of 1125 f e e t  per second. 

The r e s u l t s  of t h i s  study a r e  presented f o r  t h r e e  types of l i f t  u n i t s  

a s  i d e n t i f i e d  by the  numbers on the  f igures  where appropriate:  

1 )  A non-acoustic type f a n  system 

2) A moderate suppressed low noise l i f t  f an  system 

3 )  A heavily suppressed low noise  l i f t  f a n  

The r e s u l t s  of t h i s  study a r e  presented i n  the  following f igures :  

Figure 69 - Fan t h r u s t ,  both nominal (1835'R, s ing le  engine flow) and 

, maximum (2060 '~  with cross  flow of about 9 percent) .  

Figure 70 - Fan s i z ing  da ta  r e l a t i n g  fan  maximum t h r u s t  and fan  diameter 

a s  a function of design pressure r a t i o .  

Figure 71 - Fan t h r u s t  t o  weight va r i a t ion  with pressure f o r  the  th ree  

level6  of fan  suppression. 

Figure 72 - The varia ' t ion of f an  radius  r a t i o  and t i p  speed f o r  the  cases 

where the  o the r  parameter i s  held f ixed and hub loading is  

maintained a t  a constant  l eve l .  

Figures 73 and 74 - C r i t i c a l  i n s t a l l a t i o n ,  dimensions (length, depth 

and width) f o r  the  range of pressure r a t i o s .  Depth i s  t h e  

only parameter influenced by l e v e l s  of exhaust suppression. 

Figure 75 - Correction f a c t o r s  f o r  use with the  t h r u s t  l eve l s  i n  Figure 

69 t o  co r rec t  f o r  non-standard day operat ion o r  design f o r  

f l a t  r a t i n g .  The curve f o r  design point  fans produces a f l a t  

r a t ed  system and a f f e c t s  the  f an  s i ze .  The o ther  two curves 
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r e f l e c t  off-design performance f o r  a given standard day 

s i z e  f an  as  obtained using Figures 69 and 70. 

Figure 76 - The l e v e l s  of f a n  nozzle pressure r a t i o ,  r e f l e c t i n g  t h e  

losses  of the  s p l i t t e r s  and suppression, a r e  presented a s  

a funct ion  of design pressure r a t i o  

Figure 77 - The e f f e c t s  of design var iables  on fan  alone response f o r  

instantaneous changes of f an  i n l e t  gas condit ions and f o r  

small changes of new design speed. 



NOMENCLATURE 

SYMBOL DEFINITION UNITS 

Centerbody base a r e a  

Nozzle annulus a r e a  

Centerbody drag c o e f f i c i e n t  

Flow c o e f f i c i e n t  

Fan Stream flow c o e f f i c i e n t  

Turbine s t ream flow c o e f f i c i e n t  

Centerbody p re s su re  c o e f f i c i e n t  

Veloci ty  c o e f f i c i e n t  

Fan s t ream v e l o c i t y  c o e f f i c i e n t  

Turbine s t ream v e l o c i t y  c o e f f i c i e n t  

Centerbody on hub diameter  

Fan t i p  diameter 

Centerbody drag  

Exhaust s t ream ne t  t h r u s t  

Ground p lane  he ight  

Higher c r i t i c a l  ground p lane  he ight  

Lower c r i t i c a l  ground plane he ight  

Jet mass flow 

Hub base p re s su re  

Ambient p r e s su re  

Connecting duct  v e l o c i t y  head p re s su re  

Cross duct v e l o c i t y  head p re s su re  

Fan stream v e l o c i t y  head p re s su re  

Free s t ream v e l o c i t y  head p re s su re  

Fan t u r b i n e  i n l e t  temperature 

Fan t i p  speed 

J e t  e x i t  v e l o c i t y  i n  ground e f f e c t  

Idea l  jet v e l o c i t y  f o r  expansion t o  

ambient p r e s su re  

pounds 

pounds 

f t  

f t  

f t  

l b -  sec / f  t 

l b / f t 2  

l b / f t 2  

l b / f t 2  

l b / f t 2  

l b / f t 2 .  

l b / f  t2 

O R  



NOMENCLATURE 

DEFINITION UNITS 

Connecting duct flow 

Cross-duct bleed flow 

Wing surface geometric parameter 

Wing angle of attack 

Exit j e t  flow angularity 

Odd louver vector angle 

Even louver vector angle 

Flow density 

Bleed flow density 
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APPENDIX A - I n s t r u c t i o n s  f o r  Expanded Customer Deck Capab i l i t y  

I n s t r u c t i o n s  a r e  contained f o r  increased  customer u t i l i z a t i o n  of 

t h e  LF460/YJ97-GE-100 performance deck. The i n s t r u c t i o n s  cover t h e  fol lowing 

i t e m s  : 

1. Increased  h igh  p re s su re  t u r b i n e  temperature  l i m i t  dur ing  normal 

ope ra t i on .  

2. L i f t  f a n  system s i z i n g , w i t h  customer b l eed  and/or horsepower 

e x t r a c t  ion .  

Using t h e  fu rn i shed  r e p r e s e n t a t i v e  nozz le  wi th  t h e  customer 

supplying the performance i n p u t  va lues .  

Using t h e  fu rn i shed  r e p r e s e n t a t i v e  connect ing duct  w i t h  t h e  customer 

supplying t h e  performance inpu t  va lues .  

The inc reased  customer u t i l i z a t i o n  employs us ing  expanded input  

(up t o  16 parameters)  and permanent i npu t .  Th i s  a d d i t i o n a l  c a p a b i l i t y  con- 

sists of the use cf ccnstants and curve inputs. The cons t an t s  m a y  be input  

through expanded inpu t  (va lue  of i npu t  can change from da t a  case  t o  da ta  

ca se  o r  a r e  c a r r i e d  over  un l e s s  over r idden)  o r  through permanent input  (value 

of i npu t  cannot be changed from d a t a  case  t o  da ta  ca se ) .  Curve i npu t  i s  

a v a i l a b l e  on ly  through t h e  permanent i npu t  f e a t u r e  and cannot be changed on 

a  given da t a  run .  

A d e s c r i p t i o n  of expanded inpu t  u t i l i z a t i o n  i s  contained i n  t h e  

I n s t r u c t i o n  Manual. A d e s c r i p t i o n  of permanent i npu t  u t i l i z a t i o n  i s  contained 

i n  Paragraph 5 of t h i s  document. 

The r e f e r ence  t o  f i g u r e  numbers i n  t h i s  document r e f e r s  t o  those  

contained i n  t h e  I n s t r u c t i o n  Manual. 

1. Turbine Temperature Limit 

The p re sen t  h igh  p re s su re  t u r b i n e  l i m i t i n g  temperature  of 1 8 3 5 ' ~  

dur ing  normal system ope ra t i on  may be r ep l aced  through t h e  use of expanded 



input  by t h e  use of t h e  parameter - T51J3. Temperature va lues  of 1870°R 

o r  less may be used and deck system ope ra t i on  w i l l  l i m i t  t h e  t u r b o j e t  t o  t h i s  

input  value dur ing  normal engine ope ra t i on .  The t u r b i n e  temperature  l i m i t  of 

2 0 6 0 ' ~  w i l l  s t i l l  be i n  f o r c e  dur ing  non-normal engine ope ra t i on .  

2 .  System S i z i n g  wi th  Customer Bleed and/or Horsepower Ex t r ac t i on  

The LF460/YJ97-GE-100 system may be s i z e d  wi th  customer bleed and/or 

horsepower e x t r a c t i o n  by us ing  t h e  app rop r i a t e  value from Table I f o r  t h e  input  

parameter - Z2CRSN. 

HPX - 
0  



The above t a b u l a t e d  va lues  a r e  app l i cab l e  on ly  w i th  a  power s e t t i n g  

of 0 .7  and a r e  based on a  t u r b i n e  temperature  l i m i t  of 1835OR a t  t h e  s i z i n g  

condi t ion .  For o f f  des ign  system opera t ion ,  t h e  t u r b i n e  temperature  l i m i t  

w i l l  be t h a t  e s t a b l i s h e d  through input  w i th  t h e  parameter T51J3. A l l  o t h e r  

comments i n  Paragraph 3.1.12 of t h e  I n s t r u c t i o n  Manual s t i l l  apply.  

3 .  Nozzle Performance Inputs  

The fu rn i shed  r e p r e s e n t a t i v e  nozz le  performance can be rep laced  by 

e i t h e r  us ing  cons t an t s  a s  i n p u t s  f o r  each parameter f o r  each  da t a  ca se  o r  by 

a  combination of cons t an t s  and curves a s  i npu t .  

3 .1  Constants  a s  Input  

The fo l lowing  parameters  may be used t o  r e p l a c e  t h e  b u i l t  i n  con- 

s t a n t s  and/or curves  f o r  t h e  furn ished  r e p r e s e n t a t i v e  nozz l e s :  

*SCF28 S c a l e r  a p p l i e d  t o  t h e  Figure 7 and 1 0  curve va lue  f o r  t h e  f an  duct  

nozzle  flow c o e f f i c i e n t  when on t h e  s epa ra t ed  flowpath - equate  t o  0.  

ACF28 Input  parameter f o r  u s e r ' s  f a n  duct  nozz le  flow c o e f f i c i e n t  f o r  t h e  

s epa ra t ed  flowpath - equate  t o  d e s i r e d  value.  

*SCF8 S c a l e r  app l i ed  t o  t h e  Figure 7, 9 and 1 0  curve value f o r  t h e  nozzle  

flow c o e f f i c i e n t  when on t h e  conf luent  flowpath o r  t h e  low p re s su re  

t u r b i n e  nozz le  flow c o e f f i c i e n t  f o r  t h e  s epa ra t ed  flowpath - equate  

t o  0. 

ACF8 Input  parameter f o r  u s e r ' s  nozzle  f low c o e f f i c i e n t  f o r  t h e  conf luent  

flowpath o r  t h e  low p re s su re  t u r b i n e  nozz le  flow c o e f f i c i e n t  f o r  t h e  

separa ted  flowpath - equate  t o  d e s i r e d  value.  

* These parameters and o t h e r  parameters which a r e  t o  remain a t  a  cons tan t  
va lue  dur ing  a  da ta  run, can be input  a s  permanent i npu t  t o  conserve t h e  
number of expanded inpu t  t o  a v a i l a b l e  s i z e .  



*SCV29 S c a l e r  on t h e  F igure  8 f an  duct  nozz le  e x i t  v e l o c i t y  - equate  t o  0. 

ACV29 Input  parameter f o r  u s e r ' s  f a n  duct  flow stream v e l o c i t y  c o e f f i c i e n t  - 
equate  t o  des i r ed  va lue .  

*SCV9 S c a l e r  on t h e  F igure  8 low p re s su re  t u r b i n e  nozz le  e x i t  v e l o c i t y  - 
equate  t o  0. 

ACV9 Input  parameter f o r  u s e r ' s  low p re s su re  t u r b i n e  flow stream v e l o c i t y  

c o e f f i c i e n t  - equate  t o  d e s i r e d  value.  

ACFGD Input  incremental  parameter f o r  u s e r ' s  f a n  duct  flow stream g ros s  

t h r u s t  c o e f f i c i e n t  - equate  t o  d e s i r e d  value minus 1 (nega t ive  

increment).  

ACFG Input  incremental  parameter f o r  u s e r ' s  low p re s su re  t u r b i n e  flow 

stream g ros s  t h r u s t  c o e f f i c i e n t  - equate  t o  d e s i r e d  value minus 1 

(nega t ive  increment ) . 

A28S Input  parameter f o r  t h e  f a n  duct  phys ica l  nozz le  t h r o a t  a r e a  f o r  

t h e  s epa ra t ed  flowpath - equate  t o  des i r ed  value i n  square  inches.  

*SA8 S c a l e r  on t he  scheduled nozzle  phys ica l  t h r o a t  a r ea  f o r  t h e  con- 

f l u e n t  flowpath and t h e  scheduled low p re s su re  t u r b i n e  nozz le  

phys i ca l  a r ea  f o r  t h e  separa ted  flowpath - equate  t o  0 .  

Input  parameter f o r  t h e  d e s i r e d  nozz le  phys ica l  t h r o a t  a r ea  when 

us ing  t h e  conf luent  flowpath and t h e  low p re s su re  t u r b i n e  nozz le  

a r ea  when on t h e  s epa ra t ed  flowpath - equate  t o  d e s i r e d  a r ea  i n  

square  inches .  

*CDH,CDMB Drag C o e f f i c i e n t s  used i n  t h e  base drag  c a l c u l a t i o n  and can be 
and CDS. equated t o  0 when t h e  base drag  is  not  app l i cab l e .  

* These parameters  and o t h e r  parameters  which a r e  t o  remain a t  a  cons tan t  
value dur ing  a  da ta  run, can be input  a s  permanent i npu t  t o  conserve t h e  
number of expanded input  t o  a v a i l a b l e  s i z e .  



* a 2 6  Input  p r e s su re  l o s s  c o e f f i c i e n t  (AP/q) re fe renced  t o  t h e  S t a t i o n  26 

v e l o c i t y  head and can be used t o  r ep re sen t  i n t e r n a l  f a n  duct  nozz le  

l o s s e s  wi th  t h e  c r u i s e  i n s t a l l a t i o n  - equate  t o  d e s i r e d  value.  

*XL26PR Same a s  XL26 except  used wi th  t h e  wing i n s t a l l a t i o n .  

*XL58 Input  p r e s su re  l o s s  c o e f f i c i e n t  (AP/q) re fe renced  t o  t h e  S t a t i o n  58 

v e l o c i t y  head and can be used t o  r ep re sen t  i n t e r n a l  low p re s su re  

t u r b i n e  nozz le  l o s s e s  wi th  t h e  c r u i s e  i n s t a l l a t i o n  - equa te  t o  

d e s i r e d  va lue .  

*XL58PR Same a s  XL58 except  used wi th  t h e  wing i n s t a l l a t i o n .  

AP2726 Input  incremental  f a n  duct  nozz le  p re s su re  l o s s  i n  a d d i t i o n  t o  o r  

i n  p l a c e  of t h e  XL26 and XL26PR inpu t  - equa te  t o  d e s i r e d  value 

minus 1 (nega t ive  increment) .  

AP6Q59 Input  incremental  low p re s su re  t u r b i n e  nozz le  p re s su re  l o s s  i n  

addftion to or iii place of tile iiL5S and XL58PEi i npu t  - equa te  to 

d e s i r e d  value minus 1 (nega t ive  increment) .  

Cons tan ts  and Curves a s  Input  

The fo l lowing  curves may be input  t o  provide v a r i a b l e  va lues  a s  a  

f u n c t i o n  of cyc l e  parameters  du r ing  a  d a t a  run:  

Curve Name Function of Output Parameter Louvers Flow - 

CF8CGG P8QPO CF8 

BMF8CG BETAS BETAMX 

CF8ClG BETAT & BETAS CF8 

No Conf 1 uent 

Y e s  Confluent  

Y e s  Confluent 

* These parameters  and o t h e r  parameters  which a r e  t o  remain a t  a  cons t an t  
value du r ing  a  d a t a  run, can be input  a s  permanent input  t o  conserve t h e  
number of expanded inpu t  t o  a v a i l a b l e  s i z e .  



Curve Name Function of Output Parameter Louvers - Flow 

CF8GGG P8QPO CF8 

BMXFSG BETAS BMXCF8 

CF81GG BMXF8T & BETAS CF8 

No Sepa ra t e  

Yes Sepa ra t e  

Y e s  Separa te  

CFGNIG P8QPO CV9 No Both 

BMXV9G BETAS BMXCV9 Ye s Both 

CV91GG BMXV9T & BETAS CV9 Y e s  Both 

CF28GG P28QPO CF28 

BMF28G BETAS BMCF28 

CF281G BMF28T & BETAS CF28 

CFGDMG P28QPO ~ ~ 2 9  

BMV29G BETAS BMCV29 

CV291G BMV29T & BETAS CV2 9 
I 

No Sepa ra t e  

Y e s  Sepa ra t e  

Y e s  Separa te  

No Both 

Y e s  ~ 0 t h  

Ye s Both 

The curves named CF8ClG, CFSlGG, CVSlGG, CF281G and CV291G a r e  

transformed curve f i t s  of F igures  8, 9 and 10 .  The minimum values  f o r  t h e  

transformed curve f i t s  a r e  0 ( t h r u s t  angle ,  BETAB = 0)  and t h e  maximum 

values  a r e  those  corresponding t o  t h e  end p o i n t s  of t h e  BETAS ( s p o i l e r  ang le )  

curves  i n  F igures  8, 9 and 10 .  These maximum va lues  a r e  contained i n  curves  

BMFSCG, BMXFSG, BMXVSG, BMF28G and BMV29G and a r e  d iv ided  i n t o  t h e  input  

BETAB va lue  t o  e n t e r  t h e  t ransformed curves wi th  t h e  parameter names of BETAT, 

BMXFST, BMXVST, BMF28T and BMV29T. 

When us ing  t h e  above curves a s  i npu t ,  t h e  fol lowing parameters  a r e  

e s t a b l i s h e d  i n  t h e  cyc le  deck wi th  t h e  shown va lues  and should be r e i n i t i a l i z e d  

t o  t h e s e  va lues  i f  they  were r ep l aced  on previ'ous p o i n t s  : 

SCF28 = 1 SCV29 = 1 

ACF28 = 0 ACV29 = 0 

SCF8 = 1 SCV9 = 1 

ACFS = 0 ACV9 = 0 



The rest of t h e  parameters contained i n  Paragraph 3.1 may be used 

a s  des i red .  

4.  Connecting Duct Inputs  

The furnished represen ta t ive  connecting duct cons i s t s  of a  d i f f u s e r ,  

t h r o t t l i n g  valve and cross-duct sec t ions .  The following parameter inputs ,  by 

sec t ion ,  w i l l  permit replac ing t h e  furnished performance. 

4.1 Dif fuser  Sect ion 

XL511 Input pressure l o s s  coe f f i c i en t  (AP/q) referenced t o  the  gas gen- 

e r a t o r  turbine  e x i t  ve loc i ty  head - equate t o  des i red  value. 

AP51Q5 Input incremental d i f f u s e r  pressure l o s s  i n  addi t ion  t o  o r  i n  place 

of the  XL511 input - equate t o  des i red  value minus 1 (negative 

increment ) . 

AE511 Input parameter f o r  the  d i f f u s e r  e x i t  area - equate t o  des i red  area  

i n  square inches.  

4.2 Thro t t l ing  Valve Section 

SP5351 Scaler  on the  Figure 4 t h r o t t l i n g  valve pressure l o s s  - equate t o  

0 f o r  e l iminat ing  the  Figure 4 d a t a ;  t h i s  parameter input c a p a b i l i t y  

i s  a l ready provided with the  name TVSCL. 

AP5351 Input incremental t h r o t t l i n g  valve pressure l o s s  i n  addi t ion  t o  the  

cycle ca lcula ted  pressure l o s s  (SP5351 o r  TVSCL = 1 )  - equate t o  

des i red  value minus 1 (negative increment) o r  use a s  the  t o t a l  . 

pressure r a t i o  across  the  t h r o t t l i n g  valve (SP5351 o r  TVSCL = 0) - 
equate,  t o  des i red  pressure l o s s  r a t i o .  

AE513 Input parameter f o r  speci fy ing t h e  i n l e t  a rea  f o r  the  t h r o t t l i n g  

valve sec t ion  - equate t o  des i red  area  i n  square inches. (This 

area  and AE511 must be equal . )  



The Figure 4 curve may be r ep l aced  wi th  a  new curve by t h e  name of 

DP513G and a s  a  func t ion  of t h e  cross-duct  bleed flow t o  t h e  gas gene ra to r  

e x i t  f low r a t i o .  

4.3 Cross-Duct Sec t ion  

4.3.1 Bleed Out 

A p r e s su re  l o s s  i s  app l i ed  t o  account f o r  t h e  p o r t  l o s s e s  and t h e  

90 degree t u r n  r equ i r ed  f o r  t h e  bleed flow. 

SP512 S c a l e r  on t h e  Figure 2 p re s su re  l o s s  - equate  t o  0 f o r  e l i m i n a t i n g  

t h e  F igure  2 d a t a .  

AP512 Input  incremental  t u r n i n g  p re s su re  l o s s  i n  a d d i t i o n  t o  t h e  cyc le  

c a l c u l a t e d  p re s su re  l o s s  (SP512 = 1 )  - equate  t o  d e s i r e d  va lue  

minus 1 (nega t ive  increment)  o r  use  a s  t h e  t o t a l  p r e s su re  r a t i o  

l o s s  (SP512 = 0)  - equa te  t o  d e s i r e d  value.  

The Figure 2 curve may be r ep l aced  wi th  a  new curve having t h e  name 

DPQ51G and is  a  func t ion  of  t h e  cross-duct  bleed flow t o  t h e  gas  gene ra to r  

e x i t  f low r a t i o .  The p re s su re  l o s s  c o e f f i c i e n t  is  re fe renced  t o  t he ,  v e l o c i t y  

head a t  S t a t i o n  511. 

I n  a d d i t i o n  t o  t h e  flow t u r n i n g  p re s su re  l o s s ,  a  p r e s su re  l o s s  i s  

app l i ed  f o r  t h e  duct  l e n g t h  connect ing t h e  two l i f t  f a n  systems. This  l o s s  

can be rep laced  a s  fo l lows:  

AEHBLE Input  cross-duct a r ea ,  equa t e  t o  d e s i r e d  value i n  square inches .  

XL515 Input  p r e s su re  l o s s  c o e f f i c i e n t  (AP/q) parameter re fe renced  t o  t h e  

AEHgLE v e l o c i t y  head - equate  t o  des i r ed  value.  

AP515 Input  incremental  cross-duct p r e s su re  l o s s  i n  a d d i t i o n  t o  o r  i n  

p l ace  of t h e  XL515 inpu t  - equa te  t o  d e s i r e d  value minus 1 

(nega t ive  increment) .  



The r e s u l t i n g  p re s su re  i s  t h a t  which is  a v a i l a b l e  a t  t h e  b leed  p o r t  

i n l e t  a t  t h e  b leed  i n  l i f t  f a n  system. 

4.3.2 Bleed In  

A p re s su re  l o s s  is app l i ed  t o  t h e  b leed  i n  t o  account f o r  t h e  p o r t  

l o s s e s  and t u r n i n g  90 degrees .  

SP511 S c a l e r  on t h e  Figure 3 p re s su re  l o s s  - equate  t o  0 f o r  e l i m i n a t i n g  

t h e  F igure  2 d a t a .  

AP511 Input  incremental  t u r n i n g  p re s su re  l o s s  i n  a d d i t i o n  t o  t h e  cyc le  

c a l c u l a t e d  p re s su re  l o s s  (SP511 = 1 )  - equa te  t o  d e s i r e d  value 

minus 1 (nega t ive  increment) o r  use a s  t h e  t o t a l  p r e s su re  r a t i o  

l o s s  (SP511 = 0)  - equate  t o  d e s i r e d  value.  

The F igure  3 curve may be rep laced  wi th  a new curve having t h e  name 

DP&52G and i s  a func t ion  of t h e  volumetr ic  b leed  flow t o  t h e  volumetr ic  gas 

generztcr exit f l ev  r a t i e  !!Y!3?ATIB). 

Where 

The p re s su re  l o s s  c o e f f i c i e n t  i s  r e f e r enced  t o  t h e  v e l o c i t y  head 

occur r ing  wi th  t h e  AEHBLE a r e a .  

During engine-out and bleed-in opera t ion ,  t h e  Figure 3 p re s su re  

l o s s  c o e f f i c i e n t  is  rep laced  by t h e  fol lowing parameter:  

ACONST Input  p r e s su re  10s s coef f  i . c i en t  re fe renced  t o  t h e  AEHBLE: v e l o c i t y  

head and can be overr idden o r  implemented by t h e  parameters SP511 

and AP511 - equate  t o  d e s i r e d  va lue .  

Permanent Input  Descr ip t ion  

The permanent i npu t  fol lows t h e  THEEND@ 999 ca rd  of t h e  expanded 

input /output  s e c t i o n  i n  t h e  permanent i npu t  s e c t i o n .  (Paragraph 4.3 i n  t h e  

I n s t r u c t i o n  Manual) 



The cons tan t  format f o r  input  is  given below: 

Columns 2-7 and 29-34 One t o  s i x  cha rac t e r  name and is  l e f t  a d j u s t e d  

1 3  and 40 Equal s i g n  

14-27 and 41-54 Value of i npu t  and must inc lude  a  decimal po in t  - 
i s  r i g h t  ad jus t ed  

28 and 55 Comma 

The above ca rds  a r e  preceded by a  card wi th  REAL punched i n  columns 

2-5 and followed by a  ca rd  w i t h  THEEND punched i n  columns 2-7. 

The curve input  format i s  a s  fo l lows:  

F i r s t  Card 

Columns 4-7 Must be T = 6H 

8-13 S i x  c h a r a c t e r  curve name 

14 comma 

15-17 The number of X va lues  - an i n t e g e r  and i s  r i g h t  ad jus t ed  

1 8  comma 

19-21 The number of Y va lues  - an i n t e g e r  and is r i g h t  a d j u s t e d  

22 Comma 

Subsequent Cards 

Columns 4-5 X = which is f i r s t  ca rd  conta in ing  X va lues  

Y = which i s  f i r s t  ca rd  conta in ing  Y va lues  

Z = which is  f i r s t  c a rd  conta in ing  Z va lues  

For u n i v a r i a t e  curves ,  t h e  X= o r  Y= ca rd  is omi t ted  - f o r  a  

cons tan t  value curve, t h e  Z= card is  a l l  t h a t  is  necessary  

6- 7  Must be b lank  

Values of X, Y o r  Z o r d i n a t e s  and must con ta in  a  decimal 
24-37 p o i n t  - i s  r i g h t  a d j u s t e d  
40-53 



Subsequent Cards (continued) 

Columns 22, 38, 54, 70 Comma 

23, 39, 55 Must be blank 

The curve input cards must be preceded by a card with CURVE punched 

i n  Columns 2-6 and followed by a card with THEEND punched i n  Columns 2-7. 

The permanent input  sec t ion  is followed by a card with NOMORE 

punched i n  Columns 2-7 and i s  required whether permanent input is  used o r  

not .  



TABU I, INTERCONNECT DUCTING LOSSES 

Refer t o  Figure 9 f o r  S t a t i o n  Designations 

Dif fuser  ( S t a t i o n 5 1  t o  511) 

Ae51 
= 161.94 sq .  i n .  

A P / ~ ~ ~  = 0.15 

Bleed-out ( S t a t i o n  511 t o  512) 

Ae511 
= 232.4 sq. i n .  

A P / ~ ~ ~ ~  = See Figure 10  

Cross-duct (S t a t ion  512 t o  515) 

Ae512 
= 116.2 sq. in .  

~ " ~ 5 1 2  
= 1.4 

Bleed-in ( S t a t i o n  512 t o  511P) 

, *e512 
= 116.2 sq. i n .  

A P / ~ ~ ~ ~  = See Figure 11 

S c r o l l  I n l e t  (S t a t ion  513 t o  53) 

*e513 
= 232.4 sq.  i n .  

AP/q513 
= 0.05 



TABLE 11 - RESEARCH AIRCRAFT NOISE CONI'OUR RESULTS 

Ins t a l l a t i on  (2 

Suppression 
PXdB on 
500' S.L. 

95 PNdB 
Acreage Company No. Engines Thrust/Engine 

1. McDonnell 6 12,216(11 l b s  

Fl ight  Path - 
Steep 

2. McDonnell 6 12,216 l b s  Steep 

3. McDonnell 6 12,216 l b s  Short Run, L o w  
A 1  t i tude Wan- 
s i s t i o n  

4. North American 6 10,500 l b s  Steep 

- 5. North American 4 12,216 l b s  

2 5,000 l b s  

Steep 

6. 'North American 10,500 l b s  Steep Type 1 

12,216 l b s  Steep No 

8. McDonnell 12,216 l b s  Steep Type 2 

9. McDonnell 12,216 l b s  s teep  Type 3 

(1) Noise Rating Point 

Type 2 Type 3 

-5 db No noise 
No noise No noise 

-6 db -6 db 

(2) L/C Fan In l e t  
L/C GG. In le t  
A l l  Fan Exhaust 



TABLE 111. ENGINE DISCHARGE GAS CONDITION FOR LF4XX STUDY 

Exhaust Gas Temperature, O R  

Engine Discharge Pressure, ps ia  

Scroll  Inlet  Airflow, lb /sec  

Duct Pressure Loss, percent 

Std. Day 

2060 

61.5 

76.2 

11 

90'~ Day 

2060 

57.35 

71.6 

11 



TABLE IV 

W464 Performance Summary 

Design Tip Speed 
Design Pressure Ratio 
Radius Ratio 
Design Hub Loading 
Design Airflow 
Specific Flow 
% Gas Gen 

% Bleed 
HP ext .  

qR Fan 

Rating 

Std. Day 

% 7) Gas Gen 
L i f t  
Base Drag 
U t  
Pressure Ratio 
WA Fan 
% Duct Loss 
T54 

9 0 ' ~  Day 

%7) Gas Gen 
L i f t  
Base Drag 
U t  
Pressure Ratio 
WA Pan 
% Duct Loss 
T54 

Max. 
Cont . 

101.5 
15739 
506 
1125 
1.3216 
711.4 
11.2 
2052 

101.5 
14251 
460 
1100 
1.29 
659 
11.2 
2053 

Light Treatment 
(2 S ~ l i t t e r s )  

Nom . 

101.5 
12783 
41 4 
1018 
1.258 
644 
10.78 
1835 

101.5 
11928 
387 
1015 
1.24 
605 
10.78 
1864 

M a x .  
Cont . 

101.5 
15658 
519 
1108 
1.3256 
703.8 
11.2 
2052 

101.5 
14177 
4 72 
1084 
1.293 
652 
11.2 
2053 

Nom. 

101.5 
12716 
42 5 
1003 
1.262 
63 7 
10.78 
1835 

101.5 
11865 
398 
1000 
1.243 
598 
10.78 
1864 

Heavy Treatment 
(4 S ~ l i t t e r s )  

Max. 
Cont . 

101.5 
14937 
754 
1125 
1.3216 
711.4 
11.2 
2052 

101.5 
13484 
685 
1100 
1.29 
659 
11.2 
2053 

Nom . 

101.5 
12074 
616 
1018 
1.258 
644 
10.78 
1835 

101.5 
11257 
5 75 
1015 
1.24 
605 
10.78 
1864 

Max. 
Cont . 

101.5 
14831 
7 72 
1108 
1.3256 
703.8 
11.2 
2052 

101.5 
13415 
701 
1084 
1.293 
652 
11.2 
2053 

Nom . 



Figure  1 .  LF460 L i f t  Fan Layout 
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Figure 2 .  Effects  of Engine Speed Unbalance on Cross-Duct Flow 
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Figure 3 .  Effects  on Engine Speed Unbalance on Engine Fuel Flow 



(sea Level S t a t i c  Standard Day) 

Figure 4. Ef fec t s  o f  Engine Speed Unbalance on Turbine Inle t  Temperature 
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Figure 5. Effects  of .Engine Speed Unbalance on Exhaust Gas Temperature 
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Figure 6 .  Effects  of Engine Speed Unbalance on Engine Discharge Pressure 
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Figure 7, Effec t s  of  Engine speed Unbalance on Compressor S t a l l  
Margin 



No Allowance for  Low Side Engine Acceleration 
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High Side Engine Speed, Percent 

Figure 8 .  Engine Speed Unbalance Limitation as  Established 
by S t a l l  
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Figure 9 .  Schematic o f  Fan Interconnected Ducting System 
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Figure 10. Interconnect Duct Pressure Loss Coefficient for 
Bleed Out of System 
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Figure 11. Interconnect Duct Pressure Loss Characteristics . 

for Bleed into System 



(Low Fan) 180 
(High Fan) 180 , 

Scroll  Arc, Degrees 

Figure 12. Fan Thrust Variation with Scroll Arc, Engine-Out 
Operat ion 



Scrol l  Arc, Degrees 

Figure 13.  Interconnect Flow Variation -with Scrol l  Arc, 
Engine-Out Operation 
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Figure14. Engine Temperature Variation with Scrol l  Arc, 
Engine-Out Operation 
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Figure 1 5 .  Engine Maximum Speed Variation with Scrol l  Arc, 
Engine-Out operation 
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Figure 16. Fan Thrust Variation with Scroll Arc, Engine-Out Operation, 
50 percent Duct Losses 
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Figure 17. Interconnect Flow Variation with Scroll Arc, Engine-Out 
Operation, 50 percent Duct Losses 
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Figure 18. Engine -Temperature Variation with Scrol l  Arc, Engine- Out 
Operation, 50 percent Duct Losses 



(Low Fan) 180 190 200 210 220 23 0 
(High Fan) 180 170 160 150 140 130 

Scroll Arc, degrees 

Figure 19. Engine Maximum Speed Variation with Scroll Arc, Engine- 
Out, 50 percent Duct Losses 



Velocity Ratio, q /q 
0 f 

Figure 20. Stall Envelope for LF336/A as Observed During . 

NASA Windtunnel Tests 



D = Fan T i p  Diameter 
T 

Geometry Factor, (x/D~) 

Figure 21. Estimated S t a l l  Envelope for  Horizontally 
Mounted- L i f t  Fans 



Zero Vector Discharge Flow 
Zero Vector Discharge Flow Plus Thrust Magnitude Control 

Thrust Vectoring Plus 
Simple Thrust Vectoring Thrust Magnitude Control 

Vector = (pl + p )/2 
2 

Stagger = (R2 - el) 

Figure 22. Schematic of Exit Louver System 



Percent Blockage 

Figure 23. Throttling Characteristics of Blockage Downstream 
of an Annular Nozzle 
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Figure 24. Throttling Characteristics of Blockage Down- 
stream of a Round Nozzle 



Flow Coefficient, 
CF - -- Velocity Coefficient, Cv 

(Vector Angle = 0") Stagger 



Turbine Flow Coefficient: 

C, = r1- (l-cFF(o. 511 

0" Vector = 10' 
I I I 20- 

20' 

0 10 20 30 40 

Thrust Angle 

Figure 26. Estimated Louver Flow Coefficient for LF460, Drop 
Height = 4.5" 
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Figure 27. Estimated Louver Velocity Coefficient for LF460, 
Drop Height = 4.5" 
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Figure 28. Estimated Thrust Characteristics of the LF460 
With Louvers 



Note: Assumes Negligible Losses in Flow Transfer Ducting. 

0 100 2 00 3 00 40 0 500 600 

Throttling Parameter, N(C!'PRL) 

Figure 29. Nomograph for Estimating Fan Lift with Control 
Inputs 



0 Six Interconnected Systems 

Maximum L i f t  a t  Maximum Control Conditions i s  15,000 Pounds 

e Control Inputs  a r e  a s  follows: 

F romFigure29  f a n l i f t  l e v e l s a r e  a s  follows: 

Unit Percent Percent Fan 

No. - Control N (CTRL) L i f t  L i f t  

Estimated l i f t  l e v e l s  can be used t o  determine cont ro l  moments and 

t o t a l  system l i f t  l e v e l s  

Figure 30. Example of Control f o r  a Six Fan, Six Engine System 
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Figure 31. Estimated Torque Unbalance Variat ion 
with Speed 



Turbine Torque = 186,700 + 
149,500 (Percent Speed/100) 

, - -, Turbine Torque = 186,700 (Constant) 

Time, Seconds 

Figure 32. Estimated Acceleration Times f o r  LF460 L i f t  Fan 
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Figure 33. Typical Cruise Inlet  Contour Limitation for LF4XX Design 
Li f t  Unit 



Figure  34. Annular J e t  Flow P a t t e r n s  i n  Presence of 
Ground Plane 
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Theory for  Figure 34b Flow Pattern 

---- Theory for  No Ground Plane 

Figure 35. Comparison of  Theory and Experiment for  26" 
Low Speed Scale Model Fan 
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Figure 36. Hub Drag Coefficient,  Out of Ground Effect 



Flow Exit Angularity, R ,  Degrees 

Figure 37. Hub Base Pressure Coefficient, Out of Ground 
Effect 
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Flow Exit Angularity, p, D e  rees  .E; 
Figure 38. Exit Velocity Coef f i c i en t ,  Out o f  Ground Effect 
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Flow Exit Angularity, 8,  Degrees 

Figure 39. Exit Flow Coefficient, Out of Ground 
Effect 
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Figure 40. Exit Thrust Coefficient, Out of Ground Effect 
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Figure 41. Critical Height Parameter, In Ground Effect 
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Figure 42. Exit Velocity Coefficient at Flow Exit Angularity of 
0 degrees, In Ground Effect 



Ground Height, H/DT 

Figure 43. Exit F l o w  Coefficients at F l o w  Exit Angularity of 
0 degrees, In Ground Effect 
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Figure 44. Exit Thrust Coefficient at Flow Exit Angularity of 
0 degrees, In Ground Effect 
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Figure 45. Exit Velocity Coefficient at Exit Flow Angularity of 
10 degrees, In Ground Effect 
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Figure 46. Exit Flow Coefficient at Exit Flow Angularity of 
10 degrees, In Ground Effect 
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Figure 47. Exit Thrust Coefficient at Exit Flow Angularity of 
10 degrees, In Ground Effect 
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Figure 48. Exit Velocity Coefficient at Exit Flow Angularity of 
-20 degrees, In Ground Effect 
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Figure 49. Exit Flow Coeff icient  a t  Exit Flow Angularity of  
-20 degrees, In Ground Effect  
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Figure 50. Exit Thrust Coefficient at Exit Flow Angularity of 
-20 degrees, In Ground Effect 
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Figure 51, Photograph of Research 
Aircraft Models 

MCDONNELL DOUCLAS 
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Figure 52. Research Aircraft Velocity Profile for Noise Contours 



Runway Distance, f e e t  - 
Figure 53. Research Aircraft Altitude Profi le for Noise Contours 
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Figure 54.  Research Aircraft Thrust Vector Angle Schedule for Noise Contours 
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Figure 55.  Boeing Research Aircraft Thrust Vector Schedule for Noise Contours 
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Figure 56. Noise Contour for McDonnell Research Aircraft, No Installation Suppression, 
Steep Takeoff Path 
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Figure 57. Noise Contour for  McDonnell Research Aircraft with Suppression, 
Steep Takeoff Path 
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Figure 58. Noise Contour for McDonnell Research Aircraft with Suppression, 
Low Altitude Transition F'ath 
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Figure 59.  Noise Contour f o r  North American Research Aircraft  with 
Suppression, Steep Takeoff Path 
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Figure 60. Noise Contour for  North American Resea:rch Aircraft,  No Instal lat ion Suppression, 
Steep Takeoff Path, Four fans at  12,2116 pounds l i f t ,  Two fans a t  5000 pounds l i f t  
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Figure 61. Noise Contour for  North American Research Aircraft,  No Instal lat ion Suppression, Steep 
Takeoff Path, A l l  Fans a t  10,500 pounds l i f t  
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Figure 62. Noise Contour for Boeing Research Aircraft, No Installation Suppression, 
Steep Takeoff Path 
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Figure 63. Contours for  McDonnell Configuration showing Effects  of  Ins ta l la t ion  Suppression, 
Steep Takeoff Path 



*Dimensions in parenthesis are 
for original LF460 deisgn. I 

Figure 64. Installation Drawing of Modified LF460 Lift Fan 
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Figure 6 5 .  LF460 S i n g l e  Bubble 75/25 S p l i t  - N o  Gooseneck 
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Figure 66. Parametric Fan Performance, Standard Day 
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Figure 67. Parametric Fan Performance, 90°F Day 
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Figure 68. I n s t a l l a t i o n  Drawing o f  LF464, Heavy Suppressed, L i f t  Fan 
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Figure 69. Fan System Thrust 



Figure 70. Fan System Sizing Parameter 
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Figure Fan Thrust- to-Weight 
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Figure 72. Fan Speed and Radius Ratio Variation with 
Design Pressure Ratio 
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Figure 73. Installation Dimensions 



Figure 74. Ins ta l l  a t  ion Drawing 



Ambient Temperature, 

Figure Corrections for Non- Standard Conditions 



Figure 76. Fan 
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Response Characteristics 



1 Non-Acoustlc 

Heavy Treatment 

Fan Pressure Ratio 

Figure Fan Nozzle Pressure Ratio 




