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Page 26k)

ChapteL 4 XIV. LoN ;1i’UD1~~ii L DISTUEthED MOTIGN.

.
~~~ 1~~. 1. C o m m o n  p r o p .~r t  i~~s of h~ l o n . ; i t u d in a l  d i s t u r  d mo~~ior: .

D u r i r . ~ t h ~ l~~. i n i t i a l  d l s * u i n an c e s  ot  t h &  k i n e m a t i c  I a r ~~m L ~~ej . .;

of t h e  .~V, Aa. ~O, w. of t he  l o i j i t u d i n a l  Ufl ~i is t I1 L ’b ’L d m O t i o n ,  t. hr

l o n g i t u d i n a l  .1i~~t u u b e : i  n o t i o n  is d . -sc r i bed  by l i n e a r  ii~~t e r ~~r t ~~a~

e q u a t  ions (d .  ~
) or pi . i i )  . ~~ coe t f i c  i.~n t s  w i t h  u n k n i w n ~.. i i i  t Iie~ e

equa t ions ~ e t h e  p ar t  i c ula  L d~.L i va t , iv ~~:; oi t h~ ~.ro 1ec t  ion of t h c ’

R,(1 ; 
~~ of t h e  m a i n  v e c t o r  a n u  ot t h e  m a i n  m o m e n t  o f  t R e

torces~ wh ich act ~n a i r c ra f t .

The m e t h o d s o f  t t .o  de te r n i r , a t i on  of p i t ca i n g  m o m ~~n t  o t a n . I

jtS pa L tia l der ivati v os, are described in chapt€r IX . r h e  p r oj .~c t i o i s.

of the main vector of R)~. 
and ~ n tii a bod y d Xe S ‘t co o r 1 i n, 1 t~~..;
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~or ,~ s tr aj y ht  tliyht in v .=rtical jiane without bark ~~~ s l i p s  . l l e

deter niin~ u r y rd iti or ships

R~t=P~i—Xi—GsIn ~~~~~~~rl ’
~~~

’
rI ~~ S— G c i n  II; (14. 1)

~~~ ~~ - — — G co~ H , (14.2)

where ~~ a n u  Y 1 - t a n g e n t i a l  a z J  n o r m a i  f o r c e ;  for  t h e  I D W  .irij1 .~ .

the a t t a c k  of c51~~ c,; c~1 —c~ —a c~; P~1— the t r a ns ver s~ c o m p o n P r . t 01

th rus t/L’od , ca U S ~~J hy,th .~ n oncoinc i denc e of t h e  v e l o c i t y  v M c t o I  ~~~~

fligh t wi tt axlo/a
S
xis Ox~ (see ~~9.4),.

I! t h e  Jiv en c’.ticulations in view ot the ~ m al1ne ~.s .~t 
t~~~ i r ~~le

of i.~ -..,‘t,’assumed t t ; e ~~ P.

The ~ L r t i C u I t L  J e r i v a t i v ~’ of in t e r m s  ot spee, 1 w i l l

d e t e rm i n ed  iii “h e  t .~~ n
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R~ = 
pV 

— = pV 
— ~ c~ ~~~~

- S— C.rIQVS , (14.3)

V
whi l e  t~~~’ p a r t i c u l a r  d e r i v e d  P — a c c o r d i n g  to t h e  a 1tj t u~~

r
~
_ S Fee,I

e n g i n e  c h a r a c t e r i s tic s .  The  v a l ue  Of iS V i r t ua l ly  ~ iua l to  ~~~~~~

w i t h  cf t h e n  i t  i t  inc reases  and  i t  reaches m i x i m u m  W i t L

Nach n u m b e r , w h i c h  p recedes  t h c  p u r e l y  s u p e r s o n i c  mo1~~/r ’ on d i t i o n s  o~

the  f low ab o u t  the  a i r c r a f t .  F u r t h e r  i t  decreases and h e~~o~r”~

nega t ive .

Page 266.

A s s u m i n g  that the tan .jential component of  the  t h r u s t  does n o t

depen d on a n g l e  of a t t a c k , t k €  p a r t i c u la r  d e r i v e d  i t  is

possible to  w r it e  in  t h e  t o r n

_ _  _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
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~ 5 V2
1~~~~ — C~~ —i-— S. (14.4)

T~iu val  n of i t  i~ loca t . d  y n u m e r i c a l diff~~r~ : i t  ~ u n  i 1.

t he  ~~~~~~~~ im e n a l l y  ol~ a in e d  d t n J ’~nce of C , ~~~~~~~~~~~

Siflce the  t t~r u st  . . f  en y i n e s  a n i  d r d g  on p i t c h  inj i e  d o  n u t

depend ,

/?~i=—GcosH. (14.5)

The par tia l derivatives of /~~,• , R~~, R~ are  l o cat e l  i s  in cr c ,~~ ,~~s

in t h e  fo rc e  of p e r i p h e r y  d u r i n g  t h e  ~ e tl ect io n  of co ut t o l s  0~ t i I ~~~t

ang le ( t ot  ex a m p l e  ?_ _c r Yj -S) .  T}’~ v a l u e  of R~ is d. . t e r m ~~red

from the  eng ine c h a r a c t e r i s t i c s, w h i c h  l i n k  t h e  i n gu l ~~r p o s i t i o n  st

e n g i n e — c o n t r o l  leve r ( t h r o t tI ~ c o n t r o l )  w i t h  t he  en g i r . e  t h r u s t .
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a

Let. us detormj;n’ now ~arti cul tr ( rLv ~ tL v.~s a t  th~ va lu~ of

projec tion of t he or t h e  uiain Vector 011 aXle/aXi~ ; D y 1 .  I i

cons ider  t h a t  t h e  v a l u e  of t he  } :L o l e c t i dn  ) t  t h i t i s t  on ax l e / a x i s  fl y 1

does not ::hanye l u r i ng  speed  cn . i ng e , w h i c h su f f i c ie n t l y  a c cu r i ~~.~’ 1y

r e f l ec t s  r e a l  state of d l t a i r s , th~~n

R~I = C ,IQVS+_L C M~Y!S (14.6)

further we f i n i

R’,i—c11, ~j~-s+~;1. (14.7)

for in  a i r c rit  t w i t h  T R D  ~ c c or u in q  to ie l at i o n sh i p  ( 1 . ~~~ 
a:

P~~—m~V, w h e r e  3 f t~ ie — t h e  f l o w  r a t e  ~ r secon I of a i,: at

eng ine .  ~J a r i v a t j v e  ct R,~ , ii: ter :ii s of p i~’ch a n g l e  is e l u t i  t o



‘ 1 . 1  1 It ’ T A ; L  _wlr~

R~ ==rGsin &. (14.8)

6’
The p ar t i c ul a r f . ~ r j v e d  R B  cm b.~ t o u n d as f o l lo w s .  Tn ~ l i t

coefficient or h o r i z o n ta l  t a i l  a s s e m b l y ,  r e f e r r e d  to  w i n .~ a r ’ t , ~ t

possible to write in t h e  f o r m

Cir.. ~‘~ (‘ r.okr,~,A r n  (~Z +,

ay t~ .i terenti atin ) t L i s  c x I r e s 3 l O n  with Lo~Wec t  t o  6~ , w e  w i l l

o b t a i n

I • Sr o
~~~~~~~~~~~~~~~ 

A~,n. ~~~



DOC = 7 1 1 8 1 3  3 P A G E

Page 267.

N o w  r c L  t .~e p a r t i~~l d e i i v a t i v e  of R it is p o s s i b l e  to w r i t e

s.

It tn~ i nit i ~~l f f l O t 1o n  b y g o n e  e st ab l i sh/ i~~s td l l~~d , thet the

c o e f f i c i e n t s  w i t h  u n k n o w n s  i n  E~~u a t i o n s  (~4. 9) and (8. 13) lo  n~~

depend  on t i m e  a n i  are con~;t a n t  v a l u e s .

..—

~

. . - - -- — - - -~ — .-——---.———. —.— .——- ~~~
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‘rh~-~ s o l u t i o n  ~ o t h e  ~ii n 1~i o n s of t h e  ii~; f u I f e ~1 0O~ ion  ~i’~~k : ;  j~

~o ssihle  t o  f i i i i t h e  K I. n e r n d t  LC c h a r l c t u r l : ; t  ics ~~, V , ~ m l  &).L as

f u n c t i o n s  c~ t ’. u . ~~. r~~~~.~il cul1 t ior s s~~o~ t h ~~t f o r t h c  :~~ i i la ,’ou  .-~

airci ait t t i u  i i :~t u r h a i  vo~~1on of  it  i c a l ly  s t i r . l e  ~~ L ( ~ ! i t  1:;

d e t e r:~itj e i b y tz L ~ cnt r .tct ’L of the h is i : m o t i o n  m i  c;~~n r . i ~~ ’

e i t h e r  of t wc) osci ll.i t ) : y  not  ion s  O~. 01 one o s c i l l  i t o r y / v i  b r a t i v

t w o  a ~er i , i i c  ln c, t ion.; .  It  t !~~ d . , 1C m o~ ion h o r i z o r t al , i

u s u a l l y  i:; c o m h o s e d  of ~~w u  o s ci l l a t o r y  r n o t i c n s ;  if  rect~.iine m: ~i~~n

l i t t  — or t .o  ap e r io  i i c  an d  Ol~ t~ u~~C i i l d t 0 r / / V i t r a t O r y  n O t  O t , S .  Th ~

quant itat~~ve cr irer i. t , w~ . i~~:n  cr ld Ld ct eri ze t t a ’  1 i ; t u r b ~~I n o r  ion , ~. L C

the p~~r i 1  of o s c i l l u t io m ~~; 1 t h e  t i r ~~ ot  l a m ~~i:; j  ~o h i l t  1n~~ i i t f l 1 ( ,

t h e  n u i  : e r  at  o s c i ll~~t i cn / v i i r at i o n ~; f o ~~n to  v i rt  u a l l v  :~arn p l ’~~ a

at ten U at  i a n .

Th e  s : ’~c i i l f~~~n~~rt /peculiirity 01 t m ~~ s o l u t i o n  t o  t h e  a 1u J ~~i o r .

cf the lon~ ltud :n ii ilL ~l d f l e  listurbanc o ~n t il ls t h e  t a : t  t h a t  a n i o n

the co,:~ t ex root, of c h i t  ~c t # r in t i c  o~~ua
4 jail (d . ~7) it i 1  ~~~~;i ~~1P t o

S’~parate 01 W 0 i  l 1 l a/ W o d  i i  as two 1 i i  j 1 ’  in .! two i;tiiil 1 r o o t  n. I ’ * i i  he

below shown th i t  the ~~i L c ~~ complex con jugat 1: r oo t .; l e t  ci m i ne

short—period mOt ion , n d low — ion j — p a r  1 ) 1  • L o r i j —  pe r i o I (s low ) ‘nt ±

is connected in ess~’nce w i ~~~ t L e  t r a ns l a t i o n  of m i t C r i t t  i n  sr~ar E ,

an d short—period is i;~ iine~~ el wlJ h rotary. The phy sical n.i t I L o  of the

existence of these n u t  1 OIl S •‘ritaj is t h e  ic t  t h a t  the V a  lue ~ p . !  •
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di r~~c t i n n  at  ~~~~~ * v #~l ) ~~i ’  y 01 m o t i u . i , t n t  . m I ~~o t h e  i l i j n t  t r ~, i~~~. ’ o r v

c h a n g e  c w i Sj  ! l ’L  t : l y  si wer ’ har, the an~~l’ of .~~ t .i ck at  t i U C :  ~ t

Inn r o l e  of t h e ~,t wo a t  ions ~.s d i f f ~~r en~.. r h o  1. ~ r. : — n e r j e!

m o t i o n , w r i l cn  i e v e 1 m p ~; s l o w l y 11 t i t i O a n d  sjni c~ , can  b i n  i n r ~

n o t l c a o  a n t i  i ;  L e W o v ~~O t y  a i r c u e w , t u t  sl o r t —  I~ n o d  mo O t t  no

wh ic h t o  c h e cK  a n t  ~o c o r i a c t  i~~ is ex ~~n . - m n 1 y ti it t icul~~.

:1 I

Ari aiy~~inmg short—p eriod m o t i o n , t t . - ~~ 1.~~~~1 m k  t n i t  t tt e f i t  i o ~~ ~~p c m

is co n~ t m r t , i.e., ion i— ; ’ c r i o d  L O t  r u n  ~. t r l l  n o t  d ev ~~i p e i .  A n i 1 v ~~~ n 4

l o n g— p e r i o d  m o t i o n , L a y  a s s t m n t r o t  t e shon.  t — p t u j u l  f l In t  l o t ;  o r  ~~
str er l ~~t h  o f i~ of 1:ict cour c. ’ ~i l t~~~tI y en  l~~d a n d ‘~ h -~ in ;u1~ i

displacements of a i r cr a f t  r e l a~~iv~ to  v e l o c it y  v a c te r  i r c

These  a s s n n~~t i o m o m a~. i i~~ po s s ib l e  t o !  St a n ’  iail y

to s i m p l i f y  the  a n a l y s i s  of a i r ~~l u n e  ~ I S t U L H L i C C .

Page 2 ( M .

~j 14 2. bLu rt—p er i ~~l 1 or  j  it  oh r a l  .tirpiane Ii s tu r h a n c e .
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For the oimp lic~~ty o t ~he in~~1ys i~
; of sitort— j erio l ~~ tion . 1t~ .

US Co~~sj d t ’ t  t t :~~t t i t e  initi al ~~t ~j t t  of mot  i o u  is t h e

strai ji.t— and— iev~~ ri i ; h t . F u r  t h e r  mor e , l et  u s  ,IsSII~~ . t t i ~~ t t h e

control va res a ~e j;~~~~:;~ d , t m ; e  en~, ir t P c w’-~r 1. i t i n g  c o n . 0 t a n  t , n o

external disturb~ r ce/~~~r t un iat i c t s  u t C  a h ~;e nt , i•~~~., in  t h i ;  co~ ;. ~L e

emergence or the ui. ;fuL !. ’u ration ~s aetcrrr ine 1 ~y ~he m i t  iii

kinematic di t u r n a n c e/ p e r t u r~~a t i u u r ;  ~ i n !  A8 .

Since  in the procuss of s h o r t — p ’~n iod  m o t i or .  t h e  s t e e l  loe s ~. o

m a n a g e  to  be ch a n~~ed (~~V 0), it i.s po~~s i b l’~ t o be res~~n i c ~~. : i  4

s o l u t i o n  to  t he  l a s t/ l a t t e r  t w o  e q u a t i o n s  “t  s y s tem s  (~~. . 1 3 ) ,  w h i c h

t a k i r ~~ i r . t o  a c c o u n t  t h e  mad e as~~u m r t i o r . s  i t  is  ~o s c i o l o  to  w n i ~~ it.

t he  f a r m

d2tt~ . d~i~afl — +a~~~~-+a~~-~~--+ a~~~a=O.

a
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by t he  t e r m  of e~~u a t i o z ~

a,.~48== —GsI,i U~~

it is possible  to ; i s r e j t m r d  in v i e w  of his  s m a l l n e ss .

Th~ charac teristic equation of t he  s i m F l i f i e ~ sy s t e m  t a k r o t h e

f o r m

I ~~~~~~~~~~ - .. — — ~~~~~~~~~~~~~~~~~~~ —— . ~~~~~~~ —.-. —.—
~

— - — -—-— 
~~
-

~~~

— —.
~~~

—-

~~~~~

— 

~~~~~~~

——
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Q
~ P ± a 21 a 3p
a~.2P+a32 

~
;3
~~+a~p 

~~~~

or after expan sion of a d e t e r m i n a n t :

~ ~~p [a~a~ + p (a~a 3 +a22a;1— a 3Q 3)+aJ a a J ~~

~~~~~~~~~~~~~~~~~~~~~ ( 1 4 9)
where  r)2 .

a2 a lI _ a2,aii 
(14. 10)

a23a~~ ±a2_ ~~~~ a 3a 1
(14 . 1!)2Q~Z22~;t .t
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Here  Q 0 is t h e  n o t  e r en c e  f r e~ u e n c y ,  c~Iua 1 to t he usor Ii i t  l o t

f r e q u en c y  of s y s t e m  in t h e  absence of damp i IIq , ~ j S i .~ cr  e~’o’n t t i

o s ci l l at ioL/v i b r a tio n s .

By so 1~ting equa tion (14.9) , we w i i i  o b t a i n

p1., 2.±VI’Q~— R~=~
Q, ±i2,VT~1~;

p1 0.

— - —...,.- ..,—— .-— ——. -.—~~- .  — —---- — —~--.~~~~~ —-.S- — ~~~~~~~ - .- ,- -- — ------ -. ,“.., — -  - ..  -
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Page 269.

T h u ; , r a p i d  n o t i o n  cons i s t s  of a pcr i o d i c . d e t e r m i n e d  l y  z e re

root, and oscillitory motion with the angUlar frequenc y of

v=~~ 1—E 1 . In this case O h  increasc- in the angle of at tuck i is

possi ole to write in the form



0 
DCC = 761t~1 ~~ ~~~~~~~~

‘ VI.!

~ a== D.e~~s ! I l ( v t -~- ?) ~ ~4•, $14. 12)

wher e t h e  ~~~~~ , ~~~~~ an d  a l e  c o n st a n t s , d e t e r m i n e !  b y  tltc ’ I r i t i t i

c o n d i t i on s ;  ~~ = — attenuation factor.

It is no t  d i f f i c ul t  to  d e m o n s t r a t e  t h a t  if the disturb ed i t o t l O i t

is ca used b y  the  i n i t i a l  d i s t ur b a n c e  of an g l e  of attic~ . i.e., i’ is

examined a fter the break—down of perturbing forces. t h m n  ~~~~~~

R e f e r e n c e  lr ~~~U e n c y  car  be d e t er m i n e d  f r o m  e q u a t i o n  ( 1 4 . 10 )  , b y

su b s t i t u t i ng  h e r e  v a lu y c s  i n  accor lance  w i t h  T a b l e  8.1 a n d  f o r m u l a s

( 14 .4)  — (14.rs)

- —a — — -~ ..~~.._-e~~——— .. -  — ———-_._______.....__.. 
~—~~~~1 — -_ - _-.- — ~~W_- —~~~~—— - -. — —
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(
~n

c~~~± in
~z)  (14. 13)

where
—
wz

?rn

from expre ssion (14. 13) i t  follows that the reference fre ~ts ncy

Q0 depends on the long itudinal stability factor ot aircriif~ in erms

of the y—f orce of and coefficient of r o t a r y  d er i v . it i ve. w i t h  a n

increase in th-t longitudina l static stability, increases th e

frequency ot short—p er iod notion.

-. . - . — -
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If aircr aft is uns tu itle or. th e ;—torce of (m~ P >O), ~ hat

c~ <0. 
This m e a n s  t a i t  t h e -  o s c i l la t o r y  m o t i o n  is ab s e nt . In this ,

the i n st an ce  of the .ristUr leu not xon ii~ con ~osed of two ip eniodic .

one ot which in the course at time grow/rises the

exponentially. Thus , the long itudinal sport—period notion e x i . ;t ~ .

little more tha n in the ptesei~c~ of the s t a n i li t y  of aircraft on

g— for cc.

Let us fin d the value of dtte nuaticn factor ~:

— 
a~ a + a 2:a;t — a 24~

or, s u b s t i tu t i n g  t h e  v a l u e  of coefficie nts tram Table 8.1:

M ’+M~ RS £ ___f_ (14. 14)
21, 2mV 
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If a t t e r r ;~i ti~~n f a c t o r  ~ < 0 , t h - -~n it t ~t -~ C O u L S - ?  31 t i  I1~~~ t h , .

a m p l i t u d e  of )~~c i l l a t io ns  a t t e n u a t e s , a n d  th ’~ s h o r t — p e r i o l  d i ~~ t i t  H

m o t i o n  is st~~a~~y. F r o m  re la t j o r~sh t [ )  ( 14 . 1 4) i t  ia eviI~~rt  t hat t n ~

a tten u at i o n  o ccu r s  as i r e su lt  of dam pi nj b o t h  rotary (~~ir st ‘ crtn i t

r i g h t  s i d e )  a n d  f o r w a r d  m o t i o n s .

Damping forw~~rd notion is exr.lained by the- fact that l u r i n g  a
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1’~~
change ot  4 n e  an~~le i i i  i ’ ~~ ck as a t e~~i u 1 of  t .~~’

~t t 1 L I ’ L e t ! .  i n  t h ’~ h i r c c t  l o s ,  ~‘~~r p~ n 1i ; L i i

speed , a p~~~a L s  l i f t i n c I ~~~:~ i r~~ o~ 1 1 L ~~~c t e !  a 1~~ir~~ ~h i ;

dis p 1 d c f s’  en ,‘mo Va mi itt.

It ~ = 0 , t h e n t h o  Ii. ~t ur l i d  ~~, t i o n  i s  i i r t o r I : i :  i n : : j~~ lTit:o nn z _ t E

ç > 0 (~~ us’ r c~ i~ - f l )  - t i u i p i i ; i )  • t h t . r~ in t~~~O C 1 ) 1 1 L ; i t  01 u i D C  ~~t i ’  a~t~~1i’ il ~

of o sc i ll  it  i on s  j f l C I  Si ; e ;  an t i , in  :;~~i 4 ~ O~ ~n e  tJr~~seri :~ -? )~ r~~i i l it y

on g— for c e  ( h ~~ > U), t , e -  s t k ) : t — p e r i u i  Y)t  j O t  jt ~~C~~~ )IP~~ S un~~t is1 e.

Conse pie n i t  l y  • the st - it  ic ~t ab i l  ii- y on q — f o r c ~. jS  he ti ‘c~ s o n ’ , n t

insuffin icnt st~~hjljty condition of sh o r t — p e r i o d  m o t i~e~.

During un i er lamp ir i short—j or iod motion , t he crew iri l ~~ i

p a s senger s  ~u r i nj  p r o l o n g e d  p e r i ou  of t i m e  u n d e r g o  g - fo i : c~~s , ~

t i res  cr ew and n~~g~~tiv~ ly s1~o~ s tip in ~ ~~ health of th~ p~ ss ’: ; ‘- r ~~~.

T her e fo re  it is n e c e s sary  t~ia t the oscillator y m3 ti )nl s r~ p i :l 1 y ’ wo~~Id

be discontinued .

To evaluate the ~udli~~y of sh rt—ne r i o l  mot i on , .tre 1p~~lioI1

several  c r i t e r i a .
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T i e  ~io ~~t w i !  ~1 y ~a s r e ; ) t  (‘( 1 cnj t e r  ion  is t h e  t r i i  i n t ~~~~ v a j  ot  t

d ur ii g ~i t h e  ~ ir ~l r t  t t e  1 osc: 1 l i t  I 05 j 
~ 1 ecLei ise  ~ o n  l i  ‘~ :

L) eCS =2I) e ’~ ’U.~

w h e n c e , l u -j u t  i~ h~i i z  ii 1 , wO wil 0 h  a i r

/0 4 = T~~ T~ 
(14. 15)

1 ho greater the at t~ n u a t  i on  f a c t o r  ~~, th~ le~;se r t h ~ t i m - ~ j~

will be roijuired ~o tsa t tria t am p l i t u d e  wou ld iecre~~;e dDuh !.-~.

fz
L oy i i  i t h a i c  i e c r n n ~~~~~s f - g u a l  t o  t h e  l g a r i t h n  of t h e  -~ l ~ ‘ i~~

of th e  a m p l it u j e 3 , ~~~a~~u r e 1  w i t h  i me i n t e r v a l ,  e qu a l  t~ o ’~e n e t

of T:
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~~~~~~~ —~T= — 2;c -
~~~~~ , (14. 16)

w h e i c  t H  T~~~~— he o s ci 1 iat ~ , r y  ~ e n i n i  of osci1l~~t i D n

t h e  t n r c  i n t er v a l  ~~ i u r i i o~ w h i c i t i t ~~ oSc j 1 1j t j a n ~ v i r t u a l l 1

were l i ssont inue l, i t  i s  d C e e~~~t -  I t e ~ t j m p  O f  r i !~ awpl i id~ ro~~~i j o n

t w e n t y  t j ~1~~5
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Fig.  i L .. 1. Ch a r ac t e r  o t  a c h a n g e  o t  t he a n i H  of at t  i ck  in  h Pi ‘o i

a n g l e  ii t h e  ~~ Oces.; at slior t— Isr i ld r n o~~ io f l  d i i  m i  t h e  i n i t i a l

d i s t u n l ~~n c e / p e r t ur r t r o n  of angle of ~tt i c~~.
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l~~~1 I O ’ 0  U S  W i  • h t a r  r n - n  I a ( • 5) W i -  • ill ) ~ t ii a

1n 20
— 

c

Af ter u i v  ~dj  U t~ j~~t a per iod of T, W~~ W j  11 ~ b t  a l i t  th~ n i m b ’~r of

OSC1 1 lut ions n~ net ore t h c  com~ ~et e a~ en uatior

(14. 17~

For a passenj-3i t i : : r a i t  fur t h e  t ar;- ~t/puiposes o f  ~h-~

provision lot comfort 11 3 r n i t s t  i c  less t h Ill three (n ~ < fl. T~~j~~ H e i r ’-;

t h a t  i n  ~~~i z~~la~~ion 0 s no t  t — ~ .-rio i Irotion ir e ~ I ic i~ h ~~~ mj~~

st rj  n l k r ~ 
t I - ~ii r ~ - i n  at s , ‘ h a s  t 1 ~ COTI I i~- i o n  at 4 S~ - i h i  i i  y

Th ~ c h n r~~~ s in  ~h e  : i s t u L H i n & : s - / p u n t ~i L l i a t i o i n  a t  i h ~ i r ile at

at t a ct  a ~ 3 p i t C h  in  gi e at  t~ t er i i i  ! o ej  b y  ex r~~ssj -or ( ‘ -. . 1 2)

d ifter ini i only 111 t ° L m ;  if vai i t ~ - ;  eo n s ; t j n t  ~, D aria 9~. F ) L  t t y  4 h i
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v a l u e  01 ~~~~~~~~~~~ C ~ h j i ’  f o r  ~~ t h ’  v i i  ‘:~~~
-
~~~~~~~~ i . e. i t  ‘ o r h-

cessa’ion of ~~~~~~~~~~~~~ ro t i~~r In ; i e  .1 i t t i c k  is I ~d i ~~~

or ig i1~ i i V i i  11 e , i i  a 
~
. i t cli i n . ; i i  t a ( ) a  t a b~ • 1t ~ I . . •

deflected t[o~n an i i l i l a l  v a l i n ’  i i  ~ I~e v a l i ; c a t  ~~~~~~~ ( F t  ~~.

The L t ’t ’a r n :~ in.gie ol or  r a c k  to  t h e  initial v-t L~ e m~ ~ns hc’

return of a flyl - ’ ) t  attac k to t h e  initial value it rnei n~ r ? t u r n  t o

momen t oul tflc~~, ou~ n o t  t o  e lu i l i i r r i m  of forces , sinc~ Pi~

Tàe 1 i - ~ r t l l i i r i 1 m  or ~orces  ia 4 ae  re-i.;on tar the e~ er 7ancc of

long—period motion.

~ 14. 3. Lar j— 1~erna .] long itu d ir ti l a r~~1 a s - ~ I r a t  u n  u n c e .

TIe oscillatory nieriod of os~ illa ~ io n;. - nit lot. i—pe rt al i )
~ 1 ) 1 ;

a p p r o x i m a te l y t o  t w o  o rd er s  m o r e  t i a n t h e  o ;c i 1 1 a~~ory  i i U j o h  a t

o sc il l a t i o n s  in s h o r - t — p e r i o i , t h a r e t o r  i j t  i~~ ~~ci~~Si~~ l t ) c o i t s i  ~( t

t h a t  t~~e a t i h i e  w i t h  r e a n e o t to  S n n L t — t O L i~~~1 nu ~~iOn a i r c r i  - r~~~ -o’ ( it

have  rapi l o s c i l li t i an , a , i i~~c h i n  m ono n t ;  i t  ha l an c  ~ I , i. ~~. •

~~ a r e  n eg l i g i b l e, M2,’~. 0.
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I n  t h i s  C~is-? the th ir I equation or syst ‘~~ ( a .  1 3 )  c-i n n ’ ’  h i n t t~ - i

from ex .lm in itLun . Furthe rmore , n i n i n i  t t , e  i t t l y s i s  of l j n 3 —  or no

motion in .  the I irst idp roxi nl at ion , I t  ~~ pass ible ~o l l sr 2 g a r  I

a l t i t ud e  ~f t i c t _

The  ‘r ot ion f t d e  c e n t er  ot m a s s , ~h ich is ohta i :n2’~ I ur~~i ~~ i

l im i t a t i ons , f o r  t h e  t i r s t  t i m E  ~~y ‘one i n v ~~,-;t i t~at e l  by  N Ye .

JoU kO~ SK i In. i~i g i  Wit S c a l l e d  ~ h c  na ne ~h ’ i q o i i  m o t i o n . .

At  t ~~ mo m er n  t at  t a - ’  j h ’i~ old n o~ ion , f )l l owi  n~; ,i f t  er

s h o r t— l - e r : o I  : n u t l D n , t h ’  ~‘itrt. ang H~ di f t e r s  from j it ~~h 1njl ~ t~~

i n i t i a l  m o t  i on .  I f  • or  e x 1 1  si c , r i  t c i .  an g l e  o b t a i n e d  t k ~~ i n  i~ I i i

posit ive ir : c r is~~, t h e n  a t  t i t s t  a i r c r a f t  t h or w i t h r h ~ c l i m b ,

s ta l l  in g ,  a r ; ! t ‘i en , a .~~O ’ 0 w i t h  a ‘cre ase  in  t h e  v e L a ~~i t y  l ecr e a s e s

l if t , L i t  i L d s  ~~~ c l i : u ~ t n ~d 3 . - g i n s  ,o ~- ‘sceu t , l ’ u i l d i n . j  i p  sr~~. 3.

this motion i~ pi ; o-a t h e  i : i t  ~ai  t a l e / c o n d i t i o n s. l a s i n i  a 1t i ~ n e .

In  t h e  process  of t cccl  r i~ ic r /a I per si 1, t h e  l i f t  in cr e i ~~er ~‘ ii is

di scont inuc ’i  a5 j o  ~~ lt  at  i t s  j f iCt e a  5” reouct i o n/ d e scent  a n t  Wil l ,

n ot he l i i i t i a t e l  t h o ni t ’ • c l im b .  For  t h e  d et e r  in in a t i on  at t i e  f a t ’4 a~ ’ .,
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w h i c h  w i m p  h i ;  ) s C i i l -~t o r v  m o t i o n , we . ‘ x , I W L H E. 4h c’ f i r  n t  d 0 0 i i  j i y

of s y rt e n n i; (d . 1 3 i  • whi. :h i n t e r  the ahov ’— ~~ade assumpti )n3 t-i k - ’ t h e

t o l l owj r 1  j  f o r m  ( t h e  p r o s  or  not i cr a t  a i r c ra ft  ‘~ 10 a 2 0  I) i ,

a n a l y z e d )

a ,1~ V ~- a 1  ~~~

eharact erist ic equation i or t h i s  sy .; t e m can be w r i f t m  it in f i t

f o rm  of ‘ l e t e r a ij i t i n t

~ 
a1,

a,_;p + a,,



C
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aper t  ure  W h  j c ; , we w i l l  o t t  j ~ Ii

~~~ 

aua23~~~~a l3a2I P’—Z 1P+ C&=O, ( 14. 18)

wher e 
~ 

— the a #t e nu n tjon factor of lon i— n i e n i o t  motion ; 
~~~~ 

i i . ’  i t s

r e f e r ence  f r e q u e n c y .

A t t e n u a t i o n  f ac t o r  is t - a u a l  t o :

2 \ g23 a11,

or , substitut ing the value of 
~~~~l~j  

frcm Tanile 8.1:

+ 
g sta t (14.19)

2V
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Pass i n n i over  to wind cooL-ii in at~ system (X 1 X—Ya) m d  ta}~i m ;

into account t i i d t  i n  h e  in i t i a l  I l i g n t  e q u i l i b r i um  Y = G co~ 0~ we

wil l  ob ta ir.

( P%’ — X ”
+i..( sin ~ a cos~ ). (14.20)

By the condition of the a t t e n u a t i O n  of t~~~e a m p h i t i l ?  at

oscillations it is ~ ( 0. Second f a r m  in  t he  r i q h t  r i d ?  f ex ~’ r ’  a io r
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( 1 1 4 .2 0 )  ~o.’ ; i t i v e l y  l u r i n g  t h e  ( ‘ l i m b  car  b i ,’r~~n:~ f l ’g~~t i v e  l. i I L I f l - t

r e d u c t i o n / d esc e n t .  F i r s t  t e r m ,  as a r u l e , is n e y n t i v a . rh m~ m~t a r t

l o n g — p e r i o d  m otion a t i:li . durit ,q reduct ion/descen t can t a r n  out to te

uns ta b le  ! ur i n j  r i t e c l i t i l .

I L  we i t t  th~ e x a m i m i t i o m ,  of i d n J — } a r i o  I m o t i o n  introdu ce lii ~-

~~~~ d~~rigid assumptions, aft er accept in~ 
- - 0 , i.e. to  I i  s re  j a r d

Onl y a n g u l a r  a c ce l e r a t i o n  oh “t~~rcr .i f t  a n d  t he  r a t e  of c h a n :~. i n t I e

a n g l e  of  a tt ack , then i n .  this case it is necessary to con sider

mome n tal eq u a t i o n .  T h e n  the c h a r m c s ’ - ar i s ti c s  of  l o n y — p ? r i a l  m a t  j o t  -~~i

dm2depen d on derived m~’ a n d  —

dcv

E x p r e s s i o n  f o r  t h e  r e i E r e r c e  t re 1’u e n c y  of l o n g — o ~~r i o d  n o 4 i c r

will, take form 1

(14..”).

FOOTN OTE I L. ;. To t i~ :;hv i1i . 1.omnj itUd in~~l stab ilit y an t ~ h~’

controllabil ity ~t tl iuh t v o h i- l e , RII GA , R ig a , 1963. E N D F O a T ~m o T ~~.
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ilenr~ it tollows that the Ion ~—pe i iai u i s t u r te t  ~1iD # j~fl1 ~ X 1st s ,

i.e., j~ ( w i t h  7”2. cY <O)i ircuaft is stahie a:; t h ~~ r a i ~ )~~

t~ dc ,,

if — i i r c r a f t  is u n s t a b l e  a l o n g  t he  r at e  0f (- L>o ’~, t h a r

long— period I f l O t i O n  iS absent: it f a l l s  i n t o  t w o  ap e r i od i c  m o t i o n s , of

wh ich one it is unstable (Fig. 14.~~). For near— and sip er~~or~ic

aircraft this instability, expresr’ei ~o a jreat 1egre~ for a ir cr a ft

wi th thick wing, low or zero sweephacks and to a sli.jht 1e~ir°’ tar

a i r c r a f t  w i t h  s w e p t  or l el t a s , is ob s er v ea  in cer ta in ra n ge at t h e

supercritica l Mach numb e rs.

Density change with hei~ ht/altitude. not taken into

considera tion here during anal y s i s , con tributes to oscill atiomi

d a m p ing, since during motio n with the climb the lif t will decreas”

not only as a result of l”cel ration , but also in connoct ion with a

decrease in  t h e  d e n s i t y.
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AV 
~v 

~~~~~~

________________ 
tiV,

~ 
~~~:o. r,

~
co t&v ~~~~~~

Fig. 14.2. Character or a change i n  the rate ii stable (m) an d

unstable (b) the disturbed motions.



DOC = 7~- 191  3it , P A O F  

~~~~

On t h e  co it t r i r y ,  1 u i i ~~~j  o u CCt t~ j s # ’  in  t b . ” he i  ~i~~/ a lt i t u i ~’ i l l  t i c

process of o ; c i l l m t o : - y m o t i o n  t n— s iif~~, w hj c i t  t i n n - ~ er~; t h i s  moti o ,

will add itionally irc:easi-’ b eC a U S e  01 a n  r : c r - ~ ds . -  i t  t h ~ i i r  I r s i~ ‘
~~.

~ 14. ~~~
. ~y :;a~~ic lo n~j i t i i i n n a l  cont i 1 ch ara: t~~t i~~t i c~~.

Transfer m ot ions.

A n y  - o nt r o l  p r -’ s s u r o  on a i r cn  i tt  r a n  he c on s i der ~’d ~.s t h~’

p e r t u r bat i o n  t i c t o r , which cau~- es the a~~prc)pria te l l s t u r h ? 1  m o t i o n .

Th i s  not ior ~ is acc~ntod t o  call controlled motion .

A ~ r~~c i a l  c a re  of c o n t r o l le d  n o t i o n  is t h e  t r a n s f e r  m o t i o n , or

t r an si en t  process i s  t h e  u i s t ur b e d  m o t i o n , caused  by st ’p ir ~ o it  of

t h e  c o n t r o l l i n, [a c t o r .  In the process 01 t r a n s fe r  m o t i o n i . a r e

reached  t hi ” new d ” s ir e i  v a l u e s  of t h e  ~aram ete r s of t h ~ mo t i on s , f o r

o b t a i n inj  w h i c h  w~~s u n d e r t a k e n  th e  c o n t r o l  p ressu re .

The  f u n c t i o n ,  w h i c h  de scr ibe s  a ch a n q e  in t L e  p m r a m ? t c r s  of
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m o t i o n  .1 ~n r r o d  t r a n s i - n r  p r O C e ~~-;: du n , m g the st ~~j -  d e t  lect  io n  o f  con t

of Unit unql e, i .. called of tr~~r’si ent l unction.

In . t b i ~ case o f  ~~~~~~~~~~ ~ nd s y s t e m  ( - t .13)  t~ . tjn.; ir ,~~o

accoun t  ft. m a l e  m s su ~~I .t i o n s  h i l l  t cike f o r m

~~~~~ +a2~~~~ +a~ Aa+a~~~D= I 0 ,

II d~a ( 14. 22)

~~ +a~ 
-

~~~
- +a~ ~~~~~

- + a~ Aa =a31~ ~,,
vkere - 

a _ u—M ~.
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A6~ $ 
__________I_i j.~

58o

to

Fig .  14. i. D i a ;r i i  of 1. ’ stcn let I cc~ ion of eleva~ or.



DOC 7~~1~~ H(” p A ; ~-~

Tb~ ‘ : . i i ’ t.2 ~~— r i s ~~ic  -~~ ‘~~e L ; :  in a r ’. ) f  ho~~~’ u )  i en e o ’n s  1 rn e a ~ ;-y s~ ’a

( 1~~.2 2 )  i s  d .” t~- r~; i n ~ I n y  t ; e  ~ ft si t ” of t j ; ~ ~~~u i ~~ i a r t ~~ t n  i , ~ h x c t ,

m e an s , jS ~ • ;~ t ici 1 i t h ro  14 t i  ü~t~ ; h i p ( 1 4 . 3)  . Th ~; ra~’e j  ‘- ~~~ a

control I.~ i m ~ t ion i r- i s i f t  i c r .  ft m e i s u r e  can ~~ r ev~~i 1’ J , i f i s

a s s iqr o J/~~r ’s c r’ ibe 1 r h o  l a w  of t h e  1i~~p l a c — ’ ;e n t  of con~~r > l .  ~~~~~ or.

this, we w i l l  b~- r~~str j c t~~ l ~o ~~t ; t ’  ex a ;a i f l a i - i an  of ~h o  ~~r~~ n s~~ oL

m o t i o n , ca u s o l ky t no . ; t  e~~ le t  lu-c t i o n  of  eleva t or. T h is  ~ -~ r

a s sumes  Ia  ~o the inst i n t a r n cous d t t l e c t  ion  of c o n t r o l  of ~ - , or

t r , I its r~ tOrnt I ;) r; in t h i s  o s i t i on  (F i q .  1L 4 .’~) .

In  4 n i S  c iSe th - ’ sol ’lt ior  of : ;v st en i  ( 1 1 4 . 2 2 )  it i s - ~~ssi~: ~c

w r i t e  in  t h e  f o r m

~a(t)=fl.(1)~~6,, ~8(t)=H~(t)~~•,
where

LI . (I) = A~ 4- DI’ sin (~-/ —f- (fe) ,  
•1’

U 1 ~/~=A:, -
~~

- thi ~I)1eCt shn(si f~~ ) j (
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— c 1 j f l ~~ 1~~ p t  f u n c t i o n s  on a n ’~1’’ of itt tc k aN; ~~j t~~~1 I n  T i ”

r o s n ~ -~c~ r y e  l y .

~ in:~~~” t~~ e c~n i L T i r ’ ,’L r s t i c  t r m i n a n 1 ’~s of the 4r~~n5:~~r )~~~~0t ,

caused ~ V the j e f  1, ect ion  of c o n t r u i  , a n  I on ’ i t  ~id i n a l  so or ’ t —  n ’  ad

m ot i o r o - ’ (114 .0) ar ” L~~ - n t i c ~- 111 y  e~~n t 1 , t r i r ; ~~~~r rrnti)n i~ s~t o r r— ; o r i ’ I

m o t i o n .  .o . e V~ ” t  • t, h e  c~) ° f t i  c L — I t s  ( ~ A~. D~, A~, B~, 
~~~~ 

-I - ‘p en lin ; on

t he  i n i t  t i  r o n d i . t Ion: ;  of t i ”  s t L u ~: t u i a l — a e L o i y n a m i c  c n i r ic ~~~ r i ’  i cs

of a i r~~~.if~ a~~ 1 ~l e v j r  r — e ~~n . c ~~ iv . - n . o ~~- t . ” r r v - a ~~r v ~- , Iif t~~r t~~o~ ~~t i C

same f o r  t h e  s n o r t — I . r i o d  m o t i o n , C a l lS .  i !
~~ 

t ;t i  m i t  i l l  1 is ~~n r [  i~~c-

of a n ’ j l e  of i t t a c K .
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1 ; i i s , r o r  in s t  in :, — , i r  ~- x p L’o s s i o n  ( 1 4 4 . 12) o’ o in

( 1 1 4 . 2 1 )  
• ~~~ ~ U V  ~~~~~~~~~~~~ o~- ;( - i l 1d ” c u y  m~~’ 1.)fl ~~~~~~~~~~~~~~~~

t h e n  ~ x r h  p e r r o d  ) f  t i : n . -  t n ~~le nt  a t t ~~ c-. n , . - .~c :; ’ ’ ’ t h u  n v a l u . - ,  ~~~~~

d i f f e r ~ f r o m  t h e  ~ fl~~’ i i 1  b y  v a l u e

14 2 4)

TL 1 ~i n i  be ~in  j n C~~’~ is e i n  t k c ’  ~ nq  l~ Of a t tack tar be pur

of ot  to1n in~j w h i c h  u, undei-ta Ken the rontr 01 j-rossur:~.
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P a .nc  2 ]t .

1
~~

if rI
0 2  4. 6 8 tS~0

Fig . 114. 4. I t ep en  1~t n c e  a t  ~ r a n s r t ;nn t i o i i  t or d i f f e r e n t  ¶ .
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F r - ) :~ ‘ . : r ~~~;~~L 0 n l  ~~~r ~slC t i o n s i e nt  f u f l ct i o f l  of  p i t c i  a n j i  , i t

follows tk - i t  - i t  t h ’  1 ~ f f r - i  nsfer mot ion ~or .1 stat i~~a Ii y ;t  h i .

air cri1~ t I e  p i t c h  i f l .-J 1- ’ n t t , i i~ii’  i n cr e a s e , .c’; U a l  ~o

( 1 4. 25)

w h e r e — t h e  t r a ns i t  t i m e , t a k e n  e 4 u 1 1  to t he  t i i i~i j f  ~r

amplitud e reducti on of oscillations twenty times. In the ; r o ’n L s e  of

t ime , an increase in th~-~ pitch anjie increases pro~ ort ionia1 t )  ~~i f l ~O ,

a l t h o u j h  on an g l e  of a f t ac k  t h e  a i r c r a f t  is st a bi l i ~~t i .  P i~~c n i ; i ,

CaUse l conpan ent ~~~~~~ serv i- ; a:; a r e a so n  f o r  t h e  l t v e  l o p~’ e r t  of

long—perio d tr ansie nt process. Figure 14.14 shows the chi rac t er a !

tran sient proc oss~~; by he ao~~le of at  ic k ani pitch ~ t t h —“ Ii f~ c-t en t

values ot  t h e  d e c r e :n e nt  ot o s c i l lat i o n .

An t l qously ~re l -~t er m ined ‘-b t r a ns i ’n t .  f U n C t i O n S , I ]5 ’)~ U t

case of t ne control iispla cemen:t or t.h~ lon ~~i tu - 1i  nat for ~o. D : i r r r  i

the deflection ot t h r ?  sector of f u e l  fee l to  en g i n e ,  t h - ’  t r j ; 1 - ;j t ~ u - t

proc e ss i5 . I e t ’ L u r n e l  f r o m  sy st  em (8. 13) un d er t h e  as ; i : I i p t  i on  ~ b n t

a 1, = p~P~~ ,; a,.—a, —O.
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This c ot-t uo ll o -l m o t i o n  o u t i n ; t i l e  st ep j e f l e c t  ion of h e  sec or

of fuej. f’€ I is contiri ’ied p ro long€ - -i t ’— r i o- 1 of t i r e , i n  I he p i l  t h i , ;

s u f t i c i e r t  t i : r ~~ f a r  it :; c o r re c t i o n . Th ’~r e fo r ’ e  i n  p u r e/ c l e 3  r f a r m  t f . n

t r a n sf er  n o t  r u i n , c au s c  I b y  t h e  st t -~ i . ’f l e c t io n of ~~iF ’ s t  or of I

feed to CI ;  1ir~~, ioes n o t  play so r i g ni ~ i c an t  ro le  in t n : ’  e v i 1 i a ~ 1-a n

of a i r c ra f t  h a n d l in i .

Dynami c c~-iarac teris~ ics  or the longitudinal :ontrolle i motion.

3y t he d y n a m i c  c:n i t  a ct e t  ist ic-; of controlled notion , ar !

under stool the cri t e rti , which jetermin e the conf roli’i prac~’rs ,

i.e., th ~ ~nlices of the di stux~~e I  m o t i o n , caused  by t h o  contr o l

p r e s sUr o .  S i n c e  t h e  : : a ut r o l lc t 1 motion is de fined both ch~~i arte rts ’i :;

of its own li r I l i n ?  I i s t l r b a n c t -  a n d  by  t he  ch a r a c t ? r  m l  t h - ~ v a I n - - ot

the c )ntl -O1 pressure. the i n d i ce s  of t h e  c o n t r o l la b i l i t y  O f  m a t r o n

must i n c l u d e  a n d  t h o s e , i n - I  o t h e r  c har a c t e r i s t i c s. Th ~’ ;r r uc ti i n,- al

form of ma j o r i t y  of t h e  in r l ic t - o  of static control 1abili~~y can I- ’

present ed in t he  f o l l o w i n g  f a t  m :
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The  i r - l e x  ot c - ) ; r o l I - i n~~1i ~~ = t .  v i i  ~. , ~~I i c ; ,  c h i r ’ ic’ .-~n i y ro

t he  c o n t r o l  1r e s s ’I r ~ / t F ’ e v , i i i ~ • ~ n i c h  c~~- t r a c t u n 1 z , ’ , t h ’  r i r t m l  o~

t h e  n o t i o n  )t t h ~ i i i  ~r n , ‘i u. e i  
~~ t h i s  of f~ c4

Page 277.

Such indices includ e ~ he st -a t  ic h a n - f l i n g s  ex a’nin ”-l ib ove ~~~~~~~

chapt e r  X I I  ~ nd X I I I ) .

The p r o p e r  tie:; at  l y n a m i r  d l L  c r i t t -  t a n - i l  in g  c a n  h - i  ~ j m~ ~ -‘ Tn b y

its a b i l i t y  r a p i d l y ,  i l so , w i t - L o u t  n - t i c ’ t b i e  osci ll~~t i o n s  a n s w e r  t i .

con t ro l  p r e s s u re , i.e . , f o l l o w  a c h a n - j ’  in t h o  pos i t  i on  of can  ol ~~~.

T i e  r e a ct i o n  ot  mir (;t - mt t to the control pressure , to the spee l

ot the a c h i e v e m e n t  ot t h e  r a t ed  va l ue of the nara ii, t -~~rs of niot i - n ,  to

value of t l i t  p o s s i b l e  e xc e s t~/ t h r o w / o v c — n ;i i oo t ~ ( o ve r r ~i g u  l it  ion)  is

character ized by t r ins lent function s . Research on t r a n i i ’n ~ f u  ne t  l u l l S

makes it possih l~ to reveal the c i i ter i i , w h i c h  c h a r ac t e r i z e
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.4
contr ol le mi)t~~ )r’ — t~~e ~ n 0 l it  

~ o t t r t r - ’,i e nt  p I n r . .~ ;.

A S j t  w i ~~ n o t ~~~i iboV o (S e t  ~~~~~~~~~~~~ I X ) ,  t~~e 1- ~ n ; i i I j n ~~ L ( O ~~~~L - h

pressure  on a i :cr - i t i t  i s  r e a l  1z4- 1 b y t w o  c o nt r o l s :  L )y i n  • - i - V s ’ o

or by i t s  r e ; l m c i n ~ an ; a r u ’c- i n t i o l m I  e n  1 n - ,~— c o n t r ) l  l~~v ’ : ’ .

‘rho p r o b l e m  ot  t h e  ~ t u d y  ot t r i n s i e n t -  pr o . ess : ) l 3 i I ~~I i b l j  — i l l

be si i np U t  j ed , if w e  ~ x a n r  i nc  s e p a r a t e l y t h e  ~ ot  i o n , , m :  ~~ I l~~ n

deflection of e l t va t o i , and ~k c  m o t i o n , caused  1- 9 t h - ~ t l L l : t c’n~~i

or drag. u n  this case, I t  us con s i i i e r  t h a t  t h t  a i r cr a f ’z  I on s

u n d e r g o  the e f te ct  ) 1 tl , e ex t -~-rn a1 1i e u t  u r b a t i o n  t a c  t s .  9T ~s - t  U S

ex a m i ne  at  f it s t  the transient process, cause d by t n o  l~~t I c ~~i - r’ o~

eleva tor , a f t e r  ac c e pt i ng i n t o  c o n s id e r a t i o n  t h e  f o l l o w i r - j

a s sU m p t i on s :

a) t h e  initi a l motion — -~st a t ’ 1  i s h/ i n s ta l l e d  u n - I  r ’~c ti  l i n e  i n

h) t h e el~~vitor in ; l e  is low ( is  a p p l ic i nl e  t h e  p r in c i ! le of

slight disturbances )
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C) the control torce , cu u c~- I  h ’j t- h e  def l ec t ion af ~‘l~~v a t o r ,

c 3 n s i d e r u f ly  less t h a n  t h e  - i er o~~ y n - m n n i c  l i f t  of  a i r c ra f t ;

d) r a t e  c o n s t a n t  ( A V  = 0 ) .

w i t h  t h e s e  i s s u i r p t i o n s  t h ~ t - i - n ;s fe r  m o t i o n , c a u sed  b y  t h ?

d e fl e ct io n  Of e le v a t o r  or  t n t ’  a n g l e  of c an  be lesci it a;

s y s t e m  (8 .13)  • it  w e i n t o  t h ~ r i g h t  s i d e  or t h e  m o n n e n t a l  e~~u m ’- i o n

i n t r o d u c e  g o v e r n i n g  t o r q u e / m o m e n t .

on the well controlled aircraft , it is r a p i d  w i t h o u t

o s c i l l a t i o n s  a n s w e r i n g  t h e  e ( - r I ~~j o l  u i s p l a c e m e n t  a n i  f o r c ~~, a n p l i e - l  ~~

con t ro l  l e v er s , t h ’~ ~ ilo ts  spea k :  “a i i c r a t t -  toilows well t h e

con t ro l s” or “ W a l k i n g  a f t e r  st e e r i n g  control (redals) ~ )o1” . The

e v a l u a t i o n  of t h i s  ~r a p e r ty  can  he p r o du c e ’I  a l o n g  t h e  l o l a  y t i m e  O f

the reac t ion of a i r c r a f t  to  ~~~~~ c o n t r o l  p r e s s u r e  a n d  t h e  ~ b s o l ut o

value of a c h a n g e  in  t h e  p a r a m e t ~~n. of n o t i o n .

I
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Page 278 .

0 ~Z 4 ’ U O J  ~

,ig. 14.5. Depen l3nc e of the dimensionless time of transfer motion

from ~ .

F - - p —. — 
~~~__  ,j~__~___~_• ______-__-•__ — —— . —.- .- .—— — — - ‘ —~ —.— —‘—— - -__ _ø—-_— ——-—. —- -
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Delay  t i m ~ a r l  t h !  v~~l i ~ ~~~
‘ 

~~~~ o u tp u t  1 0 : u n n e t . r can he  1 p t - r r u 1 . ,  I ,

On t h e  S t r u n j t h  . :  t L - ~ t r a I L  f o r  m o t i o n  ot t n ~ d i r e r - a f t , ca j t ’- ’ I b y  +
~~

s t epped  c o n t r o l  I r s~~l i ’’ re n t - , or w i ’ h  t h e  c* j - l  of t~~~p

c ha i a ct e r i ~ .t j (:~ ot  e ) n ” t o l l e i  f l ) t i -at . I f l  t h 0  Second C a s r ~ :4 C O I~~ t (4 ~~

d i s p la c em e n t  in ; -c o n d u : t o d  i c i o t dj f l c j  to  flu x m o , n j c  l a w . D o l i V  1 .

estimates accordi n to ph ase i i s i l - icenu-nt  bet ween a cli i n i ; e  i n  + he

parameter of motion i n  Si l e st  iou  a n d  a c :ha n j e  in  t I~~ t n o u  i~ o r -  v t l  re ,

but output value i s  es~~i n n a t , ’ I  accor l i r -; t o  t in e ra t i o  of ‘ h - ~:r

a m p l i tu d e s .

Longi tu l i u ’i l control cburi ct +- ’:i5tic~ .

A c h i t  p i n  th~ I r i g i r  of a t - t a c k  d u n n J t I C  dt ~f l ~~c ti ~~n C t

eleva to r  ~ t i s  l e se ni  ~+-‘d l y  ex p r - s s i o n n  ( 1 1 4 .2 ) ) . rrai: s~ t t~~~o

shows t h e  I e i a y  f t h e  r e a c t i on :  of a i r c r a f t  t o  t h e  d e f le c t  ion it

elevator .  The t a m e  of pr a ct ical  achiev e inent A~ (—)  with i n ice - ni i v

to So/o is l c ’f i n e I  accord  i nj  t o  e qu a t i o n s  ( 1 14 . 2 3 )  f r o m  con l i~~i or

- - -. — —— _—‘___ — - -
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a(E,)l—~ aa(oo)~ 005 i..r_f ~!-e”n .
I~~~( - ~ ) I

(14.26)

.Soi~~i n j  e l u a t i o n  (1h 4 .26) r e l at i v e  to t h e  t r a n s i t  t i m r  o f

obta in
p.

I)
In 20 ~~

(14. 27)

By s n~rh f o r m , -Is ‘ i le w o u l d  t i x p e ct , lie transit t im~ c o n n p l e ~ n - i y

is de te rm in ed  by i t s  O u f l  p r o p c ut j e : ;  of the short—peri l Jist ur hel

lot ion .

Let us j n t n i I u c e  t - h e  c on cep t  )~ d i m e n s i o n l e s s t r a n s i t  t- in . :

i —j o
N

I
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‘

from expr ession (14 . 27) it tol lows that tIn e dim enainniess i- m a:’
depen ds only on tue decrement of oeci llnt ior ~~. It  is n e r -a s s ar y  ‘0

keep in mind that formula (114. ~7) • o b ta in e d  f r o m  - ‘q u a t i o n s  ( 1 4 . 2 3 )

is v al i a  w i t h i n  i n t e r va l / g a p  0 < ~ < 1. w i t - h  ~ ~ I m o t i o n  (5 ’ d S t ’ 5  ~~~~

be o s c i l la t o r y / v i b ra t o r y ,  and solution one : ; h o m i l I  s ear ch  f o r  in

another  f o r m .  Fijuro 114 .5 ‘J ivc s  t h e  d ep en d en c e  of ~~~ construc t

according  t o  f o r m u L a  ( 1 1 4 .2 7 ) ,  t r om  ~n i ch  it fo l l ow s  t h a i o p~~i m u m  ~ r oin

the V iewpoint of a faster achievem ent of outpu t value on s h o u l H

consider the cases when 0.7 ( ~ < 0.9.

Page 279.

A decrease in the d e c r e m e n t  ot o s c i l l a t i o n  is a c c o m p a n i e d  t’y an

increase in the excess/throw/ov~~rshoot at  the parameter3 of mo t -ici.

(see Fig. 14.14) ; bY excess/throw/overs h oot it ; underst o ’J the
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d i t fe r e u c~’ P e t w e e n  t h . ’ l r : :~t a f l t t h e o I : ,  v a l u t  at the i r i m e t e r  )~ - n a ~ j o:n

and its new pot enti al value of óz~ Au ( t )  - \ z  ( ).  w i t h  c o n s i d - n a l

excess/throw/over~;h- - a~ il ry t ie an gLe at ittick of -: - ; - c i l l n ’- io r , t 1 ,

m o t i o n s  ar e  p er c e i  y e- I  i n ;  ‘-he 101;’ :~t a l - m i n t  changes in he a -~ 1r - ~

g— f o r c e s , -~h i c h  ~ n u p t ” I n s  pr ec i se  pi l o t i n - i  a nd  makes  t h -~ c a n  ~i t i  ‘) n n ~ a t

c o m f o r t  worse.

For passanip~r a i r cr a ft  t h t  v a l u e  or  ~~ ;~ to ’ :;o ’- i- a :  e

t h a n  ).lh—O.2.

For an a ir c r a f t m e c h a n i c a l l y— c o n t r o l i e l , the  ‘~v il ’ia t ion ‘i f

c o n t r o ll u o i l i t y  is c o n d u c te d  a c c o t l i n g  to t - i~e c h a rt c t - ~ n o f  c o n t r o l l - - 1

m o t i o n , w i n  i c h  w i l l  i-~t~~n ni1 i n o t l  on i t s  own  pro p~~r t i es  of ii  r p l a n c -

d i s tn i r l  a i n c e  i i  f r o m  t i n t  C h t ~~ic’ ”t r~;t ics  ~‘t  ‘- inc a u t o n n ~~t j  ~; -i c hrnc o~

control.

PRO B L E N S  F O R  R E P E T I T I O N .

1. u n  w h a t  t~~e C t ; S e f l Ce  of ‘ -h e  : ; im ~~l i  fie -I +~xar rination of t he

l o n g i t u d i n a l  d i s tu rb ed  mot ion ?
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2. ~ *1, n t  t h a  i i ~ r’ ’ 1 t n c ’ - ~ bt ~- ’ ~.‘ & or s h o r t~~t ) 4 r 1 o i  i i i  I l o n i — n e r ; o

lot ion : ?

3. ~‘na ch pa~ ~in r’ 4 — m s  -Ia ck ;~n r  i - r  er ic . ” th e oscill atory i i’:-a1,~- n n -

di st umn ~inc e?

4 . As ~f tp ct s l o n . i l t ’ J l i n & a i  s ta b i l i ty  f ac t ot  t i . - sh  a r i c  ‘~~~ i S ics

of the s h o rt _ p e r i o d  loo~~itudjn~~1 di stu rL- ed mo ti o n .

c• How io~ s i fr , - ct :;t atic stahility level tf .- - c n a r i ~~t , : i : r i c ;  o~

the lon~ —p eriod ionji~ a l i n a  I d i s t u r b e d  m o t i o n ?

Pr obi  em.

To r t e t e r mj n e  t u e  c h i i - n c t e i  i~ , t i i — : ; of  t h e  s h o L ’ t — a , ~~- j o i  ~, n i

lOflcJ—~~t-L iO I l o f l J i~~u n n a l  d i s t u r b e i m o t i o n  ( a t t c - n u a t  ion f a c o o m ,
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oscillation frequency and its period , the decrement of the

attenua tion of 
~ 

the logar ithmic decrement of att-~nu at i an n , ~he

ti le of t he co npi t’- attenuation t 3), if the characteristic e l u a t i o n

of t h e  lon~~itudjna1 disturbed not ion takes the form

P4 +6p’+33p I +o,9p~~~ ..0
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Pa ges 2 8 0 — 2 g 9 .

CHAPTER XV

L A T E R A L  D I S T U E ~B E D  NOTION.

15. 1. C o m m o n  p r o p~~r t i e s  ot t t ; e l a t e r a l  d i s t u r b e d m o t i o n .

D u r i n g  t n e  low i ni t i a l  d i st u t s an c e s  of t h e  k i n e m a t i c  p a r a m ~-t . I , :

t n e  l a t e r a l  d i s t u r b e d  m o t i o n  is J e s cr ib e a t ;y

- ----—— - - ‘ “-  -- -‘
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linea r differ ’ - nt i .  a 1 ~~
- -

~ m a t i oz  ( _  1 ~‘) or  (8 .  1~~) . Cot - f t  i i -~ n • s j

equations :e~ eni d o i n  t h e  Ni n ei r ~tiu ~ar~~’ .te~ 5 of t h e  a x i i l  ma t i in ’ (8 ,

a , V) • w t . i c ~; a L e  a.~s u i l n e ;  to 1’: co n t a r t  S k r r ’ ~n , p r o m  h e  a e s l ’ ; n

c h a r a c t e r is t i c s  of (J ,~, I ,,, m) and from ’ t he  1 :j z t j c u l a r  f a r c e

derivativ .~ ~n d  t~~L’ -~ ue/ mn o m e n t s  t r o n  t h ~ ~ t m e n i i t i c  ~ J : o m I 1 e t ~~L s  ‘
~~~

m o t i o n .  The p d r t L c u l a 1  i 1  i va t iV c ’s  of t h - ~ i ,~ ‘i ~~ i t a r  ~u e / m o a n -—~, ’ - ;  -~~~~~( -

loca ted  as n ro-I uc t o t h e  coi i s p o n d i n - ~ p a r t i c u l - n i  ;l e r i v a t  i ye :.  n~

mo m en i- c o e f f i cien t s to qSl , f o r  e x a m p le :

AL = ni qSI , .~ 1~ = ,n qSI ,

~ I 
‘

- ‘ = ,n rqS/ ,~~ 
- ,

Ihe n ’~t hod s of  t m l  det et - m i rn a t  j oin of t a c  p a r t i cu l a r  ~e u i v a t ~~v - .-

of mo nieni t coefficient:. in ~~, ~~~~~ ~~ a n d  t tn~ meth ol s f th ~

deter u in ati or. of pert ur l i rn; totc~ s and ‘org u t - / u  cmei ’-,~;, con ~~t i~ -i I n~~

the rig ht sides of the • - j  ua t io i . :  d i l l  wi n  i ch  consis ’- O~ j o V e  r n j n~~

di sturhanc~ /keLt ur~.d t1ons , .nr.u th~ d1s~~u r b 1 I I ce/t -e r t u L ~~ i r 1 o m n s , C~~~i m : :r~~

b Y the  et t e c t  o~ mc ui u r n , a re  d~~ 
von in  C~ t~ip t  tI Y and XI.

The  l a t e r a l  f o t c~’, i .e ., t i e  F L o j € c t i o n  ot  t h e  m a i n  v e C t o L  ~~~Ofl

axle/ a xis  0z 1, is l o ca tcu  as t ) t O ) . ’ L ’ t j C l ’  of aerodynamic torec art i
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g r a vi t a t  i n r : i i  I o rc e  1 on  - ix  1e/ u x i~ Oc~

R~~~~~
0SO SmnV ~ Z1,

w h en c e  w i t h  low

R~=c~,qS, /? =Gcos~~.

P OOT N OT ?  ~~~. T m n ~ project ion  of t i e  thr mn: t is small ~n i it c an  i - ~

d is re y al 1 . d.  E N D F e O T N O T E .

The s t r u c t u r 1 l — n ~- L ; ) . I y n a u n 1 c  ci ar a c tet - i s ti cs  of air ~:r a t ~ i t C

tha t t h t ~ u s u a l l y  :; aL ’ i c te r i .- t i c  0u natio n , corn pt  ised f o r  ~ t n — ’  i ;m j  j  i i

system of e~~u a t i o n s , h a s  t w o  r ea l  p 1 an d P2 ~~nci t~~o

c o n j u g a t e d / c o m b i n e d  c o m p l e x r oots of ~i ±i v,  Th i s  ~~‘a ns  t h a i  -
~~~~~

.

lat er al d i s tu rbed  m o t i o n  c o n s ist s  of t w o  at)eriodic motions of hk

type of Aept and one s ci ll a t o u y  m o t i o n  whos e  aui p l i t u i - ’ c h a i n ; - : ;

e x p o n e n t i a l l y  of the  ty p e at Den~.
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Pa ge ~H1 .

Fig.  15.. 1.. S i m pl e s t  f o r m s  of t h e  l d t e r al  d i s t u r - bed mot i n i :  1. • 2 .

ape r iod i c ;  3 — Oscilla torY /Vibratory.
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U t  t w o  r a l  n o o t s p
~ ~:5 i  1 2 1  n~ ~ ru l - , O n e  in  ~b s o i n ’ - - / t I u n

c o n si d er ab l y  mo r e  1 n ) f ~H r . j t  t h e  r e a l  r o : t s  Of c h a r i - : : t “~~i s t i ;

equat  ion a n  I t m n ~ r e - n i  ~‘i ~ t u~ t ~e comn p l ex  L o o t s  ~.j are 1es~ t : n  r : i er o ,

the ya w ~~m~~ ~ a t i o u  of ~~~ r cL- a f t  S t d h l e , w h e r e u p o n  staLla

asymp totically. Ty p L c - n  I C I n n  I q ~ - iii t ini c” at one of t h e  p a r a m  ~~~~ 
- •  s

the l a t e r a l  d i s t U L l i t uo~ l O f l , w h i c l conci ;ts O~ t r t L e ~ o ir t l c l 1 - n L

m o t i o n s , f o r  ca se p~ ~~, P~ 
< 0 , ~ < 0 is ‘iven t h e  n of ~~~~~;.  1 - _ i .

The  m o t i o i~, w h i , c m ~ cor r e c  p o n d s  gr e at e r  a l o ng  m o l U l e / ; m i o d u  l u s  o

real r oot ( is  c u r v e  1) .  r a p i l l y a t t e n u a te s . T h i s  ~O t j011 is d C C t ~~ t O r I

to ca ll ‘tn e  not  ion of r o l l  ~u n ,m i n j .  T h e  s m a l l e r  f o r  m u o l i  i c /m a d  a l u s

rea l root of char actr~ristic ng uation corresponds the 31 w l y  l imse l

l o t ion ;  i t  acce~~t~o1 t o  ca l l  s pi r d i  mo * ion. The co mnpl� x r o ot s  o f

characteris ic e:1uation Iet e rmir ~e tm- c oscillatory m otion of i i u c 1 n :~

(is c u r v e  3)

In t h e  e v a L u a t i o n ,  of t J n ~ l a ter a l  d i s t u r b e d  m o t i o n , t L e  e:

of t h e  e x a r n i r e d  p a r t i c u l a r  m o t i o n s  a r e  no t  c j u i v a l e n t .  A t  1o~ m 1 i ~~~~t

a n g l e s  of a t t a c k , t h e  m o t i o n  of r o l l  d a m p in g ,  ( I e t c m m i n - ” I  i n  es s c - i - : ’e

by t he  t r an s v e r s e  d a m p i n g  m o m e n t , a t t en u a t e s  v e r y  r a p i d l y ,  a n d

ef fec t  j t, has a w e a k  e f f e c t on t he  d e v e l o pm e n t  cf y a w i n ~ m o t i o n .  ~ t

v ide  n e a L — r r i t i c d l ai. jles ot attack, when tine tra nsverse n m ~ - i  uc

- - _ _
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mome nt rs short i r n d e v e f l  c~n~ ~- n - o m~ r o t  at i n  j ,  t he motion it  t a l l

d a m p i i - , is iC tei~~~~r m ; n ’ ~ i n  t i.~ n e v t  l o~- n ~~~nt  u t  t h e  la~~~r a l  1j . ;t . ii~~h - 1

lo t i o n .

T~ie : ; ; ‘ i r al  not j o ’ ir ~ m a n y  Lc~~F~~cts is l e t e r m  i n - ’ I i v  ~

rel~~t i o n s h ip  f e t w e e n  t h e  •i’~~ r c~ - u t  wea t~~~ r cock i n  li t cr -~l ; ; t 1 : - i~~~i~~~y

at a i r e l i t t . ~~~t ik  low transve r:se a r l  l a r j e  w e - i th e r c o ck  - t a f l l i  .

emergent sink is ~ li;i~~n a t ed sl owl y, i ri d r e :n c t  ion  f or  ~ 1 i n  •~ i l~l I-~

c o n s i d e r a b l e, w h i c h .. 11 lead to  t h e  rotation of the Iio’-;-~ a~ i i  cL a~~’

to the s in-  of b a n k  a n d  t h e r e b y  t o  a f u r t h e r  ~ r m c r  eas � i n  t i e  o I l

attitude. This aircraf t is s p ir a l l  1 u n s t a f’ l~~, j~~e _ ,  i t t is a • e~ . ~~~~- ‘  cy

t o w a r d  t i n e  in le t i n t O  s i i r a l  m o t i o n .  H o w e v e r , t h is  not ion , vii i 1~

which wa s connected w i t h  t h e  f o r w a r d  m o t i o n  o t  a i r c r -n f~~, i~ n- ’ -; j ; s

very slowly a nO ens ii y is elin n i rd ted .

Pa ’e 2 d 2 .

T h e r e t o r e  t n e  p r e s en ce  of small spir -al divergence does not l - ’ x I  t ,~~

c o m p l i c a t i o n s  in  a i r c ra f t  h a n d l i n g  a n t  f r c ~~u en t l y  r em a i n s  t b .

U f l f l O t iC E’ ( I  pi lo t .

_ _ _ _ _ _ _
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The s l O n i i c ar l t  e f fc c  n t i - c lateral ni i s t ’ l tb e i  rn~~t i o z i  u x p r s ~~~

o s ci l l at o r y/ v i b ra t o r y  ~~ c n o~~ n~~z .  T t n ’~i - t o l  e hoth crew an I 4 m e

p a s senge rs  c’ . t i m a t e  t h u  ~e 1avio ~ o~ ilr cr - nit in y-iw in~ motion -~~~~

uns~~t i~~t n c ~~or y e v — ’n.  ~n ~~ic’ cast at t t , - a b i l ity of a s ci i l a~~oL -/

mo tion , i t  j t  a t t e n m i - i t - ~s i n s u m  I i c i u nt l y r a~ - i - 1 ly .  F r o m  f o r e - join

f o l l o w s  t m a t  i U L ~~f l J  t h e  S t U l y I t t - ~~ la! eL ii disturhe.i not  ion t he-

speci i i  a t t  eln t iofl In n: ;t be -n I lo t  t e l  0 a~~ci h a  t o r y  r a t I o n .

Furthn— r m ore , it i~ z m ’ c - s s i t  y ~o k e ep  i n  i r i n d  that t he lateral

oscil latory mmot ion , ~i~i Ic s u f f ~~c i e r ;t 1  y h i u h — t r ~~q u e ; c y  ( c o n r m e ~~su r a s l ’n

with the 1 reiu&~ncy oI the icn~ itud in al sho: t— io rjod notiOn) •

a t t e n u a te s  m o r ~- s l o w  t : , z a xi a L  n o t  i o n s , w h i c h  ma kes  i~ m o r e

u n p l e a s an t .  bo th  t u i  t b e  crow a n d  f o r  t ic n - a~i senqe rs .

On s t a b i l i t y  of n:otion i uri :ng the 1istnirbance/~~ rturba ion ~t

the  i n i t i a l  p a r a m e t e r s  of y aw i z~ m otion it in possible to jn1 I~~ L y

the si~jn of rea l roots and t b e r e a l  p a r t  of t ;n e  complex o r . i i i - n ~~

roots of chdrd ct� ri 3t ic e 1 11i t ion . Qua li~- i ti vel y yawing notion c a n  t e

evaluated , oy u ti l i z i n g t h e  sta.~ - i l i ty  cr it er i 3 ,  Px ~~gii f l2 I i n c h a p t e r

VIII. Rausa — z i u r w i t z ’ t l q e h r - a i c  criterion tor pol y n o m i a l  ( d .20)  i:-

reduced to t h e  e x e c u t i o n  of i im f u i u it i P ~

b1 >°, 112 . I’ . ~~~ 
b4 ,0~

= bib. b., — ii — b?1’4 > (L (15. I)

—— — — -— — - - - ——— -——:, -~~ - - - ‘- -  _— ---.--.-_-__-__ _ •_ _ • __ _ _
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p

where ~ it  is  c a l l . 1  of  r o u t h ’~ l r . : n i n r j n a n t .

Since n~~, is il-war less  t h a r  z er o , ire lu al ity b4 > 0 t n k i t m ~
in to  accou n t  (r $ . 2 l ) assumes the f o r m

— - b22b,,1b,, b~1b,,b.3 <0. (15 ~
)

,4tt e r  s uu s t i t u t i n ~ t h e  v a l u e s  of t o  co~~f fj cj e ri ts  ot h~ (Table

8.1), we w ill obtiin ~he f o l l o w i n g  ex p r ~~ss icn ic r  i n e q u a l i t y  ( 1~~.~~) :

m~ 
m ’u + m °xI g tn cog~I I•

m~ m °~ -+- m r  (g In cø~
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M

i~ v i e w  of t n e  sr i i ll nc s s  of t h e  sp i r a l  t u r n i n g  up  t o r g u e / m o r n c n~

and , th er e t o r e, the derivat ive of ~fl ’ x , i n e q u a l i t y  (15. 3) , w h i c h

expresses tin e c o nd i t i o n of the spiral stability of aircraft ,

a p p r o x i m a t e l y  can be w r i t t e n  t h u s :

m~ 
/ rn ’

~x

( 1 5 4)
¶ n~~~ mo n.

whenc e i t  t o l l o w s  t h a t  on t nn n (:hd t-ncter of spiral yai inj mot ion ~

*iqniticant ettect k x - r t s  the Lelationships between the ;tat ic

m~, m~ and rotary i n  iva~ ives of m~~, ~~~~ ~~~ whereupon w i t h  1o~ ~

and y the effect at the last/ lattnr torivative is insi~~n i f  ic - t n t .
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Page 2 83.

A si gn change or t h e  real pa rt o 1 t h e  c o mp l e x r ) O~ S 1 cd .1S ~~,

sigi i  c t n a z n J L’ of rou th ’ s disc r-jn i nar.t (~~i < 0). In t ri m case , rv’

aircraf t becomes Dscillatory /vibrd tory unstable .

The a n a l y s i s  o~ t ; i i s  ccn i . i ti on  ( b y  a n a l o gy  wi t h t h ~ ~j~~ab i  l:~~y

c o n d i t i o n  of sp i r a l  m o t i o n )  j S  h i r J . -’i-/ L i wp e r e d as a r e su l t  ‘~~~~

unwieldizncs~ of tnn c ob tai ne d expressions . F u r  t h e r m o r e , Un? e x — (-~~t ion

of t h e  s t a b i l i t y  of th .~ o b t a i n~-d ex p r e s s i on s .  F u r t h e r m o r e , t h e

execut ion  of the stihi . lity of osci h a t  cry motio n (~ < 0) lo !lut

pr ovid e t h ~- - re ter?nce pertor znance of crew. Is necessary ful~~ihl ir - i

more stringent requirements I or t h e  accept n P i e  conditions of c r~~w

a c t i v i t y .  Tin e a p p r o x i ma t e  exam ina tion a n d  t t n ~ ~ -i ant itative inu ic. -s ,

wh ich ensu  i.e accept able cond it - i ons  f o r  a c r e w , w i l l  be nr ?  s ’ n t c  -
~ i~

the L c l l o wi n g  p a r a -j r a p h .

15.2. R a p id y - n w i n g  m o t i o n .

- 

~~~~~~~~~~~~~~~~~~~~~ 
- . - 

-

~~~~~~~~~~~~~~~~
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The -;C~’a L a t  L ) f l  ) t i i~ h u i j it o -n i n a l  d j s t i 1~~~L C I  h O t  i a n  ~ 0 r a I - : -~ i n  1

slow man-i c i t  po ssit Lu s LgIi f leartl y to s i n F h i f y  j t ~~~ i n v ~~ ;t i l i t i  ) n ,

since i t  c a m —  t o  t n e  . i n i l  y s i s  of secor c~ nr I -r  n i j a t  i n .  T h .~ r —1 o i~ t n . -~

inves t igation of tin o p ,ssib i lity of this so~ arati on ~ y a w  in j  n i u t ;  0 1 5

is cf (loubtless ;~ractjcal znnt ~ l e st . i l o w e v e r ,  t i e  l a t I r a l  ‘ii~ ;~~u b ~~ i

mo tion is more C ) c J~~ l ëX  t h a n  l on g  i t  u i ~ if l d  1: n i - n  u cccur th~- cross

c ou p l i n j s  b e t w e e z n  r o t a r y  u n o t i c i s w i t h  t i c  s i n n u l t a n e o n i s  - :f e c t  on to— a

of f o r w a r d  m o t i o a ; t h e r ef o r e  G u r i n i t h c -  s e p a ra t i o n  of t h - o  l a t r — & i

dis t u r i ~u mo t ion, ~. s r e q u i r e d  a n o t h e r  approach. R a p i 1 y - iw i r~ m~~ I O n S

it is p o s s in i t - to scpi r -n t e~ on ~h e  s~~r e n j t l n  o f  t h e  f o l l o w i  ni; :;peci t~

featuLe/peculiarit i o~~ -at t h e  d i s t u r b e d  N ) t i c n :

— t se  i t  first ~i 1st u r b e l  not ion i t  is poss ib le  to c n s i i e r

rect i. l i n e a r , i.e., R = O . i n  v i e w  01 t h u  t a c t  t h a t  t h e  spi  ra n ot  ior ,

connected w i t h  the m ot ion  of  th e cen t er -  of nass .  f l o w/ l as t 5 s lo . l y ;

— dt  low angl es  ~~f a t ’  ack a n n  • th~-re furo , low p itch a n j l -  ~-t i-he

products of ~~ tg O. Wx U can b~ - d i s r e g ar d e d  as sm a l l  s e con d - u  ISI eL

quant i t i es ;

— ——- —-— — -~- - r --- - —--~~~~. - . nc —
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— b y  sp i r a l  tor~~n~-/monnen t~~, t i l t  ~~~p t c i a l l y s p ir a l  j 1w~ i i  ~‘mfl ~ Ii ’ ,

in t h e  : in st  i pp r o x  i m a t i o n , can b’ ~i~- ;r ~~-~ a r c  I in v i e w  af  ~~
n- ° i r

smallness.

When  m a k i r  y t h c - s-’ is.~u napt 1 on~; t r or t  t h e  2 ~u a t i on s  or 1 a te r .~ 1

d i s t u r b e d  m o t i o n  ( l ~.1 4 )  WC ob t a i n  t n e l - y s t e m  of e — ~u a t i o n s , w h i ch

descrihes the r a p i d  y a w i n ; motions at  the aircratt :

.~~-—u~,=O , bt i + L + b ni~x b~o, -
di di (15.5)

~~~~~~~~~~~~~~~~~ 
_w x±~~~7

0.

Pa ge 284 .

I4 
_______ 

_________ 
_____
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We e x a m i n e  t t i i L ;  m o t i o n  u n u e r  t h ~ c o n d i t i on s

~~~~~~~~

~~~~~~~~~~~

After ela.minatiny with t h E  a id  of t he  f i r s t  an d  t h i r d  e j a o ~ ion

of system (15.5) of Wy~ we will ob tain equaticn relative to -in ~ Ic

(15.6)

_ 
- _~~~~-~~~~~~~~~~~~~~~~~~~~~ —~~~~ ~~~- - -~~~~~~~~~ - - -
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1ts c t i I n t e n i s t l -  i - - J U a t l o L n

P1 -t- b~p+b31 ~ o.

7h e s o l u t i on  t a this oguatiOn in b31>±~!. and 
~~3 1  > 0 has

two  c o m p l e x  con j u g - I t ’ - r o o t s :

Pr,1 — -
~~~

— ± ~ b,1 — ( b 33 )2 

-- - . —~~~~~~~~~ -~~~~~~ - ~~~~~~~~~~~~~~~~ ---‘ .-
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or t a k i r .  in t o  a: - : o u r n  the v a l u e s  of b3~ (see Tab~ c- ~~~. 1)

P12 4~~ij /_
___(. .~L_~~~ . (15.7)

21p — Jj, 2Ju l

tht l  1;o lu t ion  t o  e- 1 L l t i on  ( 1 5 .  r )  it  is p o s s ib le  to  ~s:i t c  i n

f o r m

(15.8)
~~.A,e”’ cos (~, -f- v~1),

where
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Il

I (15.9)

J~, 2f f,

A~ a n d  ç~
— i n t e g r a t i o n  c o nst a n t , d e t e r f l i r o ’ .i n y  ~ ~e 1 In i t  I ni

condi t ion s .

The m o t i o n , 1e ;crii ~ed Ly relationship (15.8) , is o- ;n~ ll at o :y

mot ion  of y a w i n g  w i t n  t h e  1 n p h i t u d e of A ;.e1
~

t and the tre -~ u e n c y  ot

It a i rc r a f t  is ~~“ i t  her  c0c~ s t a b l e  (M~ <O) ~ fl I 1 - ; ~; , y ~~~

da m ping  p rope r t i es )t (M ”~ < O), . t h e n  t h e  os c i l l a t or y m o t i on  a t  ~a w i r

A ~~~~~~~~~~~~~~ 
e . e~~~~~~~ ---—~ -  . - . - -* — ---—— — - -. —
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rapid i’~ n t t c z n n n t  ‘s~ ~~~ ~~~~~~~~ t h ~ l e g re. of w e a t ~~er c o - ,~ ~s , n b r 1 ~~ 7,

the ~~Eed t . 1  t i-a - a sc i  11 t~ i cn .  I L ’  -~ u enCy . ~~~~ h a n  ir ~c r ” i s -  in

dam~ iny j:op~ r i - i u s , T n e  a ; - i I l a t i - o / v i ~ r I ~~ h i l l s  a t t ~~n l I i 1 t . .  f -n s c - r .

Pa ge 2 8 5 .

b y s i l - s ~~i tu ’  i i n j t C k  v a l u e  ~ d C C O I li C - 4  to ~- x t - n C s . ; i a T 1  ( 1~~. s )  - i n - I

b31 acc o r d i ng  t o  T-nH - i  -i . 1 in t ine second ‘j u a ~ ion of sv st  eu ( 1’~. ~ )

and a f t e r  e1rah1n i t jn~ fro~ j t  cu~ W it- h t i ’ ~ d i i  O~ ~~ n ’  1 ) U i ’ h  
- -

- -  . eq u d ti o a , ~e wi ll O L t j j n  t h e  l at e r - i l e q U a t i o n  i n  t i V

(15 10)

e ( J u a t x on  ( 1~~. 1 ) )  i - ~ ~- n  a p i . . oil s. lt ~ j c: i i  t c t , - r i ~~t i -  -~q u a t i ) t h O l

r oots

jO~~~ O,
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lin e s o lu t i on  t o  e - l u a t i o r .  (15. 10) i t  ii; possible to yr ito

form

M~ X
-~~~~t
‘-‘ ~~~~~~~~~~~~~~~~~ ( 15.11)

e cons tan t s  C 1 an d  C 2 a r t -  lo cat e d  f r o m  t ine j~~j t i  i i  O u h i  l i t  O h S ,

but cons tan t  C J~~~cT ,  - by t h e  ;~u k - ~- t i t u t i o n  of so l u t i o n  ( lh . 11) i n ’ o

eq uation ( 1 5 . 1 0) .  Fr om t h e  an a l y s i i -  of a chan ge in t h e  n n : -ir u e t r r 1 -- Ot

----. --— ——_—_ - -.-- -—_~~~~~~~—.-- -- - - —-— —_--._ .—-- - - -__•_
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t h e  rol l , i t  f o l l o w s  t h a t  i t  is C o l f l p n ) s ’ -I o f  . n p ’ - i i o d i c  j i ~ O~~r’1 1~~l ~) Y

a ot ion~~. A l e r 1 a i 1~ : ~ U~~ 1ci I ( i ~u t i o n  ut  r o l l  ~l c 1 m p 1 f l ( 1) r - m i d ly  i t

atten U d t i ’ 5 t en -ni u se — or t i n - da m ping p roperties or airc lr - Ir t ,

c h a r a ct en 1.-eu .ny t n .~ c o nd i t i o n

I;x <o.

I . - - - - - - - 

~~~~

- -

cr i t e r i a , w h i c h  cia Loc~~ct i 7~~ OSC1 11 i t C L  y f f l U t I ) T i , c :-~ r. e

accepted : t h e  t i~-e of -i n . - n m j - 1  i t u d ’  r e d u c t  ion l o u b l e , t i n - ’ n u~i i ~or  of

oscillat i o r - / v i b r at i  ons d o w n  to t h . -  v i r t  i-i l l y c o m p  1~-- t e  a t t €  nuat i o n -  of

m o t i o n s  a n d  t i n e  n u a . b4 r , w h i ;I -h araC t e r i ze s  t h e  r e l a t i o n  of ~~~

m a x i m u n ~ a n t 1 - l i t u u e s  or  t i . k  d n y u i  ir  i n t t  ~- of  r o l l  a i d  y a w i n g

( r o t a t io n/ r e v o l u t i o n  icl~~tjvc ’ t o  ax le/ a x c-: ; Cg ~ a i d  0Y i )  . I t  is

obvious , t h e  t i m e  u t  a n  ~i m 1 . 1 i t u d ~ r e l u c t i O n  t w i c e  j t  W j 1~ he ‘- - l u n i l y

— 1n2 0,693

a the i . u m b e r  of o~~Ci  I l a t i o n / v . L h L a  t i o ns  b e f o r e  the v i r t u  i l l  y co~. m 1
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a t  ten ua t io n  of o-;c i i  i - 1  Of y lO t 101

—

- - w he re T is an  osci 1l~~t o i  y 
~

- ‘
~~ 

iod  of o s c i l la t i o n s.

Page 2 1 - n .

T he L e l a t i O f t  Ot  t n~e m a x i m u m  am p l i t u d e s  of  the angul ar r -i t ’-~; or

roll and  t a w i r g  i~; d e f i n e d  f rom formulas (15.8) and (1~~. 10) -j n ~ u n 1 n - r -

the  i n i t i a l  c o n d i ti o n s  j (O)~~~,, wxo~~w, , O  is a p p r o x A : n a t c l y  - ‘g u a l

to:

~ ‘t r i max ~~~~~~~ 
_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  . (15 12)

‘v l xix M~I~ .~

,
/

~
‘
~~~~~~ M x )

2
J 

(i  - 
.i
x )
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~~he pi ~c t i t i o n n er of i- li e operation cf aircraft it shows t h a t or

Obtainin g the aece~~tanl ’ characteristics of rap id yaw1 n~ mot ions

necessa ry  Sa t i s f a c t i o n  or c o n d i t i o n

x< I —n--2.

as was not ed if l  C h - t 1t s i  X ,  f~~r an  . ii r cr a  f t  w i t h  s we p t  or  ( j O l t  a

wing  is cha rac t e r i s t i c  a l i  i f l C L i - ds~ in t h e  degree of l a te r a l  s t ab i l : ’y  

— —--— -—-—- - —.-- — ------~~~-——-—- 
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~•• - ~ • • • ~~ 
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w i t h  an n incre a~~e of  t n ~i l e  -n ~ a t ~~~t C ’ , w l n l ( l. l e a n s  i - f l  ir  irc i - n - ;. ’ ~ r

the x in  f l i g h t  at  i t ~~~- 1 4 1 ;  of  a t t t e k . ~s r ’ c i i l l y  i i V - - ~~S

o s c i l l a t o r y  m o t i o n .  c n n  t u r n ,  o u t  - )  a~~ t a r  .i su ~~er s a n i c  a i r  ct -i t •

f l i g h t  at b ijh alt i t - l i e . . i n  ~~~~~~ - - - n so Is a :e su l ~ of ~ d e c : - n s ’  is

t h e  degree ot w~ - a t h o r c u c k  S t i t  i l :t  y ,  l i r e ct  i a n al  ‘ I a m u i ~r ~ rol i r : c n r - ; e  
. - -

-  in t h e  ,n ( b e c au ~~o t h ~- t l i g h t  w i l l  oc cu r  ut  ~i ; h n i b s  o~ - i t  i i n C 1~)

s u c s t a r t i a Uy  i t  w i l l  j i n r e a s e  x. A n  i m p r o v . — me Iht  in  ‘ ho

characteristics )t o ;cill~~tory motion j r  t h h ;  cas e w i l l  r e i u i r ~ ~ h e

a p p l i c a t )n/ u se  of l u r  on i a t  ic dev ices , w h i c h  .~a k c  i t pos:;it le ~ O i n

di~-~ ctiøn.i l n ldrr l i ny . SuCn devices find at I resent ~ile app1i ;n ~~:c~~.

J 15. 3. Slow yawin g motion.

The s l o w  y a w i n g  m o t i o n  in~ ~— sser i C~ i n - c t ‘~i t i n e l  by  :s~ :o n  ~ai  d

mo t ion  ot a i r c r a f t .  (‘- I n  t i n e s t [ 4 r ( ~t :  of t h e  i 1 L j €  a u r i t i o n  0 ’ t h ~~~

m o t i o n , ra~~i- i  y a w i n g  m o t i o n s  m a n a g e  to c o m p l e t i - ~ ty  i-c 1l ,rom- ’ in - i - 1.

T h e r e f o t e  it is po ssibl ’-  to  a p p r o x i n i n a t t l y  c o n s i d e r  t h a t  t h e  :uo~- n ~

torce s r e l a t i v e  to  a x l e/ a x es  O x 1 d n - ~ 0Y~ ai c  balanc ed, hu t  t ini -

a ngu l a r  r at e  or r o t a t i o n  of v e l o c i ty  v e c t o r  -~ —~~ 0. W~~e nr m I k i r ~

these a s s u m p t i o n s  of e~~u a t i o r  (8 .1 14 )  t a k e s  t h e  f o r m  h i m s e l f



- 
- - 
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~~~~~

- - - - - - . 
~~~~~~~~~ +b1iw~ +~14~y b 11, - - - - -

~~~~ +b22w~ +b~ w~=b 20,
b~~~+b3~

w1 fb33i4~
_b30, 

(15. 13)

— :~~~w

~~n t h e  case  or t h e  s l o w  y a w i n g  m o t i o n , c a u se d  b y  t h e  e1 t ec~ of

the mom entum/impu lse/pulse of cro~~ wir~~,

b10 — b, —b ,—O.

Page 287.. Th e  en- F genc~-’ o r s]  r w m o V e m n . :n t in t h i  ; sase ~s

connected w i t h  th e  pr e~~’nce o: m~ n “si  i t i a l  a t t  it ‘I nc  ~ ~~ n t  t he

torque / mo ment  of the cessa t i on  ot n - ~~’ t - ~ ~ot l o n n - .  A t t n - l i  : l i r n i ’j n
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f r o m  t l ~ ~ i r c t  t i r e  • ~ i - n t i ~o~s of r -j s t c ’ nr ( 1 .  13) ot w~ w i t h  - ! . ~ i~

of the tourt , we wi l l a ! ; t i  in

b11~~-~- (b15p -f- b14) n~y b 12yoo,
~~~~~~~~~~~~~~~~~~~~ ( 15. 14)
b31~ ~ + b,IPI~V + b~~ u =

~~he c h a r a c t e r i st i c  d et er a i r i a n i t of sy st em  ( 1~~.114) j n ;  
~ ~

i - i~ t o

b11 b~,p -f - b14 0
t b~ b,.j b1, .rb,p+bi,

b31 ‘-‘32P 1~33

W here b,—b11b~b,+ b11b,,b~ — b1~b~b~ ~~~~~~~
b,~~b,.(b~,bE—bflbj,).
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f~om e -~u at i o n  ~ ‘o  ze ro  w~ f i f l d

— !ii b 1— b~b~).

Since b0, as a r u l e, v a l u e  p o s i t i v e  a n d  if

b14(b ,4b~ —b~b) > O, (15. 15)

-tA~ t p in , v a l u e  n e g a t i ve , i.e., t h e  corresponding notion will bo
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stable.

C o e f fi c i n t  L 14 ilways i~~n~~ t n n a n t  z -~r O ; l- tl f - r eL o r ? i r e q - i ’- l i t j

( 15 .15)  c i n .  be w r i t t e n t h u s :

b,,b11 — b~ b~ <0,

t h at  e~~u i v ~i i e r t  to  ~n e q u d l i t y  ( l b . 14) u n - l e r  t h e  a s s u m p t i o n  ;~ = 0.

Th u s , t h e  s l o w  y a w i n g  m o t i o n  or a i r c r a f t , c a l l e d  s~-~~ a l , is ~~~~~~~~

if

m~ m’M
(13. 16)

m1, m’ w
II

w~- e x a m i n e  t h e  r r - a C n ’s n ;  of d~’v - ’lo p i f l q  s low y i w i n g  v rj t i o n .  A t  t h e

t o r q u e/ m o mcr t ot  t h e  C-~ SSa t i O k  of  L a ; n i i ~~~w i n -j m o t i o n s , t h e  ai rc lat t

t u rn s  )u t  to be that w h i c h  w.Ln inclinen ~ for the anjle of ~~~. as a

res ’*lt is d i s t u r be d  t h e  e qu i l i i  r i u m  - ) t  t in .- l a ter a l f o r ce s  and  a p p e a r s

motion to t h e  s u e  of h i n k .  ~ h e d f - v e L o ~~ing  iii t h i s  ease s l i p  t o  t h O

-j
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side of ‘n o  ) n i t t  -i wing wi ll r . c ) 1 1 e t n -  I~ - -is on f o r  t h ?  A p j a a r a r : c ’ ~ ( n h

a St at i c  m o m e n t  ul th - y a - *inq , ~h i:h t n ) L I I s  rhe non-a -~f - t i E r :  n t ~~ ‘ - n

t h e  si d .- - ot  t t n e h u i  i t  n i p  w i n ~~— i b i ~ I t a t L o r ,/ r ~ vol i t i o n  i d  I ’ i’J .’

a x l e/ ax i s  O ’f~ w i l l  l e a - I  to  t 14-  a p p e a L - a n  ;e o~ -n t a r r n - ’/” o m e n  t r)

d i r e c t i o na l  d a m p i ng  • w h i c h  h i n - n - u s  t h i n  r a t  i on .  a n I  ~i ~ :. i L  ~l m ( m 4 - !

Ci Lol l  ot 
~~~~~~~~~~~~~~ 

W h j c n  ot  t .- m~ t - ; t o  i n c re a s e  L a r  )ç •

Page ~88. it the l4~gj~--O of later al stab ility is low , then will

de ve l cp  m o t i o n  w i t h  t h e  b u i l d i n ~ u~ r o l l  a t t i t U d e  a1~~n 1~~: ;p i :- 1 1

t r a j e c t o r y .  In  t h e  case , w h e n  a i r c r a f t  pons€ s ’;c ; s u t t i n r i ” n ~ l v  i n r j ~

l a t e ral  n i - a b i l i t y ,  ha rn K w i l l  b.’ in t ine  cour se  cf t i m ’  is n o r -  ‘ - :

ho wever , aircraf t w i ll make flight with ceLtair~ yaw i n g i~~~.

T n , - - i & i a t i o n . h i p  h .-t we. r t i e  t r a n n ve r s e  - t n - I  w e a t h ~~r c a c k

St a b i l i t y  ~epen W ; on f l i g h t  c a n d i t i o n s .  F o r  a n  a i r c L - i t t  w i ~~t

s w e pt b a c t ~ w i n y ,  t u e  v a l ’ i ~’ of t h ~ r - n t i o  of l a t e r a l  s t i h i l i t y

w e a t h e r  coca w i r t n  i n ~ i n c r e a se  it  t h e  a n g l e  of a t t a c k  i n  ‘r ~~ n~s’;.

T h e r e f o r e  at h l y n  a n j i ~~s of a t t a c k , as a r u l e , t n n i s  a i r - c r a f t , LI

s p i r a l l y  s t a l l ’ : -, a n d  a t  low a n t i l e n ;  of a t t a c k  s lcw r r o v e m e n i -  e u - h e r  i t

atten ua ’- n - , very we akly or hi~ m o t i o n  u n s t a b l ~~.
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1 .4 . I) y i t - i :in i c c t ; i t I - ; t . ’ r i ~~t 1rS U t  l ateral c o i it i o l l n ’ i i  L~ / .

T r a n s i e ln i- h I i ~~; t j ) I -  o~ t - h e  j j t ,  r - t i can T r a L A - ~~i t n -o t  1o~~.

b u r i : n - ~ t a -  t i  J~ :~~~ro ~ a~ t i .  or ;a r / c o n r r - o l n ;  or i - h o  i n t e r - i n

contr ol , t h e  - i l u t  n b l ; O L L S  f i t . o t  of  a l l  t H ; b asic r o t i o r - , c i  n o r  b - i

t h i s  n r t  : — h- l i n k ~r sorin s U I  1fl- .~ tii ,:n a i l e r o n  - 1°t lp c t i o n n  a r  V I  1 ng

d u r  i c - n  t l n o i~~t 1oc~~io n of L U J O e L .

To e v a l u at e  t~~e r o e c t  ion  ot. a i r c r - ~ f t  t o t h e  i ef 1 - ~ i a~ i of

o r g a n/ c o n tr o l s -or the 1~~~k u - i l c o n t r o l , it s uf f i c e s  4 o e x a u n i l : cn

t r a n si on ~ process , i. o ., t h n n  m o t i o n , w h i c h  a pp e a r s  1 n i i i n ~ t h e  ; 4 i

d e t le c t i on  of j i l e r u n i ;  or i u d d e i .

T i e  t r a ns~~er m n~~i -~ n , cau s ed  n v  t h . ~ ‘l e t  1ec~ ion ot r u~~J~ r . Th~-

rapid controlled motion , r~~used b y t h e  id l~ c t io n  o f r a i n i e r , is

described by  s y s t e m  ( 15 . 1 , 1 w i t h

________ ______________
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”

~, Y , W,o=~ unMo ==O , b,, 
~~~. ~~~~~~~

A-I TM
bio =— _ =b 2~~8

t i o n  s y n t F - m ( 1 5 . 5 )  it wi l l  ho w L i t t e n  in t h e  f o r m

d~1~ =w M,

b21~~ + 

d~ 

b21w
~ = b~~ 8H,

b~~~+±
~L+b~,wy =b$H~~H, ~ (15. 17)

— =wz.
di -
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A f t e r  - i i v i d i . n y  t h e  r i g h t  a n d l~~~ t sides of e-Juations (15. 1 7) ~ u

a c o n s tant  v a l u e  Of t in e ~~~ ‘e ~i1l o b t a i n  t h e  s y s t e m  of ‘- ~u a t  j O i n S ,

in wh ich as i n d e~~en~~ - - n t  V a U i a ~ -~~~;- ; A l l 1  t i - i nu r e as the tr t r s i - n ,

f u n c t i o t n s  of f o r m

fl /7 /7

f. onu t h s :  t i n i t u  - I n t l t i r n ; t  4(~u d t i o f l s  of s y s r e u r  (15. 17)  ;e A L l l

obtain d it t or e n t i a l  ‘~~g i a t i O f l

+ 1ss +bsiI7 p bs~,

S O l u t i f l i ,  o t  w h i c h  i t  c a n  t - . -  w i i t ~~en  in  t h0 t o r n
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J 7~ (t)= A~ f B~e~~’ sin ~~~~ +~~
). ( 15. 18)

here , as t h i S  f o l l o ws  r r o n  i i f ~~or e n t ~~al  euua t ion , Ap=~~~ , a n :
b31

8~ a n d  ~~ — t w o  t i e  i r b i t r a r y  cn o n s t ~~n ts , I.~ t e r m i n e l  f r o n ~ l ’ o u r d a : y

cond i ti or ~s.

S u L s t i t u t i n g  t ni ~ iu it ~~~~1l c on d i ~- ~ O E S  of ~~~~~~~~~ in ex~~:° S : ;r C r -

( 15 .1~i) , w -  w i l l  o b t a i n

b3~ ~1 v~ +14B~ =—— - , tg ~~ =—— .
31 V~
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w t -  - i i f r e r e t n t j n t e  f r o m  t i m e  f o r m u l a  (15.  ib )  d f l 1  t D  subs - i - i t u t - ~-

in t o  t h e  o b ta in e d  e x p L e s ~~io n  t he  v aluo Of t~~p constant ~t B~, t h o t

we w i l l  o u t  ~in t n a  t o l l  o w i n g  ex p r e s s i o n  f o r  t r a n s i ’n t  f u n ~ i - i o n  I r o n

the angula r veloc i t -j a t  the Wv:

I7.v ( I ) =
~~~

?!!
~
. V~, +p, e~~’sin~ -~t. (15.19)

the transient function on thc ang u l ir velocity of o~ 
w ith the

known dep endence of !7~ (L) is d e t o r : n I l n F b  f r o m  t he  j o c o r , 1 e qu ~ t j~~~ ( n i

system (15.17) ar n i can be L e p r € r s ~r t r l  in t u n e four-

/7. (i) A..,,+ B..~2e~~” ± D.e’~’ sin (~~i + ~
.). (15. 20)

the i f l t f - g L  at ion of 1ep~ 1104 ’ I .C4  (1 ‘
~~~. 20) in t m e  i u t e u v n  0 , t i ’

vi i i  m a k f  it  ~ O~~S1 b I ~~ to  f i n d  t r ,~t u s i e n t  f u n c ti o n  f r o m  r o l l  a t t i i u d ~ n :
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171 (I) A7 +B~i+cie_b I , e+ D?,t s~n (‘~/+~~). - (15.21)

the  C o n s tan t s  -at A~~, B~~, A~, B~ and , et c  j t  I S  ~- o S :;it - ’

t0 d e t er m in e  f r o m  t o r r n u l — n s ( 1 5 .2 0 )  a n d  ( lS .~~1) ,  o n t h e  c t r e r n :~i- in a t

b o u n d a r y  c o n d i t io n s .

From t h e  ana l ys i s  of e x p r n - z s i o r 1 s  ( 1 5 . 1 d )  — ( 1 5 . 2 1 )  i~ f o l i a w - :

1. The t r - n n s i e n t  f u n c t i o n  on sli t - a n g l e  is i~len t- jci1 t~~

t r an s ien t  f u n c ti o n  on a n g l e  of a f t - -ick ( 1 1 3 . 2 3)  i n  a x i a l  m ot ion.

H o w e v e r ,  t h e  t i a n s t” i  m o t i o n  of y a w i n g  is a c c o m p an i e d  b y  m o r e

cons ide r ab l e  ex c e s s/ t h r o w/ o v er sh o o t s  on a n g l e  ( F ig .  15 .2 ) .
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F ig. 15.2. Transient fuN:ticns On t h e  angle a n u  a n g u l a r  v e I o c l s y

K ey:  (1 ) . s.



- 
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_______________ 

3~
a 1? t C.— ~

lj  0 ~~~~~~~~~~~~~ ICVR( - - -

~~~~~~~ / ~ ‘ .9~

Fig.. 15. 3. Transient  f u n c t i o n  on th e a n g u la r  velocit y of ~~~~

Key: ( 1 ) .  s .

Fig. 1 5..13. Transien t function on roll attitud e.

Key: (1). s. 
-
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2. T h 4 - m o t i o n , C - 1 U s 4 ~J i y  t h e  5t e ~ - : l e tl e c t i o r .  of r a i l e r , i c ;

compose a of aperi o -I i~: -n i n n  o sc i ll at  o r y  n o t  ions. The irn~~ular ra t o of

r oll in t ue  process of this Jotion reiches the po tent ii l v -n l u- ’ ol

~~(c~ ) (?i~~. 15. 3 ) .

3. The  t a k e n  d e f l ~’ct ion  (i~ ru-ice r leads t o  a ch an Je i rn t~~~- r ol ’

a t t i tu d e  it: t he  l i n e a r  t i m e  dependence , on wh ich is p l a c e d

o s c i l l a t o r y/ v ib r a t o r y  c h a n g e  ii t h e  r o l l  a t t i t u d e , a t t 3 n u I t :  I i~~. t~~

course or time (Fig. 15.13).

The tran sient r unctions i.n the case of t h ~ st ep  d e f l s - c t  ion  Ot

a i l e ro n s  c i  t h e  a n g l e  of M~ a r e  d e t ern in? -i t L c m  s y st em  ot  01’ i-It ions

( 1 5 . 5 )  , -i b a , u n d e r  t he  initia l coindi t i cns of

Page 29 1 .

In th is  oy~~t sm as a result ot r~€- -jlect t h e  t u r n i n g  up  t u u ~~ue / m o : rn - n: ~ of

(M:~) one s h o uld  r - l a c e  b~,=O; b,O_ b~~~
_

~-~-L à6) . This r e a s 5  ~

in th e i r i l t i d i  ~ e~~~i n  l u r i n g  r ap id  y a w i n g  m~~t ion  there is no motion

of y a w i n g ,  a n u  t 1~-~ rol l is it tollows n o w  f r o m sy st ’~m (15 .~~) , is

_ 

.

- --~~ -.---- -~~ . - -~~~~~~- --- ~- - -- 
-

- -
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r edu ccu t o t i i ~— tol 104111 j syst~ n oL ?‘~u a t i on .~:

~~~~ + b2~w ,= n~n~~~
(15.22)

whence we ti rd tun e transient tun: ctions of the roll :

flu, 2~~ b22 (15.23)

/7~~~= —  

~~~~~~~~~~~~~~~~ ~ l~ ct1Oi~ bt ~il ~~~~ ~~rod u ces t he  a p ” r i a l i c
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r a p idl y ~a m~~e I  roll, i n n  proce’~ s ot whi ch t h e  angular v - b c  i t  y i e ~i c n t-s

the estati i ;i /ii:z;talle I value of w2(~~)=±l~
_
~~~, and rol l ~tt: iruie

lr -. cre nses  t r o l o r t l o r n i  t o  t i m e.

it t o l l u w s , :0 w- ~~v~ - r , t o  note t~i it  t h e  U h O t i C i l , c a use d  ~ y sr  - - p

d e f l ect ion of a U e r  onc , b e ar s  m ore  c o mp l e x  c h a r a c t e r ,  t h a n  ~h

f o l l o w s  ron ex pr e ss i on ;  ( 1 5 . 2 2 )  , w h i c h  descrihfs motion ~ r ~ u i~-’

i n i t i a l  p e r i o d  of t i : - ’. T~~t u a l iy .  t i n e  sp i r a l  t u r n i n g  up

torque/n ornn~nt , cr eatenl by t i:e ailerons cL t ae ~~~~~~~ d i r e c te d  t o

t h e  s iue  at  w : z n g  w i t h  the o l n i t t ’  - i il e rcn ,  p roduces  sli p f o r  o~ ;na ~~i te

w i n y  aIa~, as a O01 St  ~a ’ ! i c e -  at t h i s , t h e  oscillatory m at ion of ya wir: -~.

This same c o nt r 1~, n t - - , t n ;~ s~~i r n l  t n u r n i r - n g  u p  t o r q u e/ r n o n r r t , - - i u s~ -~ l~
v e r t i c a l  t a i l  i ; ~~~m i y .

CH A R A CT~~RIST1CS OF 1~~-r~~~ ;~L CONT FOLLA BIL ITY .

The d y n d n i c  c hdr a c te r i s t i c s  ot the lateral con trolli1 m o t i o n .

r e f l ect  t - 1p propertie-~s of t r a n s fe r  Inot io ;~, s h o w s  t h e  speed of ~ h c

r eact ion of a i r c r a f t  to t h e  g o v e r n i n g  a c t i o n
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AS it was H o t e L 1 , t he  m c ~ i o n  of y ing, cause d by t h -  d~-~f l ~~cm i o n .

of rud der , is anabujous with the a x i a l  n o t i o n , c a u s e l  f — y th e

derlccrion of e levd or. Tnerk t ~~~ thi s rrotion also is c h a r  -~ct~ rrzed

by the transit tim e , d e t e r m i n e d  by fornul a (114 . 10) , b y r e l a t i v e

exces s/tn r~~d/overshoot on slip anglo e t c_

Page 292.

9 ow ev e r , d a m p i n g  t~io ur otion of yawing for contoaporar y -ii rcra I t

is suhstann t rall y less tin-i n dampin g axial motion. Thereton e in ~ h-

process ot  t h e  t r a n s f e r  m o t i o n  -t  y aw i n~~, d L C  pcssib l e c~~i i J e~~ n~~ 1e-

exces~~/t  o r o w / o v e r a n n o o t s  on s l ip  - ti jie. This especially i~ r u m  j c o -n b i e

in f l i g h t  at  h i g h  a it f t U L l —~5. i n  t h i s  case, the  o s c il l at i o n/ v i ~~ra~~i a n . ;

at mo t ion a re p e r c e i v ed in the form of sharp alternati rn j crn a nqe~ in

the tran~~Vcrse acceleration , which impedes precise piloting , it mak~-s

the  c c u 4 d i t  ions  of c cat o r t  w o r s e  on pass~~n g e L  a i r c r a t t.

— 

— As- it is bygon t hown above , th~. d e f l e c t ion of r u l d e t  alo’r W i  n

the motion of yaw in 1 i.; accompanied by the r o l l ,  w h i c h  b e a r s  i ls o  a r

oscillatory nature a nd  w h i c h  dc :lays b e h i n d  t h e  n o t i o n  of y - i w i n j  a l o n g

phase to the angle , close to iv/2. Therefore w h e n e v a l u i t j r n q t i e
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d y n am i c  c ha r a c ter i s * ics of t h e  l a t e r a l c o n tr o l l e d  m o t i o n , i t  i s

necessary to consider C r i t er i o n :  (see 5 1 5 . 2 )

I ‘~x mix

°~Li Imax

In the ideal case neglecting sp iral tOt~jue/atonnents ~ he ar

deflection it produces the isolated/insulat ed roll , which I-ear s

aperiodic character-.

As t h c -  cr i t e r i o n  fo r  t h i s  mot ion , ca n be us~ d v a l u e s

s• — -— ~~~~~~~~~~~ - _________ - - — — -  

- 

— — -.~~~ ~~ - — - -
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Ir the eva lua t ion of t h e  d y n a m i c  p r o per t  les of th e la t€ : c-I 1

contro l led mot ion  t n e  d o ub t l e s s  i n t e r est  i~ r e p r e s er n t s  ~~ne  an~~lvsis

of the amplitude—phas e characteristics of the ccrrroll ei r o~ ionn , : O L

obtain ing which rudd ~-r and aileron they deflect according o har m onic

law . Z r  t h i s  case he “ walking ” of a ir c r a f t  a f t e r  c o n tr a l s  i.

estimated according to phase displacemcnt between the ou t pu t  v alu e s

of  
~~~ v. w~, w,) a n~ r ire input et tect of (6,, O K ) . Th ~ a m p h  t U n l e

ratio of th ese va lue s  c h a r a c t e r i z e s  t L €  con t r o l  e f f e ct i vcn e s~~.

- D u r i n g  the ~ xe c u t  ion a t  t h e  l i t e ra l  m a n e u v e r , -as a ru le , is

applied the coordinated d~~flect ion of the organ/controls of the

lateral control (rudder ~n r - i ailerons) , i.e., the control displacement

it is c o n d u c t~~I a : c o r  I i i ;  to the law , wh ich eliminates the ap~~ean inc~

__ -
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of a sii~ a n g l e .  T h u ~,, n o r  i r - : ; t r t llce , u u r i m ~ -~ t n n e  i n p u t / i n t r o  I s-~ ion of

aircraft L I n t o  odn ~~/ t u r n  a i ler on s  a L e  fcfh-ctod -ic co ilinj t O  ~~N C  r1~~~~~,

n eces sa r y  or - i c m ~~ e v e n u ~~n t  o t  t i ’ ~- r~~s~~t a n q l -~ of n ’a n k , ~ lie c o n t r o l  of

d i rec t  i o n  is a e f l ~ -c~~o I  so t h a t  w o u l d  n o t  a p p e a r  s l io . I t  is  ohv io’n ,

the law of a e f l e c ti o n  or  r u d d e t  i t  ~ep ~ nd~ on h i s  own p r o p e r t i e s  of-

aircr aft , Ludder—effectiv enesb derivative, pilot ’s phy siolog ical d i t ~~~i

(det e r n - i r e i  b y  th~’ re i c t i o n  L i t €  o f  pil~~t t a r  a c h a n u e  in t i e  sI~

a n g l e ) ,  a n d  also tro nr t h e  l aw  o X  d e t l c - - t i on  o t  a i le r o ns .

Page 2 9 i .

I t i t s  o w n  -ni: ,t urb o-f motior i tte n n - x tcs -.he-aYh y . a n d  t h e  3 S CI l i I ~~3L~

per iocl of u5cil l i t ion s is Ccnn mm en su i a b l~ w i t h  t h e  - l o l a  y ti nn- ’ : of * h e

r e a c t i on  ot p i l o t  f i r  a cha nge in 4 l n ~~ s l i p  an -j ie .  f heni t h e  t x c u * i c r

of t h e c o o rd i r n t t e - l n ot  r u n  a c t ua l ly  b e c o m e s  im p o s s ib l e .

P~ OBLENS FOR hn~PETi1I Oh . 1. Wh y is pe:mi~~;i di . ~ i .

(1 yin ~j pi act ice small sji c 11 diver jar ca?

2. In W h a t  1~ c r s i s t  t h e  p h y s i c a l  p r e r e  jUisit /p lein i 5 S 0’ ~~~~~ 
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s e p a r a tr o n  of y a w i n  m o t i o n  t u  r a p i d  a n ,  1 s low ?

3. ~ h y  f or  a hi g h— i ltitu~~- 5u~~e r SC f l i C  ii r c r a f t  i t  i ; n o t  i i  ~- -~~JS

possib le  t o  ensure t h e  st t i - i l i t y  of t b .  y aw in g moti )n only ny

aerody nani c mea ns ?

~~. Ii. i L-i t t .’e -se nse  of t he  c o o r d i n a te d  It t l e c ti on  ~~

o rg a n/ C o n t r o l s  ot t h . -  l a t e r a l  a i r c r a f t  c o nt  ro l  d un n t o  e X O C U ’  i o n

ot t he  l i t e r a l  m a n e l v e n ?

Pa~~- 29 &4 . C h a p t e r  X V I

SP E C I A L  h T u /~~~~~~~~~~~~~~~ ‘E ~~ IT AFT A~ HI - ;H

ANGLES OF ATTA CK.

( 16. 1. I r  ~ erac tion ot the lots~ i~ i a  I n a l  a f l  -I y aw l r n - J  n iiot i o nS  a t

a i r c r a f t .
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t
~~;1/in :~’il~~~~ .

f r om  each o t h ~~t l o n q i t i l  i t a l  d T c 1  y i ~~i n q  m & t i o n~~. J : ; i i dl y t ho se

a O t i O f l~ compo se  t h e  .~i ~~~~~ i x ~~t u r t e  m o t i o n ; ho~ C v t r~ t!~~

expa n~ ion/decoaposit ion (dna lys is )  )~~ ~ Lii; mot ~cr t o  ~~i~~u : i  ~ a1 ar  I

lateral (chapter V i i i )  ~ im p l i !  i~~ ; t h e  L~~c o r ! in  of ‘~~q u a t i o  m l

t h e i r  s o l u t i o n .

The expan~ ion/decon~ osition of t he  m o t i o n  of i i r c r i f t  t o  i t t e r i l

and  l o n g it u d i n a l is p o s s ib le  o n l y  u n 1~~r t h~- c o m p l e t c ~L y c er t  a t ~

c o n dit i o n~ w h ~ich ~ r e  s i ti ~~f i eu  on t h e  m aj o r i t y  of t he  f l i ~~i~

conditiors of c o n t e m p o r a r y  pas~.e n ye r  an ~ t r a n s p o r t r i it c t af  t (sut ;nt .ic

and  t r a n s o ni c  l ay o u t s ) . i o w e v e L , in L l i j h t  at h iq h in.j 1~~s of ~t t a c~

and in t l i q h t  ~i t  s u p e rso n i c  speeds  th e  lon~j i t u d in a l  a n i  y~~w i!v~

iot ions  ir e  so interconnecte (1 that from the separ~ito -ini 1y ~~is i~-~

ia~~os2ible.~~~ h~ t a c t o rs , rc~spon si~~h. for t h e comm unic~it ion/con u~~r t  ~ )n

betwee n t h e  long i t u d in~~l an d y a w i n g  m o t i o n s , ar c  c al l~~.i u s u t i l y  cr ~~~s

coupl ings .

Such factors include CVOSS aerodyn amic an a  inerti -i l couplings ,

t he  e l a st i c  ~e f or m at i on s  of aircraft components etc.
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Cross i~~L o d y n a m i c  c ) m m u n ic a t  ion/connect ions ir~ i u .j t~ d ~j

dependence  of t tit~ longi t u d i  na 1 f o i c -~~; a n t i  t c rq ue/ .n rn c~nt :; - ‘ :  ~~~~~

k i n em a t i c  ? a r a H I e t ~~r s  o~ y~~w i n y  motion ali t , in t u r n , b y ~ ~e ~ •‘ t: 1er . c-~~~

of t~~e l a t k ? r ~~i t’) i. C~~S d : L ~i t ou q u e / T i t o m ei t s  on t h e  k i n e m ~ ~ IC  r u L ~ ~~~~~~~~

of a x i a l  mot ion..

For examp le wit h sfip aetodyr:a uiic lift of aircratt ~~~~~~~~ i~~~

only as a t e s ult  ot a C t  ngc it . rh~ sweepL.ack of l = r t  ~in 1  r ij~ i t. h

w ings, tut also ~s a result of ~i ch a n g ~: in the aerodyn~ m i~ w i n t j —~~~~~

interference effect. T:i.~ i* laying wing, as they s peak, “is

overshaded” by fusela~je , a n d  it s  l i f t  can not i ce aUy  L?crease  UI t~~

case at low wing mono~ lane , decreasing tnc aerod ynam ic li ft of

aircratt as a whole . Fur thermoLe, w ith slit appea rs supp 1e~~-ntary

l i f t  i n c r e me n t  at fuselage.
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Fig. 16.1. Chau ge in the angles of attack and slip during the

rOtatjOfl/revolutiojj of aircraft rel ltjye to the longitu3 in~~l axi s.
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S in co  l i l t  i n c re m e n t s ,  u n i c h  a p p e a r  ~ i~~h t z e  s l i p  of d i r c L d 1 ~~,

are not applicu .At  t h e  l ong it ud ind  I f o cu s  it  a i r c r  a f t , ~h~~ti ~u i r  ~ h

l i f t  w i l l  e n t a i l  a c h a n . ~e in  t h ~ p i t c~. i n ~ r n c m e n t .

Cross ae rod y n a m i c  c o m m u n i c a t i o n / c o n n ~- c *~ion s  appea r ~1so :I j r l n r

t he  r o t a t i o n/ r e v o lu t i o n  of a i r cr a l  t~~ for e x m r n p l e  d u r i n . .~ t.h ~

r o t a t i o n/ r ev o l u t i o n  of a i r c r a f t  r e l a t i ve  to ax l e/ a x i s  ]Z 1 ~~~~~~~ 
1~~.1)

a n g l e  of a tt a c k  a n d  sli p a n g l e  w i l l  p e r i o d i c a l l y  c h a n j c . I f  t~~i ’:

r o tat i o n/ r e v o lu t i o n  fl a i r c r a f t  is caused b y c o n s t a n t  r o l l ir i  n ’ n -c:~~~,

then the ant ;  ula r v e l o c it y  of ø~ w i l l  u n d e L ~Jo a l t e r  n a t  i o n s  in ‘ ip :  t h e

act ion of the rollinj moment , which appea rs with slipping. A .~ a

resul t of a change in t h e  a n g l e  of at t ack and ~ 1i~ a n j i ’ , w i l l  i j  ~

stabilized longitudi nal and yawin g moments , which pr ev~~r it a c h a n q ~ i n

t h ese arL ~~le.~. r u r t h e r m o L e , the  st a b i l i zi n g  m u o m e n + s, c r e a t i n ~ t n q u ] a r

Yeloc~.t i € ~s r e l at i v~- to  a xle / a xe~; O y ~ a n d  Oz~~, c h an j e  t h .~ p o~~i~~ioi  of

r otational a x i s .  i’n ’~± greater t h e  l o n . i i t i d i n u l  stability fact or or :

g—force and weather cock static stun ility , that r o t a t ij n . i l a x i s

nearer to a x l e/ a x i s  Ox w i n d  c o o r d i n a t e  s y s tc n  ard  t u r t h r r  f r o m

axle/axis ‘jx 1 b od Y— t 1x~ (I sy~ t * r .

Longitudinal—behavior characteristics have an insijnificant

effect on the lateral torcor and torque/moments under crui sing
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condi t ions ; h o w e v a u , at hi~~h anqle. of i tt  ick , ar c  p o s s i L ) l ( ~ l i t :  r n ~
co.p l i cat i on s .  f u r  e x I r n p 1 4 ~ it a~ h ~~~~ a n i b s of a t t  ack O C C U L t ;

b o u n d a r y — l ay e r  ~;ep ar a t i on , th ez :  t h ?  transverse d a m p i n g  m o m e n t  C i t

substan tiill y decreas’~ an . ! from th~.t which d a m p  be c o n v e r t e d  i r t r

that which rotate.

The earergence of inertia cross connections is caused b y

inequali ty to zero of the moments ot inertia of aircraft reli tiv e t - ’

the p r i n c i p a l  axes  of i n e r t i a  and  by  t h e  p resence  of th ~ gy r o sc o~) i c

t o r q u e/ m om en t s  of t h e  r o t a t i ng  p a r t s  of t h e  e ng i n e .

Cyroscop ic torque /m om ent appears dur inj the r o t a t i on / r e v o 1ri~~i on

of a i r c ra f t  L e l a t i v e  t O  a n y  axle/axis, not ~a r af le l  to  t h e  ax 1e/ ax i ~
of the rotor of engine , and is determined by relationship

~L—j , c,  X *), (16. 1)

Whe r e the J~ an d — m o m e n t  of ine r tid And the an gular L a to of

rotation of the ro tor of th~ mo tor re spectively ; are the a r m i u l a r

rate cf rota tion of a L L c r a t t .
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‘7
F;

F ig. 16.2 .  D e s t a b i l i z i n g  e f f e c t  of cross inertial moments.
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Usu al i j  t n~ a n  I.o of t im ~~ eng  i ne  i 1 st  il l it  icn of j j; d I : ;  S intl I

therefore v e c t or  r e l a t i o r i sh i 1 ( 16 . 1) ii. ~rojcctions on ~he axis

body coordinatc2 system it is }C ~~siIle to write iii the for m

M2 ri, ~~O, M, r~p ~~ 
— jp~ p~ z~ 

M, nip ~~ ‘p~~~ LP

from reldtionshrp (16. 1) ~t f o l l o w s  that during the

rotation /revolution of aircraft aroun d axle,axis OYI app ?ar~ the

pitching mom ent , an d iur in j rotation/revolution in the plane of t~-

symmetry of aircra :t, it d~;p ear s  t i t h , i. e ., av a i la b l ~ c rD s s  in e r ~~r~~1

coupling.

Even 3r e at er  s i g n i f i c i n c e  fo r  c o n t o m p o r a r y  p a s se n jer  a i r c r at t

has a presence of cross inertia l couplin gs, caused by th~ wei q~~
layou t of aircraft (by masr; distribution) .

Cross iner ti~tl ia om~~nts are considEred by those equations of

systems (1 .19) or (1 .23) , which de scrihe the rotation/revolution of

aircraft, or more p recisely — b y th ose terms of these *.~ ua tiOnS which
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are e qua l to th ~ p Loluc t if ang ul ar velocities il d a I i f t e t ’ri &’ r~ ,

the  m o m e n t s  of t n 4  inertia:

~ 
— J~) ~~~~

(16.2)
M,.~=(J,_J

~)w ~w~.

t he  i n e r t i a l  m o m e n t s , d e s c r i b e d  b y e qu i l  it  ics ( l u .  2) , a i w  a

t he y are d e s tab i l i z i n g .  For e x am p l e  if a i r c r a f t  r ot i t e s  a r o u n ~ h~

ax le/ ax is , p assin~ t n r o u g h  t h e  cente r  of mass  of a i r c x . i f t  an

parallel to velocity vector ( F i g . 16 .2) . t h e n  t he  c en t u i ~~u j i i  : o i~~

wh ich appear du iin g rotation/revolution , act in such a ti y f d i ~~ ~s

created th e torque /moment , w h i c h  a tt emp ts to increase th~ u j l t.

between the rotational axj$; and axle/axis Ox 1. Iner tiil ! iOm~~ r~ t .a

during an increase- in the angular rate of rotatio n cm 1ecom ’~ m~~ j

than the aerodynamic ri .jhtiny moments , whi ch will lea r t D  t~~~c I ~S ot

sta b i l i t y  of a i r c r a f t .  It inertial moments are more than t~~~•

aerodynamic governing torqu e/moments, whi ch appea r du r irr t h o

deflection ot aerodynamic controllers, then aircraft w i l l  ~~

uncon trolled.
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For t h e  a i r r i  :~ or  ~he t y p l o d i  su b ~- on i c  l a y o u t i , t o t  ‘ x i  i t : ,

of th e aircraft at  T~~ i t  i~ th ~~€ ~ t . ,  i n e r t ia  cross  tOt 1IIe /IIOti r
~ fltS

Lecom € langerous only i t  t i e  v~ y L i jh angular velocities , v i n  i1~ 11 y

not attainable in I l~~i b . t .

Page 297 .

Howeve r , f or  t u e  c o n t e m p o r a r y  a i r c r a ft , w h i c h  l a v e  a la r . ; e  “ na as

di sttit ut ion of” ~lony fuselage , the characterist ically significa nt

increase in the 1~ ’rtii cross cou~~linys, cdused by the tac~ tha t the

m o m e n t s of inertia of and I. of such aircraft m a n y  t i m e s  a r e

sore the moment of in erti a of J,. . The  r e l a t i o n s  of t h e  m o ~ e nL ~ Or.

i n e r t i a  of Jj J~ and Ij J ~ comp rise f o r  s u b s o n i c  a i r c r a f t  2 — 4 , f o r

tr an s on i c  a ir c rat t  5—b , bu t  t ot  s u p e r s o n i c  — 1~ and more.

of tae  passe n g e r  ai r c rat t , whi ch have cruising sper~is , wh ich do

not exceed the speed of sound , the cross couplings can not icea t ly

affect flight only dur ing the execution of the very en e r g e t i c
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m a n e u v e rs , riot  pr ov  iIo 3 by  t t ie  i u l r s  o t  r I i : j h t  o p e r at i a r i 5; f o r  h i s

class of t irc~~a t t .  ~i ~ cross cou 3 l i I I j~ i t  is 1 e r o s c a r y  t o  ~~~~
• c~~U ;  • 

~ 3

in f I  i~ h~ at 1. i g h  i n  les of attack • T l ~~ s~~~ci a 1 feat ure/3eco Li ~i r. I.

of h i g h —  ~n ; l e — o L — i ~ tacK f l i  j u t  d L e  co r t~~ct ~~d w i t h  t i e  tact h i t t h~

e m e r g e n c e  of s?~~~~r 1t i an  t~ or Ie/ corc 1i~ ions d u r i n ~; w i n j  can le i i  ~o i t

a b r u p t  c h a n ~~’ o r  ~ he i~~Lo o y ra u u 1 c  c ha ra c t e ri s t i c s  of i i r cr i f ~~.

i n c l u d i n g  i t s  ~ t .ib i lj t  y c h a r a c t e r  ict i c s , c on t ro l L ib i l i~~y a rc ’ 1~~~~ i r

p r o p e rt i e s .

16.2. ~;~~ec ia l  f ea t u r e / p e c u l i ar i t i e s  ol a e r o d y n a m i c ~ of a i r~~i I  ‘-

durin g h ij h—a i~~le—of— att tc~c flight.

Anji e s of attack ill f l i ; k t  it  ~ regulat ed b y the rules of Ii ~~

opera t i ons ;  t u e L e t o L ~ o u t p u t/ y i e l d  of a i :c ra t t  to h i j h  i n j i c s  or

at tack , close ~-o critic al , b u t  t h e  f a c t s  m OLe to ang les of att ac~

b e y o ni  st i l l  ii ~ i.~ t eas  i b i c  o n l y  as  u n i r e m e d i t a t e i l . cau ; ;c ’ i b y

un f or e se e n  c ir c u m s t a n ce s , b y  such , is in c i d e n c e/ im n i n  J e m e n t  at

a i r c r a f t  i n t o  t he  a s c en d i n g  J u st of a ir , into wake in front )~ ~~~~~

f l y ing  a i r c r a f t  • in b l a s t  w a v ~~, t a i l u r e  of speed i nd i c a t o r ,  u i~ 3

e .er gencY ( f o r  e x a m p l e  t h e  tailure of e n j i n c ,  the c o n t r o l  f a i l u i c ) ,

with intense icing etc. The aerod ynam ic wing characteristics and

aircraf t as a whole at h ijh ang les of attack shat ply di tte r from
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aerodyna m i c (‘1 ar-i c tor1 ;~ icr ; in o~~e r . a~ i n ;  conditionc .

Cu le avin g to mi ~~h anjle~ of ~‘* ack on suction si 1~ of ~~~~~

occur s the L ou nd a i y— la y ’r S ~~La t iO! . L3 cu rLia ry —l a y~~r s ’ r i r a r i o n

a p p e a z ~ i i  that part al ~ h~ - w i n y  on ~~m e  op r ~~a 1/c ape  w h e r e  t o e  1i~

co e f f  i c l e r t  ‘)I cross s t ion has t h e  y t c a t e s t  v a l uc .  o f

d i rcc t/ ~e - r i i g h t  a n d  t~~~p e L ’n r  w i r ~~~~; ~itk L low contraction , t i e  o r e i k a w a y

appears ir r oot ~ r 0 .~~; section~ ; , w h i l e  or t a p e r L  w i n J S  w i t h  lar . :~~t

con traction ~na it sw ep t  i t  i~~3ear s in end cross se c t i o n s  ~~.

FCOTN C) ’I I ~~. T i s  ~ h c r m o n o n o n  ~ i n u t k l y  iS  o X a . m ~I n e ( 1  in t h e  c o u r  ~~~~ of

aerod y n a m i c s .  F f l~I ’~ rT~

£5 a resul t of ever small asymm etry in  t h e  i e v e l o p m e n t  ot h i  i l k a w d y

on sweptback wiu j , can a r i se t 1~- considerable in v a l i e  ~~o L lu e/ m o m e r ; ~~~,

which leats to t h e  h a n k  a t  a i r c r a f t  ( w i n g  h ’a  y i n ’- ) .  A~ 1 ncrei :,~ in

t he  w lr J dr a g  ii t h e  i L e a  K d Wa y ZOnO of b o u n m i  r ~ 1 iv e :-  l e~j 1~ t o  • i i

app ear anc e of t h e  y a w i n g  m o m e r t .  
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Fig. 1~- .J. ~1rI ~~u a1  ~~t f e ;t  ol ~ir  f l o w  L I  c L ~~ :;~~ :~~ t;~~IonS M it h t~ie

r s ep a rat ~~~~~:. m l  r o n s e : i : i t e i  l o w  of o~~: i i J h t  w i n g  ( a )  a n d  s w e r ~~ ( L )

1 — tro - n a  i r m u / c i r /  or  t h ~ d i ~~t r i b u t i c u  ot  p u t ~~~su L ~~ c’c’ t t i ( - r . - I t

— ~~3 i t  d m i ~~t iEl / O a i V C  a t  r a e .- i i  tlo~ i n  s f r ~~id /5 ;u~ w j ? n i n fl~~ limfl s

Cf bou t - ni t y l i y e : .
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The b eh a v i o r  of a i r c r a f t  w i t h  a f u r t t i c t  i nc r c- ts~ in  t h ~ i n j lr~ )t

at t a ck  i n  m a n y  res~~ - ct s  d~~ f l j~~ on  t h e  sn c - ~ 1 o f t h e  d~~V e l o p m e r  t oL

flow c.-~~ir at i o n  i i i  t n e  W l I t ’ J s ~~~i t .  I t  ca n c~~ - m n t h a t  t h e  s t r a

a i r p l a n e  w i l l  ~a 11 O f t  O I L  a w i n g  m o r t ~ i - F  j e t  Le h i n  a i lm ; w i ~~~~’

because se~~a r at  i o u  t h e  m u o d e / c o n ~~i t ions  of f l o w  fa ;t en ‘t o  1’~ V ‘ i i  1 Or

sprea d/ scc:e  ot s t r r i j h ~ W I  ny .  ~ h i s  pim ~ n o m en o r i  can  he ex p l i ~~rt~. 1 , L v

analyzing 1e li st r i iu t ion of pressure co~ f t i c i e n t  c h o r i w i s e  i n

d i f f e r nt  ~i l j  .j e~~t i o n s  ( F i g .  l b .  I)  a n d  t h e  s e c o n d a r y  ~‘au n 1 a r y — l ~r i o n

flow .

It’ t i ’  cross sect ions  of s t r a ig ht w i n - i  ( F i g .  16. ~a)  w i t i t h e

developed L-reakaw-i y t~~i c  evacuat ion/raretactio n in nose 1~~::reiS7c ,

w h i l e  in  f ee l — i t  iu c r e i  sos , wi ich lea Is to e m e rg e n c e  in  t h e  t o s ’  of

the ti e-a of br eak iway ~one to t i e  zone  of n o n se p a r a t e d  f l o w , w h i l e  i n

feed it l O i - 1 ~ to  t u e  o m i t - f  -Je ’nce of ~ev ’tse flow. This ch i racter ~~~

secondary flow iccelera re’s t b 4 :  reve lopmn ent of Lreakaw r y  al  on r h

wingspa n. BreaK awa y c a n  achieve ev ~~~n t i e  t h os e  crof ; s scot  L O P S  W i t ’’~

the lif t coettici ent is still small. O~ swept back winy the zon e o:

the  s ep a r at  i o n  m o l e / c u ri t i  tion~ of ~ low m o v e s  toward� . the I r m c i  3

f l o w  (k ig .  l ” .3D) , w ij i ch t~ - t a t o s  th e  p t o p a g a t i o n  of t h e  t -- r e a k a w a y

zone ct boundary i t y o r . T h e  d o v c l o p m e n t  of b r e ak a wa y zonc  of

sweptback winy along spi .~ad/scope occurs much more slowly than of

s tr a i - j ht l in e .
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At h i g h  angles of a tt ac k , chanje the lcn cjitu din ai—b ~~havi a L

charact eristics. B O u n d i r y — l~~y e r  sep a r a t i o n leads to  a l~ cr ease  in t m e

evacUa tion/rarefaction it winy leading edge and to an incr’~ase i i .  f e e

evacudt ion/raretact ion  it t  feed. Therefcre of stra ight a i t t  a PP0d t o

t h e  n e g a t i v e  p i t c h i ng  m c m f - nr t , u n d e r  ac t i o n  of w h i c h  t h e  a i r c r a t~

attempts to decreise the angle of a t t a c k  w i t h o u t  p i lot ’ s

inter terence.

As a resul t or  s~~jara1’ ior of i low at the ends of sweptbi c~ W i l ~~~,

pushed forward back/oj , the lift iecreise.s, whil e in r aot cros~

sections it sti ll continues to gtow. This can lea d to t h e

center—of—pressu re travel tcrWard , and then to the emorjence of ~h e

pitching torgue/mom nt , wuich increases dnyle of attack. r h ~
center—or—pressure tr avel forward can lea d to los s of s t a b i l i t y  On

the g— for ce of aircraft with sweptback w i n g .

At h igh angles of attack , a ppears the prevent/warninj agitation

of wing whose emergence ~~s explained by the fact that the

boundary—layer separa tion never is stationaLy.

- 
_ _ _ _ _ _ _ _ _ _ _
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Pa ge 299.  E v e n  w i t h  c on s t a n t s  t h e  a n j i e  of a t t a c k , f l i J h t ~~~ t e e  t i :  I

other  k i n e m m t i ~ c h a r a c te r i s t i c s  t h e  b e y i n n i n -j  of b r ea~. i a a y 7 O i t~

Variably oscillates relative tc cert ain mid—position . r he lift

coe t t i cien t  of CV T P , w u i c h  rc~~r e s p on d s  to t h e  L e q i n f l i n g  Of the

agita tion ot straight w in i , is considerably less th an ~~~~ Ti e ’

swep thack wing of trmnsonic airct aft possesses more intense

agitation. The m~~r e t h e  swee~ a n g l e , t h e  lesser the  j n t e t t s i t y  of t

p r e v e n t / w a r n i n g  a g i t a t i o n , an d the valu e O~ Cyrp approaches C1,msi.

The preven t/warning ag itation is the source of the ti:n clv

information about output/yield to high angles of attack. If d U L i r ~~

the wing of aircraft t h e  p r e v e n t / w a r n i n g  ag i t a t i o n  is ib S e n t , t hen

are -a pplied the special devices, w h i c h  p r e v e n t / w ar - n p i l o t  a b o u t

output/yield to high angles Of attack .

The appearance of a b a n k  for win g in flight with h~~qh in~~1” o~

a t t a c k  by no means not always leads to eme ryen cy situation. O~

straigh t—win g ai r p lane  in t h i s  case, appears the ne jativ~ F- i~ :’ mL ~~J

•omen t whose action is controlled i n  the lowering of t h r  “ f l ) .- e ” 11

_ _  ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~._  _ _
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a ir c r a f t , a d~~~r e d s f -  is  t h e  a t y i  or a t t a c k  a n d  ~~~~ t ian ;i~~ionm o~

a ir cr a ft  i nt o  t h e  m o l e / c o n d i t i o n s  of st e , ’p uesct~n 4 w i t s  in  i s c r~~~oo

in t h e  v e l o c i t y .

If a p p e a r s  - l i s r m n t i o n / s e p a r a t ion  a t  t h e  ends  of t t m ” s-a — -~~

w i n g  of a i r c ra f t , t h e n  w i t h  L a n k , f o r  e x a m p i e  L y  the r i g h t  h i ~~t ~~i r . j ,

and the grow/rising dli ;le ot e tt&ck under the action o f  t n ”  ~j i~~i i ng

torque/moment lift will not be p - a r  i l l e l  t o  t i i .~ w e i g h t  of  -i ir~~r m —

it app ears sli p for the right halt w i n g .  Ta~ Si le cotupon~~n

veloc ity with slip elininates disruptiOn/se paration. F m r t h ~~r n o L r ~, i~

aircratt did not lose lat .’ial srai ;ilit y , then w i~~h s l it ) ~f l L’ - 1 L S

s t a b i liz i n g  m o m e n t  — ran k begins to lecrease. this ~ as~

already on lett , tuat is omitteu , halt wing it can aris:-~ th e

separa tion of bounu ary layer. Further all phenomena arc . re~~o ~t - i .

During the rap id development of disrupti oI/separa~ L ) r  a t  I: ~h

initial angular rates of rotatio n airci tft , after lo s in i ot ili y on

g—force an d fallin g ort on a wi ng , continues the initi a l

rotation/revolution. ‘Fmi ” ati i l i t y of aircraft to C m t t c ~r j n j t ! sn~~- ( ’i~~ ic

cond i t i ons  in  t h e  m ode/ con - I  it ions  of the stab 1* rotati)n/r~~vo1 at

of r e l a t i v e l y  c e r t a in  a x l e/ a x i s  is Cofltect eI with the 5 100111

p r o p e r t y  of w i n g ,  n a m e l by  c i ut o t O t a t i o n  ( a u t o y y r a t i o n )

- ~~ - 
‘~~~~—~~~~- - - - - - -~~~~ -~~~ -
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~~16. 3. A mn ’-orot at ion of win~ at h i  ~h a n g l e s  of  a t t a ck .

Aut on ot ttion as p r o p e r t y  of  w i n g  o rotate tel L~~~i V ’  t o  ~:“r ~~~t i n

axle/ axis lu rin g the fl ow ot flow - i u o u t  i t  is: high -i n m l l ~ -
~~~~ i t t i o f  in

many rf-siects lepends on the roefficient~-; i t  the eo~~ a1 ~ n l

tangential c omp o n en t s  of -if- ro l yna m ic foro , in t h . ~ an j 1~~; of a t ~~-m k

a n d  sli p , on winj nlar: fot -m .

Let us assnm e that wit s the angle 01 a t t a c k  a t o  i i r - r a t t  i~

interloc ked angular velocit y C
~
)
~ 

(by the deflect ion of ii I c i o n s  o~

r u d u e r ) . In th i s  case , as a result of a chang e in the cor:1i tion ,~ (~~

flow due to the imposition of rota r y motion, w i l l  a p p e a r  t h e  s p i r a l

t u r n i n c i  u p  t o r q u e / m o m e n t , and a l s o , therefore , the an j u l i r velocity

of . I f  co~ an ] they have opposite signs (Fij. 1~~.L~d) ,

the instantaneous axis, which coinciles with t he  a n g u l a r  V el oc i~ Y et

will be turned relative to the lon jit ui i nal

axis clockwise to the angle Ae , determin ed from condition

tgas~~ .~L .
WA
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- .~~~Cc. lp~u~esrn

-
.

r ig. 16.~~. Di a g r i i  of the rot a t i o n/ r e v o l u t i o n  of a i r c r a f t  w i t h  ~ i e

d i f fe ren t  (a) an d ideri t ical (b) signs of the angular velorities of
£~~~

L.~.. - ~~~~~~~~~~~~~~~~~~~~~ 
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Key:  (1) .  A x is o~ rot a t iO f l/ t t~V o1Ut  ion .

Fi g. Th .5. A e r D d y n a m i r c h a ra c ter i s t i c s  of s t r a i g h t  w i n j  at  ~~~1 :-

anj l e~ of a t t a c k.

C~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

~_
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~~

it is oLv i~~us, if a i d f h - ~y h a v e  i d - an t i r a l  s i j n s ,

t hen  t a g  ) 0 an d  i n s t a n t a n e o u s  a xi s  w i l l  ne exp a nded/ s~~a n n e r 1

c o u n t e r c l o c k w i s e  ( F i g .  16.4b) . D e p e n d i n g  On t h e  a r r a n g e m e n t  of

instan taneous a n 5  rel ative to axle/axis Ox 4ind coordinate system in

the beg in n i n g  of rotation/revolution will occur the s u n  or f o r -  t h ”

heaving wing when ta~~ > a ; s l ip  w i l l  no wi th — 
~~. For a str-t i Th~

wing at angles ot attack below stalling, the rotation/revolution

relative to axl~e/axis Ox 1 causes the sp i r a l  t urn i n g ~ip ~orque/ anom~~n t,

in Sign wh ich coincides with . in this case the position ot

i nstantaneous axi s corresponds to Fig . 16.L~b. In angles of attack

beyond stallin g the signs of and opposit~~, i.o., ~h’~’

position of ir-~ tan taneous ax is  corresponds to diagr~ a in F i -~. 1h.a-i.
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Wit n the- noncoincil °nce of instantaneous axis with oh Ox wi n d

coordinat e system dep end in g on the degrees of tLanSvers.~ i n~~

veathercock st ability appear a r e  the stabilizinq (preventi ng

rota t ion/revolution relative to axle/axis Ox 1 ) or de -;t ihi l iz ing (4ha t

facili*ate an increase in ti- n rotational speed) St ~~~t i~~ ~~~~~~~~~~~~ o f

bank  and  yciwinis. B e su l ~~t s th~ s to r gu e /mo men ts , app ear t he

torque/moments. c~ u5ed by t h e  rotatiO fl/tevoluti:n of a i r c r a f t , w h i - h

a re eit h er  t h o s e w h  ioh h in th  r (da n p ini) , or ro tat ing.
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Fi g.  1r .~~. Dia gram t~~r l e t e rnir in g the ~Oto S Ot t h e  c u t  u ()t i t i o n :

a — l a m p i n j ;  o — -u l t o r o t a t i o n :  c — the concealed /latent

a u t o r o t a t i o n .

~~on yCl•

a
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During t i e  t n r e c m e n t  of in stantan~-o u : ax is wi th ixt ~~/i xi~ O x  4~~~n~~

coord in ate systc~r the ;t It ic mo nent s of h a n k  a n d  y a w i n  a :”  ib s - ;

T h e  i i ~~~ r~~en ce ~~ t ~1e Cot f f ic  i en t  ~- 1  t h e  n o r m a l  t or c e  of he

straij ht W i n i  ; of a~,7 :~ n an ~~le of a t t a ck in ~-ody c ( j o r ; r i n a t ~~ SV S ’ enr

(Fig. lu . 
~
) i s  sach , su a t  i r q l ~~s of  itt ic k t e y )n -l s t a l l  m i

valu e ot 
~~~~~~~~~~ 

fir3t -1- cr •-~~~ - ; c - c i o n - - I I )  ~ a n !  ~ h e n  ~ T-~in ~ o w/ n  isu :;

(zone III) is s o m e w h i t  s~~i’~.’r t L~~n t~ a:: il - ’:. ~ t i t t j ’ k l - ~~ ; - ~~ l~~r

(zone I) . Thi s c~ii rac tut o~ t h& d4 ’re r nenco of = -c(~) U-a ~5 t 0 •

f ac t  t h a ~ if t ~ e 3 1 i - L a  t ~ ~ or ~ r y r eas On ~~ ~~ ii e~; 
~ he ~ ~ u lan

V e l o ci t y  of  o—)
~ , t h e n ~~- p e n i  ing on the in itial a n~I1 ! or a -~

v a l u e  of t o i~~: :r a f ~ C a l ;  t o t  ei fhs r ~ he i a m p i n n or

r o l l i ng  ~ o~n’-~n t .

S

As a result ‘)f t h e  r o t  a t  I U T ’r evo  l u t io n  of a i r c r a f t  ar  o-~n d h e

l o n g i t u d i na l  c ix i : ;, the  an g l e  of a t ~~cck of ~ he be in g  o m i t t e d  h t l t  ~ i n i

in creaseL- , a n d  t h e  t n ’j l~ ( t  i t tooX of t be fl -~~~~ v i  ng }. u t  ~ i n - ;  ~ ‘cr e s

(See ~ 11 . 3) it ~ pro p or t i n  dl t o  a n g u  1 an  i-a t e O L  r it  a~ i o n ( i  t

is s m a l l )  . D s pen i  i r u g  on v -h ue a~~d s i g n  of t h e  r o l lj f l j m o % ~u~ ~ t , ca us

by a change in th~ an jies of a t t a c K , i t  is pO - ;siLle  t o  s~ p t r - i t e

ch a r a ct er i st i c  ca-sos i n  the behavior of a i r c r a f t , each of w h i c h

corresponds t o  the  le~~e rm i n c d  r a n g e  of an g l e s  of a t t a c K .
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1 . 1: t~~tc L i f t  jb~~a in ~~1 r ( t l r L o n / I v o l u t l o r - i~ t a i l ’  of 5 t
~~~tC K

a ( ( F i g .  ~~~~ i )  , t h e n  t he c o e f fj c  lent of t n e  n o t - ~~ I 1 0  ct

t h e  b e i n g  o m i t t & ’i ~-t 1t w i n g  i~ ~ i 4 hi ~r th~ cOt’t t i~~i’~nt  ‘i~ t ~~ r~~~’ p- a l

t o r ce 01 t ne ~ t ’ iv  ~n g ha i t  win j of (cr1 OU>cvl uo~). - r n s

a p p e a r s  he I t a n i n - ;  no: T I n r , m J i c h  i m p e l - o s r u t  a t l o n/ r - ’v 1 n t  ion.

Page ~~~~~~~~

2. I t  a n y ~~e of u 4 ack  is •~uc~~, ~ h a r  t h e  r ej i w e  p oi n t ic l o o~~t

OD t h e  n e i t  o a r j t t  eu seg~ien t of a curv e- of f(~) ( c i i .  16. n~ )

t h e n  eve r  ~i~~h ~~~ v~ r y  lo w va l ue ~ t * he  in i t i a l  a n g u l a r  r ~~e of

r o t a t ion  of ~~~ ~he coef ficient of i s  les s  4 h ~~n

In  t h i s  case ap p ~~~rs t h e  uirected ~o ~ h~’ ~ i 1~ of r o t  1 ) r / L e v ~~] ; t 1 0 r

torque/mom ent , un i - ’r tcfion of w h i c h  t r j i l a r  v e l o c i t y  i n c r - l s e , (1n t
~~l

t h e  c oe f f i c ien t s of t h e  norma l force of t h e  r i g h t  a n !  l -~ t t  h i l ’  - i  n ~s

are egualed . in t t i ~~~s case t n e  r o t a t i o n/ r e v o l u t i o n  w i l l  ~~~ ha t w~i i~~h

was est ab li sh /in ;tillrn j , CV t OIT YCT =C V I P O~ .Y CT, a : 1  ~h- a ; i ; I e s

of attack beinj om itte l c . a rli heaving the ~~~ . t n a l fflO~~.~ 4c,7 -

wing s w ill he constint. The a n g u l t t  velocity ot trio
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estahlish /in ; t a l l e !  i l t o r u t at ion t i : ; 1 u l l y is l~~ t . r m l n ei

e x p e r i ~- ’ n - a l l y .  To l i f f - - n efi~ d ; o ] e~~ o * - t ’ x ck w i l l  corres p ar - l t h

d i t f e r ~ ‘ t  a n j i l s i  v - ~~ )Cl4ies st ~~ -i d y  a u t o r n r a s -i on .  I h ~ r -r n ~~” ~ a:  ~~~~~

of a t ~~ic  t w it h ~ r~ i cli t he 1~~- t m t in  t i i  rot s t i o l /r ~VO 1  J~ ~‘)n 
jS 

~ h ’

reason t i n  h e  eauer~~~,nCe of ~he rotatir: t L ~~ule/m Omen t , i’ C a l  l ’~ ;

zo ne ot au  t i—i 0 t i t  n on

3. 1 an lies U t  i t t t c k  c o r r t ; p u r s - ~ to ~he u p J a n i  1~~ i o~ t n e

ic pt’r~ lu -ce u = c( ’~) 1 t Is- ~ , s t t i r  ;t g 1 an cc , t he  a ’i  ~ i i  o~ -i j O T 01

aircraT i~ is i n p i ~~s i b i ~~. l l O b t  V t ’L , t h i s  is Correct ) r l ~~ y ‘; ~ h -  l o w

in i t i a l ~n gol u m  iol )(‘it  ie:; ) 1 W,~ 
-f (

~~~~). W i ~~li a n  incr- ’ss~ in  t u s

ro tat ion -i l spec : , t h e  p o i n t , w h i c h  c i i  I - ’s p o : i l s  t o  h e  a n  j I  e ~~~

or t I . , h e s v i r . j n u l ~ w i n  ;, t a ib  on t h u  ~esc’’nIing ti i n c h  a n ;  c i ’

arise ‘h e  S~~t U a ~~ i o n  I - i ~~ir- j . n i ch  C-~~ f Q f l = 
~~~~~~~ 

( s : i ~~ i l a r  v — l o e i v

in t h i s  c as e  of CJ
~~,). 

It  w e  now 1noi .’as ~ f l ,  r o 4 r~ i i n . s l  •;;)e.~~-~~,

then with ~~~~~~ appears the t - ul -ue ,’-n o m • r t  o r  i ’ J ~~~ , t  ~ ‘~~~ n on. ‘

f u r t h e r  1r c L -’ .u~’u i n  ti.e i o t a t~~or a i  -;p ’ !u--I lt~ a i .; t v  t h e  t i ~~~’ ~~~~

angle of atta (:k ) f  t n .  h e a v i n  w i n ~ b ec o m e s  le~ - s t h i n  i t f  i c - i l  I n

s t - j i m :  t o  ra~ i n l y ic t :r ~ - - t s ’ , w h i l - ’ m c i - i s ’ -- - . t t r

c er t a in  i- ’ W  V a l u e  of t h e  an ; u l a r  v e l o c i t y  of Ct) h e  c ue !  I i~~~ f i t Sx z
of the notmul force ~~u ‘he- 1~~t r  a r .  1 righ t of h a l t — w r n j  a J a m  I L~

c o mp a r e d  ( F i g .  16.6C) .
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~~~~~~ t h e  r u n  ~ 0 ’  w ] : ; t n i i l l  ~~i t ~~ ’ C o n  t i t  i on :  i — ~ i n - c l  i : - - :

t w 0 v i] ut s - )  t ~ I ‘ t -J I i n  v - . ( ) *  ~ y of a),, , 
~~ 

• F h o  ~ ~

a n g l e s  of s~~~t ~~~~~ i n  ~~j u i r h  ‘P i a n  ;e 0! I 1 t o r u t a ~~ io n  i s  ~~i n c i ’ — n 1::

Val u t - n y  t r J u l l n  v e l o c i t y  on  t o ;  a n~ t i n  i l ’ ~~ , I s  c~~1i - ~J ‘ 3 : ’ :‘ -~~r. ’-

of t n e  cc r o e i l - ! - ’ l i ’ : t ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 1~ t ir ~‘arL  1 :  ~1’ of i ’ ’  ~~ i t

d i t  ~ete i ; i i n . ’ - n  ‘h e ~n n i l a r  velocI’~~~ -; 01 ‘h ~— e~~
4 u : i i ~~~/ i n t s t  i l i e l

au t o r  it  ~ LOfl , t I  e n  i ’ 1 :;  pO : : ; i I l ’  ~o Cons’ r ’ l : t ‘~~~“ J r ~~~~~~~~ ; ; / I 1 u~~~~~: . u - I  (
_
)~~

t he  ;e r & n i o n c ’  u~ x
_ -c(c

~)~~’ iY .  ‘ .7) , C u l l v i  lv-  ~h u r  j - ~~ -
~~~r 1 s~~~~ i(: o

a u t or o t i ’ i o n .  sy  I o ’ n -  I l it :  -~r ’  s h o w n ;  * he n o t  / c o n l i ’ i r n ~~~

Un~~t~j l~~. i L i ~~OU ~) t i f . ~~~
. . 1~~~~i i 1 j of ‘~~o : o c . ; i i I e  ~~r n q : i A a n :  ~~~ ‘c i ’j o r ~ i :

p ract i~ , ~ s i~e a I  m ze  1 J O

~n eat n- ~ o~~t on he  oh i n  ~ c t e r  ; ‘ cv 0 a U ’  ül u~ t ‘~ o n  e - n~ i i

U s u a l l y  s l i p ~ ei t h ~~~ l o in : - ; n f l - I t  n .h  tn - al t . i ! u J ~ S C~~ , ,l  ~ 1 i n ’ a r  n i l ,  i n

on b v in — ~ t -‘i r s I . 1 1 e I ~~1 I I y i 
~ p 1 - i i  ii * b V • P - u c’ -ia’

in f r t c - — i.t c-o n 1 it  1 on - ;  • P.-- d ;  icr - a I us  I i i  I y is r u nu u n / t  u r n  -h o In . —

side of e 1 - 1  r ; on  i ’ il -.in . j un i ch ; coin  i n :  u I y ii a n ) - ’ ~~t - I oc~ — e l

within t i -.’ ~rc at t r i ~~~ Ct ,n y, ;! - S C L 1 : * - i 3y e (c ru ’er of  :~~iss o~

a l r c L a t t  4j t  s l i  f l - ~ f .oi~~d~~~y iU fl S ar .- is 1 t oo l o i c  s n  i~ on

the I n l a y i n ;  j i l t  win- ; . Fcr t h i s  r - s : ; o n  ~ i t h  s l i p  of u t i b l e  in

transvr i se r c -l i t ior l i l c I - TIt ’ , i :  C L l t f  d t h c  s u p p l t ~ m~~n t  m v  f l 0 11 ’ 1 ’  O~
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p
toll which with external slip increases, and with intern3l it

decreases the angu lar rate of rotation (Fig. 16.7).



DOC = 7 u , 2 1 1 3 3 6  ? A G E  

~~~~~~

.

Pa~je ~O3 .

Cl,,

~ ~~~~~~~~~~~~~~~~~~~ -

/ ~~~. 7. /(; -

F ig .  16.7. Tk1 ,~ c har a c t e r i s t i c s  of t he  a u t o r o ta t i o n  of t h e  st n - i i u i u-

w i n y :  1 — sli ps no; 2. e x t e r n a l  sli p; 1 — i n t . -’ r na l s l it .

Fig. 16.t~. Aerody nami c claractt-ristjcs of swe n’~back w in ;  a 4

angles of at tack.
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The s l i p  iv t h e  p o w o t  i i  m e a nt  for a chan~~’ in the etta r~ ; t - - :  iv I T : ;  01

the autorot ation it win g .

Now w . . w i l l  consi b r  the sh e c i  ii fea tire/; “° ‘uli s u i t  y ,~~ rn -

autoro a~~ion of t h e  s - i e v tb a ck  wing , w h i c h  i i f f e r s  t I - ) m  :- t L a i ; s + l i i . - -

both by t h e  a o r o d v n a r r i c  oharacteri.;t ics ann -i t~~ r - : I j t f - ’ r ’ n ’  / a w  - ‘t ”r

on th~ tt- characteristics.

t i  su e ; u t  w i n ~ i op o i u 1 °n c e  c u r v e s  of -
~~ (“~~~

) a n  I C. .~, = f (’~
)

(Fig. lt .l-t ) are -aro snu)other t I - a n  of st r a i~~ht h o ’ . ~ - i x i m u m  in ‘I ’ -

curve ef  C , ~-ft
’
~~ 

i .~ expre ssl-d ill— de fin e- I ; therefor~ 1r he v - ’  i l l

initial annu lar velocity of t h e  difference k”tw eer ~

coefficients at the norm al foice being omit t ed and h .tavin n of ~i ngv

is low or v i r t u a l l y  even is equal to zero, and the zOfl? ot

autor otation is comparatively sm all ( F i j . 16 . 9 ) .  A u~~or . t a t i o n  ~~: rr s

out to be weak, and in certain rat. ~r * of a n-i L’s Of ,1t t~~~~ tievomn

stalling, jenner ally it is absent.

With s l i p  t h e  zone ot autorot ation substanti ally c h a r ;. ’;. ~ i ’ h

the small initial s u n  of ~ircraf ’ at di t te t e n t a n j i e  ; of i t  - u . ~~~, can

change bot h value an qular rate ot rotation/revolu ’iou in1 r~~-~
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d i r e c t i o n .  ~ o - m ; ’ ’~ a c P u  i - ’ - - L  0 1  ‘ ‘ ‘ - ‘  n e , j V i O t  o ’ : ; w ~~~n~ t~ -i - o . ~~: u

is ezpl a ir. et U y  t h e  Cu :~ s 1 t u t ’ - I  i 1 t ~~~ t ~ t t_ nL ~ 1n j~~p ~~~ ~~~

an ji e on th .i pasl ’ i o:. ~ ‘ he  t i  ‘- iLiwu y ~ c - . at b - i n l n r y  1 iy e r ~~.

FCOTNOT~’ ‘ • ~~. • _ I~o’ i t . rh .- ~ if i- c ii t - ~ k a v i ) L r ;  it ; - l v c ’ r s o n c

a ir crat t . ‘. , “ m a c a  i n - - ’— n u i . ]  t i n y ” , I j0~~~l~~ ~~~~~~~ ) i ) T ~4 ) T z - ..

3 o u n d I L y— l a y -~r .oop .ar -o ’- 101 a p ; ’ ’ m L : ;  l u r  i nj the u ’ - l - -i v i n - i i ’  w i n

(F i g .  16. 10) , w h i : i .  sccc’ l ‘~r - a ’~es r o’ at  i o n / i - —  vo l u t i - -c: ii .-’ .;i  le  of

this u a lt win ;. Then t h e  b i . - a ~~e u w a y  a pu e a r ~ - d u r i : n j t t *  h a l t  w i n ~~,

pusb eh lorwa ro tory-a t 1, w h ” r .~u 1 on t h e  t e v ~ l a p m * ’ nt ot h t  ~- a k  I 
~ ~}‘ Z ) f l *

antici p ate/leads similar process do tin g the ne layi ng h a lt d I n ; .  

- -. .-_—.. ._. —— — - - — _—_ —. — - - -— — — - . .—. -. .— .
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F i1. I t  • ‘~~~ T b  ~ C :) i t  i c t  e r i s~ i n s  of t h e  -a u t o r  ot -it ion ot  t no  . - w . ’p  • a - n

w i n  j:

~~~cL;1 — s I lls  i i ;  ~~. 
.~x t . - r n a 1  ~ l i ~ n , ‘ 0.1 ii~~~_~~J te~~~ 3. ?X’~ o ’— - ’J

S it  p, ~ 
- w / ~‘

F1 -J . 16.10. Yaw effec t On ~~~ poSi’  i o n  ~t toe breakaw ay zones cut ‘I.e

swe pt b a c r .. w i n ; :  I — 0 . 2  ~~~~~~~~~ I I  — = 0. 3 ~~ ~~~~~~ I I I  — =

0.4 is~~ I~.* IV - -
~ 

= ) .~~ i-s- lJ~I-m4 to V — = 0.8 ra d .

ICey: (1) - - o unterciocku ise rotation. 0

U

~l Lu

. 

_ _ _ _ _ _ _ _ _ _ _

~~~~~~~~~~~~~~~
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92/
Rotat ion/revolution d r - c . ’ I e r o t . - ~~, 

-
~ - ‘ s : j c - r -  i i i  I t inall y whc’r. wh o] - n uir - hc ~I

forw ard t o t  d a l i  hal ~ w in g 1: ; O 1 - V P l O } P I  i~ y L i r o a k a w . i v , i i i  i m t  a pai s

of t h e h~’layinq hali w i n ’ ; , s t i l l  i s  r~~t a i rne- I certain range o t

nonse para ted flow , it b - ’y i ns  i i  t H -  o ’ i u ’-~r dircc :tionu . in Fi-;. 1 ’ .°

contraiota ’ion is retl p c~ e I ny ;a i t of the curve 2 , arrange/locat~~ n

the below enter ot  aosci s I;ds .  W i t h  a furth er increavo in t~~~-~

Of at tack , the beu ridar y — l t y t  F st-p ar atlon seizes entire wing si~ ~~

therefore as a result on s l i p  i o l i i v q  nion ne nt is oirecte-i to ‘he s -h i-’

of the remaining w ir.j a ni rcduccs the m i t  ial d i re ct i on  at  t a t i  -o~

At the wide angles (is c u r v e 1  :i in F i g .  16.9) of t h e  I i r ~- :t  i or .  ‘f

rotation/revolution , it cat :  Le constant/invariabl e.

Thus , the char ant etistics of ti5~ auto—rotation at :;wp- ’ba rI ~ ~ j t n

differ s1-Jni ti~ ant ly fro m t h e  c h ar a c te r i st  ics of t i e  a i t o r o t  a ’ m t .  of

straijtrt -di l l y ~ nd ~ 0 larger degi ee l e p u . rid o r n  the comb in at i r at *

angles of attack -iou slip . Tine autorotatiou ot sweptbark w i n u  u i r l i k . —

s t r a iu ht  l i n e  w i t h  v i i  p can Oe initiated a’ angle of att ac k .

considerably 1~~ss cr itica l (with t i n e  slip of w i n - ;  critical a n ; l e  o~

attack can decr ease ny 20—30 o/o iron the initial).

The b e h a v i o r  of a i r c r a f t  a t  h i g h  a n g l e s  of a t t a c k  is

considerably more com p lex t han t h e  i s ol at e d/ i n s u l a t e d  W i n g ,  W h i c h  i .
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q?,l.
explain ec , in tho t i u st  p l ac e , by t h ~ m u t u a l  e f f e c t  of a i r c r a t t .

components; in the sec:-,nd place, fact tha t luring t he tr~~ I ii ih t ~~

the .-.vc-lu t ion of iircu .-at t more complex and richer t h e t h~ ~ r a n s v ~ u- c’

rotation/reVolutio n of winy in th t- worki ng section of w i n d  t o r r. r ’1 ,

Page 3Of .

~ 16. 14. Corkscrew/s~ in of aircraft .

T he  ability of win ; to autoro ’-dtion iv the basic re -ison , f r  ‘n . -

corkscrew/spin ot aircraft. Corkscrew/skirt is called t i- ’ m ot ion f

aircr aft i ion ; steo p st. iral , which a pp ~. ar s  in t li-jht in ny le - of

attack beyond stallia- ; , whi ch is accompani ed by ro* at1on/r s v ) l u s t i ~~t

a r o u n d  a l l  t h r e a x l e/ a x e s  and b y the p art i a l or to’~s l l:v s

stabili ty. The danj or O f the incidence/impingement of a ir cr it ’ in’- o

Cork sc rew/ sp in  ent i ls t h e  hiqh loss of heiyht/altitu .l-7 t r o r  toe

inle t into cork screw/spin before leavi nu ; from it.

Long t ime the r ej - ;o n s  f or  t o e  i n l e t  of aircraft into

corkscrev/spiru re l l - l i u j o n i  unknow ns ; thetefore not tales ware ~~j s t .. r - ~
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and  t h e  m e t h o d s  of t~u e  re n f l O V d~~ of  ~~i i c r a tt  t i o a  c or k s ;r ~n w / s r i n .  The

f i r s t  s u c c e s s f u l  a ~ t e u n t  at ~k e int en t ima 1 L niet ir ~~ a 2 0 1  k s c r e d / - T u - 1 1

is bygone is undert ak~~n in 1’ ;lt- b y Pissl In p ilot K. ~~ Art s .eu l av .

Howev er , i l l  view f the complexity of the p h e n o m e n a , a:~~om pa -iy

corkscrew/spin , tho flig h t  of Art o - i l o v  an- .i ,itt~~N i - t ~ t oth er ~~ I n ’ s

could rot Jive the solution to the basic ; roble~ ’;, c:-)nn -:t- - w i t -

¶ recovety a n t  its pr .-~vention/wa Iniriy .

Onl y at the end of ‘~J)’s the yearn ; of Prof . V. S. P y s h ; o - i

deaon stjateu t h a t  t h e  b a n ~;ic r~~1sonn for corkscrew/spin is ~ he

auto g yration 0t wj ’~~;. T h e oret ical -in~~lYsis in conjun ct ;on w i t: ‘ O P

experime nta l studies of corkscfcw/spin t-~’ the tes t pilot s ~~~
. ~~.

G ro mov , V. A . Step -ancho nk , to V. P. Cb kalov s et al. c;av r ~ p-isc~~b il u t y

to mas te r  the m etoods of t i-t e -t lr r r i t t  c c nt r o l  in c o r k - cr e v / c n ’ m n.

The corkscrew/spin of a l i c r a f ’  b e g i n s  at h i g h  -an t l es of i t t i c ~

with tie suns~-yUen t st--tll i r - ~ of aircra ft, Of s t r a x ; h t — ~~i r g s  - i i r p l a r - u ,

the angle of attack with the n u mp in -; ot differ s li tt le f r - ofl

critica l -angle of att ~ck , w h e reupon aircraft usually i:; lu nrc—n to

nose. Aircraf t with swero-back wing car t a l l  down f or- winy even ot

angles of att ack less than critica l, if separation th~

mode /condit ions of f l o w  is a s y m m et ric , whicri is possible with slip. 

- .-- ~.-.. -. - - . - - - .-- .-~~ .•- --• --.--. .--- ... - . - -  - -
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The deflection of ail~~rori s o~~d L U ( t i e t  they can lead s o sh an~ Pa~~~ i t

slip. The proha~~jli t y Of iç tjV tion ot  - J U m p i n g t o t  i r c r a t t  w i t h

sweptbac k winy, a ss  isn i l v~-e d tor supersonic aircraft , is m o r e  ~~~~ r

the aircraft or a i d  layout :. 1~~i~ is cortnect,*d w ith an ir :r~
. - e i r ~

the vi r t u a l l y  mi n ir u m 5 ; .  t - 1 s ue  t o  t h e  j r o w n  t l i j ht alt i tu t~- ;  - - t o l

large specific wing latss . U n d e r  these corditions t h ~ :on~ . r n v v i t i l i t y

of medium exerts a s u n st a n t i a l i n f l u e n ce  on a e r o d y r ~a nr i~

characteristics - a n d  with the m i n i m u m  t li ; h t  speed of

no ticeabl y decreases; therefore flight is a a i e  wit .h th ? a n ; i - ’s ot

a t t a c k , close ~o

F u r t h ~-r m o r e, one vhoul~ consiler that tar a hi jh — -s ;otei ~i I .- :  ~ t

there are lim itations on Speed , fl ight ma ch number , an~~l~~c of ~~~~~~~~

g—force etc. FJr pilot in fligh t jt is nec~-ssary to work l ir - ; t

quantit y ot informa tion which jt obtains from instrum ents —

atten tion is scatterei , the pro bability of error in t h e  p iloti n g

techni qu e incr ea ses.

Page 306.

The stalling of aircraft by itself still not means th e
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u n a v o i~~a b l e  in ~i 1? : :.
i / Icr I) i J ern ~~n t  O f  ,~ i r o r  i f t  i n t o  couk-crt ~w /.p l rI • I t

p i lo t , er: e r J e t  icill y ~ei l e c t i r : -~ e l e v a t o r , nos ’~s d o w n  of a i r - r a t ’  -~~ -I

t here b y w i l l  l e c r e i s -  t h e  i n g U  of - a t t a c k  w i t h a s i m u L t a n — ~ous

iacte a~-c ir t L.:- vel ocity, ‘h en aircraft will leave ta tne

m o d e/ c on d it  i o n s  at  r~ I n - ~ i -ei/~~ - s c e nt  a n u  to pilot will r.ot - l i t i c - i  l~~

retur n to nori zont al t l x ~~nt conditions .

Aircr att taIls isto a SE -i n . or.ly in those the case , if it -wO . n -a t

impossible to aVoid actiV at lor of autorotation . Dun n ; the

rotat ion/revolution of aircrat~~, appear the inertial m omen t s . Th~-

inertia l moment at pi tch leads gra-lua lly to an increase in ¶he

of attack. In the cour s ’  of tine , can begin the e .;uilibrium a~

aerod yram ic and in erti il mom ents , aero dynamic and mass forces , wh ich

test i f ies  to t~~e sti~aiy— sta t e mode of corkscrew/spin.

zn stead y sp in the aircraft will m oV e over vertical ~riral .

Is tl ist in juish e.I s t a b le  -ì Ici un st a i ,  It-’ cor~ . screw/spin. For the

u nstable corkscrew/spio , ob served virtuall y on ly  in hi jh i ltitu d e s ,

the characteristirally considerable chang” of the angles of att a ck ,

bank , p i t c h  a n - I  s l i p, and also angular velocities both along th~
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value an I alor: a i ; n  ‘t i r c r - i f t r~~r . I n v L t  of rotation in

corksct ~- ‘w /  ~-p  1 ~I , j i I S f r o:~ fl -)L n a 001K ~C U ’ wisp in i n t o  in  w a r ’ ’  I (“  o r -

Spin ”). The  c h i r i ~~t -~~~~ a :  oscillations c in bc that whi ch buil d un , on

in th e foim ot play.

In ‘hr at-abl e corkscrew /sf-in of d ir e c t ion , t h e

rotat ion/revolutio ns in ~~~~ a n i  do not change , lt hau~~h ~h .-

v a l u e s  of a n -j u l a r  v e l o c it  i~~s c a n  dc v a L i a i l c ~~. w h e n in  j u l a r  r a t e s  n

notat ions i r ’ • v i r t u a  l ly  0 0 0 st dn t s , :ta bl s? coLkscrc~w/spin c o n  j t

COUtSC n im e E l s a  i n :  t o  t h a t  whic n - w i n -  e s t a bl i sh / i n st a l l i  I ~~.

U p o n  toe inict an iirc ra ft into c o r k s c r e w/ s p in f r o m  l ev e l t l i y : - t

entire process ft- - m  the inlet of aircraft int o corkscr~~w/spin to

return toward lev e l r l i -; ht can l~ divided into a series of the

stages , s h o w n  in Fi ;. 16.11. on transfer section t h e  corK scr -~w/s~~ir-

is u sually stable , but b ø i n j  unst e , i d y . At t h e  end of tho t L I n i - ~ t - ~~I

section , th~ Spin axi s in: vii tua l l y vertical. The trin~ fOL s--’ction of

superson ic ai rcraf t turns oUt to he so extend ed that th~ pil)t

manages to Ir ’riv ~ air c raf t front corkscrew/spin prior t o  th e oeg~~r .n in : j

of its v er tica l section.
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Ve r t  j c i  1 ~ or k s c r -~~~/ a p i  I i n -  an  . r v e  I i r  e s n ,e r : c c :  of subso~~i c

a ir c r a f t , w h e L ~~u -. o n  w i t h i n  t h e  l i m i t s  of v - i t i c a l  a’~~ t i - ) n in ;  i . - i s i H ~ -’

stead y S j  i - . Sin: h i  s is t he  u p 1 ‘st li -a I . ‘/ c e n l  i i o n s  a t

corkscrew/aL in , i t  j ) ) - . S 1 u 1~’ , al t h -u ~~
- -  a 1 t tic i r~n tl y - ip p ro xi : - a~~- ’l y ,

descr i i ~
- t ho ox -~t I c i l l y ,  w h  ~~~ nia k f  S ~~ possih I~ to pertorm n i ; t  l y

u sefu l a n a l y s i s  Ira On ; its bast t o  : n i f l u t - i c t a r e r e c o m m e n d a t i o n s  p i i o

abou t  r e c o v e r y .  D i r  in  t : i .— a n a l  ysi .; o~ t h e  v ~rtic,i l st- ea J y spi r . ,  ‘ - ‘ y

assume th at the engine thr u~ ‘ is c ~u O 1 to  z ’r o , the I ~~sit / ot II r

wi th a c h d n j P  i n a 1 t i~ u-I c i~ con5t an t , inn s ‘a 1 . ic - r - a  ly  n i a m  ic f e r r - ‘~

lie/t est s  at  t t t  p l ict of sy n n~~- t  ry.
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at t c ( : o m : ] l s h i n .  ‘h ~ c O r P ~S C L ~~w/ s p 1 t~ ;

1 — i~ •v ~- 1 f i n  ~~~t 2 t n l n a t f L  S’-~U lan : ; 4 — V e r t i c a l  c o n K s c n o ./ s~~j n ;

14 t hk St - C t 1 0.  a~ ‘ 1 - ’ c~(’~ , - ,d t  i o n  oL i i t o r o r  ~ i on ;  5 — li v P ; ~) —

pullout.

i~ -’ y: ( I )  ‘c i e  a X i : ;  0 C a r - i  1 2) . t r ij o c t o r i c - ’:-; .

Fij. ~t-~~12_ ‘i t -’ li- -i t r a m  of the ~or c t - -~, w h i o n  ac t  on a ir cra~~ 1’: ‘~~e

v e rt i c a l st~~a dy  sp i n .

1

~ 

- ~~~~~. .  -
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A t t e r  e s 1 ; n - i ’j r ~ ho m E l ’  H t w ’ ’ ’ i , t h ~ v~~: ’ic a j  l i n e  m l  d K i ’/ 1 >~~~~~~ ;

ox 1 h 0 , ~ut th~ a n~-~ul i~ n a t ’  ~~L r ( t a t  i O f l  ~ a i l c r i 1 t  r j ’jV - ’ t o

t h e  ye :  t i c e  I i x  1 ~/ - i x 1 s  -
~~ h i o ri ~!i ~ ( F i  j .  it, . 12) , t ot h : - r ’~~~’ - 

~ i - a s

of a n E n l l r  v e~~a~~i~~ y on  C o o r d ina t e  a x e s  w” w i l l  a l t a i n

w9=w sin ~~,

w~ =— u ~cosp, i (16. 3)

. i i  V~’L t I C !  I ‘~~ C L  K ~,C L i/ S i  x n  h C? t ~~ lec t  Ot  y o t h — -
~ o ‘ i or ~

c e n t er  a r  n t a ;:; is c 1 ) e  t o  V t - - L t  i c-i I i l t ’, t ;I -’r f-fo L , i t I pos ;i ; I c

rely 0 ~~ a . The ~n i l i e - I  c O n 1 l ~ io ns ~ a e r - a l y n - i t n i - i ’  i r e :  i a l

momt’n t ‘— m k i r 4  int o c~~~~~i n ~~ r .  1 . i t i m n~~I m~~p:, (1’- .2) ~ -~n ~a w : i t - e t -  i n ’

the fo r m

M~==O, 4i1,=O , M~= (J ~— J 1) u 1w~.



7 t . -~1 1 3 3 ~ pr; i -

By U t i i l z l n . j  I r a to i  ot expr~~ssion (1! .3) , ~~~‘ w i l l

r

sIn 2a. (16.4)

In st t ’a i i y -~~ in t h e  l o n ; ; t ’ i i l i n a l  i’~ ro i - f n a m i c  c o u p l e  - r i

eq ual to the lon~~i t u l i n m l  ; n e r t i a l  m o m e n t .
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T I e  ej u a t i o n s oi  farc~~ t o  c o n v e n i - r n  t ly in ite in c y l i n - ;r i c a l

coordira~~ system:

R sIn a~—G, 1 (16 5
R cos a~~~mw~r , J

where r i:; i distance of the center of mass ~~t aircr a ft or Spin axis ;

R — t h e  ‘a l  a e r o l y n a M i c  force , dicect-ed along this axle/axis , :‘iss’~

at an~~~es or att ac k t:eyond stalling the Lorce of peripher y i~ 1fl~ .

Fiam the t i im- t e l - J ~i t i’i rI of sy st r . m (16 .  h) it  is possil’l~ o

deter min e y— force i n  t h e  c e f l t~~t ot  the  masses  of the aircr af t :

R jIt —
G g ina
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• The g r eat e r  th e  an g l e  a , the lesser  t h e  g — f o r c c .

W i t h a O . 6 — O .~3 ~&—a~4-~44-- (s p i l n u i n a  dj v ~~) n = 1 . 5 — 2 ;  i t h

0.8— 1 i~ —~-~-a-4- ( f l a t  c o r k s c rew/ sp i n )  n = 1 . 1 5— 1 . 5 ;  w i t h  a ~~~~~~ ~~

~~~~ (vertica l c o r k s c r ew / s p i n )  n 1 — 1 .  15.

Af te r intr olucin t h e  c oe f f i c i en t  of t o t  - i l  a e r a l y n a - i c  t o n -~ ,

from the first e l u a t i o n  of sys ’c- m ( 16 .5 )  i~ is p ossao lc ’  t3 I m a

ve loc i ty  a i r c r a f t  d u r i n g  m o t i o n  a l o ng  t r aj e c t or y

v—.F ‘~~
~ 

QSC~ SinIL V ~~~~~~~~
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I t t  t h e  f i r - it  a p p r o x im a t io n , t o t  ang les  of attac bevon i

stall ing x~ is possible to consid”r that C R C ,waz. Then, t k i r  m t

account r elatio ns h ip (3. 15) • we o b t a i n

V~~ V 1,j/j. (16.6)

• That me ns t a ’ more smoothly the corkscrew/spin , the clo:;c- r

the velocit y is to m in i~suw . B y t h e  t e r m — b y — t e r m  divi s i on of toe first

-‘ - — — = ,.- ~ - - - - - - - . .- .— --. —- — —, - - - ~ — -~~ ~ “— a ‘-~ -~~~
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equat ion at  s y s t e m  ( 1 6 . 5 )  j f l t o  the SO COt ,  I i t  is p o s sin l e  to I t e l  P 1

radius Of Spin :

r..Lctga. 
~16.7)

The t ime or acc oor ~~1j sh i r - q me t u r n  ~~s e 3 u a l

1—— ,w

then the loss of heilht /altituJ~- for one turn :

V~~~. (16.8)
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‘4

• ~it,n w= I r i- I ,’;, n = 1 and V~~
. = 6 0 — 7 0  rn/s t i e  los-i or

heigh t/altitude for t U L ’~~ W ill to on order 400 n . -rI~ v i l u ~ of r a d i n .

of sp in can be e v a l u a t e l , a t t er r e l y i n g  ~ = w/ 4 ; W o  will o~ -~ u n  r

10 a..

Page 309.

~~ 
comparing thi s r ’--’sult with the loss of hei ght/ al titu lit f o r  0( 1 4

turn , let  us a r r i v e  a t  t h e  co n c l us i o n  t h a t in v e r ti c a l c D r k S c r - ~w/ s j in

the a i r c r a f t  m o v e s  a v er  hi’ v e r y  e x t e n d e d  sp i r a l.



DOC 7 - 2 1 1 3 3 6  n)A 1 r ~~~~

!‘ol : i ’t e r - r i n i n J  -i n  ~Ie ot u ttoc k ‘~ i t  is pOssirl e to 1~~r’ P i i - i .~ t o - -

(16. 4), I i ’I  - , A i ~ ’ ol w h I c h  i.; the l o n q i t i l i n i l  in .-’Lti~~l mom en t .

~~ ten li v ’ Rn ~m - ~~~h p a r t : .  of t h e  ~— 1U a t I H I  to a n - I  - a f~~ r

intxolu cing li t -  ~-~~~~~ ) L 1 l ~ ’ .,S 3 u a t t i t i .~~;

.- ImI 
_______

2V ‘ II QSbA

wher e 6e — t h e  cn-~t i of ~in i ~- iui v aleii t . we will j b t -a 1~~

equa t ion (16. 4) :n  t h e  I o t a

—m,=i?sin 2a. (16.9)

• Her e ui jh t ~ jie can he rale l the coefficient of th~ inerti a l

•oaen t of 
~~~~~~~~ 

T h e  IeE%endences of the values of moment

coefti cie ri~ s from t h e  l a r g e  anq l4 ’ of attack are :liyen in ?iq. 16.5

a~ d 16.8.
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For IPteL - Ul ini ;i ~ ri’ c°eti j cj i ’~~t of i n  i t  ia l L D O f l ( ’ f l t  1~~~~~- e n I  iri g fl~

angle or itt ick i t  is p o ssiL4 l~ t o  u se ch ar a ct e : i s t m - - t u t o l y r t i - - - ) r

(see Fig. l c .7) , ~- i k ini into a c r - ) u n 4 in this case, t h i t  V i~~~- n . , ~ ,

which en t. rs exprlssion (16.4) is Ie~ er m in ed  w i t h k n D w n

W from condition

The  g r a p h / I  i - i - j r a  iii of t h e  d e p e n d en c e  of mgrn ,~~f(n) i

show n i n  F ig .  16.13. Iii  the ‘~~‘ri e r al case t h e  c o n d i t i o n  —
Z. Z~~~ 4 1.4

is satisfied a t  two po int~~, wti ich correspond to t he a~ig l es  o: a~~~a ck

~~ 
and of 

~~ 
( p o i n t  K and L)- At point K, t h ~ ’ m oment b~~lancr’ 1— ,

unsta b le , since l ur in-j +he p t o t a h l & ’  ~evia t ion of a n  j ie Of i t t  i ck  f rom

a1 resuitinj m o m e n t  w i l l  s t i m u l a t e  a n  i n cr e a s e in t h i s  I - ’f l e c t i o n: .

In order to ieri v - -’ aircraft from corkscrew ,/spin, it is nec°ssary

to discontiatie ta-~ autorotation of aircraf t, to dec re as e  t h e  m g i ’  of
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attac k a n t  to t i i n .~~- -: t l I : r a I t  to t h e  m o d e/ c o n d i t i o i i~ of t h e  J i v e

t r oa w h i C h  after a t  i n - c r e a l e  in  t h ’- velocit y of i ii jht aircraf t C~~’i

be trans ferred into tl )[ i ,on t .a1 Iii iht condition . H ow ov e r , c-in ari se

t h i s  s i t u a t i o n , when ~ v~-r4 t ’ :  ( c m ~ l t - t t  po sltLvt listtla - llt€I n~

jnsuttic i~’ntly in  o r : ’r  t h a t  ‘h e  l o n q i u i i n a l  a er o 1 y n a ~~i~ c o up l e

w o u l d  exce~- 1  in  v a  1 i~ t h ’  lOrol m t u d i n a l  i n e r t i a l  m o m e n t .

Freju en’ly for -~ r e c o v e r y ,  i t  i~ n e c e: ; s ar y  t o  pr~~l i i i r : i :i l y

crea te mt t er~~al slip. I n  this case as a resul t of -;iip , - i p p ~’1 r - ;  h e

rolling mom ent , w h ich h m n l e rs  t r a l i — ly a r s e  r o ta t i on / r ev o l  a t i  o r ,

long i t u d in a l  in e r t  ia l  m o m e n t i l c r e 1 s’~s (F ii. 16.14) ar I t h .’ en -‘i ; t i z

deflec tion at e l e v a t o r  will be sutt i cit ; rit l y r or t h e  l a w  ‘r i  11- ! a t  t i e

nose a: i i  r~ :t ~f t  w i t h  t h e  SUb S€ ’ -~~Io r i t  t i  an s i t i o r .  t o  d i v e .
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V~~. /& . ‘3. )~~~CA~ i~1~ ’V .

Fig. 16. 13. Di a g r a m  f~ Ie te rmini n q anqie 01 attack iii ~ t e a d v  s i - i n .

F i-j .  16 . 1 4 . Y aw ~‘ f t e c t  on t h e  c o nd i t io n s  o~ recovery :

a — s l ips  n o ;  6 is i n t e r n a l  sl i p.
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Tc ; t e p  r u t  a t  i u l I / L ~ - v o l u t i o n  i - y  t h e  a i l e r o n  I e l l e - ~t i - - ri j -  a s n - i ] l y

im p o s si l l  e , and ~.a i n e t  i me s  -also da ng er o us 1  y,  ‘sPecia i l y  or 1b.-c~ r i  c

aircrat t . ~~t hi~ n anjie:: ot a t t a c k , t h e  a i l er o n s  are e nv o l o b - .~- 1 t v  t h e

breakaway zone or b o u n d a r y  l a ye r ;  t h e re f o r e  t h e y  a re  i n e t f ~ -ct ~~v t 5

t h e  cr e a t i o n  of r o 1 1i n~ m o m e n t  d i g  a ft e c t  t h e  l e h a v i o r  of a i r ~~r - t f ’  in

corkscr ew/s~~m n in essence b e c a u s e  of  the fact tha t th~ n i t  f e r ’ r i t

r e s i s t ance  of l e f t  a n i  L i g h t  h a l f  u i n js d u r i n g t h e  a i l e r o n  l e f  lest  L e n

crea t es the t a r q u e / m o ~n - ’r. t of t h e  M~~) w h i c h  i t  can lea-i t o  in ~-e i  r a l

or ex te rn dl sl ip .  Mos t it -lia b l y d~s:eler -ttc - s r o 4 a t i o n / r~- v o 1u t i o n  l y

the deflection of rud— ler “agair st corks :t-ew/s p in” for t~~e Ct~~rt tL0t ot

internal s l i p .

F i g u r e  16. 1~ s h o w s  t h e  r e c o m m e n d e d  i n t o  t h e  p r e s e n t  t i u e  n t - i  h o d - ;

of recove r y. The t it s t  m et h o d  is  a p p l i e d  f o r  a r e c o v er y  f r o m  u n . ; t  i l - l - ~

corkscrew/sp in , by tn~ second it is .ap~~lied from

oscillatory/Vibr~ taL- y cor ks c r ’w/s ~~in , ‘- he t h i r i  it i a p p l i ’~ i from

stable uniform cotkscrew/srin , the fou rth — i ron very st ab lr

f la t/ p la ne c o r k s cr e w / s p i n .  P i l o t  i ts e lt  s el € ct s  t h e  ‘a p p r - o i c h i n - ~

ieth od of recov ery 1 € - p e n - i  m g  on . t h e  ch a r a c t e r  or  corks~~rew /spi Ii.

app l i ca t j u l/ u s e  ot st i  a n n e r  m e t  h o d s , e s p e c i a l l y  f o r  a s un e r ~~on ~~~
-

a i r c r a f t , can lea d to t h e  undesirable phenomena (more naci~ live , ~~~

t r a n s i t i o n  of l e f t  ( : o L k s c L ’ w / s p m n  ~o the righ t, transiti on at

“normal ” corkscr”w/.sp ir e to inve r te d an d , etc) .
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Tie Lt-h a vio r of .‘ir cra ft ~ it l a  + h . .  in let .  j n t o  c o r k s~~u e  U/ :; p j n  i

OUtput/yi~~l 1 fro na it is stud i~~d bet  an it  t b e ~)t 0  loCt  S t - i  j e  -or:  r nod ~~~ ~

and jfl f i i s h t  tes ts . Rest w ill be the a ir c r at i~t w h i c h  m o r —  n r a i l y  ‘u i i .;

i n t o  a sp i r  a n . i  e a s i — r  j t  emerges .  A r e  k n o w n  t h e  ~u i r c L - i t ~~, w h i c h  ~ he

c o r k s cr ew/ s p in en~~L ; e  “ t h e m - ~e lv e s ” , if a l l  c o n t r o l s  i r~

e s tab l i s h/ i nst a l 1~~.1 i n t o  f ree  p os it i o n .  Rec€i ;tly an i~np rove:ne n~ in

the airplane sp inning ch a r a ct ’~r i s t ic s is m a d e  b y  - ap p ly i n j  ~i i t er - i t is

means  ( f u r  e x i m p l e  t h -  a u t o n n a ~~ic m a c h i n e s  ot d a m p i n g  t h e  ~ n - ; n l ~~r

V e lo c i ’i€ - s  ~f a n d  of  &~~~~~) ,  w h i c h  m a k e  i t  po ssib l -~ ~o i t ~~bi~~iz .-

aircrait over a w ide range of a n ~i u 1~~r ve loc it ies.
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Pa ~e 3 11 . t’i ~~. l e ,, P . Sc hemc - of C O n t r ) I  it  a i r c l t r t  or :  I - ’ n / l n q

from coL~
, -re w/~-~ in:

Key: (1) . ~~~~~~ i t o - I  ( 2 )  . J sL  k n : r  ~/s ~; i n ( 3) . pin r cov~ r v ( )

(5). trlusion (6). j t  ~ S r e u t r i l  ( 7) .  A i le r o n s .  ( d )  . r ’  ~~ .- n~ ? n r i ~
(9) . Vol. s (10). on :urks(:rc ~,‘~~I i  rn (11). D~~ tr lt’ct ion of ;ort is

(12). A~~- a i n ;~ cot~~scL w /sl1: _ (Jr caris ;crew/spir.

(“/ 1
‘~~, M 9f l lOd 2- u M e / n o d

~~ 
,
~~~ ~~~~~~~~ (~~~~

J

~ itfl ’ v~’vr ~ ~ S~i5o~uj wmono.oa ~~~~~~ ( //)
‘~~ (6) ~~~~~~~~ ‘~c’~”~-5 ~wrr- ’;.’

~~~~ f1) ~ -~~ Medmp oiraMo
~~ JI7~ Ot’~

bl

~~~~~~i ~~~~~ 
3nepo ’i~’ _ _ _ _ _ _ _ _ _ _

— 
~~ h o w’no~ ’.’çr

( I)  
~ (/1

.T- u Menront . 5 4~~~ ~‘ • i

(.~-) ~~~~

~~ 
.~~ fi pom ul wm on~pa. Wirorn ’p I ~~ -‘-.5 -‘-

‘;,ii~i5 wn~”pZ (Ii ,)

~~ ~~~b Nedft~oOL~,,~~~~~~~~ 
-

. _____  ______Lp~~ 

~ 

~~~~~~~ P°~~~~~ ° I—pg t C

. !~~L ..L~~~



-
~ 7 t 11 3 4~ - ~~~ E —

~~~~~~~~

P }~~ b L , -~~~; ro~ F~ I - I  I T I O N .

1. ut w h  ii f 1 a h t c Sr ~l i  t 1 - ne I rn g 1 t u d  a n i  I an 3 yi -~ p

0’- i 0 a n , 1 1 s r - - es :;d a ~
- 0 st uu y to i I

2.  ‘ i ~~c l t  : e a; o ns  ~ r o d u c - - a n  i n e r  a s-a in the :;)~ ‘‘a l - ’

p - v ~’n t i v ’ - / w a L r n in j a j i t a t i o n  on a i r c r - .n ~~t . i t h  we w L a n l?  I. ~~~ ia

t i e  7 5 r ~~ a! t b  se ~l e l / i . i t e r ~ .j o t o ro  a~ ~en :~~‘~ t s P’ w i l l h~

autor .~~.it ion w i t :  1i r ~~or 1a t + -p~~h v e i O c i 4 - +- :  -4 , ~~~ - 1 v i  ) t  ‘ a n  ~~: p a

out to l e 1 PC t 1 V~’ 
;~ o~ a ~ erc ,v ~ r y a L O W  S~ a I

Z DACA.

:~( t 5 r m L r n e ~~
., ~he p L e ~~c’ct i s  of t a e  Cr0-;:; ]yr :OntC

torque/m omen t of ean j i n e , of~~ i u s i a .  t o r i n a l a  ( 11.  1) ‘: h e  -~ S s n : r s ‘ or:

that tr :e an ~le of ;-if:i ci t a t I - j  l i i  go .

Answer/resI/az . -
~

-

M,.~.2 Jpu~pi~ Sin ~~~~,

M~~,7 —— cos .
~~

,

M,~~,1 — J~~~(. ,cos ~ — .
~ 

sin ~).
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Ct .apter ~~~~XV lI.

S C ~1 )
CON CF ? T ~; A P ) u r  T d t  1i’ F~~cT OF 44C~ 1 T . A S T I C

4
D b 1 a ’ ) R M A T T O N S  ~~f ’ t ~~tf5-~ -F44’€

ON ~~~~~~! JTAD ILI I Y : :-rprI~~rics Pt ’-a L C O N T R O L L A P I L I T Y .

~ 17. 1. ~ l a - ; t  ac . I e f o r :n i t  i o t a ; ., W i n 4  - I i v e r q e n c e  and t - i i l  t i s e a n b l y .
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A i l s i  i i ’ -  ~~~
) -; .. t  ~~~~~~~~~ ;L e a ’- n i e x i b i l i t y ,  w h i c h  i ; ;  c o n t n o : t ’ ’ l  w i t h

t h e  r e : u i a -  r~ - ;J  f o r  t i ”  l i~~h~~r 5/ea :~~- ot  co n s t r u c t i o n .  I s

noticeab i’- t1e ’Xib i1i~ y 1 ) 1  t h e -  - is s on q e r  a n d  a t h o r  h ” i v y

n o n m a n t u v e r a i P ’  ~ir :i~~f~~, t h e  ~~ tet y factor of wh ich i~~ so:- . i i - ’  h~~’~

lower than of ta , e rnan - , j veraLle li~~l. t aircraft.

t i n d e r  certain coa l itions the ,— ffe (-~ of  t h e  o l ast i r  l~~f o r n ;~~’ - i o n s

of a i r c r a f t  C o w p n n n t s  On i t s  c h a r i c t er i st i c s  is sUffi~~i~~nt

substantially.

W h ~-’r ~ e v a l i a a t i n j  m a n y  d y n a m i c  c h a r a c t e r i s t i c s  of 9li~~ iC a i n C :  1.~~~

are used quasi—static leflectio r ;, hase1 ma t h e  ass ’nrn i o n  t h ~~~

chan -j es of t h e  aer ul y nau n ic loadi n~ in tue l i:;turhe) it ~~ ion  ~ s: U t  so

Sl o w l y  t h a t  t h e  c o n s t r i c t i o n  e u r i n  i-an t ir’- ti r~k? of th,’ i ct  i o n

per tur b€ ~-l motio n is i t s i n d  i n  static 0 j I 1 j l j t / L~~U W .  T h i s  - a s s u m p t i o n  w i l l

not lea ;I  t o  a pp r e c  r a i l  -~ ri or s, it the frequencies of he - I i  s~

•o tio n  i t e~ c o n s ii e r  a b l y  1 — a s  ti - an I r e l u e n c i e s  of ‘ - ra e ‘-1  t s t i c

vibra tions of const ric 4 to n.
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li en the Ii ffer t-:nc ~- h e--w - a ‘ - h e - a e  f r e q u - ’n c i - s  i ;  loi , or :s- ,ars  ~s e

consi l e t - n a b  mJf u -t l - ‘~~ f ’ic t  of  * j d 5 r ic Ij ’ ;p - lacemun t; rt~1 l  I I L t  i -a n-

~iistur k~anc °. In his ca;e prof i c r  0 ;a e  sh o u 1/1 exa~n i n - — t k in in o

accoun t oe I -en: - 1~~nce of ‘last ic d e torn - at io nn s from t im o , i. ~~. , wi ~ Th~

use of Jy n a m i -  mr ~th o d s of anal~’sis 
1 •

FCOTN OTE 1 • 1. Y~ . C. F’yn . Introd uc tio n to the theory of

aeroelas’iCity, 1., ~L , 19~~9. 2. ?.  L. l3i S p l in g o f f , K h.  A s a n l e y ,  ~~ . :-

Khalt me::. / ap ro~ last icit y. “ . , I L , 19S~ . ENDFOCTNOTE.

Her e w i l l  be Jiv o n only tt r e a ua l i t a t i ve  a n a l y si s  at  ~ he

par ticular jUestlorn s of ~eroelcisticity conformabl y to th~

characteristics ot st ib ility and controllability of a i [ s r a tt , n i :

on sta tic ~ -it n o d ;  i n  t h i s  c-ir e a r - ~ ~~i d t -  t h e  f o l l o w i n i  1 s :;u a r : t ~ o r :

a) is valid the strip hypothesi s , accorling to wh ish w i t h  ~hc’

strain of any p a r t ot thi aircraft the configuration of it:’~ cr- :s

section does n o t  c h a n g e ;
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b) are negligible the strains of dircraft co nu p o n a n t s  of t he  ma ss

forces. 

- - - —~~~ -~~~~~~~~~~~~~~~~~ - -  ‘-



hOC 7~~’21H~ PA ; F

Pig. 17 . 1. x ’: g ’  i n  n~ -’ a n g le of i t t  ~~:c  of w i n g  sect io u w i t h

t w i s t i r j  s ’- :- a i n :

1 — t hn ’ 001 ) i y n d : a  ic c~~~~t i - u  l i ne  of Ct O~~5 s’ ’~~t ion at  ~;nj b~~°fl ic ~~~~~~~~~

2 elastic w l r J  d x l ; ;  I l i n ~ of c ross— s t- c t i o n a l  f o ci  ~t su p e r  a n n i e

speeds.

Fig. 17.2. 2hange in ~ho a n g l e  of a t t a c k  of  the cross section St

sweptback win; with bending.

- 

.

crJ4iJ\ ~~ 
- -

w

F;~ ./ 2 , .



DOC = 7~- 221 ~t P A d I  ‘.~~~~~“

9”
Le t al a ; e Xä Mt fl c t n - -  t *‘Ct c t - ;  p a  i n s ‘a t he  1 r u t  r il- i r j  ~n of

local a nn  ;b eS  of a t t a c k  of : ;w e ; k ~~ick ‘diIn J. :Itraight win ; sin

C On si  Ic r e  I i spec iil (‘05 *  :;~ i ’p ’- . ~ ;~‘ n  m a k i n g  t h es e  a s s u r ~ - t i on s  w i t . ;

car b -~ ~i~~n lat — d t y  ‘-I i S  Lc  h i  ~r W  w i ’h r e i n f or c i n g o v~ r r ) ‘) t 5 r -) S 5

sec.t ion . , ‘ - t  ~~~. c - a n s i - l e t  t h a t  t 1; -? -last ic ixia/axis of i - a  ‘~ (1, i n # -  f

t i e x u  tal  centei s) it C -) r p s i  des wj + b t l~ I i rae of the t : - - a.  t -‘1 :.

r ig i d  i t y  of ct : ii - s sec ’ l e n s ( ‘ - w i s ’- c eu t i  rr ;  of cros s s e c ti  n s )

c o t r a  t a t e t wist tp ;  a t t a i n  ~nd r/~~n - i i r a ; s t r a in  I e a ls  t~ -a chance ira

th~ local  a r a j l c -  of a t t a c k  of sw ep t b a c k  w i n - ; .  Th e  i ncr e 3 : ; ~ in ~o

a n g l e  of a t t a c k , cd - 1- ;e - i  b y  t h e  t o t - ; i o n  of 4~~~ , is eo u a l  a

anqi c ’  or t ur s i , ) r ( F l ; .  fl. 1 ) ,  i~h i l e  t h e  in c r e a s e  Ira th~

caused y l- ~~n d i n  j ,  i t is det ,€ i ,m i n€  d a c c o r / l i n J  to F’i—j. 17 .2 ~~y

expre - ;si on

£a _ _ vhif h5lfl 4~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

where the ~~~~~~
— r l i h e n i t a l  arm s wee p  in  this cross ~s :t 1on ,

ca used by b er adin ;;
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y — t h e  :;a.flin ;/1 .~jbo ctj- *u of e l a st i c  ~x Le /axis 
1.~

S is  a c o o rl in  a t e  of cross sc-cf 101; t h r o u g h o u t e li ~~t i c :  a x i — / a x a ; - .

F OOTN O TE I _ Since to t h i s  c h a p te r  i i i  nra -:~n o u n e n a  are exanu inc- -~ i n .  l H y

coord ina e s y s tem , i r I ~~x “1” is everywhere lowered. p r)F T~ .orL .

Th u: ; , t h e  ch-an qc’ o~ t h e  t a n g l e  of a t t a c k  i n  cross s ec t i o n  ~— A ,

flOtad i tin e line of ‘21 astic axle/axis , is determined b y sum

(17. 1)

A c h a n g ~ of t h e  an g l e  of attack in the C l O a S  sac t i on , p aL ’a l Iel
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to root chor l , w- - m l  t I . r e i ; c  form ula

(17. 2)

. 5p -citica ll y ,  f r -it the straight wing of

Let us a s s um e  t h a t  t h e  av er a g e  v a lu e  of a ch a f l ;— ~ i n  t h e  anj i ’

attack , cau sed by elastic def ot - nia tions , is -~;ual ~‘o an incL~-ase in

the an gle of attack in win ; section w ith the coordina t~’ of

i.e., the s~aycp ~ay ( z cp ) ,  which is det erm ine d by th e be rl i n ;

•om e n ts  a n d  torsion , w h i c h  act in t h i s  cross  se c t i o n,  a n - i  by v a l u --

fl exuta l and torsion rigidity.

Let the to rsi on d i m o m e n t  r e la t i v e  to e l ast ic a x l e/ a x i s  in t h e

cross sec tion of bc elua l M.1 iq,
’ an d the bending moa~~nt of

H~ r • If f l i g h t  ‘-as -t b lis h/i rn ;;talled and r e c t a n i a l a r , t hen th ~— s~
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torclue/m ome n ts , ~h~~1e .~ t a t i c  d er o i y u l a m i r ;  couples, d ep e n i  an t~~e a n a l - -

of a tta c k Of c r o-~~
, - ; . : t l oT  an l  at l o w  a r n ~~i .-- s of attack cart be

expressed b y  f o r m u l a : ,

M~,~~~ M ,0+M ~~(a +~~a,),

~~~~~~~~~~~~~~~~~~~~~~

If the flexur al rij i:iity ot the selected cross sesf ion —i ;ci

torsion is characterized by the c o ef f i c ie n t s  of k~~ #k
~~~, ~h e r -  t n —

e qu i l i t r i u m  of a e r o d j n a m i c  and  e l a s t i c  t o r n u e / m o m e n t s  in t h i s  c re - : s

section is d et e r m in e . l  b y sy st~- nr of e-;uations

M~,+ M~ .~~ +M ,,~a7— k0~~ —.0,
M ) r U±M ) ritj~Q7 _ k~~.!L~uI~O. 

(17.3)
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• by ut ilizing ejuali t y ( 1 7 . 2 )  and -after solving ~vct er  (17 . b)

relati ve to ~~ w i ll o b t a in

k~ (M,n~ +M 1~a)cos j_ h0M .,,,, ~u sIn x
(17.4)

— k Mkok~~
_ (k

1M ,cog j  o

• The  aerod ynam ic couples of and 
~~~ ii3r a

~~ 
proporti onal

to Veloc i ty  h e a d ;  t h e r e f or e  t h ey  can be w r i t t e n  i n  t h ~ f o r m

M,,~,.u’M~,p q; ~~~~~~~~~~~
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rig. 17.3. Torque of wing sections.

I 

- -
~~~~ 

_ _ _  -
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As it  t oll u W  o:n for n n u l  a ( 1 7 .  -i) , w i’- ii a ii n cr ( ’ a a it V- I oc ’~ y

head , t l ~ 1 L ’ ~~~/ r i a - a ; a r i d  w i t h  ceL-~~a r n  it pPr o~~ch ? u  j u t  i ’~~~~

“he she no’nenon w it  h ~ l: i d :  t L c- ~u i ii br ’ i,i an of t in :- a ~r o V a m  i : u

elasti c t o r l u e / m o m e n t . , , w h i c h  act  on win ;, uns tably ar . i ~~~~

d i s t U r ba n c e / p.~r ’  U n .  I t l O f t  leaia t o  t In e a o u n  l1 -~ ss incr ’- t a i -  i n ,  c :  n i

is ca l ied w i n ;  d i v e r  ; e n n c f  , a nd  t b i n  C O t t  espeasi ~ F ; - ~ Val ue of  v ’ loc j t  ~

head — by critical v eloc it y h e a d .

Pro m r e rn nul - n (17. L~ ) w - -- obtain

k k
q C M  (17 5A K  cos 7~ — kOM~.’NSF u n  j

• Derived M~~ is c-’guai to

M ’,,~ -.tx4S,



= 7 r -  2 2 1  33h PIs ’  E ~~~~~~~~

w h e r e  t h i -  ~ x,,~~~x,~~— x p —  - a m a  ef l i f t  r e l a t i v e  + ) eUp + rL O~

rigi di t y (Fig. 17. 3). q~~~ I t  c.~n t e t  o t  r i~i 1:i i t y i.; IrL -a r !~

after f o c u s  (on ~ he c a n  ti - an porary a 1L C L  .-i f~ :)t ~~~ (O ,35-a-- O,4 ) b ) ,  h’ - r:

tcrsi or produces an i n cr  asc  i n .  ~ a n g l e  o~ a t  t d r :~ an 1 Ii v P - a  ;~ - n : : r ’

begins When t h~a eljctiC ~ - i  ~ue/nu iuu. ent ct c r - s - ;  Sect I O n  O f l

s t ren  ;t n  of l i u n i t - ~i n ’’ss lee s n et  ~ a i a !  ce ~-a - r o d y r a  a n t s . J n s - i j - 2 r s  ) n  i ’

v e l o c i t i es , f o c us , i~a v i n j  l - a c k/ dy o , i~ c ar  p r o v e  to h~ o f t  ‘~r : ~- ’ n ’er

of r i j il i t y .  In  t t t j  s c a s e  thc -  ~ wi~ ;t i rnq  s t r a i n  l o wer s  t n e  a - n  a I y n a  a t a i c

l o a d i n g  or cross s n - s t  i o n  a r n  d i v e r  j e n a c e  t h e r ’  w i l l  not  ~~~ K 
‘- 0)

In t h .~ l a t t e r  case  at  ~~~~~~~ i t  doc - ; ;  n o t  h a v e  t t :e p . n y - ; i c ~~l s’~n sP

is t h e  c on V ~~n i en t  c a i ca l at e d  ~-u r a n r t — t .

it i s  ob v i  O I S , ex ~ression (17.4) with the aid of f or  r~ ‘ i l - n  (17 .  ‘~)

can be w r i t t ~~n in t h e  f o r m
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Al. ,  -.
cos -

~ 
— + q.~~ ka

(17. 6)
—

‘jn,1 ~1 ~~ y- 
~~~ 

.

• The ~le tenrninn a~ i o n  of a n  increase in the ~n-; ie of a t t  35 k of

h ori zdl t al t a i l  a s s n - a a b l y  s n n n e w h a t  becomes  c om p l i c a t e !  b y  t h ~

depen l e r c ?  of t h ~ n c - r o d y n  a r n i e  t o L c e  of h o r i z o n t a l  ~ au as~;~ - an ; bl  y on

the strain of win; t i n ! fuselage. rJn .ler the action of th - a e r o I v n ~~ ’ is

force of hari zontal t a i l  as~;em~ l y ,  the tusela-~e is tr a . n n s f o r m e r i , ~ a n is a

leads to the ~;nan ~ — ia n the an gl e of s et t i n i~ t a i l  i s s e n h l y .  r h - - S~ r a i n :

of winy rroduces ~hanig e of th~ ra~ c~ tn q le in t h e  r ar i ;~- o f i-t o r i  .~~J r  t ii

t ail assenily an :! , t n t e r c f a r 4 , a change in it..; t r ue  an ~~~ a t  a t  t n c k .

Page 316.

The i n cm ej s e  in  t h e  a n j i e  of a t t a c k  of swep t  h o n i t o ’~~~a I  i i i
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____
as~~er n h l - 1 , ~~~~~~~ it  • i  s 1 - n ~~t ic i~~-y - t n !  t h e  e l as t i c i4 y at  ~ t i . o - l  

~ J ’- , ci::

be d e t n - ~ ni ne I i n n  t h e  t : m  a !

y. r .o~~~~~ p.r.o COS X r .o
(~~~~ ) 

SIf1 X r o +~~P•, (17 . 7)

where t a t -  ?Np.r.ø ari d — t -~istjnq strain -~n- 1 4
~ie re~~it ~~v~\ ds / r .~

strain of h e  be n iin -~ of horizont~~I 
t ail assemb ly; — 

~h e

chain ;e in u~’ ~ n ; l e  at  set~ m i ;  horizon tal ai l  as~~.’ i n i y ,  — a use I v

the i-eidin ~ ctrajn of is’laqe.

Let ~~~~~~ ~~~~~~~~~~~~ b e n d i ng  a n t  t OL Si ) n 1 I t n o  monne r

w h i c h  a c t  I i i  t n e  :ross 54--ct ion o t  ~~~~~ k~ ro , k0,0

s t if f n e s s  c o et r  ~cr ~ - n a ~~:; of t h i s  cr os s  F~~ u~ 1011 f o r  a e n l i a t ; ~ id t-nsion ,

bu t  k,.— t h e  .j t i t !  ness  coeff isi~- n t  of a u . ; e I a ~~e to !- n t i n  ;.

Then  t he  ~‘j u i  1 i a n  ii : ” of  t h e  ,-last ic and a4— m o l y ’ l a in i s  s -~ i a a L ’ - ; ,

wh ich act on (ii i - a s : ; e i nh l y ,  t i k i n g into account the e la ;ti c i f y ~

fus elage is u t i t t e n  in t k n —~ f or m of syst of egua t i ons
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M ;:ro.(ur.. ~~~~~~~~ k0 r.o~sp. r .o 0I

Mu’~i.°r o  (u~.0 + ~~~y.r. o ) ‘~E r.o ~~~~~~ (17.8)

~

~1 n  “ nnn j r n u s h$ c o r r e s p o n ds  to t h e  t a i l  a s s emb l y, a r r a  t I t l e/ I  a’:: t

in af~ t u s . — l a ..je 5 e c t i on , n o s it i v e  s i g n  — ~o c a n a r d  c m n f ~~; ur ~a t i o p .

solution a~ systean (17_ b!) t o g e t h e r  w i t h  e-~ u a t j on  ( 1 7 .7) 
~~~ 

VO S  •

c h a n g e  in the an gl e of a t  t a c k  of h o r i z o n t a l  t a i l  a s s e m b l y ,  cau s ed  by

the ela sticity: the

Au7,•— 
q~ .r. our.o 

~~~~~~~~~~~~~~ (17.9)
I —-



DOC = 7I.~21 3ib PAa ;E .~~~~~~~~

w h e r e  of the q~ ,.0 — c r i t i c a l v ’~l o c i ty  b ’aU of th e !jV -r - ; -r ~~~~~~ - at

h o r i z o n ta l ,  t a i l  ass - - nh  l v ;

q5~,.0 M~~ ,0
k ~

01 Xr.o
Cr .~ f r .o kM.

. If ~~~~~~ i.e., tus’-lage is a bsclu t ’4 y r i j i l , t h e n ~~~‘:

w i n g  w i t !  low S w e e p n - a c ,c or w il’ the low n i t i d i t y  of t h e  t D r ~ - L o l n at

t he  t a i l  L :-;em:~l y  of

W i t h  t ai ’- t a i l  a r r - n n J 4 ni en t of t a i l  a s s e m b l y  a n - i  e l a . ;ti c f’i r~c l a - ~- - ,

as a ru le , q~.7..<O, i.’. t he  ~l iv er g e n c e  of t a i l  a s s e m a l y  is  - a t s - n t

This 1;: c o n nec t el  w i t s  th e predomi nant eftect or the s’ r~ in of

fusel age , W h i c h  1 — a  is w i t h  an  n i ncr e a s e  in V e l O c i t y  b o i l  ~o a i - - n  - - is

in the angle or attack of h o r i z o n t a l  t a i l  assembl y.
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Page !17.

For the air ~~r - n t t , ~xec nit , ; by the !id ~~ r a m  of “ w a f t ’ , q ~ 0 .i ,q. r.o
w i t h  ~OSi

4 
~ V~ - tie- 5t Lain (~t fuselage i-i t h an . i n c r e a s e  of

c on t r i b U t ~as t o  -an in c r . -c ; ’?  in  t h e  a n ’ ; l ’ ’  o1 attack of hor i ia nt a l t j i l

a s sembi  y .

~ 17.2. Fffect of e1~~stic defotin~ ta~~ons to ~ he s t a b i l i t y

characteristics an ! airc r aft h a n - l u ng .

E f f e c t  of e l as t i c it y  on th e stabilit y level ot a i r c r a f t  an

g—force. The coefficient of th t- p it ch in j mom ent of aircr a ft ~a k i ;~

i n t o  a c c o u n t  t h e  m l~a a ic deformation s of its part s can b:? ~r it~~- n in

the  f o r m  of sum

- - 
m,,~~ m,.+(x?— (xr + AX,,)~f1— A~~.k,.0 ,,...,, 

- - 
( 17. 10)
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where t h e  — 1 1  ; ) I i c ~- n ~: i n t of ~ O d1I  aeL )Iynanii c centar o~

caused by  ‘-h e L e i i s t k  i su t l o r .  C iu~- to a l as tic  ! a t o t n :  a t  i o n s ;
(l:f C~~. 4f

F 
ar e  a m m - ~n s i o n 1 e s s  c o o rl  i n a t e  of t h e  f o c u s  of i i ir c r a

without horizontal t ail ;renrhl y.

Th e increas- in t !ie st a b i]  i t y  l e v e l  f~r o m  g — t o r c ~ is l e t  er m i r ~~1

accordiny to coflhitjona (17.10) for form ul a

- 
— 

~~ ‘I roAm,”, ~~m ’7 —
‘b~~~~ — Ax~ y A ,.•k~.• ~ (17. ii)

where  t h e  m~~, m l~— r e s 1-ect i ve l y t h e  deg ree  Of St a b i l i t y  f o t
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t h~ o v € r l o ~-td )t ala~~~~~c i n n  a t s o1u~~el y i i  i i i  , a i r c r a t t ~

He n c e  i~ f o i l  ow s  s a t  c, c ! a :n ; e  i n  t h e  14 ’ ~ree of  s’ abi ]~~~~~~!‘

ove r loa , i  :n ep . -n ; I s  or  t h e  t 1 1 s I~1aca- m e n i t  o f  t h e  f o cu s , (~ 1!Ias’~ t ’v  tb ’

r o ~e l a s t i c i ty  of w i n  -c ; ! n y  The n - i y n :  of ~ hp d o r i v a t i v e  a~

For t i - i !ins ~~e~ -t wi:i ; of 0 a ta d t h e  e f f e ct  of a~l3 : ;t i c i  t y  et.
oaCy r .o .y

1’?.. ‘~ ~ s n e t ora n irned !. v th e siqn of ~~
— . D isr e q i r  I ;‘ - ;  

~~1

the first a~~pro x ima ti on , the ci fec’  of ze ro  moment on t- hn - ‘ n - a l a  o~

aircraft compone n s a r ; ! c o u n t  in  j ( w i n j )  , W .~- o n ’  i i

t h e  to]  l o w i n g  iie~~efl : Ience  of ~ e cm C.

AC, 
~~~~~ 

~~~~~~ (1_Ia.) ~~~~~~~~~~~~~ c,-~- 
C; p ,q* :..

C, 1 — q*.r.o I —

¶ - 
. T h u s :

~~~~~~ ~~~ (1 _~.)~~Lr.S fal (17. 12)
I 1 — f A r..
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The l i sp l a c e m en t  of t h e  f oc u s  of e la s t i c  sw e pt l ’a c k  w i n g  can no

d e t e r m i n ed  a p p r o x i m a t e l y  b y  formula L~

p7. 13)
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— . -wher e t h .- ~~~~ Z A~~~~ U -  ii 1fl~ i c ; i o i n l a - a s s  coordjnate~ )f  t tt  -

selec t i n~~ :;e~~t I n t a n I fn ~ - i r .  — i n  au- i o i y n a ni c ch or].

F O O T N : ) T I ~ ~~. L. . Tot i t : ; h v i l i _ i o n .  ~j t u i j i s a ]  -stahl 1i~~y ~ ::i ~

c o u t L O l L i b i l i t 1  ~~t ~1i ;h t  V~ -~ti (’Ip. H I I G A , R i~ a, ~~~~~~ F~~D F O O T ’~ a T - ’..

For an aa.rcra ft w i t h  ;wer-t hack bY fI ight sun tac ~- t n t - I ’ i c t  II r~

somewha t L e c O L ? s  co nap i 1 C a t - ? t l  it vi.-w o~ a ch a n g e in t n t = p o s i t i o n  of

th e meai~ a .-rody ta m  Ic  c~~ r :t  en  or  w i n g  i r on o ffec t of f 1~~x u r  a ]  ~-t ; -  l i t  s m

an increase in the In  1 la s  at  a t t  a c k .  of (li-j ot sun face.

Effe ct of e lastic it y on t l u -  stctbilit y l~ vel of aircraft in

Speed . A~ n e  measU re o tIt~~ st~~h i  l ii -  y cit a i r cr a f t  f or  u- ’d set

der ivat iwo

(.~&) —m ’+m~~(-~~L~dC~ r n — I  ~ dc,, j~~ — i
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~~A K ~~ t i - t i~~ t 0  3~~~~’) i I f l t  ( 1 7 . 1 0 )  an d  l i sr ej a r d i ng ,  as  t h  i: ~as n - a  n e

wh e n  e v a l u a t i n g  , by the eftect of a c h a n g e  in t b ?  ~~ ~~ 
- i S  t o

elastic let or ala tlon s , after s i m p l e  c o n v e r s i o n s we o b t a i n

A (.~&)=(.~~) . ( z )  (
~~~ M M —

4- A~ 0k~ 0 
Cu r 0  (1 — ~~S) - r o  ~~~~~~~~~~~ —

- C,, ( I  —

— A r o  kr.o ~~~~~~~~~ 1 M _ ~. . qtuc (17. 14)
C9 1 —
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ctM
Her ~ are a d e r iv e d  E. on ~~, w h i c h  i s  ejual v i r t u a l l y

to zero  w i t h  of M < lvi 
~~ 

, less t h a n  zero with of M ~~ ~~~~~~~~~~~ . At
r

the supersonic spec-is of E.~ it is possible to accept prl U -l 1 to

zero. Th~ vali~- ot ~~~~~~~~~~ becomes zer , if 4x2 1 Fy
determined by for m ul a (17.13) .
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~aa sel )n’ thi s , it  i~~ io i r e; l h i . -  C) C n n ; i ~1er that t~ i :- ch in i- - in ~~

st a b i l i t y  1-?vt-l )t a i L c i - a f t  in. o~~- i - d  -Hi e t o the ‘-ff .- - ct -~f ~~~~~ i -

d e f o r m a t i o ns  an a ll fli ;ht s~-aa is, ex c.-~ + t [~~n S o nj C ,  i n  ~5 s -n c~~- i s

d e t e r m i ne !  by  Sec;) ! I t . ? r m  of .~ x I L a ~~.s1on ( 1 7 . 1  14)

E~-~n a - n d i n j  on toe -Iesi jn of aircraft (is usua l , “ w a t t ”

“bob ta i l el aircraft”) , of t h e  t orni of w i n g ,  t a i l  a s s e m b l y  in

plan/layout , the re lationsh ip of fiexural rigidit ies ~n I t ) L 5 ’ ~ofl t o n

a f l i g h t  s ur r i c~~, t h e  rig idity of f us~~i ~~~~ f l i g h ’  mach nu t~n be:

Stability leV k~-l on speed can e i t h e r  i n c re as e

decreas e

Page ) 19.

For ~-ach Cof l c r~~t r ’/ ~~ p e ci f i C/ ~iCt ual case t he  a pp r o x  j m a t~ - s t  im i~ e o t

dm,c h a n g e  in t h e  — Iu~— to t he Va l ue of FIn e elastic I e f o r : u a ’i o no  ofds~
Co n s t r uct io n  a p p r ) x i m a t a - l y  can t ie  eX~~c U t a d  .accord in j t o  t. a t m u l t

( 17. 1L4 ) .
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E f f e c t  o f  e l a s t i - i t y  con l at e r  i i  s t a b i l i t y .  T O e  be~~ J U j  s t  r-ii~ cc

w i n g  i r c L - u -a~~ ’s of i ihu’ n r a l  ar~ S w f  - -p ,  w n i c h  c o r t i  it Ites to .in

incr~~as~ in t he of elai ;t ac a i n c r a i t  in com pa r i s c i r ,  wi ’ h ri it-i .

F u t t h e r m o r e ,  the h e n l i  r i - i  st L a i n  of t i se l aq e  a n d  t h e  str tin of

V er t i c a l  t a i l  a s s e m ~~i y  un~~t ’r t I . -  a c t i o n of r h o  lat r-a l ‘orce i n - -

bro u ~~~ ~l ep ~~n a I i n i .j on t h e  n r ~lati o n s h ip  of t n n e  r i s i i it i e s  of  t Ij i

a s s em b ly  t r i d tusela ;e ‘o I n c r ~~~ ;e or decrease in etfect jvo sli p

a n g l e , ~ hicrn c o n t r i a n i t e s  i n  ‘ hi t 1r5~ ca s e  t~ an incr’~~s~- , a n - I

secondly  — t o  i dec r ~- i s e  in  t i c  m~~.

in ~ i t  c r - ~~t t  w i t h  s w c c t l n c k  wi n, i. t h e  p i c t u r e  j e c o u - ~s co ! rp lj I t .-

as a r u - su l t  o: a c h a r  ~~ i n ,  t o t ~ et ~~ec ’i ve - i n j i e s  of - i t t a c k  a ’ w i r , q s

with slip. ii nace l u r i t t i t h ’ .  ~ t i s h e - :  Iorw ar-1 wing ~he l~~~ l ~r ’ w / n i - -~s ,

an~ ,~ftec* iv’ sw ~~p an ~I-~ i~ teases, l at e r a l stability of w i n o 1

g r ow/r i ses  ruot h -~~~ a r - c ;u l t  at t h f  cha in-j o in the ~~~~ a n i  t h e

( so t -  C an  p t a i  1)

? f fe ct  of tta ~ e l a s t i c i t y  of v e r t i ca l  t a i l a s s e m b l y  a n q  f n i s ’ I i  ic

Ofl t h e  d e g r ø & -  of W est rn etcoc~ ~~t d b i l it  v. The literal tjrco , which h - i s
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e f f e c t  ~ n n I  in- ~ ~ l i p  en v - - n t i c - a l t a i l  -i~~~t ’ni l l y ,  caIi ~~e ,  f i s e l - ~ :-~ h . ’ ~~~n n

a n - I  t h e  o t L a i n  ot v - a  t~~~ - a l  t u ~~l aose m h l y. Ti~ incra1 s€ ’ ‘h - o l i n

angle , c i ’J s e I  n y  ~ in~ - .-~ l ds t 1 c 1 t  y et v e r t i c al  t a i l  iss’onO L v  a~ -i

f u se l ag e , c - a n . e ie~ - - : -~ine d by  t )Lmu la (17.7) or (17 .9)  .

prelimin a ril y r~~~l - a c - i  i n I - ’ x “-~.o” hy “v.o”.

Th e n

m~7=m~~ 
) . (17. 15)

I —

I f  ~ Q, ~-h i c h  Is t~~a ca se for  the n n a y n i ~~y o t

aircraft, the legree of t e . t t h e r i n q  st ab i l i t y decreases  w i t h  th-

increase in j. This s e s n ’ c i d l l y  u n p l e a s a n t  f o r  s u n~ L sonic iir ta!~

whose decrease in th e 
- 

$7P wit h transitio n to supersonic t ii jbt

speed s eve n without it is t h e  reas on of Unr~~s t/un e a sin e .~s of •

pilots.
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Approximat e ‘1ep en I~ -n ce m~~~~f(M), m~,=f(M) are -jiver in  p i - ~~

17.~4.

E f f e c t  of *— l a s t i c i t y  on d a m p i ng  characterist ics. In chap ter XI ,

is show n t h a t  t h e  cons ith~r a h l e  p a r t  of t he  l o n g i t u d i n a l  3m n r p i r n q

momen t is determined by horizontal tail assembly.

~~~,~~~~~ _ - - _ 
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D.S ‘.9 • 
1.5 2.9 ~-._ 2.5 Miveycmou~uS (

F i i _  17. ~~. b-! o~~n i 1 e n c e  of  a n i  on ~~~cIi  n- a~ h -~r :

m — a b s ol it  ‘l y r i .j i i  i IC r u  ; — -4istic u1 rcrca~ t 
-

( 1 ) .  ~~ n h l e . ( 2 )  . I .. u r . ; t d t ’ l .
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T h e r e f o r e  we w i l l  ne  restricted ~~ t h e  ? x . a m i n a t  ion of ~ nue  e f f e c t  - ) f

e l a s t i c i t y  on t h i s  p i tt  of t h e  d a m p i n g  ao~ie r1t

A c c o r l i n g  t a  ‘ j u a t i o n  ( 1 7 - 1 . )

m~~01
_—m~~0,~ -

l 
, (17. 16)

— q*.r.o

i e . i t  ~~~~~~ 0, t h e n  t h e  lim ping moment of horizontal t i L l  i -s  ~ -mh ~~

ncreases  in coaparison with th~ tar ji m /moment of ahualuT?l y r i g i d

a ir cr a ft , P u t  it 
~
q ro ~ ~~~ 

w~ ~~~ o c c ur s  for aircraft wit h ef io~ is

fuse la~ e ar i d w i t h  s wep t  t ru I d S S P i l t ) 1 y ,  t h e n  l u P p i n i  th? m otion ~

p i t c h  decreases .

S i m i l a r l y  deper i . ! -n c . ’ ~~~- w i l l  ootain for the d a rn p inj y l v i n i

r o m e n t  a t . 1  bank .

E f f e c t  ot s tr u ct - I L a l  e l a st  i c i t y  o n .  t n -  c o n t r o l  of t~~ct  j V C f l c - 5 5 .  ~\ 5

a r e s u l t  of t h e  c en t r — o f — p r e a . ~~t m z e  t r i  v t-i l of  t a i l  - i s i a m b l y  w i ’  In th e
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d e f l ec t ~ - I  c on t r o l  s - u t - I c e  o f  n u F i g 1 I t / 1 l l - i t n 1 ~~~ ( F L ; .  11.5) a r - n e - I n t h e

s t ra i n s , w h i c h  t a c i l l t a t e  -~ I i c i o ~~~~~ in  t h e  je. m a i n ;  a~ o n n P n  d i ~~h

respect t~ t~~ Cen ter ~a mass of aircratt . T in c o e f f i c i - ’n~ of th L-

torque /moment for an olu ;tic ilrclaft is equal to

?fl z7 y — Ar 0k,. 0c~, r.o(4 .~.+ tn~ar o y ).

T h en  t a p  s f f i c r - ’oc y I r i t l O  Of c’s’. t r o l  f ) L  a n  oli~. r ic i n n  ci ~i

airc ra ft is L~ z o r 3 /w r r t t e n  ira t op fern 
-

1’. +M~’,,7 (17. 17)
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At c e r t ai n  v a l u e  of v e l o c i t y  h e ad  of q , call ed critica l1p.r. 0
veloc ity h ead of the reversal ot Control, governing torque /moment

becomes zero. ~
)bviously Can be determined from condition (with

q,..—qpp.)

- (‘i,’.+A u, .7 )~~O. (17. 18)
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Page 321.

Fig .  17 .5. Pres s u re  d i s t ~ u~u t j o r  a c c or d i n j to t h u  h o r i z ~~:i t~~l t a i l

assem b l y :  a — a control in u~~a [~o:; i t i cn ;  b — an jie i t  1- .’ f 1~~ct  in n  is

posit ive.
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Tne j o i n t  s o l ut i o n  of f o r m u l u s  ( 1 7 . ) an d  ( 17 . H) m a k e s  it

pOssible to fin - I -omm uni ca t io n /c oflflcct iofl bctween of Zlc(
in the form

- 
______and , t e r e for e , d e r i v e - I

F r o m  ex~— rc- ssio nr5 (17. 17) , (17. 19) we obtain

I — 
~~.r.o 

(17. 20)
m u —

where t- h o  
~~~~~~~~~~~~~~~~~~~~~~ 

; q~~ 0— crit ical velocity hr~isI ~~ the
qp. r .o

reversa l of e l e vat o r .

S i m i l a r  l e p e n - l e n c  •o occur tot t ho tel at i vt ru d-1- - r -  eff ct - i v e -n.~ ss
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derivative and ai1-~rons,

Figure 17.6 gives t in” t y - ~ical  fo r  an elast ic aircraft dependence

of the relative rud - ler—eftectiveness deriva ti ve on Vach number at

constant flight al tit uniL.

S — ~~~~~~~~~~~~~ a — —
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Page 32~~

Mpes M

Fig. 17.. ~epen 1~~n ce of t h u  L u - l d t i  v — b r u - 1 s - - ’ r — e f~~. c t -  i v en o c s  ; - z  iv .~~ i v - ~
on m a c h  m u  l i lber f o r  1fl . la St j -  ci iL c: a f~~.

I
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In t h e  f i r s t  a p p r o x i a u c i t i o r , t h e  d y n a m i c  s t a b i l i t - y

characteristics and -aircraft ha ndlin g t a kin i into account elastic

deform ations ; can be d e t e r m in e d  l y *he m eth ois , 1-resent ol in cl i n + ’ ~:

Xiv and XV , wit h th~-’ i ntroduction of Corrections for ~l-i stic it-i t o

the coefficient s ot a~5, b~1 in the t h e o r y  a t  q u a s i_ st at ic

d e fl e ct  ions,

P R O B L F N S  F O R  P E P E T I T I O N .

1. d o w  el~~s t i c  l i e n - d i n g  a t i  w i n g  t o r q ue  l e a d  t o  a c h a n ;~’ in  t do

local a: des of att~ic~~?

2. As Id di t i3n - nIl y w i l l  ch i n ju t h e  local  l n 10  -
~~~~ u t t o c ~ . I u r i n

a r a p i d  c h a n g e  in t h e  t n - ; l e s  of c ur v i t u r e  - a n d  t o r s i o n ?

4. E x p l a i n  t h u ~ p h y s i c a l s ide  of t h e  p h e n o m e n o n  ni I i  v e r - i ~ r c u

4. Of what conn,jjts the a ;1 ec i ul feature/peculiarity of the

la teral control of a ircr a f t at the spec -I , which ercee-I~ t in -’ ss~~~l ~t

~~~ ‘~-~~/ u ~ r~~~i-1 ¶
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Pages 323—345.

Chapter XV lt~

T I N DER S E V E R E  W E A T H E R  C O N D I T I O N S .

18.1. Gust ef fec t on the n ight  of a i rcra f t .

4’
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The a i r  m e d i u m  in w h i c h  t l ies the aircraft , i; tDuni in

c o n t i n u o us  m o t i o n . I t  th is motion little deviates from uni for~u ar ~ I

r e c t i l in e ar , t h e n  i t  b a ~~e ly  a f t e c t s  t h e  characteristics Df t l i - i n a t ,

chan jin; only t h e  velocity of aircraft earth referen~~~1. ~inn l ~‘~~e-’~t

on fu e l  c n sump t ion pe: ~ i l o m e te r  a n d  on f l y i n g  ran -~e • -iS dn al y L~-~ in

c h a p t e r  V. m e  beh~av ior of airplane in fl ight in the zones of

atmosph eric turbul ’nce is more complicatedl y.

A t m o s p h ~~r i c  t u r b u l e n ce  a p p e a r ;  in  t h e  ir e a  of t no n i~ h ~i no ]

v e l o c it y  -jra - Iients and temperature duri nj t h e  in t ~~ra~~t i~j n n of - i i :  f l o ~

w i t h  t~ so r r a c e  of t~ aC  b a r t h , d u r i n g  con v o c t i v~ v e c t i c il  i i r

c i r c u l a t i o n  as i r silt o f  i f s  n o n u n i f o r m  h e a t i n g  on t i n ?

sect ion ;; ci t n e  E a r t h , in the roces:; of clou ul f o r m a t i - ~r .

y p~~~~~-1ic t h e  ~ t t e ct  of  ~t m o sp h er  ic t u r h u l p n ; ? on the

f l y i n  1 -~~1t c r a f t  tho motion of th~ L i t t e r  becomes  a g i t a t ~~i. T b ’  el t e~~~

of per. t u bi:~ :oruu- ’ s ca ’ise~ t i c  vi n r a ti on s of aircr aft an -I

t u t b u l e n ce. T h e  f - r  m i n i  ; under these con -lit ion s g— forc~~3 L. ’ ad ~ o t h - ’

ov e r vo l t a je of t n ’  S e n i n i t u - - a l l / e l e m e nt s  at  a i r c ra f t  ar i d t h e

dist ur I-ance/bL !a~~1ow r n of the con~tort ef the passengers .
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At the tor p~~/nnon~c-nt o the inlet into thf~ descen1isi~ an - i

up dratt an ’ nto the t o t  1Ue / mon1 ~~n t  of output/yield of th~~nn ¶he

aircrat t. experi e1lce ,’t-~.;ts j e r k / im p u l s e s .  F a l lin i n t o  I o i n u f l - w  n i t c r r f t

seeminy ly it fail s, i n  t n  t h a t  whi ch ascen d — seem i ng l y  is~~en Is. I f  i n

t h e  pro ce~~s of tra ? i~ n ; t u r b ~.d m o t i o n .  a i r p l a n e  leaves  t o  n -
~~~~ ~ — c u  i~ i c - i l

a n g l e s  of a t t a c k , t hen i t  can - f a l ’  d o w n  f o r  W i n g  w i t h  h-’ possih1~

subsequent inle t into cork:;crew/spin . 
-

Sl n i ce  t h ~ t u r r : u l e n t  p h e n o n s~n a  car  he ~esc ribed  o n l y

statistically, si nce it  n o : t f l e L i c  _ u u b u l e r u c e  y .-~t stU ~j~~ J s i  ft ic~~, r t 1 v

f u l l y ,  t t.e analysi s or th~ b e x i a y i o L  of a i r c r a f t  t a k i n g  i n t o  - a : c o u n ~~

random effects on it non t t ~e k-ide of t h e  t u r h u  len t- it  i sn n r 2 r e  pL c V .~ 5

to be comp lex.

( 
______________ 

___________
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-~~~~~~~~~ 1fT I T  I I}w _ 11T[tw
u)

Fig . 18.1. ; i m p l o s t  f D r ; u s at . t d e  g i s t :  a)  s t epped ; b) t r i a n h i l a :

F ig. 1 4 .  2. E t  f .- • Ct o f t h e  ye I 0(2 1 y -ot q uist o ii a r ii e of a ~ a ck . a n - f  he

value of ai rspe el .
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U s u a l l y  is  o x a n n i n ~~ -; e t ~~~i on t h e  i i r c : - i f~ it t h ’~ ; i i ; t , ~h 1cb - i~~ - ‘I -

f i n a l CX * O f l t , i r i r n O i n  ~; i n - ~~le -~~~~ r o n j  c i’ i n g c  in  ~~1e fli ;h t ~~; ‘~~
-

valu e. Thi~ - ; 1 ]  ;r  i n  c a i r a c t  ~ t i Z t l  h y  e x te n t , the valu~ of ~ r a x i w u m

devi atio n of 11 i~ h~ n~ .-“ I w i t h  r o s - ’ct to  m o d u l e / m o l u l L -  a n  I

direct i o n , a n d  d so  n y  ~ l -  r o u t e  sau ; - r c ri t of f l i g h t , l u r l n n j ~ - i c h

spee-; ~~~~ n ~~~ r ~~ ci :e s - i  x i  m u  ~ ( - ~ n d i - - t n t  -~ I -i t  a nc e) . I I~ -

l i s t ir a - i .  ‘~j u - t 1 t c )  ‘ - ‘ L O , th e , .  ~u , s t  is  c - t i l e - i  st .~ p u - ~~1 ( F i ; .  ~~~.1a ) .

It tn~ 
_ -c,ee 1 ) J -J t C : t ~~~~es  i C C O L  lin -~ ~~) l i L I k - i i  law , hi~ ;~~s~ 

;

calle : t n  i n ; ~i 1 a r  ( F L ; .  i . .  1~ - ) _  T h - - i e  c a n  1 c  - ) t f o r  f o r m s  ) n  ~~~~~~~

I n  t n~ ~- ‘n ’r-a 1 C~~~~u t h e  V f l O C j t V  ve~;~~O L  Of  J u s t  W it WUI~

coord tr -a t e , v ; ’  ~
-
~~;: i n I S  - -)S~~~ j j ~~ t ~~‘~ - c ~~~~~) -;-~ ()fl f ( ~~~~? c o r n  ) ) f l  :v~;:

Wx. Wi,, W,. i5y L e~~i 1 ni ’  e n ’- - l j ~ i r a n  0 1 n ) a L t , r l - at  ion  ;1 il~~S~5,

acc ep tel in t h - ~ p t ~~- - - - i ; n a  ~/ n r ~~- v i o L .  u d t r e t S , i t is } J J — S i D l ’ ~ t a

se p a r a t e ly  ~x - i i - i n  ~ n e  : c~ I a n ; i~ n J  I nil (I V~, We,) ~nd I ~ i ii

(W,) of --i.

A ~ u a l j .~ in r n e  - 1 - ’rn -~y ni am1 c l i f t  n t  a i L c n a ’ ’ , ~n i i ~~h l i e S  ~ i:

S t a j n i n t  - air it cJ r i  ;t  t n t  velocity . u n d e r  t to a - t i O I t  f n

l o nj i  t u  l i n t !  lus t  ( P i  . H . ~) 1~~ 1. pa. ;i le to ex;u e by .-g ~ t i - i n

I



;~E!~uir
IU~iUU!~!~~t.“!u~Ir’ .i~~i:~

L
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i n t o  - t c cou n t  tha t

ye w i l l  o b t a i n

(18. 1)

I



nbc ~ 3 3 ~ ~ A~ F’ ~~~~~/137

£
since for conteiliporary h.~y h — ~~p~ ed a i r cr a f~

V> ~W1; V> ~WM,

that velocity irlzL ewe n t ot flicjht po1t~ a n I  a n g l e  of u~t~~~ k in •
~~~~“

first app Lox luat ion , it i~ possibl e to ex press as follows:

~V~~ W1; ~~~~~~~~ (18. 2)
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P a ge 3~ 5.

T a k i n ~ 1 r !t o  i c c o un t  t i i & ~~~ va1ue~ A V  an ~ ~ a r c 1~~ . i ~~r . ;h i T  ( 1 ’~. ~)

it is p o s si l) l e  t O  LTt ~W L i t ~~ in  t h E ~ f o r m

(18. 3)
Y c~~~V V

The fir :;t term in th~’ r i y ht  s i de  o f e qu ~~t i on  ~~~~~

characterizes the ~ft e c t  of ve~ t ical  gu.;t (v elocity ch i r i ~~~’ i n  t h *~

d i r e ct i o n )  on a c h a n ; ~ in t h e  l jf t , ari d tj~~. Secon d — t h - ~ i n L  1u e nc i ~ of

h o r i z o n t a l  y u s t  (velocity charl LJ e in value).

With a sufficien t ext nt 01 dust , r a p i 3 mot ion  m a n~~~~s ~~~~

disco n t i n u e d  to t he end ot th~ gust. More complex tor in analysis

(and dangerous foi a flight) is the gust of alternatin j/variahl~

intensi ty, especiilly suc h, w ith wh ich the disturbance/p~~r t ur~~~~iu
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of an gl~ of  ~t t  ~i ; K  c~~.i n~~ S i t s  ~;i ( J I .  (a  1t ~~i fla t ion isc~~n i i n . j  a n i

desce ndi n~ ~ i~;t 5) -

Th ~ ~~t~~ st a a n ;ej  f i i  a 1 r c L ~~~~t t h - ~y r ep r ~ s~~m t  t :  ‘~~~-.t ~~

vertical ; u ;~ of. (W~— W ~..O) , i~ is e x p l ai n e ~i ~y t m e a s o r s. F i L  .

since ~h ’ v~~lue )t ‘he  a s c en d i i . y  g u s t  can  Leach  t o  15-2~) a /s ,

change i i :  t i e  ~ n y i ’  t u t t a c k  can hc? con si  !‘~i ab l c~, an i  w i t h  i

decrease in t~ i~~ V~~ljcit y of t l i y h t  in c i~-~ises t h e  n j ’~t of 1

output/yieLt ot aircr~~tt to ar~jles of attack bey ’ni st~~11i r i .  ~r

second p l a c e , v e r t i c a l  ~1~st can  c a i ~~e l i u c ~e n o r m a l b a !  f l c * n s .  ‘:~~~

va lue  ot not  uia l  l o a d  f~~ct .or i~ det ’~ r m i  n e~ b y t~ t ?  d t i D  OL i i  f~ ~~~~)

w e i g h t  ( 2 . L4) , a n ! , t h u ; , w i t~ ~us~

fl,+M9 fl’~ 
= n , + .

it ref erenc e— f light c o ndi  t i on ~ ; t he  es tib  l i sh / in s ta  Lied

rectjjin~~~r h oL i z on t 1l, then y ~; a~~d
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(18.4)

Coi ;~-~~u e n t  ly, Ia ~’ 1ncrea ~~f~ in t h e  j — t  ‘rc e Ii  rect 1 y nr e t :  io~~~ 1

to the t 1i ~~ t t  sp e?d  t r , i v e l o c ity  o~ ve~ t i - t i  Ju~~ . T h ?  ;i J fl )f in

i nc rease  in  t h e  j —  t ~rce  i~ 1et~~r m i n . ? i  h y  t .~~ !~~~ .~c t ion  )~ t~~

ve loci y of ;u s t  ( “ p l u s ” f o r  t h ~it w n ich  ~~~~~~~ I a n t  “ m i r . i~~’ f~~

descend i n j )  . T h e  ln c r ’a s e  in t h ~ ~~~~~~ )r c~~, L~t e r m i n ~~.1 by  1 r i i . ~n : c ~

( ld .4) , i.; in i t i~t l .  i t S  i u r t h~~r ch~i n  m~ w i l l  i~~pe n d on

transient—t .~spon.;~ cui rac t~~nist ic~~.

A n incr ease 1 n t z . .~ g — r o ~ c~ c a r .  r ’~ i ch  ~J L ~~a t  s ij n i f i~~ in  c . ~o ,

with c — 4 , Q~~
O.5 kg/rn 3 ( i ~ ~~ 850 0 ni) , th e flight sp ied r~ t V

./s, to ‘he speci f ic  win g loa U p = i 0 0 0  ~/m ? and the spee~is of ~L~’

gust ot W,— 15 i/s an increase in the j—torc e ot ~n, is

appr oxirn ate l y eq U a l to U ni ty .
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Page 32h .

Table 18.1.

t~L )(, fl p’r~pauzeiir e ~~~~~~~~~~~~~ ou&yum ern~i
HHTeHcI!~ HocTb 6oJ~TaHxl4 nepe~pya ~ tt

C.,aóaq 0.005—0,2 )leIl ptIR THWe o nry ut eHHH y oVleJlbMbI X
nacca~s~~po~

~, MepedHaB 0,2—0,5 7,~1enp naTHbr e oiUy iUeiU~tt y 3Ha’~U-
TC.1bIIC )~ ‘~ac iit uac ca~K npon . 3aTpy.a •
uhI r e.lbn OCTb ~~ euun a ca.io u~

~~~~~ 0,5—I (ijio,~e1l ,euuIbre Ha.1CIIII,I y (50,1bWHIICT-

Ba nacca ~~upo D. Bo3Mo~~uocrb TpaaM
ti p si xo )K.Ie IfTrH no caJloil y

d’ieut, cii.,baa ~ ~.o.ii.w e I ~~ioj 1e3,,eIlIIl4 e ruaieliIt ,t y nojL ab ,lako -
itr ~ ro (,o.mw iii cTaa nacca :iutpon. Or~je-
.‘IeHhIc iii icpece.l H 3aBItCaIftte HI ~CM-
hR

Key: ( 1) . r n t ~~n s it y  of t ur b u l e n c e .  (2) . Increase  in t h ~ g- fo r ce  of

(3) . Physiolo~ ical r~ rc~~ptions of the passen jers. (4).

(5) . Discomfort in th~’ separate/individual passengers. (6)

Noderated. (7). Discomfort of the consideribie part of tue

passengers.  D i f f i c u l t y  nt  w a l k i n g  i n  s a l o n.  (8 ) .. S t r o n j.  (~1)

Un h ealthy pn e r . omen a  ot the overwhe lm ing aa~ ority of tha passen mt ’r~~.

ISOlation/evolution tr om s ’at s  a n d  hovering on belts.
( 10) .  Very heavy ; (11) Greater than 1; (12) ~igns of il lness in

the overwhelming majority of paseengers. Separated from seats and
restrained by seat belts.
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The p e r m n i : ; s i b l L  ov~ r i o  u~s ~ re  i e . ; t r i c te i  t o  t h e  u l t  irT ~ j t  ~~ of t he

s t r u c t u ra l St i ~n~j t h  of j i u c r i f t  a na  to  ~~ie c a n di tj o r L  o t  t h e  c o m l o ~

of the pa ;eu ~~ • r ; .  ~n ~ he b i s i s  ~ t h e  p h y s i o l o g i c a l per : e  ~t i  O f l $~ 1

the ~~ozs w i t h  orces ( T d b l ~ 18. 1) , as ex t r e m e  v~~l u e  f J L

Pa SSen~~.~r • i i L c r ~t~~’ , is ta~~~ n t h ~ v i l i e  of An,—O,5.

i~~; v e r t i c a l  ;u st s , r x , .-rc . ir e  h o r i z o n t a l  j u s~~ ., w h i c u  h - i l

to a chan ie in th ~ s l i p  a n i l ~~- ~; r r ~t i c a i l y  st~i b l e  a i r c r i f t  r~~a c s  ~~

gust  b y  b a n K  to  op~~~sit ~ h a l f  w i n g  and  by t u r n t o w a r d s  g u s t .  : r ~ ~~ I i S

case t h ~’ j n lt j i i  l i s t i r b i n c e  is ch a r a c t e r i ze d  b y s l i p  ~ n

Perturbation an a l y s i . ;  is m a d e  a c o r I i n j  to t h ~ ~r o c e dur e , ~ i ven  j r

chapter XV.

18. 2. Sp ec ial  f e i ~ u r e / p e c ul i a r i t  ies  o~ t h e  f l i j h t  of i i r c r a f  ‘ U :  1~~~

the ccndit ions of 1cm !.

Ici r~j i t f ? c t 3  ~~~~~~~ n i g h t  of aircraf’ not only a:; t r ” su l ~ i t  jr

i n c r ease  i n  it~; f i  i r h t  III a~~S. t h e  ice o u t  ;r o w t h s , w h i c h  i r~ i n i r e i  rn

flight surface , :han ~c the cor.tour’; of their airfoil/pr t i ~e ~ n t

change t h e  condit ions of its flow , which lead s to a 1~~teri n a~ on  in

~the aerody ram i~ charactoristic~~, stability ch iracteri;t ir ~~ a n t
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con~.ro11~~oility in ! ¶ l L ; : t  f i z i ~~~’~ss r a t ios. I c i r t c ar ,  u p ~; r i t h .

operation of e n j 1 n ~’s i n  cause  t h e  f i i l i t  ‘1? 01 imp ort ant coti~~ro1

Ice f o r m a t i o n  ott the  s u r f a c e  of a i r c r i f t , str ~~a m l i n ? 1  w i t h  ~ij 1

f l o w , occurs  as a r~’s:; i t  ot t h e  p r e s e n ce  in t h e  a t n ~~np ~~~r e ot  th ~

d e t e r m i r o  i r ’O U n t  of w ater drops in th  l i q u i d s t a t e  ;
~v e n  a t  n i~~us

tei pe rat  U r e ~;. T h e se  i n  ops f o r m  t h e  c l o u d s , ob served it  ~n y t i :  ~

y e ar ;  d u n n f l i g h t  ot  a i r c r af t  in  c l o ud s  a t  t h e  m i n u ~i t e u I p4 n i t r r .  of

air, they are crystalli ze .! and f o r m  i layer of ice on j t~ sti r f i ~~.
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Page 52 7 .

Fig. le . i_ Diaji jin of t i ’e preci l itut ion of dnops or th~ nose or t ;~~~

a ir f o i l / I : OL  i 1~-: 1 — f l o w  l i ne ;  2 — t h e  t r a j e c t o r y of dr o p s .
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Icing ca n U C C I L  a 1:;o , ~r o i  t L i t i S i  t i O f l  )~ ~ n i t  con t t i i i n q  i n

atm osnb&~. l t k ’r p t i r  t o  i ’ .
~~, :~~~:; . ; . t fl 1 lj 1 1 1j i  p h i ~

; , ~s ~t r~~: ; r l  o

the so—c t i~ ~ s a~ I : i i  • i o:i .

Ice o E : , t  1 ‘fl u su  i l l  y occurs  o n l y  on t i l e  lea t~~n ; w i n g  e l j~~s

tail assemb ly . T~~i s i s c p i ~~i~~u~ t~y t h e  f a c t  t i j t  t r ~~ a i r f l o w  i~

cr i t i cd l  p o i n t  ut h - i  ! i r .  • I q e  is (1j V j r 1 4 ~ l i n t o  ~uo p i r t s , w~~ic! t l ~~m

a n o u n u  t r % 2 u ~~~~ m r ( t  o r e s s u uk  si a ’ of w i n ;  (F’i~~. H . ) ) ,  j~ t~ ,j s

near spout. : low 11 n.~ ; ~ i o n q l y  ~u e  l ien t . Th e p a r t  icle3 U t  ~~~~~~~~

which mov e to~ e th ’ r w i t h  a i r , do : 0r  m a n a j e , on t n e  :;~~r en d t h  a t  t h in

iner tia, t j  z n v ~~ r t  )~ ri~~~ i o r ~ I o l l o w i  u~ f l o w  1 ir ies  a n t , n o v  i n j  ov 1 r

more f l i t  t r d j - c r o r  i~ s , t h y  1 L~~ o:~~Lt  on  ~~i~o sp o u t  of u i r ~~D i I / p r r ) t 1 1

I f  ~e 1p ~~L o ~~1d ~~t~~1y 1 5 E u a ~ t h  it  w h o l e  a m o u n t  o t  w i t e r  , w h i c L

t a i l s  on W i n  ~, i:; c o n v e r t  e~ ~ r i i  c ic , f t en  the  a m o u n t  ~~ ice , w i . i ’ I t

iS  f O t ~~. d  t a r  t i m e  t i f l i  t per U f l i t  o~ t h e  l e nj t h of w i n j  ( i c i n g

i n te n s it y  I )  i:; I~~t ~n m  m e !  i~y or~ ri la 1

1— Ewc V,

whe r e E — t h e  c u i p L ~~~e co~-~f t i c i e t t i t  : t ’ i i n ;;  ~ t n  w i ~ ~ r ce~~~ i t t

of a i L , or s pe c i f i c  h u m i l i t y  ( i m o u r t  w i t e r  p a i r  i n  1 in3 h u m i d  a l l ) ;

is ct profil~ t i i jckflr.ss ot win d .
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F C O T N O A E  ~~~. ( 1~ r~. r u L r l o v .  A i r c i t f t  ] c i r t  ~t t !  inc an~ t r  b i t  r i ’  w i t h i ’

M , ‘1m ac t ,  in  ‘‘— i~ 11 ~ n ; ’’ , 10 t 5. h DF (Y~ i N ( ) T ~~.

S c o ’ f f i c i e n t  a t  ;~ ?t t 1 i r~~ E in  t n e  ;en~~i al  case ~~ p er .  !; n •

fora ot t h o  n~~~~t Ot  t I i . ’ t i r k  01 1/~ rofjl~ ~ n t  o f  t h e  i u m b ’r of

l~~t e n m  ~ t : e l  a c c o r d i n g  to t h e  s i z e/ I  i : r er . s io n  o~ ~ r oD s .  ~~t t c

force of i n e r t i a  i n ’  : e t e r w~~r U o  b y  t~ te  l i m o n s  i n ni c i s  n i t  i m c ’~~er  : ,

w h i c h  car: be c i  icu l i t  e l  a ccora  i ng t o  ± orm u la

(18. 5)
iiL

where  r of t t t ~ r i  I i  us ‘~~~ rop; — vat er d e n s i t y ;  L - t h e

s ig n i t ic a n ~ i I i n e n 1011 at  th~ str~ ailined body ; ~ — t h e

d u c t i I i t y / t o u g i n ~~~~/v i~~~;o~;i~~y o t  a l l ;  k — 1 + O , 17 Re~
’3 — t h e

coeft ic i~~n t  • d e p z ~n I i r i 3 on tne m ol e/ co n d i t i o n s  of the  f l o w  of i i i

about the  drop.
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Tb  i d y s i ~~ i~ s~~r Sc O f  r~~~i im e er  p, t t t E i n i r t  d by r • 1 ~~~ i~~r •~~i i n

( 114 .5 ) ,  l i es 1: ~~~c i c  r ’~~~ i~ i ;  pl i u r t i u n a l ~o t h ~ r~~t i

force ot Inerti a to ~ h e  i l l  j~ or  r i o p .

Page 32~.

I f  v a~~oe p i~ c lose  r 
~~~~~~~ ( r — O )  , ~ 1~~ i ‘ ti e d i o p s  m o v ’ t ) ~~~~~~~e

w i t h  I lL .  Th ~ 0, ? i , L j ’ . t L , t h e  tp~ n .  ~ ne t L a ~~Uc 1 T,I 01 O U ~ t~~ ’ V

d i f f e r  t r o i ~ t h ~ f l o w  l I n e s  ~ a i r  t i a w  i t ! , t h P L ~ [ ‘ r U , ‘ n o  r c s s  ~~

s et t l i n ;  I r  Op s  in t h e  n e o  of t :~ o i y n o r  i n t e r . s~~v ’ .

as s od. ; t r , !j r . r i c 1 l  S t u r ; o : ;  ~~, ~~~L . ’ v a l l e  ci~ ~~~ ~ or r ’ 1~~~

c o e f f i c i e nt  of s e tt  t i n  i n  es:o rice l e :n  n : s  o~ iL~~~! t o L  p i n :  in ;  V : ~~

small fz om ?e~~

FO0TNO1~ E 
1 

• J ~~
_ M a z i  ii . l h v  n i  c d  r n  n c i  1 ci of i i i  cr 1 f ~ i n ;.

GidroID~’t • O j Z~~~~ t , ‘)57. ~~~~~~~~ N O T 1~
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F r o m  t h ’  p r i ct i c ’  of t b  ~~oi  l o r t  ot  i i r c n a lt , i~ 13  - n o w r

th at t h e ~~UL the I I~ i h t  .;peeu , on t h ’  t a r t  a t  tl nor? low

tem p~ raturt or s u r r o i n t 1 ng a i r  occu r s  . l i l U L  a f t  ic in ~~. A t  S 1~~~?i t ea r :  -

speeds t h e  t heor t t i r t l  h - it  i ng  of t n ”  s u r f  ic” of t i r c r i i t  i s so

t h a t , i n  essence , is ob . r v e d  t h e  o n l y  s u l i  irn ~~t ion ic i  n~~, h i i  i r o ~

b a r e l y  is e n c o un t ~~n e 1 .  The  r a i q e  of t h e  m i n i : ;  ten  p~~r~ t U i  ~~ i w r .  ~~~~

occurs  t h e  i c i n g ,  is s u f f i c i e n t l y  r r ” a t  - f r o m 0°C t o  — i ~Q~~ ’~

T l: i  o i l h  t h e  a i t  i of p t a c t  ice , n O o/ o  of s u p e uc o o l el  c l o t  is

are t o u n i  in t e m p e r i~’ U L 4  r a n y €  f r o m  ) ° ( ‘  t o  10°C. R e i a t i v ’  h u u i i~~i~~y

v i t h  i c in~ i.; 1 4 0 — 1 0 0 0 / ) , a n d  s p e c i l i r  h i l n i l i t y  ( w a t e r  c o n t ’ n t  or J :)

1 q/k ~ ~m n I  :~or e .  Th e  w i t . - t content ot ~ h ’~ co ol ed  clou Is a b o v e  t [a- -

t e r r i t o r y  or t he  J S Sk , a c c o r d i n g  t o  t h u  d a t a  of c~~n t r i 1  i ? ! o l u j i c 1 l

o b s e r v a t o r y  ( T s A )  I UAO — C~~t , t r a l  A~~r o l o gi ca l  O b s e r v a t o r y  1) . v i :  h-

w i t h i n  t 1 .  I i m f  t ;  0 .1  ;/m 3 — 1.o ;/rn 3 an t depends on ha t erp e i t t  t I

of a ir .  On h e  ;~~ ~~~sN I  I f~~~ Hflfl — S t a te  -ici .~nt it ic ~~ se~~r c h  I n ~;t  j~ r i t e  1

GA ( IA, — c i v i l  :~V i a t i O n  J , t he  ~r e a t c :;t  probabili ty Dt i c i n i

observed  at  h e ij h t / a l t i t t i I ’~s — 7 0 d 0 — 8 0 0 0  r ( F ig .  1lL L~) .

Oe p e n d i r i ; ott I l i :~~i t  c o n d i t i on s , can  be t h e  v a r i o us  f o r m ;  af  i ce

f o rm a  t i or :  (F i j .  1 ~~• ) ; h o w c ve t  , t h e y  a l l  t h e y  1 ~a !  t o  a I e rr  c i s c  in

the  c r i t i ca l  an ) l ?  ot. i t t  ~ck a n t  ~~~~~ I t  c a n  n r c , v o  t —t  be  a l so  h i t
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at c o n s tan t  an y 1~ or  i t t  ick i t t  t h E ’  p L O C J S S  t i c i n j  w i l l  ~ p~~~i :  ‘ hi-

deve lop . ’! t - r e a ~~a~~a y  Z o n e  of b o u n t h i  :y  la y e t , w h i c h  l~~ 1- ; t a  a t - ’C -~~ -t

in t h e  l i t  t co~~f t  i c io n  t of w i n y .

Is ~~;p ~~ci~~1ly ~ m n  ~e t a u o  t I e  l o i n  of t a i l  a s s en t l y .  ~ r

du r i n g t h e  w i - i t . j o .  n w a s h  a n g l e s  t r i l Wj  ti ~~~~~~~~~~~~~~ -I ‘f 1~~(~~ 1 -  or

e l e vat o r s  u r i l e n  t h ~ 0 ) f l j j t  i o n s  u~ h e  r r ’ — l a n  1111 ; ; li l e

b o u n d a t  y — l a y ’~r s~~~t i i a t  i on  ‘i~~ t l i  A O . P 7  a l t  f a c e  cI ~ i i  I i ~s e —  t i  c ar

lead te  L o u n c i a t y — l - i y ” r  ; . p a t a r i e n  :~~L . r r i y t r u : r  n~~ So o t ’  of

assem hi  y ,  W n 1c.~ Sn ~i r : 1  / U i  11 1 ow ’~ I l ii ’  .‘ 1 t e~~ V or .  ~~~~,.; )t • ‘ oh

c cn t r o l  of i ij c r a t t  a n ~~ ca r :  I L  t b  t e a :  a i s  ~~~~ -
~~ r~~ —e : ce  ~

e~ eu y e n c y  s i t u a t i o n .

For the j ;U 0 t~~C t i O f l  of a i L c :r a f t  t r u ~ j o i n ;,  i r ~

a e c h a n ica l , t h ~- r m 3 1, p h y s i c o c h em i c i l  d i :  t~ :e c o m h i n ’ 1  n~~t h o :~s,

descr ibed in s p0 i ~ I courses .

Ii. i l l  cases t h .’ ice f o r m a t  i o n  lead:,  t o  ,in i r : cr e i a e  i n  t h e  t r a ;

(Fig. 1~i. h )  a n ! , t h f ’L e f o r e , t o a n  in cL e as e  in t h e  f u e l  c o n t . r i ~ ’~~tj o :i

pet kilometer.
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S so~ woo Flu

F ig .  114. L~. A l t i t u 1 °  e t t ec t on the probability of aircraft i c i ni  (1 ’~ i

cases of icing, according to the data of t h e  ex p e r i m en t 3 l  t l i g n t s  of

aircraft w i t h  TR ~
) ~ TP~ — tuibo let enjine j and TVD [ TB,~

turboprop tnyine J)

Key:  (1) .  F r e q u e n c y  ot t he  cases of  i c i n g .
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Fig. 114. ~~. F o r m  D L  h e  l a ’  101 m a t  l o t : a)  } L o t  i Ic; h) i— h i  p- 1 .

~~
_

i 4 .  f~~~,3

Fig. 18.~~. Polar s of aircraft ~~~~~~14 wit!: the di ffe r ;nt f o r n ;  or  ‘ l a

icing: 1 — n o n — i c i n ;  a i r c r af t ;  2 — p r o f i l e  ice W m m t t i c k n e s ; ;  :s —

U—shaped ice 17 m m  thicknes’-.
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Ot a i r c r a f t  w i t h  ~~~t I)aC~ W i t  J ,  ~ t ’ t O ; i i f l  I t ~~. ly  o~~au r s  t h e  j~~j~ ;

forepart/n ose i n i i i  t h ’ 1’’ ss mi a s i r e  0 he r e ar  port t t ‘ h i

wing. Tl t ’ in n ;  of kr ~~ :; i~ c a t ;  i. ’ t l  ~ t h e ir  l n t ;~~: o i v o  V i L 1 0 t  : .

18.3. l i g h t  of aircraft U U U C I  t h  c o n i ~~t ion s  of  1 e ; t L  i~~~ c~ i

visi b ij i t y .

T l o  r t ’~~t l~~n i t y  of l i~~h t . . t o  1 c o ns i le r i n U  i i  ~~~~~~ i~~r i ’ : ’ . or

cloUdi r;~- ss m l  visibility. Itiundeist c )rru s , w h i r l w i r 1 , , + :i~~ ~r~~ ’n . ;e

res id ut  / :~o~ t l in g s , W h i c h  ~ :.sociate clou  is . m d  a lso m i  a t / f  ~ is  ~rea ‘ h ’

duststorur s w i t h  w h  icli is c o n r m c c t ’ - ’d ~ he  poor v in i b i l i ty ,  t h ~’v

coip licati ’  f i i  ; L t  . ‘U; let th e se  c o r li t i o n s  g r e i t  c t - ;~~i5t  i nc e  ‘ • s he

special i : i s ’ r m i m e r i t s  w .t h  wh i c r :  a re  equ ipp ~’o t h~ a i r c r a f *  a r l

airpor ts.

The mos’ c o m p l e x  s t a  j~’s of t he  f l i ; h t  of a i r c ra f t  i re  t h o

t akeo f f  and  t h e  l~~n ; 1 i n t .  A c c o r d i n g  t o  *h~ p u b l i sh e d  in  press  l a t a  I ,

for the 3 of t n ?  ye a r of t h e  Socon d W o r l d  W a r  U S A ?  ~~CWA — ru t

S t a t e s  A i r  F o r c e ]  ii i  c o m b a t  opt r a t io n s  lost 70000 aircraft , an I as  i

result of  e m ” r y e n c i~~s a n n  ( m t a i s t I : o p h e s  of approx i m a t e l y 11  ~ 0O , i t on

which c o n s id e r a b l e  p ar t  — d u r i n g  l t n l i n q .
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FOO T N O T L  1 • A. ~~~. .aar n o v  , \. I • f” a z u r  t o  e~ ~ 1. A , i o n iu t i c t ~l

m e t e o r o li ;y .  1.. , ,idt : n c t  P O 1 Z j ~it , 1 96n .  b N D F O O T N O TE .

Page h O .

‘~s u a l 1y  ‘a K e o f f  a n !  l a i t 1 i n  a r e  c o n i u c ’.-’ i  visua ily. f i o w ’ v . t ,

under S eV O  re wea t h e r 0 O~ m O i t  lo t ;  S 05 ) ‘ C l  il l  y w i t  h low . I on L i t ’ ;  s, i

is necessa ry  t o  u s e  s p ec i al r d d i o  ~~ u i p m e r t .

U a v e  a l r e a d y  L °~ ’fl d c v i  l op/processed  a t  p r e s en t  an I i r e

ex p e r i e n c e / t es t e l  t h e  sy s t . ’m s  of a u t o m a t i c  l i n d i n -j ,  w i i o h mr ~kp  it

possible to  ;r~m~~e ~~~l a r i i n q  u I t d o L  con l i t  i ons  of  t h ’  c o m p l e t e  a b ; ~~t c e

of v i s i b i l i t y  f o r  h o n  L , n t d l  a n d  f o r  v e r t i c i l  l ine .  I t  1: ;  p ) ; s i I I i  ~a

expec t t h -n t t h e s e  sy :~t e t i : ;  s oon w i l l  be c !gu i p p e o  i l l  ij t C t  ~ f t  ~

aver ag e  a n t  he L o n  r a n ; ~’ of t l i 1 h t .

For accomp lishing contac t lan din i tar e a c h  y p ~ of a i r p l i n e , an
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neces s a r y  t I l t C e L t J i f l  C n t ; t it  i c r : ;  of  v l : ; i b l l i t y ,  e V e r  I: i j r c t i t  i s

e q uip peo w i t h  r a d i o  ii i v  i t i t i o l i  ?qu i p t u e r t .  i t S  c On t e n : p~~r i ry  s y ; a - a .

p r o vi~~e t t . ~-~ u t p u t /y ~~~ l i  ot a i r c r a ~~ t O  t i K e o f t  a n d  l a n r l i r i j ~‘r r ~

( r u n w - i y s )  ~i t h  s~~ im e e i r) r s  by  h t ’ l h h t , F c t i z u n t i l  ( c o i n c i i e n c ’ o: ~: e

p ro iec ’ior m of t h e  a x l ’ / i x i s  of a i r~ 11d n ’- W i t h axle/axis L t n w i y s )  r u t

speeds.

T I e  cot r t ; t i o n  of t t i 5~~ e rr o r : ;  is con du ~~t ed  b y pu t or; V i s I t  1 ]

orjen tati ) t  • P e L t : i s sj t ;  le he i gh ’  of c l o u di  ir”ss on a i r ti ’ f l  1 i ~~i n j

l a n d i n g  a n d  t h - ~ ~~~~~~~~~~~~~ v i o i b i l A t y  t h e  l o wer , t h e  m o r e  r~~~er i s e

the n aVijation i ’a r , ‘he lesser the sp e e l  or  t h e  p L e — l ~~t i I i  n i  111 k’

and  t h e  m o r e  & t fe e t  ive t h e  ai rci  i t t  c ont r o l s.

For  t u e  s i f et y  c O r i t l o l  of l a r o i n y  l i f t e r e nt  a ir c r i t t  w i t h

d i f f e r e n t  r i i V i ; a t i o n  ~ i l s , is r e g u l a t e d  w e a th e r  m i n i m i m  - t l~~ s i;: i~~ : m m

he i g h t/ a lt  it u d e  of lo~~”r  c lo ua  l a s ’  ( l o w e r  b o u n d a r y  of c l o i i i n ’ o ~s)

a n d  t h e  m i n i r t u n  v i s i b i l i t y  of r e f er e nc e  p o i n t s. h ere  t h e

he i g h t/ a l t i t u d e  of l o w ’r  D o u n d a r y  of c l o u ( I i aess Li consi1~~r ’ I  t h e

greates t  he i g h t/ a l t it u d e  w i t h  w h i c h  t h e  p i l o t  d i ; t i n c t l v  sees

l a n d m a r k s , a n !  by t h e  m i n i m u m  v i s i  bi ii t y  — t h e  q r - ’t t ’ s t  i i  ot  n rc ”

a long l a n d i n g  t r a je c t o r y ,  w i t h  ~ ai ch the pilot can v i s ua l l y

revea l/detect  tn e  L e l i n n i n i  of t a k e o f f  a n n  l i n d i n g  s t r i p .
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T h e  i : - t e L n a t i o ’~ i I or j - t n i i ~~t i c r ~ ‘ i c ~ c i v i l  a v i a t i o n  (~ ~ ) i t  I

o t h e r  s~ ec : i 1 i i  n :7 t t i o n s  Co t  i C f l€ C C S S  i t  y t P . ’ ;r i t t  ~ I

1 wp l e m e n t a t ~~o n of t h e  ;;, I T ; a , ~~ i c h  en s u r e  l a n d i n g  u n 1 ? [  ~~3f l~~ 1~~~j ol; -; ; t :

three (-at ~~-io r 1f-: ; o t  t~~’ j r ; - ~~t i h / b u i I 1 — u j  i t  m i f f i c i l t y .  f h e  f l ’ ’a r~: t o :

firs t c at  ; O L  y p L o V  i I .  s a t e  1 a r t i r , d m t n - ’  ii-: ’ i g h t / a l t i f  a lo  of 1o~~- r

b o u n d a r y  of c i i u m l n - ; : :  t o  ~ i r d  of t h e  m i n i m u m l a n h i n 7 v i s ib i 1 i~~y o~~0

m; the mea :s t o t  t h ~ ;e~~on I c d t c : J o r y  — it  t he h e i y h t/~ lti t r ;I e of

lower  b o u n d a r y  it  c l o r i d i n ’ - e s l ( in , of t h e  ru in  i m u m  l - a n m i r : j  v i s i l i l i  y

— ~ OO u . T h e  m e a n s  f o r  t t :~- t l i t  ;; cu t  o h o r y  p r o v i d e  f o r  l a n l  i i

ground level or c iou u i ne s o .

Page 331.

besides ex am in el weather minimum for in a i r c r a f t  i t  c~~r t i i i ;

cases, it i~; n ec ess i t y to  cons ide r  wea t her  m i n i m u m  of ~ i r f i e1 d , w h i c h

r e g ul at c . ;  v i s i ri l i t y  - m d  t h e  h e i g h t/ a l t it u d e  of l o w e r  b o u n d a r y  of

cloudine: s l e p e r I r  it on t he a re a r d  j e t  an  I obstructions on ii r p o rt

approac hes .
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Questions for repeti t ion

1. iio~ do affect -~jni i r l o t o  the C i  itact-rt istics of the il l i u ~~t of

aircraft?

2. ~hy the i:in.j of tail asserrbly is esp cciilly ~a r i ~~ ’r ou s  u r

the con ditions of t h ~ p r e — l a n d i r i g ~1id ~~?

The pro b lem

to I e t e r m i n o  e t fe c t i v e  i n d i ca t o r  w i n d  3r l s t  f o r  an  a l r c l i t t  t h a ~

113~i of the coniition s of limitation on dr i t r p i n ’j ,  i t  i t  is k n o w n  t h a ’

the flight was r-iali z 1 at hei ;h t / a j t i t u d e H = 11 w it  ~ vc’l - ,c i v ,

correspon din g t~~ M O.~~; the p e c it rC w ing load was c l i i i  ~ 3 500

N/aZ; the value of the c of w i n u  ‘ i n - i l to 5. l~~~; tI n ? i 1 l u w ~’! v a ’ u e

of the lif t coefficient with M = 0. 1-i e j u a l l y  ~~~~~~~~~~ e t t . c t i v ~

indica tor just was c o n n e c ted  w i t h  t e j i jfldj~~j t~~t g ust bY t he
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knswer/respon:;e ~f ~~~~~~~ 
rn/s.
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C h a p t e r  X I X

OF ~~*~ \~~L I G H ”  ~~~ (H~~L I (  ~) P T E ~~

T I e  motjon of hel icoOtet ui~d ~~~ ~~~t ion  o f a i  r c rat  t , can P.

p r esented in th e for: r of m oVut le to fVdi I m o t i o n  a t  th- ? v ’Locitv of
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the ce n t . r ~ n i s : ;  ot he 1icop t~~r m i - i  r e l it i v c  j 1 V r ) t j f l l  ID1 ~ i~~~I j

t h e  cert i of  m a s - ; .  I n  i ’ : c ) t l d ? ( - . w i t h  t h i s  L f l  t h e  I y n u m t ~ ::~ 
-~~~

fli ght of h e l  i cop t  e L , n L~ exa n i n c  t I a ~~ e c to ry  t i ’ ) t l ’ms in  I u r o b 1~~

on t h e  i n v e s t : 3 5 t L 3 : ;  o t  t h E  . ; t d l 1 I ; t y  c r i r a c t e r i:~tj : : ;  i n ~

controllal ulit ~~.

S- j u t  ion o t  t T i O ~ r a jeCt oty j r  u L L - I s of  t h e  mot ion f i o l j - ~~ ~~~t

ma kes it possi: 1’ t o  icterm ir ,e ‘-he forw ni- I veloci t i c ;  ~ : l tv e l  m d

vet  t xc~ 1 1 i ; t :., i : : .~ I e rat  i o n  i n n e  -
~ it t c rc :it en j i tie pow r r a • i t :  u s

an- i on t h e  m i t L ~~r e r i t :;t ~~ i.: s 01 f l i J i t , a cn~ir : g c  i i :  h _’ t 1i~~h ’-  s r n . d

w ~th n . - i  jh t /11 t i t  a , t h e c.’i I i  ny 01 h e l i c o p t e r  et c .

Dun n j  m~~~~;t U iy of thE ~ O55i t i e  tra jectoileS of the moti JI of

the h e l i : j  t e r ,  ~a l s c a  by thp act ifl on jt t or ce s , c f l t i r~ ross 1

belic oj ’- .~~~~~~S ’ - r n - ~~i t i e d  c o n c t i. r r a t e I  i n  i t s  c.~n t e r ot

At; d u r i ng tli e soi in ’-ion 01. ‘ne ‘ r . i j ’ : t - ) r y  p r o b l e m i  ol a i u c r  i t ~~~,

the kir~e::nt ic nar- ~meters of helicopter at.’ I’t ’ r-n in e~ w i t h  4 P’ all  -~~~~

the equations r n o t i o n 01 i heli copter of t y j. (1.22) in ‘ - h e

select” d c o t  linate system.
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19.1. t-~~u~i ’- 1. t I .  o t  l i t  l O l _ ~ t f l o  I ) t  ~ h ” L r  s O l u t i O n .

D u r - i n  t i n E’ of t n ~ ¶ L i j O C ’ -  o t y  ~r o r  I t - m s  or  t n ~ mo t i o n  it

h e l i c o p t . r , i s SL’l ’Ot l t he W i f l c t  L o o r h i l l i t ’ sy s t - ’m (s~~~ h a p t - : I )

whose t • ’ ;~~ n n i I ~~ co~~n::~ tot - ;  w i ’ h  t h e  C~’r’~~~ ~ f mass of h :~l i c o p ’- r ,

axle! a X I  O X c o l n . i I c - s w i t h  ~ h e  :~~~nse  0 1 t h e  Vect or of f l i g h t  s r .  i ,

a x i e/ a x i : .  ( l y  l i e/ : - ~i~~: ;  i ’ -  • t i e  l a r  it  s y m n e t r~ with po5it ive

di r e ct i i i .  a r t , i x l  • / i x i - ~ O y  ‘ o L r s  r i j h t — h i n d e l  c o o r lj n i t ’  a y ~~~- t r.

Dut ~i ,g  t h e  r u o t  l o t :  o f  h e l i c o pt e r  i n  v o  ~ I cal p l a ne  t o  it , i he

f o l l o w i n g  (F ’ r’ :. 1 4 . 1 )  f o rC e s :  t h e  t h r u s t  ii: h e l i co p tr . r r o t o r  T ,

ap p l i ’~ 1 ‘0 ~~ ~.1 ~- - v e of cyci ic—pi ’- cht control ; we ij ht ; ; t he th ru- ;r

of th e t i i l  r o t or - i t  T~~, t h E  f or c e  o t  t h e  p i t  i s it ’  I r i j  of ‘h ~

c a a 5 e d  by th .- ’  r o s i s t a r o r  of  t he  : ;e I l/ e I ,  rr-~ n 4 s  of h e  l i c oj ~~ ’

(fuse la ~~~~ , ci a: ; .~ i -,-‘i t f l  1 in -j  g e ar  • t a i  1 L Cc ) ’~l , e t c .  , w r t  P ‘ I n  ~ • ‘ x~ e ~)t  i O n

of r o t o r )
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Fi g. 1~~ 1. ‘i l I g r i m s  of  he  fo rces , w h i c h  a c t  on h e l ic op t e r .



DOC 7 1- . 241  4 3 ~. p~~i ;~ fr.—

The syst .’n it ‘ t u a t i o r s  ci the lIn: .~~- o 1 - j i n Ot i o n  o~ L o l i c - o ~~t e r

a lo ng c u r v e d  ~~i t i  t i~~~’.; ~
- he f o r m , i im i l a r  t o  . ;y t - :t cm  ( 2 .  10)

P—X .~—G s i n O~~m~~~
Y—Gcos9=mV ...~.!.., (19. 1)

Zr — Txs 0,

wher e P . f Z~ ~r e  j L ) j P c t i c ) I t. of t h e  t h ru s t  of h c 1 i c o o t ~~r r o ’ - -t r

r e s p e c t i v e l y  on t h~ a x i s  ( i x , r y ,  ( 1z.

Th e  C a 5 E~ of S t e m i l y m(J t 101. u l O f l J  t h e  s’ j j  ight  p a t h  i

( 1 9 . 1)  t i k e~ t h e  f o r m  n nn :;elf
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P— X .~— G S I J I O O,
Y— G co sO = 0 , (19.2)

z r —T UI =0.

~~ht  t h i r i e l l a t  i o n  t sytitem (11 .2) ~~r i t t e n  fo r  t h e  h . - 1 i - - u f t e r

of s i n g l e — r o t o r  i es  i n , ~ t ‘ hose r ea c ’- i ) n a r y  t o r j u e  of u~~t or is

balanced r - y  t o r q u2 / r n o l n e ot  f r o m  t h e  t h r u - ~t / r oc l  of t a i l  r~~t o t  • ~
‘ o:

helicopt’-~r-s with o th er -  m e t ~ .cd: c of  t h e  t m l a r : c i n g  ot  L i i : t i v e  ‘ t r i u - ,

for e x a m p l e  for the helic op ’ .L:- of 4wii—s c re w a n i coaxial n i i i r a r s ,

t his  e q u a ti o n  wj l ~ ~ c ?  a n o t h e r  I o r u , S i ac ’  i n  t nes~’ .Iiayr mr ~s t n i l

r o t o r  i s  a bs e n t  r-i j r , -~~~~t i o r t d r  
~
‘ to t-  ~ U e  ~ t rot -i t lot/n ? V  ) i U t  i on  is

balanced as i r e 5u l t  of t h e  r o ta t i on / r~ v o l u t io n  o: sc n ’ - w / p i  oo-~ 1 i ’ :

to oppos i t .  s ides .

I t  i .~ s i a % i ]-l r t •~ lu at i or t  t o t  cl ,- ’tct m j f l j n j  t h e  kinematic

p a r am e t e rs  of a i r ~~ r a t t  ( c h a p t e r  Ii , ~~ 2. t4 ) el u a ti o n :;  ( 1 1 . 2)  a l s o  i r ~

solve 1 by graph o— i nal yt Ic n ,-.t hodt , na n t l y ,  Ly the m etho l of t~~e
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t h r u s t / i  I t ;  or  17 t h~’ me t  h o t  ot  pc~~~ rs.

Page 3 3 4 .

~*‘ t ) ~: V P t t  t he  1r~ :t t~~~ I d t  i on  of : ;y s t e m )  1 ’h. 2) t o

P~~ X m G s ;n o  (19. 3)

7Te i i  j h t  s i lo  of t u i s  e q u a t i o n  let  ii:; name requir.? thru st i. ’

us designa te i t s  P~, l e r t  — I y p o i n t  ii t a n g e n c y let U S :] .

its P,. By u m U l t i p l y L r i ~ both p a r t s  of eg u a t ion  ( 1 9 . 3) on V , w~’ w i l l

obtain

P~V =(X ,.~-f-  G slii 0) V =P.~V = N~, (19 .4)

where the  — the r e : j u i t . ~cd p o w er  of h e l ic o p t e r ;  P,V~~ N i r~ ‘ii~



I
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a v a i l a l  1. n o - ~~ r I i  • L s  1 i c’ t j t or , - x l - i n I’ d fe  t he  o v e r c o i i n

torce of  ‘ he p a r - t s r  ~~ I t  > t  x,~ ha dii ~ t h e  t o t  ~ - t r  I n o t 1 on

heli cch t .-r ~ s3o’e 1 ,t  V.

Be lat  ion uiip ( i t .  4)  1 0 1  t h e  r e  j ’ i t i  ed ~~c~~.’L o f  - i~~l 1 c- ) ~ - ’.- r

ana lo g ous  u i t t ~ r .tl t~~i ‘nship 1 : 1  t h ~ L , - t .~u i r e  I p ow e r it  t I ~~ co p - ~ r

a n a l o g o u s  ~~~~ L e l a t l o n ; i - i n  t o t  r e  ~u i r r  I oow~~r ai r c i i t ’ -  (~~.1 ~) •

in form ul (11 .14) I V  t o  j ; i r t - i ow i r It ;  c o r ; ; i - i er e d  t h e  o n l y  p

cause d L y ‘ t ie  :or~~e )t  I - t : is l t t  J r - i  ;, a n t  is ri ot  con ; i 1 - ’r e  I ~ h c

powe r , caused n y  t h ”  i “ s i st  u n g  f o r c e  of t h e  r otatitt. j hi i l e / v m n e s  01

rotor ar I a t y  t h e  i n d u c e d  v e l o cit i e s , w h i c h  u n a v o i d a b l y i -p j o ~~r I t I i i t t

creat ion by t h e  rDtor -)f thrust/ro t . Ta k jn- :~ int o a c c o u nt  h . s ’  po . ’ i  - .

e qua t io n  ( 1 - 1 . 44 ) w i  i i  t - ’ w r i t t e n  in the  f o r m

N9 —N .+ N1+ ~V.~== (X .1+ G su b) V - --V ,+ ~~~~~~~ (19.5 )

wher e the N1 t he  in  lu c t  Av e  pow e r , ca il :: ‘U by i n d u c t  i v ’  lot ~;5es;

N,~ — t h e  prof i le  pow e r is , spe n t  on th e overcoming  of t h e

resistance of ‘- h e  r o t a t i r - ~ b la le/van es ; N~ - th e c o m p l e t e  t V d 1 i ~~ble

powe r or n € l i C o p t e r  ( r o t o r )  • t h a t  i nd uthes N, and the  p o w e r s , ,P~~f l t
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on pi or i i  t I I  1 t ~ t 1 t ~~~~ V ,  I 1 : h  - :

ii h e~~7-on t o i  :~~ i ; h t  c o n i i ~~ 1or ~ , ‘- h . t L i j a t  t i t f i  i n J i  TI i s  e : i~~~

to Z e i , ~t I t : ~ .’ r c 1 u j : o U  r ow.— r i s  u e t t - r m l n u 1  t y  f o r m u l i

~\ U~~~~~~k~.p V~ . ~V,,1,. (19.6 )

t h e  c u r v o / l t i p i c ;  Of  ( :n n p -  i juir~-u in  I t t i ~ - i V a i l i h i F  )~~~~ - ~5

hel icopter thc’y - i i ~ 0 1 ’  )t- si~~1C t I  l et  k ’ r j i l n ”  ‘h ~ t l i !h ’-

c h a r a c t o k  )~,t IC:, ) I h e l  ~ co: t ~~~~~ j j  d i  I f e t  mt  ;i- -~J~~/ c o r i h i  t I O h . ;

Fel let  .-
~~ ~xii n ii. ; t t i e  r 1 i I t ch a t  a~~t 1 i.; j .  cs o I ~~ i i  cop  :, 1— •

U se botn r et h o l  O f t u ’  1’ ju ite ; - u t  a vai lih ie ow ’r.~ n i  t h i  1: / t o  i~~z

4 n d t Pt i.~ t h o . I  of t h e  t ‘~~ u r  t e l  and a v a i l a b l e  tore ue r i t i  3~

cons ’- r i o t  -~~l fl C ) ) t I t n a t  c’ 1 i ’ ’ l d  ,n~,— f (j i ) .  Coeff ic 1 ‘n ’ i s  e i - i l

the r e 1 i ~~ion  ot t h e  v e l o c i t y  componen t of u n ] i s t u r b e l i l o w ,

at r a n g e / l o ca t e d  jfl c ’ p 1 j ( e  ~ t th e r o t a t  i O n / i c  V o l i t i o n  of L o t  or ,

the blad e t i  s~~. t I  ot : :o t t w / j i o p e l l e r  it is cal led t h e

c b a r a c t e r i : t i c  ot t h e  m o d e / c o n d i t i o n s  of r o t o r .

k
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Page 33— .

A t r an s i t i o n  t o  t h i s  ! . t n O I  f r o : !  t h e  m o t t t od  or t r i C v F i ir ~~~: - i :  I

available powers : ‘ ir  I e ctr n o r  on ’-, ot ter exoressun r~ l u  1 :0 1  0

a V a i l a b  i c  p o w e l s  n y  t h e  t o t  s i o r o l  m o m e n t  i n  a c c or d a n c~ w i t h f o r  r i ]  I s

N,= ~~~~~~ (19. 7)

~~~~~~~~~~ (19. 8)

wh er e th e M~ .m and t he Me., a r e  r e g u i r e l  a r i a  h a d  ‘ - h e  t it  s l O r :  1

momen ts; u — t he  ~ r~g u l a r  rate of r u t i t i ~~n o h s c r ew / p r o : ; ’l l . ’r.

The t o r s i on al  n o m e n ’ -  a of ~~~~ and ~~~~ can t ie  r v - s e n t .

th e f o r m
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~~~~ ~~~~~~~~~~~ 
Q (utR)2 I?,

R 2  (19. 9)
~~~~~~~~~~~~ 

Q(; )

wher e the ~~~~ — the c oe t t ic i c’r t  of t h e  r e lu i r e d  t o t si o n~~l r on i c ’n ’- ;

— t h e  c o e f f ic i e n t  ot t h ~ a va i l a b le  torsional m om ent; R — a

radius of rotor ; a — solidity/loading factor , equal to t h e  ra tio of

the t Ot c i l ar ea of the ulade/v~~nes of rotor- in plan /layout t o  t h e

area, swept b y rotor.

Af ter the 3tibstitut ion of th* values of ~~~~ and ~~~~ i~ .

the form (19.7) into fo rru1o ~ (19~ 9) a nt  (11 .8), expr ession:; b r

torque ra tios they are obtained in the following form :
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/DS9

N
~~~~~~~ ~ (:.~R) 3 (19. 10)

anR2

mK~ P= 
q 2 R)3 (19. 11)

t h e  e x a m u n e u  m o t h o l c a n  L~ u ij i z e t  f o r  t h e  c - i l c u l i t i o n  a t  ‘-h e -

aerod y r . a m i c  he l. i :o ; t er  c h a r a :t n i r ;t i C s  r io t  o n l y  s in  ; L ’— r o t o I T  les i

but d 150 ot he r di~~gr a m t ; .

19.~~. R e q u i r e d  ~ nd the  a v a i l a b l e  p o w€ r s  of h e l i c o p t e r .
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Require d power.

Required powe r lur u n q level fiig ht , ~~~
- n o t e d  in  t h e

preceding/previou s p i r - i ~~r a p h . i t  is  c o m p )  -~~ i of t P ’ pow ~r ~~~~~~~~ i t  r ‘i n

the rotation/re volution of rotor ~ui  on th e overco ri ’~ of  r~~ : ~~~j ‘- .‘

drag. Let us exam ine in  more de tail etc h of them.

Page U t .

Power , spent on the rotation/revolution of rotor.

This power con sis ts  of the in duct ive power , spent on niod ucin

induc ed ve locity, and consc-quently , propellt~r thr ust, m l  profi l’

power . Accor ding to the theory of idea l screw/propeller 1 , i n d u ct i v e

power is expresse d by rela ’-ionship

N,~~ Tv1, (19 . 12)

where  T — roto r t h r u s t ;  - Vi a r e  t h e  i n d u c e d v e l o c i t y  i n  t h e  p l a t e  of

the rotasion/re volution of sciew/propeller.
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FOOTNOT F ~~. A. N. “ k h it a r y -i n.  A t r - : Y r i i r n i c s , c- r I a b t ’o ~~‘- r . “ X V I .  ti ,

“mach i re— b ui  lii ni ” . F N D H f l T N O t  F .

Du r i : tue let erm inat ion ot r ot o r  t h~~ust , we ut ili - ci ’ m

f r o m  t i e  t h e o t y  -at r iea  1 sc r e h / p r o t i .  1]~ e x p r  155101:

T~~ rnv,, ( 19. 13)

wher e ri — tu e m iss ii si ;h the sci- t-’w/proi el len c~~ si r  t i ki r~ r t l ace;

v 2 is • n~- jnluc€ -l velocit y ~t ter screw/propeller , con ri~~cte I w i t h t

induced ve lo i y in the plane ’ of rotution /revo lution with ‘-he

relationshi p of D2—2V~.

W h i l e  h o v e r i n g ,  t h e  t o r w a r d  v~’loc i ty  of h e l i c o p t e r  is e l l a l  ~~
zero ari d the  nia ss t h r o u  ;h ‘-h e  ro tor of - m i r  t a k i n g  pla~~ d ? p e n d s o n l y

on induce d  v e l o c i ty ,  bu t  the thrust/rod ot helicopter is e ~u a l  t o i t s

weight. Thu s

T qFv,2v,~~ 2tjFv~~~G, (19. 14)

where F w R Z  — tne ir.’ m , .;wept by rotor (R — a r ad ius  of

sc rew/ p r op e l ler ) ,
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wh e n c e

I G
V,

~~~~~ V i~1 (19. 15)

A t t e r ~ h ’~ su b s t i t i j on of t h ~ v i l u e  of 
~~~~ i n t o  f o r ~u - i ia

(19.12) we of t or n

~ r —T i  /_i~
_ 

— ci ‘ (19. 16)A j j
~~ V 2QF V 2QP -

$ur i n q  t h ~ f o r w a r d  m o t i o n  of h e l i c o p t e r  (F ig . 1-) . 2) t h e y  i ccopt , 
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t h a t  t h e  m i s s  t h r o u  ;h t he S CL  ‘~~/ p r o p 4 1 l 1~~r of -sir  ~ -i k i n  ~ p la ce  x~

d e t e r  m j n ~ - 1  b Y t h e  I i l l  sp o th  of r au t  ion V~ wh ich i:; a - l u-i l t i  t n .

vector ;u~ a r w a r  1/pro Jres ;~~v~- ny ~ a n i  of  t h e  induct ive u1 o t

spec d s.
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P a~j e 3 3 7 .

F i g .  1~~• 2.  D i t j r ~~u of t h e  i n l e u k a c ; e of f l o w  t o  t o t a l  l u ~- i r.

f o r w a r d  mo t iou of l ie l  i c o p t e r .

Fr ’~. 1~1. 3. De p o n 1 - ~nce  a t  i n d u c t  i v ’  p o v t - r  on i p e e d  a n - h  I i i  t t

a l t  i t  ud~~.

K eY :  (1) . .  ~~~~~~~ (2 ) . Y , rn/s.
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In t f l i s  C i : t l  a t e x p ~~~- a ; l r1 t ot  ‘he U 0 01 t~~~: - t . ; ~ ~ r . i  i n l i c e ~ v~~l ’ ’i y ,

~~~~~~ t h O  • o r m  h i n ; ” I f

T QFV 12v1,
r (19. 17)

v
’~~~—,

2Q F~’I

wh ere

______________—— (19. 18)
V 1=1 (V s i i 1 Q - ~--V ,) t + ( V C O S U ) .

S.~ib stitutir . h o~-t a~~e 1 v a l  t ies ot i n h i c e d  vo1- ) c i~~y i n  ‘

( 1 9 . 12 )  a n - i  t i i : 1r, i n t o  i c c o u r i t  t h a t  a t  low a n j l e s ~ j t ?  s:~

rotor t h r i t :  t 1,  ~: i i k  ‘ O  1 i  w ’  ig h ’ , W~~ i i l l )~~ ‘- t i n  CX L ? s s 1 - n  ~ or

de te r  m i t i n - ;  tho iti d ju i v”  ow ’ r of h ‘L i c o p t ~ r ( l u r i n g  f - r w j r d  ~ i o n

in t h e  f o i w
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19 19‘2QFV 1 2t Ft ’, -

from or m u l a  ( 1 - ~. 1 
~) 

i t  I ollows t h a t  in f l i -j h t  ~t t h e  ~~ t - m i

h e i g h t/ a l t i t ud e  w i t h  - i r i  i n c r ea se  in  f o r w i r d  v s l o c i t y  V in t i c ’ i V

power  decr ~-i scs  ( F i-i . 1’i . f l  . T h i c  I:; exnlui!io t i:y ‘ - h I  t t - : t  ‘ n-i ’- ~- i ~~ h

T~~~~~G [ see ( 1~ . 11)  ] w i t h  a t .  ~~ I l C L O r t 5 e  i n  v e i c c it y V 1 t h~~ i i i 1 j c - ’~~

v e l o c i t y  - f  y J : J J i t  d ecr ”t ; ’-’s ar  1 , t herefore , d~~~r~ as~~
; i n  d U ct

Spo w er.

t ag  f o r m u l a s  ( i i .  1~~) -t r id  (19 .  19) f or  l e t e r m i n  i ng  N f a r e  t h ’r i v e d  ~~
the  b a s i s  of t h e  t L e a r y  o~ i i c a l  S c r e w / p r o o 1  i cr  w h i c h  is c o r ; t  m c ’

under  t~ 1p ~iss u w p t  l o t .  ~ ~~i t  h e v l u . ’j t .y of in c  id ’~n t  f l a w  t n 1  in  ~‘~c- ~~
v e l o c i t y  in  t h .~ e n t  ir e  S~~ Pt ar ’ ’o  a t  screw/pr i~- ’-’ll~ r i t : - ’ i i~’nt  i c a l .
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ii:  ~ c t u a  l i t  -y, 1..’ ri -  i ’ice~: v e t  to t 

,
‘ a i o n  :~l t  - 1 ’/ v a  ~ 

r- 
~ s

d i st r i ,  -i ’ ’: u i i e v . n l v  and i t : ;  t b ~ ‘ ì X i m ’ l n  v J i u ’’ w i t ! -  r / ~ J r  ( t o t e

r is ~ ra d j i l S  ) t t h -  c: :15 ~ j ar  i t ;  (
~~i’ -~~~ ~afl ) — I i .  con r - ’  -: s -

~ i

t h i s  i:-  i t  . i  11 t a  ;t~ )~~ II no I o ~ , i t  l ot  jV c ’ J~~~~CL I 11( 1 e 1~~;

Pa j e  H .

Th ”  irt:rc at ’~-l n ouuni~~aL rn i ty o~ j r t d u c a t _ v e lac ity  dist r l - tt it ion t -, i :; t ~ c-

gr e at ,~r t  v a lu e S  ~ h j ie h J v e r j r d  - m d  decreases  w i t h an  j n c r~~ i - ’ I h c—

t o r w a r d  v e l o c i t y .

T h u s , in  t e a l r o t o r  on pr o d u c i n t ;  i n i u c e l  v elo c i t i- - ’s is  sr ~- r t

la r~~c power , t h a n  t h i s  t o l l  cur ; I ro t a r h  € t h e o r y of i d ea l

screw /propelleL , - a n t  t h e r e f o r ’ -  i n t o  f o r m u l a s  ( 1~~. 16) - in ~ ( 1 9 .1~ i) i re

i n t r o d u c e d  the c~~rr e :t ions t a y  i i  1 i nt o  1(20 01111 t w h i c h  ‘- h a  i t i t  U -~~ L V t ’

power w h i l ~. h o v e r i n g  - m i  - l u r i n g  f o r w a r d  m o t i o n  is I e t P r ~~i n t - ’ i  f r o m

f o rm u l a s

N, =~~ o ~~~ 
, 19. 20)

( 19. 2 1 )
2QF V1
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w h e r e  t h e  ~;‘ is C ot  T a t j a r ,  f a c t o r  to t h e  n o n u n i f o r m i t y  o~ it ’ d i o-d

ve loc i t  i C i , depen~~ i n  or ;  t h  r a t io  of ci r a  l iu s  of t h e  n o n w e l  k i  n . j  a r t

of scr~- u / p r o p e l l e r  r0 tO it:; r a d i u s  R a n t  at  t L i ~ c ha r ac t e r  a t

indUced—Ve1oc~ ty - j i nt ri lu ti on accord irto t o  i r a d i u s  of

scr ew/pr  ope 11cr.

For h e l i c o p t e r  : : ( 2 t t — w / p r o p e l l e r s  w h i l e  h o v er in ~ w i t h  r 0/P

0— 0 . 2 5  c o i t o c t~~on t~ m c ’- o rs  can  L e  t a k e n  as 1 .2 — 1 . 3 ;  W i t ~~ - a n  i n c r e a m - ~-

in t o r w a t  I v o l o ci t  y V . c oe f f i c i e n t  of 
~~
, Je c r ea s ’s a l ; o  W i ~ 1

t h e  ( ;n ’,t f ) . c iu ’n t  of

Besii~~s t h e  n o n u r ~ i f o t w i t y  of i i duce~ vol ocit  j e:; t h e  i n I U O t i v i
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c a rr i er  o u t p u t  r ; : t e ~~/ p L , ; e 1 I c z  , c i t  ~ et t i e ’  t i p  losseJ , t u : . ” 1  l y  +

ove r f l o w~ r -j  of mc’ arr tl i i n i - j h  t~~~~~~ i r Q  t k i °  r o o t s  of ~ h e  ? u 1 a d ~~/ v a ne s

out o f  h i l h — p r ’ ’ s s i L i ’ i t ’ - :  ~- a i  h 1 y ;cr -’w / p r a p ’ l l o r  ~ i :  ~a

r u duced  L i S s U r e s  a b o y . -  + .c; • -w / p t :o p e l l - t  . Th i:~ a v - ’r f L o w  11 w h o : ; ’ -

i n t e n s i t y  di-’;enus an or o;.•; 1 r  • t i  u r t  , ~n ci + - d se S  t h. i n  I U C ’ -  i V ~~~

c ar r ie r OU t p u t  Sc r ew / i  r on e l  let  dp ~~r o X i ~~at  .‘l y t o  —
~~~~~ j /D .

F r o m  ~o m a u l - m s ( 1 4 .~ . I)) - t t d  ( 1Q .21 )  j t  f O 1 l ( ) W ~T t~~1’- 
~~~~~~

‘ h ~i

incr ease  in  ~t 1t i t ’i d + ’  ~~1 t j i J ; i t  t h ~ I f l s U ( ’ t  ly e  powe r ~r o w / r i  ses i t-; -t

r e s u l t  of -i d O C L t ~~~~ a I n  ‘ a -  air d e r : s i ’ y (so . ’ F i j .  i L i )

D u r i n g  ta~ ie ie rm m t  lO f l  01 t I .~ p r o f i  i ~~
- p o w ’ r , sper i ~ ‘i:

overcorrjn~ at t h ~ j r o t i l c -  d r a y  of t h e  ilade/vare :; at h •li~~-o~ ‘r i t

d i f f e r e n t  t l i -j h t  c o a l i t i o n s , i l i s t  i s  t -x cim in ed the pr o fil e p- ..-’r 01

the  b la b ‘ - ~~~ nt  a t  r o t o r, a n d  t h e n  t h e  oi~t - u i n e d  va lur ’  f .‘la~~r’ r t  U i  y

powe r i s i r t i ’  Jrate (1 ny t I e  c i r c a  of - i l l  p r o p € l l e r  h i a  f e - i .

W h i l e  h o v e r i n g ,  t h ~ - el~ - m e n t a r y  p r o f j l t .  p o w ~’r i ;  L~t or i~ n o t

the  f O l l o w ; r i q :o r w : i L-m , i~~~d i ! i E ( i  i i  t h e ‘h e o r y  of t h e

i s ola t e d/ i ns ul a t e : i  nr i n ~ - 1 1 r t  elem e nt :
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dN~~~dQU~~c, ~,bdr ~A~!2~ wr, (19. 22)

where dç~ m is ~i - r .  r m i ; t + ’- 1 1 + -  f a r t . -  of the ; - [ ‘ ) t l i ’  ‘ I - i l  i t  h I m  i .

e l e m e nt  ~ i • ; a v i  I + P -
~t -

-1 r i i  - ]  7 c h a t  d o F i i s  t ‘ er ii

~ e r m ~ ’r e - i i S~~1-- - 1  0 1 C el l / ~~lt’r ~~T ’ - , — ( ‘ l a l t o  i - n c  ~ T - ~~:u ~~t ~

r a t e  ci r o t a t i o n  -~~ ‘-0  m r ’ : i i u ~ e ‘-h e  : a;~ - t t  Ci ’O: - (2 , C~~,p —

t he  C()~-~~t 1( l+ fl ’- of ; i L i 1 + -  l L a ’j  at  t f~~~ chosen tel 1 / - i  ‘- ‘n

Page fl ’.

The t o :  i l e  :;ouor t a l l  L l a d ~~-/ v a r . o s  u n d e r  t h o  assump tion s th a t

the b 1ade/vin~~5 - l i e  r - -- c t a a j u l m i  a n t  t h c  b l i i c t  1 - t o t i l . ~ d r a g

c o e t f i cm .n t  in t h e  f i r st  a p U r o x i ’r - l t l o T . , i t  r .; uet e rui n el by i’-s

ave ra j v i i j + ’  of (cZlip~~ const), w i l l  be e i i a l  t o

N,,~ _ k5c.r.~bdr ~-~~!.=kC21~b . !.. - c2 .~b/~ (.R)’. (19. 23)
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w h e r e  k ~~ t a o  a m o u n  ot  L l a t . : / v c i n t - s ;  1 .  — t h e  ar e - i  1 i~~ I. — / vcitc :r.

pi~~n / 1 ay o u - - .

For t I a r a  z o i l  i i  i t .  t h e  i l - i r :/ l~~y o u t  h i aj e  ‘ - h e  ch -~:j  1 n 1  ~p .

avera le v a l u e  01 th e c )et t ici. rt  of ~~~ U s u a l l y  a r r ’  e x p -s~~e is

t he i r  v a l u e 5 f o r  the Cro :-..~. sect l o t , irr an ge/locuted - i t  i l i s t  -
~ t o ’

0.7R from screw axis.

From torm u li ( ~~i . 2 1) i t  I c - I  ~o w t ;  t h a t  tie valu e of 1)rof; 1- - tow eL

depen di ot i  t h e  s i z e / - l i m ~~i :oic n: : at  b la a i / v a n . s , a n - i t i l a  t v - ~ l at- i t  y e ’

theji rot atjon /r .volut rorm ar : ; t~~o ’ f t i ~~ ip f lt  Of  n i O f j J t .  i r i l .  i t t  t u m p ,.

the Value Of cOett l o t  it t at p L o t  Uc I r a  I~ ’ p o f l J S  on ~e n u n  N t , a t .  t he

f o r m  of a i l f o i l / p r o t i l e , ~u a u i t y  of f i n i s h  s ur f a c e  a n t  on b t - i -3 .’ a r t l a

ot at t a c k.  W i t h  m n  l f l C t c i ; e  ii .  t h +  a n g l e  of c i t t a c t~, t h e  c o e f f j - I - ’r .

of p r o f i l e  d r a - 1  is  f a r  1 w i n g ,  l n( -r e a s e s  is i r e su l t  of s ? p i r t t  i o n  - -if
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‘

f l o w  t r e a t  t t i ’ -  ‘ P k - ” ’L  , u i - t 1 0 -  )t t i t  • . ‘ / v m ’ : .. _ f ae  a v ’ ’r a  ~~
- ‘ v i l t . -  of

cs-,,,, ~ - ‘ 1 .  ~ ‘h e  v i i i  01 cu.-. t ~~~~~ t i ’ O f  ,) r ( ’ i i i e  i r i  o t - l j  it  ~~t . -

quite t i L : ; t  a p t  r ’ X ; t t - t ion , s i r . - ’  i ’  l a . ; r a t  t o n s i f ’-~r t - h a  ‘ f l e - ’ -  o f

s e l a r a t  t a r :  a t  t 1 - ) ~ f:o:a ‘h ’ suit t : ~ of  a l t  f t/ v a t ;e , c 1 I ; c  1 Pi

back f low , t a d  , t ; er  - i s t  us .

‘r i~ - ;re n t ~y t a t  ~ 1 ) t l  1’ ~ O v ~4 L  is e x p r - t ~~se i  as t L

sol i i  i t  v/  ) a  i t  f ac t - . I f  + - x p r ’ - ’s ; i on  (1 ~~. 23 ) is ~~Il~ i i L i  — 1  --t n d  i s

d i V i d e :  or  w F ~~, t a e r :

V~,= ÷ e~ ~,bI-? 21R2 
Q(Ui/~~~=

Cx IIP 
~FQ(.IR)~, 

(19. 24)

where t r i ~ ~~~~~ ±±!. _ .. .. — s o l i r i t v / l o m  i i i  t t c t . o :  ; F = ~~~f 2  — r i . ~ a ’ - ’~~,,R ~ nR
swep t s p ir a l l y .

r h ’  c a n - i  j t ion s of L o r w a r k  m o t i o n  w re- n t h — ~ cor  ;t i~ ut  m y

fo rwar d Y~ locit  y a f V~ is pre~ er.  t , (see F i l . 1’) . 2) p r o f i  1. p o w . - r

can be a e t + - r m l r , i b y  foratu l.i
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N •,~~ N1,, ( 1 + 4,65V ), ‘19. 25)

wher e ‘-he ‘,,
~~~
,,,, 

— p r o t i l e  ~- o w . - t  wi j i 1~ h o v e r i n g ,

t7 t’~ ____ — rct lcttive ye] ecu- y.I ‘..R

I
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1 1

~~~~~0 i0 20 30 •U V u/ce,
‘
- ‘i

7iy. 1-i .ri. D e p e n I . n c t - ’ ~ f A, ,, N,,, N,,, v, a n d  •v, on v ’loci y w i ’ h

Key:  (1) . c a. (2) .  V . rn/s.
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A t  ‘i ~~ low Jj 5 ( 2  ~~f 1C U i t ’ l :(2 t 5 V cu: ; ,,~ V .

Fron t  l o r a t u l i  ( 1 - ~. !5) i t  f o l l o w s  t~ it  i i i  ia c~~oasc- i n  t P. ’ L a ;  ..fl

v e l oc i ty  t a r o t y . ;ho-d ;; u p  in ci c h a n  j~ i t  t h e  p r o f i l e  p ) d ~’1. ~~~~~~~ i t  -I ’

t he  m a x i m u m  spe.- -d of + t i e  m o t i O n  of hel i copt ci v a l u e  ~ ~~~~~ ‘) . 25 , t h e n

prot  i Ic p o w er  i as r e ases h v 280/0 ( F i g .  V). L 4)

A l t i t u d e  ? f f e c t  or ;  p r o f i l e  p o w e r  is  c isy  t o  t L a c ~ ac~~o r l i n q  t o

f o rm u l a s  ( 19 .~~3) - i i i  ( 1~~.2 4 )  • f L O U r  w h i c h  i~ f o l l o w s  t h a t  a l e - i t  o th e r

equal  C o a l i t i On s  n o t  a l l o w i n g  f o r  c ot n p r e s s i ~~i l i ty  th - -~ p o w r ’r  of N0~
wi t h h e ig h t / a l t i t u de  ~~c reases.

Power , o p — i t  ox .  t h e  o v e r c o m m n . ;  of t n c ’  t~~U 1j t -~ d r a g  at  aol  io ot:’er

TN-  NbC ti f U I  ~~)~~e r i f  t lie N,~, . re T u i r e l  f o r  t h e  o v t r c o t n i : at

the  re s i s t m n c e  of I ls, I i - j e , chass is /lanh in-i gear , th~ tail l oom itm l

ot her ir t s  of t h ~ ;~~ l icopt ’- ’ r ( w i t h  t h c  e x c e p ti on  of r : t  o r )  in ~i i~~ht

at spee d c f ‘i, i’- can I.e det- .:.i atinea by f o r  m u l a

N,~~X., V. (19. 26)
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~ 
ub s t  i t u t i nj  t h e  v a l e- ot X.p trcm expel ime r,t ii r ai~~aarn ic:;

and cor Vertir. -~ ex p t e 5ai on , w~ - O t t i j T ~.

N.p=Cr.,F J~~ V ~~c1~,F ~~~~~~~~~ (19. 27)

whet s V~

Her e c,,~ t r e  t h ,- - t otal coetti cient of t h e  par ~~~
- i ’c  I r a - ,  ot

the ce11/ele~~e~~ts o t  h . ’] i c op t e r  po inted out above , 4~~t i~ r m i r , e i  i n

f o r m u l a  e1,~~~~~~~1~~1
1 w h e r e  t h e  c~ a n d  S1 are d i i j
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“It,

coe ttm: - ic r, ’:-, i t t  t h o  s t ,d L t ct e ~~~~~i : t 1 C  - t r e t - ; - ) f  ~ h~’ c e l l / c l e m er ’s  it

qu est 101-1 ~ i .~ o~ -~~ct r v . 1 /  f o r  a t U s e l d  ~~~‘ — t h e  I r .-’a of ,i~ x i m ; i cr a s s

sec t j a r: , f o r a t . m  i i  s o e m  — t h e -  ~ai  : -; t e n c  I s ur t ac e , ~.t

From I r m u l a  ( 1~~. 2 / )  it io~ lo~ s t h a t  t o ’  k a r a t f u l  ~ ~~~ r is

p r o p o rt i o na l  t a  t s e  c u b e  of thc f o r w a r a  v e l o c it y  of i; -j t i o r .  ( a - - a F l - ; .

19.4)  a n d  t h a t  t h e  N., decrea ses wit h  in increase in u t  i l - r i o

Page ~+ 1 .

Tao cur ve/gL~1j :, a t  1 c h a r ;.-’ i i i  t h a  i ’  j i 1~~ L a ~ ~ ow~~r f h .•~ ~~O O t) ~~~ .- E

and  i t s  c or , a t  i t u t i n  { i i ,  ‘r c t j v ~- ( 19 .21)  , r~~~ j f  u p  ( 1 - i . 25 )  r - w - ’i :- and

power of p a r a  s~ t ’  ra i (19. / I )  ~~ a-nd 1 a )n  t ~ 1 1 h s  
~~;.  I r - ; y e- r

in Fig .  19. 4 .

A v a i l a l l ”  power.

Uy t a~-~ av ail~ ble pe~ eL of h’~’licorter r o t o r , io u n i i ’r s ’ a a .~ t i - f .

powe r , a pp l ied to t I - -’ oh -i ft of rotor- from ‘-‘a l i r e  p i d a t  i n  I
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On t t , e r - t . t i ,  ‘t ~~V l i . t  t O :  ~ L i a C , .  T~ a v u i l , f l~l .  ;~~~i ’r  a :  ‘ ti ~~ r e ’ - ’

of N, m~. lc-~,o ’ na;. ‘r i .- e~~t . c ’ i v e - s~~d 1 ’  ~~~_ o i - w - . )~ ~h ’ on ;jt ;p

t he N,:

~‘,=V ~_ (v,. -f. ,V .-~_
~— . ,~~-4- -V~~--~-- V~ j , (19. 28)

where  ‘ h -  N ,,. N 7~, N 0,~ , N,~ , N a., a t . -- th~-- pi -’ w-- -r0 , ~
- j e n ’ r - ’~~~ ‘~i v e l v  “:.

t h e  s - ~~- t ion  of a i r , or  f ri c t i or  i n  t r a r  : : m i ~~ si o n o , Ot ‘;~~~in e  C J - ) i

on imf f .-~:e ;i ou iv ~~- 1:. : or .  ~ ‘ e  ~~~ m t l o : / r 4  v a l u t j o n  of ‘- ~il ~-~~oL
- i n

t he  h ”li o~’’ ’ts - i r  . i i  J i e — r a m - o r  i~ - s m  ~n .  U i  a ow ’ ’~ 1o~~se-  et ; r :- e r ~~~o t

abov e  can be c u n s j 1 c L - ~ I ~~:~~ ri ‘ h.  a i l  ot  ‘ - h ’  c o et u i c i e a ’ of  t : i o  ‘is~ L

a pow er ~. ‘ - b e n i - i l m i l a  ( 1g _ 2 5 )  w i l l  t a k e  f a r m

(19. 29)



i i  ~ ~~ 
j~ /Ot~

‘T i .  C ) ~~~~L : s l e;  _) ~ ‘h ’- us~ of - m  ~~~~~ of . l g i ; ; . r ’~

to r e s en t  1;: ~~r o  ~~~~~~~~ -‘: 01 1 ; ~ r i - i t n e . - ’ o r .  t~~~~~ . C - ) ’ - f f  j 5 i - ’l i ~~ ) t  1 . . ::.’:

(19. 30)

~~ i l ’ ’L  4’ ~~~~~~ .p 4 ‘ Ll+’ t ,p 1j , N .

J’h . - t V 4 ’ t c i J~-’ V t I  i - ’ et  t h e  at f t  i i t r : t  -~~~~ t h e -  U : ’  of I : -

e 4 u d u l y  ~o ~ = ~~. 7 5 — J . ’~0 i 0 d , ‘- ai-~ 
(~ o~) ’) 1i t i n g ly ,  I t . a vr .L 1~~~:~ v a l - s -  of

the c oe t t  r - i en ’ t 0 10SS~~5 of ~~=O .25c--O ,2O. A v e r a ; e  V a l u e s  a~ ‘- h .

loss f ci .-; t )r : ;  t t i . -  t - e l l a  ~n -
~ ~.,.=o02 , ~ ,— o ,o7, ~~~=O,O5, ~~ =0,O1 , ~ , ~~~~~~~

The u f l O~~t: t  a t  . . - f l t~~~t j  i i  e x ; r ’  s - u  on f t  t t e t e ra t i n  i ng  ~~

c o e f f i e i . - r : ’s a n d  t h . - - i r  v a 1 u t . -~ u t ~p~ r : 1  a; r h o  d i a g r a m  of h e l  i:- -j~ o x .  -~
an e x a ~~p le i ’- is p a -  0 i b l c  to ,:vo tI:~ v a l u e s  of t h e  l o s - a  r e :t :s fo :

,4f . - -
~~~

the h a l  i ; : -~~ N—i i’-t-,-- --’ , I 0; -~ 1~~l 1°

~a~~ 0,O21 , ~ p O.O3. ~~~~~~~~ ~~ ‘~O,O l ;  
~~ 

dep~-n 1s on I l i g h t  s n ’ - 1 :  ~ i~ ~- V

0 ~~~~~~~~~ d i t h V 2 7 0  k m / h  a i d  ~~~~~~~~~ w i t h  V ‘~~O ~i/ h  of
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~. ,— 0 .05.

T he V ilue at t ne .-~ t~~~i r i ~ ou~~ p r t of N, - I e p € r i d s  -on I ~~

p o w e r  r a t  I n  ~, in  -re  i ; ht / a  It  i t u - l e  u t - i  f I i j h t  sp e~ :t .  A ~ 1 t i n  a

~~~~~~~~~~~~~~~~~~~~ a t t - - c ~~ive  r o w e r  the  e x . J i n e s , ‘~;t ab l i sh u I / i n s ~~c i u l o u  or

a i r c ra t t , t s ~~ p o w e r  o l t h e  N, of t r i e  -~; ; ;~~ u -~s of h e l i cop t e r s  is

deter min e ; f r o m  t h e  a l t  i t  u~~ - — s 1 t ~’~ encJ i ~e cha L- a c t e ri ;t i c s . T he

general vi ew of tho i e p ~~r - i er . c~ of a va i l ab l e  power on 1. l i -~ h~ soeed fn r

the fix .: t h-~i-;ht/a ltit ’i 1e is shown in Fig. 1~~.I4. Piqur e 19.5 shows

the reo uire t and u va i1~~Ld~-- powers of t h e  f 1 ig h~ of h~~l i~~o pt ~~: ~*j i  P

sea—level ~ ;1~~ine: ; i t  d i f f er e n t  l~~’i -j h t / a l t i tu c L ~s (av-u il ~ ble pow L s

w i t h  an inc r ease  in i l~ it  o I c (It u r e a s e)
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N= C-

750 __~~ - 
.c~

lx’ V .0 V11_~,SO Vu/cnt~

Fig .  19. 5. D e p e n i e n c o  of t h e  r e q u i re 1  and  a v u  i l a b l . -’ p O - ~- . L - ;  on o’ - -~

f o r  d 1 f f E ~t a n t  f l i j h t  altitu des.

K e y :  ( 1 )  . k W.  ( 2 ) . V 1 a/ s .
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oh , l : r r- i ~- v o Va  ~ I r e - - . - j  r i r e 1 m a a v i i1~ i 1 -. a s ii -~ ~‘~ t

P o- i h l . -  ‘ o e~~i:’~~ne t~ I .  - m s i t ;  I l r - ’h ’  a u n l j t l ’ , n F  i f  ~r ’ i j t o . ’- . - - t o ~ ‘a

l et .  r a i~~n o i~~~ - f li ~ ..,~~ t m I  j~~ t n i i - t i c a ~.

19. ~~. : i - ~~l 1 ’ a~~t r  t ’r i r  l ( ’ t ’ L L : - . ’- ICS 111 t U - ’ : r O v e r i r g ~ ~~r d  v — ;  r i ’ - J

ci iau l-

W a i l e  h o v - ~r i n ~~, 1 . ’ ; - m~~trfuj oow .--’r of i ; - ’lj c o ~ t ’’i  1~~ ~ J U a 1  t o  Z

a n d  r~’ ; u i r - I ~ow~~: cimiose l of i n d u c ’ - i v e  ~ n d ? r o f i l e.  B y  ta k i r  -~
in to a c c o u n t  U: ’- V ala - ’ of N~a~p (19 .~~O) m l -  o f  ~~~~~ ( 1~~. .04)

let  us w r i t e  ‘ - q r e s s i - n  f o r  a r e q u i r e d  p o w e r  at  t h e  h~~i -j h t  j i l t e r  os ’

fro ax zer o :

H == N,,,~,
.J__ + !fj !_ ~~~~ (wJ?)~. ( 19.31 )

where the N1 ~~ ar ~~ i n - I  ict ly e  po w ’- r w h j Ia hover  ing of t- l.a ~- mr

A-f . 
-
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Si : -  .~ i t ., h a i ; ; r ’/ i l t i- t l s  ; e t ’ ; ir~ - - - i  p

~~ 
- -  i - -~~. m •  ~, i n :

- l y d l i  i N ’  - t . - - L . - i - - eJ , ‘ he r .  j a  a c ’’i 1n~~ , c-~~ 1 . - r  th° -;r 1 i- j~~ r - ’i 1~~: ;  of

h e l~~ : ‘ : -~ ~ :, 1 2 i  i -  a~~t i u e d  t h e  h o-i .- : in ,. A t  r h ,  a - ~ i i h t / i l ’ : ’ r r ! . -

o f st m ’ L - - - ‘ i l ir . ; L — ; r l ; , - i  a n d  t h e  I v - i j l a h i . - t  ~e * r  - ;  i r - —  ~ -~~i . r t .

T h.-- p : xiii- it  y et  t - ~~~~‘ - )  I h e  L t I v~ r V a t ct~ - :1 y sh ~ a u ~ i t  t i.e

thrust 1 v’’ls ii1 d t . ~~~u i r ~ ’ - i ~-O , * 1 -.~~ 51 -’ j L  t~~~r- - -~~~t h  t i :ci j : 1u ~~~~a

Velocity, cr~ ’~~N -’t  l v r i t o; , i ’ ’C - m : ; . - o a :;  a :o~~u l~ of t a o  b r - i ~~i t

e f fec t of t h e  ~;a r t t . .  A - S c : . ‘ . m : , .- ii- r h . in -tuca d V’ locit y :~f

lea h; t - -~ I n  : 5 : 1 - - I s a  i t :  t - h .  ~~r ; e  - m r: g 1~~ - or i~~~~ t c t  i t

cross Sect i on s  ( F L  N 1 1 .t . ) .  :~ - a p e - ’ - i v ’ - i y  c h a r  i ’  t he  v a l - i r ~ rr i ‘h

lirec tior . at  t a r  a cr e  i y r . t n 1 ~ f o re ’-  P. I n  . . i : : i t a t  ion , n e - i ;: t n .  E. a :  ‘P

in c r ea ~-es  ‘ - h e  t ar  u s t / t  o und e r al~ w;t con-at- -itit /inva nim bi ? L ’ - S i  a ’ j  a - :

force to r o t a t i O n / i  ‘ - v o l  I I  I O f l  ( C o ns t a n t  re~~ -r i r e d  p o we r ) .  r h ’ r  ~~t o z . - , f

av a i l akd e t ower  I : ;  e - ) n s t d r m t , t h en ~ i t h  a~~- L a d  i / - ; r - o x~~ rl -l t ~ - n  ‘0) ‘ - h e

e a r t h / g r o u n l  p r o l - o l l . - r  t l , ~~ ij st  i r - c x ~~- -m sc’~ . ‘ i i t j~ w ‘ a r ’ ;~ ‘r v e  ‘ - - ,~~~

t h r u s t / L o t  of : ; o r r - t  i n ’ , ‘ - h~~ n l i a r  ‘- o t~- - . u  I ~ct  o~ t i - ~ ~~-~ r t ii

r eqUi r ~- .1 t - ) ~~°t .
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Fi g. 19 .6 .  P i o x  ~ur it  ~ f f e c t  of t h e  - -i r t  it on  a r i g  le of it  i c k  ti :  1 he

r e s u l t a n ’-  of L i i  Ic  ele in - lI t ( i n d e X  “ 2 ”  — t a k i n  i n t o  Icc -em t o ’

p r o x i m i t y  e f f e c t a t t h a  F i r ’ - l ) .

K e y :  ( 1 ) .  P r o p e l l ’- ’ r a x i s .

(
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F if l .  1 - ~. 7. T i e  pi  x I : : r ’ y t • t t ~~c t  ot  t uic h - m r f I t  on  t i c a ; t / r - m l  I n :

c a tr i ~’ - ) t m t p U ’  ~; r P d / ~~n o i .~i l e L  (P - m n - i  : a r ~ - m t h y  ‘i s t/ r o l  a n l  p~~w e~

t~~~i t j ~~ I j r - t o a c c o U n t  ‘ ho pr o xi mi ty ~~ feet of t t: t  LI I rot ; P , a n - I  N.,

— t h r u :  ~ / : ol t s ; i  po~~eL no t  a l l o w i :  f o r  ‘ l t ~’ p r o x i m i t y  o f t a ’ 0 t h e

Earth; h/~ i t ;  t L r - l  i v C  t i s t ar e , - .- ot  : o t-a r f r o m  t h e  h - i r ’ h )

‘
~~~

-
~~~~ 

_ _

_
0 0.4 0$ ii l.~ 2.0 2.4 

~
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A u ’-i~i .-a ~- - —  a r m  t .~ — - ~~~
.‘ j ;~~~~

.-  - n o - . .- :  ~ i t h  co n a ’ lim t o r ) p : ’ 1 L~~L rh: ’

OCCU r i a : - ‘ -; a 1 t o t  -i cc ~ e , m  . - I ii t ~ - : ri m~ t j ye i i -w j  ‘- ~ -~

lecre 1.~~- i t  n~ a ~ a : ~ 1 V ’~ I OC IJ • rae p h y s~ c-i I p; (:~ m r -~ f a

prox i ri ;  t y ot f - ‘ct a f he a i t  a I; ( 10 1 I 1 1 0 . 1  1 1- - b c  I ~ V t r o~ or 1 :;

Si Ti 1 i i  t - )  h o  ~-‘t f ect - )  I t im . E d  L t i .  on - i o - w  11W Li  a and :: ~~; o~~~~t i v ’ ]  y —

the i n - ’- :J C T l V O  ~ ‘ ? I C t t; cI ’  t I  , lr ;. T h e  l U a r t it a ’ - j V . . ~ ; m j l ’ ~ ci h -

e f f e c t -a t  t he  ~. r 1r t h  on t~~~’ ch a i  ,ot - L 1 5t  10:: ) t  r o t o r  ir ~ ~j  V - - r i  i :.

19.7.

ri .
~~ g i v e n  1”p er ;  i i ’  ices s h o w  a con::  i - l e t  ib l e  de c re as- !  i n  he

r ej u j r i -~ p o w e r -  n e a r  t h ’  E i r t i , w h i c h  m , m k e s i’ ~-os~~i h i ”  ~e .icC o t r~ is i.

t ak e o ti  a y t - i t-t - v e r i n  a t ‘- i.e ~u t t h  i ’- j o— a, ; p ow e rs .  A ‘ - h r i a t

augmentat i o n  of rota : n~ ar ti e  h i t  t P : 1 1 : -s t I n t  id 11 y - j  ~~ r s  ii )w ri I t

v e r t i ca l  m e s - , ’r r t  ii t i a ’ - r  t h . cn : - d i ;on: ;  0 1 a U t o - j y i a i - l t r .

Ur - I . ’i t i t . ’  c o r ; - 1 i ~ i o f l~- :  1 ) 1  ‘ - h~ V . :  t i c i l  a r e i l y ch u b , ‘- h e  ‘n i s -

per second of t h - - t i n , W h ich t - ~~~e:; p l a c e  t h r o u q h  t h ’~ t at ~~~r - .  i~ ; r~~ :O

than - i r . i l e  s ov o r ; r ; ,  s ; t n - - - l u r  ir . a l i f t  m a n i f e s t s  it ~ ;-~ l f  t h e

appea rance a t  i a p e - - : of e x t . r n a ]  r l o w .  Con t - t a j u e n t l y ,  m r .  t , c i . ~

for p rod u c ;n q  t h e  t o o  t h r u s t / i  n - I  ~il1 be req -i ir e- I 1e~~ i n  i i - - ’ I

veloc ity, than w hil e hovering. As -i r . su i t  of eve n l i s t r i r i r i  i t -

accoi l iny t o  t h e  r o t o r  l i s k  of t h e  sp” - i of  e x te r n a l  f l o w ,  ‘- I t o
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n o l . u r  a f o r m  : • -. -‘f  f 1 ~. I t  or t o t  or - l ta r i I’~ I i • t 1 “o r  . - .;~~‘:; ;o , h i ’

d u i - x n T  - m n i l y - .i  - t n - I  r P i~~ -t r m t t i c~ c t l c : r l m t i o t m  if  h e - l i e  p t ~r I n  . :-

c o n u i t  io :  - ; ot  f l i -j  - ‘ 4 i i ;  j - o ~- ~. i o l ’~ t o  c ut  t i  i ~t- f l o w  -m f~ -i  ~ or

U 11 i f  a i i .

T : e ..poeJ  at t d  . v ’- r t ica l ot~ ’mta y clim b of  c~~n Ii- ’  l e - t ’~L a c n 4 - I

f r o m  e~1u ~~~ion s  of ILO ~~j ) T  ( 1 9 .~- ) .

Pa ge 3~~i.

Since in  t P : -~ae -i~~l o / t x i s  Ox  c oi r i c i d - ’s . 4 i t h v er t  i c al  1; ire , P .

t ir st  e l i i t i o n  of a y ; t ~’m ( 10 .~~) by  a u a l o 4 y  w i t h  c o n v - ~r -s~~an ( ‘ a .;.) j i

is po~ siI-1c ’ ~o convert to for r

N~=(X.~+ O)V ,+ N , + N.~
or N , X.~V0 -~ lV, +N f l, +GV M~~N , l+ G Vy, (19.3 2)

whence 
N~— N ~ , (19.33)
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wh e r e  ‘ - h e  .V,, a:, I N0 i t  co in . - i d - ~a t h e  a v a i l t i  1 ’  .in i ; - ~~r 1 i u

r e s p e c t l V t - ly  at t h ~ . ‘i ; i t / a l t i t ’ i I o  in j - m - a t ij r .  d i r i n ~ ‘ l a  i~~~;~ y e  I

s t a te  ( i  m~ : t l iP .

F a o m I L n u i i  ( 19 .~~ 3) i t  t o l l o w s  t i - a t  t h e  static re ihi t i —~ 
j i

h e l i c - z .  Ocl it te ’ i t t  l T 1 ’ i  a h~ j q h t / m l t  j t  i i I ~ ’, at wu ich I~,—O.

19. L& . Li f t  of ‘i’l icoj ’.’L a lo n g  ; i t c l i n t ’-i t r a  ject  o L y .

aur ing tue m a  lv oi t ti~~ h i  t ~ r a.--l icopte -r ot a sri L t I - ’J

t r a j e c t o r y  t i e  ~4:e~~’-~- - ’ ractica l intetest t h e y  r epresen t  such

character istic ; is  a”  ma x m u m  vertica l velocity of V,~~1.

trajectory spee d , l i  w h i cim ;s r ache l ~~~~~ and t h e  m i x  m u m

alti t ude, Which cii. t o -  re .iched l ii i m g  incline d l i f t ,  or the a t — c - i l 1~ I

-- S. -—- .. 
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se rv icE ~ c’~i l i r . q  at  t h e  h e l i c o p te r  of JI~.

t i e  v .  i t  m e a l  v - ’la c .it y  of y 1q g  V~ t h e  i t e i d y ~ l x m b  Of  t~~

h e l i co p te r  i l u u - j  i n c l in e ]  t r a j e c t ory can be 1ete r - m in e ~ f r o m

t r a o s f O r m e i e j U a t i . o r t  of m o t i o n  ( l o .5)

v,~~X,,V + G sin OV + N , ±~~~r p. (19 . 34)

in w h i c i t

V sine ~~~V M ,

a the  5~~~j : of t h e  r e m a i n in g  t er m s  of t h e  r i — j ht Lid o of a q u i t  £Or -I

(19.  3 4)  i t  is r e-pu r e l  p o w e r  in  h o r i z o n t a l  f l i q h t  c on d i t i o n  ( 1 0 .~- )

Hence
‘Np Nn.r.n .~NV~~~—U ci
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a f t e r  l e t e r m i n  i r : - i  by t E e  c u r ve s  -at r e q u i r e d  t h i  ;t ~ ; a n d

a v a i l a b l e  powers ( F i g.  1~~.’~) excess horsepowe r AN , it is posaibi ’- t o

ca lcu la te  V.,, at the l i t f e r e r t  velocities -of t ii- jht from ‘ - r a~~ect a r y .

It is obvious , the verti cal velocity j t  will be ma x i m lm n w i t h  m i x i m i u l

AN. Tue m aximum m argin ot p O W ~~L w i l l  be at  t P e  t l i qh t  ~ ne~~d , w : t i c h

correspond s to the m inimum Ie4ui Lke-l pow -~r. Thi s speed is called + P

economic sp eed of V.,., by  a n a l o g y  w i t h  t h e  ec on o m i c  a n t e e d  cit

a i r c ra f t , at  w h i c h  the  Na has the m i n i m u m  va lue . 

~~~ ~~~~~~~~~~~~~~~~~
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Nwsv

~ C -1(R)

F ig .  l ’i .h .  .— p ’-’ r- I e r ; c - :  of v,. v,.. ~ and t on f 11 ~h t  i i ’ -  t~ i - l a .

Key :  ( 1 ) .  t , m m .  ( 2 )  . rn/s. 
- 

- - -

— ~~- — — - - - - - -- - -
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Thus , the f l ight of h e l i c o p t e r  at the maximum vertical velocity

-~~~~res~ ends  ~o ri i~~h t  ~~~. € ‘cc n (~-m i c  speed.  Le~. us no t e  t ha t  v~ max
i~lr I nr  l i f t  In -ct incline I r c i j e c t c - ry ~r ~re~i1 ar  t h a n  ~~ max du r ing

ver i~~~-i~ l i v ’  C : . - . -  Pig. ~~~~~~ s i n c e  in ~~ ;e- case ~ef’ l i f t  along

i n c l i ne d  t r a j e c t o r y  r e q u i r e d  power  is less and , t h e r e f o r e , more

excess horsep ower.

~ i~~ t c-t n z r c i ea -;e t : i e - 1 ; t t / 1 1 1 ’- n 4 o u i i ; i m u m  r ’ - r r i r - -~ p n ~~- -- :

lnC re-i ,-’~ — -~ C ; , a T qe i t  t i m - ’  ~v € m i i a t  1~- n~~~ - ’ L  u-. [ - i :h ~~/ i l~~i~

d e p e t t Is on t i ’ e t y p e  a ’ t i t ~ ’ e n l i l t . -. , e~ ;t :~ 1 i - ; :~o - 1/ 1 r ; st a l 1 e i  O r

he ii c c~- t . ’r .  So t i :  t ae  I lCO~ -~~ L w i t  t i c ’ - a n  a e a — l c - v e l  e ny i s ’

av aij , a b l”  p o w t ’r , t i e  m a r ~i: r,. ~ 0w ~- r - in I t h e  v eu ~~ic i l  v -~l n - : i t v  -e ~

I ,, w i t h  an  i f lct  ‘-i ~~e in a l t i t u d e  m er e - ice.

Du n n - ,  t h e  ~et  i n  -~ 
i m p  of i - ;P - - - -  i l~ i t ;  ‘.c p i s t or :  e n  m e , he

a v a i l  i t  le -- - > ~~~~ m n c r a i : -~es t )  t t , (  u l l — t P r o t  ‘ - I - a  h r — i - ; h t  f e n q i t l a ,

whic h lea I s  t o  .iIl iu cr . - ’  ic ’-~ in ;.e t~- i r - ~~ n of p o w e r  a n - I  t h a  vc-: i m - ~ 1

v e l o c i ty  ( F i ; .  ~~~~ - - t o ’- t e d  l i r ~ ’) .  ~ f t a r  t h ”  t u h l — t h r a r t l r  liTt i t h t  a t

en j i u e , c- h e- av-i il i l . 1 ’ — ’  o O W e t  I~~l l s  - m i  t h i s  :+ 1+ - i - i s ‘ ) i

th e  v e r t i c a l  v , ? 1 . - )c L ’ Y.

TI . ’~ ch ar  a c t  ~i a t  i c h a n g e  i n  t h e  v , ! t t  i c— i l v e l ) - i ’  I -‘S it-
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hei gh t / a l ’ -  it  ~~~~~~ I u n  i n  j t i m . ’ s~ t t i n  n p  o~ u r  b o i l  c ic  - IL - r ita I- -

en ] in et;  a l sj  ic  j~~~t t fl~ I t)Y ‘- t i e  c; i l i c t a i r  ~f a c h i ~ t -j ~~ i t ,  ‘ t t ’-

a v ai l  i L - l a  t - ) ~~e. :~ j S t i -  t g h t / a l r  t~~-~ ‘5.

‘)r. t h e  ser v i :~’ c e i l i n g  ~~t I t e l i c o t i f er ,  t h ?  ma:  l i t i  )~~ . - - ) w e r  m c d

the v • ’ r t i c i i  v’~1oc~~- v  m i s  in -_ i 11t~ a l o n - ;  i r e l i n &  d t r - lj e - r o r y ~~~ •

to Zero  (see Fi ~~. 
1 L :3 ) - t nd  h e ]  i c o pt ’ t i t  s it , a c c on t 4  i ;h l e v o l  11 i t n ’-

on ly  at  t c ~~- v’-~l’j~~ir  y , ‘u a l ~co n o~ ic q~~~; t - ~~. ~1tP a rt i rusi - -i se j-’

a lt i t i : e  of f l i g h t , t u ~ ’ economic speeI grow /ris — c; 1 c I m i n ~~~e i t t  ~ l-i ’ --

V..~ w i t h : m e i j h t / a l t i t u d e  can  he c a l c u la t e ;  by  f o r t n u l - i

V, =V~~~4- . (19 .36)

4 t t h e  k n o w n  v - i . u es  of v,, f rom h t ’i j h t f ~~1 t i t i d e s  i t  is  ~- -3 : ; t ; i  h I - i

to d e t e r m i n e  t he j u r i t  ion  of a scent of he l icop te r , i. ’., a c~~n: . ’r t n t

to t h e  b a r o - j r a m  of  l i f t  by  t h e  m e t h o d , p r e s e n te d  in c h - i p t ~~r j V . L ’~ i

end sec tion .
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.~ 19.5. ~ m t~ - m a x  i:: ’m nn 5 : - ’’ ; ~ h + 1 ; c . 1 - t a r .  ;e -~~j 1 - I t l o- , .  L i i n i t - i t i t a r

m a x i m u m  c;a ‘~ I.

The mod~ -/ c o n  I i  t i  a n t s  Q~ t~ -~ m a x i m u m  a t s - ’a - t  of h - ’ L i c - n p t  m r  i u  1 . - v t ’ ’.

fligh t c . t t  i - ’ ob ’- -~ in  ‘ 1  i n  such  a c - ic e , w h ~ -n e n q l r e i~ i n  n i l

p r o d u c t io n , a t ; I t h ’ ’ r e - f o r - ’ - tpp i i& -- i t o  r o t o r -  ~o w e r  ( h a  
~) 

-r

wax inc u rr va1 ‘IC. L - u n : n - ~ t h e  stea d y t l ~ ;ht i n  n n c i rr ’ nn  s n i - ’ . -  r , ‘ - m - ’ -

a V a i l i n  1. ’ power  £s e q u a l  irc-~~un  •~- I  a i m - I , t h e r e f o r e ,  t - h - ~ m i x i  “ u n  sn ”e - :

can l a  I e t , - L m l r l e J  by  t h e  p a i n t  of i n t ~ -r c e c t ion  of t i e  c u r v - ~d r ” - 1 ;i n ’ r - i

an d a V a i l - i  I- j e ~ ow 15, con st ruc t ed  fo r  a s’- r i-~ c or r. a j ~ / i  i t  i t . U I  ‘ -S

they  can L i v e  d i f f e re n ~ c h ar - a ct ~ U 4 1O D+ - n d i n  on  th ’-~ t y~ -~ of

eng in e , ~t s t - m r i l~ r ; h e i / i n s t - t  l i e d  on h e l i c o p t~’r .  D u n i n - ~ t h ~ ~;nt t~# i t - ;  u c -  a - - - -

- - p i s t o n  t o r c~~. 1—i n d -r ic t  i on  - ‘n q i n + - - , t h e  — n a x i t r m : a  ~. eeci i r . s r’~ i c ’ s  t )  h e

rated a l t  i i da  o .  e rug i r u t  , and  t i :en i t  t a 1 is ( F i ii. 19. 1 0) , .i r i ce  he

power o f  c - r i  ~~~n t ’  i t  ‘- er  r i t e m  a l t i t u d e  i n t e ’n s i V + ’ l y  d- ’c i- -e ;m:c ~s.

I f  we  en t ’-’ r c n  t i m  is same  g r a I n t h r ~ r ,-it ~ ’ ot  c i i r n~ ’ cmi t’,,,,, ‘ - P e t -

on service  c e i l i n g  ~~~~~~~~

_____
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F i g .  19. 4 . t i i . t J : - m m - i t  ‘ - i i . ’ t a t c r u i i c t ’ - i o n .  o f  t h e  n i u x i m l i m i i -

speeds of  l ev e l  f j j ; ~~~~,

K e y :  (1 )  . K W .  ( 2 ) .  LU / c; .

Fig .  19. 10. 5L~ ’r ’ - i i a f l - J c ’  a i m  h e i g h t / a l t i t  u d . ’c  f - n  a h e l i c a p t - ’ r  w i ~~ - r I

f I 7_ L~ 
— i t , : ; t i t i ;n t - t : t i - a : m i - 1  j  (en ~. i r m e h i g h — a l t  i ’- u d e )  ~ r, t I F V D  ~ ~~~~~ —

L. . ~~ - _ _ _ _ _ _ _ _
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11’ or d ’ :  a b ’  i u i i t - t n sp.- * . - i in -p of ‘ .1 1’ : o ’ ’- e t - , i~ i~ ;

nec e5ccl ry t o  t ’ v ’ t l  I ‘ ‘ h i f l - ~ i -  i i  t h .  u ’ a x i m u : r  c p ’ ’ - - i ot  L - ’v ~~l I~ ;h ~

w i t h  i ; t ’ i j F~~/ i I t ~~~ u . I - ’ . i r c -  t o  t rio Pe - i~~~t / - t 1~ i ’ t m l -  at  st ~~t i c  ‘ n - j u t :

he l ico~~te: P-i s time c m j - i r. i l i t’,  t o  ,~~au ; l 1 , i ts  mm t i m u t i n cr— ’~~I t o  t h

h e i g h t / u I t ~~~ i i 1  is - ; i i i  T O  Z C L O . i l i ; c m t - r  t n -in .t m T i e  :- ~- i l : t ;  h - v i  L~~~

is i m p o . - c I L l . - , a n d  r l i - i L c -  s i n  L~ - r~- . i li ze d  o n l y  in t hf ’  ~- L - S c’! - - ’ O t  t h - 2

h o r i z  o r t u l  s~ c - a u  ~ h ich ;T ’; :-t ’- h .  n o :  h a n  m i  r : j n u m  sp~’e i  ( s . c Fl

19. 10) .  W i t n  i i i  m n c L - o I s ’  D i  h e i g h t/ a l t it ud~~. t h e  Vmin i r ; r e , ~s-~~, i ~.~ c - o

the set v i ce  cci l i n g  w c m e r c  the Vmin Vmai V~ . Speed r a n  ;. an

h e i g h t/ a l t it u d e s  it th~ c i t e  at  s e t t i ng  u p  on t h e  h e l i C o ; t ‘ -n o r

t u r b o p r o p  e n- ’ i ne is  s t , o w n  b y  i t  t e d  l i r e  in  F 1’;. 1 cm 1

t i - ’ ;;.~ uc i n i u m  s p . c  t s , u l  t - u I r  ‘‘I ~:om the s m u t  j Ot :  1 ‘I ; i r - ;  d ‘ Li’ ml

power of • - n l 1 ’ - t - , i i i  t h e  ma j o r i t y  ef  c i s -~~ mn n o t  i>e ~ r-~~- t~~h

practice , s in c e  w i t h  - i n  I nc r ea c t in  t I ; t  v e l o c i t y  I~~ ’ t ’ ’ ’- l F 5  i

serie t ; at  ~~~~~ adv n c~- ~~h e i : e t i u l - t t 1  ( f l a w  . .‘~~ m r - i t  i on  ant  n l~ :- - ‘/v i- i n - ’ ,

s tr u c t ur i l  l i r .t o r t  i o n ,  r i .  - I :j  . i L d t ; C ~~ of  shoc k wa va ;) • or

e l i m i n a t i o n  of w h i c h  i~ i~~ Il ’~’C’ S S t i V  t O  U r -~ -: ’ - U j ( n~ I ~~~~ t i 1i P 510

- 
L~~ .. 

_ _ _ _ _ _
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Fig.. 19.11. Position of t h e  zon~ - of r e ver s e/ i n ver s e  f l o w  m l  7 - i l l . o
d i sr up ! i o r i/ ;l .I ,< i r a t  ion

(i~ kr, h.
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i s a -  m a x i m u m  ~~~~~~ o t  a • it  i ’p~~e ‘.s r . - ; :  1 ( t i ’ l  an j j w  , u ’ , ~~‘~~~~~
‘ (51

Ofl t~ . - L i t  . - ‘v i f l ~~, • n i u : h  ; t i - t - I i c k / a - ; , i l l  I O v e t r h - s e n - i  ~‘a ch  n - m i n i

on t h e  t i  a la/van .- , w r i ~~ch - ; ‘~~~ 
I o r W  i i  I.

L . ’t  I~ Xi m i n t  e ~; a  I i ‘r ~~~ - a t l o n  o t -m a x  int u in sp - -’- ’l  a n t  ‘~ l o w

sepa r at io n at :  t n~ - ;~~~~m m t h - t c r - ./ ~~g c  1~~ 1 - / v~~ne_

- r i sc  b l t 1 e / v j : ; .’, ~ t ; i sh  ;o-~s s- i ck / a u o , ic; ‘ - i . : n t 1 - i l~~/ v  m e ,

per u- her~ I speed vi i  i eh  at  t ~ - p o i n t  i t t  t i  t u e  i n  q ue st  i a r t  I -~ ‘1 i i .  St

oppos i t’’  t o  t i i  h t  sp~°’ -; . Th e  I i i d - ’/va ~~~ w h i ~ n t i  g o ’S  t m r w -i i i , i s

b lade /vane , - -~~ i nh e : a l  s t ee l of w h i c h  at  t h i s  ‘- c i. - 1 : I e / !no rnan

w i t h  l i r e - c t  j ot ;  t l i u n ~. :-; t e , ’u I .  So , a t  i z i m n u t h a l  d n ~~l ’  cm ’ 0 < ~~ (

b l a d e/ v an e  - jo e s  t o i . -~~m r d  a , u t  - i t  — ;U- w < < 2ff i l i - I - ’/ v i f l~ 14

back / ago  (F i g .  1~~. 1 1) .  N e  H - a u - / v  i r e , w h i c ,  - I ‘-~~; ~~i s k /  I ; - , h a s  - i

zone of t he  l o w e r ? l / r - ~ j~~Ct ’ i Vi lo~~~t ies a t  i i :  f l o w .  : ; l n :r • t : e  n - l a . ~
l if t  P ’ p e n t; on t h - -  v e l o c i t y ot  -i i ;  t 1 - ) ~~, or ’. t i m e  I- I -i l - ~/ v i n - -’ , ~ r m ich

goes t o r y - m r -i , it  w i l l  n e  m o L t  t i m  on * he ~ l a  1 ’ / v - i n - , w h i c h  ;‘a- -s

bac k/ago .  I n  t h ’~ p i  ‘ c r — - - f  t I i~~- i i - ;  t l l f l  ; t - , t h e  f o t - w - i r l  !~~i r m I

blade/vd rm e, w h i c h  I e v e  lops mm j .-’ u i t  t , .~~ 11 w a v e  i i i ’ w  i c i , t m ’-

back/ago join.j hi i - I  c/v so , t - i ch -t . -v ’’l 0 c 1.’n ;~ i i  f t  • w i l l  1- - ’ m i t  ~

This leads to i 1’cr ” i se  i n .  ‘- g t e  -u ;les of i t ’ -  - i c k  ~t th~’ t c i ,c;

sec t ion s  of ~~ iic - ’  t - ) t w a r 1  ; o i n g  U a u i - ~/ v a n ”  a n a l  t c  - i n  i n ~~r s - i s . -  i ’ m  ‘ - L a
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p
ang les of a t t a c k  ot t h -  cross si -ct  i o n s  ot t ime l a ck / a - j o  ~~~ ng

b lade /va ne.

As a r es u l t  of  r- I ~~-s s t r o k e  of t h Q  d o w n  L a c k/ a g o  g o i n g  b l a c ~~/ v a n e

(see Fig . fl.11 , ‘J~ 150 km/h) or i t s  end p a r t  the  a n g l — ’ s of i ’~ ’ ac k

can becom e hi-; her than  c r i t i c a l , w h i c h  w i l l  lead to f l o w  s . .p a r a t l o r :

in this are a .

L

— — - — S S —— — - — —- --—- — —- --- - - - - - - - ---—- - - - -— *—_ .—_ —- .-- - --- -- -- - — .- — .-_- —~ — —— — — — — *
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60 1? WO 
- ‘

?Q- - -J~~ ;~~ v ‘,M/*.2~

r ig . ...i4.i4 .  L i m i t  a t  ion S  of  t I e  m i x i m u n u  s ; p k . ’ - n of h * - l i c r o n ~t e i . .

K ey ( 1 )  . :;‘- a l l  I i  m i’- . ( 2 )  . L i  r’ itat jolt accor-j i f l I  t~) m m~~h n ii n ih e  t ( ~
km/h .
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T I . . - - m - - i q - n ~’~ 1 I m S L U ; t I s n / s , O P - - I r a t  L a n  p i . u c i s -~ ly  ~oi I . e ‘ . n  - i i ’

o f  t h e  n i t  ~~ / v m t e  i s; ~~~ i~~i r’cu , i i i  t h e  n i r s r  p l i ca , b y  h~ f i r t  • it i c-

on en - I  C t o ~;s ; c t I on s  - l l ~ ‘.ev~~l Op e d  t h e sj r e~i t~~~ t ; - ‘ r  L n h - ? r m l  ~~~ ‘a - l ,

which cau se~s i q i . i t ’ ‘ . ‘i c r e i u ~~~ 1r- t h ~ an jies ot attack , - i n , 1’ ‘h e

secon - n p i ic~~, I a c t  ~~~~~ t h’-se cr o ~,;  s;c-’c t i on  ha Va  t h~ t i t ’  sp - n -  - u

lowe r i t - ~ , a l sO,..*i t a r  - m u s e  a t  U i~ t e j r  ‘ - t ~~~-st  i n c re a  s~ jr t ~ u - n

of a t ~ .e~~

W i t t i  ~~n i t m c r - -a c- ’ in t n t -  v~ l o c i t y  of  t l i j h t , t h p :~; - ~ ? l  o t  t h ~

strok e o r t n*s i o w r . r - m c c / - l  rn g o i r s~ b l a d / v a n a  ircL- c i m ; - i :;. Th is ii  od~ * -~

an ev c r 1 t r ier i n c r - ~ - t - ~a ii i  t~~~ a n ; i ’s  of a t ~~~~ck a n d  t t h ’ .~ ~ x p~~: s- ~ j c ’ : .

Of th e  zone  ~ en I ~~-e  I ~ i w ~I y ,  d~~d - i lso tn~ zone of th-~

r e v e r s c/ i nv er s c~ f l o w  i b o n t  t L . - -  r o o t  p a t - t of t h e  b l a d e / v  ~r~ - ( s~~e F i g .

1 9 . 1 1 , V 2 1~~U k m / h ) .

Du n n -J t r ;e  a p p e a r  i rmc . - ~ of u i sr  ut ’t ion/separation , Sb m u ; ’  ly

gr ow/ r i s ’- -5 t b-. E”~~1 s t i f ( - p  o r  t i n i L a c k/ a g o  g o i ng  h a  I c / v ip ”  orH ,

consequen t  ly ,  also t r ~ a ou ”r , IC L u i L - e d  t ot  i t s  r ot a t i o I m / r ~~v o1i m t j o t  -

F U i t h e t m o r ’ - , a ;-p e - i r t h e  v i b r a t i  oti s ~ nd i t  I et e n i o u a t ’s

c o n t r o l l a b i l i t y  ~ y h e l i c o p t e t .
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~~~~~ ~o ‘ - h ?  - --s ; i t  t i l e  ; s t .  I,OIU~~ T~~ ‘ n - n r o : ~~t - - - ; J o y - , . t h i s h  a t - :

~s a m f - - - u i ~ ~ f d~~v . - 1 - , p i n s  1 i . t L ~ - t i ~~n / . i  t - i r i t i o n j 1  r h - - -  : l t s i c / v ’ . t t - ,

which ~~ . .  s .  m : ~~/ i~~o , r h ’  I r i x im u r - f l i ; h t  s~~.~~- 1  i t  1-; 1. - :- s 5 a l y

restr i: ( F t  t — ~~. 1 2 j

~ ~ t~ s j i t  i r c L  e i  se a f h e i~~b t / a lt  i t u n~ t o t  t i e

p r e se rv a~~i o n / r e t - - n t i o n / . : a 1 r t a i n 1 n - ;  O f  ‘ 4 ’ i u l L t y ~ = ~, i 4 is  n e c L s s n : y

to i f l 5~~e-i f~ t h~ mnt ql — ~s ) t  a t ~~u ch  of t h i  cr o s~s- se ct i o n s  ~ f

blade/van .— s - , -is i :°s il  of wh ~c;t w i t m ;  tha .;-i m €  I li-~h~ : e ~ - -~

Zon es  o f -li st i l 1- tj O ~~/~~-~ u - m i. it  j a m  or. t h~ gci n -i Lick/a io P1 a I ? / v - i n t . 2  a r e

expan icd . In orde r t i - t to  a l l o w  h i s , i t  is neces~ ; - t r v  t ~ sl e c r e  m u ; ~

m a x i ~~ u r  i l i - ; h t  spe ’-i r 5 u ~ , w i t h  ~ n i nc r e a sa  i i  a L t i t u I ~ ‘ Is a

speed , l i~~i t e I  by b r e a k a w a y ,  d r cr c~~ses.

one o f  t h e  m n. ’t h o ~I . ;  of sa~- aratLon ‘.elay is c t i s C h at j i f l s j

s c r e w/ p r o p e l l e r  ij t ; i  ‘ - h e u i - i  of  t h e  W~~ fl - 1  of a ccm par a tiv - ’ly ~~ i i i

area ( f o r  a x a m p 1 - ~ it  ~ i — ’ - )  - W i t h  a n .  i ! c r e- i - ; e  iii t h e  t u aj e : t al v ; m - --~~- ’ . ,

the airtoil lit t J ra - ~/L-i:;es, which -n m k €- s it  p o s s i l t lc -~ L a  L e r i ~~ as~~ ‘h e

ave r a -~i-~ l i t t  coc’ti. i s i s - n t  u~ SCI - w /arop s- 11cr a n - I , conse-~ u c - t m  t I y,  a l s o

the a n .j les ot a-he cra ;s t a c t  ions of bla r n / v a n e. A p p l i c i ~ i o r / u ~~e of

th is  W i n q  m t k e s  i t  p05:11 t - l .  a- u in cr e a ~~e m a x i m u m  s pee l f -v 2tr~ )Oo/o . P 1

the e f f e c t  iv o m a  i n s  f u r  ~ m” ~- i g h t t -  n n o  a t  t he - n- I
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di s i u~- t i ~a n t / -  m r i t l ) I 1  a t  t h e  1 s~~~/ i  1~~ ~O 1~~ b l -~ i- s - /van ’ .- i t  ~~~j h  S t e .  is

is bi l I e  t~~~i s t _  ~or a t . Y L ~~emsC i~~ ~~ i’~ - m n q 1 u ~ of i t t  i r k  ~ l i - I ~ - t i n  t I . s

b laun ~~s t w i -  i n  s u ch  t ~- a y  t i n t t u ~~ j i t u j o ’ . ;  of ~a~- t j n q ma - s t - .~ n n  a t

t h e  t -i i  ~~ i i , -  l ’s: -; a- h i i  a t  r o o t .  A i - P I  ica t ion / u sc -  c’ ~ j  t w  i ; ‘- p j~~~ 
. -
~s i

p o s s ib le  ~~o t- - ’. ise  m a x i m ~~ :~ ~~i a-a i 100/o

Page J 4 4~~_ Is-f  us e x m n i n o  t h e  l i i ii t  l ’S ~ 0 f l 5  of  r - a x i n p -i m S t

accordi ng ‘-a t h a - -  en  I nt U L I I b . - L  of M H . t 1 . ’ 5pf - ’~ -i 01 t t iC  t t . O  CL  OSS

Sectio n - i ot t l m ~~ bl i - i ~ - / v m ne , which qoe s forwa r l , ~i ’h i~~~3~/2 i~ ~‘ u m i l

to:

V K = ~~XJ ~~~~~~‘

a end nU :nber

V,~ + RcaM~~=
a
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v j a - i e  an i n c r e I - .o of  v e l o c i ty  t h e  end n u m b e r  of  M~ i’- -i-a n

a c h i eve  t h i -  c L l t L c a l  V ilue at which ip p e a r t h e  s u p~~r s on i c  z s u - s  of

f low , E h o c k  w a v e s  a n d  w a v e  d r ag .  F u r t h e r m o r e, wi t h a t u r t s h , L  in c r ’= -m s o

in  t he  V e l o c i t y  -of t l i j h t  a n d  mach numb er a re  pos s ib l e  t h ’  f 1 o ~

se p a r a t i o n s  a f t e r  sh oc k w a v e , ~. L i C I L  lea ls to at i n c i l e n i e / d r o n  ii t I-

lift eftectivenesu s of s c r e w/ p r o p e l l e r .  Th ’~ li~m i t a t i o n  of m a x i m - n t

speed accor l i n g  t o  ;:tmc h numbe r car be written as

V nrp < ~~~~~ — R..

w h er e  t h e  M,,.~, — c r i t i c a l m a c h  n u ~” b ”n of  f- rid cross s’~~t i o r s  W i + h  a n



- u  r 
~~~~~ ~ I a ‘~A - ;E ~~~~~~ iiit

* 1

i n & -r -~~~~~. -  r : ~ i - ; h t _  L i  i t u d o , t i . ’ s-, u . - e - I  at  s ; C m l I i - i ~’c t e m s  - : - _ T h ~- V

decre L .  L MK.~p, . ; j f l ’ ’ i f l ( L ’~~~n ’ -  tb. a fl ; loS Cf a t t a s fr i~ ; a r . -~~’ i i ~

of an i s  I a se in  ~ a n - ~ 1 a o f  so t t i n 5. Tb m~; , b i i a- e at  1 i:~ i - i  -

a C C O L i l ’ : ; t o  :1 1 5 1 1  t . J n r - - I  i~-s i e i t — a - - s  (~‘i g — 1 9 . 12 ) .

h1~j r u . ~~‘ t 1 c t 1 o n / d ~~i - - ? l ; t  i i  ~~i ~ n~~l i c o i~~, - r  w i t h  • : - ; i r : e  c n .

A re - i n- ’- ion/deu ;c .’r :~ in t i . - h a l  l O o t  t ’ - [  u ) w a r — o u  i s  ‘ - o ; :-.’. ~~~ - -
.

alon g vt .u r t lc a 1 a l I j A )  rig in -m ci it . ad ~ r m ~ . or y.

Sirm c~ u n— i - - ’ t ~~iia  c - ) n d l l u ’ n  F. of v e rt i ca l. i e~ .c o n t  th e in tl ~

a t t a c k  is n .J at i V e arm e q i i i  — ~/ 2 , b u t  a x i  .-/ixis Ox c o i :t s :  I le s  W i ’  h

ve r t i ca l l i n e , e~1 u m m t L a n t  S t  :u~- t  i a n  ( 1 9 . 1 )  f o r  ~~~ c i s .~ of t i - i’

e s t a bl i sh / i t t . ;t s a l l e - l  1 . 1  r io t jon/der-o- u t  t i k  • t h e  f o rr r

G_ Y_ X Rp~~0.
,‘.. _ mm , ( 19. : 7)

~~~~~~~~~
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it. t h e  f i r s t  a pp r  x i m a t i o n , d u r i n g  v e r t i c a l d asc -- ’n ~ i a- is

possible t o  cansijer t ha t  Y~~T, a n d  ~~~~~~ I n  t h i s  :i: -n s~’ r — t u i t e - l

power a~ r t- l -l1r ~~i p ower  w h i l e  h o v e r i n g  ( 19.31), it is p a m i t - ! - -

i et er , i i n e  h - i  f o r t n u l a

N 1=~ N 1 -4- N ,~.

h o w e v e r  one s b - m i  1-i c o n s i u t i t t- h a ’  i n - I u c e . I  v e l o c i ty  of v~ l u r  i ’

vert ica l - lescent  i t  1ec u ~~as ’~s. Thi s leads t c  i -I ” c re i se  in the

i n d u c t iv e  pow er , a n - i  f o r m u l a  ( 19 . 1 2 )  a s s u m e s  t h e  f o r m
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‘

N,~ =T( v1 —V~,) , (19. 38)

wher e t he — t h e  I I a- a I f  i - : ; C (  i tt  i n  t h e  r io  I icopt en .
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f lo5ep~ Lmh

$ $
I I!y

F i - j .. 1~L 1 3 .  F O n t n a t i a n / . ~ ( ‘c i a - ion ot vor ’-ex nin-j.

K e y : ( 1 ) .  :~ u i t  f i  ~~ .‘ o r  he r- ; t - i y n a n t  f 1~~’~.
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S ir c~ z .-- -~ u ir e d  p o w e r  i m ; i I e r  ‘- he c o nd i t i o n s  Of r .- du o ’- i a n /  ns-ss~- . n a -  ~ 1 -
~

less h a d , t h e  r aL ’  ~ i i t ’sC a n t  ~s 3~~~~ L- m i f l ~ b y  fl~~ d . t j V  m~~
- u t  of

power  (~ 9. 35) - The r i t e  of (~~~~~-~ r . t  i n  t h e  h o l  icop a- a r w i t h  - i  J i  I5 ’F ( i i

must not ~~~~~~~~~~~~~~ 3 n/s . ~ in  l im i t 1t ion is conu c u ’- ’-’uI w i t h  ‘- he ~~i c t

tha t  a 4 s c i g n  r a t~-s at  3. :-~c~- n t  ~ he r o a - o r  c a n  e n ter  i n t o  v a r ’-  c x —  r i t a ;

s ta te  -

V o r t ~r~x r i n g  ( F i ; .  .13)  1’ is f o r r n ~~ui as a r e s u l t  ) f  t h e  t l o w i n j

over of a i r  r a n  t h e  z o n e  of r c lc ’ct  i on  ( h e a r t h  1 y s c r — ’w / p r ol  01 l~~i

in to t h ~ z onc ot Ira m m - i  (at-ave the scr ew / p r op e l l e r )  . ~~~~ in

;er t ica l uc-sc ~~n t  t h e  i n d u c e d  Vi locit jes in  t h e  7 . O l i a -  of r ej e o~~i o r ~ a r a

br ake - I  h~ c o u n i t e r f  1o-~- , i n  c u ) n s e - ; u e n c” of  w h i c h on ce r t ~ in  sti :’ m c , :  he

r e s u l t a n t  v e l o c i t y ot  : l o w  is ; a - ; u a l  to zero .  T i e  s ur f a c e  o~

s t ag n - i r- t f l o w W i t h  .-t n in cL.- ’ i~.a in  t h ~ r a t e  at  ~Ie scen t  i p p r ’ i i - ’h ec -
~

p lan e of t h e  r o ta t  i o n/ r e v ol  m t i o n  o f  scr ~~w/n r op e 1 1 e r .  t h ’ - r c t y

cont .r it U t i n g  to the L l o w i n - ~ o v - r of am troi- the zone at rejes ’- i o n

into th e zone of Ii . ± t :  ~. n ; .  I n  var tex—r ing state h~- p a w ~ -r  or  e t :  i t  a

partiall y is e x p ~~u u i / c a n s t i m — u  on a n  m d - a i sa  i n  t i e  m t  o a s s ~i v m t

e d d y/ v e nt  “x -m ~~i t h .~ j r  -o al l.r thrU st I ails.

E x t e r n a l  n - l o w  ira th is cas. att lc kf ; not to screw/pr nr~~1l- -r- , I t ’

to ed iy / v o r t a ’ x it l o w s  - A b o u t  t h e  i t  a~ n o - I - j . D u r i n g  t h  t l o w  a l - e u ’
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t he  c - lu  y /v c ’r t - :’x ~ t it s  u p p e r  ;- - a i  t , atup ear t he  b L ~ .i k - m W i y  Z o n e - ; , -i ich

leads t o  t h -  s t r o n ~ si 1 1t t t i o n  ol i t . - 1 i - o p t e r  - a n d  t~~ t h ~ i o n s  of i’s

c o n t ro l l a L l l i t y .  10 a v o id  t j L i ~~, ’. - u n p l e a s a n t  I t i o r o r r e n a , t h ~ r a ’ - -s  of

ve r t i c a l uit5~Wt : fl t d L  L - ‘ s tL  i C t c ( i  is L 5~~-t t l c t O d  also the ise -
~~~

mode/conditions of v e rt l c - i l u a s c* ’r t .

T ne r a  s ic  f o r  ;n of a ~~~‘ dU C t  ion / — ( ‘n o er r  ~ iii t lie he lj ~ o~ - - t  ,--r ~ ~: i 1 ’

th e m o t o r  j S  tU~~~ ing 1:; a - h e T i - (  I ld a -  iof l /u~~ ;cef l t  a i o n -j  i ra - : I i n e - :

t r a j e c t o r y  ( ( ~/ 2)  . As ~~t t h e  m n o d a  / c o n — i i t i o n s of l i t  a- , in

he l icop te r  ir  t i - t  mo ie/ c o r : i i t  j o t s ot a r ed  ~~~ i o r i/  s-r - ~n ’- i r s  a - i s ’-  riO ’
the  t h r u s t  o t  screw /prol-t-11F t t , h e i g h t  S t i c  fo r c e  of t h ~ 1 - t I  — 1 5 1 ’ - ---

drag of X,p (Fi-;. 1r ~. 1 L 4 ) - Iii t h j s  t:~~s a s -  o f  .~ i U a t i o i i  o f m i a -  i o n , ‘

the f o r m

G s~n O —  /) _
(19.39)

Z,— 7-
~,==O ,

where P. Y, 1, — the ‘ r O j C C ~~1ot ~. s at  ~ hr u- ,~ t 00 ‘ - h a ’  ~~~~~ Ut  ~~~~~
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coordinate system.

Figure  19.1’s shows  a reduct ion /descent  in the hel icopter with

the neqa t ive  angle of a t tack . The component  ot propeller thrust to

~xle/ax is  Ox is d e c e l e r a t i n g  force.

* .—- --— .—-— — -.- .— . . - - - -.-. .— — - .— — - —--. — —-— ---- - - - - ~~~~~~~~~~~~~~~~~~~~~~~~~~~~ —— —-— ---
- 

- - --
- 
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Page 351.

F~~~. 19. 1 L * . Dia gr ~~ir of h e  t o m es , a c t i n g  on a helicopa-~’rs - t u r i n ;

reduct ion /d escent .

— ‘--. 
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~ith  t I ~ - s i op ’-/ i nc l  i i ,  i t  ion ci t h e  jm1an ~- ci the rot,~t 1- s a r ; / r ?  v o l i  I o n  or

sc rew/ ~~ro~ - t - l l - r  f o r w a r d t h e  an i l e  o f  ~t t - 1 ck C u :  be l - sit i v e  --i t’ d tn - a

t he  p r o j e c t  L o u  of t h L  u st / r o d  p i w i l l  b *’cot:-e to ’- ~ ‘~c - u o w - ~ m .

f r e q u e n t l y  i ur i i i: ;  r -~ l u c t  i o n/ d e s - c c  n a n gl e  of i t  t ack  is ~ lo:;” a- s r - - n

or tias sm a l l  : a ~~I i t i v a -  v a l ue .

T i e  ~ -is1c pa r 1 ; n t - t e r s , w h i c h  c ha r as t e r i  a r e l u ct  j s I n / 1 ’ S c O t r ’- i t

t h e  h e l i c o p t e r, a r ~ - t i e  r a t e  of V~11 a rtd t h e  a n o j i —  of 1os~~~- t t  *) _ : h e

lu a l i t a t  iv r ar -i ~u a n t  i t a t ive  a n a l y s i s  of  ~~ a nd an g l e  & cro n ae

carr i ed  o ut  b o t h  t h r - -~u~~h ot ua t i o n s  ( 19 .  39) m d  t h r o n  i 1j t h ~ ; r l  rd . j c

dep en —ienc: ~ of the a v a i l a b l e  dOd reqUil c-i pOWerS (Fio. 1 L15a) un~:’ r

the c O rsi i t i our s of re lU ct ion /dF: -ceI t. T h e  avai la~ le power u n d ’ - ’: t h e

cof ld i  t i i ) l 1 n  Of t € ’ i u ct  i - s)n / - le s c en t  is  l e t  c- m i n e d  t ro~ t o r u n u l  a ( ~~
. 2 )

an aA ~e~ ’~ir~~s on t:ie e n - j i r e  p o w e r  ra ’ - i n u j . T h e  r o 1u i r e d  p a w e r  d un i t - n

r e d u c t i on / - l en s  an t .  on the  s t n -  f - n y t h  Ot  f i r s t  ~ j U a t j~,r: (1  -
~~ _ 39) , a- ‘ k 1

into accou n t  ~- r o f  ~ 10 -i t i d  l n u u c t  i v a  ; o ~ a r s ;  ( 19 .5 )  iS 1’t r~r m  ~ T L~ I I-v

f o r m u l a
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or v = r ~~~
_ t-u si,, ~~. 

19. 40)

f r o m  f o r m u l a  ( 1~~. 4 O )  t o l 1 u~~s r : a t  t b ,  ~~ q u i m e J  p o w e r  - i t - I :  t h ~~

c o n d i t i o ns  of  i € - d u c t  i L J f l /~~ -scer i  a- i s ;  len n  a- h a rm the req 21 u - - i  : -o~~ - r  u r - ~~’r

the  c c : ;l i ~~ior -s of 1 ev - i l  t l i i n t  1W -) v a 1 u ~ - ~S s i n .  ~i . ~ i a - h  m n  1nc ss , -i~~a

in the t l t u f m t a t  tu - I h  ~ 1e, t h e -  v a l u e  of i - c - q u i r e u  u~owc r i s  r~~ - f - m n - -

b y t h e  c r i a r t  or a c h a r t  j e i t :  t h - ’ rt l u i r - 1  p - ) w a r it rn - c r  ~-i ses. I f  on

t h e  g r a p h of t n a -  c h i n - j o 01 re-~~u i r ~ I p o w - ~r we -~ n t a ;  ch a t - ~ e h i d  ‘ L a -

• th en on t I e  p o i n t s  ) t  t t~~~i r  j O t  u n - S O S t I ) ! ;  ( t u ’ ~ i r a t  1 , 2 , ~~, 
- .

Fig.  1. i S a )  i~ it ;  p o ss i b le  t o  m i e t c : m i n e  a - n e  rat € a t  sa -  a : j ‘- a

reduc tion/de:-.cent i t  the f i x e d  flj ;rt t p a t h  in ~~ic , a r - i  t : t - s’se j i ’- ~ m i k - ~

it possi~da t o  c o n  n f L - i s a -  t h e  charact”r jst ic of  t o d U c t  iot’/~1escen’

(Fig. 19.1 5a) . Such ctt Lsis t ‘-rin t. ic  u s u a l l y  a r e :  c o n s t r u c t e - I  t o :  h a

d i f f e r e n t  f - i a u 1 - ~ —a n q t . - -s c-f r o t o t .
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Fi g. iq • 15. ~v m i l a h 1 t -  t a t  r e q u 1r a ~ p a a~c-r  - j u n o ;  r e d ’ i c t i  ) r / - t - - s o: +

(a) . C h a r  t u t e l i n - ;t  ~~~~
‘ 0f ~ o;~~;a- 1 r : / - t ’~ - ; - - t : t ( h )

Fi i. 1 ) _ l a . Fl~~ A L - O U t  the t i r i d~~ t s - l e m e r t  l i m i n g  aj t o r o t - ~~t i o r _

Ke y:  ( 1)  . h ot a t i ui a 1 ax i s . ( 2 )  . D i r e c t  1CO c f  rotation.

N 
~~~~~ 

-

~~~~~~~~ /Q. /~~~~.
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Rot ~ un t o m  ts h o  - o  r i d  Lt  Ions  of y o u ’ -  isa I cie scen a- a n .I t i n  1 or a- ha

cond i t i o r .s; U I  L a - I U C t  I ) r a / l O s ; C e n a -  a J o n  i m c i  I n e !  tra I c - c a -  o r y  l o r  ‘ - i a

h o r i z on t a l  i n  i v - u  a- ic -i l C l i p o r : i- i t~~; of  1- it a ’  of dc sc en t  t h ? r c �  a r - ~

l im it  at  i O T I S • W u i c h  have as a qoa l t o  a v o is  tb -’ t r a n s i ’ - i  r a n  a~ ~- , t u  t

v o r t e x — r i  r - j  L ,t a  ‘- - -

1 9 . 7 . a z Su I C tj ) f l / i l ” S C E ’ f l t  i n  th ’-~ I i c - l ic o :t er  u n d e r  t h e  c n d  i t  I c - a  -s

au t o r o t a~ i on .

The w u - u r  k of t r i c r o t o r  of h a - l i c o p t s r  u l n i e t  t I ’  c o u l i t  1 ) 11 5 of

autorot ati c-r is c L a . na ct~ - i i e t i c  t i c ’ t h a t t i ~~ ulada ’/vrine: ; r )t lt  ~~

because of a - l i e e ne  r - jy ~~L t n e  i t o i l - n i t  f l o w , ( ;r4 ’ at j O .j  j f l  a - r i  j S  n

t h r u s t / r o t  ~ i t ho u t  s u p p l y  ot  ~- o w a -~r 1. r o ot  -~ n q 1ri C.  T h i s  ~) L D p? r a -  y of

rotor u~a~~et it p o ssi b l e  l ox. h~ licopters to accouqu l ish si t ~~ l a n a  ilt a

w i t h  t h e  failu~ o of P f l j j i~ip , ~ith a nureakage in the tail rotor , ~ t n

t r an s~~i s s -  i — u n  or t h~ m n t j i  s h af t  of  s cr e w / a u :ok - ~
-- 11cr. For ‘-he

deter nt~~n a a -  i o n  of C on — Il a- ions unda - -r w h i c h  is  ~- o n- - in j h 1u ’ t h  i U ‘- 01 ~~~j j

of rotor , le t  us; e x a m i n e  ‘ - h e  i r a -  i l / e i e m k ~- n t  o f  i t s  [ - l i l e / v m n e  I - a r i a ; a

vertical ~escent in th e i— .-l ico pto m (Fig. 19.16)_ The r~~t? ot t low ~

is equal  to vector sum ( n i r ( r u l . i t / n e i g h ~)a r i n cJ  rca , V e r t  m u  V, s u n - 1

j f l d U c t iV~ t h e  
~~~ of r a t es .
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During the 1. 1 0W  ri~ b i a s -  ,‘ 1a- u~ .n t  of a ~r f l o w  a b o u t  ‘it i n  a n - ,i l - ’

the  a t t a c k  of  Ur . i t k  a v o l  ( ) ( i t ~ - - ) f  -~ ~ p~ - .~u r ~ ; r e s u l t  311 t f o r c e  F

whose r o j a - c ’- ions  or  a - h -  ax i s ;  or the velocity coot-u nite cyst —c dr4

equa l  to t h e  lift f i r : ’  of ‘1 ~ c- la 4j . v~ to sc rew  a x i s;  13 c ’ i u m l  t o  ‘h e

a n g l e  ot ii: l r a t t  a t  jet 
~
; the an g le  ~etween r~-su l a - i rig H 3 n - I l i r ~ Y

the  we  -i ’ - n  i J r . a t e  t h r o u g h  a’t.

Page 3 5 x .

The v i1ui ~-s o t  a n j i e s  h a n d  x d e p a a ~ i on the -in ale of t a - m c k  o f  P l o  1- ’

elemen ’- , a - ne e~~u~~1 ‘ o a - h a -  su~i of an-~ies of  se t t  i n - j  of 1 i d a ~ /v nr

and ot irnilow ~n , i.e. , Ur =I~+W-

If ~~~~ th erm z-~- ; u l t i n s ~ I~ haS this slcpe/inClinit ior~ a- ; t hi s

show n in Fij. 19. Ib , in- I its h-x. ojection H sine (
~ i sy ’) on a - h  r ’ l a r a -

of rotation /revolu ’- i -a ’m c~iu ~;a— s the rotary acceleration n-a t  b l a - V/ v - ~nc-

(at  t h e  p l a n e  ot r o~ at  i on / r e v o l u t i o n  l i e/r e s t - ; p e r i p h i~r i l spe- ’ l  r~~)

i t  ~ < -q’ , a- 
~~~~~~~ f~~r c - -  ~ i n  -~~at f1ecte I frcm sc re w ax is t a ls’f t ii 

~~~~ -a a d

it s p r o j ect  ~ au H s1n ~ (
~ in  V-’) c au ses;  l. ra K iflq sc r ew/p r ~~p . - l  l i i .  4 i t  In
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e q u a l i t y  ~ in d t he - a n ~u i -a r u a t  ‘ - -  ) I  r ( a - a  a- i o n  of i l - i  I c - / v i  n ’  w r  I I i a

cons t i ; . t . T h u ~- , t :u  a V t iua - s ; at a n-j l e t ;  ~ a u - i  l e t e r m  m a e  t h~

anouie / cca t i t  L ) f l s  ) 1) 7 1 c - t a t  i on / r e  v o l - i t  ior ; of p rop - i l l er  hi - ti -

A n g l e ~~~ is th x.~; tol lows fr om t i g u r u -  l o . i t , is eg :iil

~=arctg -~-- =arctg --~ -- a in -I u I e p ~~n u s  o~ t ho ar ~le of it tack of

b l a d e  ~- l e m en t .  Wi th in  i n c r e a se  i r~ t h e  a n g l e  of  d t ta c k  U p  ‘so Uj ia~~~

ang le  ~~ -s~~cu e a se s ;  w i t h  a t u r t h ~ r i n c r ei s o  in t h e  (ir ~~fl

i n c r e- i s e�- a s  a r e s u  1~ of  a n  i r t e r ~se i n S t O a S u L  i t t  t h e  Cx ( Nj.

19.17) . Th e  a n g l e  -~ i l so  is determined by the a~ -j le Of ~~ 
j .-

a c c o rd a n ce  wit h the expression of

C c s ; J  a l e  -i c h l f l ; k ’ i n  - a n g l e s  o(~~~ a n - i  ~ ~ in d e [ - e n - 1~~r :cn 311 (Zr-

The qra p L of t n - -~ ch ar;;o of a n g i e  ~ on ar takes t h e  :-un n~ ~~
-

s t r a i ’~ -t  t i n ’ - , l i r c u - r a -  ! t o  t h e  a r l e/ - ix i s  of a,. a t  m n  -t a n g  1’ , a u - a l

to P / 4  - i d .  jo l ,~ 0, wh en the a, ç, i.e., the 7.a~ro  v a I - i c  -~~~~

angle ~ is - i~-t -- - rm in - -- i by point on the axis ot the a,, j O

Q,~~ ’1- W i t h  an in c r e a se  in  t l .  a t .  j ie of the se a - a - in g  of a -I  i - i - / v  i i ; . - ,

straight. lin e a,—~ is s m i  f t / s he ar  e1 t o  t h e  r i g h t f u o r :  t f l u ~

or ig in  ot c oo r d i n i t ’~s (see ~ =
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L3y con ~J ) - a  r i t a  g - 1 -~~t i n - r e  n the ap ~~~f ( a r) an d  ~=f ~(u ,), w~ - c one

to the conclusion t n l t  i n  (: .- r t ~a i r ;  ran ge of the angl es of i t ta ’ t of

the a-. wh is ; :31 ; p n ’ n n l t o  ~~- i n t s  a t - . I b, a n - i  ~u a- ~-r ~~~e- t i n  =

ø~ the a:i’jle -~ i ; ; r e i ~~ - r  ‘ - k i t s a n g l e  of  - a n d , a - h~~r~~f o : - - , ~- i - j u - r r i - r .

R sifle ( i  I s~~~ ) i t  - : ) n t i i D u t c s; t i  th~ tot ition/revOiu’ sio rt o f

p r o p e l ler  1 l a d e . F h t ~ : t J t I i - i i ~y e  o f  ) i e / C O f l l i t  j O flS  iS  *1 I c - h  a - h a -

mode of i - i t  or  ot -~t i o n , - )  r - i f  t :~ e a u~ a ; yx. at ion of t o t  or , a n  (I ha

d i a g r a m , ~‘ L - n s a t l t o  I in P u . 19. 17 , ~ t is calle d tiac - d i i j ~ a L U  0 ?

au t o r- o t~i t i on .  IL—a - : t - j l e s  o: a t t a c a c  of Ura a n d  ar t, wttjch C )I  ses n o r

to p o i n t ~ ; a a n d  Ia , -i re  c h ar a c t t r i - z e d  lay the estab lish /irist-~ 1’!

a u to ro t a t i o n  — s4 i i s - l~ i a -  po in ’- a a n d  u i n s t a n l c -  at  p o i n t  - a . L - ~ in ;

e x p l u i n  t n ~is.

A ’- ~~n .  d f l - j i~ a t  i t . ’ s l C a l , - -~ t - ‘ t ’ - -r  t i - I n  era. th ~til J L l a r  1 1 ’ - - i f

r o t a t i o n  -at i l a d e /v i n c - in c r e a s a s , w h i c h , in turn . 1- - u s  a

increase in  a- he i n - !  u -: - -d v e loc it  ~ of  v~; w i t  A an i r c r - ’- ~s~ n ‘ - h a -

induced v e l o c i t y  ( s c - c -  F i - 1 .  l a , i b )  in  j i e  ~-a i ’s le c r ea s e s  i n n

t h e t e t - : - x . - e , ‘ - h e y  I~a c t ’ - t r ; e  p r o l e c t  i - _ u n  t - y  u - s i 1 t i r i -~ s r n ~ ( b  i s ) ~t ) in

the r -i t .- - o t  a u t  oi a ’-  - a L a:: • ~. it  h in  a n j  I c  1) t at ’- ~ CK 1 — ‘~~~~~. 
a- L i  n a,.0,

decr e~isa a i m j u l a r v . - 1 )n: i.ty c~ r o t a t  aon raf hi i i ”  s a r i ,  t h e r e ! -  

inducci v~ loci  a- y a- l u e 
~~~~. With d . I . n c r e  t . ’ in  a- he j~ inc r- ’-a n; so ’

ve r t i c a l v e l oc i t y  o f  V~ m i i i th e a n g i -  ;~~~, wh ich I c - a - I s  t o  an m c i - - as -

in t h e  ~~im ; ul  d x .  L i  t e  at  L o t  a t  j o t ,  of b1ade/ v~m n o s  - uim d r e t  ii r i-a ‘- a m  a- as-



.
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sode/conditiorts of the establ ish /installed au torotat ion , w h i c h

corresponds to poin t a.
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pig. 19.17. Diagram of autorotation .
Key :  ( 1) Area of the  be ing  accelerated au toro ta tion.
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By s i m i l a r  c o ns i der at i o n~; i t  is poss ib le  to  s h o w  t h a t it poin t i

e s t a b l i s h / i n s t a l l e d  a u t o r o t a t i o n  is u n s t a b l e .

From t h e  g iv e n  in Fig.  19.17 l i a g r a m  of  ~ u t or o t~~t i z n , i t  f o l l o ws

also that if the blad e angle increases, then t h e  ra n ’j~ of

autorotation decreases  and w i th  ~~
=

~Pm~~ t h e  du t o r o t at i o n  is p o s s i L 1 .~

only at ~ r:e u n i q u e  v a l u e  ~ ( p o i n t  c ) .

ThUS , at the low ValUes of t h e  b l a d e  a n g l e  of t h e

sc rew/p rope l l e r  of c h3r a c t er i s t i c  a u t o r o t a t i o ns  w i l l  he  m o s t

f a v o r a b l e :  t h ~~r e L o r e  u p o n  t r a n s i t i o n  f i o m  p o w e r — o n  f li ; l’  ~o ~ inc~n~il l

brake c o ndi t i o n s  n e c e S Sa r y  to decr .~ase t h e  b l ade  a n g l e s  of

screw/propeller.

One should consider that the jive n analysis is by ;Dne is g i v e n

for the chosen blade element. But if we examine the rel~ tion s~ iT

between anqies ~ a nd  gg g g  f o r  t h e  cross sections,  a r ran g e / l o c a t e d  a~

different distances from screw axis , t h e n  at t h e  d e f i n i t e  r a t e s of

descent in the cross section, arrange/located nea rer to root p a r t  a n d

having less peripheral speed , will have wide angles ~~, than end cros~

sections. It can happen so t h a t  f o r  m o r e  close to the  s c r e w  axis of
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the  c ross sec t ion s of ~~~~ and for end ~~~~~~ a n d  t h e n  ah o u  ~~~~

autog yration of rotor i t  is poss ible  t o  speak only  w h e n  t h ~~ ~ox iu ”  ~~
blade/vane will be more than m om ent of resistance.

For dete rm inin g the rate of d~’scert ir~ th€ helicopt~~r fr

ve r t i cal  l i ne , it is c c n v en i en t  to  cansij~~r autorotation of the rotoi

as d i s k , w h i c h  crea *es r e s ist anc e .  D u r i n q  t n ~ ~stablish/ins t il 1c d

r e d u c t i o n/ d e s c e n t  t h e  r e s ist ax~ce of s cr e w/ pr o n~-l l~~r is ~q u a l  i-~~ t ’~~

weig ht  of h e l i c op t e r .  The resistin~; force of s c re w/ p r o p~~ll~~r c a r  h~
presented as

X C1 ~ -L F =

whence  t h e  r a te  of v e r t i c a l  descent .
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~~~~~~~~~

(19.41)

wher e t h e  Cx — t t . e d rag c o e f f i c i e nt  of the screw/prop~ lle r w : i i : h ,

accord ing  t o  t h e  e x p e r i m e n t a l  data , on the averaq e is equal o ~.3.

The r a t e  of V, of the Earth is equal to

vp ,~~ 1 ,iV~. (19. 42)

where  p = C/F — specific load on screw/~rop€ller .

I’ 
~~~~~~~~~~~~~~~
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Page 355.

Formula (1 9.L42 ) does not consider the effect of the Earth oi t~~e

character istics of screw/propelleL .

For a i~~crease in the V~ d u r i n g  l a nd i n j  it is possible to use

the so—called detriment/blasting of h e l i c o p t e r, w h i c h  en t a i l s  a sh a r ~

increase ii-. t~ie blade angle of screw/pr~~peller during

approach/a~~pro X ima tion for the earth/ground, which makes it possi~~le

to short—term increase thrust/rod and for its count to considera~~lv

decrease the rate of descent.

During the app lication /use of this p r o c e d u r e , it is n e c es sn r y

most accurat~ possible to calculate torque/mo~uent and duration of

d e t r im e r .t / b l a s t i n j ,  s ince w i t h  p r o l o n g~’4 d e t r i m e n t/ b l a s t i n g  a l o ng  ~

reduction/descent in the v e rt i c a l  v e l o c i t y  decreases n u m b e r  of

revolutions in connec t ion wit h the increasing resistanc~ of

blade/vanes, but due t j  this tails thrust/rod and again increas.-s

rate ot descent.
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Ver t  ica l  r a t e  ot  ~sc€~nt can  be ( 1€cr ease I also by t r a  n sj t  j~o~

from ver tica l descent t~~ r e d U c t i o n/ d es cent  in i n cl in e l  t r a j e c t o r y

under the conditions of uutorotatio n the physical tiow p att~~rn of

blade/vane more comp lex than durin g vertica l descent. Is ex rla in ’ I

th is bY the change of t ’:ic~ rate of the flow about th e bLide/vane in

its differ ent azimutht ] . [‘ositions and b y the ~:res ence of thp str oke

of blade/Vanes, what du ring vertical descent no. However, the

qualitat ive side of t~~, e examined autorotation under the cDn~~it iors of

vertica l i’~scent remains. Th~ m inimum vertica l rate of -lescent i n

fligh t along inclined trajectory usually is considerably low~ i t. h a r ,

the ver tical velocity l uting vertical descent. The minimum verti c~ l

rate of descent is possible in flight ef helicopter at econom ic

speed. This is exp lain~~i by tk.€ fact that under these conditions the

required power xor a fl ijh t ~i ith the free—running speed of v=.v.,~ has

the mini mum value (Fi.~. 19.5). I ’or  accomplishing landing “like an~

aircraft” at helicop t~~r mu st he th .~ runn ing landing gear ir ord~~r

that it could after touchdown com plete ran ge/path on the

cart h/grou nd.

19.8. Distance and the duration of flig h t of helicopter.

Hourly fuel consump tion for the helicopter of q~ can he
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expressed through the specific fuel consutrption of fuel b~ ~~~ en~~ir~

of c, and the power of the eniine of the N,:

Q~ ~~c,N,.

dur ing the steady flig ht

~~~~~~ “=~N,,

where E is expressed the coefficie nt of power losses.

Then

(19. 43)
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P age 356.

The fuel consumption per kilom eter for a hel icoptcr

( 19.44)

from known 4vq~ and 0, is define d duratic,n of fliqht in ~~~e
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hours :

at

and its distance the Kin :

L~~— .

as it follows from expression (19.~43), the hourl y con sutn p~~jon ot

fuel/propellant depend; on c,, N1 and ~~. If we in the firs t

approxiaation, consider c. and ~ constants ,  t hen t h e  hou r of t h e

c o n s u m p t i o n  of f u e l/ p r o p e l l a n t  w i l l  be p r o p o r t i o n a l  to  L e q u i r - ~o p o w e r
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and  t h~ m ar a c t e r  of i to  chan4 * dependin g on spe~~i jt w j 11 be the

same, as m d  N~; in t h e s e  c o n d i t i o n s  t h e  m i n i m u m  v a l u e  of tne hourl y

c o n s um p t i o n  of t h e  t t ~~ l /n o i e l l an t  of qq corres p o n d s  V~ ( F ig .

19.5) .

Th e expendit U L  e/c3ns ,~r p t i o n  p~~i k i l o m e t e r  u n d e r  t he se  cor. -~i

has t h e  m i n i m u m  v a l u e  a t  the opee i by which (-p) ~r a p h i c a 1 l y
mlii

this mode/conditio us is i~~t i - r l t i n e u  l y  the point of cont act ‘-,f ~

tangency of s t r a igh t L i n ~~, c a r r i e d  out  f r om t he o r i g i n  of

coordina tes , f r o m  c ur v e d  r e q u i r e d  p ow er , i .e . , for  i c h i e v e m e n t  ot tiv~

m a x i m u m  r a n g e  o f f l i ~jr: t , spee d mus t b~ hig her than econ n~ic (Fi i.

19.9)

If on h e l i c o p t e r  is e s t a b l i s h e d/ i n s t a l l ed s e a — l e ve l  e n g i ne , then

with an increase  in  a l t i t u d e  t h e  s p e c i f i c  c o n s u m p t i o n  of  t h e

fuel/propellant of C. and t h e  m inima l r e q u i r e d  po wer  of Nn mjn

increase. As a r e s u l t  w i t h  an i n c r e a s e  of height/altitu de , increases

the m i n i m u m  h o u r ly  c o n s u m p t i o n  of f u e l / p r o p e l l a n t .

An increase in the fuel consumption per kilometer with an

increase ot the heig ht/altitude less is int ense, than of hourly
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consu m ption, ~~~~~~ ~i~~h a n  i t c L e a s e  in t h e  c, w i t h ~t n 1 z c r r ~i ’o  )

heigh t/al t i t U ~~e t h e  L e l~it  i o n s L i p  of the (-p-) of s o m e w  h~i ~mlii

decreases ( F ig .  1 ) _ ~~) .  Ti us , f o r  a ~~ l i c o~ ter wit h low-level i i  01

engin e tLc l i o t an c e  a i i  d u r a t i o n  ot  f l i g h t  w i l l  ~~~~ m~~x i w u w  o~ i~~~

Ear t b.

D u r i n g  s e t t i ng  up on the helico pt~~L of ~orci _ i n 1 u c t i~m ~nain c

of ( -~~~
_\ and the C, d ecrease to L a t ~~11 a l t i t u d e  ~. r 1  t r ~c

~* 
V

consumption per idlometer on to ratel altitud e s o m e w h a t  loss ~~~~~~~~ ~~~

the Earth.

In the case of t h e  s et t i n g  u n  of + urbopr op engine , th e i~~o~ a~ C’

and ~ he du r a t i o n  of  t l iq ’i t  w i t i  a n  i n c r e a se  in the  a L ~~i t ui e

grow/rise.
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Fig. 19. 18. ~1ot ion cL t s tul i p of ~otor i u r i n q  a c h . n ~~ ’ i n t h e  ang~

of the slope of the Lu selaj~~: a) c - t a r t  i n g  p o s it  i o n ;  b) the posi ’ iol,

through tne sma ll t i ~ic i n t ’ r v d l .
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Fig . 19. 19. E f t e c t  ot t he  s l o p e/ i n c l i n a t i o n  of sh a f t  on t h e  p o s i t i o n

of the plane of t h e  r o t a t i o n/ r e v o l u t i o n  of rotor.

key: (1 ) .  Dlade/v~~nes a r e  loca ted  in  t h e  p l a n e , n o r m a l $ o  t u e  plane

of the rotation of shaft. (2). Blade/vanes are located in the plan~

—
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of the rotation of shaft. (3). The starting posit ion of shaft. ( 14 ) .

Position of shaft after deflection on tiE.
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19.9. Concept ibaut s tab i l i t y  and controllub i lity of ~‘
.-1 i~:’~a~~. ~~.

We will be re stricted to the ex ani nat ion of stabilit y an i

c o n t r o l l a b i l i t y  of s in  ~l e — r o t o i  helicopter with hinge t i t t  i l 1

blade/vanes.

S ta b i l i t y  of h e l i c o p t er w h i l e  h o v e r i n g .  T h e  s t a b i l i t y  of ~~

posi t ion  of e q u i l i b r i u m  of h e l i c o p t e r  w h i l e  h o v e r i n g  is i e t e r l n i n t d  ny

forces and  the  t o r q u e / m o m e n t s , created by r o t o r  d u r i n j  t h e  a c t i o r  on

it of disturbance/perturbations. If under the influence of

distUrbance/perturbations the t uselaje of helicopter and t o o e t h e r

with it the s h a f t  of r o t o r  t h ey  t u r n e d  t h e m s e l v e s  ~o anj ie A~

(F ig. 19.18), an d  b l a de/ v a n e  a t  th is m o m e n t  w a s  l oca t ed  in ~~~ l i r e

of t h e  s l o p e/ i n c l i n a t i o n  of s h a f t , i.e., it coincid ’~l with ~h ’

fore—and—aft plari~ of helicopt er , ejuili b rium ot forc~ s, ictin y oi~

blade/vane, it is not disturbed. This is explained by th e f0ct t~~.’

the axle/axis of the flapping Piriqe , which link s t,lij’Ie/vine ~i~~h

shaft , di~ not change its position. However , du r in i the r o t i t i o n  of

blade/Vane along ~Zimuth through angle ‘.12, fulcrum w ill ~. slop& l
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to the angle of •t icz , if the blade/vane advances, and to angle ti ’,

if the blade/vane moves back/ago (Fig. 19.19)

7

1

- : --- --—-—-,- -
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Page 358.

Fig. 19.20. Diagram for determininy the dam p ing moment , which a p p e a rs

with pitching.
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The emergent cyclic increase iii the litt torce of the bu d’: of \Y.1

will lead to flapp ing and the s l o p e/ i n c l i nat i o n  of t i~ tul ip of i n r

back/ago. T h i s  d e f l e c t io n  of tulip dill occur until t h o  plan e of •I o

r o t a t i o n/ r e v o l u t i on  of b la d e/ v a n e s  bec c mes n o r m a l  t o s n at t .

Since on tho initial position of equilibrium the th rus t l~~n~

passed throu gh t he  cent eL ot mas s of helicopter , also i~ new posit ion

it will pass throu g h th is center. Since other parts of the ~~~ i c a pt ~-r

of aero dynami c fo rces  i r e  not  cr ea te l , lu r i n g  a c : ha n g e  in t h e  an g l e

of at tack whi le hov eri ng equilibrium of pitching moments is not

disturbed , i.e.,

ii dM~M,.=-_ _ 0
ôa

Which means the static neutrality of helicopter on angle ot attack.

_ _  
_ _ _ _ _ _
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Ho wever , in t h i s  c~ise t u rn s  ~~~ t o  be t h a t  w h i c h  w a s  i i  ;~~ ~~

the eqU il i P ri ti m of fo~ c~~; of t h  tust/rod and weight, a~ i r e s il  r O~

w h i c h  a p p e a r s  t h e  to rw i u d motion o~ neli coptc~r back /ago. Fo r w i r l

speed chang es the speo~ of the flow a1J ; ut for ward g o i n g  an  ~1 b a :~’./~i q o

going the bla de/vane s, which le ads to flapp ing blade/vanes and t~~e

d e f l e c t i o n  of the t u l i n  of rotor forward. The t hrus t line now passes

a f t e r  t h e  c e n t e r  of mass, creating negative pitching mome~i t , i . e .,

the tor g u e / m o m e n t .  w h i c h  d t t e m p ts  to r e t u r n  h e l i c o p ter  to  s t i r t i n r

position on a nj  le of a t t a c k .  c o n s e qu e n t l y ,  t h e  b e h a v i o r  of he l  1( O n t ( ~L

du r i n ~ a c han g e  in t h e  a n g l e  of a t t a c k  is ana logous w i t h  t i t e  L~-~h j v i o r

of a i r c ra f t  w i t h  b a n k .

Thus  it is p o s s i b l e  to be convinced of the neutrality of

helicopter along hanic . The position of the center of mass of

helicopter uoes not affec t its angle of attac k stability. Howe v~ r , i t

exerts a substantial influence on balance. Based on this tor a

helicopter with tail rotor desirable that the center of ma ss  w o u l d  l ’~

a r r a n g e/ J ocated ab o u t  t h e  axle/axis of rotor.

D a m p i n g  t h e  l o n g i t u d i n a l  (transverse ) rotation/rev olution of

heliccpter. Abo ve it was noted tha t luring the instantaneous

deflect ion of shift of certain an ile the disk of rotor follows after

~~~~~~~ eW.a.,~*..w m— ’W ~ -‘. .— —....__~~ -——.. —. - ..— “•• ~.. - - -
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it with certain delay , determined by the moments of inertia of blade/f
,vanes. That means during the rotation/revolution of helicopter with
angular velocity (Q~ , the rotor disk will be delayed by an angle of

(Fig. 19.20), depending on w~ (this will be seen during hel-~
copter rotation relative to the longitudinal axis at the angular
velocity of

Page 339. -

I f  we d e s ig n a t e  t h e  a n g u l a r  r a t e  of r o t a t i o n  of t h e  ro~ or o~

and to equate torgue/mome r ts f r o m  t h e  c e n t r if u g a l  an ]

aerod ynamic fot ces of the relativel y n apping hinge of b l a d e / v a r - ,

then we wil l ob tain dependence

~ * •r~,1

where t h e  _____ — t he  c h a r a c t e r i s t i c  of t h e  m a sr -
7 2I,~,

distr ibu t ion  of b lade/vane ;  J,_ — t h e  m o m e n t  of t t l E •  m a s s  m e n  ia o f

blade/vane relative to the axle/axis of flapping hinge.
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FCOTNO’I ~ I. To A- 1;~~;so, 6. ~eyers. Aprod yflamic s of h~~] i~~opt O F .  ‘.

Oboron~;iz , 1d 5L4. k.N~~FflOTNOTE .

Ther. accordinj to Fig. 19.20 dam i ing m omen ts is e i u a l  t o

M, —.M;’.,. — p
y*~~jI 

— 

~~~~~~ ~~,. (19. 45) -

similar dependence i t  occurs fo r  t h e  t o r q u e/ m o m e nt  of rol l

damping

M,~~—Py~_L.~. (19. 46)
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from formula i (1’).145), (19.146) it foliz~~s that pitch dam p inc an~

ba nk  is mor e Of he l i c o p ter wit h tI.e low a n g u l a r  r a te  of rot at  j O T .  o t

the  r o to r  o~ m d  r e l a t i v e l y  larger b1d 1~ — nIass f a c t or 1/p. For

the  t a r g e t /purpos e of an  inc rease  l/y  on some he li co ute rs,  ar e

applied the gyroscopic stabilizing rods.

Characteristics of tne lor~~itudinal disturbed mot ion ~Li1 e

hovering . The approxim ate equations of the disturbed m O tio n in ~k - ~

initial state t o l u i l i b r i u m  while hoverin g in the conne~~~. ! w i t h

helicopter coordinat e system car Le writte n in the form
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d.~v— ,

(19. 47)
dt d12

by the ~qu a ti o n of n o r m a l  f o r c e s  in t h i s  case it is ~~s~~ib !~ ~o

disregard.

Tl:e charac teristic determinant of syst em (~ q~~L47) tak en t

M”* MV
(19. 48)
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where p — roots the of char acteristic equation.

By equa ti n g  ~ to z e r o  r i n d  f y  a n a ly z i n g  t h e  roo ts of

charact eristic ~-4uation (see Chapter XIV) , we come to the concl ani i.

that  the  .i isturbe3 motion is composed of oscillat or y a n d a~~e ri o 1 i c

motions . On t he  b a s i s  of  the  c r i t e r i o n  f o r  Ra u s s — G u r v i t s  (se e  C h a f t u

Y l I X )  we are convinced that th~ osc i l la to ry  no t ion is u n s t ~~t 1 ’ .

Page 360.

the  o s c i l l a t o r y  per iod  of oscillations can be det~~r m i n e l in  he
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f i r s t  a p I r o x i ~n 1t 1o n , i t  w e  accept the /~~0:

= -
~~~~ 

~~~~~ 1’ —
‘ 

(19. 49)

where 
~~ 

is circular oscillatjor fLeiuency .

Stat ility of t u e  r e c t i l i ne a r  ctea d y — s t a t e m o t i o n  -~~~~ h e l  i~~~~pt~~:.

Static a ng le Of att. .ick s’ak ility. It in  t h ~ f o r w a r d  m o t i o n  n f

helicopter at rate V angle of attack ot fuselage ir~cr et~~’J on ~ o ,

then appe ar the lon g itu d inal static moments , cause] by :otor,

fuselage and stahil~ zer (in the case of the presence ot t he  s i n e) .

The torque/mo m en ts, created b y L o t o r  ~~i l  f uselage, are .1esti ~~i l i zi r .

The p i t c h i n g  m o m e n t  of t u s e l ag e  is analogous to the pi t chi ng m o ~i~~n~

Of fuselage for an aircraft.

With an i n c r e a s e  in  the a n g l e  of a t t a c k , c h a n ge  t~ e-~ l i f s,
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c r e a tc u  t o t w a L u  ~oi n J i~~d b ic~c / i t> l o i n  b y L ) l . 1 r~-’ /V in~~~. T h u  ;e

c h a n g e s  in  h e  a re  p L O ~~u L t j O z u l  t o  ~ h . - r a t e j t  the ) t i O f l  o f

blade/vanF . Actu cill ?, ol .tj~ i . i tt  i n  pro~~o r t i o n u 1  t o  a n ; L ~ r ,f  ~~~~~~~~~~~~

an d to th~ s 1l I a r ~ o~ ~he rate ct the m c ~~ion  C t  t u g ?  ~.1ai ./v m e

relative to a i r  ~ , w h i ~~h ~ i t h  low .x is ipp ro xirn a tely ~~ ~u i ]  *~~ )

c o m p o n e n t  in tti e uL mn e of t h e  r o t a t i  n / r e v o l~~t Ti on Ot  t h ?

screw/~ rop~-~1 ler of 
(W

~~W~). A cha nge in t.laie - a r i i • ~ of a~~~ m c k  i n

e q u a l  of t h e  ~~~~~~~~ w h e r e  t he ~~~ — increise nor ual ~~ ~ he ~~~ t : ~c )~

rotation/rovolution of t h e  veloci~ y corn norient of t~~ade/v iii e. I t

obv ious , l i f t  i n c r e m e n t  of t h e  b l a d e/ v a n e  of ~~~~~~~~~~~~~~ or

.\Y,—AW~W~. S ince  \W~ c o n s t a n t , b u t  W~ on the goin ~ f o r w a r ’ ~

b l a d e/ v an e  d U e  m o r e  t h a n  on b a c k/ d qo g o i ng ,  a l s o  an  in c r e a s e  ii. ~~~

~
Ya on i t  w i l l  be i~or ~~, w h i c h  w i l l  r a u .~~ f l ap p i n ~ b l a :~e /v a~ ?~;, ~~~~~

leads to t h e  slope/inclination of t h e  t u l i p  of r o t o r  b i ~~k / i i o  (F i~~.

19.21). The t h r u ; t  l i n e  of P±P ’~a w i l l  pass b e f o r e  t h e  c u n ~~.e r o~

mass a nu , con . ieq~~-’n t l y ,  w i l l  c r e a t e  t h r  p i t c h in g  d e s t a b i l i z i ng

torque/moment. it 1$ analogous , it ~~.x < 0 , then  a lso M X R . <O.

Thus , M~ . >0, Le. , ro t  or i n  f o r w a r d  t n o t i  in con tn b 1t .~s to

the t ns t~~b i l i ty  of h e l  i cop ter  on d a q i e  of a t t a c k .

It is obviou s, the ~~ of helicopter it will be ~-ompono1 o:
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values

where the M .., M ., M~ , are derivativ es on angle of ~tt mc~ ~ i o m

the moments of rotor, t usel age an d stalilizer respectivel y.

In th e  abs en.~e of s t ab i l i ze r, the  he l i cop t e r  is u n s ’- ab l e  on

angle of attack.

.. __ ._  .~_n Vt - ’ - - — ., — — — —. - - ..— - — —  - -
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/9. ~~

Fig. 19.21. t h e  e m e rg en c e  of t o r q u e/ m om en t lu r i ng  a c h a n g e  o t h e

angle of attack in flight (dotted line — the position ot helicontcr

after a change in the angle of attack).

Key: (1) . Ax le / ax is  of p rope ller  s h a f t .

.1
Fig. 19.22. Emergence of torqu*~/moment during a change in ‘he Lligat 

. ..
~~~ —
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Speed of helicopter.

Key: (1). Flapping angle.

I

_ _ _ _ _ _  —-, - - - .---.- — .-—*- ~--——— .
~~~~~~~~~~~~~~

. ---. —-- - -.-- —.- -- --—— — -—— — - -.- - . .— —--
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Stabilit. y ot hel icop te l on speed. As it was noted ab Ov e , ~~

increase in the ve l oc it y  of flight (with constant 
~
) it l?ads •o tLe

deflect ion of totor back/ago (El i . 1 1 . 22) , as a r e s u l t  of w~ j c~~

appea r s  t h e  p i t c h i n g  t o r q l o t / r o n e n t , w h i c u  f a c i l i t a t e s  t h ?  t l L l t L t :) a ’ n

curvature ot upwar d motion an d , U er e f or e , to t h e

r e s t o r a t i o n/r e d u c t i o n  o: t h e  i n it i a l  v e l o c i t y  ot  u p w ~~n 1  mo~~i~~’ ;mr ~~~,

t h er e f o r e , to t h e  r e u t or a t i o n / L~ O u ct i o n  ot  t h e  i n i t i a l  v e l o c i t y  of

mo t i o n .  T h i s  sa me c on f r i e u t e s  t h e  t o r q u ~~/ w o m e n t , cr e~~t e i  b y  t u o c l a s ;

on stabilizer appears ~ he d € s t  al i l i  zi n y t o r g u e / m o m e i t .  ~~ .; ~ w~

der ived M~
’ of helicop t e r is p o s i t i v e , w h i c h  i n d i c i t e .; t h ~~ :i~~ese !c~-

of speed st a b i l ity .

L o r i j i t u c i n a l  1 int~~ibed  m o t i o n  of h *- l i c op t~~r. The  1 i st u r b ~~d

motion , caused by p it chi rg . a~ ~tox imat el y can be describe, 1 l y  ~~~~

s y s t e m  ot t h e  l iu e a t i~’e I e qu a t i ~~~s, w r i t t e n  i n  the  v e l o c i t y  sv st  er ~

the  cooLdif ld t~~.; :

d.W
dt

mV—=P~~a, (19.50)

J• -
~~~~
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d u r i n g  t h e  c o m p i l a t i o n  of e qu a t i on s  i t  is accepted that t i e

principal axi~ of inertia coincides with axle/axis Ox t n ~ c a tt l e

coord inate syst em a ni tha t the I, in the pr ocess of t~te )i5tur~- e!

movement remains :onstar t . Chaiacteristic determinant of syntem

(19.50) takes the for m - -.- — - -..-- — -. -- -. ,--- .- .- .

(19.51)
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where t he  P~ — d e r i v a t i v e  in t e r m s  of t he  an q l e  of ~ t t a c k  ~ r t~~

thrust.

Page 362.

As in t h e  case of h o v e r i n g ,  the longi tudinal disturhe l me ti er ic

composed of aperiodic and oscillatory motions. The latter is

unstable. Approximately angu lar oscillation frequency it is possi~ le

to find from ex pression ~19.51) , by disregarding the m on~ nt or

inertia of the helicopter of the ~J,:

ii

I 

~~~~ ~~~~~~~~~~~~ ~~———— ~
_____ - _______
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whence the period of oscillations

I
—M ,’-~p,v —i.

Tv iuui2irl
/
’ 

(AN (19.52)

1

,

- -.,- . _ - _ -  ._ , _ _  ~~~~~_ — ~~~~~~~ -—- — -~ ~~ _ - .. ., . - _ _ —
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considering V = 0, from relationship (19.52) it is poss ib le  to

determine the Oscillatory period of oscillations while hovering

(19. I~9).

To a reduc tion/descent in the degree ot the oscillatory

instability contribute an increase in t h e  d a m p i n g  and a lecreas— in

the stability level in ve l ocity. Since the period of t h e  v i b r a t i o n s

of helicop ter is s u f f i c i~~n t ly  grea t ( 1 5 — 2 0  s) • is oscil l a t ory

instability, if the jradient of the increase o~ a m p l i t u d e  j S S ma l l ,

does not cause considerable di tfic u lties in control. rhe a c c o u n t  of
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the t o r q u e / m o m e n t  of  J~ will lea~ ~o an i n c r e a se  in th~ ;H- r~~( ) l  o:

the vibia tion s of helicopter.

P R O B L E M S  F O R  b t P E T I T I O N .

1. W h i c h  m~~t h o d s  ar e  u t i l i z e d  d U t  m y  t n ~’ t l i g n t  p~ rto  ::

of h e l i c o pt e r ?

2. How does a f f e c t  t h e  p r o x i m i t y  of t h e  Ear t h i n d u c t  ye p o w . ’r ~

3. ~h y  the service ceiling of helicopter is jteatei th~~n -~~~~ ~~k ’

~~. How is causes the limi tation of the v e r t i c a l  r a t e  ~t i s c ~~n

in the helicoptet power—on?

5. To which ingl~~ of setting (low or large) to favor~~h l y

establish/install the blade/vanes of rotor with descent under the

conditions Of autorota tion. W h y?

1
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6. ~y w h  ic li L f l  l ic e s  u ch ~~: sc L.1 .~et t he  m o (I e/ con l  it i e~~s o~
m a x i m u m f l 7 in~ ~lst3ncL ot helicoTt er .

PRObLF~.

1o ie~~e r m i n ~~, to w h a t  is equa l t h e  p r o l e c t i o n  of tne

rotor thr u: t on the ~tx le,’axis ot the of h e l i c o p t e r  ~ i — ~ i r T h i

the tollowing con~l it i o ns :  i n  lev e l  f l i g h t  t h e  s h a f t  h o r s e p o w .? : of

rotor is ~~u~ i to N 14500 k W , and t h e  r ev o l u t i o n s of scre~~/ p r o ; . l ] r

are equal to n = 11 6 r/rnin; am from the cent er of wass ot hel L ( :O~~~~

to the a x l e/ a x i s  of t h e  t a i l  t o t ot  of L1....23 I .

Answer/response : 1~~0O0 n.

I

Page 363.
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