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. 
AN ANALYSIS AND SIMJIATION OF IAXDINGS 

UTILIZIIiG STORED -ENF,RGY LIFT 

L 

BY 
D.R. Ellis and E. Seckel 

S W i R Y  - 
The var ious phases of a landing, i n  which energy s tored  on 

board the  aircraft i s  used t o  support i t s  weight during decelera- 
t i o n  from f lare  t o  hover, are considered. The dece lera t ion  i s  
assumed t o  be done a t  constant  a l t i t u d e  and p i t c h  a t t i t u d e ,  l i f t  
due t o  s tored  energy be ing  commanded as required by a separate  
con t ro l  a t  t he  le f thand  of the  p i l o t .  

Simulation of the decs le ra t ion  phase of the landing w a s  pro- 
vided i n  a simple analogue computer, osci l loscope display, s t i c k  
and l i f t  cont ro l ,  arramgemnt.  Var ia t ion  of ve loc i ty  and various 
aerodynamic parameters w i t h  time were programmed i n  accordance 
w i t h  t h e o r e t i c a l  ca l cu la t ions  of constant  a t t i t u d e  dece lera t ion  
w i m  reverse  ~ n r u s & .  ,3;iinulaie; &=LeLcl aLiv,, ai>< L----'- W W U b L I  U",I*& r)--ru .. -.a- 

were made w i t h  various i n i t i a l  condi t ions and a i rp l ane  parameters.  

stored-energy l i f t  i s  brought on during f i n a l  approach p r i o r  t o  
the braking  phase, t he  landing maneuver i s  easy and na tu ra l  f o r  
the p i l o t .  T h i s  technique, however, i s  v e r y  wasteful of stored- 
energy. It i s  much more e f f i c i e n t  t o  use stored-energy l i f t  only 
as needed during decelerat ion,  t o  support  the  a i r c r a f t  as aerody- 
namic l i f t  decreases.  The l a t t e r  technique i s  more d i f f i c u l t  f o r  
the p i l o t ,  but appears t o  be f eas ib l e ,  given that  c e r t a i n  other  
condi t ions  are favorable .  Estimates of stored-energy requirements 
are made for the  various techniques and ranges of parm-e ters .  

Simulation of t he  landing procedure i n d i c a t e s  t h a t  when the 
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INTROOUCTI ON 

A l l  t he  var ious means t o  sy-pport a f l y i n g  vehicle  continuously 
at  very low speeds a re  qui te  inefficj-zri t  and requi re  l a rge  o r  com- 
p l i c a t e d  power p l a n t s  awl X f t i n g  e l exen t s .  The large i n s t a l l e d  
power or  complicated l i f t i n g  systems f o r  Ver t i ca l  Take-off and 
Lancli?g c a p a b i l i t y  seem always t o  compromise the  a i r c r a f t  i n  one 
way or 2Aother. 

If, however, s h o r t  b u r s t s  of l i f t  energy could be s to red  on 
board t h e  a i r c r a f t ,  and used f o r  lift during the  momentary decelera- 
t i on  phase from " f l igh t  speed" t o  hovering, perhaps VfOL c a p a b i l i t y  
could be furnished without; a large handicap i n  terms of i n s t a l l e d  
power or complicated s y s i : c . ~ s .  

t r a n s i e n t s  involved i n  s l m i n g  down - near  the ground - from a 
normal approach or f l a r e  c;eed t o  a hover.  
the stored-energy lift i s  required t o  support  the a i r c r a f t .  It i s  
expected t h a t  the management of the stored-energy would have an i m -  
p o r t a n t  bear ing  on t h e  stored-energy capaci ty  requirements and t h e  

The study repor ted  here was undertaken t o  explore the  general  
f e a s i b i l i t y  of such landings,  and t o  ind ica t e  the range of energy 
requirements f o r  var ious p i l o t i n g  techniques and ranges of parameters.  

T h i s  idea raises qui-:-:f;ions about p i l o t i n g  problems during the 

I n  t h i s  phase, of course, 

-6"- - -v.f ' - - - -?nm 4-hr\ -..--*-trh- 
L.E*.Y\- VI  LA a VI i r r r r i g  U I L ~  I U C L ~ I L U V ~ A  . 

3 



c SYMBOLS 

cD 
Drag 
qs 

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

C 
DO 

z e r o - l i f t  drag coe f f i c i en t  

L i f t  l i f t  c o e f f i c i e n t  - 
qs cL . 

D drag 

acce le ra t ion  due t o  gravi ty  

h a l t i t u d e  

i sub s c r i p t  denoting s t a r t  of dece lera t ion  

IY moment of i n e r t i a  about p i t c h  axis 

s tored  energy spec i f i c  impulsz 

c 

i n 
7% induced drag pararrleter ki 

K 

i U 

induced drag constant f o r  parabol ic  drag po la r  
- 2 

cD - cDo  + KCL 

a t a i l  length 

L l i f t  

L dL s t a b i l i t y  der iva t ive ,  mV 

1 a L  stored-energy l i f t  control  der iva t ive ,  - r n q  Y L 
6T 

m mass 
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p i t c h i n g  moment M 
c 

1 a M  longi tudina l  s t a b i l i t y  der iva t ive  5 aa 
longi tudina l  s t a b i l i t y  der iva t ive  5 1 aM 

Ma 

M. a 

1 aM longi tudina l  s t ab i l i t y  der iva t ive ,  - 
Iy a 

1 aM longi tudina l  cont ro l  der iva t ive ,  - 

p i t c h i n g  moment due t o  s to red  energy lift, 

Iy a6, 
1 a M  - 
Iy as, 

S M6 

aerodynamic (wing) l o a d  f a c t o r ,  L n 

aerodynamic (wing) load  f a c t o r  a t  s tar t  of d-ecelerat ion "i 

1 2  dynamic pressure,  pV 

t time, seconds 

t* + m a  . 
dece lera t ion  time parameter, 

T th rus t  

TD 

TL 

T4 

reverse  t h r u s t  

s to red  energy l i f t  

t i m e  required f o r  dece lera t ion  phase 

v ve loc i ty  r a t i o ,  - 

ve loc i ty  
vR 

U 

Y 

V 

vR ve loc i ty  f o r  minimum drag, 1- 

%I 
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c 

W v e r t i c a l  gust  v e l o c i t y  

w weight 

I 

X d is tance  along flight pa th  

* Xg 
2 X d i  s t anc e p ar m e  t e r , 

VR (1J’D)max F 

m 

zD reverse  t h r u s t  parameter, 

a angle of a t t a c k  

Y f l i g h t  pa th  angle .  

moment cont ro l  (center  s t i c k )  de f l ec t ion  

stored energy cont ro l  “ ( s ide  l e v e r )  de f l ec t ion  

bs  

&T 

0 p i t c h  a t t i t u d e  angle 

P dens i ty  

w 

< 

6 

7 -- .-a 1.. 232 .- - 7  
I U ~ I ~ L C , U U U ~ ~ L  bi10~ t pei iuci  r l a i u r a i  Lreyuerlcy 

l ong i tud ina l  sho r t  period damping r a t i o  
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. ANALYSIS AND RESULTS 

Two Tjrpes of Stored-Energy Landing 
For t he  purposes of discussion and ana lys i s  i n  the following 

sec t ions ,  one kind 
down i n t o  f i v e  phases.  They are  i l l u s t r a t e d  i n  the  sketch below. 

(ni = 0) of stored-energy landing i s  broken 

\ S t a b i l i z a t i o n  

Fig. 1 The Phases of a Stored-Energy Landing (ni = 0) 

We shal l  no t  deal  w i t h  preliminary phases which would not  
involve expenditure of s tored  energy, l i k e  navigat ion t o  the  t e r -  
minal a rea ,  maneuvering i n  the  terminal area t r a f f i c  p a t t e r n s  f o r  
p o s i t i o n  and sequence, then  acquir ing and s t a b i l i z i n g  on the  f l i g h t  
pa th  f o r  f i n a l  approach. The landing begins,  f o r  our purposes, 
w i t h  the  f i r s t  use of stored-energy on f i n a l  approach, i n  Phase 1, 
above. The stored-energy th rus t ,  o r  l i f t ,  would be brought on 
from TL= 0 t o  TL= W i n  t h i s  per iod.  Speed and descent angle 
would be kept approximately constant,  bu t  angle-of - a t t ack  and a t t i -  
tude would undergo l a rge  changes. T h i s  phase would correspond 
roughly t o  lowering f l aps ,  during f i n a l  approach, from mid-posit ion 
t o  landing pos i t i on ,  i n  a conventional a i rp l ane .  

7 



1 

Phase 2 i s  a shor t  period of s t a b i l i z a t i o n  t o  e l iminate  t r an -  
s i e n t s  a r i s i n g  i n  t h e  t r a n s i t i o n ,  t o  acquire the co r rec t  pos i t i on  
and speed f o r  the f l a r e  t o  "get set",  so t o  speak, f o r  the exact ing 
f i n a l  phases of t h e  landing. We assume, though it i s  not  r ea l ly  
c r u c i a l ,  t ha t  Phases 1 and 2 -a re  done a t  V = 100 f t / s e c  and 
y = 6 O  . 

f l igh t  j u s t  off the ground. A t  the  end of f l a r e  the a i rcraf t  i s  
assumed t o  be i n  l e v e l  f l i g h t  a t  about 10 f t  a l t i t u d e ,  V = 100 f t / s e c ,  

The rate of descent i s  therefore  10 f t / s ec ,  o r  600 f t /ni in .  
Phase 3 i s  the f lare from the  6 cleg. descent=path t o  l e v e l  

ready for dece lera t ion  t o  hover. /- 

During decelerat ion,  Phase 4, the p i l o t  app l i e s  reverse  (bra- 
king) t h r u s t ,  and while slowing down, con t ro l s  he ight  by modulating 
the  stored-energy lift, cont ro ls  , a t t i t u d e  wi th  conventional s t i c k  
(or wheel), and monitors speed, ,, V , i n  order t o  c u t  off  reverse  
t h r u s t  when hovering i s  reached. 

t o  the ground. It would be done by simDly decreasing the s tored-  
energy l i f t .  

of an ordinary landing technique. It i s  obviously f e a s i b l e ,  given 
favorable  values f o r  c e r t a i n  parameters which will be discussed 
l a t e r .  It i s ,  however, obviously wasteful of s tored  energy, which 
i s  brought on i n  f i n a l  approach long before i t  i s  r e a l l y  needed t o  
s u s t a i n  the weight of the a i r c r a f t .  T h i s  has l e d  t o  considerat ion 
of a second kind of stored-energy landing, i n  which the  f i n a l  ap- 
proach and flare are t o  be done on ordinary aerodynamic wing l i f t ,  
and the s tored  energy l i f t  i s  saved f o r  Phase 4 where i t  i s  brought 
on as needed f o r  con t ro l  of a l t i t u d e  during the  dece lera t ion .  But 
i n  t h i s  method, p rec i s ion  height con t ro l  during dece lera t ion  might 
be more d i f f i c u l t ,  poss ib ly  even imprac t ica l .  

F ina l ly ,  Phase 5 c o n s i s t s  of a set-down, at zero forward speed, 

qlk- nrr-n,.%A..rrA d * - y r u 3 L - - l  - L e - - -  - - ,. ---- e - v - w - u ~ y  - - U - A A u L u  u ~ u v L  Ai3 a i a b i i e i  uL4viuus CAnlerlSiiurl 

From the  po in t  of view of the p i l o t i n g  t a s k ,  the  s i g n i f i c a n t  
I d i f f e rences  between the  two rnethods lie i n  Phase 4. To explore 

them experimentally,  a simple piloted.  simulator f o r  dece lera t ion  
i 
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* and touch-down w a s  devised. The two p r i n c i p a l  parameters which 
were varied were the  decelerat ion time, T4 , represent ing  d i f -  

f e r e n t  l e v e l s  of reverse th rus t :  and the l e v e l  of stored-energy 
l i f t  a t  the beginning of Phase 4, propor t iona l  t o  (1 - ni) . 
Where ni = 0 , the  landing i s  of t h e  f i r s t  kind, where the  tran- 
s i t i o n  t o  stored-energy lift i s  on f i n a l  approach, as i n  F ig .  
Where ni = 1 , the  landing i s  of t he  o ther  kind, i n  which the  
stored-energy lift i s  brought on as needed, during dece le ra t ion ,  

An intermediate value of n would correspond t o  a p a r t i a l  
t r a n s i t i o n  t o  stored-energy l i f t  on f i n a l  approach w i t h  t he  remain- 
d e r  brought on as needed during Phase 4. 
were made, w i t h  ni = .5 , represent ing stored-energy lift equal 
t o  one-half weight i n  Phases 1, 2 and 3, and a t  the beginning of 
Phase 4. 

Besides va r i a t ions  of the  two p r i n c i p a l  parameters T4 and 
ni , t w o  o ther  f e a t u r e s  of t h e  system were var ied a l s o .  
the p i t c h  dynamics of the a i r c r a f t ,  cons i s t ing  of the s e t  of sta- 
b i l i t y  de r iva t ives ;  and a control  coupling term, p i t ch ing  moment 
UUG U U  oL#urcu-cllcr~y 111 b,  l"l& . I i l C  V a r 1 a . b I u l L D  1 1 1  ClllC3C par a- 

meters and t h e i r  e f f e c t s  on t h e  p i l o t i n g  t a s k  w i l l  be discussed 
i n  de t a i l  i n  the presenta t ion  of  r e s u l t s .  

i 

A f e w  runs of that  kind 

They were 

- .  - 4  - I  -. . I .  . I .  

I 

The Decelerat ion Maneuver 

involves  constant  a l t i t u d e  and constant  p i t c h  a t t i t u d e ,  i n  which 
the aircraft  i s  borne p a r t l y  upon aerodynamic l i f t  and p a r t l y  upon 
d i r e c t  l i f t  from a stored-energy source.  It i s  assumed tha t  reverse  
'.hrust independent of ve loc i ty  i s  ava l l ab le .  

---- 
The p a r t i c u l a r  decelerat ion maneuver represent ing  Phase 4 



Alt i tude ,  h ! 
I 

Fig. 2 Orientat ion of Force and Veloci ty  Vectors 
for Deceleration 

The f l i g h t  pa th  may be described by the following s e t  of 
equations: 

h = O  

x = v  

TL and 
re  spec t i ve 1 y . TD are the  stored-energy d i r e c t  l i f t  and the reverse t h r u s t ,  

Equations (IC) and (Id) may be r ewr i t t en  as 

TL n - l - t - = O  w 

whe re 

L . n = v  

the r a t i o  of aerodynamic (wing) l i f t  t o  weight. 

10 



Constant CL Constraint  
Since f l i gh t -pa th  angle ,  y , p i t c h  a t t i t u d e ,  , and angle- 

of-at tack,  a , a re  r e l a t e d  according t o  

l i m i t i n g  the m,zneuver t o  constant a l t i t u d e  and constant  a t t i t u d e  
also implies  constant  angle-of-attack. 
the aerodynamic (wing) l i f t  coe f f i c i en t  i s  cons tan t .  

maneuver are denoted by a subscr ipt  

T h i s  i n  t u r n  implies  that 
L 

If condi t ions e x i s t i n g  a t  the beginning of t h e  dece lera t ion  
I I  i", we have 

nW - n.W 1 

W e  thus obta in  the  load f a c t o r  va r i a t ion  during t h e  maneuver: 

(4 )  

Stored-Energy L i f t  - Function of Veloci ty  
The amount of stored-energy l i f t  which must be supplied t o  

The r e s u l t  i s ;  
maintain l e v e l  f l i g h t  as the  airspeed decreases i s  found by in se r -  
t i n g  equat ion (5) i n t o  the l i f t  equation (2a) . 

2 - TL = 1 - ni($ 
w 

D i f f e r e n t i a l  Equations of Deceleration 
The c e n t r a l  problem of t h e  ana lys i s  i s  t o  determine the  d i s -  

tance and the  time required t o  dece lera te  from some i n i t i a l  velo- 
c i t y  t o  a f i n a l  veloci ty ,  taking i n t o  account the i n i t i a l  aerody- 
namic (wing) load f a c t o r ,  the  l e v e l  of reverse  t h r u s t  ava i lab le ,  

11 
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and the  drag aerodynamics of the vehicle .  

equation”,  (2b ) ,  w i th  ve loc i ty  as the  independent var iable ,  which 
gives  

The governing equations are obtained by rearranging the “drag 

It i s  reasonable t o  assume t h a t  the  d r a g  aerodynmics of the 
machine may be represented by a parabol ic  po la r ,  

2 CD = C + KCL 
DO 

so tha t  the  required v a r i a t i o n  of dra,g wi th  speed i s  

(CDo + KCL 2 1 
- =  D pv2s W 2w 

S Ibsequent operat ions a r e  simpl5fied i f  we introduce a t  t h i s  

Fo in t  a non-dimensional veloci ty ,  u defined as follows: 

V u = -  
vR 

c 

12 



where VR = v e l o c i t y  f o r  maxinium L/D 
( o r  miniinurn drag i n  l e v e l  f l i g h t  w i t h  L = W) 

I n  terms of u , equation ( 9 )  becomes 

S u b s t i t u t i n g  the  above expressions f o r  u and - D i n t o  the  
w t i m e  and dis tance  equations,  (7a) and (m), y i e l d s  

and 

2 - = -  dt* 2u 
2 u4 + 2zDu2 + n CiU 

where 

t * = V  L D  
+max 

= reverse  t h r u s t  parameter 

(124 



It may be noted t h a t  the  reverse t h r u s t  parameter, ZD , i s  
the  r a t i o  of reverse  t h r u s t  t o  minimum t h r u s t  requi red  i n  l e v e l  
f l igh t ,  w i t h  lift equal t o  weight. 

equat ions for  dece le ra t ing  f l i g h t  p a t h s  w i t h  
Equations (12a) and (12b) represent ,  i n  parametric form, 

L = nW 

y =  0 

TD = constant  

which may now be in t eg ra t ed  t o  y i e l d  the  requi red  d is tance  and time 
for t he  maneuver. 

In t eg ra t ed  Distance and Time 
If t h e  load f a c t o r  appropriate t o  the  constant  - a condi t ion - 

equat ion (5) - i s  i n s e r t e d  i n  the d i f f e r e n t i a l  equat ions for d i s -  
tance and time, we have 

=.. 

2u3du 
u4 + 2ZDU2 + n2 

2u3du 

= -  

. 

14 

1 (134 
2udu 

22D 
u2 + (1 + k , j  



. 
and s imi l a r ly ,  

where 

2 
dt* = - 2u du 

u4 + 2zDu2 + n 2 

1 + ki 

2 
ki = 4. ni 

ui 

In teg ra t ing ,  the general  p$rametr ic  d i s tance  and time solu- 
t i o n s  a r e  

and 
t* I - L/T U + Constant (14b) 

1 + ki 

1 + ki zD 

Using subsc r ip t s  t o  denote i n i t i a l ,  ( \, and f i n a l ,  ( )f , 
condi t ions,  the d is tance  and  time r e q i i r e d  t o  dece lera te  a re  given 
bY 

. .. 



and 

f o r  the case ZD = 0 

Mote t h a t  n e i t h e r  solLtion allows both t h e  reverse  t h r u s t  
and the f i n a l  ve loc i ty  t o  be simultaneously zero; t h i s  i s  physi-  
c a l l y  c o r r e c t  s ince  the  only r e t a rd ing  fo rce  present  i n  t h a t  s i t u a -  

3 
I_. -.- I - L 1 - -  
u I w A l  ,,llc a c ~ t G ~ l m l 1 l i ~  diag,  p r u p u r i i o n a i  1;o v . 
t angent  po r t ions  of equations (15a) and ( l 5 b )  , a re  use fu l  f o r  
e s t ima t ing  distance and time requirements. 

F igures  3 and 4 , which present  the logarithmic and inverse 

Reverse Thrust  Required t o  Decelerate i n  a Given Time 
The time-required solut ion,  Equation ( l5b )  , may be rearranged - 

tc, y i e l d  the reverse  t h r u s t  required t o  dece lera te  from the  i n i t i a l  
r re loci ty  t o  some f i n a l  ve loc i ty  i n  a given t ime.  For t h i s  study, 
t.he most i n t e r e s t i n g  case was t h a t  of zero f i n a l  veloci ty ,  and 
Yigures 5 and 6 present  examples of t h i s  ca l cu la t ion .  Figure 5 
f~:3 f o r  an i n i t i a l  aerodynmic load f a c t o r  of u n i t y  ( a i r c r a f t  en- 
'ti.rely wing-borne a t  s ta r t  of dece lera t ion)  while Figure 6 
I.:.. = 0 

. 

i s  f o r  
( a i r c r a f t  supported e n t i r e l y  on stored-energy l i f t ) .  

L. 
A comparison of the two  s e t s  of curves shows t h a t  a t  reasonably 

X g h  i n i t i a l  v e l o c i t i e s  (ui > .8), t he re  i s  l i t t l e  d i f fe rence  



between t h e  two cases w i t h  respect  t o  the amount of reverse  t h r u s t  
requi red  t o  obtain a given t* . I n  o ther  words, the inf luence 
of induced drag (ki) i s  small. 

By con t r a s t ,  a t  low i n i t i a l  v e l o c i t i e s  t he  d i f fe rences  are 
large, e s p e c i a l l y  f o r  short  decelerat ions.  
low i n i t i a l  v e l o c i t i e s  are, i n  general ,  unobtainable f o r  ni = 1 
f l i g h t  as the following sec t ion  ind ica t e s .  

However, these very 

L i m i t s  on ui 
I n  order  not t o  exceed the  maximum l i f t  c o e f f i c i e n t  of the c 

aircraf t  

Thus 

and s ince  
2 

"i 

ui 
ki = v 

?.his  impl ies  t h a t  the  i n i t i a l  ve loc i ty  must s a t i s f y  the i n e q u a l i t y  



i 
B 

Equation (18) i n d i c a t e s  t h a t  any i n i t i a l  v e l o c i t y  i s  permis- 
n -  = 0 case, and t h i s  i s  so, s i x e  the  machine i s  s ible  f o r  the 

no t  dependent u p m  aerodynaQic l i f t  ana C = 0 . For the  
i 

ni = 1 case,  however, ui w i l l  be given Li approximately by 

s ince t y p i c a l l y ,  is about un i ty .  
cL ( L b  1 max 

Thus, unless very l a rge  l i f t  c o e f f i c i e n t s  a r e  obtainable ,  the  
lower values of ui on Figure 5 a re  not  permissible ,  and induced 
drag does not g r e a t l y  l e s sen  the reverse  t h r u s t  requirements. (It 
should be also noted that ,  subject  t o  the  same condi t ions,  t h e  
t i m e  h i s t o r y  of ve loc i ty  w i l l  be r e l a t i v e l y  independent of 

A sample c a l c u l a t i o n  i s  ca r r i ed  out i n  the  Appendix. 
ni .) 

t 



The STinulation 
The p i l o t  w a s  seated before a 

d i sp lay ,  and operated the a i r c r a f t  
a cen te r  s t i c k  f o r  p i t ch ing  -moment 

simple instrument and v isua l  
through two con t ro l  levers :  
cont ro l ,  and a lef t -hand s ide  

l eve r  f o r  c o n t r o l l i n g  stored-energy l i f t ,  w i t h  a f3nger switch for 
s h u t t i n g  off r eve r se  (decelerat ing)  t h r u s t .  The .v i sua l  presenta-  
t i o n  cons i s t ed  of two horizontal  l i n e s  displayed- on a dual-beam 
osc i l loscope .  A broad l i n e ,  by i t s  distance above an index on the 
tube face, displayed height or a l t i t u d e .  A f i n e  l i n e ,  by i t s  d i s -  
placement from the broad l i n e ,  ind ica ted  p i t c h  a t t i t u d e .  I n  the 
"mindls eye" of the p i l o t ,  t he  broad l i n e  represented a hor izonta l  
l i n e  f ixed t o  the  a i r c r a f t  near the C G  - say the landing gear wheel 
axle - while t h e  f i n 2  l ine  represented a hor izonta l  bar  f i x e d  t o  
the  nose of the aircraft ' .  The a l t i t u d e ,  h , s i g n a l  i n  the analogue 
computer commanded v e r t i c a l  displacement equal ly  of both ho r i zon ta l  
l i n e s ;  whereas the p i t c h  a t t i t u d e  signal, A 0  , a f fec t ed  only the  
_I_ f i n e  l i n e .  

p r e t  t h e  display without confusion, and even described the simula- 
t i o n  as "qui te  r e a l i s t i c " .  Immediately above the  osci l loscope,  a 
voltmeter i nd ica t ed  veloci ty ,  derived from a s igna l  i n  the  analogue 
computer. Its scale, from zero t o  100, read d i r e c t l y  i n  f e e t  per  
second. 

T h i s  compromise display was considered t o  be f a i r l y  
nst.11rn7 hy t h o  ~ T l n f -  "tnr ~~~-~ - - n - - + G . r r -  LL- - J l  - - - - -  . * - - A - - -  c-. W- Y - W V  V I A -  r r r w v  L W U I U  A A I V G A  -. 

The p i l o t  "flew" the  display by manipulating t h e  two con t ro l  
l e v e r s  connected e l e c t r i c a l l y  t o  the computer analogue representa-  
t i o n  of  the p i t c h  a t t i t u d e  and v e r t i c a l  displacement degrees of 
freedom of the a i r c r a f t .  To represent  atmospheric turbulence,  
random appearing s i g n a l s  were a l s o  appl ied t o  the two degrees of 
freedom, causing a random component of vehicle  motion which had 
t o  be overcome by t h e  p i l o t .  The turbulence signals represented 
w ( v e r t i c a l )  gusts of about three f ee t  p e r  second ( r m s ) .  They 
were judged by the p i l o t  t o  represent  a rough, gusty day, bu t  no t  
a h ighly  improbable or u n r e a l i s t i c  condi t ion.  



. 

. 

The p i l o t  d i d  no t  have continuous, closed-loop c o n t r o l  over 
ve loc i ty .  It w a s  considered t h a t  i n  a r e a l  landing, reverse  t h r u s t  
c o n t r o l  would be ON-OFF. It would be turned ON a t  t he  end of f l a r e  
and turned  OFF on reaching a hover. The a c t u a l  dece le ra t ion  would 
t h u s  be open-loop. I n  the  simulation, ve loc i ty  was programmed i n  
accordance with the a n a l y t i c a l  r e s u l t s  previously given, us ing  the  
a i r c r a f t  parameters computed i n  t he  Appendix. 
grams are shown i n  Figure 7 . The p i l o t  was, however, requi red  
t o  monitor a i rspeed i n  order t o  shut  of f  reverse  t h r u s t .  T h i s  w a s  
done by r e l e a s i n g  a spring-loaded switch on the lef t -hand s tored-  
energy lever.  

From t h e  po in t  or" view of the  p i l o t ,  runs were conducted i n  
t h e  fo l lowing  way: 

a) I n i t i a l l y ,  the  display w a s  s t a t iona ry ,  i n d i c a t i n g  an 
a l t i t u d e  of ten f e e t ;  a nominal or  des i red  p i t c h  a t t i tude;  and 
V = 100 f t / s e c .  
OPERATE b u t t o n  on the center  s t i c k .  In  the next few seconds he 

The v e l o c i t y  pro- 

The p i l o t  would begin the  run by pres s ing  an 

and a t t i t u d e  i n  the  presence of t he  turbulence.  Velocity would 
then  s t a r t  decreasing, as though i n  response t o  reverse  t h r u s t .  

t h r u s t  h imsel f .  Unconstrained w i t h  r e spec t  t o  landing po in t ,  and 
l a c k i n g  any d isp lay  of ground fea tures ,  he tended t o  w a i t  f o r  a 
l u l l  i n  d i s turbances  t o  put  on the  reverse  t h r u s t .  I n  an a c t u a l  
landing, however, the p i l o t  would have ground re ferences  and he 
would be shoot ing  for a p a r t i c u l a r  f l a r e  po in t  and touch-down po in t  

A few t r i a l  runs were made i n  which the  p i l o t  appl ied reverse  

so he would have t o  accept whatever disturbance e x i s t e d  a t  the  poin t  
where r eve r se  t h r u s t  had t o  be appl ied.  A b e t t e r  r ep resen ta t ion  of 
t h i s  real  s i t u a t i o n  was achieved by having the  computer operator  
s tar t  the  r eve r se  t h r u s t  and decelerat ion a t  random a few seconds 
a f t e r  OPERATE. 

b )  During declerat ion,  with ve loc i ty  decreasing, the  p i l o t  
would attempt t o  con t ro l  height w i t h  t he  side l eve r ,  and a t t i t u d e  
wi th  the c e n t e r  s t i c k .  Disturbances due t o  turbulence had t o  be 

20 
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suppressed, and he would attempt t o  "let-down" t o  about 5 f t .  
was requi red  t o  shut-off reverse t h r u s t  accu ra t e ly  a t  
then, f i n a l l y ,  t o  s l ack  off on stored-energy l i f t  f o r  the  ac tua l  
touch-down a f e w  seconds l a t e r .  

The p a t t e r n  of runs f o r  a given s e t  of condi t ions  was 
two or th ree  for p r a c t i c e ,  not  counted i n  scoring;'then f i v e  t o  
t e n  data runs; and f i n a l l y ,  a r e s t  and discussion of p i l o t i n g  
d i f f i c u l t y  and performance, including assignment of a Cooper r a t i n g .  

moment a re  given below. 

H e  
V = 0 ; and 

c )  

The equations of the  analogue computer f o r  l i f t  and p i t ch ing  

s ( s 2  + 2pus + w 2 ) 

A6 = i 

8 ( s2  + 2pccs + u2) 
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These are t he  conventional, l i nea r ,  small per turba t ion  equat ions - 
novel on ly  i n  t h e i r  provis ion f o r  turbulence and f o r  the  time var ia-  
t i o n  of d e r i v a t i v e s  t o  correspond t o  v a r i a t i o n  of a i r speed .  The 
l a t t e r  was accomplished by the  computer operator  who manipulated 
a s e t  of ganged potentiometers t o  proper ly  t r ack  the  prescr ibed  
v e l o c i t y  func t ion  of time. 
f u n c t i o n a l l y  dependent on V as follows: 

I n  t h i s  way, the  de r iva t ives  were made 

M -3 a 

cons tan t  

cons tan t  
S M& 

L cons tan t  
&T 

The p i t c h  damping, Mi and the  s t i c k  (e leva tor )  e f f e c t i v e -  
, perhaps r equ i r e  some explanation. The na tu ra l ,  aero- ness, 

dynamic value of t h e  former would, of course, vary as V , and the  
l a t t e r  as V . But i n  a real a i r c r a f t ,  con t ro l  e f f ec t iveness  
would be needed a t  all speeds. There are many ways it could be 
achieved, the  d e t a i l s  of which a r e  qu i t e  outs ide the  ob jec t ives  of 
t h i s  i n v e s t i g a t i o n .  
s imula t ion  was simply t o  make MbS cons tan t .  It was quickly 
found i n  prel iminary t r ia ls  t h a t  without p i t c h  damping the  simula- 
t o r  could not  be flown adequately a t  low speed. 
decided t o  make Mb constant  also,  t o  represent  an a r t i f i c i a l  
p i t c h  damper, familiar i n  almost a l l  VTOL a i r c r a f t ,  inc luding  many 
h e l i c o p t e r s .  

Mbs 

2 

A l o g i c a l  and acceptable compromise for  the  

It was the re fo re  

22 



It can be shown that i n  the t r a n s f e r  func t ions  of A@ and 
A h  
independent parameters.  They are prescr ibed by values of La.v , 

M& , which may be put  equal 
t o  zero without introducing any p e c u l i a r i t y  o r  unnatural  response 
c h a r a c t e r i s t i c .  The angle-of-attack damping, Mk , occurs sepa ra t e ly  
only  i n  the numerator of the  p i t c h - t o - l i f t  t r a n s f e r  func t ion ,  as 

would be independent of speed, but t h i s  i s  r a t h e r  obviously wrong 
at 
ze ro  
l i f t .  
avoid the  anomaly i n  the  simplest  possible way. 

promise way ind ica t ed  i n  the equations.  Technically,  only the  w 
gust components were represented, and only approximately. 
details of the fo rces  and moments due t o  turbulence are pe r iphe ra l  
t o  the problem he re .  

t o  lift and moment f o r  forward f l i g h t ,  t he re  a re  only f i v e  

Mg , p a w - independent of =asv .9 

M& ( or M&) . According t o  ordinary aerodynamic theory the l a t te r  

V -- 0 , where it should be equal t o  zero,  I n  hovering, a non- 
would produce an undesirable anomalous p i t c h  response t o  

The der iva t ive  was therefore  put  equal  t o  zero i n  order  t o  

The dis turbances due t o  turbulence were introduced i n  the  com- 

The many 

The f ea tu res  presented i n  the  simulation wp-t 
Uis-curcmncee FE bctk: lift a d  p i t ch ing  moment were 
c o r r e l a t e d  and approximately of proper r e l a t i v e  mag- 
n i tude  
both lift and moment disturbances var ied  l i n e a r l y  
w i t h  ve loc i ty  
d is turbances  i n  magnitude were r a t i o n a l l y  r e l a t e d  
t o  the s t a b i l i t y  de r iva t ives  which determine the  
dynamic s t a b i l i t y  and response. The "good" conf igu- 
ration w i t h  large der iva t ives  i s  d i s tu rbed  more than 
the "bad" one, which has smaller de r iva t ives .  
the root-mean-square value of the w s igna l  w a s  
about th ree  f e e t  per second. The r e s u l t i n g  distur- 
bances were considered by the  p i l o t  t o  be r e a l i s t i c  
and r ep resen ta t ive  of a gusty, windy day. The w 

g 

Q 
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. 
s igna l  was obtained from a r o t a t i n g  cam and fol lower 
device having a r e p e t i t i o n  per iod of two minutes. 
For p r a c t i c a l  purposes, i t s  spectrum could be con- 
s idered continuous, f l a t  t o  about 20 cps, then 
dropping off a t  12  db/oct. 

The "good" and "bad" dynamics conf igura t ions  a r e  f u l l y  de- 

- sc r ibed  by only th ree  parameters. Their values at  the i n i t i a l  
speed of 100 f t / s ec ,  were 

cu 

"Good I' 

1.00 

3.6 rad/sec 

-7 

"Bad 'I 

25 

1.3 rad/sec 

J5 

The ind iv idua l  s t a b i l i t y  der iva t ives  could be found, i f  needed, 
from 

The con t ro l  l e v e r  s e n s i t i v i t i e s  were s e t  a t  favorable  values, 
i n  order t o  gua rmtee  t h a t  t h e i r  p a r t i c u l a r  values d i d  not  in f luence  
the r e s u l t s .  
of about four  inches from zero t o  l i f t  = w e i g h t .  
t i v e  was 

The side l e v e r  f o r  stored-energy l i f t  had a t r a v e l  
Hence the der iva-  

J. 
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The s e n s i t i v i t y  of the moment control ,  the  center  s t i c k ,  was 
se lec ted  by the  p i l o t  t o  be optimum f o r  the task. 
w a s  given t o  other  fl iFrJlt  conditions or design compromises. 
der iva t ive  had tlie value 

No cons idera t ion  
The 

= - .8 rcld/sec2/in 

The coupling parameter, p i tch ing  moment due t o  stored-energy 
l i f t ,  was t r i e d  a t  two d i f f e ren t  l e v e l s ,  bes ides  zero.  
meaningful measure of t h e i r  magnitudes would be i n  terms of s t i c k  
motion requi red  t o  produce cance l l ing  moments. 

The most 

I n  those terms 

These values correspond respec t ive ly  t o  one-half and one inch 
of s t i c k  motion t o  cancel  the moment due t o  an increment of s tored-  

o f f s e t  between the CG and the  center  of stored-energy l i f t ,  depends 
on many parameters of the a i r c r a f t .  For the  M 
simulation, the l a r g e r  value is roughly an o f f s e t  of 

used i n  t h i s  6s 

I (s lug  - f t 2 )  
*pounds) 

For a* small a i r c r a f t  of, say, 10,000 pounds, the  equiva len t  o f f s e t  
would l i k e l y  be a foo t  or two. 
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. 
Resu l t s  aP t he  Experimelrtal Simizlatian Program 

The data t aken- in  the  decelerat ion and touch-down runs were 
of t h r e e  kinds: p i l o t  opinion re-lings and commentary; time a t  which 
r eve r se  t h r u s t  was shut  o f f ;  and time h i s t o r i e s  of the  following 
q u a n t i t i e s  

1 

S and 6 bT control def l ec t ions ,  

flight var iab les ,  A6 and h 

energy used, 

We shal l  present  these  data f irst ,  and then t r y  t o  draw general  
conclusions about the f e a s i b i l i t y  of the d i f f e r e n t  techniques and 
t he  t rade-off  between energy requirements m d  q u a l i t y  of the p i l o t i n g  
task , 

It was quickly found i n  tr ial  runs t h a t  t he  dece lera t ion  time, 
_ _  +Le - t ~ , - ? + . f ~ l  .. :...- ' I I E L  l - - d  n--A-- m '4 , u-- --e- -&I-"-.-- ..&-*e *I& Y AUUIU L G & b V U . L ,  iii , wZiC p a i a l i c t c ~ ~  

of outstanding importance. 

than  f o r  ni = 1 , and of course it became more d i f f i c u l t  as T4 
w a s  decreased. 
i s  presented i n  Fig.  8 
for the "bad" conf igura t ion .  
c o n t r o l  coupling term M was zero.  I n  these  f igu res ,  the  small 
numerals i nd ica t e  ac tua l  POR assigned by the  p i l o t ,  The contours 
and i den t i fy ing  c i r c l e d  numerals represent  f a i r i n g  of the  data. 
They are do t t ed  where they are considered t o  be ex t r apo la t ions ,  
The well-known Cooper sca l e  was used w i t h  the s tandard desc r ip t ions  
given i n  Table 1 , 

The whole task of two-dimensional 
c o n t r o l  and of monitoring V , was very much e a s i e r  f o r  ni = o  

The p i l o t  opinion r a t i n g  func t ion  of T4 and ni 

In both of those conf igura t ions  the  
f o r  the "good" dynamics, and i n  F ig .  9 

bT 

Configuration With "Good" Dynamics 
Consider f i r s t  the "good" configurat ion,  F ig .  8 . The best  

r a t i n g  was 3.2 a t  ni = 0 , T4 = 10 . The p i l o t  reported,  
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"Nothing r e a l l y  wrong. Easy t o  con t ro l  both p i t c h  and he igh t .  
190 danger of premature ground contac t ,  
good l'mding. Plenty of t h e  t o  monitor V . Would r a t e  b e t t e r  
except  t h a t  turbulence i s  q . i i t e  s t rong .  Would not improve appre- 
c i a b l y  t o  increase  

Completely confident  of 

T4 . I1 

A 0  and h a re  shown 6s ' The recorded h i s t o r i e s  of dT , 
They show exce l len t  con t ro l  over a t t i t u d e  and height ,  in Fig .10  . 

and a moderate l e v e l  of a c t i v i t y  of the two con t ro l s  - l a r g e s t  a t  
t h e  beginning, and diminishing as the  dis turbances decrease along 
with speed. Note that  6T va r i e s  due t o  turbulence about the 
t r i m  pos i t i on ,  which f o r  is steady a t  stored-energy lift 
equals weight.  The average error i n  shu t t ing  of f  reverse  t h r u s t  
was only -2 seconds - hardly any worse than could be done w i t h  no 
t r ack ing  task at a l l ,  f u l l  a t t e n t i o n  on V (.l seconds). 

sho r t en ing  the time, T4 t o  5 seconds, keeping ni = 0 . Control 
was e s s e n t i a l l y  the  same as f o r  l o n g s  
and cons i s t en t ,  p i l o t  f e l t  s l i g h t l y  rushed i n  judging reverse  
Gnrusz cuz-011 clme, altnougn t h e  average e r ro r  bra$ n~;a-Ln c \n ly  

.2 seconds. 

ni = 0 

- 
I 

Next consider  the  small degradation t o  a r a t i n g  of 3.5 due t o  

TIC , touch-down was easy 

Now consider the  right-hand side of the f igure ,  f o r  ni = 1 - 
s t a r t i n g  aga in  w i t h  T4 = 10 seconds, and a p i l o t  r a t i n g  of 4. The 
p i l o t  r epor  t e  d, 

Almost contacted ground prematurely on one run, bu t  mostly I1 

good performance. Confident about landing. Necessity t o  p u l l  on 
6T , t o  counter  tendency t o  s ink,  r equ i r e s  more a t t en t ion ,  and makes 
it harder t o  shut-off reverse t h rus t  on time." 

Time h i s t o r i e s  f o r  one run ?.?re shown i n  F ig .  11 . The f luc tua -  
t i o n s  i n  seem larger,  and they now vary about a t r i m  p o s i t i o n  
which i tself  va r i e s  qu i te  rap id ly  as speed decreases .  Height and 

a t t i t u d e  c o n t r o l  performance are not  as good. The near ground h i t  
is noted i n  the f igu re .  The average e r r o r  i n  reverse  t h r u s t  shut- 
off was .& seconds. 
be done w i t h  confidence, it i s  not iceably harder than  f o r  

bT 

It i s  c l ea r  t h a t  although the  t a s k  can s t i l l  

ni = 0 , 
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and accuracy and performance axe d e f i n i t e l y  degraded. 
T h i s  s i t u a t i o n  improved s l i g h t l y  t o  a r a t i n g  of 3.5 by 

lengtbening the dece lera t ion  time t o  15 seconds. The improvement 
was due t o  e a s i e r  t iming of reverse t h r u s t  shut -of f .  P i l o t  could 
devote more a t t e n t i o n  t o  height and a t t i t u d e ,  and achieved b e t t e r  
performance. Average t iming e r ro r  was only .2 seconds. 

With a reduction, however, of T4 t o  5 seconds, the  p i l o t  

"Really f e e l  rushad. Have t o  work hard t o  ge t  i n t o  pos i t i on  
r a t i n g  de te r io ra t ed  r ap id ly  t o  5.4. 

for landing, and a t  same time pay a t t e n t i o n  t o  shut t ing-of f  reverse  
t h r u s t .  Necessity t o  b r ing  on 6T very fast i s  e f f e c t i v e l y  a 
dis turbance and r equ i r e s  c lose  a t t e n t i o n  t o  h , neglec t ing  At3 a t  
times . 
excursions i n  a re  evident ,  and the re  a re  large var i a t ions  i n  
A 0  and h . It looks as though t h i s  run w a s  p r e t t y  f r a n t i c ,  
almost out  of con t ro l .  I n  sp i t e  of t h i s ,  the  shut-off t iming was 
qu i t e  good - average e r r o r  of .3 seconds. 

w i t h  generaiLy CL & + W V  A , L I V b A l l l C U A L ~ G  L U l l b  bVcJ.c Gade ai 
intermediate  results, as indicated by the  r a t i n g s  noted i n  the  
f i g u r e .  The expec ta t ion  tha t  ni = 0 should be optimum, suggests 
that the iso-opinion contours should have zero slope a t  that  po in t ,  
and the general shape w i t h  which they a re  drawn. It i s  c l e a r  that  
under these  condi t ions w i t h  
much importance down t o  as l i t t l e  as 5 seconds, w i t h  the  landing 
being easy and prec i se .  
and less  prec ise ,  and decelerat ion time becomes an important f a c t o r .  
Decelerat ion times of 15 seconds a re  s a t i s f a c t o r y  and acceptable 
w i t h  good performance and p i l o t  confidence; bu t  times as shor t  
as 5 seconds a re  only marginally acceptable,  w i th  unsa t i s f ac to ry  

Commentary included, 

Landable but  no t  under p rec i s ion  con t ro l .  'I 

Time h i s t o r i e s  of one run are  shown i n  F ig .  12 . Very l a rge  

bT 

- f l  E- . .  **+-...,.",-2:.-L- --..-- ----- 
1li = . 3  , 

ni = 0 , dece lera t ion  time i s  not  of 

With ni = 1 , however, the  t a s k  i s  harder 

performance. 
dece le ra t ion  i s  c l e a r l y  p re fe rab le .  There a re ,  however, o ther  

From t h i s  i so l a t ed  po in t  of view, the ni = 0 

impl ica t ions  which remain t o  be developed. 



Configuration With "Bad" Dynamics 

With the  ''bad" configurat ion of dynamics, the  d i f f i c u l t y  of 
the t a s k  i s  g rea t e r ,  t h e  performance worse, and the  p i l o t  r a t i n g s  
correspondingly higher .  The iso-opinion contours a re  f a i r e d  and 
presented i n  Fig.  9 . They are similar t o  the  o ther ,  "good" 
case, bu t  genera l ly  higher .  The b e s t  r a t i n g  obtainable  i s  now 
about 4. Lest one be tempted t o  draw i n v a l i d  comparisons wi th  
o the r  d a t a  l i k e  Refs. 1 or 2 , i t  should be noted tha t  they  
are 7 no t  comparable because of d i f fe rences  of task and condi t ions;  
and above a l l ,  because the  w , < t abu la t ed  apply only a t  the 
beginning of the runs, where V = 100 f p s .  Here, i n  the  course of 
dece lera t ion ,  they change r ad ica l ly .  

ponds to ,  

problem. P a r t l y  compensated b y  smaller dis turbances.  h and A 0  
not  t o o  hard t o  con t ro l .  

I n  any case, the  4 r a t ing ,  obtainable  f o r  ni = 0 , corres -  

"Damping undesirably low, obviously l i g h t ,  bu t  not too  much 

Good confidence i n  f l y i n g  and landing, 
ntrnn r . r - t + k  nrrani *-inn fin1 xr c s d t r a n + e m o  i e 1 nw i i s m n i n a  I' 

u v L V  
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The time h i s t o r i e s  of these runs indeed show performance 
roughly comparable t o  t h e i r  counterpar ts  of the  "goGd" dynamics. 
T h i s  p i l o t ,  however, i s  obviously somewhat apprehensive about the 
l o w  damping, even though he successful ly  copes w i t h  it. The e r r o r s  
of reverse  t h r u s t  cut-off time average only .2 seconds. 

the r a p i d  dece lera t ion ,  

c r a f t  t ends  t o  sink, hard t o  get h back. Low damping i n  p i t ch ,  
y e t  because of primary h task, A 8  con t ro l  must s u f f e r .  Cannot 
spare  any a t t e n t i o n  f o r  speed - cons i s t en t ly  l a t e  i n  tu rn ing  off  
r eve r se  t h r u s t .  Cannot guarantee successful  landing. 

l i k e  F ig .  13 , show the  a i r c r a f t  e s s e n t i a l l y  out  of cont ro l ,  w i t h  

l a r g e  changes i n  p i t c h  a t t i t u d e  and height ,  and f r a n t i c  manipulation 

For ni = 1.0 , t he  s i t u a t i o n  i s  again qu i t e  d i f f e r e n t .  
T4 = 5 seconds, the p i l o t  comments, 

"Rather bad. Completely incons is ten t  i n  performance . Air- 

For 

11 

The time h i s t o r i e s  amply confirm these remarks. Many of them, 



f .  

of the  c o n t r o l s .  
were made, on two runs out  of fourteen, con t ro l  was l o s t  and they 
have t o  be l abe led  "crashes". 
r eve r se  t h r u s t  t iming e r r o r  was .5 seconds. 

d i f f i c u l t i e s .  

tight h c o n t r o l  l i k e  t h i s  one. D i f f e ren t  technique. T h i s  one 
bounces more ( i n  
damped. Hard t a s k  - keeps you busy - t oo  many th ings  t o  do. 
Doubt i f  you could ever  do as well  as w i t h  

Again the t i m e  h i s to ry  records confirm the  commentary. Al- 
though a l l  runs could be completed, some were near-crashes, l i k e  
F ig .  14 where the  a i r c r a f t  grazed the  ground while s t i l l  i n  for- 
w a r d  motion. Some runs involved very ac t ive  con t ro l  motions w i t h  
no t i ceab le  over -cont ro l l ing  a n d  "chasing" the  d isp lay .  
r eve r se  t h r u s t  t iming e r r o r  was . 3  seconds. 

Although several  t echn ica l ly  successfu l  landings 

In  the  successfu l  runs,  the  average 

Inc reas ing  the  decelerat ion time of course a l leviates  the  

"Quite a b i t  harder than ni = 0 , which does not requi re  

h ), which feeds p i t ch ,  which i s  too  l i g h t l y  

Of the  5 r a t i n g  a t  T4 = 15 seconds, the p i l o t  says,  

ni = 0 . ' I  

The average 

The e f f e c t s  and in t e rp l ay  of the  T4 and ni parameters 
-c. -e^ ~A.~.c4*.L3. -1 ---l-- " ~ ' ~ * * ~ ~  - a - 4 - I c I u  hcyc tz t kc  zf $kc ~ ~ - - - . 4 1 f  =I-----*..- - -*J .L  
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only a general  degradation. The ni = 0 dece lera t ions ,  though 
n o t  easy o r  p l easan t ,  a r e  nevertheless  cons i s t en t ly  f lyab le .  
With 
table a t  T4 = 15 seconds t o  occasional d i s a s t e r  at  T4 = 5 
seconds. 

ni = 1 , however, the  t a sk  va r i e s  between marginally accep- 

MbT 
Conf lgu ra t ions  With Control Coupling, 

A few runs  were made t o  inves t iga t e  the e f f e c t  of the  p i t ch ing  
. T h i s  e f f e c t ,  of e i t h e r  MbT moment due t o  stored-energy l i f t ,  

sign, appeared t o  be undesirable .  It was worst, however, f o r  t he  
d i r e c t i o n  of nose-down moment fo r  increas ing  lift, and w a s  exagge- 
rated i n  the case  of "bad" dynamics. For M 
negat ive,  the angle of a t t a c k  change induced by it tends t o  coun- 

of t h a t  sign, 
6T 

t e r a c t ,  o r  defea t ,  the  l i f t  change commanded by i n  the f i r s t  



place.  It i s  
t ion ,  but  the 

poss ib le  t o  combat t h i s  by c a r e f u l  con t ro l  coordina- 
whole e f f e c t  changes w i t h  speed, and is d i f f i c u l t  

t o  l e z r n .  The inputs  i n t o  p i t ch  from the  l i f t  l e v e r  are l i k e  
add i t iona l  disturbances,  and they f o r c e  the  p i l o t  t o  devote more 
a t t e n t i o n  t o  AQ , which he can ill afford t o  do. Fig.  I5 shows 
how p i l o t  r a t i n g s  a re  a f f ec t ed  by 
and condi t ions.  For the  not-too-unf avorable case of "bad" dynamics, 
T4 = 5 seconds, 
nose-down d i r e c t i o n  of MhT 
climbing t o  7. 

Cannot r e a l l y  cope w i t h  it. 
keep con t ro l  over both h and A 0  . I 1  

pi tch ing ,  but  he says  he i s  more t o l e r a n t  of moment c o r r e l a t e d  
t h i s  way t o  lift, where nose-up p i t c h  enforces  the  "up" l i f t  change. 
The degradations of r a t i n g  a r e  near ly  equal, however. 

01 eitner s i g n  of' M~ Is a g a j n  apprec iab le .  The f l zv  5s +fist 
the A6 response t o  bT demands a t t e n t i o n  t o  the  p i t c h  loop, 
w i t h  consequent degradation i n  h con t ro l  and V monitoring. 
The p i l o t  would " ra ther  no t  f i g h t  the  p i t c h  response". 
(although h i s  r a t i n g s  do not show it here)  t h a t  nose-up MbT 
r equ i r e s  t he  e a s i e r ,  more na tura l ,  con t ro l  coordinat ion.  

the  larger a c t i v i t y  
of the bT con t ro l  i s  f e l t  more s t rongly  i n  the  A 0  loop. I n  
t h i s  case, the  p i l o t  downrates the  nose-up 
because he f e e l s  tha t  the change of t r i m  
produces a tendency t o  over-rotate .  
while slowing down, for f e a r  of landing on t h e  nose". 

of e i t h e r  sign, i s  a severe disadvantage i n  the dece le ra t ion  and 
touch-down task as simulated here. 
otherwise acceptable and s a t i s f a c t o r y  s i t u a t i o n  t o  a d i s t i n c t l y  

M a T  , f o r  var ious kinds of runs 

ni = 0 [a 4 i n  F ig .  15 3, the  gradient  i n  the 
i s  very s teep,  w i th  t h e  r a t i n g  quickly 

The p i l o t  reported, 
Incons is ten t  performance. Cannot guarantee successfu l  landing ,  11 

Pitching g e t s  out  of hand. Cannot 

, t he  p i l o t  a l s o  repor ted  d i f f i c u l t y  w i t h  MST O f  the  nose-up 

With the b e t t e r  dynamics and ni = 0 , the  unfavorable e f f e c t  

"T 

H e  comments 

I n  the  more c r i t i c a l  task of ni = 1 

the  more severe ly  
M6T 

bT , as speed reduces, 
H e  "hates t o  push hard forward 

of the  magnitudes t e s t e d ,  
6T 

I n  any case, it i s  c l e a r  that  M 

It m i g h t  well degrade an 



marginal one; or it  might move il more d i f f i c u l t ,  otlierwise marginal 
case i n t o  the completely unacceptable, uncontrol lable  category,  
I n  an a c t u a l  design, t h i s  der iva t ive  would have t o  be contained 
within rather fiarrow l i m i t s .  Although the  data a re  somewhat l imi t ed  
and n o t  enggrely cons is ten t ,  i t  appears t h a t  values corresponding 
t o  -$ 1, grea te r  than t .25 inch might be considered - 

L% T 
undesirable ,  and values greater than 
object ionable .  

+ .5 inch woufd be d e f i n i t e l y  - 

L i m i t e d  Corre la t ion  With F l i g h t  Tests  

A n  abbreviated s e r i e s  of landings with a r e a l ,  var iab le  sta- 
b i l i t y  a i rp l ane ,  i n  a small separate program, has tended t o  confirm 
the genera l  f e a s i b i l i t y  of decelerat ions of t h e  kind discussed 
above. I n  those real  landings,  thk  approach and f l a r e  (phases 1, 
2 and 3) were made a t  a high speed (about 100 mph) w i t h  decelera- 
t i o n  near  the ground t o  about 65 mph, where touchdown occurred. 

namic drag of the  airplane,  averaging about 5 seconds i n  durat ion.  
Tk?rewhnl7+ m--.."." t h e  deceleratfzn p k c c ,  %k - , I Z c t  c ~ ~ t r ~ l l c c l  nltlt.;<:e, 

h , through a separate  thumb-wheel which commanded l i f t  by f l a p  
de f l ec t ion .  
t i c a l l y  con t ro l l ed  by an a t t i tude-hold  au top i lo t  working the  eleva- 
t o r .  A s  speed. decreased during decelerat ion,  the  p i l o t  brought on 
l i f t  through f l a p  de f l ec t ion  t o  s t ay  airborne as long  as poss ib l e .  
The task, therefore ,  w a s  he ight  control ,  w i t h  changes of both l i f t  

t r i m  and s t a b i l i t y  der iva t ives ,  roughly similar t o  the  simulator 
runs of "good" dynamics and 

The p r i n c i p a l  r e s u l t  was tha t  t he  height  con t ro l  by d i r e c t  l i f t  
during dece le ra t ion  w a s  easy and na tu ra l .  It was c e r t a i n l y  f e a s i b l e  
from the p i l o t i n g  poin t  of view, and poss ib ly  even had some advan- 
tages  over the conventional cont ro l  of l i f t  through angle of a t t a c k ,  
There were, however, important d i f fe rences  between those exploratory 
f l i g h t  t e s t s  and the  fixed-base sirnulator runs represent ing  s tored-  
energy landings .  Because of those d i f fe rences ,  e n t i r e l y  v a l i d  

- .  

The dece lera t ion  r a t e s  were governed -by the  n a t u r a l  aerody- 

For most of the landings p i t c h  a t t i t u d e  w a s  automa- 

ni = 1 , described above, 

. 
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c o r r e l a t i o n  between the two i s  not poss ib l e .  
the f l i g h t  t e s t s  w i l l  be reported sepa ra t e ly  (Ref. 3 ) .  

It i s  expected tha t  

Discu.ssion - of Stored-Energy - Requirements f o r  Complete Landings 

We sha l l  attempt, i n  t ,h i s  sect ion,  t o  i n t e r p r e t  the  r e s u l t s  
of the s imulat ion of dece lera t ion  and touch-down i n  terms of 
stored-energy requirements f o r  complete landings under d i f f e r e n t  
cond i t ions .  The l a r g e s t  demand upon stored-energy is, of course, 

t o  support t he  weight of for  stored-energy l i f t ,  ordered by 
the  a i r c r a f t .  A convenient measure of t h i s  i s  s p e c i f i c  impulse 
defined i n  the  following way 

‘T ’ 

The u n i t s  of it a re  simply seconds, i nd ica t ing  numerically 
the necessary capac i ty  i n  terms of durat ion i n  seconds of s tored-  
energy iirt equal  t o  weignt. 

Decelerat ion - Phase 4 

We shall  start  w i t h  the  dece lera t ion  phase, P a r t  4, Fig.  1, 
where w e  have a d i r e c t  recording of the  
ava f l ab le  i n  the  t i m e  h i s t o r i e s .  The data a re  presented i n  Fig.  16, 
showing how the  s p e c i f i c  impulse needed fo r  
and dece le ra t ion  time. The small numerals represent  average 
readings from time h i s t o r i e s  of runs. The l i n e s  and c i r c l e d  numbers 

6T con t ro l  requirement 

bT v a r i e s  w i t h  ni 
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are the f a i r e d  contours.  
requi red  s p e c i f i c  impulse i s  Jus t  Tb i t s e l f ,  which i s  reasonable,  
s ince  i n  t h a t  case the average stored-energy l i f t  requirement i s  
the weight i t s e l f  and the  duration i s  T4 seconds. As ni i s  
increased, the  necessary s;?ecific impulse i s  decreased, as more 
l i f t  i s  c a r r i e d  by the wing, uii t i l  a t  

. s i x t y  percent  of T4 . Although some intermediate  values a r e  
shown i n  F ig .  16 , we shall consider i n  the  following only the ex- 

may be read d i r e c t l y  from Fig.  16 . 
There a r e  two o ther  requirements f o r  stored-energy during 

dece lera t ion ,  which should be considered. 
damping and f o r  cont ro l ,  both probably required for a l l  t h r e e  axes, 
Although we do not have data f o r  these requirements, f o r t u n a t e l y  
they  are s m a l l ,  and t h e i r  orders of magnitude can be est imated i n  
the fo l lowin  way. Consider f i r s t  the p i t c h  channel a lone.  The 
recorded 
inch-seconds. 

It may be noted t h a t  a t  ni = 0 , the  

- 

ni = 1 it i s  only about 

- tremes, ni = 0 and 1 . The impulse requirement f o r  dT , Phase 4, 

They are for a r t i f i c i a l  

d s l d t  is, i n  the worst  cases ,  on the  order of 2.5 fi 
If we a r b i t r a r i l y  i n t e r p r e t  t h i s  f o r  

M6 = -1 rad/sec2/in 
S 

2 = 20,000 s lug - f t  
I Y  

W = 10,000 pounds 

a = 20 f t  

it w i l l  correspond t o  a spec i f ic  impulse of .25 seconds. 
a l l  of t h i s  should be charged, since while slowing down, the  aero- 
dynamic c o n t r o l s  would remain p a r t i a l l y  e f f e c t i v e .  On the  o ther  
hand, some energy i s  needed f o r  a r t i f i c i a l  damping. We assume 
tha t  these  compensating f a c t o r s  just cancel,  bu t  we mul t ip ly  by 
three t o  allow for roll and yaw. Rounding of f ,  we est imate  an 
increment of s p e c i f i c  impulse f o r  damping and con t ro l  ( a l l  axes) 

Now not 
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I -  

of a n  even 
1 second 

Touch-down - Phase 5 

Simulated touch-downs were made i n  the  experimental runs 
descr ibed e a r l i e r .  
s ecmds ,  ef ter  shu t t ing  off reverse th rus t ,  t o  l e t  down slowly, 
under con t ro l .  

They required an average of about 2 t o  3 

We therefore  allow a spec i f i c  impulse f o r  t h i s  

phase of 
3 seconds. 

To ta l  Impulse Requirements, ni = 1 Landings 

For the  ni = 1 landings the minimum stored-energy spec i f i c  
impulse i s  the re fo re  simply the requirement f o r  Phase 4 (Fig.  16 
p l u s  4 seconds. T h i s  i s  displayed as a func t ion  of Cooper r a t i n g  
with dece le ra t ion  time as a parameter i n  Fig.  

We c a l l  the r eade r ’ s  a t t en t ion  t o  the  f a c t  tha t  no allowance 
has been made fo r  any emergency o r  abnormal s i t u a t i o n ,  none f o r  a 

) 

17 . 
- 

3- 1 1- ,  a uaicrcu h.,utii-i-lg, a.1-16 ~i~iie ?or. st wave-off. 
t h e  scope of t h i s  r epor t  t o  draw m y  va l id  conclusions about those 
matters. 

1% is not poss ib l e  within 

Some p i l o t s  f e e l  that up t o  the poin t  of i n i t i a t i n g  reverse  
t h r u s t ,  a wave-off might be made without using stored-energy; and 

that  after s t a r t i n g  dece lera t ion  w i t h  reverse  t h r u s t ,  t he  p i l o t  
would r e a l l y  be committed t o  land, and the rea f t e r  wave-off capa- 
bility would no t  be required.  

W e  be l i eve  t h a t  t h i s  and the  reserve required f o r  an abnor- 
ma l i ty  or  emergency (such as a bad gust  upset or an obs tac le  on the  
f i e l d ) ,  are i n  the  realm of conjecture a t  t h i s  time. 
t i o n s  cannot be decided without a much more r e a l i s t i c  and complete 
s imula t ion  and even, perhaps, some experience w i t h  a c tua l  t e s t  
veh ic l e s .  

Those ques- 
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n, = 0 Landings 

The ni = 0 landing technique i s  a much more conservative 
one i n  which the p i l o t  gets a l l  "set" w i t ' n  the  airplane configured 
f o r  landing, back on final approach. 
l i f t  being on, equal t o  weight, with the  basic wing a t  near zero 
l i f t .  
and 3 of Fig.  1 
men-ks . 

T h i s  involves stored-energy 

Stored-energy lift would thus be needed during phases 1, 2 
. We s h a l l  estimate roughly those impulse require-  

F l a r e -  Phase 3 

The flare i s  a c r u c i a l  maneuver. It must be i n i t i a t e d  a t  
exac t ly  the right time and be completed in exac t ly  t h e  right posi-  
t i o n .  The p i l o t  must "close the loop" all the  way and devote f u l l  
a t t e n t i o n  t o  it. He cannot be expected t o  a t tend  t o  any o ther  ad- 
justments a t  the same time, and hence throughout f lare ,  s tored-  
energy l i f t  must be on, l i f t  = weight, f o r  t h i s  type of landing. 

We assume f o r  present  purposes t h a t  the  f la re  i s  a constant  
acce le ra t ion  change i n  f l igh t  path from s i x  degree descent on f i n a l  

maneuver and 

If ...* I.-- - l - - J  - - - . L - -  n -0 - c  .. apnrnaph +n h n ~ ~ ~ ~ ~ ~ ~ ~ -  ..- - Y V  c.lr &UUU A C U C I b U I  UI. L.J-2 101 - 

V = 100 f t / s e c  

A y  = .1 rad 

we f i n d  

) 
v A t  = - g ( n - 1  4 2 seconds 

We allow, i n  addi t ion ,  one second a t  the beginning and end of 
f l a r e  f o r  the  t r a n s i e n t  adjustments i n  angle of a t tack ,  making a 
t o t a l  t i m e  f o r  Phase 3 of fou r  seconds, and a - s p e c i f i c  impulse - 



requirement of 
4 seconds. 

S t a b i l i z a t i o n  - Phase 2 -- 
The change i n  the  a i rp l ane ' s  f l i g h t  condi t ion assoc ia ted  w i t h  

t u r n i n g  on the stored-energy l i f t  w i l l  be a b i g  one. 
l a r g e  changes i n  angle-of-attack, a t t i t u d e ,  and drag w i l l  be in-  
volvzd. Even a f t e r  the stored-energy i s  f u l l y  on, some re s idua l  
t r a n s i e n t s  may remain, and  speed and pos i t i on  may be off  des i red  
values .  The s t a b i l i z a t i o n  per iod is needed t o  damp the  t r a n s i e n t s ,  

Spec i f i ca l ly ,  

* 

t o  a d j u s t  power - t o  fo rce  the airplane " in to  t h e  groove", preceding 
f la re .  We allow f i v e  seconds, which i s  l i t t l e  enough, considering - 
that it corresponds t o  only 50 f t  of a l t i t u d e !  The spec i f i c  i m -  
pu l se  requirement i s  theref  ore 

5 seconds. 

T rans i t i on  and Configuration Change - Phase 1 

The t r i m  change associa.ted wi t.h niit.t.-l nD nn c f n r o t - 3 - p n ~ ~ ~ ~ r  1 4  *+ 
a , 

ni = 1 . 

- J  U" --- - 
at e s s e n t i a l l y  constant  speed, involves the  l a rge  changes i n  
8 and drag mentioned above. Although the re  a re  d i f fe rences ,  it 
i s  i n  some ways comparable t o  the dece lera t ion  maneuver, 
The la t te r  involves  a very t i g h t  
A0 
monitoring, hence e s s e n t i a l l y  open. 
maneuver involves  a much looser  h 
l a r g e  A e  change, and a closed ve loc i ty  loop r equ i r ing  t h r o t t l e  
c o n t r o l .  These a re  reasons t o  suspect t h a t  the  Phase 1 task may 
be s i m i l a r  t o  the  one of Phase 4 f o r  
r equ i r e  about the  same time. 

h con t ro l  a t  almost constant  

Now the Phase 1 t r a n s i t i o n  
loop (but  not  open), a very 

(except f o r  dis turbances)  a n d  a ve loc i ty  loop involving only 

ni = 1 , and tha t  i t  may 

The time requirement viewed i n  t h i s  way, would be d i f f e r e n t  
I n  order t o  f o r  the two conf igura t ions  t e s t ed  i n  the  s imulator .  

account for t h i s  f a c t o r  i n  some r a t i o n a l  way, w e  take the  time f o r  
a Cooper r a t i n g  of 5, from Figs.  8 and 9 and then the  spec i f i c  
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impulse from F ig .  16 . T h i s  leads t o  s p e c i f i c  impulse es t imates  of 

"good" c onf igura$ion : 4 seconds 
"bad" configurat ion:  8 seconds 

Tota l  Impulse Requirenents, ni = 0 Landinks 

The sum of all these  impulse requirements i s  displayed i n  
as a func t ion  of Cooper r a t ing ,  w i t h  dece le ra t ion  time 

- u- 

F i g ,  17 
as a parameter. 

those f o r  
= 0 It gives  the  p i l o t ,  

j u s t  f o r  example, a chance t o  see i f  the storcd-energy l i f t  r e a l l y  
comes on - before he i s  committed t o  landing - and a chance t o  
escape if it does not .  As we have noted before, however, a v a l i d  
final judgment about t he  r e l a t i v e  merits of the  d i f f e r e n t  landing  
techniques will have t o  await b e t t e r  simulation and poss ib ly  f l i g h t  
t es t s ,  

. The energy requirements are qu i t e  considerably g rea t e r  than 
ni = 1 . T h i s  i s  of course to be expected, s ince  the  

is a far more conservative procedure. "i 

-r-- I rn  Lanaings 

Landings under Ins t ruxent  F l igh t  Rules would c e r t a i n l y  be of 
i n t e r e s t  f o r  stored-energy vehicles.  There seems t o  be no reason 
why they could not be done. 
manual dece le ra t ion  and touch-down could be done except w i t h  v i sua l  
ground reference.  

ni = 1 , t he re  i s  no reason why a conventional ILS ap- 
proach should no t  be appropriate .  
(or under) flare may simply r e s u l t  i n  a hard touch-down. I n  the  
stored-energy landing, however, the f l a r e  i s  more c r u c i a l  and it 
must be complete s ince no premature touch-down can be permit ted.  
The r e s u l t  i s  t h a t  the minimum c e i l i n g  could be expected t o  be a 
b i t  higher than  for conventional runway landings. 
f i c a t i o n ,  the energy requirements should not be appreciably d i f -  

It seems unl ike ly ,  however, that  

For 
In  a runway landing, an over 

With t h a t  quali- 



f e r e n t ,  and i f  t h e  
should work wel l  enough under IFR condi t ions.  

on stored-energy lift would not be permissible  i n  the  l a t t e r  s tages  
of an ILS approach. The g l ide  slope and l o c a l i z e r  t racking  tasks 
are so demanding i n  thems2lves as t o  permit no competition f o r  the 
pilcsts a t t e n t i o n .  They would be even more c r i t i c a l  i n  t he  s tored-  
energy landing, where pos i t i on  and ve loc i ty  at  break-out and e n t r y  
i n t o  f l a r e  a re  more c r u c i a l .  The c e i l i n g  would e i t h e r  have t o  be 
high enough t o  t u r n  on stored-energy l i f t  a f t e r  break-out (perhaps 
TOO ft), or the  t r a n s i t i o n  would have t o  be complete by, say, the 
middle marker. T h i s  l a t t e r  condition would very l i k e l y  be imprac- 
t i c a l ,  s ince it would require  another 30 t o  60 secs .  of s p e c i f i c  
impulse t o  las t  over the extended s t a b i l i z a t i o n  phase. 

ni = 1 technique i s  p r a c t i c a l  at  a l l ,  then it 

With ni = 0 , the  configurat ion ( or  t r i m )  change of tu rn ing  

- 

. 

Conclusions 

Generalized equat ions and charts a re  derived and presented f o r  
the l e v e l - f l i g h t  dece lera t ion  of a stored-energy vehicle  under 
various i eve is  or reverse tnrust ana suFporr; DV storeu-enerw i i I L .  

These a r e  used i n  an exploratory s imulat ion of the dece lera t ion  
and touch-down phases of stored-energy landings.  

The vehicle  was described by the parameters 

= 30 sec 'R (L/D ) Max 
Q 

- I n  ni = 0 landings, where the t r a n s i t i o n  t o  stored-energy l i f t  

is made on f i n a l  approach, the dece lera t ion  and touch-down a re  
L easy  and na tu ra l ,  even w i t h  ra ther  unfavorable condi t ions  of t u r -  
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bulence, a i rp l ane  dynamics, and w i t h  abrupt dece lera t ions  as short  
as 5 seconds. 
impulse under these condi t ions,  not  allowing f o r  emergencies or 
wave-off, and i n  VFR, would be the order  of 25 seconds. 

I n  ni = 1 landings,  where the  t r a n s i t i o n  t o  stored-energy 
lift is made only as required during the  dece lera t ion  p r i o r  to 
touch-down, the  p i l o t i n g  t a s k  i s  harder  and dece le ra t ion  time i s  
much more of a f a c t o r .  Again ignoring emergency or wave-off re- 
quirements, it appears t ha t  VFR landings of t h i s  type could be 
performed under favorable  conditions w i t h  s p e c i f i c  impulse capac i ty  
as low as t e n  t o  twelve seconds, 

The con t ro l  coupling parameter, p i t ch ing  moment due t o  s tored-  
energy l i f t ,  of either sign, i s  a disadvantage, and must be re- 
s t r i c t e d  t o  small values. 

l andings  f o r  smaller  energy requirements, would be more outstanding. 
I n  fact, if landings are  f e a s i b l e  a t  all, then they should 
be s u i t a b l e  for IFR with l i t t l e  if  any add i t iona l  pena l ty  i n  energy 
storage requirement. On the other hand, the  n j  = 0 landing 

5mpulse requirement as probably t o  be imprac t ica l .  
This study has t o  be regarded as exploratory,  and the con- 

clusions qua l i t a t ive .  
per ience with an a c t u a l  f l i gh t  t e s t  vehic le  would be des i r ab le .  
A more rea l i s t ic  s imulat ion would a l s o  be he lpfu l .  

The minimum requirement f o r  stored-energy s p e c i f i c  

- 

. 

Under Instrument Flight Rules, the advantage of ni = 1 

ni = 1 

......aLI-- uIuy. -- -.Ab W V u i U  Ut: so neavi iy  p~r!Q!.zecI f s  enc?g>--s-biage s p e c i f i c  

In  order t o  va l ida t e  them more f u l l y ,  ex= 

L 
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a 
APPENDIX 

Example Decelerat ion Calculation 

I n  t h i s  sec t ion  an example c a l c u l a t i o n  i s  c a r r i e d  out  using 

The two q u a n t i t i e s  which specify the drag aerodynamics of t h e  
t he  a i rp l ane  c h a r a c t e r i s t i c s  selected for  the  fixed-base simulation. 

a i rp l ane  are the speed for m i n i m u m  drag i n  l e v e l  f l i g h t  and the 
maximtjm l i f t -d rag  r a t i o .  These were assigned values 

which are t y p i c a l  of lig'ht t ranspor t  a i r c r a f t  i n  landing configu- 
r a t i o n .  .I 

The v e l o c i t y  a t  the start of t,hp d00-i o . r - + 4  -- ---- -I-- - -  - - - -----a ..UU b . L A V I > G l i  bu ut! 

vi = 100 f p s  

SO t h a t  

- --t loo  .833 
120  ui = - 

Considering two i n i t i a l  aerodynamic load  f a c t o r  cases ,  
n i = O  and n i = l ,  
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I For a 15-second dece lera t ion  from 100 f t / s e c  t o  a hover 
(Uf = 01, 

From Figures 5 and 6 

I n s e r t i n g  these numbers i n t o  equation (l5a) y i e l d s  dis tance,  

Rearranging equat ion ( l 5 b )  w i t h  uf = 0 , gives the ve loc i ty  as a 
func t ion  of time: 

v J. 

114 Tan 20.3 t ni = 1 

n = O  t 
33.8' i 

= { 211 Tan 

c 

(here t i s  the  time remaining i n  the dece le ra t ion ) .  
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. .  

. 
A similu c a l c u l a t i o n  f o r  a 5-second dece le ra t ion  gives 

4.8 , ni = 1 
'D = { 5.0 ni = 0 from Figs:  5 and 6 

232 f t ,  n i  = 1 
x = {  250 f t ,  ni = 0 

212 T a n  1 ~ 0  t , n i  = 1 

t ni = 0 
V =  

Veloci ty  as a func t ion  of time i s  p l o t t e d  i n  Figure 7. The 
d i f f e rences  i n  the curves for a given dece lera t ion  time are  rela- 
t i v e l y  small and a r e  due t o  the presence of induced drag f o r  the 
ni = 1 case. T h i s  emphasizes the f a c t  that induced drag i s  not 
a large f a c t o r  i f  the i n i t i a l  veloci ty  i s  high. 
noted that  the  reverse  t h r u s t  required f o r  a shor t  dece lera t ion  

/ T- \ 
a -  ..--I- .I - - - A  I lJ rr c \ 
A 0  v c J . y  Lar&G 

It should also be 

\ w -  ." 1' 
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F i g u r e  3. Logarithmic factor in deceleration distance equation 
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