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Dwinz 1963 ncd ea-17 15'64, R s e r i e s  c,f tnrbulence 
a s s o c i a t e d  u p s e t s  occurred i:? c i v i l  aid m i l i t a r y  
j e t  t r r n s p o r t  opera t ions .  The follov;in,; f a c t o r s  
were conman to  a number of t h e  upse t  cases:  

- Control  wis l o s t  i n  tu rbulen t  r i r  con6,itions. 
- Unusually hi.*  itch at t i tu6 .es  preceded a d i v e  

- The d ives  involved speeds in excess o f  46OK I A S  

- S ~ c c e s s f u l  r e c o v e r i e s  were made o n l y  a f t e r  v i s -  

- Recovery e f f o r t s  were compliceted by h igh  e l e -  

a t  h i j h  speed. 

n t  s t e e p  nose down a t t i t u d e s .  

u a l  o u t s i d e  re ference  was e s t a b l i s h e d .  

v a t o r  f o r c e s  en? s t a l l i n g  of t h e  s t a b i l i z e r  . 
erive a c t u a t o r .  
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FlGUiiE I ~ ,ET T R A N S W I I T  UPSETS 

Fi,;ure 1 shoes a l t i t u d e  versus  t i n e  p l o t s  from 
f l i g h t  recorder  in l ; r :n* t ion  i n  two such u:iset 
cases .  In bot.7 c a s e s ,  zir.imm rnri mexiwm speeds 
were ne-rlq i? .en t ics l  a t  a g p r o x i i a t e l y  2ljK and 
475K I&. I n  3 ? s e  A s t r u c t u r a l  f a i l u r e  o c o l r r e d  a t  
low iz l t i tude  seconds 5 e f o r e  i:opact. I n  Case 3 a 
successfu l  recaver:1 mnde a t  apr . roxi> . te ly  
12,03C' a,,.' 110 StrllCtilral d ,e occurred.. F l i g h t  
pa ths  i i  lot>.  cases  ,::ere ne i d e n t i c d  do.m t o  
t!ie gioint ,at whic?. s t r u c t u r a l  f n i l u r e  occurred i n  
Cas0 A. 

1nvesti:::-tion Of Tie Problem 

Intens ive  st,u".ics of  t h e  turbulence  problem have 
t e c r .  a,-,&, pnr t icu lar l : .  of the  f a c t o r s  involved i n  
Zasec, A ani. 3 of X ; u e  1 above. I n  a d d i t i o n  t o  
the a a u a l  i n v e s t i - a t i v e  a c t i v i t i e s ,  the  s t u d i e s  
have inclu:'.ed i n d q s e s  o f  f l i g h t  recor?.er records  
.and f l i s h t  crew s ta tements ,  cor.yutor s imula t ion  
s t u d i e s ,  h u n m  c e n t r i n ~ g e  t e s t s ,  f l i z h t  t e s t s ,  and 
o ther  e f f o r t s  s t i l l  cont inuin& ?haugh t h e s e  ac- 
t i v i t i e s  have not p inpoin ted  a s p e c i f i c  cause of 
the  u p s e t s ,  the:, have l e d  t o  b e t t e r  understnnding 
of  the  problems of  o p e r a t i n g  j o t  t r r n s p o r t  a i r -  

I v 
planes i n  areas o f  turbulence.  The fo l lowing  fac- 
t o r s  have been p a r t i c u l a r l y  h ighl ighted :  

- Attitu5.e i n d i c a t o r  r e s d a b i l i t y  and i n t e r p r e t a -  

- Turbulence p e n e t r a t i o n  speeds. 
- Control  problems. 

t ion .  

A t t i t u d e  I n d i c a t o r  R e a d a b i l i t x  
And I n t e r o r e t a t i a n  

Since m n y  o f  t h e  cases  involved unusual a t t i t u d e s ,  
i n d i c a t o r  r e a d a b i l i t y  and i n t e r p r e t v t i o n  i n  vnusu- 
a 1  a t t i t u d e s  was reevaluated.  A t c i c a l  contempo- 
r a r y  a t t i t u d e  i n f i i m t o r  is shown in Figure 2. 

FIGURE 2 ' C C X T Z ~ O R A R Y  ATTITUDE IhVICATOR 

The p i l o t  maintains  tie a i r p l a n e  l e v e l  in p i t c h  and 
r o l l  by keeping the  symbol a i r p l a n e  l'on'' and para l -  
l e l  t o  the  horizon bar. The r o l l  re fe rence  p o i n t e r  
a t  t h e  top of  t h e  i n d i c a t o r  f u r n i s h e s  an a d d i t i o n a l  
roll a t t i t u d e  re ference .  This p o i n t e r  always p o i n b  
a t  the  sky and i s  thus sometimes c a l l e d  the  " s a  
p o i n t e r " .  The l a t e r a l  d i r e c t i o n  in 3:;kich i t  p o i n t s  
i s  the  d i r e c t i o n  i n  which c o n t r o l  input  must be 
made t o  r e t u r n  t o  wings-level f l i g h t .  In t h i s  
usage the  "sky p o i n t e r "  i s  a commanil index. 

A s  the airplane d e v i p t e s  fro-. a l e v e l  p i t c h  a t t i -  
tude,  the v e r t i c a l  d i s t a n c e  between t te  re ference  
a i r p l a n e  an.' the  horizon b a r  increases ,  makine r o l l  
a t t i t u d e  r o r e  d i f f i c u l t  t o  v i s u a l i z e .  A t  extreme 
p i t c h  a t t i t u d e s ,  the  h o r i z o n  b a r  may d iszypesr  be- 
h i n e  i t s  surrounding mask l e a v i n e  only the  "sky 
p o i n t e r "  f o r  r o l l  reference.  Since the horizon b a r  
i s  t h e  grinpry a t t i t u d e  re ference ,  the p i c t u r e  of  
roll n t t i t u d e  becones l e s s  c l e w  a t  extreme p i t c h  
a t t i t u d e s .  Thi6 f a c t o r  i s  eviSent  i n  Figure 3 i n  
which the  a i r p l a n e  i s  in a wings-level climb a t  a 
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$00 body a t t i t u d e .  
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FIGUFX 3 CGIWEIFORARY AT1'ITmE ISDICATOR. STm 
C L I E  ATTITTIDE 

Fib%ye 4 sborra ail e q e r i n c n t a l l y  m d i f i e d  i n d t c a t o r  
i n  t h e  same 2tt i tue.e  1s t h n t  of 3i;ure 3. 

T I G W  4 iGDIFIED AT'IITU3E INDICATOR, STEW 
CLIMB ATTI- 

Note t h n t  t h e  increased  span of t h e  p i t c h  tnarkings 
improves t h e  r o l l  p i c t u r e  when the  horizon b a r  i s  
out  o f  view. The coniinnd ward "PUSH" i n d i c a t e s  t h e  
proper  c o n t r o l  input  requi red  and t h e  c l o s e l y  
spaced i i o r i z o n t d  l i .nes  form a warning t h a t  an unu- 
s u a l l y  high p i t c h  a t t i t u d ~ e  e x i s t s .  The word "PUSH" 
end a s s o c i a t e d  w r i i i n s  l i n e s  do not  appear u n t i l  
t h e  maximum noimirl p i t c h  a t t i t u d e s  are exceeded. A 
s i m i l a r  &rn in , ;  Rrea with  t h e  word "PULL" appears  
vhen the  mcximm normal noce down p i t c h  a t t i t u d e s  
are exceeded. 

I n  unusuciily nose-nigh and nose-low a t t i t u d e s ,  some 
contemporary i n d i c a t o r s  make use of  t h e  words 
" C i I I ' s "  and "DIVE". I n  extrene a t t i t u d e s  such R S  

i n v e r t e d  f l i s h t ,  the word " C L I W t  ( o r  "PUSH" o r  
" U P " )  may n o t  be c o r r e c t  and some say t h i s  i s  ren- 
son t o  avoid.  the  use o f  words a l t o g e t h e r .  No 
s inEle  word w i l l  be e n t i r e l y  c o r r e c t  f o r  such att i-  
tudes u n l e s s  some universzl one such as "H3LP" i s  
used. Use o f  "CLIMB" and "DIYE" o r  o t h e r  s u i t a b l e  
worda is j u s t i f i e d  sirice they should  c l e a r l y  h e l p  
the  p i l o t  prevent extreme a t t i t u d e s  developing. 
Prevent ion of an extreme a t t i t u d e  seems t h e  bre-  
f e r r e d  a l t e r n a t i v e .  F u r t h e r ,  most p r e s e n t  day 
g y r o / a t t i t u d e  i n d i c a t o r  combinations cause the  in-  
d i c a t o r  t o  r o t a t e  i80° i n  roll when t h e  a i r p l a n e  
approaches v e r t i c a l  p i t c h  a t t i t u d e s  so t h a t  b a s i c  
i n d i c a t o r  information w i l l  be  correct when the  a i r -  
p l a n e  i s  inver ted .  Tnis process  i n v e r t s  the  words 
"GLI33" and "DIVE" while the  a i r p l s n e  i s  inver ted .  
When t h e  words are i n v e r t e d  they a r e  es , sen t ia l ly  
unreadable ,  and i n  t h i s  sense do not g ive  i n c o r r e c t  
information.  

Figure 5 shows t h e  "old" a t t i t u d e  i r .dicator  d o n g -  
s ide  t h e  exper imenta l ly  modified i n d i c a t o r  i n  
s e v e r a l  a t t i t u d e s .  

TIGURE 5 ORISIIL4I AND I"!ODIYIED ATTITVJE INDICATORS 
I N  VARIOUS AIFPLANE ATTITUDES 

Uote i n  F igure  58, f o r  example, these f e a t u r e s :  

- The vrorde "FULL" 8nd the c l o s e l y  spaced warn- 
i n g  l i n e s  i n d i c a t e  thn t  an  unusual ly  s t e e p  nose 
down a t t i t u d e  e x i s t s .  

p i t c h  input .  

e r y  r o l l  input .  

- The word " m L "  c a l l s  for the  o o r r e c t  recovery 

- The "sky p o i n t e r "  c a l l s  f o r  t h e  c o r r e c t  recov- 

I n  the  experimental  i n d i c a t o r ,  the  "sky" i s  a 
b r i g h t  b lue  while the  t lear th t '  is  black wi th  per-  
s p e c t i v e  l i n e s .  
p r e s e n t n t i o n  ,gives a more r e a l i s t i c  "ear th"  picture. 
A proposed r e v i s i o n  moves the r a d i a t i n g  p e r s p e c t i v e  
"earth." l i n e s  t o  the  15  and 30' r o l l  p o s i t i o n s .  
This improves t h e  p e r s p e c t i v e  p i c t u r e  and gives  a 
convenient bank angle  r e f e r e n c e  a t  the normal 
maneuvering values .  

The p e r s p e c t i v e  o r  " s e c t i o n  l i n e "  

Turbulence P e n e t r a t i o n  Speeds 

Turbulence p e n e t r a t i o n  speeds a re  a product  of two 
w i n  cons idera t ions .  The chos,en speed must be h igh  
enough t o  p r o t e c t  a g a i n s t  a <u:ust inriuced s t a l l ,  y e t  
low enovgh t o  p r o t e c t  n,:p.inst excess ive  s t r u c t u r a l  
loads.  
the  choice of t u r b u l e n t  air p e n e t r a t i o n  speeds. 

F igure  6 shows f a c t o r s  of s i g n i f i c a n c e  in 

I 
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FIGURE 6 SIGNIFICANT SPEEDS - SEVERE TURBULENCE 

The o r i g i n a l  recam.nended turbulen t  nl r p e n e t r a t i o n  
speed envelope f o r  a t y p i c a l  j e t  t r a n s p o r t  i s  de- 
f i n e d  by the  "hourglass"  f i g u r e  (Lines  AB$. DEF) i n  
Figure 6. 
longer  in e f f e c t .  i t  bears  d i scuss ing  because o f  
i t s  inf lhence  on t h e  choice of e a r l i e r  tu rbulence  
p e n e t r a t i o n  speeds. 

Although the  hourg lass  curve i s  no 
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The mininun speed,  Line ABC, i s  that a t  which the  
a i r p l a n e  w i l l  s t a l l  i f  i t  encounters  the  des ign  
gust .  Line CB i n d i c a t e s .  as i t  should ,  an  i n c r e a s e  
i n  s t a l l  speed with a l t i t u d e  up t o  20.000'. The 
decrease  i n  g u s t  va lue  allowed f o r  design purposes 
-66 fps  MSL to  20,rJOO' decreasing l i n e a r l y  t o  
38 f p s  a t  50,0CO'--accounts f o r  t h e  apparent  m o n g  
VIEO bend in Line ABC a t  20,000 ' .  
@sts would cont inue t o  i n c r e a s e  as shown by Line 
B I  i f  the  d e s i @  g u s t  value was not reduced above 
20,000'. 

S t a l l  ?.peed i n  

Use of speeds  t o  thc  l e f t  o f  Line ABC would obvi- 
ously be unwise s i n c e  a s t a l l  and l o s s  o f  c o n t r o l  
would be a c e r t a i n t y  i f  t h e  des ign  g u s t  was en- 
countered. And t h e  s t a l l .  o f  course. i s  not  t h e  
only c o n s i d e r a t i o n  near  t h e  low speed end of t h e  
range. 

Line DEF, t h e  r i g h t  s i d e  of  t h e  hourg lass  curve, 
d e f i n e s  t h e  speed a t  which t h e  des ign  l i m i t  l o a d  
f a c t o r  would be reached i f  t h e  des ign  g u s t  was en- 
countered. The a i r p l n n e  can wi ths tand  the des ign  
gust a t  speed V)$o and s t i l l  have s u b s t a n t i a l  
s t r e n g t h  margins. 
t h a t  d e f i n e d  by Line  DEF, t h e  l a t t e r  should not  be 
thought of i ls  t h e  speed a t  which t h e  a i r p l a n e  would 
be near  s t r u c t u r a l  d i f f i c u l t i e s  if t h e  des ign  g u s t  
was encountered. 

Based on the  o l d  p e n e t r a t i o n  speed envelope (Lines  
A X ,  DEF) a mid-range speed (Line GH) might seem a 
good choice. A t  speeds not far below t h i s  v a l u e ,  
however. t h e  a i r p l a n e  w i l l  be  on o r  near  t h e  back 
s i d e  of the  t h r u s t  requi red  curve. Correc t ive  
t h r u s t  and l o n g i t u d i n a l  t r i m  adjustments  in t h i s  
range w i l l  be  r e l a t i v e l y  l a r g e  and t h e  a i r p l a n e  
w i l l  be more d i f f i c u l t  t o  cont ro l .  A t  high a l t i -  
tude ,  i f  t h e  a i r p l a n e  i s  allowed t o  g e t  very  f a r  
t o  t h e  l e f t  o f  the  bottom o f  the  t h r u s t  requi red  
curve ,  a l a r g e  l o s s  in a l t i t u d e  may b e  i n e v i t a b l e  
if adequate  speed and c o n t r o l  ere t o  be regained 
even i n  p e r f e c t l y  smooth sir. 

The a i r p l a n e ' s  response t o  s u s t s  w i l l  be g r e a t e s t  
a t  the  lower speeds and t h i s  t r i l l  a l s o  complicate  
cont ro l .  
comes even l e s s  appea l ing  a t  t h e  h igher  a l t i t u d e s .  
Since g u s t s  o f t e n  do not d.ecrease i n  i n t e n s i t y  
above 20.UCC', Line  BI r e p r e s e n t s  a nore r e a l i s t i c  
minimum speed va lue  at the  higher  a l t i t u d e s .  
These f a c t o r s ,  p l u s  t h e  f a c t  t h a t  s t r e n g t h  margins 
e x i s t  beyond  VI.:^ f o r  encounters  w i t h  t h e  design 
g u s t ,  sqy,est  use  of a speed near  t h e  h igh  speed 
l i n e  of tho  hourg lass  envelo2e. The speed def ined 
b i  Line JK w i l l  p rovide  adequate s t a l l  and c o n t r o l  
margins while  s t i l l  p r e s e r v i n g  l a r g e  s t r e n g t h  
margins. 

While B cons tan t  i n d i c a t e d  a i r s p e e d  i s  used at law 
and i n t e r m e d i a t e  a l t i t u d e s ,  a cons tan t  Mach number 
should be used  a t  the  h igher  a l t i t u d e s .  
changeover from IAS to  Mach w i l l  occur at about 
34.000' f a r  most contemporary j e t  t r a n s p o r t s .  The 
s p e c i f i c  chnngeover n l t i t u d e  depends on t h e  shape 
of t h e  b u f f e t  boun?.,ar? curve f o r  t h e  n i r p l a n e  in-  
volved. 
t h e  b u f f e t  boundary curves pul l  down along a con- 
stant Mach l i n e  as in Figure  7. The Mach number 
t h a t  goes through t h e  peok o f  the  curves  i s  the  
one speed t h a t  g i v e s  t h e  g r e a t e s t  margin t o  b o t h  
low and h i g h  speed b u f f e t  onset .  

Since speed V~,IO i s  w e l l  above 

Choice of t h e  mil-range speed (GH)  be- 

The 

A s  l o a d  f a c t o r  and/or  weight i n c r e a s e ,  
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The recornmended t u r b u l e n t  a i r  p e n e t r a t i o n  speed i s  
a constant  i n d i c a t e d  a i r s p e e a  f ron  sea  l e v e l  up to  
the  i n t e r s e c t i o n  of tho  cons tan t  Mach number l i n e .  
Above t h i s  a l t i t u d e ,  t h e  Mach number l i n e  t h a t  
goes through t h e  pe8k of the  buf fe t  boundsry curves 
is used. I t  i s  important  t o  note  t h a t  these a r e  
recommended and not limiting speeds. And a8 be- 
tween the  tvo. i t  i s  perhaps b e t t e r  t a  be on the  
high s i d e  t h m  on t h e  low. 

Control  Pro- 

Eleva tor  Forces 

I n  Case B o f  Fi,xre 1 nbove, t h e  f l i g h t  crew re- 
p o r t e d  t h a t ,  in t h e  h ieh  speed d ive ,  they p u l l e d  8s 
hard  as they could ,  and though t h e  e l e v a t o r  colunn 
moved somewhat, t h e r e  was no corresponding response 
of the  Pirplane.  Unusurlly heavj  f o r c e s  a r e  char- 
a c t e r i s t i c  of f l i g h t  n t  such extreme speeds,  and 
column movement without a i r p l a n e  response was no 
doubt due t o  c a b l e  s t r e t c h  and a e r o l a s t i c i t y  ef- 
f e c t s .  Inasmuch 8 s  t h e s e  e f f e c t s  cannot be demon- 
s t r a t e d  i n  t r a i n i n g ,  i t  is no wonder they a r e  
s u r p r i s i n g  t o  the p i l o t  who may experience them 
o n l y  once ir. a l i f e t i m e .  Such e f f e c t s  can compli- 
cate recovery e f f o r t s  when upse ts  do occur. 

S t a b i l i z e r  Drive S t a l l  

I f  s u f f i c i e n t  mistrim e x i s t s ,  i t  i s  p o s s i b l e  f o r  
r e s u l t i n g  aerodynmic  loads  t o  exceed the  dr ive  
c a p a b i l i t y  of  tine s t a b i l i z e r  ac tua tor .  Mistrim 
w i l l  occur  in event of e trim runaway al though a 
runaway i s  an u n l i k e l y  p o s s i b i l i t y .  M i s t r i m  i s  
more probable  if trimming i s  at tempted i n  severe 
turbulence.  Proper trim is normally e s t a b l i s h e d  
by trimming t o  a zero s t i c k  force  reference.  I n  
t h e  rap id ly  chsnging condi t ions of  severe  turbu- 
l e n c e ,  no s t a b l e  s t i c k  f o r c e  r e f e r e n c e  i s  nvai l -  
a b l e  and trimming a t tempts  are l i k e l y  t o  r e s u l t  i n  
mistrim. 

Once mistrim e x i s t s .  s m e  of t h e  e l e v a t o r ' s  p i tch-  
i n g  moment c o n t r i b u t i o n  must go t o  oppose the  
p i t c h i n g  moment developed by the  m i s t r i m e d  s tab i -  
l i z e r .  This will have s e v e r a l  adverse e f f e c t s .  
F i r s t ,  some of the  a v a i l a b l e  e l e v a t o r  c a p a b i l i t y  
goes t o  oppose the  mistrimmed s t a b i l i z e r  and less 

d 
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i s  l e f t  t o  counter  any adverse ,-st-induced p i t c h -  
i n g  motions. Second, e l e v a t o r  f o r c e s  will be 
i n c r e a s e d  and m a y  complicate  recovery from n high  
speed dive. Thi rd ,  and gerhaps most  s i g n i f i c a n t ,  
whenever t h e  e l e v a t o r  opposes the s t a b i l i z e r .  t h e  
aerodyn;unic l o a d  on t h e  s t a b i l i z e r  may reach  a 
l e v e l  t h a t  i s  impossible  f o r  t h e  trim a c t u a t o r  t o  
overcome. 

I f ,  f o r  example, nose down trim i s  used t o  counter  
t h e  a i r p l a n e ' s  p i t c h  up response t o  a v e r t i c a l  
d r a f t ,  t h e  a i r p l a n e  w i l l  p i t c h  down more sharp ly  
when the  $.raft r e v e r s e s  in d i r e c t i o n .  Eleva tor  
w i l l  be  used  t o  counter  the  pi,tch down motion, and 
t h e  r e s u l t i n g  aerodynamic l o a d  may be s u f f i c i e n t  
t o  s ta l l  t h e  s t a b i l i z e r  a c t u a t o r .  As speed in- 
c r e a s e s ,  t h e  adverse  e f f e c t s  increase .  and t h e  ele- 
v a t o r  l a y  have i n s u f f i c i e n t  e f f e c t  t o  counter  t h e  
nose down f o r c e s  of  t h e  draft  and t h e  mistrimmed 
s t a b i l i z e r .  I t  i s  obvious t h a t  tuck  e f f e c t s  may 
a l s o  oomplicate  the  p i c t u r e .  and i t  i s  s i g n i f i c a n t  
t h a t  tuck e f f e c t s  cannot be countered by a Mach 
t r i m  system t h a t  i s  unable  t o  move t h e  s t a b i l i z e r .  
But a s t a b i l i z e r  trim 6ystem t h a t  i s  mechanic all^ 
normnl w i l l  d r i v e  o u t  of such an adverse t r i m  
s i t u r t i o n  i f  t h e  p i l o t  a m l i e d  e l e v a t o r  c o l m  
f o r c e s  are reduced. A happy circumstance. 

An i n c r e a s e  i n  a c t u a t o r  d r i v e  power neems a good 
th ing  a t  f i r s t  look but i s  not  n e c e s s a r i l y  f e a s i b l e  
A system powerful enough to  d r i v e  r e g a r d l e s s  of  
a e r o d y n m i c  loads  may w e l l  have t h e  c a p a b i l i t y  of  
imposing d e s t r u c t i v e  s t r e s s e s  i f  B t r i m  ruIIaww 
should occur a t  h i &  speeds. 
d r i v e  system, l i k e  so many o t h e r  t h i n g s ,  must b e  a 
compromise. 

Control  Cues 

- 

The power of  t h e  

v To f l y  t h e  a i r p l a n e  p r o p e r l y  i n  severe  turbulence ,  
keep i t  l e v e l .  
=he a t t i t u d e  i n d i c a t o r .  Obvious7 O f  COUPBB. 
Simple7 By no means. Many t h i n g s  complicate t h e  
task. 

To f l y  s t r a i g h t  and l e v e l  t h e  p i l o t  must c o n t r o l  
r o l l .  p i t c h  and yaw. A wings-level a i r p l a n e  re- 
s ists  t u r n i n g ,  and " s t r a i g h t  and l e v e l "  becomes 
e s s e n t i a l l y  a two. r a t h e r  than t h r e e ,  element 
task--the c o n t s o l  of r o l l  and p i t c h .  O f  t h e  two, 
p i t o h  c o n t r o l  problems predominate i n  severe tur -  
bulence. 
and l a r g e ,  a r e  more common than u p s e t s  i n  r o l l ,  
e s p e c i a l l y  on instruments .  
s p e c u l a t e  why. 

Only one i n s t m e n t  f u r n i s h e s  r o l l  a t t i t u d e  i n f o r -  
mation. And i t  t e l l s  t h e  t r u t h .  When t h e  a i r 9 l a n e  
r o l l s ,  t h e  a t t i t u d e  i n d i c a t o r  p i c t u r e s  i t  f a i t h -  
f u l l y  and e s s e n t i a l l y  without  error. Not s o  t h e  
p i l o t ' s  p i t c h  re ferences .  

P i t c h  re ferences7  The t r o u b l e  may be t h a t  he h a s  
too  many! 
a i r p l a n e  p i t c h  changes and a r e  i n t e r p r e t e d  d . i rec t ly  
o r  i n d i r e c t l y  a s  p i t c h  i n d i c a t o r s .  P i t c h  c lues  
come t o  t h e  p i l o t  from: 

The b e s t  way t o  keep i t  l e v e l 7  

Upsets i n  t h e  p i t c h i n g  p l a n e ,  bo th  small 

I t  is  i n t e r e s t i n g  t o  

F i v e  cockpi t  i n d i c a t i o n s  respond to  

- The n t t i t u d e  i n d i c a t o r .  - The a l t i m e t e r .  
- The v e r t i c a l  speed i n d i c a t o r .  

- The a i r s p e e d  i n d i c a t o r .  * 
- Loa?> f a c t o r  changes. 

C f  these .  only the  n t t i t u d e  i n d i c a t o r  t e l l s  t h e  
p i t c h  s t o r y  t r u t h f u l l y  i n  turbulence.  

Jump now from turbulence to  smooth a i r .  I n  n e a r l y  
a l l  f l i g h t  regimes, t h e  above " p i t c h  i n d i c a t o r s "  
respond t o  a i r p l a n e  p i t c h  changes a s  i n d i c a t e d  i n  
TABLE I. 

TAEI'S I h e r e  

The p i l o t  spends thoussnds of hours consciously and 
unconsciously see ing  and u s i n g  the i n d i c a t i o n s  of  
TABLE I. Since all respond t o  p i t c h  changes they 
t e l l  h i n  somothins about h i s  r i t c h  a t t i t u d e .  

A normal f l i g h t  u s u a l l y  involves  R cons tan t  a i r s p e e d  
cl imb,  a cons ten t  a l t i t u d e  c r u i s e  segment, and a 
cons tan t  a i r s p e e d  descent .  I n  epch of  t h e s e  ceg- 
mente, m i n d i c s t o r  t h n t  i s  not t r u l y  2 p i t c h  ind~i-  
c a t o r  is  used as t h e  b n s i s  f o r  ; i t ch  c c n t r o l  inputs .  

I n  t h e  normal climb, t h e  e e s i r e d  aero&namic and 
o t h e r  reqclrements  are s a t i s f i e d  by a cons tan t  n i r -  
speed. Since  t h e  climb i s  s l s o  normally made wi th  
an e s s e n t i a l l y  f ixed  t h r u s t  l e v e r  s e t t i n g .  the  
r e s u l t i n g  p i t c h  a t t i t u d e  chances with a l t i t .ude .  
Constant a i r s p e e d  i s  the  requirement and it  cennot 
be s a t i s f i e d .  by a constant  p i t c h  a t t i t u d e .  
c o n t r o l  i n p u t s  a r e  made a s  P d i r e c t  resv. l t  of  a i r -  
speed changes and the  a t t i t u d e  i r .dicatar  a s e w e s  a 
support ing r o l e .  The s m e  i s  t r u e  of  t h e  descent. 
The ne t  r e s u l t  over count less  hours of  fli,ght ex- 
p e r i e n c e  i s  t h a t  thQ a i r speed  i n d i c a t o r  becones a 
powerful in f luence  on t h e  p i l o t ' s  c o n t r o l  of p i t c h .  
An a i r s p e e d  i n d i c a t o r  t h a t  moves r a p i d l y  toward t h e  
lower l e v e l s ,  f o r  example. w i l l  c c l l  f o r t h  a s t rong  
p i l o t  e l e v a t o r  input .  

Constant a l t i t u d e  c r u i s e  p u t s  the  a l t i m e t e r  " i n  
cornand". 
ment makes a constant  a l t i t u d e  mandatory. And 
s i n c e  a cons tan t  n l t i t u d e  cannot be mpintained by 
use of  t h e  a t t i t u d e  i > d i c a t o r  a l c n e ,  p i t c h  c o n t r o l  
i n p u t s  are made a.s a r e s u l t  of cocement o f  the  
r l t i m e t e r  neeme.  
assumes B supuor t ing  r o l e .  An6 again  many hours  
spent  i n  constar.t a l t i t u d e  c r u i s e ,  p l u s  the  e t r i n -  
gent  a1t i tud.e  reeuirements  o f  instrument f l i g h t ,  
r e s u l t  i n  t h e  p i l o t  rosponding t o  " p i t c h "  indica-  
t i o n s  from t h e  a l t i m e t e r .  Constant a t t i t u d e  c r u i s e  
m i g h t  wel l  be s u p e r i o r  t o  constant  a l t , i t u d e  c r u i s e ,  
but i t  does not f i t  today ' s  t r a f f i c  c o n t r o l  p ic -  
t u r e .  

Consider t h i s :  

P i t c h  

The p r e s e n t  dw t r a f f i c  c o n t r o l  environ- 

Again t h e  s t t i t u d e  i n d i c a t o r  

1. An a i r p l a n e  t h r t  is poin ted  up w i l l  go up. 
2. An a i r p l a n e  t h a t  is going up must be poin ted  

UP. 

I t  seems quite1 r i g h t .  I f  not aerodynamically cor- 
r e c t ,  i t  seems i t  ought t o  be. I t  is 8 curious 
th ing ,  bu t  t h e  concept of items 1. and 2. asparent-  
l y  i s  a s t r o n g  inf luence  on the  p i l o t ' s  thoughts 

* I n  the  i n t o r e s t  of s implif icat ion--and s i n c e  i t s  
pitch i n d i c a t i n g  inf luence  i s  >robably weak--the 
Machmeter is l e f t  out  of t h i s  d i scuss ion .  
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and a c t i o n s .  I f  t h e  a i r p l a n e  r i s e s  in an updraf t  
i t  seems t h c t  i t  must be p o i n t i n g  up. Many p i l o t s  
w i l l  i n s i s t  t h a t  an a i r p l a n e  p i t c h e s  up i n  an  up- 
d r a f t  and down i n  a downdraft, b u t  the  r e v e r s e  i s  
t r u e .  

Turbulence i s  not made up of v e r t i c a l  d r a f t s  alone. 
t key mry come a t  the a i r p l a n e  frcm any d i r e c t i o n  
and t h e  a i r p l a n e ' s  response depends on tho  8 i rec-  
t i o n  from vrhich the  d r a f t  comes. Far  draf ts  i n  the  
XZ ( p i t c h i n a )  p lene  only ,  t h e  a i r p l a n e  respcnds as 
shown i n  TmLX 11, and t h e  f i v e  " F i t c h  i n d i c a t o r s "  
of TABLE I r e a c t  as i n d i c a t e d .  

TABLE I1  h e r e  

Assuming t h a t  t h e  p i l o t ' s  c o n t r o l  i n p u t s  - re  in- 
f luenced by a l l  f i v e  o f  the  " p i t c h  ind ica tors t '  of 
TABLE 11. t h e  commnds each w i l l  c a l l  f o r t h  w i l l  
normally b e  as shown i n  TABLE: 111. 

TABLZ I11 here  

The a t t i t u d e  i n d i c a t o r  c a l l s  f a r  R c o r r e c t  c o n t r o l  
i n p u t :  t h e  o t h e r  " p i t c h  i n d i c a t o r s "  l i e  t o  the  p i -  
l o t  i n  vary ine  p a t t e r n s  and degrees .  Tne heavy 
boxes i n d i c a t e  the  p i t c h  comnands t h a t  are re- 
versed. Over h a l f  t e l l  t h e  p i l o t  t o  PULL when he 
should PUSH, o r  v i c e  versa .  

lie do not  know how s t r o n g l y  wrong way p i t c h  c l u e s  
may be in f luenc ing  the  p i l o t ,  and i t  i s  a d i f f i c u l t  
t h i n e  t o  measure. Tes ts  conducted on "g"  c h a i r s .  
a h'man c e n t r i f u g e ,  and i n  f1i:ht tend t o  i n d i c a t e  
t h a t  r e v e r s e d  p i t c h  c o n t r o l  i n p u t s  a r e  being made 
under condi t ions  where severe turbulence e f f e c t s  
are simulated.  Fur ther  s t u d i e s  and t e s t s  are 
planned t o  l e a r n  n o r e  about the  phenomenon. 

For t h e  s a k e  of exp1orir.g f u r t h e r ,  aosume t h a t  esch 
of ti;e f i v e  " p i t c h  i n d i c a t o r s "  has  an exac t ly  equal 
i n f l u e n c e  on t h e  p i l o t .  For 6ix of  t h e  e i g h t  d r a f t  
d i r e c t i o n s  (TABLZ 111, Draf t s  2,3,4,6.7,C--the up 
and down d r a f t s ) ,  t h r e e  o r  more o f  t h e  f i v e  " p i t c h  
i n d i c a t o r s n  t e l l  the  p i l o t  t o  do t h e  vrrong thing.  
I t  i s  doubt less  f a u l t y  t o  assume an equal in f luence  
f o r  each of the  f i v e  i n d i c a t o r s :  one w i l l  have mme 
or l e s s  impact than the  next. I t  seems t h o t  the  
a t t i t u d e  i n d i c a t o r  should c a r r y  the  m o s t  weight, 
b u t  do we know t h a t  a PULL "comnand" from the  
a t t i t u d e  i n d i c a t o r  w i l l  over r ide  t h e  wrong way PUSH 
from two and perhaps t h r e e  o t h e r  i n d i c a t o r s ?  

If wrong wag c o n t r o l  i n p u t s  a r e  i n  f a c t  be ing  made 
2s 2 r e s u l t  of the  above phenomenon, what cen be 
done about i t ?  Alti1ou;h f u r t h e r  s t u d i e s  and t e s t s  
w i l l  b e t t e r  equip us t o  answ?r. two opern t iona l  
q p r o c c h e s  a r e  evident  now. 

1. I n  severe  turbulence F L Y  TKF ATTITUDE IB3ICA- 
TOR rnd p i t c h  c l u e s  f r a i  o t h e r  S O U ~ C ~ S .  

Uow t h i s  i s  ole. s t u f f  but i t  has new i q l i c a t i a n s .  
I t  socas  n r n ? i c n l  t h i n g  t o  s o y ,  b u t  i t  nay be wise 
t o  m v e r  ul, e l l  " p i t c h  i n d i c p t o r s "  except the 
a t t i t u d e  i n d i c e t o r  ! No m r t t e r  how much B p i l o t  m a y  
b e l i r v e  he i s  i s n o r i n g  t h e  f a l s e  p i t c h  c l u e s ,  we 
t1:inlr they m e  in f luenc ing  him more than he knows 
o r  i i l tends.  :inel: the  a l t i m e t e r ,  i n  thoufiends of  
hours  o f  c r u i s i n g  f l i E h t ,  t e l l s  the p i l o t  t o  PUSH 
v k n  i t  i n c r e a s e s ,  can ann w i l l  he  ignore the  sane  
i n f l u e n c e  i r  thc r e l a t i v e l y  few minutes he i s  a p t  
to  spend i n  severe  turbulence?  UnSer StreP.8 B 

normal human bein;: r e v e r t s  t c  habi t .  Cover ing  up 

1 
I .* - . .  

t h e  a l t i m e t e r ,  a i r s p e e d ,  end v e r t i c a l  speed indica- 
t o r s  i s  too r a d i c a l  an  approach t o  s e r i o u s l y  recom- 
mend, bu t  i f  t h e  f e l s e  p i t c h  c l u e  phenomenon i s  
r e a l ,  i t  j u s t  might be t h e  l e s s e r  o f  t w o  e v i l s .  
And i t  might not be so r a d i c d  a t  t h a t .  I f  t h r u s t  
i s  s e t  f o r  l e v e l  f l i g h t  a t  t u r b u l e n t  a i r  penetra-  L I 
t i o n  speed ( t h e n  l e f t  d o n e ) ,  even i n  severe 
turbulence the  o i r speed  and a l t i t u d e  w i l l  remein 
wi th in  s a f e  aerodynamic l imits i f  t h e  a t t i t u d e  for  
l e v e l  f l i g h t  i s  maintained reasonably constnnt, 
?he p i l o t  handl ing t h e  c o n t r o l s  woula be i n s u l a t e d  
f r o m  the  f a l s e  p i t c h  c l u e s ,  while  t h e  o t h e r  p i l o t ' s  
uncovered in$.%.iCatOTB could be manitored for  gross 
a i rspeed  and s l t i t u d e  changes. 

v 

2. I n  sevepe turbulence USE THE AUTOPILOT. 

The a u t o r i l o t  i s  not fooled  by f a l s e  p i t c h  clues. 
And i t  h a s  o t h e r  advantnges. 

The a u t o p i l o t  i s  calm and d ispass iona te  and unaf- 
f e c t e d  by s t r e s s :  t h e  human p i l o t  i s  not. The 
a u t o p i l o t  does not g e t  t i r e d .  I t  i s  as f resh  and 
e f f i c i e n t  a t  t h e  end o f  a long  f l i g h t  as i t  was a t  
the  s t a r t .  Not 8 0  the  human p i lo t .  Dust dis lodged 
by negs t ive  "s" forces  does not g e t  i n  t h e  auto- 
p i l o t ' s  eyes. When t h e  instrument pane l  s h k e s  so 
t h e  i n s t r u n e n t s  are unreadsble .  t h e  a u t o p i l o t  could 
care  l e s s .  The a u t o p i l o t  i s  not s u b j e c t  t o  nystag- 
mas. The a u t o p i l o t  i s  s a f e l y  f o r c e  l i m i t e d  i n  cne 
fash ion  o r  m o t h e r .  The nutoFi lo t  sees  every a t -  
t i t u d e  displacement and m k e s  R c o r r e c t i v e  cont ro l  
input  t h e  i n s t a n t  i t  ho.Fpena. Tne humm p i l o t  can- 
not .  ?,%en the  a u t o p i l o t  c a ' r i e s  td1 the  c o n t r o l  
l o a d ,  the  humen p i l o t  i s  f r e e  t o  monitor. I t  i s  

I t  i s  a l s o  safer.-.&- f i n d  no case where B n o d e r n  
f a r  e a s i e r  to  n o n i t a r A h m  ~ i ~ t  ~ i s t p ~ - c g r y t h i n  

<--hjsst. c o n > r ~ l ~ o f  a :et t r a n s p o r t  i n  
turbulence.  ,!re know o f  sevgfal  cases  wiKFe-the 
h G ? n  p i 1 a d h r . s  l o s t  cont ro l .  ~,'d 
one c a s e  where t h e  p i l o t  f i rmly  b e l i e v e s  the  air-  / ,>,, , , .  
plane  was saved by use  of  t h e  a u t o p i l o t  i n  severe "' '. 
turbulence.  

There are caut ions  of  course. Some i n s t a l l a t i o n s  
incorpora te  a n  automatic  cu tof f  c i r c u i t  (ACO) t h a t  
responds t o  lond  f a c t o r  whon i t  increases above a 
c e r t a i n  level. With such c i r c u i t  i t  may not be 
f e a s i b l e  t o  use  t h e  a u t o p i l o t  i n  Severe turbulence. 
Only a m a l l  percentage of commercial j e t  a u t o p i l o t  

li ?le know of  a t  l e a s t  

ions  have an ACO c i r c u i t .  however, and  i t  
l e  t o  disconnect  i t .  I t  i s  poss ib le  f o r  

the  a u t o p i l o t  t o  mistrim the  a i r p l a n e  i r  severe 
turbulence i f  t h e  requirement f o r  2 pitc?. input  
e x i s t s  f o r  R lonn  per iod.  This b r i n g s  perhaps the  
m o s t  important  caut ion:  Monitor t h e  trim i n d i c a t o r  
d w i n g  a u t o p i l o t  opera t ion  t o  'cc sure  i t  does not  
depar t  f u r  from t h e  t r i m  p o i n t .  If i t  does,  i t  can 
rensily be disconnected. An inadver ten t  Aisconnect 
o r  f a i i u r e  of the  a u t o p i l o t  i n  Severe turbulence 
waul?. be undes i rab le  and t h e  opera t ion  must be 
monitored t o  tuarl? a s a i n s t  .my adverse consequences 
of such a n  occurrence. And so  i t  i s  with  any use- 
Pal device-- i t  must be monitored or i t s  f a i l u r e  can 
pace d i f f i c u l t i e s .  

I f  t h e  a u t o p i l o t  i s  used ir, tu rbulence ,  i t  i s  
probably b e s t  t o  l o a m  t h e  , d t i t u t e  hold cor.:rol 
0". But eveii t h i s  old rule be questioned. 
Some a c t w l  turbulence p e n e t r a t i o n  experience sug- 
g e s t s  t h r t  i t  be b e s t  t o  use a l t i t u d e  hold ,  and 
c e r t a i n  o t h e r  thinAs ter.d t o  suy3ort  it!, usn-e. 
But u n t i i  more i s  %ncur, i t  is  b e s t  t o  l e a v e  the  d 
a l t i t u d e  h l d  om: 

5 



The fa l se  p i t c h  c lue  phenomenon i s  only a theory 
at t h i s  time. A number o f  th ings  i n d i c a t e  t h a t  i t  
may be an important c o n t r i b u t o r  t o  the turbulence 
upset  problem. Further  t e s t s  a r e  planned t o  prove 
o r  disprove the theory. Meanwhile i t  is i n t e r -  - e s t i n g  food  f o r  thought.  

A 6 c D 
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gable I Besponse Of Cockpit Pitch Indications To lirljlene P i t a  Changes 

Airplan8 Attitude Altimeter Vertical Speed Airspeed load  Fectc 
Pitch Change Indicator Indication Indication Indication change 

P I t C h e S  nOSB up Pltchee 9 Increases climb Decreases Increaeee 

Fltches nose dom Pitches dom Decreases Descent Increases Decreases 

I Table I1 Ailplane Response 90 SteaiLn State Dlefts In The Pitchine Plene 

0 
e, I , 0 

\ A /  
0- 1 -e  

0 

"Pita. Indicators" 
4 

upart Vertical Laad 
Dip- Airplane's Attitude Altimeter Speed Airspeed Factor 

eet ion Pitch Respanas Indicator Indication* Indicationa Indicationa Change 

1 Pi tches  up Pitchea np Increasse C l i m b  1*creeses 1ncreage. 

2 Pitches up Pitch8 up Decreases Descent Decreases Decreases 

3 Pitches UP Pitches up Decreases Descent Deoreasea Decreases 

4 Pitches up pitches up Decreases Descent Decrease. Deerease. 

5 P i t c h *  down Pitches down Decreases Descent DBc~eases Decresees 

6 Pitches dom Pitches dom Increases climb Decrease8 Increases 

7 Pitches down Pitches dom Increases Clinb Increases increase* 

8 Pitches dom Pitches dow. Increaaes Clinb 1ncresees Increases 

a T ê response 5.'.o*.ri for t?.e altineter, vertical speed, and silapeed indicators 
B S S U ~ J  t k t  pressure ~hanzes are consistent rth steady s t a t e  drafts, end 
ignores short period changes due t o  iandoa p r e s s u ~ e  ehanees. 

Decreases initially. then iilmeases. 

c 

?able 111 Elevator Input VDommanded" By Cockpit Pitch Insicetors 

0 
I ,o 

\ + /  
0- 1 -e 

0 t '\o 
0 

Pitch Comn.?nd R86POnJe 

Draft 

ectioc Pitch Reaponse Indicator Indicator Indicator Indicator Changee 

1 Pitches up PUSE PUSE PUSE PUSH 

2 Pitches up PUSE PWSE 

Dip- Airplane's Attitude Utimeter Vertical Speed Airspeed load Pactor 

PUSH (wLL( PUSH 3 Pitches up 

4 PitcneS up PUSE PUSE 

5 Pitches down FULL PULL PULL PULI 

6 Pitches down PULI, 

7 Pitches down PULL PULL 

8 Pitches d o m  €brL IpusB( PULL 

a ~ a s u m e s  that ci-anjes in load factor will call forth a c o n t r o l  input that tends 
t o  restore norma1 1 "g"  
pStievlarlJ under neeative "g* condi t ions.  this my not  alxaY8 be SO. 

c o n d i t i c n s .  There are reasons t o  believe that. 


