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U. S. BOARD ON GEOGRAPHIC NAMES TRANSLITERATION SYSTEM

Block Italic Transliteration Block Italic Transliteration

A a A a A , a P p p p R, r
• B ~ £ 4 B, b C c C c 5, $

B B B • V , V T I T m T, t
r r  i. e G,g Y y  y U , u H

1fl~~ D, d 0. F, f

E e E . Ye , ye; E, e* X x x x Kb, kh

Zh , zh 1/ q Ts , ts
3~~ 3 s  Z, z Ch , ch H
I’i H 1, 1 W w  Sh, sh
ci ~ R ü Y , y (1~ u.~ ill iq Shch , shch

i( X K , k b b

~ n L, 1 & e~ Y, y

r i . - M M  M , m b b  b e
H H H N N, n 3 ~ ~ i E, e

D o  0 a 0 , o Yu , y u

• f l r i  1 7 n  P, p  R i  Ya,ya

~~~~ initially , after vowels , and after ~~~, ~; 
e elsewhere.

When written as ë in Russian, transliterate as y~ or ~~.

RUSSIAN AND ENGLISH TRIGONOMETRIC FUNCTIONS

Russ ian English Russ ian English Russian English

sin sin sh sinh arc sh sinh~~
cos cos oh cosh arc ch cosh_1
tg tan th tanh arc th tanh_1
ctg cot ct h coth arc cth cot h_1
sec sec sch sech arc sch sech_1
cosec csc csch csch arc csth csch

Russian English

rot curl
• ig log
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THEORV O~’ T 1(I ’I ‘iT~~i T’~ A ~UPF 9~
(
~~TC ~‘LO~7 ‘? T ’ 1 1! (‘() ‘ID~’~~AT ICY J O~’ TIF’

IL~~~~tU 1~’ $~TATE c~ ’ EXC I TATIO:I  y’ CT L L~ TF~~ r c n ~-:i~’ o~’

V~~~, ~~• Aksenov , Vu . 1 . ~r is~or ’~’ev

Tn ran d ~-a~ l’lows ~‘e can observe chemical and thermodynam i c

n— ~~ uilibr 1.um state. It is known that after the ac t i on  of per—

turbation , the prorressive and rotary corrnonent s of’ enerr~v r a p id ly

~~sum e their ertuilibrium values, and the oscillating— component of

enerrv achieves its equilibrium value many times slower; and the

• re1~ xat~on time, as we call th1~ time interval, can prove to be

substantial . This nermits us to take the fo l lowir i~ scheme c~f ’ exam—

ininr the non—equilibrium state in our prohiem .

In a shock wave there occurs an initial excitation of’ the

prop~ressive and rotary deprees of ’ freedom under conditions of ~
1’rozen st~ te of the oscillatinp deprees of freedom .

After the shoøk wave we have non— eou i l ibr ium exc i t a t i on  of

oscillations under those conditions where there is a place ror

the eriuUibrium state between the prorressive and rotary deprees

or freedom .

•
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It is  oroposed that total energy Ea of active (i.e. nropree—

sive and rotary ) degrees of freedom, anywhere in the gas, has an

ertuilibrium value of ~,=C”~T. and oscillatinp enerpy E~ satisfies

relationship [2):

41, ~~ (1)

where — enuilibrium value of oscillatinp enerp~y, and —

relaxation time.

The purpose of the present work is the calculation of the non—

er,uilibrium state in excitation of osclllatinp depreos of freedom

in the problem of the steady flow—around of a thin wlnp of

infinite snan by a supersonic vas f low .

A s’istem was taken as the initial system of eouations, con—

taininr the usual eouations 0r c’as dynamics with  the addi t ion  ~~~~
‘

a relaxation eouation (1).

As apnlied to our problem, this syster~ has the form :

• v,~~~~+v ,~~~~+ p ( .~~~.+~~~ Y ) = o . (7)

H • 
.p=Rp T.

In th*se equations, v1, v7 are the components of macroscopic

~as rate, ~ — density, p — pressure, T — absolute temperature,

— specific heat wi th  a constant volume, relatinp to the active

derrees of’ freedom .

2
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The desired hydrodynamic elements should sa ti s~~.’ t h e  boundary

cond~tionc on an unknown line of stronr disturbance and the fl~~-’ —

around conditions .

Let us propose an approximate analytic solution to t h i s  rr~~ —

lem which gives prepared formulas for conput1n~ the desired fu n c —

tions in any point of’ the pro”lle , ‘?ith the solution to the prol- —

lem in the ~‘irst approxi’sttlon , the acouired forriula~ are s im i l a r

I to the known Akkeret Wormulas .

1. Linearized equations and boundary conditions o” the rol lers.

- Let us examine a thin slightly—curved profIle w i t h  sharp

edges at small attack angles.

• ~.‘e Introduce into the s:;sters a coordinate , the beginning of

which we place In the front part of’ the wing ;  axis x we set along

• the inf’lowtnp flow , and axis :•‘ above and perpendicular to axis x.

Plnce the  thIn  p r o f i l e  barely disturbs the inflowing f low , •

the desired hydrodynaralc elements can be given In the form :

Va = Vs + v,’,
• 

. V,=V,’, (1.1)
p=p l  +p’,

r = r , + r ,
• .

p = p5 +p’,

• where p 1, V1, p1, 
and T1 — values of’ hydrodynamic elements in the

• undisturbed flow — constant values.

vi’, vj , p’ r, E,’, p’ and those produced along the coordinates —

smalls of’ the first order.

3
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• Anearizlng s~-’sters (2), i.e. disregarding the terms above

of’ the first order of smallness, we obtain system:

• ~~~~~~~~~~ (1.2)

•1~,’ I 
~~~

dp ’ ôu,’ ày’7’ \v1 -~ -+ p s (---~-~ +— ~~ ) 0.

~ r + Lv) - -

~~~

- ( 
~~~~~~

‘ 

+
viE, ,..(i) 

~~, ~~V1 —~ —~~~W0~~..v 
, —~~~~,,,

where
C’~ 

(~~‘~I . 
.

For finding the functions of v,’, V1’1 p’, 7. Er’. p’ which interest

us by Integrating system (1.2), we must write down the boundary

conditions for these functions which interest us.

Let us bec-In from conditions on the sur’f’ace of the nonrernov—

able discontInu~tv . We agree to provide b\’ subscript 1 the values

of hvdrodvnamlc elements up to the nonremovable discontinuity , and

b~’ index 2 the values of hydrodvnamic values after teh surface of

nonremovable discontinuity. Then the momentum theorem, the mass

conservation law, and the law of’ conservation of energy for gas

masses passing through the shock wave, are written down in the

form of’ a relationship:
— p~ r~ (V1,1 — v,.1 ) = (p, —pj cos (n, x),

~~ V1,1 (v,,1— v1,1) = (p, —p5)cos(*, y), (1.3)
P3 I V113 cos (n , x) + v,,cos (,y)I — p~ v1,,1

— ~ ~~~., ( V , ~~
. T~ + E, — 

v ., ~~- v , =

4 , P,tV,,,cOs(i~X~+V,,,COI(fl,Y)j—p,V~,,,

IJT~TI1
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where — VL5 Co* (n. x) r+ V, 5  Co. (n , y) proj ection of speed of an

undisturbed flow on a norma l ~ of the  surface of nonremovable d i s—
• continuity.

Since the x—axis Is directed according to of an undisturbed

flow, V~~1 — V1, V~,1 = 0. I~’ we designate through , the angle be-

tween the tangent of ’ breakdown and the x—axis, then Cos(n, x)—Sin~ ,

Co. (n, y)— — Co4~ , and conse ,uent ly  V,. = V5 sin ,.

Then from (1.3) we find :

v,,1 — V5 — — 

~~ (P — P,), v,,5 r-~!~~ (p~ —p,),
p,~ V1’MII1~ F — — Ps1 -Ps’ (1 L1~)PS 

~, V,l .in’,—(p, — p,) ‘ ~ ‘ 2p 1’V,’siø~

Let us propose ? — s + 8 ~, rAe sins=.._ !L 
~~~~

-_
, ( 1 . 5)

a1 — speed of’ sound in a dis turbed flow .

• Let us consider that Ac — value of the first order of small-

ness. Then with accuracy up to snails of the fIrst order, we have

• sin’~ = sin’ (~ + ~~ 
- + 

2 Y~ 1. — i
• ~“ ~~~

‘ (1.6)
~~~~~~~~~~~~~~~~~~~~~

• 
• Taking into account (illegible) and (1 .6 )  from the re la t ion—

ships (1. 14) , we obtain for the desired functions the following

conditions on the line of’ noremovable discontInuity:

• V,
h l , _~~~j~ 7-p

h
, (1.7)

VP 
~~~ ~~

‘
‘ (1.8)

I 
___• ~~
_1frP’. (‘ 9)

(1.10)
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~rreover , considering the “rozen stste of’ oscillating derrees of

freeier with the passing o” ~as through the sho ck wave , we have

one condItion on the line o” discontinuity

E,’~~ O. (1.11)

Let us direct our attention now to the  c o n dI t i o n  on the pro-

file (to the “low—around condItion) .

Ye have

(1.12)

where ~ is the  sngle of’ inclination or the tangent to the profile

to the x—a x~ s .

Let us linearize t h is  conditio n on the  profile . Let the e ’ua—

tion of’ the pro”~ Ic be

y=c(x). ( 1 . 13 )

Sinc e th~ rrof’ile is thin and sildlv curved , It means that v a lu e

tg~~~t’(z) can be considered small of’ the ‘trst order.  \ssumlng in

(1.12) V7 V7’, V, V, + V ~’ and disrerarding the  va lue  of ’ the small—

ness ~~~~~ t he  second or der , ~‘e ~ l’t~ Iii condition on the  pr of ~ le In

the form

( 1.114 )

Thus , we must  in tegr ate  the  system of equat ions (1. 2 )  w I t h  t o u ndsr”
condttions (l.7)— (l.ll) and ( 1 .1 14) .

2. General solution of’ the l inearized s~r stem of eouatlons .

Let us reduce the system of’ ec,uations (1.2) to one eouation

relative to funct ion p ’. With th is  purpose, we will dIf”erent~ate

the f’tf’th equation of system ( 1.2)  twice along the x — a x l s . We ob-

tain: ~~~~~~~~~~~~~~ — -(c~’) -~~~_~~~i) ( . j )

6
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~“rsr teh fourth ecuation of’ system (1.2) we find
SE,’ pi ( Oy,’ ~~7 I c or

o, )~~ v (2.2)

Dif’ferentiatlnr (2.2) once wi th  respect to x, we obtaIn
0’ E,’ p, (0’ V,’ 0’ Vy’ (a) d~ Tdx’ 

= — — 
~ ~

, -
~
-.

~~~~~~
.j —  cv 

~~~~~~~

— (2.3)

The third equatIon 0” system (1.2) wIth  the use of’ the latter pro—

07” I vip’ T5 (dv ,’ dy 7 ’
dx Rp5 (2. 14 )

~iav!r~- d!fferent iated ( 2 . 14) once with respect to x, we fi nd
02 T 

— 4 ,J’ p’ 7, (vi’v,’ o’y’ ‘ \ 
~~ 

r )Ox’ ~~~~~j~~~~T 4-— ~ -~ dx ’ 
+-~~J,j -

Let us dIfferentiate the ~Ir st  equat Ion  of ’ s:’stem ( 1 . 2)  w I t h  re-

spect to x, and t he  second w i t h  respect  to . Ye f’lnd

____ — 
I 02 p’ (2.6)

Ox’ p, V, 0s 2

(2 7)
~~~~~~~~~~~ dy ’

P l ac in r  ( 2 . 5) , (2~~~) , and ( 2 . 7 )  in (2 .3) , we o bt a In

02 E~’ 1 1 
~ (

,...(.) T, p, ~ vi’ p
Ox’ 

~~~~~~~~ r+ p 1 / PT1 à~’ 
+ 

( 2 .~~~)

~ ic” Ti p , \ 01 p’
+ v;~ ~ ~

, p~3 )  ày’

Pif’f’erentlating (2.3) once wIth resrect to x and ~‘1~~c I n g  the ~~~~~~~~

tam ed eiuatlon , along w It h  (2 .5)  and (2.8) In (2 .1), ~i~;ino (2 . 1)

and (2.7), we obtain for function r ’, af ter the t ran s ”or r at i o n s  of ’

coef ~ IcIent s, and eou at Ion  w i t h  partial derivatives of the th~ rd

order In the form :

( 2 . 9 )

where the fol lowing designat ions  are Int roduce 1:

(see followIng pare)
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~

~• 
- v ,’ — t = M , ’— l  ,

R T, (R -s- C ) .

I ‘ 

~,$RT,(R+C, +C~~

I : - ‘ ~~ it on ( 2 • ) ) ~‘er ~‘ , n t he ri n i — ~ ~u 1 “ ur~ c so , t so no~’sa 11

nse~ ‘a’~e o~~uat I o n .  .‘h ls  tIe ‘‘ ‘th t h e  c1ass~ c e —~u:i t,~~~ . I s  -‘~~~ t e

• hen t h e  r o l i  xat1 rn t t t - e •‘t r r~’~~ache s ‘~~11 , f’rc’:-’ (2.’~),

• In the ~~~rt t~~~1~~r c-ti e , an eliat on Collot::; “w’ an e-’ui I l L i ’ ~~t sn

~~~~~~~~~~~~ T n t he  ~‘aso ‘:herek ~~( in r I n It e 1 ”  la i n-or  t i r.e  - “‘ r e1sx~ —

- 
t~~on) , ~e oL~t s ! n  a spec Ial  case o~ the  cl a s s i c  e~~u a t i c n  t - ’~~th  t he

Ya ch n u r b o r  ~~f’ the ““ rezefl” r~e”Iod • “or sc”-~e n o n — n u l l  f nlte raise

of “oiaxatIor~ t In e  the  ~~~act e r I s t :  ics of ’  c i s at t o n  (2 . ~?)  ~I th the

- -  
I

x
~~~~~yp~~~L

-

• ‘-‘ a’,’ the same “ole as the c n r a ct e”~ st i es  w h i c h  are well known for

(‘o’1~~~~lT ’ thr” ~‘C~’ ’ O~~5 .

‘ ‘o ‘v 1 l1 se-i ”c’ h “or ~i solutIon to the obtaIned e o u at  Ion (2 .~~)

a tne ~~~~~~~~~ “ ar. exronent s I law , wh I c h  s na tura l “or the roTh x—
-t t l o n  r r o o c s s .

It Is easy to see tha t the f u n c t ion s  w I t h  the Corn e.z — py anLi e.~z —

—p,~ where . a •~~ r are cormiex con,i~Lra te nurthers, are selu—

tlons to equatIon (2.9) with

S H
‘I



.on ‘ ta c t Ion

p’~ M
1_

~1+B/1_$
7, (2 .11)

- h e r e  ‘-. m•! !- are thr~ ~‘anJc ’~’ c - i s t — t n t s , ari~ w I l l  a l so  e t:-.e sols—

t’ on to e ’ t a t l o r  (2 .~ ’) .

:~ ‘~r ’or ”-~e

~ =p + q 1. ~~~~~~~~~
‘hen (2 .l~~) can  be wr I t t e n  In t he  form

p’ = e~’ ~ jCcos (qx —A y)+DsIn (qx — A y)I. (2 .13)

‘‘nere ~ = ‘t +  ~, .: = t ( A — ~~) .  2t z b - ~t f t u t In g  (2 . 2 )  In  ( 2 .10) and  e r a r nt T h~-

t h e  real an-I t: aglnar” rart~~, ~
.e o b t a I n .

2~A = 0,

F— Kb’ +~~a’p) (p’—g ’)—2~~a’pg ’J( 1 + ~,p)
— ( l + k ,,p) ’ -~- k ~’q’ +

~ (k0 a’ q(p ’— q ’) + (b ’+k 0 a2 p)2 pq~ k0q
(I -4- k0p) ’+h~,’q2

0= ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ( 2 .1 5)
(I +~~p$+h~~

L ( b ’+k,a’p) (p’— q’) — 2 k ,aI pqs~h,q

~“ -‘ -s (7.1~.) 1- e find (I -s- h,p)’+h~’q’

~~=+(F+V ~~ +~~ ), ~‘=~~ (—F+ Jf~~ +~~). ( 2 . l L ~)

h~r fn~ ~‘or “sact °n p ’ the cxnressh-~n (2.13), ‘-e fIn.:i~ rrocceding

• ¶ 
~~~“ ~‘~rrs~ to neans , th e  renalntno “~~r od- n n n Ic  e l em e n ts :  v,’. vj . 7”, p’, E ,’.

T n t e — r a t l n r  t he  “ T h a t  e- ’sat lon of ’ a r st e r  ( 1 . 2 ) , we f i n d

V1 = — 
p V

_ ~PX ’4Y fCcos (qx — À y) +• +DsIn (qx~~Ày ) J± C 1 (y), (
~~.

wher e 
~~~~~~

( “ )  I s  the arb1trar’~ °unc tion.
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~‘rom the second equation o” s’istem (1.2), placing, instead of’
• p’ , its equation (2.13), we obtain

~~~ eP1~~~Y [ ( — ~~C — kD ) cos ( qx _ Ày )~~ (2 .18)
+(À C_ ~ D) sin (qx_À y)~.

Intecrr,at1~r (2.18) with respect to x, we find

vy ’ = — 

~ 
([C (Àp_~~)_ D(À q+8p)J sj n (qx_Ày)~ (2 .19)

-
~
- IC(_ ap_ À q)+D(aq_~ A p)] cos (qx_x y) }+c,(y),

where C 2 (v )  — arbitrar’, function.
prom the thIrd equation of system (1.2), placIng, lnstrea d of v~’

o r ’ , the i r  expressions (2.17) and (2 .19 ) , we in tegra te  w I t h  re—

‘ect to x and “'Ind

eP ’ Y  
[Ccos (qx — Ày) + DsIn (qx — Ày)I —

I 
(2 .20)px—

~y
• + V,2~p’ + ~~ 

[(Cg + D )  sin (qx — Ày) +
+ (Gf — Dg) cos (qx — Ay) J 4- C, (y),

where

g= 2pqF+(q’—p’)G,
f = ( p!_ q ’) F + 2 p q G, (2.21)

• and s~
.

3
( V )  — a rb i t ra ry  f u n c t i on .

“rom the last equation in system (1.2) we find

r’ V~~~~~T1 ~px-4y LC cos (qx — Ày) +

+ Dsln (qx~_ À y)J~~~~LC,’(y).x_ (2 . 22)

• p, V1~ (p ’+q ’)I 
[(Cg + Df) sin (qx — Ày) +

± (cf — Dg) cos (qx _ X y)J —

rrom the fourth equation of system (1.2) , usIng the fifth, we find

{ 4 ”(~~:—~~~~1) 
— ,J 6P~ — 

~(—
- 

-

‘—X y)+ (Cp+ Dq)~os ( q x— À y) j, — ~~~~~~~
\ ,px — $y

± _,~~,,) p ,~~q.~ E (~~n+D *) s1n ( q x_À y~ +

• 10



- • -~~~~~
‘
~~~ -~~~~~~~~~~~~~~~~~~~ ‘~~~

“ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~ ~~~~~~ 5 - - v ~w~~ ~~~~

1
1*

T #~~
_ I’

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
• 

XsIII( a- ,)+ (Cf_Dg)cos(q~’~~4L y )I+(\ ’  +
(N)

• 
÷ 

c, ? , 
x+ )Ca’(y)+ (2.23)

—

- 

- 

— 
•
~
“
~ 7” C,(y) , -

where

m-~qF —pO .
- 

si = p F +qO. (2.214)

? .‘ IP ~~~Pp. V1 , V~~ • p , •
~unctIons .4 given In formulas (2.13), (2.17), (2.19),

(2,20), and (2.23), satIsfy the five equations of’ system (1.2).

Satisfying the fifth equation of system (1.2), we obtain one rela-

tionship between the random elements entering into the equation.

- I fo, in the reneral solution to system (1.2) arbitrary functions

~1(y), C2(v), and C3
(y) enter, as do the random constants C , ), n ,

and o, which we mu st find from the boundary conditions.

3. Solution to the problem In linear approximation (search for ar—

bitrarv functions).

~‘?e find arbitrary functions which entered into the general so—

lution. !~or this, we have six boundary conditions (l.7)— (1.ll), and

(1.114).

fonditions (1.7)— (l.l1) on the line of nonremovable discontinuity

• win be written on characteristic x — ay a 0, and condition (1.114)

will be on the y—axis y a 0,

Satisfying condition (1.7), we see that

c (+)~ o (3.1)

• 11
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t~
t

a~ d from eon~1 t I ~~ ( 1 , 8) we ~

o,(~)_ ~~~~~~~~~~~~ ( (C (.q1+ap3 _Ip~~~~~~ è4 )+D($q—

_ À ~)I .(.q _ À ) + ( CU p —~~ )+D (4ø +4P’— I P— ~~~~~~

_À q )J sIn ’f(aq — ) .

fatIs!vin~ conditIon (1. )), we ~‘ind

• — (.‘,(y)~~ (-r,~
.r — 

~ r)s’~ ’~~ 
j Ccos y (uq—. A) 4- Dsln y (aç —

y (pi—$)
A) Y,’(p~+ ~

1
~

1 j (C g -i-b/) si n( a q—A ) y 
- i- (Cf—Dg) Cos aq— ‘ ‘

y (p’—~
)

— 

~~~~~~ 
I~C M + DN) cos (nq — )~)y — (CN —

_
~D~M)sIn (aq _ k)y lay,

•

M~~~a (p 1~f q ’) ( ap — 2a) +p F + q0 ,
N — a (p ‘± q’) (aq — 21.) — qP + p0. ( 

~ •

0ond it on (1 • i i )  leads  to eons  t on

A

e [ (Ac + aD) coa ( q x _ Af ) ÷ (AD _ B c)  aln (qx — (3 1 ,
’
)

_A+)1
IIu.O ,

• I ’he ’rE ” (a) fa)
A p(a’ — I) ( 

~~~~~~~~~~~~~ + ,, +p 
~~~~ +

(1) -

C, •11—R 7’1 ,~

~ R.,’ 
— • I

’ ~~~~t ’

• 
~.) I,)

B -
~~~ q(a’— 1) ( ,~~, ~~ ~,a 

~~~y )  i q ~~~~~ -- -  2aÀ,

which wil l he satisfied 1.f we set

A— . o, 8—0.

Uslnr condItion (1.114), we obtain

.
~‘p, V,’c’(x) 

~: 
4 P *(C cosqr i-Dslnqz) . 1 • ~

1. ’

-
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~eplactng In equation (3.8) qx b~, qx—X~~, we find
• —•- p z + p _ _ _ y (3 ) )

• C cos (qx — À y) -I- D u n  ~qx—A y) — ‘“ e
• -7’).

• th en

(3.1 0)

The obtained exn~’essIon “or p ’ is a generalizatIon on the case

o” movement of ris under conditions of the absence of ’ t he rm odynam ic

equtltbr !um of the known Akkeret rormula for the thin t-’Ing and con-

curs  wI t h

Along the same lines, in the  case ~~~~~ 0rom (2.1) it “e l i o w s

t h a t  ~‘— .‘u’ and , conseouent 1~i,
.

‘ p (3.11)

l~
. ‘

~~o that  mu l t Ip l e  e~
7 ~~~~~~ consId•rIn~ t h e n o n — e q u l i l i - r i —

um state in this case turns to a u n i t , we obtain the -\kkeret for-

mula . In the case ~~~~~

f’ron (3,10) we obtain the Akkeret formula with a ‘ ac h num ber of’

the “frozen ” period .

Knowing a ’, we can comr ute the coefficients of’ lift force and

Irar resistance and (letermthe in t h i s  manner the same c o n t r i b u t - I e i i

to the values of these coefficients , which  in t roduces  the  n o n — c o u l —

librium state of excitation of oscillating degrees of’ freedom .

— -- -~~~~~- -- _ •~~~~~~~~ --——_
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