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Page I

Baxigos flcws of viscous fluid uvith stationsry sepiaration zoames with
Eave,

G- I. Taganov.

Are examined the maximum flous of the visccus incoapressible
fluid for which strive with an infinite iacreas¢ in Reynolds number
tha flows vith stationazy ssparaticn zoues sfter flat/plarne
sysretzical bodiea. Are citained gmantitative results in the case of

cjrculation flow vithin separation zuag.

the gualitative study of the field of tke fossible flows of
viscoes fluid wvith staticoary separaticn 2cae= wvith large Reynolds
vasbers Re, when flow ic the tiin layers of sixing and frictiom camn
be described by the eguaticns of Prandtl, carried out in work [1]), it
is supplesented belov scme guantitative asyagtotic results with Rea=
fpr the case of the nondegenerate flov within separation zone with
circulation nucleus. 1Is ccpducted the acalysis cf the glabal picture

of flou about flat/plane body (trapsvoxco tizoydiconsion of body 4)
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with she unlimitedly grcwing yith Res~ extezt of separation zons 4
and is more precisely fcraulated tie local picture of flov near bedy,
described in [1). The apalysis of the lccal picture of flow near body
aed ipn in the ragion of ccarectica sakes it possible to obtain
asyapgotic fcamula for the érag cocfficieat cf symmetrical £lat/plane

tcdy ¢f Be-<= and &he presence of diasipator

the gualitative invessigaticn ¢i depapdesce c¢,—f{Re) for the
flat/plape piste, establizhs/installed perpecdicslarly to flow and by
that streaslimed with staticrary szparaticpy zcme, it leads to the
jaterdsting paradox: beginning :td certain, sufficiently large
pushes E$==‘E%£u resistonce of tiy plate, establishs/insbvalled in a
directicn perpendicular tc flow, becomas i«sser tham resistance of
the same plate, emtablish/itstalled 2% zezc apgle of attack and
streanlined without flou Etrcakaway with the saac Reynolds zuaber.
thicz pazadox is the comsequence of the cbtesimeéd in work asyaptotic
law of resistance of the cylimdrical bcdies, which have tke

ayspetrical fora of sectioy, streaslined »ith stationary separation

zoyes whes Re,-»oo: ¢,~ Rer'.
Iage 2.

drc givon the rosalts of calculaticas zcgaxding the form of the

doct/ecntour of tho coparaticn zone, which ccrrespords to tho
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limiting condition of flov with Rev= about the syammetrical flat/plane
bcdy ¢f final extent (saxisally weak dissjpator - point D, when

=0, A=al—a =0 {1} It turned out that the duct/contcer of the
soparation zone inm this case was cicse to ellipse, but it does not
coincide with it, its major axis is direated alcag flowv, while ainor

axis ccaprises approximately 60o/o0 of sujpr axis.

the foia of the ductyccntour of separsticn zone during maxisam
flovw jBe+», A=() is compared vith the .fcra cf the duct/comtour of the
separation zome, chtained .as a result of tle nuserical solution of
the eguations of nav'ye - Stokas fcr the case of the flow around
rownd cyliader with Re=S00 [2). It proveg tc b: that the unexpected
for tlie authors of work [2] increase in the thickness ratio of the
duct/contour of separaticy zone with Re=500 ccsgletely regularly
tastifies to the approach/aprproxisation of the picture of flovw _ith

§e=500 to the saxisua pictere of flow with se>= and A=0.

In conclusion are analyzed th¢ reascas for inapplicability
freviqusly proposed modcsls cf flow [3] - [7] for describing the
aszimes flow of viscous fluid with statioasry separation zone with

Ba+e. Zurgs atteatiun tc the resveblamce gt sGue propsrties of

zaximun flow (Re + » and 4 = 0) and of Zhukowvskiy circulation flow:
they both pertain to the class of plane flows with theoretically
infinite kinetic energy of tne disturbed motion, but with the zero
value of the drag coefficient during steady motion,
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. Glekal picture of maximes viscous Slows sith stationary separation

20§e with Re-d=,

Since, as shown in work [ 1], the exteat of separation zome /;
unlimjtedly grow/rises with Bew= and the values of the parameter 450,
whick characterizes the c¢ffectiveness 'of dissigator
(L=u8—& 8, = %;iﬂ%.lh‘. s, 4, Vitd resgect to the velocity in
pcints on the external and internal bordecrs of the viscous layer of
the sixing, which separate¢/liberates extersal pctential agd irntersal
vcrtey/eddy inviscid flces, wvhile H=» - is the velocity of the
undizturbed flow), becoses unsuitalle the uwse cf a size/dimeamsion of
tody 4 as reference lenctb. It is pore coaveniest in thias case during
the stsudy of the global pictare of flaw bp take as reference length
the eytent of separaticn 2cne [, and tc pass tc dimensionless
coordinates ;-7‘:-. ;-—7‘:—- It is easy tc see that the cuss of the
degenerats flov within separation z0me (4,=0, A=), occurring eith
Ee»= and th: uresence of saxisally pcwaerful dissipator  within the
separation zone vhen extergyal flow cam e Jdescribed vith the aid of
the model Gilbarg-Efros it will be depicted in rlane x y as axis
ieterdept X, arrange/located betweey tle pcimt 3=0 (body) and the

fcint =1 (region of connectiom) (Fig. 0«
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PCRTBOTE . Iz accordonce yith worx 1] 20 saxisally poverful
dissipctor corresponds the dsgensrate flow uithin separation zone

withost circulation of core. RNDFOCTEQZER.

EFage 3.

Buring a fall in thke effectivenesz of dissipator {case 0<A<?)
vithis separation zume asppears the circulaticp flow with constant
eddy/vortex. Static pressure in separatioa 20pc is dipect after body
and directly before the r¢gion of cconectjcr it is raised to the

value egual to to stagnotien pressure for lise cf deamarcation of the
20— py)

F'L
Gcesequently, in the vicinity of pciats (0, 0) and (1, 0) to plame X

corrent of internal vortes/eddy inviscid flce p= =]—A4.
y external irrotational flow must provide precisely this static
jressure, i.e., velocity ip these pcimts sust te egqual to

éas-VI. This pequirement can be caxried ost oaly in such a case,
uhen the duct/contour of the separasticpa zose bhas at points (0, 0) and
(1J 0) the zero angle of sharpeaiang, aad alsc differeant from zero
[monvanishing) thickness ratios Yann (P:3. 2), i.0., the transverse
sjze/disension of separaticr zone sust be tie vilue of the order of

the eytent of separaticy 2cne alcrg flow.

In thae case wbon A=0 (saximally wqak dissijator), vith the

vzlisited incroaze in the oxtont of sapcratica zono 4+ with Re
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tenbez the reguiremeat of the zero amgle of skarperir~ at poiats (0,
Q ard (1, 0), as is evident from precedinc, previous, drops off flow
is the viciunity o% body and region of iccamecticy it approaches rest
[1]). Rhe ductscontour of the separatioy zpye with final amgle of

tkzoat at points (0, 0) asd (1, 0) takes i3 this case (A=0) the fora,
Freseated in Pig. 3.
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2+ Lgcal picture of flcw gear body and ia the region of conmection

s oeact.

the preseace of the zero angle cf szhatrgsging of the duct/contour
cf soparation zone at pcints {0, 0) and (3, 0) lcads to the fact that
internal flow with constspt cddy/vertex is close to stageant in

seffidiont extended in the directicy of X-axis tbo zoctioxzs, which
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adjcia points (0, O0) and (3, 0). Tre exszjinatica of imteraal flow
with ccastant eddy/vortex ic the viciaity cf the poimt of inflection

ct sedge vith apactors sngle § ioads de £fellovicrg relatioaship/ratio
én,

fer salee —= at poist cf inflectics t.
ox ow, 1
— - igp—0. . 21
ax |gp2 )

PEGTUGTE !. This escapes/ensues frce the Jualitative amalysis of the
fibov 4t ;0int of iaflecticn, carried out by V. S. Sadovskiy
(desceiptica of flow is given into in § &) . ENDFOOTNOTE.

consequently, at p=0 and finite valse O ﬁ=¢a0 2ith =0 amd

ax
=1, and from the equaticn cf Bernculli folluws that amd %:—-0 at
these pcints. Thus, after body and befcre tie region of commectioa

cccur sections with the almcst constant static fressure: p=1-A.

Jf we nov return to the use as referesce length of a
sizesdivensiog of body d, tien easily iz detected the local agreement
cf. the picture of flov pear body in the cas¢ iv gquestion wvith the
local picture of flow atous the body, streaslined vhon disengaged
tlce lines are present,, which descend fros hody surface (flow of

RirchBoff).

the isportant property of flowus with free toundarios is the fact
that ghe local picturo ¢f extornal igrotaticoal flovw noar body weakly

depends on flov conditicns tar fros body, including on tho volocity
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ct the sadisturbed flow, and it is detersissd Lty the fora of body, by
tss pesitioa of the poirts cf the descent cf jets on body amd by
velocity o» disemgaged flcu lises, which adjcia the body. This
propexty is coanstaat/iavariably ccrfirsed kj precise numerical
calculations of flqus with free boupdaries acccrdiag to the patteras
ctf Byatushiaskiy and Gilderg-B2ros gver a vide zaage of a change inm

Q=L=2"p
PR (1.e< during a coasiderable

the neader of cavitatior
cheage ia the coafiguraties ot ggctal flow. in rarticnlar, dzcizg &
cpesiderable change in tie thickmess ratio cf cavera), and also witk
the ssfficiently close location ot the £igié bcrders of ckanmel to
the sgreaszlired body. Hence escapesensias tie isportant consegueaca:
the drag ccefficient of body, ir raoference to velocity oa the free
bosndszies, which adjoin the Lody, dces qpt depend oa velocity of
jacident flov and it is equal to the drag ccefficient of body Cxx)

streaslined according tc Kirchhoff's patterc, shen velocibty on free

tosndaries is egual to the walocity of the uadigturbed flow and

casber $=0:

. 2X

c:"“:d €4 x = ¢, (0). 2.2)
Eage S.

Eow it is easy to pass to the exval drag ccefficlieat of the

tedy, in reference to tie velocity of ths szdisturbed flow:

?
ot}

C‘DC‘;T. m)
»
it is final, with uco (2.2), w2 cbtaiss
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' |
crm gt =, (001 + Q) 2.4)

Poraula (2.8) hava logg utilised dwjiamg calculatioms of cavity
flowz and it is copstant/ianvariably comfireed Lty the experisent (for
epoaple, see [8], (9]} Por flat/glane flate ‘:u—;%zo.w. for a
circuiar cylisder depeadipg op the pcsitips of separation point
accepged value ¢ 4is ctapged from 0.5 to 0.55. the first nuseral is

tettex contirsed by expeériment [9].

the coimcidence of the local pictere cf external irrotationmal
fiow dbout body vith sefaraticon zore in the presence oi a dissipator
sishin zoge, wkich ansures the assigned magritude of the parameter 3,
and of the local picture of flow with disdpgaged flov lines makes it
fossible tc obtain the valae c¢f thé pressuz¢c drag coefficlent <.« of
the acting on body in the general case circulation flow vithin
separation zoge.

Since n;'-—--l'i. skeze ®» - velocity in foiat (0, 0) of piane

T Y, shen of (2.8) wa hava:
€1 =Csx 4. 2.5)
Bowever, this is only pert of the drag coefficient of systes
best ¢ dizsipator. It ig peceseary tc detexsisge another the force,

shich acts on dissipater [1].
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Ret as turn to tha deteramimatica .cf the ccgditions, aecessary
fpxr the existence of £1l0v asx a whole, i.es, the conditions, by which
is possible the coupling cof the interaal flcw with coastagt
eddy/sortex, described bty tke equatica cf ¥cizscn, with the extermai
irrctational flovw, described by the egusticr cf Laplace wken body and
regiom of congection is present,. EFere again prcves to be essential
coincidence of the local pictures cf flcw .3ear Body and ia the region
¢f ccanection after sepsraticn zone With dccal pictures im the

appropriate zones of flov with free bcuadaries.

R2or syametrical relative tc X-axiz of the flow of Ryabuskhinskiy,
formed by two plates, perpesndicular to the directior of tke incident
flew, Demechko [10] it demcnstrated the thecres, according to which
the flow of Ryabushinskiy exists ctrly in the caze of the plates aof

identjcal sizesdimensica.

Snder the asgumpticn about the independence of the .ccal picture
cf flew about plate from flcw conditions far frca plave, i.o., umder
the sdme assuasption, under which vas chtajsecd fcraula (2.3), theoraenm
ct Dasechkc can be demcpstrated by follcowjing path. Resistance of
systex of two plates of different length, rijgiély connected and
strecaslined according toc the pattein of Ryabusbinsky (zerc flow line
ccincides with duct/contour AECD im Pig. 8), according to oylera - a°
Alosbert®s paradox suzt bq eqgual tc scre:

X+ X =0, (2.6)
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sage 6.

Sowever, to plate iB, is applied itie re¢sistiang forcan, egual

acccrding to formula (2.4):

.z ]

Xa=A8 F2ec(q+ 1), -@7)
and te plate UD - the fcrce

Xep = —{t'-"'ii%"'-'cu Q+1) 2.8

Sincoe valuez Q amd ¢:x are ideatical tcr kcth piates, thkem for
exeqcution (2.6) it is cecsssary, in order tc
A8 - CD. (2.9)
the gemeralization of theores Demuchh, to the case of ipviscid
fley with constamt eddy/vortex vithin dw&/ccpteur ABCD and the finmal
jasp ¢f Bernculli’s comstagt or border BC (case 0<A<1) is comducted
apalogously, but with the use additiosally cf agreeseat of the local

ficteces of flow, i.e., in the same assuaptices, by whkich is obtained
tozsuda (2.5):

X,;—;--:TF%:,;A;

x'w-:-— w%cﬂ a.
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8$igog cx and & are ideatical fer Lots plates, of (2.6) it
fcllous:

AB=CD.

Taus, internal flow vith coastant3 like tie wind in the
geseraliznd pattera of bHyabeskimskip can &e¢ cosjugate/coakined with
eateranl irrosatiosal flou in the jresemce cf the finmal jaop of
Bazzoulli®s constaat on the linze of cosgling apd, strictly spoakiag,

e z-%.f-y*" oply at the idestical lsmgth -of thosa limit the flow

ct plotes.

Et is cettain, the pattera of Ryakushiaskiy is inapplicable to
the descriptiea of flow in the region ¢f ccosection after ceparatios
zope. For describiag the flow in this regics, agproaches the model,
preposed ia work [ 1], wiich uses a pattsra Ciltarg-Bfros wit’
racurzent jot. Two Dizeasiopal fparameters dctersise the iocal pictere
of fles in the 2egicm of the ccraecticp: 2k¢ thickaess of recurremt
jut, egaal to 2 i;. where T - thickness of the acguisitioy of
speentoa/ispulse/pulse i the viscous tcwadary layer of circalation

tlou [cheracteristiic licoar disorsice), aad voiccity oa dioongeged
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flev iiaes.

Page 1.

It is possible to azpect that thke thickress cf recurreat jet in the
flos 8ilbaxg-Bfrcz it amcst comprise the cpeglietaely defined portioa of
tho lengtk of plate, just asz the size/dimepziar of closiag plate in
the flov of Ryabushinsky it is conpected vith the size/dimemsion of
treatgleading flate for the pessibility of the realizatiom of flov as
s yhole. In fact the force Xz, fros which cleosing plate im the fliow
cf Byabuskinskiy acts oz flcw, it iz provided ip the flov
Gilbarg-Bfros by the reacticn of the recusrant jet, vhich appaars
duriag a change in the direction of the eotion cf ligquid, which forss
jet, @a 80°. Actuvally td¢ thickmess cf racirrept jet shedy Fi==pa 18
0.22 4 [9); the raaction of jet, egual to a chaage in the momeutan of
l1jguid during the rotatioa cf jet im oppesite direction, comprises
2,...0,32.4.;...05%‘;4' i.0. 12 acceracysprecisica it is egual 0 the
tprce from whick clceimg plate in the flow of Dyabashimsky whea Fir™/le

aéts os flow.

consequeatly, for the taalizstion of flos in the wheole thickness
cf reccrrest jet in the regioy of cceuectic; it asust bs complotely
datersiced, that omsorasz the reection of Jet, egual in ecgnitade to

the preszure drag, skict scets cu bedye
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Sirce are nov kaown the pzraseters of recoirent jet, cam be
detersined the thrust, applied to the dimsipatcr which is im an
idgal=ligeid model, sxauimed in» wczk [1), b) tke flow of tho
spesntun/inpulse/pulse ctf xrecurrent jet. If diszsipator is
arrande/locatad on the sectiop where pmt-d4, thes for satisfaction of
fexiodicity condition ir the viscoss bowndary layer of the
circulastion flov of dissipator it sust provide tha absorption of
eatire momentussimpulzespulse cf recurreat set, i.e., the asounnt of
thxuss, applied to dissipator sust coagrise halt froa the value of
the reaction ¢f jet in regicn of ccomectiocn or, on the basis that
freseated it is higher, the balf of the amcunt ¢f the resisting force
cf thke pressure, applied te the body:

er=2g1, 2.10)
uhere or =§§'d - thrust coefficient, applied to dissipator. Then
taking into accougt (2.5) we obtain the drag coefficient of systeas
boat ¢ dissipator in the cage cf tie ncndegecmecaty flov with
circulationm nuclens in the separaticr zcge:
€ty =61 = Oy =k 8 @.11)
cr . accordingly (2.10),
C,=0r. (2.12)
In the case of the degenerate flow is separation zoms A=1, if

Body is thoe plato in which cn-%. fcrpoula (2.)71) gives the
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resuly, which coimcides withk that cbtaised iz verk [1] for a systen
plate ¢ ideal adismipatez: ".-;-{-7.

during the derivatiop of asysptotic forssula (2.11) was mot
cogsidared the effect of displacement, coagecied uith the deviation
cf thé flow lines exterszal irrotatiomal £icx is &ke rogica of
cogneétion of the thickaess, equal to the displscesceat thickmess of
the ejterior of the viscous layer cf sixiag, although a precise
ideal~ liguid modal of stalled flcu, dsscrited ia work [ 1), is
iacluded this effect in axasipatiop. Rithpst being stopped here o3
the prccedure which can be frogosed fox the acocuat of thas effect of
disglacemgat in the case of maximsus flow sith B¢»=, lot us explain
the néchaniss of transsissica to the bedy cf fpressure drag, which
appears duve to displacesests and added to walue (2.11) in flov with
sepacation zoye.

In the case of the flow azound rigid airpoil/profile, as is
kaocwn, this occers due to the dacrease ¢f [resscre on the rear
jecxtign of the airfcil/profile. If we viswualizse the nosseparated flovw
Jf the rigid duct/contour AECD (see Pig. 8), then duws to the effect
cf displacesent, the force of pressure, actipg ca closiag plate,

docreacas. Apparently, analogons with 2pis reguired valuc of tthe



TR =TT e i = ry

£

e Ty o ==y S SR A

ok 3

)

BOC % 78108201 PAGE AT
{

reactjcn of jet ia tke regica of ths joimjeg ef jet ia the flov of
6ilbarg-Efroa 2lso decrsazes, aed this cavses, cther coaditioas being
e3valy the decreass of tha thrust/rod, shich acts on dissipator, aad

thezafore &rn inczeese ir tasistuace of systes 1tks dody ¢ dissipator.

¢ 3. Raradox of viscoas flows with the laxge R: nusbers.

Ret 2=

=plaia aow how will chapge of a2 ixcrease ia @ REUEdGT

thae dmag ccefficieat at the symsetzicel £ist/gisas dody aof

sjze/dinension 4 with the dividing plate, sxrascaslocated aiomg tae
axis ¢t syamatry within separation zceg.

et the Adividing plate hase tha assigredsprescribed lemgtk |/,
cf thé order of tke siz¢s/dirension of &cdy ¢ and the
assignad/prescrihed distasc2 hetweey tie dividing plate amd the body
also ¢f order d. 3kns, the diszipstor is the entire rabbisg surface
cf the dividing plate and tie sart of rubbing serface of body, which
adjcias the separztion 2032. Lot vs examiae first the artificial
case: let friction oa the Back side of body be equal to zero (all
scvind surface), aad thbz dicaipatice of oaexzgy cf recarrext jot is
tealigesaccoaplished oo tie dividipg plats shose position relatiwe to
body is changed withk a change in Re number sc that it iz alvays
located is tio xegion whkere the wvalccity of cixculation flovw is

saxinga. Sinco tbo caxisuam spoed of circziatica floz is ¢f tho ordor
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cf the zaloeity of the wndistarbed flow, the cceificient of frictioa
drag of the dividing piste ¢r will changs ~§e—%. Cesssqueatliy,
sad the part of the drag coefficieat of systea tody ¢ the dividing
piate (without the account of the trictiomsl resistasce cf emd
ccarsctions of ths bodyl will change accozding to the lac ~Re'$',

simce accordigaly (2.11!) this part of tho drag coefficieat of the

systes cf order cr.

Sovever, in the real cass the positicy of the dividigg plate
rolative to Lody, as this is stipulated abcve, fix/recorded comprisas
tio value of order 3. Therefore with a3 imcrease in the exteat of
separation sone with Re» both velccity of circelation flow &amd
zecursent jet velocity in thke lccaticn of the dividing piate they
#ill sanisk, simce flow will approach saxjsus, appropriate A=0 (see
PAg. B). It m=ans coefficient ¢r it will vanis: faster than
ateordiag to the lae ..R,"f (preceding/psesions case) and,
cpaseguently, also the tetal ccefficieat pf frictiom drag of exznd
ccasections of the hody, vhich vanisbes faster thas Re'";. des to the
temdency of the iocal chagacteristic velocity w?® towverd mgzo) will
vopisk fzster than Re;"’.

Fage §.

At vory rapid incidazceysdzop epd thko 3os values of &rag
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ccafficisnt, connocted with fricticp ip tie viscous boundary layer of
cizculation flou, it is nct pozmible tc akrcady disregard the valwe
¢¢ vigcous diszipation in a» entire¢ ragnge ¢f circulation flow with
coastiat a¢ddy/vortex ané iy an entire remge cf exteraal irrotational
flew. It is easy to show that the work,) gecessary for maingtainimg the
steady potential f£lcy around separation zpje and flat/plane
cizculatios flov with ccastant eddy/tortex ia thke aaxiaua flow (see
rig. B), it is provided, if the law cf resistasce takes tke fora
¢, = ARes', (3.1)
shore A ~ the number, which depends only oj the configuration of
separation zome. Por the copfiguratica of tie flow, presenyted inm ric.
So 2=85 w.

Ju fact, the visccus dissipaticn B i» external zone of flow and
iz the range of circulatics flcouv sith ccastant ¢ddy/vortex, not

8 \2
depending on sizes/disemsicp I, prcpcriioasl F(f) IM-{, suet bhe

frovided by the work of the resisting fcrece of tody, proportional
pdc,d, iope pal~pdc.d, vhence it £c¢lloms (3.1).

E£f tke drag coefficieat of body with ssraration zone viiam Re,— o

f4lls faster than acccrding to the law ¢,~Re:'§, valid duriag
the agnseparated fleow of fimo/thin airfoid/protiles and, in
jartidular, during coatinuocess flow aroznd tig plato,

establish/installod at szore apglo ¢f agtach, tdem it occers tho
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ieterestipg paradax: begimaing witl certajy sufficieat large Re
ssabex with further iacrease ia Re awaber resistance of the plate,
establish/iastalled pecrpendiculariy tc flow, it becozes lesssr tian
resistance of the saze jlate, establiahs/iastalled at zoro aagle of
attack and streaslised without flos Lkreakasay with the same be

reaboz.

§ 8. Beterwinatioa of the fora of the ductiy/comtcur of separation zore
in sagisua plame fillov with Be2= and 4=0.

Rathesatically monpe idle tise is the task cf deteraiming the
fors ¢f the duct/contouz of the sepsratioa acae of maximua flow with
in présence of the jurp of Rermculli’s coastanmt on the border of
dact/acntour, i.e., the cass A=0 (sae Pig: 3). If one comgiders that
thiz case ansvers the limiting ceonditicp of the flow of viscous fluid
abeut the real synaetrical bedy of final extent (vith the dividing
Flate of finite leayth ¢or withoat it)uhose cocfticieat vamishes with

De-=, them the exasimation c¢f this case rerreseats tke greatsst

interést.

. Uas at first made the gtteupt %o zoughly evaluate ths fora of
dsct/contour, £irding fiow with copstapt eddysvcrtex from the
gplotion of the egoation c¢f Poissop witkia the esaigned/preccribed

cact/contorr and oxtornal irrotaticnal floy alcst tho zacn
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dsct/gdcntour, attaiaing by the variatien ¢of the geometric parameters
¢t doct/contour during precise sstisfactiopr of toundary conditions
caly iz soxe points of the duct/contcus of a sigimum root-aean-square
diffexence in the velocities of extareal azd internal flow along the

l¢mgth the duct/contovr, jessessing tec ages of syssetry.

Eage 10.

The calculatiens, %. P. Sinitsymnoy's carrjed out, showed that if ve
gbarch for the solution of problea irp the class of elliptical
dect/dcantours, then the rcot-meas—-tsquare difiterence in the velocities
alerg the lenath duct/ccntour (characteriting tbhe value of error
during satiszfactiom to kouvgdary conditicg) doricg the variation of
the ré¢laticn of the semi-axes of ellipse b/e ia the ramge from 0.1 to
%0 bis the acute/sharp aisimcua vith bys=0.¢4. lbe value of
root-aean-square difference in the velccitiss ccnprises in this case
abeut 7070 of velocity cf the undisturted flow. Prom this, as is
e¢videat, sufficieat rouch estisate it fcllaved that the duct/contour
ot ths ssparation zone vas closa, tut it dces nct coincide vith the
ellipne whose major axis is directed alcng flow, while minor axis

ceaprises approrximately J.64 from sajor aziz.

the oeothcd of tho toipnt solution of jgtersel and extorior

fooblén, proposed by V. S. Sadceskiy, peolos it tozsible te doteraine
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dact/comatour with high asccuracy/precisions (ig. S5 in coordinates ;=7‘-:-
and ;:i— depicts the duct/ccaptcur, calcslated by V. S.
Sadcvskiy cn ETsVH - digitel ccepster] (are plotted/applied
also %c the flov line of iaternal fiow whes ¢+ = —00I; —002 —003; ¢ 42
is referred to the value cf eddy/vcrtex Qy and txe sqaare of the half

cf the leagth of zone).

gable gives the rdééuced coordinates of duct/comtounr.

y x y x 7

. - - = = o= - -—— — e e - e —w m ——— -

L Y]
LY
‘e

0 0 0.025 | 00600 | 0,1% ' 0,192 0.350 0,282
0.0005 ' 00030 | ooss | o0.0m70 | o.165 | o0.2m 0.375 0,287
0.00! 0,0083 | 0,045 | 0,093 | 0,180 ; 0,212 0.400 0,292
0,002 lo.aum 0,05 | 0,104 0,195 | 0,221 0,425 0,295

0.116 0,210 1 0,229 0,450 0.298

|
z

0,0035 ' 00142 | 0,065 |

0,005 | o.0187 | 0015 ; 0,127 0,225 0,237 0.475 0.293

0.0075 | 0.025 | 0,080 ;0,143 020 ' 0,28 | 0,500 0.2995

o.010 | o.cs | o105 | 0,157 0275 | 0.258

0015 i0.0«20 0.120 0,179 0,200 | 0,%7

}o.osza 0.15 | 0,18 0.335 '

0,275 |

As is evidexnt, the thickaess ratic of the duct/contour of
separaticn zOg® 2ya..® 0.599, i.€., is clos¢ te estimation; the fors
cf duct/cointosr is clos¢ to elliptical ig tie runge of the maxisuas of
thickeess, but it differxs fics the ellipticsal ovith approach to the
cdges cf ducticontour tc the side cf the lasrger sharpening of

dact/contour.
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Is of interest the corgarison of the fcra c¢f the ductycomtour =2
sazimus flow with Re-= and #=0 with the ductysccstoar of the
separation zone, obtaiased fros the sumeridal sclution of the task of
tue flov arcuad the flat/plame sysaetiicad body, described by the
wgsaticns of pav'’ye - Stokes, with tke poderate Be numbers. Umtil
receagly with the aid of tle neaerical ssadcds ¢f the solutica of the
egsaiicns of Fav'ye - Stokes, it vas pessitle with sufficiaent
accuracy/psecisios to ottain the flov apouzd flat/plame symsetrical
todies to Re mumber on the czdar of 100. Recently ones anyd Xhanratti
[2] vas obtained the nuserical solction ©f tie equatiors of zaviye -
Stekes for a circular cjlisder with Re=500 witk the application/use
cf = sufficiently seall asesh (18000 poimbs cf sesh) and with the
expenditare of lozng tiae (919 boor to on LBE3G6D, model 75). They

cbtaisod zith Re=500 the unoxpectadly tkick separatics zone vhose
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tors sharply differs frcs tie eloagateé aicag flor separatica zomes,
cbtgimed with the ssaller te musbers bcth ir their isherant
calculatioss and other authcrs's werks, asd algc in knova experisants
{11). In Pig. 6 im coordisates ;-f -d ;--i— the dwct/contour
cf the separation zcme, oltsined ir scrk [ 2] with Re=500, is compared
vith tbe duct/coatcur of the separaticp zops ef saxisuu flow uith
foo= 4&nd 4=0. (Duping tke use of data ef she wcxk {2] for the
dsct/ecutosr of the separatiosn zom¢, vas Accepted the flow line ¢ =0
thile distamce betuween camters of circular cylizder and by the
fesition 22 the maximua cof the thickmess of szoparation zoae was takeas
e3 eqaal %o %’-). the congarisoa of duct/comtcurs testifies to the
spgroichsappregisation ci the picture of stalled flowy already with

e=50/) to the pictere of saxiasus flov with 3e¥e and a=0.
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Page 12.

¢ 5. @a previeusly propcseéd acdels £ r description of maxiamum flow
vith Bede,

tha ismportance of cbtainiag saxisus stcady flow with separation
| 2cpe for the study of flow sith the mcderate B¢ numbers, in
| perticular, uwith the aiéd of the nethcd of asysrtotic expansions, wvas
scted repsatedly (for exaaple, se2¢ [12])). %ask uwas coaplicated by
‘ inpossibility to utilize deriag the copstructios of the theoretical
sodel of maxisum flov experimental given or data of the muserical
sgloticn ¢of the eguatiors of nav'ye - Stotus, since they were lismited

tp nomber Ee<100 (in oxporisents - dcz to tie ircstability of the
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statigaary foras of motica).

tho first atteapts at the constructipy of the theoretical model
cf sagimus flov are related to the 30°'s. Iy the vorks of sqguire [3),
Inmaya [8]), [S] as tho maximus fora of visccis flow uwith Bed=, it was
exasined the flouw of Kirchhoff with free bdouddsries and the guiescent
ljguid in separatica zome. According to this scdel of Re=, the drag
coefficient oi flat/plane clate apgroacked £i35] llait 2#/ivvi3, the
extent of separation zone mnlisitedly gros/rcsé¢, the thickness of
separaticy zone increased uith distance frcy plate according to the
law y..,;', Oy the basis of the firiteness cf resistance in maxisum
flcw, Imaya [S) vas obtaineé the linear dsie¢ndence of the length of
the séparaticn zone on Feyrclds nusber, which is confiraed by data of
experiment and numerical calculatigns tc 8¢ nuskter on the order of
100. Bowever, the vulneraktle place of this acdsl, not resoved aad
dozing & lastslatter on tise attempt at the thecretical
sudstantiation of the correctness of this acdel ! is the fact that
the pestulated floe vithio separatics .zcae does oot satisfy equationms
ct motion ander real boundary coaditiops i3 segaration zome after

Heatey

FCOVNETE 8, V. V. Sichev. On th¢ stesd) lasivar flow of liquid after
dall bedy with the large Be nusber. Bepcrt c¢n VIII symposiua in the

ccntesgorary prodloes of the mechanics cf fluids and gascs. Tarda,
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Pelaed, 18-23 September of 1367.

2hke short preseatatices of soae resulps work gives ia [13]).
280P0OATEOTE.

s shoun im work { 1), for the execution of eguatioas of sotion withinm
separation aoane with th¢ pcstulated picture of flow (case of the
dngendrate flov vithout cizculatios nuclems 4%1) are nacessary
special beundary conditions (maximally powverful dissipator) are
sbsent froa the real task of the flow zrosedé bcdy, amd consegiomtly,
this acdel is imapplicatle for describing tie 1lisiting comditionm of
viscoes flow about the rody of fisal extemt uwith Ber=,

Ia 1956 by bachelor [6] was pxopcsed tie tieoretical model of
saxises flow, in which vas considered for tie first tise the

dependence of floy a8 a whels cn tie bcuadary ccnditioas within

et

segardtion z03e, governing the inteasity of circnlation flov in
separition zose. (Relatioasltip/ratie betwmar the exteat of the
sctionless and sozable sections of the et ,ccatosr of separation
2c8e §5 cne of the paraseters, daterasising the smagnitude of
«ddy/vortez at the arbitrary fcra cf the ductyocntour of scparation
zone)e According to bachelox's theoretical sodel, in saxixus flow
nitk Zc= the oxtcoat of sgparation zcae pesains final, ¢ —~0 the

jJosp of EBormoulli®s constagt on th¢ lorder ct separation gozo is
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fisal, the dsct/comtour of the seperstiog 2cne ir regioca of
ccpnection he3s the zeroc asgle of zhergpering. #coever, the atteampts to
chtaia guantilztive results within the frasevork of this sodel ras
iato sonrceovadbis compataticnal difficsultjes. Os the basis of data
givea in § & 2 present articles, it ig ppssible to coaclude that
thgse difficulties are fuadasental. Prcas tiese data it follous that
aith ke finite gquantity cf the jusg of Dericulli's comnstant on the
tcxdex of separations zoae (4>0) with the mmiec= of £1cv ith comstant
eddy/vortex within zone wit: axternal irzrptaticpal flow is mocessary
the finpal (comparable wvith sizesdisensicy cf d éf body) thickness of
recurzeat jet in the rasge cf cconecticp, shich is incoapatible with
requizanedt c, =0

Fage 13,

Scdel, proposition in work [7] (see [ 13])),, 4Lt is in esssnce
¢ztrapolation to the large Be nusksrs of asthors’s known exporisental
zssulgs, for which it wvas possible 4« tighten statiomary flow
ceuditions with the aid of the dividing plate sfter circular cylisder
tc rugbar Bexl170 (withoot thke dividire phbate stationmary flow
ccpdisions vas digrupted with Rexd0). Accordimg to this sodel in
sazices £lovw aboub the tody of final @atus¢ with Red», the flow in
ssparation zone regains viscous, tie «Eiome of zonec unlimitedly

increazes, ths thickness of goparatics zeae cizgricez tho valuo of
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the order of the transverze size/disenrsica cf bcdy, the coefficient
cf static fregsure on tie rack side of body is retained coastant,
P=-0.85. In order o cbserve the sequepce diring tha extrapolatioa of
the ogperimental data, cobtained with the mazll &e avabars, to the
lazge Re pusbters, should extragclate ospsxizestal conditions. The
fact is that the length of the dividing plete iz exzpericesms with
ssall Re alvays constituted a value cf the cxrder of the exteant of
geparation zome and sevaral tiaez ¢xcceded the tnamsvarzs
size/2dinension of body. If we visualize that with an increase in Re
auaber and an increase in tle extent of sagaretion zone the length of
the 4§viding plate also ipcreases, rezaining alvays the value of
crder /., then vith Re?= we ccse tc the pictuxe of saximum flow,
shich cerresronds to the case 0<a<1, presented in Pig. 2. the
dividing plate by the length of order . 4is sufficiently powerful
dissipator which ensures tie finite quamtity of the drag coefficient
cf systea body ¢ the dividing plate, and comseguently, according to
the data § & 2 present articles, apd the finite guantity of the

fositjve ccefficient of static pressure om tha tack side of body.

thus, soae projrerties, descrilbed by the ascdel, proposed in work
[7), Shey retain its value vith Be»=, true, as we see for other
cosditions, tor a body with the infinitely c¢xtesded dividing plate.
Beycver, as a vhole this sodel is inegglicdeble for description of

saxinaa flcv oven under thece changed cexditicos: data § | attest to
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the fact that the shickaess of separatica 3cme sith 0<A<1 comprises
the value of order [, and sct :der 4, as this follows fooa model
[7). @nd flov vithin thke rasge of circulagica flow zust be coasidered

vish Re ~ under these cczditiops as imviseid.

Xn comnclusion let us focus atteatiog ct the resemblance of somse
propexrties of sazimum flow tc staticosry separatioa zone about
flat/plans symnpetrical and fipal bcecdy with fed=. construched
sccord ing to the model of wora [ i], and of cirer -on flow about the
tflat/plane duct/coatour, streaslined with the .uprestricted flow (flow
cf Joskouski). 338 is kmcwa, the flcu cf Jpukowski from final
cizculation around flatsplame duct/ccntcur jossesses thecretically
infinjte kinetic energy of the disturbed amcticn of liquid with drag
cocefficiaent equal to zerc in the steady motioy (for exazaple, see
[{18]) 4 the obtained maxinmua flcv aith staticnsry separaticn zone, as
se se¢ that it pomsesses analogous propertics. Othervise the
fpxmation of steady flow gccurs for isfinitec tise after thke start of
hody. Durimg eontire this time the action of liquid is unsteady ard
the dmivimg/moving body (with different frce zerc resistamcs in
vastead) motion) spends the necessary fcr tie creation of flow» work.
It seéss that the reszsestlance of the prcperties indicatad of these
flcws not random, since boch they telogfg to cne class - class of the
separatiag flat/plane steady flows whose prcpexties considerably

dittex fros the proportios cf thke flcws of ancrseparable.
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the autky” thanks V. S. Sadovskiy, who grapted the data of
rusericsl calcuiations, azd alsc 8. P. Simitsysa for aid in the

carrying out of calculatiens.
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Fage 1S.

Bypergcnic self-sigilap flou arcuad con¢, SEewetnyeoviang along pover
las.

S K. Bcty\gv.

Bor the slouly accelerated body or for thbe oscillatory with
s3ail frequency hyperscpic fl~w is ralid the piston anmalogy of Hays.
Ja sozsk bzgad on the exaaple of L) ersenie axisysmetric filow past
rosad cone (and of wedge), drivingsmcving sith variable speed, is
exasined the substantially smsteady flov wlea tie gas velacity,
iaduced vith the accslerxatican cof bcdy, comziderable, and piston
anaiody is imepplicable. It is charactezistic that the hypersonic
flcu i3 guestion costaips betuween hypsxtolic resges thae elliptical
scpe @f the lsotropic propagaticn cf wesk disburbance/parturbaticosys
sjsh entrogy special foaturespaculiaritye.
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grobles is salved Ly the sethcd of eptexasl and iaternmal
agyapgctic expzasions. Buserical regpultz sithiz the frasework of the
My pecscanic theory of the slight disturtameées are obtained by method
¢t chéractaristics.

Pavealoped theory of tke self-sisilar sctizg of aethod of
caiculatiop of the dependegce cof the coefficigat of vave imspedance
@@ time for the cone cf the firite dimqgsicys. It is shown, that
darisy thke exponeatial acceleration ¢f co&q ¢ caa fncrease the

saximes two times.

§ 1. Pcrmlation of the pretles.

fke guiescent with t<0 (t - time) come or wedge at the mosment of
tise %=0 begims to movsc in ideal perfact gas eccording to the law
30"'—“;.!5.:_0 d - positive discasioral cgpstant, x, ~ lcsgitudinal
eerdfsaty of the apes/versax of body. Pleu will be selfvsisilzr, if

s¢ digregagd pressure the usdistorded gas ¢.

POOTEGIB 2, faking into scccunt pressure She¢ usdisturbed gas, the
ficy will be self-ziziler cgly vith 2R, it bzdy accelerates, ard
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eith A, if the mctior ef body decelezstes. &=(2]™ -

charagteristic tise, ay -~ speed of scuad iz the asdistached gas. ¥ith
=1 is feasible the acccust of pressure the updisturbed gs.
BIDR0B2EGTER.

This £low occurs in tas viciaity of the shair agex/vertex of the
ashitzary flat/plage or axially syssetrical dody, wkich acceleratss

cver pcver lav dependiac cp tisa.

Bet us relate the depsity of gas tc the deisity of the
sndisterbed gas, bthe ccaprising speeds alppg the axes x' and y°,
coprected vith the apexsvertex of the body (axles/axis x°* coircides
with the directiog of the incident flow, axlesazis y' is
pérpeadiculazr to it), tc the rate ¢of the sctica of body |a,|=n b,
2pd presgure - to the dcnsity cf the updisturbed gos, saltiplied by

U!bo
Fage 16.

ther she squasions of sotico, contisuity asd inflow of keat can be
scitten im the fora



B4C = 79106202 pac: 3T

(B —6)sie+ (0~ Doy m(n— l)-}-'—-:-;".FO;

|
| (“—G)V-+("—P)°n+m+-€-h=0. (1)

(@—)pt(o—Bpt it port g =0,
—0)S.F(0—PSH+288=0. .,

BEEZS Dy po By v - éivessicnleas pressucc; deasity and the
cgopriaiog rates along the ares x° and y°; v~0 for plaxe flov,
=l -~ for axispemetzic:

x' a—1
= peml: g - _..x_; =2" <1
Sa=pp-t; a i B e ™ <

{y - &diabatic iadex).

¢ - dimepnionless velocity of propagatica cf shock wave, $=8; («)
~ the foram of shock vave, § - semiapex angle of come or wedge.

Bsendary coaditions will te conditicns oy the siock wave:

2egno &coss
a(a, B)~ —SFT o(a, B) -3

- 2 L1t (1.2)
Jn(.' pl)-1+lt 9(3; ﬁ') 1“"1‘

crB,c0884(1 — a)sing; g2 8,
s8d cenditicn pat tha bhsodys

va, ful = aln, BMEY H-uigd

value ¢ is egual t¢ diztasce free zofzz (1.0} of tangest to



RERT e R SR T

T e T
o

B ST
[2 DRRavul oy e

50C & 78108202 ece 30

shock save at point (a«, £4).

8ith 8=0 is feasible tke accoust ¢f pressscre the undisturbed
gas; in linear setting this task was @axsajred, for exasple, ia works
[1)e [2).

Sefore transfer/carvertisg to the study of hypersoaic flow, let
s exasine sose propepties ¢i flov in the gsnersl case. Ia flow there

is an ellirptical rasce. whkaers

Vo to-p <l

6a the boundary of this ramge, is erreageylccated characteristic
fox seif-sisilar flous eéatrxcpy special featcrespeculiarity. Since the
ghere tangent of trajectcry ! £ip plane ¢ff tc axles/axis « is egual to
v-psu=a, £irst sinqular pcint is srramgey/dccatsé on body ard has
ccordjartas eg=u, fs=v, thes singular pcieat is srramge/located ox
ksdy azd has coordinztes sg=u, Zo=v, wbich correspond to the position
ci the “magked” particle of gas of the particle, arramge/located aith
t£0 is tbe begimmsipng ©f cocordicates.

PC3788%8 t. Trifectoriss ip plene ef let ve call the characteristics
srcoxding to yhich are spreed emiicpy disésidasces/perturdetions.

EBBPORTHOYE.
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Fage 17.

the effect of the apex/vertax of bocdy cn the flow of gas is
1pcalized. Ths domain of efteact is separated frcs the s:nge, imaune
to to the gffect of apes/vertex, by reemcvatle ditconcinnity.'In the
flat/plane case in the rangaz yhere dces not mani‘est itself éhe
affect of the apesn/vertexes, unknowp functicn sill depend on one
coerdinate y=gcosbé~esiné. flowm eill'be ths :33¢ as after cthe fiat
gistcos, swkich are expanced according o the law y=const [3], [l].'In
the azisyzsstric case tie sclution of roobles iy the range, imsune to
to thé effect of ths apex ef tke ccge, while explicit form is
uakoows, by itz it is pucaseary to find am) ouserical assthkod (for
egample, by method of cbaracteristics) cr with the aid of expaasion

i3 series in the viciaity of point ¢==, miere tie differezce with the

tlat/plane case disappesrs.

dust as in the staticpary case, if apgle & of smoze critical,
shack vave is disconnectad fros the apeysvertex of body in viciniey

c$ which is srrange/loceted elliptical ramgs.

Ror the soluticas of grcbles dy vs sill 2e zeguired ancther

eguaticns in the ccordinatesz one of wbich <ciscides uwith hody
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suzfaze, aid ancther is perzsadicular to it. x=fsiadtecosés,

y=fcosé-esiné.

Systea of eguations (1.1) in cencdiantes 3, § takes tis fora

{8 — 2)8, + (v —~y)9, + miz —cos8) + -‘;P.-’O-

{8 — x)o, + (v-y)v,+m(v+:ln3) + -%-p,=0:

uslad 4+ vcos?
(2 — x) ¢, + (0 — Y)p,p +ra.+rv,+vxd,,g+,w,3 -

(8— x)S, +{v~—¥)S, + 2mS = 0.

(1.3)

€onditiogs oy the shocs uave [y=3;(x) ] asd on body (y=0) accept

the folicwieg fozram:

_ 2 N e i1t
e e H Gt

S N
‘U(X. y'}m—g..a-*' mm.p x.}l')_m.

_ Hitsin E: {x—cosé)y;

(1.4)

(1.8)

¥f angle 8 iu smailer thap critical, tiesy shock wzve is

coegpedted to body, and to agex/vertex ¥ild adjcin hyperbolic ramge.

J2 the vicinity of apex/vertex, is establisted stationary conical

fleow, all dicensionless guacstities depord c: ratio a/p. If e=0, thea
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dependence is valid up to the sarisas chazacteristic after which are
arranfe/located trazsoaic atd fsrtier eXifgtical of zome. The
eldiptical zcae, Snacledsd detwger Mfperiolic rseges, has varioss
forns for the accalerated [#>0), tetardcd (s3<0) adnd umifore to (8=0)
actica (Pig. 12, b, C).

£3850§y Zpecial reature/peculiarity at polnt x, is 3howa om Pig. ! by

soterisk, saxisus characteristics - ty dotted lines. Por accelerated

flov the spesd of sound nct body after pojat x4 is equal to zero;

therefore information atout flow for it Qoes act penmetrate. The line
cf reacvable discoatinuity) which iz saziass characteristic, passes
thzou¢h the siagalar ppint (ges Pig. W) Ir the case of increasing

sotion of wedyge ngvcosd For getarded mctign the speed of sound of
tcdy after “sarked® particle is infimitely crcat,
distuzdbance/perturtations are spread ismediately but entire surface,
the line of removadle disccrtisuity and the lime of parabolicity
asysptctically approach s bcdy vith e»= (se¢ Pig. 1b,).

AN SIS S FLciniti e

tie whimsical fors of the domain of tke afiact of apex/vertex

and tke presejce of entrojpy special festusespeculiarity lead to the

specific sathenstical difficultiss during tie pemerical ismtegration

L of the cguations of solf-sisilar sction. Yzder the conditions of

it  Srabiar s

)
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taek, eater three pacancters: §, acd a md ). 2f%er usiag the methods
of exgernal agd iagerzal aggaptotic exp-amiczs [S], let us ezaaine
¢hs t3aury af slight disterdences (1, €1), the tdecry cf thir shock
lapss (0 -ﬁ—% «i) and Jestcats thaoxy (m=.)

§ 2. theory of tho sligkt distertacces.

Bet us pass to the exasination of hygarsceic flow. Let the apgle
§ be sutficieptly small, sheck wave comsected tc body. After assuaing
&1, §>0, in accordance vitt tke thecry of slight disturbances [6]

let us present the soluticy of systes (1.3) in the fora

w140 o=W(s, 9)+0@) -

p=¥P(z, v) +0(¥); @)

p= Ris, n) +0Q); na—i—.
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Eage 19.

Sucbstituting these values in eguatioas (1.1) amd discegarding
lsw sécond-order guantities, wve will ottajp fcliowing systeam of
eguations for detersiniag tie fuactioas ¥y P amd R:

1=Vt (V-1 v‘“'v‘%""o'

(= OPA(V =~ 0P, + 20P +1P( ¥, + .{.)-o.
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Boundary conditiors (1.2) and conditjca c» body are comverted to
the fozn
2 . 1+ 1. 23
V(" ‘!’-’m ’ R(.t ‘l)“;::'i ) P(.o ‘l)-m . m
c=ny(8)f-(1 —a)wy(s); V(s 0)=1.

Zhe domain of the e¢ftect of ti¢ agexjivertes of bcdy stretches to
lise ¢=1. On this line the umkacua sclutipas cerzespoads to the
sclotica of the problems cf the self-siailar sotion of flat/plame or

Cyainecical pistoy.

1. Systea of eguaticas (2.2) is everyuler¢ hyperbolical. This
foct sckes it possible to stilize for itbe sclstion of problea or for
tiadisg of the initial data, necessary for the suserical integration
of systen, a method expensicn ir series. Bet us examine first
approgisate solution of two-diseasicaal prctles in range «€1. Let us
fxesent fupction ia the f¢rs of a serigs according to degrees of »a,

atter being restricted tc two terass cf the ¢xganmsion:

Vel +mV, +0 Pelll 4+ mP, +0(m)
, 2.4
R=1E1t R+ =13 e +may(0)4-0(m9,

the ucakaneyn sqQluticn is reprressnted ia the form of the

cegvezging series:
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1 Jd
P, i)-(:-s-:)mﬁrr(s..,“,m_.,1-[(,,;!—3_4: b
=l

{ &
T ) L= F Y- E P ) | ¥

. 1
a,(.)gl_?!p'(,,rgl,)ufa)‘; ,,(1,=(_;___1_)=: (2.5)

h=ti—0k h=at; h=1F! 321,
' i_l—x\
.o T TER

Fage 20.

Jn the case y=2, series break thesselvis:

P =3m(l +e—v; g@=327 27031t~
’ .

At lov valuss ¢, expeasios (2.8) .gives asysptotically emct
solutjon. therefore an <rror is the expansican should bs estimated

with ¢=1. Ue have:

P, n)cl;;—'m tf'?(l + 1—:—'—")“' (l - 1—;—}-’)“]-.(1)-

Valwes P (L, v amd 8y (1) coimcide with the appropriate sclution
lineaziged by parssetor aef tle ope-dissasjopal taskx of the
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exgansion of flat pistoa the accuracy/pzecizios of solutiom of which
is satisfactory for sufficiently lox values ot)u* So, with
n)a.ﬂE—I/Za,(iﬂ (9=0.835; 0.441; 0.46%; 1.95 respectively for y=8/3,
175, 6/3 and @) w, (1)< 1, agd scluticp .loses physical sanes: with

<-0.5, as i3 kaoyp, the s¢lution cf prchles gpct at all s physical
gense [7).

2. let us exasime zolution of axisyametric probles ia rangs eXl.
At 2 ¢reat distance fros agpexsvertex (e*=) the flov of gas will be
the sase as after flat pistcn. Approximsta sclution caas be obtaised,
after expanding the unkzown functicns im ti¢ vicimity of the infinite
Faint in a series accordéing to negative degregs % U» will be

restrjcted to the simplest cagse of the umjfcra sotiox 2f Gome.

VeitntVa—e P=1Elyyipg—a;
(2.5)

1
R=1E1 1Rk y—em -t ata,

the sign of summatiop cver index i(i=1, 2, 3, ...) is lowered.
dfter substituting expacsic:z (2.6) inte sguaticys (2.2) asd wader
bpuaddry cealditions !2.3) and after selectiag teras with iduatical
éagred 3 vo will obtuiu the systes of esdinaxy diffcreatial
oguations for deteraiaing fumctions V. R amd P, wuith 2:We
ajpropriate boundary cozditiocss. Pzrca this systes of equations arnd

bosndary conditioas which fcr brovity are sct kero extracted,
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fegctiess V. R P, anéd cesstantz & see 2133 detecnircd
<cpasesstivgly. ez the first thrse teass ¢f oxgeszsica (.§) ve have:

P '1—1.‘,,: (1 DI P+ 250 — 15141

=92 -1
+1 =1 a1 +257—6
e e Lt = %tmﬁr -

.L_. =t r-ofdl o

fke accuracy/precision of set3gd cax be ratesestissted ia taras
cf thde values of fancticas uvith e=x1. S¢, when .3=1.885 m(!) is equal to
14202¢% in the first approximation, 1.121 - In tie sscosd amd 1.081 -
ia thae third; valwe P(t.1) is respectively ¢gual to 1.202%§ 0.825 and
1.038 [precise walus Mm(l) is equal tq 1.098, the precise value P(l.1)
- 1.085].

the saze method of approxisate solstjca of axisyasetric task i»
the range, liazube to to the effect of apexyvertex, can be used, also,
aith &=0; bouvgver, calculaticns iz this case prcve to he more
laboxfous, sigce the task of the irregular antica of flat pistocn,
geasrdlly speaking, does not have guadzesteure sclution. Por estiaating
fressere distribution in range &1 ia epgineering zelculatioas, it is

toassible to assuae

P — P,
”.ll. mn

Pla, e} Py, +
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Bere Py, - pressore 62 f£lst pistoy, 892 - ¢ cylipidzical.
Mmalogously it is pogsille to detersiss depcadopez % (& , etc.

3. Pozr faxther tazget/rucposes cf coaveniestly utilizing Bises's

contdinates e and ? (¢ - fomction of carremt). Prom agquatioms (2.2) we
tind

{1 —a)*

1-ay' Vo
iy r=- (5w

(1= Ve + gy Po= = V: 28
P=it—eperify P =¥=240 2w,

shere f(}) - certals sthaegy furatioy cf ixs szgsesst, ?=V(s) -
ashitzary line ia 3lase . 2 Oa Rody saurface =0, a2d oa shock

vave ¢~ % (s) Them dowadary cgaditices (2.13) acce3t the fellowing
foxu:

Ve=21: Pew=25: Re =1 @9

' e A . (‘—.’P"% .
Wl p) = (14 (1 -y et (2.10)
Vie, O)=1: xla, O)e=a
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Gondition S5 w(s, ) 45 Sbe cepsagusece of the last/latter
cgzation of gystan (3.8} 208 ef cosditicun cp shock wave.

Iz the vicinity uf the apezsvertes of 20dy, let us presest

sclotjon 4dn the form of & series accorédimg to degreas a3

Ve Vo0l eV @) 4.0 PmPa+eP @4 i Jg ),
ReR,0)+eR,0)+...; a=ety@)+anle)+...; R

2ftsr subBiituting expession (2.99) igtc egrations (2.8) and
sfter gathering texss wnith idepntical dexes a, it i3 possibie to
cbtaia systez of equations {cvr the consecativae detaraimation of the
tarss of saries (2.1%) . It prosss to be that Ghs op” 8w of eguatioas
for the first turas of exzasmsion V,., Rg, Re 888 D dezcrides (ia the
veriables of Lagrange) flcy after the 'xmnum @ cyligirical
piston, dririag/maviag with coastast velocity.

Eage 22.

As 18 kvows froe the hyperscnic oseory of tie sligbt distorbances,
the sare flov is reelised dcring tie shaticracy hyporsenic £l=w

ar39nd cone or wedga.

Por a wodge 1t is qasy to fied sudoagesnt woobars of oxpanzicn

2. 1332
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Rer Zros the apesiy/sverdez of vedge, aziaticy (2.912) caa lead to

(2.12)

lazges oczor dhan solutics §2.%5).

Zzpansion {2.11) describes asryaptetic lekavier of fumcticas in
the vjcinity of apex/vertex, it was vssd for determising the imitiel
dada, ZIcSssery Yol the calculatiom ¢f floz by sethod &

¢haractaristics.

8. Systes [2.8) has tuzc faailiew of xael cheracteristics:

da P ]
li’-':tﬁﬁ’l‘(m?;:; Qo !/‘!-' ' {2.13)
adong udich ave felfiiled Qiflozsatinl oraditiens

w JjT=a’

4vig—f=-[avia(§?—+v V)} de

2ine =1 is persoa !ox¥ characteristica; with ¢«i the tangwmt of
a2gle cf the slopeyiasclimaticn of charachéristics to anicrexis

ealinjtedly grow/rises, on the line ==1G§ the cheracteristis of bota
tasilies, they post.

§s range o<, the poadlos vas solved 5y L2398 (3igital csuputsez)
by ootbed of chearactoristicsz. s ipitiel data oero cccoptsd tho fipce
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tosrss of expamszica (2.11). Ia tke exisjsmetiic case the szpstem of
egesticss for dsteraiming theze mosbers vis sclved by Runge-Euntta's
sethod sith the camstaat space, agtal to A\, 32Z. Line e=ay, whick
carrias data, it was selected fros the coaditics 25 that ths zolutioz
¢a linse e=2ag, Obtainsd by 2%thod of characteristics, vould differ
fxez the soluotiocn, cerresgopding to the first tenss of series (2.19),
it iz less than ta log . The nusber cf pojints iz layer was retained
cpostant ead it vazz egqual tc¢c 33, The calcalaticy flow chact for four

geints in leysr is shows op Pig. 2. By 202853 1liac is shGen the

cheractariztic, passing thrcugh the pcizt, arrsgge/iocated to halfway
dizect/azzaight, that ccogects point o3 sheck nave fros adjaceat the

layecy
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?ig. 2.

Fage 23.

itk sumerical count it was pecessar) tc ecdlve the elementary

jrebleas of the cailculatiep of tield ;rint, pecipt on body and poimts
ca gheck gyave [8]. %ha calculation o%¢ tieldd pcigt vas perforsed with
cae recalculation, reaainigg elessstary psclleas were solved with two

recalculations. 8ith ¢ — ! &~ ~. therefore tie groblea was solved to
valves avr(.95-0.98.

rig. 3, gives depepdsyce presserce ¢ wedge and denmsiry on «, and
elac the forz of shock n3e@ mlal~ 8 for the¢ differcnt rvalaes of
[arasdtor a; Fig. 8, shces ¢50 oceae Ceocsdences for an axisyenetric
task. Calculatioas wore perfcrsed for a valce y=1.805. Tho solation,

cttaiced by pothod of characteristics, vas assted with cxect zgolotien
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vith ¢=1. It is assumad that tke error im tie é2tereimatign of
[xessere dces not exceed icso, but is detérsinativa wisl- le/c. the
ccagaxison of the numerical scluticn of task with 50 with gquadrature
shewed that for that selscted in Pig. 3 amd & scales aam error is the

puserjcal cougt was negligitle up tc line ¢=0.99.

As can Le sesn fros thcse givepy ¢ta 83¢g. 3 and & curve/graphs,
ghick mave in the flat/plase case comwe:x ®mith »>1 and concave vwith
e<i. itk #9U.7 tigs cuDves k{e, ¢) and n, —c sharply grow/rise near
lipe ¢=1 [m(l) =278, P(l.]1) =302} por the high values of paraamcter r,
dependence P(g, @ has a genises near weéak disccatimuity/isterruptioa
(x=1), while for sufficiently lov values of n - minisum. Gas deasity
vith focrease a approaches infinity for accelérsted flcy (m>1) anmd
for zerc - for that retarded (n<1). Case a+*- (s3=1) corresponds to the

task ¢f the motion of ccne or wedge exgcgertially depsndigg on time.

Quslitatively the case nature have deg¢nderces in the
axisyemetric case. Hith ©g2/3 sclutico cf tsc-dimensional prodles,
there are, therefore, tiere is no sciuticas of axisysasetric prodlea,

sirco with a-= the flow cf Ggas the sam¢ as atter flat pistos.
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Bpyever, with 1/2¢ng2/3 there is sclaticn ¢t the probles of the
self-sisilar penetratiop ¢f slender coge jptc tite half-space of the
karsssed gas, since in this caze it suffi¢es tc obtain solution ia
ctosge «£l, afder acceptinmg pleme r =54 {g=1 bejoad solid boundary.

that ccrrescond to solptiea wieh 2=8_%% 25 S40ss OB rige. 5.

Ret us note that the task cn the accalsrated pemetratioa of
wadge the half-space, £illed by quiescert gis, is egquivalent teo the
task g9n the hypersonic flov arcund the delta-like ving of rhoabifora

cxoss section with alterpsting/varinble (e@xjcneatial) sweepback.

the sgcond terzs cof external expagsines fcr speed u kave a gap
ca special line. In actuoality this gapr szust pot occur. Coasequently,
in the viciaity of special line the exterasl) exgansioa, whickh
copfices cntire elliptical tield intc straight line, incorrectly
éascribes the pictare of flicw. In this rasge it is cocessary to
ctilize iotercal aaysptctic expansice. fith this width of elliptical

2080 ¢& zhock vwave Ax (sfce Fig. I1c) im €50 ¢ceca of 2o nrAfore sotica

cf the wedge of order & with ssall 6 238 o vith call »
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Iatersal expassicn represecats by itssl!l tde lissar additios to
the splutios ef the protles of the ezgassic: cf ome-dimensionsl
fistca, which satisfies tde coamditioss of wrics with exterzal
cxpansion with the ualiamited ipcrease -of ilcggitedinel insternal
sariable to toth sides trcas special lime or cy the limes of removable
discostinuity.

Bovever, for detersipstios ia the first apgproxisatica, of total
sction characteristic - the coefticient of the save ispedance (see
Sectign &) - it suffices tc find presswre cr bcdy scrface withia the
frasesork of external eixpasszion, since gap cn tie special lime of

higher order, than tbhe jrincipal ters 0f exganaion.

§ 3. theory of thim shock layar.

According to the tbeory of thin shock layer the solutiocn of
jrotles let us present in tle fcra
g=cos8 +0(s); v=elV(x, ¥) 4 0
P-P(X, ‘) + 0(‘k a l)

R(x. ¥ . 11—
u;—**+0("- b Aadd o ."m‘ ! l

’

Substituting those valves cader syctos {1.3) azd cocditions
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{1.8) azd diszegardisg zamalls of the second order, we will obtain the

fcllosing systen af egustiors asd Lkousdery ccpditions for deterazisisg

the fuacticas P, B, V:

P~ —mRual: (cosd— )R +(V—9R, + RV, + R

)

{eosd— P, + (V - 0P,+P(2n+ V. +.‘3;_‘)=o,

Pix, v)=10'WR(x, ») = 1:

Vix, )=, -{x —cos¥)y, —sind; !
V(x, 0)=0.

tage 26.

Rzobles is splved in tie guadraturas:

°

’ 3.2)

3.3
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> A

[~ )5

V=una“‘6}3 (cosd—- xfer
[ ]

p-wa[w el ‘“""""u.-ﬁ]é«.w

X'

[(cm‘_x)lovr.(x+‘C°")(?i_#) j
X m(co3d — xP* X" (§, — 9) 4 cosd —?)=

—v (-——-‘“i“ ad )' -‘g— ; 3.4)

¢

{cos® — x)i** ég_.

tga X IR *
[ ]

: )

1410 49 nps x < cosd;
)

|‘+(|+')9]"'- ! n%u x> cos &;

Jeo
1+ (cm&x x)' opu x < cost;

lcou ‘(‘:mfsi‘;,.'?' npol x5 cosd.

S =

Ieg: EV). with.

3o the thsory of this layer the special lire, which demarcates
two d§fforent scluticas, is lise x=cc3é. Ir the range, ismsune to to
the effoct of apux/vertex, the deasity not Ltody B(x, 0) is egmal to =
vith 850; 0 with a<0 and 1 sith »=20. Ip ths caose £=0, the preasuroe is

ccoatant: P=gin?8, Tals fact seggosts to oxasize another orxternal

cxgapnsion shich lot ua csll/pemo Bewton’s tlcory. Lot there bo
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#=cosd + O(e) v~2V(x,n) +0(s? p=sin?d+ 23, W+ 0%} |
,z—:--}-k(x.q)-{-O(s); ymey; oK 0SS ""-‘%- @5
the sclutian of puchles tekss the fexs
cosd Ji‘_g"? 0\”9“ zgeosy
Ve—r z b W= 3.6

-

sin (! - —;—59-;3) @npu X > Cosé;

P=sin?l + g(w — 9)aind — 2333:38593--1, + vccs*&i-;:

A 1
(1 — vysin?d + 2geint 8in 88— X 207 (retg
cos?
H X< cosd;
—~Rsin e cin? 8 — 2vamsinl +
2xn -4 (x~— cos¥p g’

- 2g sin? S Inf e | 2= L _)J

98\ x—cos 8+ (x—cosb) + 2xmcig
npn x> cosd,

Key: f1). with.

Pogs 27.

Spacial licw is also 1in0 z=cosd. Sdagulor point for flow ilives

peoonld, y»0 15 vodesunit. Ben v=0 -~ gisgple padosunit, when

vem ]

~ il tho cuorves, erccyl Liro pecead; they cater La slugelax
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geiet in the diresticp w=C.

fable gives the orders of btasic valungs im the thecries of glight

distuziances (I}, of thim sicck layer {IX) amd cf Rewtoa (III).

2ig. 6, gives for s cceparison the djistritation of pressure p(x,
3) ca cone with 6=0.3, 3=1.405, n== asd (.85, designed by the method
of oxternal asyeptotic expamsions iy teras cf theories I, II amd III.
dscording to the theory of the slight disturtances in the ramge,
insung to to the affect cf apex/vertex, the pressure was calculated
frer forsula (2.7) « Rith 3=C.85 curved IXJ is desigmed formally oa
forgsudas (3.5), (3.6). Ey dctted line is skcun the asymptotic value

¢§ rréssare with »e,
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Pdg. 6.
Table
3 4 L 14 4 [ 4
! ~3 i -3 ~P | ~l
i ~t |cosd | ~s ~) |~

fHt | ~¢ [cos8 | ~2¢ | am¥ | ¢

kage 28.

3t is cvideont that even at scch high valves & 2ad the lisiting valces
cf paxaestar & in tho case cf iecreaaing oetico tho curvens I apd II
givo gatisfactory coincidenca, shile ig tbe cess of rotarded ootion

the dfffcropco in tbo detortirvatios c¢f prosssre froo tho thocry of
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this layer amé theozy of tds slight 3dossxiasces ave sore thae im the
cige @f imcreasiag sotica. Is tha cams =1, Hgwtaen?s thoory gives
¢sly qualitative pesult, zipce at thke Yigh welses of n it is basely
ssitable.

§ 5. Bction of tha come 0f the finite dizwpsicea.

Blovw past cone of the tinite dizensicps will aot be
self-gsisiler. Bowever, durizg tke bytezsoaic sction of cose ia
perfect qas, the effect of ¢zd effect cn gressere distcibution
accordiag to its lateral ssrface will sanifeat itseif oaly into that
tise interval when elliptical zcae passes tlie section/shesr of coae.
Therefore duriang the use cf extersal asysptctic expanzion, whick
cogfimes the range of ellipticity imtc straigbt lime, ead offect can
be disregarded. Then tbe¢ ccefficient af wav¢ isgedance, in referexcs
to the area of the Lasis (without the accpset cf base pressure) of

cope @r wedge of kergth Ig

U‘ml

c, = (‘.’bt'cou) "I @

Lot us calculate integral (3.1), aftor esiszg, for orxac)le,
caadraturo colutiop froe the theory of thie sdcck layor. beccrdieg to

forsslas (3.8), tho distrideticp ot dizacsiceless proscaro eccording
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ts lakezrel body surfwcs ({2, 2) is datersiped ly the followinmg
ezpressioa:

l s X &
| pie. 0 _|' ¥ ivas e sKemsk

" gim 2}
\ sl l+-(!—-§--°-5}§)ngax>ml «

| Key: 1. with.

the apacinl iise amcesé uill kit to secticy/shear at the soment

kb
ct tise ‘9"({5%“‘-,“3} . Bask i>t, egtite/mil iateral surface wvill be

srzaspeslocated ip ths dcmaim of the efiect of tie apex/verter of

dpdy. Lompariag solutice (84.2) imtc fcrsels (4.1 amé by imtegratiamg,
we uill obtain:

l|+u[l 1:;--::(-;—-%—)] on t <t

l+§—_-:—;:“' ops €2 4,

¢, = 2siatd 4.3)

Iy: [1). with.

3
. bf'czs

As follcus £rog osggcsaden (8.3), Copenfenea ¢, o téoo
gocotonice Uith 1 oo ¢, =238 UftD (-~ ¢, ~2{l 4 @) 3P0 poncding
eizices valoo fcz Ec2eslsd oziicn €24 co3fans = Lo3 ehot eccalcealcol.
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22 2he gssont of ke tize ohen the deseim ¢t the affsct of

SB/TATION covanpagEees 25tire latcral suificce ¢f body, addition to
vaies O Mreaise ©f wastsady conditica effcwd decroasss iz absolute

2312 Rve $3e3s $or & wedge s34 thrxes 2imes for a cone. Lisiting

t3les ¢ i3 zaached desiag dRe accelegavicr of body expomentivily

@2t a=d 2% zord time two times eyceads apjropxiats conservative

gualitatt vely the sase resulls sre vbtaizeé during the
agpplication/ese of Nevtca®s theaory tc tha calculation of the
caatfticieat of vave iapsGagce ¢, cf 2ised ¢cpe or vedge. Dapendences
c,(2) 4ad c,(2) 4a the case »=1 (yr1,609) &rs ccapared in Pig. 7. In
the casc of the sxpcneptial acceleraticr pf cesx ¢: at spro tiwe,
egceeds corresponding censervative value Z.48 Zines (iz the case of

the ezponeantial acceleratics of wedge - L.£6 tises).

$be sother is gratefunl to 3. I. Sclabisskiy Zor uzolel

ovozzaticas on ko thewg cf thiz udLi.

EEBEEBECES

§. 5. Sakurei. The flowm due to impulisive metion of & vedge and
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its s{silarity to the diffraction cf shock saver. J of the Physical
ccc. of Japan, 1955, ¥ 10, ¥c 3.

2. A.Sakurai. The tlcw Que to isgulsjve mction of a wedge, IXI. J

cf the Physical Soc. of dzpan. 195€, VvV 11, B¥c 9.

3. N, L. Krasheninrikeva. On unsteady soticn of the gas,

disglaced by piston. Izv. of the AS 05SE, 42N, 1955, Bo 8.

8. X. B. Kochin, N.S. ., melbnikova: On unsteady motion of the

gas, digplaced by pistor, withcut the accpunt cf counterpressure.

F34, vcl. XXII, iss. &, 19%¢.

f. 8. Van Dyke. Perturtaticn methods ir fluid sechaanics. A.,

(feace/vworld®, 1967.

& 6. U. D. Kheyz, B. ?. Erobstin Theary cf hypersonic flows, 8.,
rakl. foreign lit., 196%.

7. L. Lees, T. Kubota. Inviscid hyperspnic flow over blant-uosed

slender bodies JAS, 1957, 232, uo 3.

i 8. 0. M. Katskova et al. Experisept jp» theé calculation of the

flsce and axisysmotric zupersopic flcws of gas Lty method of
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rage 130.
183 RATERR OF TURBULIEY ERERICH.
. 3. Zhigsulev.

In vork is voiced the view accerdisg tr sbick the chaiz/netsork
cf thé equatiocas of Pricdsar ard Eeller does nct actnelly costaia the
seckasisa cf the esergerce ¢! terdsleunce.

is proposed tie examijzaticp cf stalbidity ccadition "cu the
average” as pecessary ccaditior for exglajpinc tie sechaniise of the
geperdtics of correlaticns.

§ 1. Setting

the chain/metmork c¢f thke equaticas of friedsan and Keller for

the imccapressible flui¢ takes tke fora:
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oV, . F1% a'? !
=0 v, : " = vl 3
“M -a +h ":g "p, au Ve
] a9\
+ (e, q‘,,___ ""
).: K"' Sy, L.,
-~ W0 +1 i“i - wﬂ-“ LY X
- “l et 13} d’n ,’:-1/‘4 1"
(.n
, A «. q' b ") d ul) -
y dqn d’hg W: e “,‘)-‘-
d 0
g, T s w2 4.~|"°-
114
a— ". .- "‘o .‘_l
,,,q gt =0 (asa=1)
{s=23,4,...), )

where V, - averaged velocity vector coxzponent, P
- avezaged pressure, referred ip tie value cf demsity p.

Taluss V:_',:',z', ,:'- V‘."f ,n", are the averaged prodect of the
talsation of the melocity vector and fpulsatices of pressure (referred
to deasity). Prodect cotrsists cf s cf the factces, fros wiich » is

the pulsaticas cof presssre (corresgosding fadesx »,==2) and (u-m) - by
the pulsations of velocity (iadex a,=[) the i fector it is calculated

&2 space-time point (¢, 1CI<y

Fage 31,

2ggregate iadex I'., ia the cape &, -1 igdisstes the coaparvat of
jalesating speed, apd ia the csge »,—2 gleply it is related to the
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gelsatica of pressare. The tetalit:y of velwss S 7 Bitk
fizedgrecerded 5, m asd a, is temscr {a~5) of Timk; valoes poszias
tke fellcving property ef spssatsy:

T ,:' R, o b Lodter -3

el RSN QLT LY AN & (.

i.9. the values in geestios colaclide, i deilipg the exckunge of
ccapléx igdices to grodsce is sisuitzneoms ke ezchaages of ide

corresponding fonr-dimereiceal srgssenta,

F .
Balee m==l, 3¢ M=l 20d o =0, 1 o=2 N L0 of the tulce

esccantosed indar ¢ ix sny tars 1s asasmed dditior froas 1 to 3.

$te chalssnatwork ¢f egoaticas (121) is ebtaissd froa

Bz wiez~stokes egzations .
FECTERYE t, %o cmoider the systes of the scluticns of Zavisr-Stoles
eguatices the specific statistical emsesdle st fresest &8 pet is

isposaible. EEDPOQ2NOTS.

1t is assused that it descriles tortslest sctizg of e
jaccagressidble fluid.

It is secessary to szaf that oktsipisg the veidnd «f Briedsun and
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isller the chaiz/metwork cf equaticas (1.,1) fzcs the Zavier-Stckes
egsations is cortradictery since, as cam e2sily b seen that the
chajaraetvcek of equaticai (1.3) fcrsslly izclsdes all the solutioas
ct Basier-Stckes qgsatices (ca tasis of whick it it is cogstractsd)
as special case vhen 2ll the ccrreiatics furcticas are egaal to zero.
Os the other hard, is aszsctaed tite existeses alsc of swuch solwtioas,
nbes correlations are differeat frcas zero. Ehysically this
cogtradiction cccars because is a gricii seclesr, wkich ugsteady
sclutjcas of Navier-stoles ¢guatioss ccaprise thke rasdoa part of the
terduleat hydrodynamic field amd iz which w¢ssore correlatios
tagctions ca2 de comsidered arbitrarily aszigesed with the forsmatios
ct injtial asd bowmdary-valwe probles for eguaticas (1.1). To us it
geens that this is the lasic questice whict sest be placed before the
astiod cf Priedaas and keller [1].

Togetber with this io real tize, there is eacther, free froa the
cogtradictioa indicated gcsing ct the guestica ccaceruiag the
statistical tieory of tsrbuleace.

In vorks [2] - {8) cr the tasis cf the eguatioas of Bogolyubovu,
is isjtiated the investigation of the gev statistical easesble, which
diftexrs in that the prolakility of its stater it is simsltaaeosus at
djtfierent macroscopic pciyts are nct, generally speaking, ia the fora

cf the products of the grskabilities of states in each of the points
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is gquéstion. Iz other werds, thke studied ézsestle is characterizad by

tie adsence of the property of statistical izdegandence.

Fage 32.

Yory isportaant remder/showed the ficg that the studisd enssmble
ia theé case ¢f the bhydrcdysamic mcticns of perfect gas, besides the
irdepcndent charactaristics average densitj, the averaged-mass sboods
gne esdiun Ghergies (teaperatuore}, ccapcsing the basis cf usual
sexodyramic description, is determined additicgally, generally
ggeaking, by the igfinite set cf the indege¢ndent correlation
foscticns, for vhich ar¢ sugerispozed cely ceneral integral
copditions atout coordigaticn. Thus, correlaticy — these are new

fuadasental and independent motion characteristics.

the iavestigation cf different special caseés led to the fact
that she hydrodynasic equations for the totality of the deteraining
valves forsally coincid¢d with the apprcpriate ¢guations of Priedman

azd Keller.

Thus, it turaed out thzt for correlagicy funsctions ome shounid

loek 45 at independeric, given Lty ipitial axc¢ lisic data.

In accordance uwith this is prcposed tie¢ following sodel of
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techalence 2: turbuleat sotice of the iacpasressidie fluil ars
dhtecsinod by the totality iadepsadant? valises ¥, p,

W:-.lgf-(’z% 3,4,....m=01,2,...,9), which setisfy the
chaiagnetvark of egesticas (1.15: saligs wgm /- possess the
gpogecty of syarstry (1.2) and satisfy cea¢ral iategral corditiocas of

ths type
j";’"_.,:‘_d;,d:,a 0 (1.3)

(ukere the integration cosmcn for shole fosr-diseasiomal space -

tine) 4

§ 2. theores on breaking of chain/nmetverk (1.1) in the case of

bpmogeneous turbulence.

ket us approack tovand the analysis of the introdwnced abova

scdel 1.

dcmogeneous turbulence usvally is cslled rthie fora of tas
tarbukent motion mhen aszezage values V. bked ¢ sre constant in flow,
while correlaticas WY 4. 2Sapead op the ccozdiazte of physical
1

space only by meaws of differesces g, —gq, (i=2,.., 1)

Xu the case of honcgenecas furbulepea, the chain/netrork of

eguatiocns (1.1) takes tie fcrm:
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% WL £t yee0 (aan m,= 1)

It is interesting to scte that is the case ¢f koasogomeons
terbulsrce of equation fox pulszaticas 1}/, 8354 §° they will be ia
socsrdcy/precisioy Raviger--Stokes egsaticas, if se szasise tuthalemve
ia the coordinates, conrected sith averageé-sasss wotiom (V,=:0)

tage 33.

2quations (2.1) they allovsassuse the fcllcviag class of ezact
splutions, ukich is reduced toc the fipits gzraber of irdicial

eguatioes (thsores about bre¢aking)e.

Ret st initial sosent (-~ i~1,2,. .. s} 3ll the correlation
fuactions, beginniag withk =D2,, they tore intc zero; thea cccars
exact sclmtion, vhen these correlaticas are¢ alvays egual to zerc asd
chaingoetvork (1.%) is copvsrted is2oc thes apstes of the fimite munber

cf eguations for fumctiszzs W' ,:,ﬂ..(ggs,),

et us acte that tie case, axaained by Rasxrzaa and Hovarth
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7%
(W8, #£0, alse they belegy %o Teceatly vhe seted €lase of the smset

winiiess o egunbions oz teghbulenie. Ju csfier of thi to be
csyvisced that that asaag v‘:-'..z,f‘ {3<3) 818 differe:: from zee
iy thoss correlatioas shich cerreapend ooC (l.e. thxw aze as
epzzelations with pressure); thes chaiameteez) takes the foom:

"g‘[wa;'g_,,.-{' -é-'—':t';“—v‘,'r., ,.]anﬂ 022
(<t Wi, =0

Fatredsciag ae® sagiobles (=4, 4,~10 +1, (in2, ... 3), vo See that
spekes (2.3)is simplified:

%'ﬁ.l“'}"g’{‘a‘: "}:"”.'—d,'g’_,’]”o (23)
(s<sc W', =0

In she system of equasiens {2.3))
7eless :, tley eater ss petsadiers asd, ia

prtiesisx, {4 it is peasidie te ezasige #it) 21} ;=0 ebvices tiat
ia thjo last/latter class is lccated the scletica, exanimsd by pocket
end Bgvactd,

Sivectly fzoe tho thkeczen allomt Lreakiag it folloss zhat
hepogénecas tordulence 1z classed accotdliag tc the charmacter of
1a)tid] data A,

BOORDeTE 8. Let ug mota that the asalogues zesslt about beolea of
chalageetwori sas gitaiped previczely 2. 3. Ysspasenczhy i the
epasiaatiop ¢f Miscgesecss torluiesce f2on the jositicas of ke
digatics ot pecfeat gss. RUBPCOYIDUR.

§ 2. @ t)s cteniiity ccpdlities ¢f tunpdalint €irzo. .
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ast us exanine the set of bosndary copditicas, which sust be
fuelfilled deriang the sclstica of thke chais/zetucrk of eqwitions for

tagdelexnt sotion in the caee of the flow arcusd body of statioasary
tesbulent flcs. Por speed V, this ]

- gpeed in orcoming flcv (is assiga/presacibed Ve

= tha copdition of adhesion c3 Body f'ls,.g (S, - the surface of
the streanlined body).

kage n,

Bot us forsulate ncy ccnditions fexr W2 /..  Por this, let us
]
assoaé¢ that the vall of hody sufficiectly sscetd, 20 that the
[elsations of velocity tectsr on it are alsc egqual to zero. The

coasequence of this wil) be the cczditica
w‘-‘t - I:‘ .. w0, @)

if cas of three-dimsnsicaalszpace srseacts ;,. that correspoads to

a3y pelsation of velccity (s,=1) tekes the salues, whick correspogd
te Lody surfges S,
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Burther, takiag iato account the experissptal data akouat tie
fact that in the develored turbulept Slcy uzually pulsation level is
such higher thaa the level ct iaitial terbelence @, seeas reasonadla
tg require cegpdition abcut the wealksning of the correlations shea ome
ct arjusents , 4s accepted values that ecizesgsad to the imcident

flevw, i.e., to coupt for this zcre

Wa 4. ~0. 32

i

BLOTRSTE !. DaETe thefe dre iv foras casas of the emergence of
tacbalence unlike the tasks where turkteleace iz assigned in the
iacident flow or im iaitisl dota as, for eszasplie, this wvas into § 2.

ERDPOGTNOTE.

put since comditiors (3.1) and (34 arxe spifora, one of the

soloticns of probdles w¥ill be, cbvicusly, WU =0 ovaryehere in

~ 1, -
flow, i.e., laminar flow, 3f, cf ccuzze, thiz sclution exists.
thexefore in the range cf values ct the paraseters, vhich detersiae
fdew and for the classes of the bodies where sisgltaneously there
exist and laminar aad trrdalent flcy, the scletion of the forsulated
sbcve prodblea for the ckainp‘netvork of squatices (1.1) for turbulent
sotioms is mot only. In the case of thke flpw arcerd flat/plame plate
at zerc angle of attack, tde sclutiem, skjch corresponds to lamimar
flox, exists always, wvhile experiment it ghcys that most freguently

is retlized (for sufficiesntly dong plates) thke fprecisely turbuleat
flox.
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Zhis occcers, £0 it seeus to us that the¢ systes of egmations
{1.1) does act cogtais iz actualict) the mechauniss of the

fozsatioa/educatios cf terbulesce, but is cily ‘certain comditions, by
vhbich must satisfy turbulesnt actice.

20 the success of classical kigetic thecry of gases it
coatributed, by thke way, firsd ¢3at thers ware
copcrete/specific/actual sutjscts cf irvestigations (atoas,
splecules) , shile if in flcw occurred .chemical zeactioas, then vere
cogdisions for formatica of tkese chbijects and s mechaniss of the
scnentus diffusion and enercy cf bean of particles. Using this
asalody, it is possible tc say that chainjfactucrk (1.1) imdisputably
coptajns she mseckamises of the destructios cf ccocrrelationa: however,

does aot contain the zechanisas of their generatiscn.

8n the basis of the afcresaid, findiag the sachanisa of the
geperatiom of correlaticns is the iasgcrtaat prctilem of tke

copstruction of the thecry ¢f turbulemce.

2o us it sesas that the exazinaticn of the stadbility of
tertulent aotion oa tises urd con tta length scales, shich correspond

tg turbulant motion as 2 vwhcle, is neceazary fcr explainimg the
unknown =echanisn.
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Stability cogditios is by itzelf tpiwial, without it is nut in
Ezactjce realizesacconpliskad t2s zciutica in grestiop, howamver,
apparently in the theory of terbulapce; it plays the significant
reple, siace the emergence :0f turbulemce, ke this is wall kanown, it is

ccyrectad vith the instability of visoous sctices.
Fags 35.

Bven the fugitive apalysis of the sbzlility condition of
turtolent flow or stability %cn the average” zkgws that ip it is
ccotained something significant. It is real,jactual, under ccocaditions
shere the laminar sclutice is unstable; stakility condition is
cpapalsory vill be to lead to tha arpearamce of turbulent solations,
slace, as we sas above, laminar sclwtions satisfy the chain/metvork
of eguatioms (1.1), and therefore the usual staltility theory of
lasindr flows is a special case of cverald stakility theory "on the

average®.

Siuilarly the coaditior of stsbiiity ®"cn tlke average® leads to
the detozzination of turbulent stats 5, Issediastely gets up a
guestijcn coacerming the udrigueness of state 7, To us it seeas that

stete 7, i3 pot only aed vizh sufficientdy lerge Rzynolds nuebers
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there is a spectrum of states 7, 1If this thea, them easily cae be
explained the depeadence cf the ezérgemce ¢f tarbulent
cpgditions/modes Gu valwes c¢f imitial turbulemce. With sufficieatly
lazge Beyaonlds awabers, nct far frce stable evesy laminar state is
acranges/locaced turbulect state 7, aad the grester the level of
ja7tial pulsations, the earlier the flesw frca thke "potenitial pitw,
shich corresgonds to lasisar flow, it will jfass into tahe "potential
Fit® ¢f close turbulent stata. By this sepbcé cam be, obviously,
exglained axperisesntal fact about hysteresis nf turbuleant flowv. It is
rossible that duricg the develcped turbulest action the mecharical
systes can occupy with the specific pretability all states 7, and
thea She theory of developed turbulence - this statistics of staites
7,.Is this case becomes clear that side frequetrcy spectrus vhich ir

€xcitéd in the developed turbulent flow.
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Feya 36.

INSEREZRRECE OF WLES A¥D OF JRY IR BB CABETIRG SLON.
Y. 8. ArmoYdov, & G. Gerdep, b. ko Sevigdsw.

2re 1ed $hae Teselis of the exgpeariseatsl] imvestigatiog cf jet
cfteck, shich easne at 3agls gf 30G° te iosexr serfavce of vind, on the
sescdysaslc charactaristics of the igolstdd,inselzted vings far fros
screes azd mear froa it. e the basis wf ciiculitions aad rasxits of
the syparivental gtudy of ipteractica of she jats of the variosns
forxss of imitial sectios with the wings of differemt relativs
size/Ainensions and plasferes, is gisen thy amaigsix of the Teasoas,
vhichk caugse chkinge irn the effectivs threst/zcd of jets litylaa
jacredse in tike velscity 2f imcident flow azxd a decrmaszs of the
distanmce of wiag of screen: It iz sbowp, €dnt far fron screan tha
extersal flox arouad jet pisys the dcoiznamt toie im a ckange is
aerodynamic wing characteristics wikh an igcrezse ia the vaelocity of
caccsing flow, skile near from gcreer emmaytial faveradis 2ffect

exerts the vortzxfeddy shafe, sitich appsasx cz tieo swrfacs of sCKeeN.

The interfecremce oi wing and jat, uhich wgzusa &t certain angle

tc its lower surface, lgads, z3 iz %powpy, & fozmsticasedscatior on
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the sing of the segatkve 1if2 whicy Sacyessss tle vales of the
cttn;ﬂi§s~2h$$st/r@&‘vaéﬂiy Sissltaseously swéergo coasideridie
«hsngs and oskex asrcdyrazic ¥iwg clasicteristics. Thoms changes ia
the yérciysunic chasicteristics sre ottalssé ky espocially ssaential
12 & dscraass ¢f the dlatsmie of ving of screes and as iacresse ia
the vélocity ¢f imcidest £lov. Thrugt léquer of jet, which appear im
the abzescy of the imcident flow, caused by the wviscoas forces. Jet
a this case, invqlviug iatc acticr ssrzomsdiag air, cresves
distezbed Tlow adoat wing. Eacatss of this c¢p gressare side of ving,
sprear the azacuptionsrerifactionrs, which ée¢crexse the sffective
thirent/rod of -Jet. Par from scrsen thesc lessas are 33&11“71
cepaideradle iancroase ip the loasssoc dsring the fecresse of tha
distasce of wirg witk ject of screop iz comrected vith tke
forsatior/aducation of the fan jet, wvhick pcsseazes consideradly
larges efscting adility, and tiée spprcachiaprccaiaation of wing to

tkis perturhatica xource {1) -~ [3).

de increase in the losses cf 1ift und a chamge in other
aerodynasic ving characteristics vith jet vith an increase in the
velccity of incidemt flcwv is ccnnected, ia the first place, with the
distusbance/perturbatiops, which aprear dmzing the flow around jet,
and, in the second place, it is possible, sith cartain chenge of its

suckiag properties in ertrainsest flow.
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oa Fig. t showva exgerissatal Sistribmtica cf the presssre which
oppeazs os flat sexfece durisg the flcw ascund the rigid cyliander aad
vhal jet, norsal %o this serface, sad caleslated distridbutio of
[sessere, chtained durisg tie replacesest cf jet by the systes of the
sszaaded/located on its axlsj/azis flces oa the asswseption that the
iaterference of ving and jet is cassed andy by ssckiag action of jet
(83

fage 37.

Ccagaxison shows that presscre distribatipy ias the viciaity of real
jet accordiag to the character cf the lcacatica <¢f the 30388 of the
incredsed anl reduced fpressure is quelitative agzalogoss with pressure
distritutica aroand rigid cylisder aed it is opjosite to the

calculated distributios cf pressure.

However, the asounts ef the swprleseatary lift vhich appear froa
real fet and rigid cylizder, substartially differ froa each other.
these differemces are oktaised by eapecially ccysidexable in the
ramge cf ccaparatively low values cf the gives relatioa to velocity
cf incidenst flow to jet velccity (“’: “/%—:V,V;;). boal jet, being
ket and being expamded, aequizss iy the dszxyisg flev the complex
three<disensional/sgace fors, very distant frcs cylinder [(5). It is

charadteristic that moat considerable chamge of the size/diazensions

I
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cf jet in the carrying flcv (uslike e ik thd Filocdsd Bpace) cccsis
co its iaitisl section ami caz cavig esmesiizi

djstuzbance/perturhatices on the ving sictece.

8ig. 2, gives some results of the app:cx&:&iz‘co:pgihtiéal wkick
vere <arried est for tha case cf ideal £1luid fcy purposs of
gealitative evalmtion cf 1ift iacreseat (ix the portioss of the
thzust/rod of jet), induced op flat ssrface by cyliadsr aad the
expanded solid body, initatiag sizes/diseasicas sad the form of fet.
Calculatioas shov that the expundec Lody, which has the alliiptic fors
cf cross section vitk tle relatica of semj-axes 1:8 &xd tke
trassverse size/disenmsicp k, uadertakes oa the e¢xperimextal data [5]),
is caased ia cospapison with cylinder a many tises larger ia value
foxce,; especially in th¢ razge cf ccspazatively low valuex of thke

given relatica to velocity cf incideat flp¥ to jet velocity.
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¥ig. 3

key: J1). Rigid cylimder (experisest). (2) . Jat (experimeat). (3).
3epladenent of jet by system of flcus (calcrlaticn).

Fage 38.

Thiz baars out the fact taat the fcrm :9f Jet ard its chunge with an

jscrease ip tye vaiocity of dgcidext fiow play importamt role im tke
4 Fresczzce of ths interferepce of wing aaéd jet, [doreover, the analysis
of thése data skoes that at the zaall valesz: of ke givea veleciiy
ratic tus basic disturhaaces or ving are éxeaisd by tke szction of
the jét of lazge eoxtent, vhich zosseeses 33it eifsctivensss siailsr

tg cextair low-2speci-ratie wing, azrazgedicsstsd at High angle of
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atdaci with respect to the 2arface of wais aimg. With aa ilscraase in
the cazvateze of jet, the 1ift efiectivzeness of jts distast sectioss
dscTeise &8 & tesalt of the dacsesss cf their asgls of sttack, aad
iscroasisg valse begin to plag the disturbarcespscturbatiens, caused
g the fiow srosad the iaitial sectiom af et a2 binff kody, close in
fgxs’tc criisder directly ct the vipg swrfece. therefors, for
«3asple, the decroase of the ieitial ag e ¢f jet imcliwaticns to wing
tieve leads to the essentizl decrease of thzust iozzes of all rasge
¢ a €hange iy the giver velocity ratie, ayd at its very higk values,
skaa, it wculd sees, jet is sost distest pa itz fore from cylisder,
jressere field, iaduced by circslar jet, as shesws in work 6],
sizesady it differs littls act @zly gaalitatiwely, But alsn it is
gauztitative from pressure field la the vicimity of rigid criisnder.

Rxperimental investigatjions wers carricd cet on the modwls of
tke rectaagular vipgs vithk elcpgatics =2 at amgle of attack «=D. ¥as
invaskigated tke iaterference of wings wigh: the jets, whiok had in
imitial section the fors of circle (cirouldaxr jet) sad of bhe ellipse
{eRliptical jet)vwhose major azis ccald bke arrange/located
sezgendiceiariy and in parellel o the vwelccity vector of the
ecidént f£lo¥. Subiseguently fer ccrvenismde, let us call elliptical
Jjet depending os the peziticn of its majos axds an ellipticsi Jet

acxose fioxw 88 oilliptical jet alexg flemd
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Bar fxos scras G5 wilg. Which hes suftiefatly kigh
32557 A38ansices. L8 emag%k&aeé ci&tsala.gg;efgiausshqt; of isitiak Jet
céesarnschichal wkps {&m wﬁ&iﬁ&} <oaik sispificant thrsat lsapes
aivae alliptidk somses Clow 68, shiln Pk jets. of circuler aad
eiiipiuicel alexyg floe fexs givi”ci@gq.ﬁl‘anges;iéc of losoes g’iﬁy
3Fs Big. 3, vhons ﬂlso the effacr £ tie $orw ciriui:igl st

croasedeciional wxea on as iscrease ia thé gitckimg xomsrd of wing.
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kag: i1). Cyliader. (2). Bxpanded Lody: (3). Jet (experimeat).

¥%ne 39.

$he slliptical across flos jet (relatics icf semni-axes is equal
to 3220) it is bluff ia iasitial sectiocys, Lzt leat, i.e., in in
isself bluff obstvucticp, srrapgeslccated cx the wing surface. Evea
at ccaparatively ssall velecities cf iyclidext flow basic
distusbancesperturbaticas en the wing are created by its imitial
ganti¢n ia the form of the vast zopes of ti¢ elevated pressure before
the jét and of evacuaticm/rairefacticr aftér jet. the spectra of silk
threads cy the wing surface shov that :befpze :tk¢ jet occurs braking

. £3ew and characteristic bosndary~layer szeparztica, although after jet

i® foumed vast breakavay zome (Pig. 8).

o
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2iliptical aboag flow Set iz well stseaslivsed o ianitial asectios
(aarxqs trace, tie ubsezce cf the visilble scme cf the Dackwatsr
defore the jet). But this jet istepsely is «xpasded iz trassverse
dizectica and is least keat. Bxperiments iz tde fiocoded space shos
that Ly the characteristic featuzre of iths icpagation of elliptical
Jeot is its very mopmaifcra eizpaszicy o laxce 33d to the miack axes
cf ellipse. Aloag sinor axis is obtainsed &jj2caimately six times more
ietense expansion, thaa ¢y large. dsriag tic fltv aroand jet of the
carryjag flow occuxs the suipiesentary straim of the fora of its
sectiqas. O» the fxcatal ssrface of jet, apjears the overpressare,

vhile cr lateral surfaces and fros bebhisd - evacuatica/rarefaction.
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rig. 3.

rig. &,

kage Q0.

therefore sost significant expansion ocouss in the direction,
rorpendicular to the direction of velocity cf iycident flow, and
elliptical along fiovw jet at certais resorals/distance from the wing

surface acquires the form wvhich intordwces copsiderable
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disturdasce/pertachbatiozs isto flov. Daiie distuchancespecturbaticas
ce thé wing surface are created precisely &) thcse sectioas of jet.
Zhey sre oxhibited predcsisantly iz the forsagica/education of
rarefactisa zozes about jst amd bear sigmjticastly socte mifors
character, thas disturdascs/perturtatica fics elliptical across flosw
jat.

turaing agais to the results cf the tests rectaagular ving with
the jets of variowus forss, which ersue at argle of 90® to its lower
surfaca (see Pig. 3), it shculd be moted tist tiey correspond to the
refresentationy of the rcle cf different secticas of jot ig the
forsssion/education of losses with ap imczeaze in the velacity of
iacidént flow. Imparting te the initial sectice of the jet of
streanlined shape does rot lead to the dedicase of thrust losses in
rhe iaspected compazatively narrcy range of a chaage ia tke gimea
velocity patic. The jets :¢i circular and @lliptical aloag flow form
are caused close ip the magpitude of lossis of thoust/rod.
Copsequently, in these ccmditicns/zodes is impcrtaat not so much the
fpra ¢of igitial jet cross-gecticnal ar€a, a: qcsplete
thres+dimensional/space fora of the jet which is formed im the
carrying £lov., vhile it is chtained by closc #f both jets, judging
frcas the fact, that at a distance cf £ive kcres from the wing surface

they 4ive already approxisately identical trace ou the aesh of silk
threads {(Fig. 5).
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the sffect of ths fore of iaitisl jet cross-sectional area {or
the satual locatiop seversl jets) ca asrodyzasic vimg characteristics
degenids ssistastially cp relatica tp the ares .cf initial jet

cressesectiosal area tc miang area.
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Fig. 9.
Eage A1,

1brust losses on the rectangular wing cf szall size/dimensions with

the jets of elliptical across flow and cigcular shape (r, . (001

fjrst increase with an increase in the giver velocity ratio, and

then, after achiewing tle greatest value, tley decrease also finally
?}C it reverses the sign (Fige. 6)« In thjs case, the increment of

pj;chjng Acnent reaches the significant macanitudes. Elliptical jet

alcng flow on a small wing, as cn large, are caused thrust losses

which increase with the increase of the gjven velocity ratio.
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A sharxp qualitative change in the aercdymnasic wing
charac¢teristics with to the jets of ciroudar and elliptical across
flcw forn, that occurs during the relative size¢ decrease of wing, is
cognected with the fact that on a ssall rectangular wing the part of
the z¢ne of the essential disturbance/perturktaticns, caused by jets,
Froves to be out of the liamits of wings At certein value of the given
ratio of the .velocities wher appear positive lift increments the
prevailing value acquires the zone of the elevated pressure before
the jét, while the rarefacticn zone¢; wkich appears beyond jet, is
lgcated partially ocut of wing. the measureseénts of the distribution
cf préssures on the surface of the wing (fcr example, [6]) showv that
vish dn increase in the velccity of incidept £lcw gradually is
develgred the zone of the rackwater Lbefore the jet during the
sjsultaneous decrease of sizes/disersiogs and the shift downstream of
rarefaction zone. Possibly, to the same marifests itself jet effect

ca thé flow around sucticy side of wing.

during the size decrease of wing witk elligptical along flowv jet,
these phencomena do not tave the vital igpprtasce because of the
special feature/peculiarities ot the disturlapceé/perturbations, which

appeax during the flowv arcurd this jet; which it was discussed above.
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Blliptical across flow jet (or &ke decatiog of jets in a series
across flow) has op a swsall rectangular wipg esseatial advantages as
coapared with elliptical alcng flow jet (or axxangeseat of jets in a

sgries along £flow) .
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Fage %2.

the cqnsiderably lLarger ipncrement ¢f pitching wmcment, obtained on
sing with this jet, it allows in certain assigned/prescribed
chntes-ci-gravity locaticn to displace elliptical across flow jet
pearer to trailing wing sdge and tc obtaia fer thus count
suppiéacnhary advantages ip ccmpariscn with elliptical along flow jet

vith sufficisntly darge values of the given velccity ratio.

A change in the form of jet or the laycuts of jets oy wing
allows on the rectangular w»ings, wkich Mas:s cloze to real relation to
the area of nozzle to wing area (F.~ 001), sct cnly it is substantial

to dedrease the thrust losses, but alsc tp ccapletely considerably
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incredse the effective thrust/rod cf jet. This yill agree with the
tésulgs of the investigation of the diverse variamts of the location

cf pine jets on the rectapgular wing, gives iu work [7].

The possibilities c¢f using the z203¢ of ele¢vated pressure for
decredsing the thrust 1csses op the vipgs cf tde liamited
size/dimensions depend on wing planform and the position of jets on
ving. Thus, for instance, as a result of &he special
feature/peculiarities of the gecmetry of delta wing the positive
action of the backvater, vhich appears befcie the jet, is not
utiligded, and the effect cf diffluences prevails, deteraining a
change in the total aercdynenic characterjstics. Therefore on delta
ving with relatively the fncnt/leading positicr of jets elliptical
across flow jet causes copsiderably largexr tbhryst losses, than the
jet of circular and elliptical alcng filcw fcrw. For the same reasons
the shift cf circular jet tc leading wing edce causes an essential
increase in the thrust losses at the bigh values of the given

vélaocity ratio.

thus, far frop the earth/ground the externzl flow arcund jet is
the inportant factor which deteraipes a change in the aerodynanmic
ving characteristics with ap increase in the velocity of incident
flcv. a change in the fcrms of jet cr lccatica ¢f jets on wing makes

it possible to decrease tlte haraful interference of wing and jet in
the carrying flow.
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keys ]1). Position of vcrtexseddy shadt,

Fage 43,

the nearness of the earth/ground iconsideratly complicates the
Fjcture of interaction cf the jet c¢f wing ard is exerted a
suobstantial influepce oo aerodynanmic wirg characteristics with jet.
Fxen the diversity of the factcrs, which detersine the interference
of wing and jet near the earth/ground, it is exfedient to isolate
thxee tasic phenomena which comsecutively céen cccur with an increase

in the velccity of incident flow.

B it et s e L e ol

v = ———




£6C = 78104203 PAGE qs

Birst, the formaticnseducation of the cccurate [fan] jet, which
jpssesses considerably larger ejecting ability, than free jet, and
the approach/approximaticn <¢f wing tc this ferturbation source, the
causiazag increase in the thrist losses. lhjs effect is basic at
velocity of incident ficw, equal tc zerc, &rd it plays the
sionificant role at compacatively lcw values of the given velocity

raviog

In the second place, the foramatiopsreducaticn of the vortex/eddy
shafty which arises during traking ¢f fan jet by the incident flow.
1be shift cf shaft with an increase in the velccity of incident flow
is breught, beginning with certain value of tte given velocity ratio,
to decrease in thrust lcsses, since befcre the shaft during its flow
aprears the zone of elevated pressure, while tle sucking action of
fay jdt decreases as a result cf its =ize decrease. If we compare the
jpsiticn of vortex/eddy shaft with chagge in lcsses of thrust/rad
with 4n increase in the given velocity ratic, .tten it is not
diffi€ult to establish that the decrease iy thrist losses bhegins when
rain 9r less considerable perticn c¢f wing proves to be in the zone of
the bickwater before the shaft (Pig. 7). It is logical that vith a
decredse of the relative sizes/dimensicans of wing or increase Fé the
positive effect of vortexyeddy shaft is exhikited less considerably.
1his effect depends alsc «<p %ing plarfcrm, the fosition cf jet on

wing and the angle cf defleéction of jet.
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And f£inally thirdly, the usuval prcximity effect of the
earthgground, wvhich beccaes basic effect at sufficiently high
velocity of incident flcw, whep the jet bends s¢, that the
vostex/eddy shaft does rot appear. .As an 2xzaple it is possible to
give the results of the tests cf the rectangular wing with elliptical
acrcss flow jet (Rig. §)e.
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Fig. 8.
Fage #4.

Ia the range of the low values of the givey velccity ratio, are
observed the same special feature/peculiarities of the course of
dependeace "%%*(VEI/ZJ, as in the examined previously examples
{lossés first increase, they reach saximus and then they decrease).
¥ith fvrther increase in the given ratic of the velocities reaches
the minimum of thrust losses, ccnnécted with tle liquidation of
vortey/eddy shaft on the earth's scviface. Tle value of the given
velocity ratio, by which cccurs the liquidation of vortex/eddy shaft,
increases during the decrease of the relative distance of wing of the

carthfground.
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thus, the substantial change in the aercdynaamic wing
characteristics with jet pear thke earth/grcend, shick occurs with an
iacrease in the velocity of incident flow; is ccnnected with
emergence, shift and fivally by the liquidaticn of wvortex/eddy shaft.
The favorable effect of shaft can be used for decreasing the harmful

imterference :of wing anrd jet near the e¢artl/grcund.
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DETERSINATION OF THE ANFLITUDE OP IHE OSCILIATICNS OF AXISYAMETRIC

SPACE VEHICLE WITH UNGUIDED LAXLING IN THE JTNOSPHERE.
y
Vo Ve th'ikov, V. A. Yaroshevskiy.

Are examined the special feature/pecsliarities unguided action
c¢f space vehicle ahout thé center cf mass with descent in the
atmosphere. Primary attenticn is devoted tc the determination of the
fossible amplitudes of cscillations and tzacrsverse overloads on
lagding trajectoryat the low values of injtial angular velocity. are
given the formulas and th¢ curve/graths, mbich sake it possible to

detersine the parameters indicatede.

Is examined the task of the detersination cf the amplitude of
the oscillations of the unguided sface vehicle, entering in the
atscsphere of planet. It is assumed that th:. vebicle is axially
sysmetrical tody, angle of attack o is defired as angle between

vectors of speed and the lcrgitudiral axis cf vehicle.

¥ork [ 1] shows, that tte character of the xotion of the unguided

space vehicle ahout the center cf zass is dcterained by the
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disensiorless parameter

L

LA ATTI N
uhere'?,- initial momept of momentus jin atscsplereless space; )\ -
the lggarithmic gradient of atmospheric dégsity (p—p,c—). I - axial
spwent inertia; Vg and 64 - rate of entry ard .the angle of entry into

the ataosphere.

At high values u, the motion of vehicdle is quasi-periodic in an
entird tra jectory, eliminating perhaps the section of small extent in
the vicinity of the bourdary of the atacsphere (in the case of plane
scticn - a section of trarsiticn freom rotary motion to oscillatory).
therefore with w>1 the asxplitude of the oscillations of vehicle on
angle cf attack , can be determiped .with the aid of asyaptotic
sethod or the method of averaging [2] - [6]. At the moderate values
pé commensurable with ore, asyaptotic methcd is applicable only in
the sufficiently dense layers of the atposplere. Hith small p(u<<1)
low imitial rotatiznal energy of vehicle dces pct in practice affect
its motion in the dense layers of the atmosfkere. The deteraining
[arameter becomes the angle of attack of rvelicle on the boundary of
the atmosphere ay, which, as a rule, is napdom variable. Therefore

task acquires probabilistic character.

Fage 46.
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in thé¢ present work are given thke results) vhich make it possible to
determine a series of the parameters, whic¢h represent practical

interd¢st, in the case of spail .

It is known that the axially syssetrjcal kcdy in void completes
soticn of the type of regular precessiocn. let us deteramine initial
bounddry conditions of the atmospheére throwgh angles ¢,, %, and ¢,
(Fig. 1), the characterizing cone precessjicns apd moment of momentum
7;; ¢; - angle between vectcrs of the sreed cf vehicle and the vector
of injtial noment of mosentum (by axleyaxis cf cone) ¢, - nutation
aagle (half-angle of the sclution/crening cf ccge); ¥3 - precession
angle of vehicle (position of the axleyaxis cof vehicle on the cone of

the precession).

In sufficiently dense layers qQf the ataosplere wvhere the
oscillations in angle of attack ar¢ small, a change of the amplitude
of cseillations is determined with the aid cf asymptotic method [2] -

[.) from the formula

f -
C ( m, qSI _ 648
epr v " Tav )4
am TR e st e RpSSLSS T ey
Y/ mz qSl ()
V' ——7—
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vhere ,,,f, - derivative of the coefficient cf ke damping moment in

- mé
djimensionless amgular velocity w,ni"{;!;c;u m;= thke derivatives of the

lift ¢oefficient and pitchisg mcaent iy angle :¢f atcack a (all
derivatives are calculated for o=0); S; $4 » - characteristic area,
length and the mass of vebicle; V - velccity; 1=pV3/2 - wvglocity

kead; C - constant.
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7ig. 1.
Page 47,

In the case of the large yu, when asymptotjc method is applicable
in an entire trajectory cf descent [1]; cegstagt can be expressed

directly through angles ¢; and ¢, apd ‘i":

C,(sm—- --sin = ) u‘r')n -t polm, '
L (2)

C=
(cos—‘ + cos - ) npn ¢y - 'e,‘,>1:,”

Key V(owidn,

shere

c= Y 2y 1R

(w,, % an initial equatcrial anqular velocity).

Latcas
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In particular, for the plane zoticn when ¢ =¢,=v/2,

C=2V 0y, 3)

If pavameter p is low, then picture significaantly changes. lLet
us exdaine for an evample the rlane motion when in atmosplrereless
space vehicle rotates in trajectory plare vith constant amgqular
velccity dy. Asymptotic method is inspplidatle cn the section of
tpansition from rotary moticn to oscillatory - in the vicinity of the
boundiry of the atmosphere. In this interval of motion, it is
rossible to consider that tte velocity and the flight path angle
virtudlly coincide with rate of entry V4 ané the angle of entrance
63/ and to disregand dasping effect (terms, prorortiomal mf} and

¢y). then equation of mctian

d’a  m,(a)qS
an = (Im (4

taking into accouns dependemce p—p -\ via .substitution

o/ omipst .
.v..‘/r_-iﬁ;ﬁﬁﬁg can be convented to the follgwing foram:

d*a 1 da
de T g Hhe=0, (9

m,(a)
:
db/daf0)=1 (similar equaticn for the linear case was examined in work

%)

yhere fi(2)= - the stagdardized/ncrmalized xcment characteristic

Enitial conditions canp be fixed for thke lcv value x5 (low

values p):
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¥ith large x vhen the asplitude of the oscillations becomes

ssall, 1t js possihle tc count that b(e) ey and to pteseut the

scluticn qf equation (5) through Bessel fiepcticys:

o == Cy Iy (x) + Cy Yo (x), 6)

shich have the following asyaptctic represergtation:

Bage 48,

Bence it follows that amplitude

of the angle of attack q, with large x can be presented in the
following form: y ™

Gy =T~

Vevx Qe
where 1y a constant which depends on the initial conditions (4 and
With a fixed p functlon yg dereyding os «, (sufficieat

to exarine range -w<ay<s) has with certaia w-=uw, the infinite peak,
which corresgonds to suspension of vehicl#é in ithe positiop of
ugstable equilibrius during tranmsiticn frcs rotary motion to
cscillatory. Since the initial value ay is scre or less arbitrary, to

cogveniently present fumcticn X dependimg ¢n  \uo=w— wo,.

Results of calculation sccordisg sc eguaticn (5) for purpose of

the determination of fukcticn y(p, Ay fer the sinusoidal mcment
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charac¢teristic h(x)=sine {sthere sith eccentricity) are gilven to Pigqg.
2. Wigh large u fupctior y (Aq,) weakly deyerds cn Aag (with the
exception/elinination of vicimity 8¢¢=0)+ Cn the other hamd, with
p<Q.58 the curves y (i, Aqy) Bbacely depend cy value u, especially in

the most ipterasting rasge of low values d¢ype
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Fage #%.

Comsequently, with sszall p there is no p¢ed for carrying out
calculation for each value g, and it suffjces :tc be restricted to the
cre-parareter calculaticn of functica x(Au,) at limit value

#=0(|¥0]=0)}-

€caparing formulas (1) and (7) ip the vwicipity of the boundary
cf theé atmosphere, it is pgt difficult to ke ccpvinced of their

equivdlency with an acciracy tc the expcneptial term in (1) whose
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effect still is not exhibited in the viginity of the boundary of the

atmosphere, if we assume ig (1)

: \V,[sin6,
€=y(p, An,) ‘/ dALILEN ®)
Rrcan formulas (3) and (8) it fcllows that with largye p
=2V )

Bet us examine in scre detail the case p=0; replacing function

% (1t Aa)  OP y (@), Where ac=a-8ag. Fupcticg x (a,) depends on the

fcra ¢f the momens characteristic cf functicn h{e).

The results of calculations fcr sevexal tjfres of moment
characteristic are given te¢ Fig. 3. As one woculd expect that the

decredse of righting moment

in vicinity of ap,=180° leads tc an inctease of the maxinmum
Frebable amplitudes, prcportional te values X in vicinity ap=0. It
is realsactual, in these cases the conditjcmsszcde of hovering lasts
longer and vehicle is run up/turned to low angles of attack with

large velocity heads, wkich leads tc scre irterse oscillations,
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An increase “"completeneas® [{hun dul of mcrent characteristic also
leads to the increase of the maxizue prcbakle asglitudes of

cscillations.

thus, with p<<i it suffices tc¢ £find tks distribution of probable

values ag on the boundary of the atmwosphere. Tlis derivation is valiad




R v o TaiTS A o TR e T TR R TR T T e
it S S-SR iy e e i

B

AP

aie T e O e s g
I e iz

DoC = 78104203 PAGE % Y4

both for a plane and for the spatial motion of vehicle about the
center of mass. Since tte scticn of vehicde in the extreme case with
ug=0 3= plane; the spatial sotion cf vebhicle with pud0 becomes close
tc plane in the sense that the ratie of mjniawa solid angle of attack

to mazirum, undertaken for cne oscillatory pericd, vanishes.

tet us examine the diverse variants of the distribution of the
jmitial angles of attack axisysmetrical vakicle on the boundary of
the assosphere.

1. Plane notion; w“p~0,%aa%==%;'¢ru%. ip this case the values

ag are¢ equiprobable to:

plag== 1, Playg<a)=t. (10)

=
2. A}l directions cf inisial mcament of amcsentua in space are

eguipecbable. in this case rnct cme .of tle ) directions of vehicle in

ggace it is preferred, if there is no corrélaticn between values ¢,

and #,. It is hence not difficult tc chtajp:

P (ay) % sing,, Pla,<a)= J:«%—O«s-i . th))

3. Let at torque/mcment, which precedeés isclation/evolution of
descent vehicle frcm spacecraft, ship be stabilized on velocity
vector and possesses very ssall or zepo it is stabilized on velocity

vector it possesses very ssall or zerc angelar velocity. After
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isclagkion/evolution the axis of the symsetry of vehicle completes
rteguldr precession relative to axlesaxis %) the position of this
sgle/axis can be descrilted by angles ¢; and ¢y (see Fig. 1). Angle
¢y ¢dn be considered equiprotable randca vaciatle in the range 0-2«»
(it seffices to be restricted to iptevpval ¢-2), it is determined by
the amgle between planes (iﬁ 73 and (f; VQ. swkere T - a vector of

local vertical ling.

Ror determination cf argle ¢#; at the wmcment of entry into the

atmosphere, it is possible to utilizec the relationship/ratio
cosg, ==cosfcosy, | sinBsinyg,cosd, (12)

vhere f - an angle betwe¢ep vectors of speed at the aoment of

isclaticn/evclutiop and at the moment of entry ;into the atmosphere
(see Rig. 1).

dngle of attack th¢ descept vehicle on boundary of the

ataosphere ag is determined by foraula

COS &, == COS ¢, COS @y =~ SIN P, SN ¢ COS ¢y, (13)

Kncwing distrihuticnsp( #,) apd pCﬂ::ié, it is possible to

find distribution p(#,). If ?:r*%%w,ozdn‘ then #,=arccos(sinpcosy)
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! sin¢ ) )
ple)=— VETE {iwclo'sf}, l&ﬂ |cosg, | < |sinBl; l (1)
p(p)=0 upH ]Cosqa,|>]slnp|,.

Key: J1). with.

Page $1.

Hence, taking into acccunt that p ( #3) =172», coSag=sin# cose,,
aad calculating functics distributicn according to the distribution

¢t arduments [7], vwe will cltain:

p )= ;2,-’(( “é%lﬁn’ap ) N upu -s'~"~p l< 1
_ 2 }sin B g (] SIm a, sinﬂ (19)
P (@)= 7y ~si“n'? sin f ' sina, -

Ke"-.(_t\m'\-\k.

Here K(k) - complete elliptical integral cof the first kind. It
is interesting to note that with «g=j .and ¢y=p=p the density of
distribution p (ag) goes to infinity. If o ., /0, it is necassary to

censider distribution p ( ¢,).

et us assum@ that the initial angular velccity appears as a
result of the effect of perturtaticp mcmentunyispulse/pulse

N:=(N,N,N,) at the moament cf isclationsevcluticn, so that

mma._l;./'.", u)yozz—l;/!-, @, = 7’, and tke value of cach pulse componeat is

distributed according tc ncreal law with dispersions o’ ard 0y =0} == a?,

Kl
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fthen
~2
—— X
2
pNy=LV/ 2o
2 (16)
A ]
p(N’)"""-"‘ =

vhere N,-VANJ N} -~ equatcrial scmestusyispuise/pulse.

AY

1]
Since %mtg%. Q P(%)mp(ﬂ“'g x:)

X

Wey: (0. rhen.

Calculating functicn distributicn acecerding to the distributions

cf arduments, ve will oltair:

i)

P, <p)=1-

p (@) =

(17)

‘/H-( tg?)

Since vish the aid of relatiomshipsratics (12) and (13) it is
possille to express the value ag in terss cf the value of the angles
424 ¢ and 93 whose distributicns are knowsn, it is possible to
calculate the distpibutions of probatilities p (ago) and the integral
frchbabilities P (eg<a) for the differegt values of the angle $§ and of

farameter 2= 75- The results of numerical caiculations are givesm to

v
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Fige. 8-7. Let us note that wvith an increase in the paraneter 2,
beginning from zero, the peak cf function § (ag) vith ap=m—~B

djsappears, but angther peak with e¢4=§ grov/rises.
Fage 52,

Rith f>w/2 values p (uy) in vicinity co=x giows/rise at first, which
indicates an increase in the probability of appe¢aring the
copditions/modes of hoverinc, while with further increase 2, all
values a, are confined to angle f, distributice p (ag) degenerates
intc delta fupction 6 (agp~f) and values p (py) vith ag#B, including
ie vicinity ayg=w», they vagish. It is necessary to note that with that
fiz/recorded @
P (2, Bl=p(x—a, n—f),
Pla,B)==1~—P(r—a, n—§),

therefcre are given the results only f¢ fyayla

3et us determine tie asplitude cf the cscillations of angle of
attack a, and maximum trapsverse cveplcad fan:  Wwith the aid of

forswdlas (1) and (8). Being limited to the case 0, ve will obtain:

ALY

? -
- T m Sl g8
an»\, T m=— (&) €X f(, 2 — yq dt .
‘4///‘ ] ”qul /( 0) P'“ QIV 2mv (18)
7——.
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1f ve make an assuspticn |sin@K< n, then last/latter factor is

simplified:
1 (C'; "'f’ \
Y sy, )< VNI T
~ — {
o ] — 2 pSt " v, ’ (19)
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where ““’7£p-

Ravigg a dependence ¢f density on velgcity, it is possible to
deternine the law of amplitrde chapge ‘along the trajectory of

descent.
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Ef ve consider that 6=ccnst (this aszuvgpticn it is fulfilled

with large 0j, p—,, -4, them cn the Lasis [8]

¢, Sp
V= Vyexp [— m‘n“gi} ) (20)
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wbence it follows that

-

- “ S mes
% Sl'l’ e PS( ~Cy+i €y + ; )
Ay P~ — ( ﬂ) ‘ ..-—.: . (
~ 2 St 4mi|sin§| -

21)

%
saximum transverse oveslgad nn=lﬂ%ﬁil§ is deternined by the

forsula

% (%)) ch 1M sin 1% i
Ry ax = 3 2/"' "' el 2 3 Ve IS"] ! ! = (22)
e Cy m“’: ¢ 83 (ml) I
ety gy | (mi

Here g3 - tarrestrial acceleratiop of gravity in units of which

cverlqad is measured.

The separate groups of factors characterizes the effect of the

aepcdynazic charaateristics of vehicle.

In conclusion let us ncte that the bourdary of the atrosphere
Bys fxcm which begins the ncticeable effect of eerodynamic moments on
sotion about the center of mass, is arrangeéslocated above the
tounddry of the atmosphere Hp, beginnipg swith skich the trajectory of

vehiche it differs fros Keplerian. It is zeal/actual, heightsaltitude

AR ITEIONEEERNES
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Bp can be determined with tie aid cf relaticpship/ratio (20) froa the
cgndition that the velocity decreases in ccaparison with the rate of

entiryy for example, by 0.1loysc:

Am |sin 0
o (H) =gl (23)

Reight/altitude H, can be determined wlien the initial value of
angle cf attack de-reases, for exasfle} by tcic. In accordance with

feraula (6) with u=0 for small a is valid toc tke formula

amaolo(x)tao(]“..?).

Bence
I\%sin? 6
H) = — \
p(HA, 501 mt| SI (24)
1, p(H) 1 mlim;
H —H,o=—gpf0 1 miime] .
R N AR VA E IS (25)

Bifference Hy~H, can reach several ten kilcmeters. Let us note
that the angle of entpy intc the atacsghere 85 in formula (18) should

be calculated precisely for heightyaltitude By e

the authors express appreciaticn tc A. I. Kur'yanov after aid in
the fgrmulation of the praoblem and valuable observations according to

the résults cf work.

N A K Sy T S TR T
G A R N

Fage 55,

PR IAN ALY

b
1
|




< e A7 i L R TR AT TR PO I i I RN o e 5
T P e ]

DOC 5 78104203 PIGE m;,l

BEFERRNCES.

1. G B Kuzmak, V. A, Yangshevsky. Appljcaticy of the agymptotic
methods to some problems ¢f the re-entry vekicles dynamics.
Proceddings of the XIV International Astrppautical Congress, Paris,

1963, p 273-291.

2. G. E. Kuzmak. Asymptotic scluticgns c¢f scame nonlinear
differential second order equations with wariakle coefficients. Work
ITI AXl-Union math. congresssdescept, Vcls 1, :the publishing house cf

the AS USSR, 1956.

3. V. M. Volosov, [ifferential equaticns ci amotion, which
ccptain the parameter of slcwgess. DAN cof tie \USSR, 1956, Vol. 106,

Kod 1, page 7-10.

8. G. E. Kuzmak. T¢ a questicn concesning the spatial motion of
axisysmetric solid kody akout fixed point under the effect of the

tcrqud/soments, which are slcwly changed is tise. DAN, 1960, Vol.

132, do. 3, page S549-557,

6. Vo A. Yaroshevskiy. Applicatiocssuse of an asymptotic method




v
"
3
:
£
v
&

T

Tty 5hmwcmww»-‘gﬂ”,:@w. S AR A S B

T A A RN
R

LY T

TR

AN
TN

$0C ¥ 78104223 PAGE ,‘5

to some tasks of the dyrasics of £ligbt wvehicles. Bngineering
journal, 1962, Vol. 2, ko. Z.

6. Khe Allen. Hypersonic flights and tie problem of peturn.

Ccll. of the "problem of the mction of the pose cone of long-range®,

185¢.

7. BE< S. Venttsal®., Frcbatility theory. Fizmatgiz, 1958.
8. H J Allen, A T Eggers. A study cof tle sction and aerodynamic
heating of ballistic aissiles entering thé earthts atmosphere at high

sefpersonic speeds, NACA Repcrt 1381, 1958.

The sdnusoript entered €/VII 1969.




poc = 78104204 ricE 120

STUDY OF TRAJECTORIES OF THE SPACRCRAPT LACKCERD FROM THE SURFACE OF

THE MCCY AND REENTEBBRING THE ATHCSPEFXEE CF TRE FKIRTH.
Ve V. Demishkin, V. A. Ilt%in.
Eage 35,

the study of trajecteries space equipsent, that starts from the
surface of the moon and retvraing in the atscsgrhere of the Earth, is
cendudted with the aid cf the approximation method by which they
disregard the size/dimensicrs c¢f tble sphere of influence of the moon
im ccaparison with distance an Farth-mccn diring the calculation of
geccentric section, they rerlace the proper motion of the moon by
soticm alopng circular Kepleriam ortit, is gxct ccnsidered a change in
the véctor of the orbital speed of the moop for the time of the
selengpspherical motion cf vehicle agd the extent of active section

wjith start from the surface of the sccjy.

§s briefly examined thke schematic cf ferforeance calculation of
the géocentric and selencspherical scticn c¢f vehicle. Are

establish/installed the prcrerties of the ipvariance of the

D e T
v
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Farandters of trajectory with respect tc gle replacement of
ncnapegean geocentpic flight/passace of mpcon~-Earth, apogean and vice
versa, alsc, %0 the representation of trajectory relative to the
Flane lunar orbit. Are civer the results of the calculations of the
required rates at the epd of the active secticr and areas on the
suzface of the mooas, fics shich is feasible thke output to the
assigped/prescribed flight trajectcry %c tke Earth. Are given the
estindtions of geographic latitudes c¢f landing spot during approach
fxcas the side of the North Fole for trajectcxies with single

immersion into the atmosphere.

§1. ForauXation of the prcblem. Basic asswajticgs. Set-up of the

seluti¢n of problesn.

2et us examine followirg task. Space vebicle (FPig. 1), which is
locatdd in the given point c¢cn the surface cf the amaoon (point 0),
starts and ccmpletes passive flight passage to the sphere of
influénce of the moon (roint 1). After leaving the sphere of
influéace of the moon, velicle ccmpletes passive flight/passage to
the Barth so that the perigee cf the orkit cf return (conditional
perigée) is arranges/located in the dense lajers of the Earth's
agmosphere on the assigned/prescriked distance froz the surface of

the Barth (pcint 2).
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The trajector.y of flight/passage mcoa~Eartk must satisfy a
series of the limitatiows, trasic frqm .whidh they are: the
assigmed/prescribed incligatiop of the place of flight/passage to
eguatgrial plane i; the selected latitude c¢f ccpditional perigee

¢«; assigned/prescribed pover engineering cf Lkcoster stages of
vehicle - rate V., at the end of the active section with start froa
the seurface of the moon, lisitatiop fram atcve the duration of
flight/passage moan~Barth tpp; the realizaticn cf time/temporary
1atind, i.e., the selecticp of this tcrguéyzoment of start from the
sucrfac¢e of the moom and such duraticn of flight,/passage moon-Rarth,
¥ith ghich the return tc the Earth wculd te r¢alizes/accomplished at
the mgment of time, convenient for lardings/fitting of vehicle at the

given pcint of the surface cf the Farth.

Fage §7.

Stated froblem represents by itself th¢ very coaplex two-point
tpunddry-value praoblem shcs¢ numerical solutica by the procedure of
spherés of influence [1], [ 2] cr by more precise methods is connected
vjth the overcoming of the consideratle djifficulties, caused in
esgence by the need for kpewing certain sgluticy of problen,
sufficiently close to urknown. For approxisate soiution of task, let

ts asdumes
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< the effect of the¢ mccn on vehicle it is limited to the linits

cf its sphere of influence;

< during the calculaticn of tle geccentric trajectory phase it
is possidble all the geocepntric and selenosplierical parameters on the
spheré of influence of the mocr to regplace by the appropriate

ratameters, calculated in tte center of attracting moon,

4 the moon moves op cizrcular Kepleriap ortit; the vector of the
crbital speed of moor V, for the time of the smotion of vehicle in

selengsphere is considered coastant/invarjahle§

- the extent of actlive section with the start of vehlele from
the surface of the moon can be disregarded.

Comparing glven formulation of the problem with the formulation
of the problem in {3], we note that the problem under consideration
can be solved 1n accordance with the scheme presented in [3] and
with the use of the results obtained there:

- regardless of the seleno centric motion according to the
procedure [4], [5]) are determined attitude sensing of the plane of
geocentric flight/passage moon-Earth and the parameters of this
flight/passage from the condition of tangential return in the
atmosphere of the Earth, as a result cf which is located the
vector of selenospherical speed of vehicle Vcl in exit point

on selenosphere;
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.u waa 18 determined according :to the: procedure -off work '3} the
§e,;e¥z‘o§p§hefrical hyperbola of vehicle, passing through the given
point on the surface of the moon and which ensures on selenosphere
to vehicle rate Ve

PR RSGE——— L
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rig. §.

Keys f1). Bocn. (2). Ortit cf mecn. (3). Berth.

Page %8.

Bith the synthesis of trajectcries mocn-Earth are considered all
the fgrnulated above lisitations with the ¢xceptions/elimination of
the réguirement of tinmeste., orary nating. let ws pote that, as in
[5])s & guastion concerniny time/tespcrary sating here is not
exasiaod, since, in the first fplace, Hor jts account is required the
sgre pr.rise trajectory calculation ard, jr the second place, this

sating does not in pgractice affect the characteristics of the
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trajecteries of flight/passage moop-Earth,

Taking into account the umnifora character c¢f stated problea and
task Qf the synthesis of the trajectcries ¢t the £flight around of the
pogn (4], and alsa the first three assuspticne, it is possible on the
tasis of the given in 4], [5] results cf ccaparative trajectory
calculations of the flight afouad cf the mcce €éxploying the
approgzimate procedur; ard tle gprocedure of spkazres of influence
(radiss of the sphere of influence ¢f mcom r, is final) to confirm
that in the task ip questien the paraszetecrs of approximate solution
sust be coordinated wvell with the parameters of the corresponding
scluticn, obtained according to the grccedure cf spheres of
iafluence. As concerns lastylatter assumpticp,;, cn the basis of the
pumerqus calculations of the powered flight trajectories of rockets
is# is possible to ccnfirs that the disregard of their extent does not

lead tc any noticeable error.
§2: Geocentric and selenospherical the trajectcry phases.

Bor deteraining the orlentaticn of vthe plase of f£light/passage,
moon-2arth and the fpositicns cf the radius-sectcr of vehicle in this
plane are assigned the inclimation of the fplane of the orbit of the
s00n t0 eguatorial plame¢ /,, tle argument cf the latitude of the moon

Az and direction
u,, i, angular stage distapce mocon-Parth,of the motion of vehicle

14
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during approach to the Fazth vith respect tc the hemispheves of the
Earthy As a result are located the arquseats of the latitude of
vehicle u; and v, at points 1 and 2; apvgle «, between the plane of
the oxbit of the moon and the plane of fljgit 'rassage moom-Earth
0320, if the shortest rotaticn frca the dsessversal component of the
vector of the geocqntric speed cf vebicle 5ﬂ, in point 1 to Vi

is visible in direction frqs the Earth to tte scon that occur

countérclockwise, and alse 3.

T B . Gt Y o s 3o e R
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(1)
fnocnocme come-
Nac@epuyechud
Zuncpbens

/(3
— Coepa
deicmlus
Aynsi

rig. 2.

Key: )J1). Plane selenosphezical hyper-oxen. (2). Noon. (3). Sphere of

influénce of moon.

Fage 5%9.

1he direction of the mction of vehicle withk resgect to the
hesispheres of tha Barth is characterized t) parameter sgmcos u;:
with sgncos u,=+1 flight/passage a¢on~Earal cccurs through the
Northern Hemisphere, and with sgncce ug=1 - through the Southern
Besisphere. During the calculation of the dynasic parameters, the
trajectory of flight/passage mccn-Earth is ccysidered as arc of coaic

sectiqn in the specific abcve plane with perigee radius-vector Fer
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fassing through the radius-vector cf scon r,(r., ;) ~Av, kssigning
values r..r;, amd An, vwe detersmine all paraseters of this
flight/passage. The results cf the calculaticns of the parameters of

the geocentric section cf flight/passage mccn-Farth are given in [5]).

ket us introdece the rectangular right systesm of selenocentric
coordjnates x. y. 2. {Pige. 2): axis +x, i3 the continuation of
Wetor r,, «xis +y, it coimcides with weckcs V/,. Let us introduce
also the spherical selenccentric sjystem of ccordinates

T boo P (re—  selenccentric radial distamce, lgngiteds ) is

cgented off in plame «x y. frco lige an Barthesoon counterclockuwise,
if we look from axlesazis +2; latitude +9— from plage X Ve to
the sjde 2.>>0). When ), ¢. i3 determined t}le position of poiat opn

the sarface of the mcon, we designate them through )j, 9.

The pesition of vehicle on the surfade of tbe mooan (point 0) is

ansigmed by vector r.,==(— R, cosq,cosk,, —Rcosy,sink,, R, sing,}, where
R,~ the mean radius cf the moon.

on selenosphere |};|=-_=rc¢ is assigmgrrescribed freely moved on
it vector V.=V, -/, ybere V,— the vactor cf the geocentric
speed of vehicle in point 1. In projections on axlesaxis

Xeo Voo Z, V'c, it has the coxpcnents

?c,={V,,, Vijcosa, — ViV, stingy). {i)

- P s U
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Aere alvays V,,>0, But radial comjcnent of geocentric rate
V,,<0 fot the geoceatric rcute A, whic}p dces not contain apogee
(An, << 180%); V,,>0 for the geccentric route €, which contaias apggee

(An,,>180°); V,,=0 for geocentric Hchzarn flight/passage (4v,,==180°).

the task of the calculation of selenosiherical motioa is reduced
tc thé censtruction of selenospherical moticm it is reduced to the
copstzuction of the selenocspherical hyperbcla, passing through vector
Zo and by that ensuring to vehicle or selencsphere the achievement
cf veétor iﬂ,. Let us intrcduce the opit vectcr

-»

reor Ve
rear Vedl @)

o Verll

b=

screal to the plase of hyperbola. PMrom thé zide of unit vector ﬂ
the rqtaticn from Zo and 5%, te the shcrtest angle 8 is visible

that gccur counterclocksise:

(Feor V)

s 3
R Vi, )

cosf=

Eage 60.

In [3), it is shown, that if we consjder |/, directied along
\3
the asyapkote of hyperbcla, then with an accurecy to ssall (?i).
<
wvhere r.<R,;—~ selenoceptric distance of the pericenter of

hygerbcla, we have:
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ke focal paramete:r of the hyjperbcla

C_R,,[‘/‘ Ra stn“‘p+l—cosp+ 7 ]/ sm@] 4

dccentricity of tbke hytrerbcla
eom )/ 1. 6

1
bere T VI, 2 the assigned/psescrited real semi-axis of
KJ] rcq)
hyperhclay Kn,— the gravitatiemal copsbapt of the moon. the
ocxientation of hyperbola is assigned by mait vector (2) and by the

dixected to pericenter anit vector

r V.

e = L0 y.-_..S..l'
=P " + V“

{

COSﬂeo+-e—' cosp —el~+ cOos B Cos 1,
¢ <
W L == PR
her # sin®f v sin®f
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Here 1+.,— %he true anomaly of peimt cf start on the surface of
the mgon in the plane of hyperbcla. Angle p varies within the liaits
02p<p€r, where

COsB:-—-——-—-——k-;l—. . (6)

$ith p=p the launcling point frcs thé suxface of the moon is
féricénter of hyperbola, with £=0 we have wertical climb in

selengsphare.

¥n connection with flight/passages mocn~Earth with start from
the sarface of the moon let us establish/jpstall the properties of
the invariance of the characteristics .cf selencspherical motion,
amalodous to the properties of the trajectcries of the flight around

of the moon [5] and of the start with crbit ¢f ISL [ 3).

Buring the replacement of the ncnagogean rcute A by apogean C or
vice versa in iﬂ, [see (1) ] reverses thé sigr 1st compoment V,,.
Let us change the coomdinate¢s cf launching joint E. so that
relative to the new launching pcints apd vector V., motion along
byfperbcla vwould remain constantsinvariable. Per this is sufrficient

invarjability cos f. But tten fros (3) it fcllcys that in r, must

-

changé¢ sign the 1st component. Vectors i, and Ly are replaced on

o o 4 M, ol 0 - i L
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ﬂ(~u&ﬁd,£(+~——ﬁ; here, also, subsequesntdj Ly sign "+¢% are
desigaated the cogstantsinvariatle icellrelegents of vectors, and by
tjign ®-" 4he e¢ell/elements; which change sign. thus, of vectors

o and i lomgitudes i M. are replaced € r—hi, 1—hy, Of
viéctox i longitude ),. is reglaced ¢ 2x—), and latitude

Prc— OB —@p..

Fage 81,

¥ith the representation of geocentrié¢ trajectory relative to the
Flape of the erbit of tie accp, whick is égtivalent to change sgacos
Ugle yVh [see (1) ], reverses the sign 3rd ccaponent Vi sina,
Analogously it is possille tc show that the asoticn of vehicle in the
piane of kyperbola will resain constant, jt ve replace reo by
Feo (=), i by L(+4+=) and I, ty i,(-—+) vectors
rco and i, ¢, amd ¢, they are zeplaced cp —¢n, —p., and in

vector, i, ). it is replaced on ri),..

§3. Results of calculaticys of trajectory ¢f surface moon-atmosphere

cf thé Barth.

€alculation was performed for the fallc¥ipg initial data:
ra=rn=3843948 km, in=28° (1569-1972), r.=6421 km, 1=9009,

the séan radius km of 6371 Rarth, the grasvitaticmal coastant

R

[N
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Ko==398580 Earth had/s2, R =1738 kay Kp=4889 Lka3/s®,

r¢=66000 kneo The basic varied parasstecrs tkey were u;, Av,, B and

la. 3re saken into account the followimg sgecisl
feature/peculiarities of the mcticr c¢f vebicle in the setting in

guesticn (see [3), [5] and §2):
1) the parity of all values op i, relative to value u,=180%;

2. "rule of pecalculatiog®” [5] and javeriagce of chamacteristics
cf the selenospherical aoticn of vehicle, iz accordance with which
a<dn—1y) uy
dwring change sgncosu, (fer— 1 it is seplaced on u,+180° qa, ¢,
and ¢, they reverse signs; pavaseters off bypertola in its plane are

not changed.

3) the syametry of selenospherical characteristics omn 4y,
relative tc value 4v,,=180°, in accordance sitk vhich during
transjtion that of route A tc rcute C and vice versa ); is replaced
ca 180°~2,, and ¢, and all paraseters of hyperbola in its plane

renain constagt/invarialle.

VYelocity at the end of active sectioa V., does not depend on
the lgcaticon of launching pcint on the surfece ¢f the moon. Since
V(€ Vs, from (1) follous very seak depexdenpce V., V, and the

Fazaneters of selemnospherical motiog o (,, v, and i (Pig. 3). Thus,

Tl R e el 5 ieietas
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the pdrameters of selencspherical acticn axe determined ia by basic
value 47, and by the ccordinstes of lawgychim¢ point 1,9, It is
virtudlly important that V., umlike V., wealkly depends also on
Av,. As a result, disrcsing of ssall supply irp the
sosentua/impulse/pulse cf velocity 300-408 a/s in comparison vith amin
sds V., =210 w»/s, it is pcssitle, changipc crientation I/’M. to
realize start to the Earth froam different pcints of the surface of

the agon along essentially differert trajectcrjes moon-Rarth.

In the case of vertical clinb ir seleycsghere, vectors ’ﬂo and

V., are collinear, whence taking inte acccunt V,, < Vi wve obtain:

1% 1%
g M sepr = ~ 'V,ﬂ' ) maxigltpn],,p,zv!j ,
r

sgﬂ ?Jl nept = Sgﬂcos u,.

Hence ..t follows that the trajectcries mqgcn-Earth with vertical
clisb in selenosphexe can k¢ realizeda from very narrov area on the

surface of the moon wiepr 0< <, |$a] < 10°5.

Fage §2.

Ia order to rate/estinate the maxiszur sizes of area on the surface of
the mgcn, from which is feasible the cutpuk tc the predetermined

trajectory of flight/passage xocn-Earth, ket vs examine trajectories

R
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with tangent %0 sumpface the moon by start at lisiting valwes p=8.
From §iven to Fig. U4 depesdences J3=P(i5, uy, i, Ay,), calculated on
(6)it is apparent that with ipcrease V., it decreases.

®

Shen V., -~ f -~ 5 {’J}.‘"if fin = 28°, i==90%~ 142°.

The locus of start witk f=f represents the intersectiom of plane
xith sormal vector V;l vith the sphere of radius Rn: the results
of thé calculation of boundary curves are givenm to Pig. 5 (change

by daring transition frcm rcute A to C is taker imnto account by the

sarkiag of axlesaxis). trcm gecmetric copsiderstions it is clear that

PN max ==~ Py pepr 4~ (W — B)- P41 min =~ 11 wepr — (% — 3)’
Ml = Mgy sepr B- M win == Ap sepr - ﬁ .

[PESTGIIUIR SR N
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Kéy: [1). Designations without brackets for sgn cos uy=1. (2).

Pesigmations in brackets for sgn ccs u,=1,

Fage §3.

Frcm the points of lunar surface, whjch fall inside ovals Pig.
% thé start %o the Eapth with givep cpes in, us, i, 41, and sgncos
U is impossible. With increase V_,, tae area c¢f possible launching
pcints froa the surface of the mcoy decreases a3d is confined to
vectox V., With V., <3250 w/3 is aiwajs feasible the start to the
Eaxth for any ¢, when 43°<h,y <1377, fer any »; vwhen
Pa>T¥, on<~65 4ip the case $gn cos8 Gy=35; o, >65 ¢4 < 73 in the
case (gn cos w;=1., Thus, the use of trajedtcries with ianclined 1lift
in selenosphere significantly expands the a&rea cn lunar surface,
whencé¢ is feasible outptt to assigred/prescribed trajectory of flight
tc thé Earth.

suring the approach of vehicle to the Fartlt from the side of the
u¥orth Pcle and realization cf the trajectory of landing/fitting
vehicle with single immersicn intec the atmcsphere, they can be of
interest of the value of gecgraphic latibtudes ¢f the points of
lapdimg/fitting 9. Ranmc¢e angle frcm thke pcint cf conditional perigee
te the pocint of lapdingyfistiag vehicle which with i=90° is equal to

a difference in geographic latitudes aof the pcinst of landing/fitting

PV SN UP I S N
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aad ce¢nditional perigee A¢, depends op thé valwe of the maximup
overlead of vehicle ;. 1In the case of the tallistic trajectories of
doscent at values n:.<20 dependence Ap-==A¢(n:) can be obtained
with the aid of data given in {6]. At valnes n:>-10, bat sach,
that s#till it is pcssible tc set/assume sinf,x0,, wvhere 1,— the
angle of the entry into atacsphere, frce selatienship/ratios

bp=20, 6] and np=3400, (7] we willoboaiy A¢x o [vad)
Utilizing dependences  %.(in, A, £, dgncos x, =1, An,) from [S] amd Ap(m), it
is possible to obtain the depandence of the latitude of the point of
landiag/fitting 9o om V., amnd n: with givew cnes iy, ui, L The

exanple of this dependence is given tc Fig. 6.
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Transition from tnajectories the surface of the aoon ~ the
Earth®s atmosphere to trajectories orbit of 1s? [#¢3 - artificial
€arth sateliite) - the surface of the moon corresponds to the
tesatjon of asotion along trajectory. Iy this caze, V., is replaced
ca -~ V., and B - on »~f} ccs g reverses tle £ign. With the
cgostant/invariable vectcr cf the feint of lapdiag/fitting feo by it

remains constant/invariable, i, reverses tte sign, the parameters of
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byrerbcla and tke location ¢f landing spot cn :tke surface of the moon
renain copstant/invariatle. Although the trajectories orbit of 1IS2 -
the surface of the moon differ in principle frcr trajectories the
surface of the moop - Earth's atmosphere, the sectors of geocentric
speeds on sphere of influesce in beth casés, as show calculations,
pot very strongly they differ from each otk¢r [S]. Therefore the
given above results can be tsed for the qualitative analysis of the
[Fsoperties of the selenospherical motiop of flight/passages orbit of

152 - surface of the mccn.

R
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SCIEHRIPIC RESULTS OF TEE RIIGHT OF AuTOMATIC iCNOSPHERIC
LAECRATORIES “ANTAR'™,

L. A. Artsimovich, G. L. Grcdzcvskiy, Yu. 1. Derilov, V. M. Zakharov,
K. F. Kravtsev, R AN. Kuz'zin, ¥. Ya. Marcy, P. M. Morozov, V. Ye.
Njkitin, A< N. Petunin, V. ¥. Utkin, Vi M< Chulev, Ye. G.
Shvidkcvskiy.

3ith the aid of geophysical rcckets was prcduced the
starting/launching to teights/altitudes by 1(0-4C0 km of automatic
iopcspberic laboratories "Awvrze™ with .gas plassa-ionic engines for
the imvestigation of the prospects for coaticll¢d £flight in upper
ajr. the oltained telemetry data aktcut the fupctioning of on-board
systeas and scientific instruments of .high~zltitude laboratories made
it possible to study the ccndition 9f she wcrk ¢f gas ion-plasma jet
emgina in the ionasphere taking into accoupnt meteorological
conditions and to obtair the data c¢f direc¢t measurements of the
faranéters of neubral atmosphere. Is carried out the study of cosplex
interaction of gas ionic jet and neutralizer (electron emitter) with
the plasma of the icnosphere. Givep data of scientific processing of

the ré¢sulits of the experimerts conducted.
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Automatic ionospheric lakoratcries "Awurat ®. Automatic
labcratories "WAwmrR® with .gas plasma-donic¢ epgime are started to
height/altitudes by 100~400 km with the aid cf sounding rockets for
the study of the prospects for coantrolled flight in upper air. The
tasic properties of upper air and the principles of the use of upper
ajr for the controlled flight cf orkital webicles were described in
works [1), [2]). Main ip this prcbles is the use of air of upper air
for economical engine systems. In this case, the necessary for
ajr-beeathing orbital vehicles jet velccity intc ten kilometers per
seccnd can be realized for a gas werking mediusspropellant only in

ion-plasma jet engines [3].

Essential stage in the study of the grcspects for controlled
flight in upper air is the direct/straight study of the special
féatuse/peculiarities of the corditicrs of the rork of gas ion-plasma
jet engine (EBD) in upper :air, that alsc was carried out in flight of

agtcmdtic ionospheric latcratories "Awnraen.

Ror the first time testing electroreactive plasma engines under
teal srace flight cenditicp was carried ocut at Soviet automatic
statiqn "gtobe" -2 in, 1964, vhere the electrcreactive plasma engines

vere vtilized as coatrols for an orientabicn system. One shouid note
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alsc the interesting investigations ¢f sogk In space of mercury and

cesius ion engines, carried out during the jears 1964-1965 in the
EsA.

Fage 86.

The bdsic goal of the flight of autematic icnosgheric laboratories
vAInTARY® was the study of ipteracticy of eyhavst jet of gas

plasma~-ionic engine with flight vehicle undexr ccenditions of £light in
the ig¢nosphere.

fto Pig. 1, is given the photograph of latcratory. On Fig. 2, is
given the schematic of the labcratory: 4 - gas plasma~-ionic engine, 5
- ccntrcl anit of the operatiom of engine 2nd measuring complex, 6 -
cn-board power supplies, ty 7 - telemeterjy¢ eguipment, 3 - ion

trapsy 8 ~ electrostatic fluxmeters, 1, 2 - iopization gawges, 9 -
aatenna.

In vorks [1], [2] they were presented are the results of the
fiight of latoratory "Artar*® wsith gas ERP, working on argon. In this
article are set farth the results cf the flight of automatic
ioncspberic laboratory "Awnrag"™ with the gas plasma-ionic engine,
working on nitrogen. This erngine ccptained gas plasma source, the

electrostatic acceleratcr ¢f icric nitrcger exhaust jet and the
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systes cf neutralizers - electicn exitters. Eesides the
thermjcnic-emitting neutralizers vhich wexre use¢ during the study of

eagine on argon, were utilized effective plasma neutralizers.

In flight were measured and with the 2id cf talesetering
eguipment vere transferred ¢n grcurd receiving cffice the basic
electxical parameters of engine, the value cf tte ambient pressure in
the range of installaticrn of motor, 2nd alsc the value of the
electric intensity and icp current frce the ion¢sphere on the surface
cf veliicle. These data characteérize interacticp of exhaust jet (ion
team) with ionospheric plasma and they sake it jossible to
ratesestimate the potential ¢,, which acquires vehicle in the process
cf the generation of ioric exhavst jet. The stwdy of the value of the
potential c¢f vehicle has important value, since is deternined the

efficiency of the process of neutralizipg icnic exhaust jet.

¥or deternmining the petertial which acquires flight vehicle in
the prccess of the generaticn of icpic exhaust jet, was uvilized that
described in [1]), [2]) the method, instituked cg value measurement of
intensity/strength L= ¢ of electric field and density I of ion

curreat from the ignosplere cn the surface cf vehicle.
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Intensity/strength E ef electric field of the housing of
laboratory "jurse" in flight was detersined with the aid of two
€lectrostatic fluxmeters, described in {1], [2]- Deusity I of ion

current from the ionospltere to the surface cf laboratory was measured

e A gt Al S o 2 P N,




pac = 78104208 P2GE M

ky twg types of the instruments: with the 2id cf the

S R S

c¢ollector/receptacles aof the electrostatic fluxzeters which accept

VA

the ign flcv of all energies, whichk come in upcp surface froa the

o fOReRE

icgosghere, and with the aid of the collectcr/receptacles of the ion
traps which record ion flcw with tle epergyies, exceeding 52 eV, The

s¢hematic of the used fcur—electrode icn trap is given to Pig. 3: 1

S S

screen grid for the elimipatiop of the effect of the positive

e

fotential of grid 2, 3 - swfpressor grid, ¥ - ccllector, 5 - cathode

TR AT

I
/

follower, 6 - radiotelemetry systen.

SRSy

System of the peuntralization of gas jcpic exhaust jet, plasma
newtralizer. Neutralizer in electrcreactiveé plasma-ionic engine is
intended for the exceptionseliminaticn of tie accuaulation of charce
cn the housing of vehicle and preventicn of the loss of reactive
thrust/rod. The effectiveness of the process of neutralization as a
1 result of the large extent cf the regicn of neuvtralization) virtually
i

can oe investigated only ip flight experiment, 2nd measuresments must

ke carried out at different bheightsaltitudes in crder to

rate/éstimate the contributiop of the charged particles of upper
atncsghere.

i Basic requirements for neutralizer ~ life, compactness, small
copgsumgption of energy and substance. Lcng cperating time is provided

by the location of neutralizers outside the towrdaries of the beam of
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the aécelerated ioms, whichk makes it pessikle tc avoid its erosive
destrsction by fast ions. Dering the uge of a :hct cathode as
geutralizer, ion aurrent frcm emitter is 31isited to space charge,

which leads to the increase of the pctentjal of flight vehicle and

reduction the energy efficiency of engine. Yegative space charge pear
emitter can be compensated for by the smadl ccrsumption of cesiua
ioss, cbtained as a result cf the surface icrization of cesium atoams.
On the same emitter it is pc¢ssible to obtain the necessary electron

stream low energy during a sufficient rempval/distance from ion beaa.

Se wcEk plasma neutralizers with surface icrization.
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Fage 68.

In the used plasma neutralizer cf emjssico of electrons and ions
of cesium, it vwas provided Ly the tungsten emitter, heated to
tesrerature of 250Q°K. 1he sedium energy of electrons, which
determines the value of the potential of burdle, depends on the
filamént voltage, temperature of esitter avd frcm the flow of neutral
atgas of cesiwm. As shqued experiments, for oktaining electronic

curreat / is required the icp ccrrent of cesioa

-
L~ 1 ‘/MC I,

e b e e o P N ——
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It renden/showed wire convenient tc agpily 8s work substance not
sovallic cesium, bat its alloys. Iy the used veérsion of plasma

geutralizer, the emitter is made and tungsten fusion with rhenium.

the schematic of plassa neutralizer is shcwn on Pig. 4. Cesium
chlorjde was placed in cavity ! of hcusing Z; tke pairs of salt
enterd¢d the region of the lccation of emitt¢r 3 through the microgap
ketveen pin 4 and the housing. Cesium chlorxide dissociated on the
iscandescent surface of emitter, then ccowrred the partial ionization
cf cesium atows. Bhe necessary flow pair wes citained at the

tesperature of cesium cllcride of 6%50-6709¢,

Before the sutting up to laboratary ®Antxr * plasma neutralizers
underwent preliminary testings: nestralizer was establish/installed
perpendicularly to the toundary cf the Leax ¢f the accelerated ionms
ag a distance of 1-2 cm fpos it, the ccmpensated ion beam was headed
fer the "floating” collector/receptacle vhcse pctential was close to
the pqotential of ion beaa, in this case, vas prcvided stable

electrcnic current /..

Tn s, el s e
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Fage 69.

The derendence of a chapge in curreat ///.... er time is skown on Fig.
53 there is shown change the potential ¢f ccllector ., sghich tock
the stationary value equal to ¢,:=5--10 ¥ durisg the achievement of
the sdturationp of electronic current frcm peutralizer. Testings
shoved the reliable work c¢f neutralizer dewripg sultiplying and the

stability cf its parameters.

fleasurements of pressure in the region of the motor instaliation
into the flight of automatic lakcratcry ®Antex ® yith the aid of the
icnization gauges. The seasurement of exbterral pressure in the zone
of installation of the sober gf autesatic icncspheric laboratory
“asber" :s realizesacccaplished with the aid cf two ionization
gauges (1 and 2, see FPic. 2), which were establish/installed in the
end-tyre part of the lakoratory near plasaa-icnic engine. Measureaent
tegan after the functicn cf the autcsatic divide/marking off device

and opening in fiight of tke bulb/flasks of mancmeters (Fig. 6).

To Pige. 7, is c¢iven the circuit diagras cf ionization gauge 1

iatc telemetric system :.
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the used ionization gauges tocether sith esgplifier eguipment
sake it possible tio conduck the measureseants of pressure in the range
freas 20-¢ to 10-% am Hg. In connecticn withk the fact that on the
cperation of plasma-ionic engine the¢ decrdase ¢f pressure froa
10-9-30-¢ am Hg and is not exerted a suksteartial influence below, the
lower value of the range c¢f pressure measureaent was of limited by

the value 10-¢ mm Hg.

To Pig. 8, the reduced pressure in the region of plasma-ionic
eaginé in the stage of the descent of aubosatic ionospheric
laboratory “Anfar ®, There for a ccagarison are given the values of
[ressures at these heightyaltitudes cn metécrclggical measurements.
Some fluctwations of pressure in the region of installation of
flasma-ionic motor cn auvtcmatic lakcrascry "Anfer ®, apparently, are

ccnneated with the precessicn cf vebicle ix flight.

Besults of the flight of autcmatic ioncspheric laboratory

®"Antar ® with plasma-ionic ergine cr nitdrogen.

In accordance with the flight prcqram, civen by the control unit
¢f 5 lsee Fig. 2), plasma-icnic engine vas jreliminarily included at
the héightsaltitude approximately 160 km withocut the feed of the high
(accelerating) stress u for prelimigary wars-up and degassing. The

ccarlete firing of plassa-icnic engine ¢, pitrxc¢en with accelerating
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vcltade ux2100-2200 Vv was .produced ascocardjpang te program at the
heighs/altitude of 250 ka. Was fixed the staktlie operation of engine
pnicr to the atmospheric ontry to the heightsaltitudes approxisately
310 kn. Maximum altitude in this £flight was 3295 kn.
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Rlasma-ionic eéngine ¢» nitrogen iy flight worked with
acgceldrating voitage of the ionic jet 'u=3100-22(0 ¥ hov was provided
the réte of exhaust ionic jet v=120 km/s. Table gives some results of
the in-flight studies of lalcratories %/An7ar® 4 jth the plasma-ionic

engindes, which worked cmn axgop and cnpitrecen.

The average values of the quartities Qf intensity/strength B, of
electric field and potuntials ¢4, cf vehi¢les in the work of
thersicuic-emitting neutralizers in crder ¢f values are close. Work
vith plasma neutralizer leads to a considerelle reduction in strength
Eg of field to level 2-3 VY/cm and the achjevemept of the low value of
the pqtential #,, of housing, whict does nct exceed 10 V., The
seasuted curvent distriluticn in enqgine system shows that the

relaticaship/ratio between the ion curxenk,; ccsgensated for by
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electrons frce neutraligzers, and by total icm carrent is 97o/0; 30/0
ccmprise leakage curremts tc accelerating electrode and the bhousing

cf labcratory.

Gonsequently, under coenditions of fligit in the ionosphere of
labcratory “amber® with plasma-ionic engime cp pitrogen was
realigzesaccomplished the effective peutralizaticn of ionic exhaust
jet both in thke sepse cf the ccepersaticn icy crrrent by electronic
current from neutralizers and the compensaticps the positive space
chargé of ions by electrops. With the achjeyed/reached in flight
value of the potential of flight vehicle relative to the boundary
ionospheric plasma (in tae work of plassa :meutreglizer) within limits
to 10 V on the process of 'peutralizaticn 3s exgend/consumed less than

C» 50/¢ enexrgy of exhaust jet.
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Key: (1)« [m2 Hgle (2). Mancmeter. (3). Standard atmosphere for
meteosclogical measurements. (4). ¥ [km]e (5), pParameters. (6).
Eagineé on argon. (7). Engine onm nitrogen. (8). (V] (9). [ka/s].
(10). Thermionic-emitting neutralizer. (11). [Vscm]. (12). Plasaa

reutrdlizer.

Fage 71,

Testings of automatic ionospheric labcratcries conducted " Aurfcr ®

choved efficiency of gas ERD in the icncsglere during considerable
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changés in the external fressure at heightsaltitudes 100-400 km. Is
resched the effective necutrslizaticy of ajtroger ionic exhaust Jjet at

the jét exhaust veloccity te 120 knps.
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Fage 7T2.

SBRUTION OF THE PROBLEN OF THE OSCIELNTIONS OF LIQUID IN THE CAVITIES
GF HORATION EY THE BETHCD OF STBRAIGHT "LINTS,

I. VQ KOlin, Y. u.i sukhcv.

¥s given the sclutiog c¢f the fproblem cf the oscillations of
ljquid in the cavities ¢f rctaticn by the meéthcd of straight lines.
Is given estimc.tion of the accuracy/precisicn c¢f method and its
convergence. Is given the ccapariscn of th¢ Tesults of calculation
according to the method of straight lipes vith the results of

calculaticp by variaticral sethode.

The study of the oscillaticns of liquid in cavities is necessary
for the analysis of the staltility c¢f the disturted motion of the
flight vehicles, which have on board the large sasses of liquid
gxepeXlant [1], [2]). For the scluticn of &his gprcblem in the case of
the arbitrary cavities, partially filled by liqusid, widely are

ukilized variational methcds [3] - [5]: Rate cf convergence and,

e N e e N
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therefore, the accuracysprecision cf tke scluticn of probiea are
detersined by the ratiopal selecticn of the system of coordinate
functicns, in a series alcn¢ which is expanded the solution. For each

foras ¢f cavity, this task must be sclved éspecially.

#As a rule, the best results it is possille to expect from the
systea of harmonic functicns, s=atisfying besides because of
cespléteness to a maximue quantity of :boumdary conditions. Therefore
the rdquirement of universality and saximwr standardization of the
algorithe cf counti they are located in knewr ccptradiction with the
requigement of the maxisus account of the irdividual properties of

cavity" &,

FECINQTE ?., G. N. Mikislev, B. I. Rabincvick. Dynamics of solids with
the cavities, partially filled by liquid« r., "Machine~building"®,
1968, page 182. ENDFCCINOTE.

in the present work fer the scluticn ¢f the problem of the
oscillations of liquid, it is utilized Ly cre ¢f the varieties of
fipité—~difference method - methed cf straight lines. The advantage of
this method in compariscn with variation is tie direct satisfaction
cf bowndary conditicns ¢n fiee and hydrcphilic surfaces. Therefore
the prcrosed method is universal, suitallé for tbe arbitrary smooth

cavities of rotaticn and cavities ¢f rotaticn, divided by continuous
partition/baffles.
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the numerical realizaticn cf the algoriths of finite-difference
sethod by ETsVM [digital cemputer] also considerably is simplified,
since the equation cf frequencies its records/sritten in an explicit
fors. The comparigon of the results c¢. calculaticn by the method of
straight lines vith the restlts of caliculaticy Lty other methods shous

the high accuracy/precisicp cf the fpreg¢sed sethod.

Fage 13.

§ 1. Determination of pctentials of velcocjties and frequencies of

¢scillatiops of liquide

The task of the natural oscillaticns €f liguid in the cavity of

rotaticn is formulated as fcllcus [3]:

2, %9 de

A o} +r 'W‘so g (.h
)
JRL P @ L (1.2)
dy & . 4
s =0 na S, (1.3)

Key: (1o in (2) oo

where ¢==¢(r, 7. x) - velocity potential cf liquid;
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r.m X- the cylindrical coordinates (see figvre);
volume, occupied with liquid;

L - undistunbed free surface of liquid;

S = hydrophilic suxtface of cavitys

the natural frequency of oscillatice of liquid;
J - strengbth of the field of mass fecrces:

n - unit vactor ¢f gtapdard to .tte hydroghilic surface of

cavity.
Bor the cavities of rotaticn potential ¢ cau be searched for
in the form
¢(r, W, X)=cosmn®(r, x), (1.4

vhere a takes values m=(C, 1, 2, ..., @quadl tc 'the number of waves in

circunference during the cscillaticpys cf 1iguid.

P
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The equation of Laglace (1.1) for fuasticn @(r, x) takes the fora

PO 30 20 _
P gy mt e 4 =0, (1-3)
Ny
5 7 RNz
f'”*

' n
1y e
s {re-Le
al(
a7 a
Pig. 1.

Fage T4,

Tcnditions on Y and S are ccpverted s fcllows:
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.00 ; (/
B d(p / 0(1) . ] # ) B
—-Jr—cosa—wd?slna:-O :.(a 1 ; (1.7)

Keys 11). when. (2). on.

vhere y - forming cavities,

4 - angle betveen éirecticns r and n4

Jor approximate soluticn of task [1.5), (1.8), (1.7) let us use
the méthcd of straight lines. Let us examype section v by the
vertical plane, passing through axlesaxis Cx. '‘8=0A -~ radius of the
szzimam cross section of cavity with liquid. Let us divide R into n¢1
of egmal cutting by length 4r=R/n+1. Through pcints r =kAr, 0 let us
cogduct the vertical direct/straight, parallel axle/axes O0x. These
straight lines intersect geveratrix y‘:at peints (r,, —x,). The value of
velocjty potential along the k strzight lire let us desigpate
®,=0®,(r,, x),and the angle between the directios r and the astandard at

geint (r, ~ %) through ¢, In the equaticn cf Laplace (1.5)

derivdtives for r of the first and seccnd crdexrs let us replace with

the difference relationskip/ratics

P e




BCC 5 781Q4205 PAGE /”3

90

o5 = Pu — Dug) 2 81)7Y (1.8)
ad
Tt = (Pt — 2@, + D) (A1) (1.9)

Then (1.5) it is ccnverted as fcllows:

[ ri(8r)=? - 'Q%r—] Pyt — [m* 4203 (8r)72] @, +

chere 9% @
“ )
®, = dx; , (1.1

Ccnditions on free and hydrophilic sutfaces are replaced by

condigions in the discrete rusber ¢f pcints

(
f_—%%— —~ 0P, =0 llpll’ x=0, (1.12)
o /
(P~ e ) (2Ar) — -Z‘I_’f- tga, =0 ua 7. (1.13)

Key: (1). with. (2). on.

Henceforth we will be restricted to the exsmination of cavities
shose floating surface ccincides with the saxisum transverse size of

cavity. Generalization to the case .¢f arbjtrary cavity does not

represent work, but it is ccnjugatescoshimed with cumbersose

&
p

calculations. Total nuaber of unkacwas «, .cogmneésted n by equations

ke Ty s Bt s
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cf type (1.10), are equal a+l.

Fage ¥5.

Bicess variables can be excluded, cp the tasis ¢f followimg
cogsiderations. For the antisymsetric cscjlliaticns of liguid in
singly copnected cavity, which represent the greatest practical
iaterest,

B, (0, x)==0. (1.14)

At point A of the ccncact of floatimg surface vith the wall of
cavity, must sisul taneously be made conditices (1.6) and (1.7)which

is eguivalent to the ccrditicn

0;; =’/ ' Digay,, yith r=R, x =0 (1.15)

Jf ip cavity there is a cylinérical jnsert,

0 _ o Lith r=R. (1.16)
or
£ r the replacement of derivative %é. in relationship/ratio

{¥a15) it is possible tc utilize tie fellgwing fiuite-difference

relatjcnship/ratios;
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dq) (I’ﬂ - (I’n
W:wi‘r_ajm(m, (1.17)
4 1
0 By — —.T'I)" .-.3.(1),,_, (1.18
5 = A +-0(ar?),

For cilculations with the increased degreé cf accaracy, especialiy
daring satisfaction of copditicn (1.16), 3t is expedient to utilize
relatjonship/ratia (1.1€). Taking igto acdcumt {1.15) and (1.17), we

have

Q),,“:(Dn[l-—(nzj"'Ariga,,H l--,. (l.lg)

Analogous relationship/ratios can be utiligzed in the case of
dcukly ccnnected cavities. Eliainating ¢, and ®,, ,the systeas of

differential equations (1.10) can be writter in the following ratrix

form:
AD +B¢ r=0, (1_2())
-,
shere o .
= f , B=VV, (1.21)
..q)n..
v - diagonal matrix/die whcse cellyelements are equal to r;

A - three~diagonak matrixydie:
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_-Cl d
g1 ¢yd,
G2 ¢3d,
A= . (1.22)
o qn—-l (n
Eage 76.
lere

c,w--[!—:%-}-'Qr,(Ar)"l, i==1, 2,...,(n—1)

Cp= —~ {%—2 +2r,(Ar)? J +1r (AN -2 ar)
X {1 = =1 8rtg gy, |1, -
r? }

_ Lo Pl r
(“"( ) Foari 4 (A7 T Toas

Yor the doubly congected cavities
o= =2 nen [ fr@n = L o arigan o
. rl 1 . 1 QA’, n+i .

Bguation (1.20) is conpvenient to cepvert te the fornm

AdQY - 0 = @, (1.23)
where

© VOO, A (VO AV

VO - diagonal aatrix/die whose cell)eleseats are equal to v r,.
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Rarticular solutioy (1.23) let us search f¢xr in the fiors

o= cor K, (1.249)
vhere C - arbkitrary constant,
X - upknown value,
K0 - unknown vector.
Substituting (1.24) in (1.23), we will obtain:
(A* -+ M E)CK* =0, (1.25)

where B ~ unis matrix.

®he significant soluticn cf uniform systes (1.25) corresponds to

these %, wshich are the rocts cf the characteristic equation

|4+ ME|=0. (1.26)

Jf all the >0, thep geperal sclutica fcr ¢o can be

preseated in the form

0} = ilc,exp(kz)f) e erexp (= DK (1.27)

i=1

— o e vt sy bt e S s v s e e

- o N R T e o e e amne Srass o A
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shere K= VK,

$f there is 22<0 {fer s=1, 2, aaw¢ L), then the general

solution representablly as follous:

— . A i e
T S E e A O L

b !

| 0= Yo, sin)

: s sindg x ; 0

- :%f sSInA X +-¢scos h x| KY -+ ,
o

+ $eexp O 3
%[c,cxp( 1 %)+ e-rexp (=, x)| K9, , (1.28)
=V, Ko= VK, (1.29)

vhere

g Pt
S
PGB it

Fage 77.

e e e s T
AR e 8

A
SR

T IO

Relationship/ratio (1.25) is the disdrete analog of the equation

cf Pessel; therefore

Ryt Ky , (1.30)

e e
t\
3
N
.iw
PR ltO
>
~
\_/

r
shere Jm<5rk“> ~ a Bessel function ¢f first kind the m order, and
¢ !, - roots of the equatioy

: 8/, (&) R .31
; _fj;l”..'-(-g—s— = (\)'f T tg’-n}l . ( )
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The relationship/ratio tetween cceffjcients ¢, and c.. can be

chtaimed froa the satisfaction of dynamic kcundary free-surface

conditions (1.11):

Oy == ..E:L o”
3 j)\[ )
2007 (1.32)
Zl — e y
Fiy
svhere z;=¢—c_; and X =c,+c_,. Bcundary ccnditions on hydrophilic

ssrface (1.12), written in matrix form, they take the following form:

NZO— 2 j=t prA-1 70 (1.33)

Bere A ~ diagonal satrixsdie with the cell/elements, equal to

b, amd matrix elements M ard N are respedtively equal to:

(Kesr o~ - K1) 2Ar)7 sindgx, -+ Kps 18 o, cOS 1 X,

kh=1,2,..,n
<S—:~l, 2., 0

My == (Kesrs — Ke—11)(24r)7" sh M Xy b iy K tgaychdyx, (1.34)
(A1), n \
(o
Kivr s — Kier5) (2Ar)"1 cos )y — )s/e,,, lgak sinh \k
s=1,2 ..., 10
k=1 2...., n);
Ny =

(Kigr 1 - Kuo10) (281 ch by Xy ) Ko tgag ch %, (1.35)

P==(l D). . n:>
F=1,2,. ., n ’

Fage 18.

¥rcm the condition fcr existepce of the sicnificant solution of
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systes (1.33) ve aobtain the equaticy cf the frequencies:
IN—wtj= M A1 =0, . (1.36)

The given above algoritha of sclutiom directly can be utilized
¢nly for the cavities ubich have ay,1 =0 Dtlervise the matrix
clements A (1:22) are the functicns cf thé cvrkncwn parameter %?’ and
fcr obtaining the solution is utilized thé setbcd of successive
approyimations. Por determining the matrix elesents A, we are

aegigmed by value %é. Sclving equaticn (1425), ve determine MO and
K{). g¢ilizing these values, it is possitle to ccamprise the equation
cf frequencies (1..36), sclving which, we find the first approximation
??l.lgain ve determine matrix elements A ané, Irepeating the process

cf calculations consecutively, ve citain velues A9, Ky and ‘@
J

¥f sequence #%Z(Uith k=0, 1, 2) .is ccovercent,then the limit,
to which ccnverges this sequence, there is sclvtion of problea.
rwperical exaaples of the calculaticn of the cavities of various
forms show that the given akove methcd ¢f successive approximations
[ossesses rarid copvergence and requires fcr its realization of

virtudily of 2-3 approachsagprcximatiocns.
§ 2. Qcmparison of methcd direct/straight apd ctf variational method.

VYariational methods at present widely ere stilized for the
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sclutign Qf the problea of the oscillatioms of 3iquid in cavities [3]
- [5)s Therefore is of intexest the ccmpaziscn ¢f the solutions,
obtained by the method cf straight lines and by variational method.
Eefor¢ pagsing is direct te compariscn, we ¥ill obtain the solution
c¢f rrgoblem by the method which sulksequently let us call the modified
method of straight lines. Fcr certainty 1ét us examine the cavity

which has a.;,, =0. Let us search for solutier in the form:

X r X X )
d(r, x) = 2/,,,(5, ’R') c,exp <E, R) + c—iexp <—-E, 3 J , (2.1)
[ R}

where t there are roots of equaticn J, ().

gconstaants ¢, and ¢, we find frcs the satisfaction of
ccpditions (1.6), (1.7) - dynamic free-surface conditions and the
cogdition of nonpassage of the hydrophilic surface in the discrete
pusber of points with tlte cccrdipates (r,, — x,), vhich are utilized in
the aethcd of straight lines. Taking ipto accowrt (1.30), it is
rossible to confirm that the scluticns, obteinec¢ by the method of
straidght lines and by tle scdified methed cf straight lines, are

clcse to @ach other with sufficiently large N.
Fage 19.

In variational method the task of the c¢scillations of fiuid

(e (1e2)¢ (1.3) is equivalent tc the task ¢f the minimue of the
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functional:
l 2
U=y f (v9) d — ‘5’-. f 92dS. 2.2)
k4 b3

Ixpressions for a velocity potential ¢ Jet us search for in

the fgorn
=0 (r, x)cosmn, (2.3
vhere ®(r, x) is assigned in the form (241,
gtilizing expressicn [Z2.3), it is possitle to show that the task

of theé oscillations of liguid is equivalent to the task of the
sinimem of the functioral:

: R
, _ (ob ‘ L ol
U = I Ordy -} jd) (r, O)r [—é_f i — ._j... D(r, ())J dar, (2.4)
Y 0

where y ~ generatrix cavities, and d y - a differential of the arc of

generatrix.

Thus, in variaticnal methcd and tke mcdified method of straight
lines sclution searches fcr in cre and thé same fora. Boundary
cenditions in the method of straight lines &re satisfied in the
discréte nunber of points cn the free ard hydrcghilic surface. In
vagxiational method boundary cosditious are satisfied on the average
ajth seight O, on the same surfaces. At tte high values of N both

soluticns they must leaé¢ to one and tke sase reszults, if we the
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saluticn for ® 4n variaticnal sethod search fcr in the form(2.1).

§ 3. Results of calculatigy.

Bcxr estimating the accuracy/precision cf the method of straight
ljines, were carried out the calculaticps of the cavities of the
varioss foras whose ratural frequencies axe sufficiently agreed to by
variation and experimental zethods. As such cavities were selected

sgherical, toroidal and cemical (with the helf-angle of 319).

Table 1 gives the results of calcalaging tte f eigenvalue A;R of
satriysdie A0 (1.25) when any1=0, yhen for the exception/elimination
cf variable ¥,,, is utilized relaticyship/zetio (1.17). With n-soo MR

sust dpproacht —=1841, i.e., for the root pf eguation Ji(¢,)=0.

fcre accurate results can ke cktained, if we for an
exception/elimination d,, utilize fcrrula (1.1€). In _his case

already with n=10 approximate value MR =§ =13842
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tabkle 1.
(") Meton npambix
4
q’n-{-l:—"d’n"' UE e
¢n+1 == b, 1 3 S =0
- 3" (bn—l
n 4 6 .8 10 12 14 16 18 10
34R([2,045]1,98311,950| 1,929 [1,915] 1,901} 1,896 1,883 1,842 1.841
Key: [1). Method of straight lines.

Fage 80.

Table 2 gives the comparison of tbe¢ results of calculation by
the méthod of straight lines and by variaticral method of frequency
in splerical cavity with 2 radiuvs K. Detuween these realizations good
agzeeuent is observed . For "é%=ﬂl the cpaparison is conducted vwith
the rdsults of works [6], which are obtained by approximate solutiomn

cf integral equation.

the results, given in ¥able 3, 4, 5, characterize the
cpgvexrgence of the process of consecutive apprcyimations for a
sgherical cavity uhen é%:=0§, for the tcroical cavity {(ratio Rp/R,; of
insidé and external radii in maximum cross section is equal to 0.364)

vben j%~:=0§ ( a:éﬁ;}5§>dnd for a conical cavity. value YR according

-~

tc calculation by variaticpel method is eguel tc 0.078935 for a

teroidal cavity even 1.30 fcr the ccnical cavity (half-angle is equal

to 309),
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table 2.
+ —
Bapu\al{u- Merox nocaenosarens- Bap}guu- Meton nocaenosatean.
A OnNHWA |, HHX npuGankenu, ounnf HHX npucuumeuuﬁ.@
Mo meron, (& w? A | yerox C
ke 2R TR IR TR
S TN=w0 T N=1s | TR Ty T v
{
0,1 | 1,036 1,0361 1,036 | 0,6 . 1,262 1,2687 —
1 0.2 | 1.072 1,0733 1,013 0,7 | 1,30 1,3356 ~
1 0,31 1,113 1.1149 1,115 0.8 1 1,394 1,3586 -
41 0.4 1.158 1.1607 1,161 0,9 | 1.470 1,4460 -
§ 0,5 1,208 1,2114 - 1.0 ‘ 1,565[6)| 11,5832 -
IE Key (1). Variational method. {(2). Pethod pf successive
! arrroyimations.
3i
1
il
4 Tatle 3. Sghere, Table 4. Torus,
i n—=10, —Rg— =0,5 ¢ B =0, 'Z‘ =05 o
we IR
-k k|2 N R iR
: JRD 1T MR

1,18615 | 1,92899
1,21122 1 1,51783
1,21145 | 1,48899
1,21143 | 1,49118
1,21143 | 1,49119

0,08336 | 1,42402
0,078091; 1, 33659
0,078443] 1,33699
0,078420! 1,33619

0.078420} 1,33619

e g

= W - O

—_ O N e O
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E
e
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Table 5. Cone o«=3I, n=¢.,

£ -u;—zk MR
0 | 0,94303 1,9229
1| 123763 | 1,39807
2 | 1,30582 1,10009
3 | 1,31987 1,013803
i 4 | 1,329 | 0,994829
9 5 | 1.323266 | 0,990973
i 6 { 1,323364 | 0,99020
A 7 | 1,323386 | 0,99005
8 | 1,323394 | 0,99001
Fage 81.

The given results shov that the method cf straight lines
frovides sufficient accuracy/precisicp cf tie sclution of the problea

cf the oscillations of liquid in tle cavigies cf rotation.

$ & %
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Page 82.

BEARING CAPACITY THE TRANSIENY CREEF CF CAISSGE DURING FREE TWISTING.
1. 1. Pospelov, N.I. Sidorcvaa

¥crk [1] examines steady creep of the tbhin-valled rods of

sultigly ccnnected cross-section during free twisting.

In this work is given the solutiop of the froblem of bearing
capacity and the transient creep of tte thin-walled rods of multiply
ccgneéted cross-section during free twistirg Lty the method of
successive approximatiops [2], [3]. Complete strain is represented in
the fora of the sum of instartanects deforsaticp, by nonlinear fora
veltage-sensitive, and creep strair, ncnljsc¢ar voltage-sensitive and
tjve. 1he behavior of material durigq icreep is described by the
theory of flow. Soluticn for the k iteratjcr of voltage/stresses and
relative angle of twist is cbtained in thé fors of quadratures. Is

carridd cut the numerical ccmputaticn of bearing capacity,
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vcltade/stresses and relative argle of twjst of caisson on ETsVM

[digital zcapater] ¥-20.

Ret us examine the tehavicr of the thir-v2lled rod of multiply
copnected cross-s@ction, which is found umder «cnditicns of creep,
ender the action of the alternating/variable in time torsional
moment, applied to end/faces. It is directec axlesaxis 0z along the
axis ¢f rod, axles/axis Ox apd Oy it is arsenced by arbitrary form in

cross+#saectional flow. Assuming that the cxces ge¢ction of rod is not

defcrmed in its plane, we will obtain foldcwigg expressioms for the

components of the displecement vector:
W=—02y v=10zx, ws=10y(x,y),
while for the strain terscr components:

L dy 0 o,
Seg (1) ey (GE =) »

vhere 6 - the linear angle cf twist; y = cexrtain functioa from x,

Yo

tet us comprise exrression for the cjirculation of shearing

strain on certain closed duct/ccontcer I,

vhich lies within the cross sectiop ¢f rod.
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Fage 83.

gtiliding (1) and an expression for a glearing strain ¢, din the

planes tangential to duct/ccntour I' at certais point

d dax
=8y, ‘R"};" + e ar
uhere-%%.wn%;- the directicn cosines of a¢rmsal to a curve, ve will
chtain

( \’ezl dt == OF, (c))
i.

shere r - the area, limited by duct/coatosr I

%e utilize a usual assumption atout neclect that comprise of
shearing stress aloug the stapdard -of duckycontcur and cogstaacy
according to the thickness cf the ducty/coatcur that comprise of
shearing stress alqgng tangent to duct/ccakcur. Then the stressed and
states of strain of thir-walled rod will be described by values o,

and ¢, Henceforth let us use to designabicus =S, %=1,

e assume that the complete straiy y is ccrposed of
imstantaneous that comprise 71, by ncnlinear vcltage-sensitive, and

creep strain 77, nomlinear voltage-sensitive and the tiae:

1=y (3)
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the relationship/ratic between the rate <¢f creep strain 1, the

stress s and the tise t is accepted as fodlcwimng:

=23y

(V35). @)

Bere differentiatig¢n is ccnducted on tie mcdified time * which

is the function of the phkysical tise t:

Bquation (%) is convenient to present, isclating linear part in

the f¢rn
P Ds (1
17 - 2 —"’i). (5)
where
JIUER)
S B A AL
K DV3s (6)

Bor the increase of the velocity of phe ccrvergence of the

sequence :f upproach/approximations, cone shculé select

D=L (V3500

S o
dcamunicacion/connecticn of ipstantanecus deformation with

stress let us accept in the forna

e / m
1mr$w _Kib(] 33) 9 +-Y-—§— ( ‘“3 S) ) (7)

where u - shear modulus; &, B.dh=(8f—%‘ gdcnstagts of material.
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Jsolating linear part, equaticg let us present as

w=ﬁﬂ%ﬂﬁ% , ®)
vhere
. 3 35\
o tizt 3 (VUO ) , 9)
= L (10)
13 (VBS,M mt
Rl S

that it corresponds to secant modules/mcdudus cp the diagraam of the

intentities of stress apd strain fcr ) 3s «Cogditional value s,

max:

can b¢ selected during soluticn by methcd by sfpaces as maximum value

of the stresses, calculated on the preiceding/previous space.

Brca equations (3), (5), (8) we will citaim the equations, which
describe the behavior of material sith tragsiert creep and the

pconlinear elasticity:

y=L (s) -+ (s, (1)
shere

S 3 4. :
L(s)= o -+ 5 Ds (12)
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[&(s) - linear operator];
1 d 3
¢ (S) == -2—}:' -(7'; (S(D) - —2- DST]. (13)

It differentiated equation (2) for v amd after sgubstituting in it the

vélocity of shearing strain, deterzined (11)) we¢ will obtain Bredt's

géperdlized foraula:
Lgﬁsdl + '(ﬁqv(s) dl = (F, (14)
r I

Aet us examine the rcd whcse crcss secticn is represented in
rilg' 1; :;,"" 7""' Aa.na; sll-l.ll) lll-—‘.ll) aIl-—l.l'!; s,ml lnnl 6,";; s"."*l) l{:.n+h an.nH -
respectively stress, length and the thickae¢ss of cell/elements

AnA,_1» Ar-\ By, B,,B,, B,A, of the n cell:

Prom the equations of equilibrium of fcrces in node/units

B, A, B,,..., 4,_, B, all stresses are expressed as S Su-..» Sun A8
fcllous:
] “ll 8 2
Sop= =75 Suy SuT==m S Sy S S
1 12 12
................................ (15)
y ?)» hk akll kil
Spp == = Sppy Skoki1 =3 s = Sk, kel
S T S e kst '

where k=1, 2, <., 0, acreaover diiyap1=0, &,=0,

kFage 85.
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the equation @f the mosent balance of intermal and external

ferces will take the fora

n
M=2 XsybF,. (16)
i-=1

dfter using Bredt's generalized formmla (14) to the duct/contour
of each cell and after connecting equation (16), we will obtain

syntem of equations with r+¢1 by unkncwn faepctices Su S, 8, O

ay L (s,)+ a2 L (84) == bFl + fui
Ayy L (85)) + Bgz L (S3y) + Ags L (S35) = bF, + fai
Aga L (S20) + @ag L (Sa3) + apg L (S4) =6F.1 + £

b =1 L (Sh=t, p=1) + @pp L (Spa) + @ ki1 L (Sear k) =0F, + i (17)

......................................

an, n—1 L (sn—l. n-—l) ‘}' a’nn [‘ (Snn) = OFn “*" fn;

M

sllsllFl’*‘szaaazF'z +...~{r-S 8 Fn-;:.ﬁ. ,

nn “na

shere

Dy,
F

Qp, et == = Bpy, et 5~ 4
k=1, &

[— lk—-t k lkk Ik k41 )
ot (T f oy ),
kk 13 \8“; T 8,{_]' & 8“ 6k,k+i I (18)
[,
Ap, ka1 == — Opyy, et 6: :t: ,

fo=—1% (Ser) Lun -7 ot #) Loetn = (Sk, &) L — @ (St 1) Lo nat's

6 - the relative angle cf tuwist, ccamcn for all cells.




e e e i e i v Pt Ly

A — R PN

el X e

Pac

4

78104205 DAGE ﬁ‘

T N e

G

PR
R
PG

FrN

g

o

ATONOEL,

oA

“_‘*E~3e_;s!' AT ERIL Y

Page 86.

| ifter excluding frcm eguations (17) @ &nd after using

s reversesinverse to the lipnear operatcr L operatcr L-!, which has the

5 fors

L7V 2= o= D=3} {L”‘ (z (.,0‘,] - Ql‘x fzesp.l)(é—'.b) dg}| (]9)

¥e will obtain
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(a), Fy-—ay F)) sy, F (A Fy~ a3 Fy) Sop — g F 53y =
=LV (fiF,— f,F)

Ay Fy8yy + (ag, Fy— ag F) San - (@39 Fy — ays Fy) Sy - N
— g Fysy= L= (f, Fy ~ i Fa)i

....................................

A, et Frr1Sp-1, ket (e Frar — arr, 1 Fi) S+
(ke Fepr— Qur, i1 Fi) Segr b — dag, k42 F i Skyo pio = (20)
=LV (fi Fatr— fos1 Fp);

-----------------------------------

et n—2 [',. Su—2, n-2 + (n-1, n—-1 F,, "~ ln, n-y Fn—-l) Sp—-1, n=1 -

+((l’l"l.ll Pﬂ - (ln” F" »[) sllll = L-—.‘ (f”—] F" ""fn F"—-l);

. R X M
8y Fysy -0 FiSyy + .0+ 8, F 5, =

<

System (20) determines the stressed state in rod at the any
sosent of time. Initial cenditions are detersined from the solution
cf elasto-plastic problem. The procedure pof calculation by the method
of successive approximaticys ccensists ¢f fcllowing. In the Ist
aprrodch/approximation ve set/assure vn=uw=0then #=0 and fi=0. Systen
{(2Q) will be linear. After solving it, let us find the first
approximation for sii', s, ..., sia amd frcms any eguation of system (17)
the first aprroximation for 6. Ther cn formulas (13}, (18), (19) we
determine ¢ (s), fu L=V (f, Fryr— ferr Fy) 284 for she determinatiom of the
second approach/approximaticn we sclve the systea of linear equations
(20) with the converted right sides, etc. 1kis rrocess is continued

teford the achieveaent of tle required acdwracysprecision of results.
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Bor the caisson whcse cross secticn has twc axes of symmetry and

consists of faur cellsfrcs equaticps (20). fcr the x iteration we will
cbtain:

N by D phet.
it . F b M-} B L=V pr-1
0
@"“%Flslkv (@)
s 4
by, F, ’
shere
b‘-'—_—bl - "g'l'l—‘”f;;‘ b,; bl Pt ”“ 1:3 —— (1.“ rl; bg = (112 F! —— ((122 *' (12'1) Fl;
24
b
P=fF,—fi Fi; L' 0 — -3 [[’su (zo) - 'Ta‘;?'r;‘ M (o) -
.} 2!"‘ " Qbe:‘tll D ¢--2) dE ] ;
3 Day, |
(=0 (O gl sh s ()l R f st

T

a,q

3 Da,, |
o F) (22 — S22 (x0)] -+ T

k __1. - k—1 f
TTimﬁﬁFJ' @ (22)

K

Rquations (2%)-(22) can be used for dctermining the bearing

cagacity of caisson and ig the absence of creefr. In this case, one

sbculd assume [(}'35) == 0.

Bxample of numerical ccmputatico. Fumgzical computation was
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copducted for the caisscn, grepared frcas tle material D16A~T whose

cross section has two azes cf symmeésry and ccasists of four cells, on

fporsulas (21) and (22). In this case, it sas accepted /=], ,=1/,~
Dy =300 MMy By =By =8, =8, =3 mm; F, = F, = 04510 um?;
l('l w2 llZ == 123 === 150 MM; 601 = 8,3 = 823':: 1,5 MM,

¥as utilized the pgwer law of icreep %::lgg;uyﬁ}y [ kere

=0, 16910-% (daN/am?) —1/8in, p=3.1); the acdified time r=vr(t) was
assigned by table.

Ror describing the ipstantanecus defprazaticn of material, the

réal diagram g~y was apfroxisated ty the dependence

s 7RY o s VIiyisy”
T"r:"g‘;’*"’é“gw 3 S)mz“f;"" Q“‘( )

{4=2133 daN/mm?, +9=46 daN/rn2, a=9)

The calculation of the stressed and state .cf strain of caisson,

which is fcund under corditicns of transient creep, was conducted

both for a copstant and variable in tise extersmal torsional moment.

Fage 88.
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During calculation entire time .nterval ia question was divide/marked
off into the cuts, in eact cf which they were calculated

su(t), S=(t), 8(r) witk .the initial conditicns, calcwlated in the
preceding/rrevious cat, and during the first stage initial conditioms
vere determined from the scluticn c¢f elasdc-plastic problem. For an
isprovenment in the convergence of apppcachsapprcximations D and p,,

it uwas coaputed on each cut on the formulas
l

LY A oy

j av

D=A (‘/ .13—3111.1!)""',, -+
where sa. =s, =~ the maximum value ¢f the mtress in caissoa,

calculated on the preceding/previous intervsl ¢f time.

Prom the solution cf elasto-plastic prcblem which vas obtained
acccrding to equations (21), (22) apd it is rerresented im Pig. 2,
vas deétermined the bearing capacity cf cajssog M, =1.10" daNeun. In
this case, it was set/assumed A=0, i.e., ¥as eliminated creep,
ﬂ==1-(§i:y-‘.and 2 change in the sxternal tcrsicnal moment vas
déescriked by equation M¥=My+Nr, vhere N, wag selected in such a vay
that entires/all copstructicr wculd be defcrsyed in elastic range.
sigpce s=s(y) it is increasipg functiocnm, for the bearing capacity of

caiss¢n conditionally was accepted this valce cf the external

tprsignal moment by which tle irtersity of strain, determined in the

this problem as lfg in the most stressed filas«pt reaches 10/0.
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Pig. 3 and 4,

give the picture of the redistribution of stresses

btetvedn the separate cellyelesents cf caisscp ard a change in the

relative angle of twist in the course cf time with the constant in

time sorsional moment, shick cceprises 0.75M,.. and the torque/monent,

which is changed according to the lav N +Ny(t), vhere Mo=0.4280107

Dapeyun, N=0.10107 daNemm/min.

Dotted curves corresperd to the calculaticy, carried out without
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the¢ acécount of the plastic frcperties .cf material, i.e., B=0 in

forsula (7). The results of calculaticp shcw that upon consideration

cf the plastic properties of material inm ccastruction occurs a more

imtense increase in the relative argle of tuwist.

S, (t)|01t)
‘iﬁﬁ (0] o
Sy __,,,,A/’1
N 5,12 a(t) |
51400) 600) \___
’ /b—-’-
10 Seal(t) L
v 22
i NG
S (0]~ 54,00)
ol
Ay 5 10 tfpun)
Fige 3.

k2y: [1). min.

Fige. 8.

Key: [1). sin.

Fage 90.

Sffm 0T 5, (t)
?;f?i)‘ ///
//’ e
JLs

(t) /L
-~

/ ~
/A7
Z’“J,/ S, /

220
// // S (t) S lt]
/ // 3!1‘23 501]”]
o[t
P 7%# €
]

45 tmun]?
Fas

Big. 5, gives the gpictrre of tte redistriltution of stresses and

a2 change in the relative angle ¢f twist im the course of tvime with
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the cyclically changing extergal tcreicpal zcament. During the
decrease of external torsicnal mcment, ¥as accefted linear
ceaxugication/connectiop between s and y, i.€., in formula (7) was

accepted B=0.

The obtained results ¢f numerical coxputaticn testify to the
high wvelocity of the convergence of successive spproximations. So,
the disagreement betveen tke stress levels, which correspond to the
second and third approachsagproximaticns, ttey are observed in the

third sign.
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task ¢f tramsient creep apd nonlinear elasticity. ®scientific notes

cf IsAGI®, No2, 1970.
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Bage %1,

THEORY OF CRITICAL BEHAVIOE OF GAS EJECTOR RITH LABRGE PRESSURE
BIFFEBRENTIALS.

v,. N. GUSQV.

Within the framework of the dynamics of perfect gas, is
im7estigated the critical mcde cf cperaticp of gas ejector with the
cylindrical mixing chamler wsith large ,pressure differentials. Por the
calculation of flov in the jet, oveérexpranded relative to the static
[rfessure low-pressure gas, is utilized the thecry of the hypersonic
cempressed lagjer. The calculations ccnductedé occopfirm the
established/installed previcusly eaperimeatally fact (G. L.
Graedzgvskiy, Bull. of the AS USSR MZhG, 1068, Nc 3) which with large
ixqssnre differentials attainable ccmpressicn ratios in ejectors
exceed maxisum computed values, given by thecries developed for the

case 9f the moderate pressure differentials.

The phenomenon of clcsing in sugersonic ges ejector vas studied

for the first time by M. D. Millicshchikov and G. I. Ryabinkov [1].
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In subsequent repouts by G. I. Tagapova, J. I. Rezhirov, A. A.
Nikol®skij, V. I. Shustcv, S. N. Vasil?yew and ¥. T. Kharitonov [2],
(3] tke theory of critical tebavior it unde¢iwent essential
refindément. At the moderate pressure differentizls, the basic
paramédterg of gas ejectcr oktaired by «calculaticn, vere lacated in
gocd agreement with the results of experiment. laking into account
the mixing of the ejecticr and ejected flowus, critical bekavior of
the work of gas ejector was exasined ip works f4] - [6). Below within
the framework of the theory of the flov of pertect gas it is
imvestigated critilcal operatiag modes ¢f gas e€jector with large

fsessure differentials.

Ret us examine gas ejector with thke ¢ylindrical camera/chamber
to xiyings worker in ciitical behavicr (Pig. 1). Section 1
corresgonds to the mixing chamber iplet, secticy 3 - to an output
frem it, section 2 is the section c¢f the clcsing in which in work in
critical behaviors the rate of the ejectad gas tecomes egual to the
sjeed cf scund. Ib is assumed that at the e€pnd c¢f the mixing chamber
it is realizesaccoamplislted the ccmplete mixing -¢f gases. Let us
introduce fcliowing designations. po' — total pressure high-pressure
gas; Po; - the total pressure lov-pressur® gag; po" - total pressure
cf the mixture, which eserges from ejectos; k*=~g¥—-crit1ca1

cceffijcient of ejection, equal to the ratie¢ of the mass flow rate G,

of thd ejected gas to the mass flowv rate G' of the ejection gas uader




T

0 . - - . -
D e - i I R e S T e - e .
PRI B DR DA O PP

20C = 78104206 BAGE QD']

the cqpditions of closing. The geosetric disensions of ejector are
deteramined by radius r' of the jet of high-jressure gas in sectiog 1
and by radius r" the mixing chamber. Mach nusber of high-pressure gas

i@ section 1 let us designate through n %,

Ret us pause at the special feature/peculisrities of the
djscharge of high-pressure cas jet sith large pressure differentials.
Sjpce the static pressure high-pressure gas ip section 1 is greater
static pressure low-pressure gas in this same section, the expansion
c¢f gas occurs out of nozzle and is spread ir flcw on centered on
pozzle discharge edge rzrefaction wave. Cogsiderable zone of flow in
jet proves tc be overexpanded relative %to tle static presgure
lpo¥-pressure gas. Flow in this regicn wild apprcach flow from certain
eguivalent source whose intensity changes during transition from one

raysbean tc agother [7]).
Ph’ge 92.

The degree of increase in flow in jet will Le .determined by the
system of those lismit of cverexpansicn zome of flow of the shock
savesy The gas, passed threough the suspemde¢d shcck wave I (see Pig.
1), fqras the adjacent the :ump compressed layer, which concentrates
in dtgelf the large part c¢f high-pressure gas {7]). Thus, the flow of

gas in the high-pressure jet of gas ejectoer will bhe not only
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keterggenecus, but also it will consist, geperally speaking, of
two-qualitatively differept flows. It .is pbvious that this flow

cagnot be described witbin the framewcrk of hydraulic theories.

Akt sufficiently high values “uali §or the duct/contour of the
Po Por

conpréssed layer it is possible to write [}7]:

2xrp, 1
e S (- gt | (4] X

1
P2 — 1 g\
x[.;g '{-FTMN""('LT’M’) T l. ()

shere

esp—(p—0) p= nrctg(—-f/ ﬁ%)

Here r, ¢ - poclar cocrdinates with pole at point O (see Fig. 1),

f(¢)=~;’,—-a duct/cantour cf shock,

¢t~ angle of the slofe of jump ,to the direction of the

incident f£low,

4 - the angle, forsed by the direction of radius-vector r and by

the directicn of tangent to the ductsccntpur cf juap,
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Q@ - a total gas flcw through the :ccagressed layer,
Un— Bazimum speecd,

N and @ — a Mach number and the ancle 0f the slcpe of velocity vector

before¢ the shock layer in high-pressure gas,
p - variable pressure cn the cuter edge of the compressed layer,

7 - specific heat ratic in high-pressure .gas.




AL T e e b s s 5

it P S i3 K it St

L

.
3
%

R

Gialidesi

N

o
Pt N

oS

St

pac = 78104206 PAGE ’JO

te

Y /{M, :
H

Par |

~
N

r'C

4 1
p’l_ 7
%ﬁn

X

2
e

S

{7 Iy
rig. 1.

Fage 93.

Assuming the flow c¢f low~pressure gas cpe-déimensional,

Fressure on the outer edge c¢f ccmpressed dsjer 1I (see Fig.

have:

— dv
=1

P Pw (l t ‘_4.:2-_1_‘“2) '

k it is determined from the flow equation:

vl
% - | T 2G=D

M(l+ 3 Mz) =

ey 2w P [ e

r

2

for

1) ve
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*~ specific beat ratio in lov-pressuyre gas.

Substituting (2) ir .equation (1), fog the duct/contour of
bigh-pressure jet, finallyp we will ottains

d’__f_f : 2 (ﬂ)?_ ?nr’?p(; [/2'}'(5‘):)2 %

a0\l T quaT e+ {GT) | X
LAY DA~ S S =1 -]
X[(p(:))('-{-"“—";z M’) m*iq_’i M’Slﬂ’l(""ﬁ Mz) ! J. 33

~ Mach nuster cf low-jressuce gas in cross section 1

The entering the €quatiog valees §, %' and € are the functions of

the pglar coordinates and parasetersyg u}, Be 7o Rith £ D)1 for thenm,

are valid the asyaptotic derendences, given in {7)e These functions

vere determined numerically by method of characteristics firom the

Fsogrda, comppised on the rasis cf the frpcedure for of calculation

and fe¢raulas, presented ip [8). The boundary ccpditions of task take

fors [7]:
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) I
f=l,§=£;=j:l n{u =5 1€)]
Fdy: J1). vith

Where

’ 1
fiy o Mg 2001 4 (M, sint 20,0 — 4 (ME, con?ly, — 1) (M2, ot 0, nz

2(MZ, cos?0,, — 1) '

!
-
- lae
s
Rt
e
=
2
e,
Zi=
i {
<= -
-
=]
U
)
{
-
a
=3
-
—2.

A=

P o o
2 P % — 1 bl 11
M.|¢‘/1_‘[p07(|+-—2———M|?)” ”-—l].

vith the assigned/frescribed jusp/fdrof P and the geometry of
ejecter ;; the iantegration of egquation (3) was conducted at several
values #,, thus fap in section Z.Uben:p = ¢ mack number of

lpv-pressure gas did not reach the speed of sourd.

Mter the determinatior of M, for the critical coefficient of

ejaction, it is passible to write

R, == ...._ﬂ).‘.‘_)._...

LD T (5)
afl poq(ll)

idding to equation (5) the kncun equaticnys of the ejectiorn

| Be i >
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PR AW l/ LAy =2

(I-+a)q (") (T + k8
- ! ‘e t (6)
gDz () tappeh)e(hy) :®—2 177
)/’ = T - ‘ + k* a .
0 9 (M) +apog ) [ (V*MSP]

we ¥ill obtain the complete system of equaticys, which determines the

ranandters of the ejectcr, wocrking in critical tehavior.

Fage 94,

Ia last/latter relationshipsratios it is accepted: A\ - derived rate,
¥— relation of the critical speeds of éjecticn and ejected gases,
gér), of d()\) - gas~dynanmic functicys, 55==£%—-co-ptosgton ratio of

ejecter, *= |7/~

Rig. 2, depicts the defendences , op p, at different values

ke amd (rp>20 Wit jox= L, M=, 0= apd £ = 0 (unabroken curves).

At smaller values (%;Y the calculaticns were not performed,
sjnce here are distupted applicability conditicns of the ttheory of
the hypersonic compressed layer. Pcr a comjariscn on this same figure
ak thé same values '+ are given the experisental data, borrowed froa

work [6] {dotted curves), and calculated - ecccrding to the theory of
critical behavior [2] {dot-dash curves).
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ds it fcllous from Fige 2, the calculations conducted confira
established/installed previcusly experimeatally fact [ 6] that with
laxge jumpsdrops in pressere po' attaivable ccapression ratios in
ejectgrs exceed maximur ccaputed values acccrdipg to theory [2]). In
this case, maximum comgression ratio aof ejector will be realized with

greater than according to tteory [Z], values Ege

Bet us pause at the case 1 -0 deterszining maximum compression
ratio of ejector with the assigned/prescrijked jumpsdrop in the
[ressure p,. In this case tbe Mach .guaber of low-pressure gas at the
sixing chamber inlet M, = 0, apd critica. kehavior of the work of
ejecter in the setting accepted will be determired from the natural
condition of expansion ¢f jet cf high-fresscre gas to the transverse
sjzesdivension of the chamber ¢f mixing r*. In this case the total
psessare lov-pressure gas ,, will be equal to the external to
fressere ia space, where escapes jet. At high values of the pressure

Py

gradient p= o the discharge cf suck jets into space with
0t

T%W?“w A T
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copstint pressure was exazired in ese¢xk [7J: Is specific heat ratio in
bigh-pressure gas y = | .4 HQ = 1 apd ¢ = 1 these data (unbroken
curve) together with experimental (¢riaagies), borrowed froa work
[9], tepresented ia Pig. 3 in the fcra cf deresdence om a jumpsdrop
ia the¢ pressure pée.ﬁg. the maximum removalysdistance -gﬁ of suspended
shock vave from the axle/sxis cf jet op the assumption that the
thicksess of the wxdjacept the jump ccapressed layer is negligible.
Here dorrected values ;ﬁ for the series pf the sonic ejectors,

working in criticail behavior whea 4 =0 (ssmall circles - experiment

[6], dctted curve - thecry of critical hehavicr [2)).
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Ccnpazison shows that with an increase ia tie jump/drop im the
Fressere , the experisental values ¢> will acve avay from
theordtical dependence [2]; approaching sallca-éi. by that Adeterained
in the maximus removal/distance of suspend¢d shock wvave from the
axlesaxis of jet with its flow intc space with constant pressure.

Shen ; -0 #systes (6) for the calculaticp of compression ratio

cf ejéctor is converted te the foras

- apya(y)
Po= T hey a0’
B ()
(.ttl.)x i
2y = 2(y) ML -
«poq ()‘1 )

‘, SR
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In the case of the sonic ejector (&L = 1) when y = 1.4 results
of the calculations of saximum comfression ratic of ejector depending
ca h; whea k,gb are given tc Fig. 2. Frcm the comparison of
tigdings yith the gxperimental (6] it foldcus ,that the dependence

Po(7) whem k=0 has a maximuz at finite value ;' amd pyo

Po
approdching a coastant value.

et us determine the limiting values c¢f caompression ratio of
ejecter whken 4, =0 in the case of infinjte juspsdrops in the
[Tessere 7. Bor entering the equaticns ejectics (7) of value
';”- déternined here for the maximus removalysdistance of suspended
shock wave from the axlesaxis of jet daring its discharge in space

wjth écnstant pregsure, f£ocm werk [7] it followss

(=20 5 M 7y ®

T%"‘i’ e
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asd tle eguations of ejecticn (7) taking jato account (8) are

ccpverted to the form, shich does not depepd ca o

- q(.) '
b B, M) ()
e 9)
AESAE :
207 =11 ( 2 ) 5,(7- i) M{).
0

:
& e e e
B
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In the case y = 1.4 and p = 0 at the values of aumber Mi=1 and 3,
for which those enteripg in (9) values ¢(;, 6. M) were determined in
werk [7], the limiting valses cf sompresgicy ratio of ejector vhen

ky=0  were given in thke table:

M, 3 P
i 0.37 3.76
3 0,033 10,6

QGcaparison shows tlat whenm p > | the trassition froa the sonic

ejecter to suypersonic leads to an essegtial increase in compression

ratio of ejecstor.

e T B >
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In conclusion the author thanks to 2, Y. Klimov for aid in

copduéting of the necessary calculatiogsa
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KZMETIC THBORY OF BOUNDABY LAYER BETNEEN PLASHMA AND A MAGNETIC FIELD.

Ne G. Korshakov.

On the basis of kinetic egquations and the equatioas of Razxvell,
they are derive/concluded ard are solved by BTsW¥M [ 3usM - digital
computer] of the equaticn cf the bcurdary layer between the plasama
and the magnetic field during the Maxwelljiarn fusmction of particle
digtribution in the undisturbed plassa: Xs cbtained the distribution

cf the basic values, which characterize trarsition layer in its

entire width.

Basic results in bcundary-layer theosy betwveen the plasma and
the magnetic field were chtained by the authors, imposing following
lisitdtions for the forsulation of the problem: the simplified form
c¢f the function of particle distrikuticn j» the flow, encountering
for adgnetic field [1] ~ [3], the absence cf electric fields and
polarization of plasma [4] ~ [5]) or copstractios of the fuactions of
distribution across the boundary layer; givisg fpossibility to obtain

siaple analyticai formulas for the valwes, chapacterizing the

structure of layer [6].
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The first attempt

PAGE 223

tc remove/take scme c¢f these limitations was

vadertaken by Yu. S. Sigov) whe solved in [S]} [7) - [9] the problem

of reflection by the magnetic wall cf the plassa ion flow and

electecns,. Striving to
carrent at the turning
mocpoenergetic flow, it
fellowing space in the

betwedn the plasma and

cet rid of the infigite values of density and
point of particles, that appear in the case of
reglaced thes with ster functions. By the

trend of development of koundary-layer theory

the ragnetic field is tbe¢ examination of

"natural" Maxwellian fumncticn c¢f particle distribution in the

undisturbed plassa and

appearing between them and the magnetic field

of interlayer. In article will be £clved tke task of the structure of

twe-djaensional boundary layer during the Naxyellian functiion of

fFarticle distribution in the undisturbed plesma.

In vork [4) was derived integrcdifferential equation for a

vektor potential (case

¢nly of magnetic bowpdary layer) amd is

obtaimed the distributicn of magnetic field. As it will be cvident,

this case is in a sense maximum for a ccmamacn/ceneral/total task.

Therefore in article is first obtaiped a sispler differential

possible )

equation for vector potential, which makes it A to obtain the

distribution of the remaining characteristic values of layer.
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Siamplificatiqoy in the equatiom im comgparisca with that given in
wprk [4] is achieved because of use as the initial position for the
dérivdtion not of the equaticn of the kalance of pressures in
bpunddry layer, but the eguation of Baxvedl, cr as a result of the
fact that the ranges of integratior in phase space are examined in
the alternating/variable jarticle sfpeed, and pot enexrgy amd
geperdlized momentunm. In the formulatian pf the problea of any

siaplifying assumptions in ccapariscn with thcse accepted in work [4]

sade.

Rage 18.

BAGNETIC 3BOUNDARY LAYER.

the adopted system of coordinates is giver to Fig. 1.. The
formulation of the probles is well knowp §xcx [R). The rarefied
Flasad (to the left of interlayer) is giver iptc contact with
magpetic field. Due to the absence cf the ccllisions through sonme
tise interval all processes ir interlayer <an te considered as being
steady. Task is ope-diaenmsicnal, i.e., ald valwues depend only on one
cocrdinate x. Plasna whemn —.--> ig descriled ty the Maxvellian
distribution function f¢r icns ard electrons. Ttere are no seized

jarticles within layer.
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As examples it is fossible to give twc cases of the realization
of thé picture indicated: either negative and pcsitive particles have
an equal massy ideptical Larmorov radii; therefcre there is no
segardtion of charges and electric field does nct appear or electrons
jossess such values of the faraseters apd are distributed so that the
seraration of charges can be disxegarded. Ite pessibility of the

realigation of this case will be examined telow.

The structure of layer is described by equetion with
self-consistenpt field fcr functioning fparticle distribution and the

eguaticn of Naxwell:

o e . df
1] ox ‘N—I{’Tt‘. lv’.‘l‘); .T.I;. (l)

i
b= o . )

Here u -~ composing particle speed alomng axie/axis . /= [p4]

Bensity and current are expressed Ly tlie agpropriate

torquée/ncnants from the distributicy fuscticp:

j=e § vf (v, vy dv, n = ff(.\. v) dv, (3)
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e 4 (o) = Hy
the distribution function of ions wkep - .-«

; M_ . M@+ v7)
Sz, v)=n, oryaiay ) e o F

[subsegquently by the index "O" are noted tte values of variables

vhen «x -—¢)

That coaposing particle speed alogg the axis z can be without
the limitation of generality placed egqual tc 2e¢ro. Equation (1) has
three integrals and soluticn (1) will be rardcs function froe these

imtegrals.

det us introduce the dimensionless variatles

_ /M l/'M eA :
. : s . _ m Mc2 2
u 1] ’ T v E 27 a ¢ ]/MT R ( ) '

’ Anny e

o

; R T
Ay ' j‘_ Ny ]/’27
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aad lét us replace of variatles in expressicns (3) for demsity and
Clttlllt%_ﬂ“ 3(“uv‘,’)‘il‘l!nn the arbisrary function of distribution £ (u, v)
passes in%c known s, v) that depend.on constapts of motioa of

partidle. Integration limits iz exgression (3) 'w® > 0 u3:»0 will pass

i’ w200, ul 0
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Pig. 1.

Page 99.

The region of integration is shown in Fig, 1

Foint x of boundary layer, reach tte partjcles sith phase
coordinates, which are located cut af ;the limits of the shaded range,
lisited by parabola. Caloulatipng terquesmcaents fros (3) and
iatroducing fuactiqa z‘vexpﬁ;-g')o‘“) [30), ve vill obtain equation
for a vektor potential (Pig. 2):

” 2—3“ he a
YR "“Z-;.("?f)' “
vhere D,(x)- fumctiqe of rarabolic icyljnder.
Respectively

®)

TrANE, M iTae T

T R A e
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Equatior (4) has the integral:

Bunction z_%Jﬂ doe# not have zeros with real x; therefcre
vektor potential iacreases mopotunically an¢ parahola in Pig. 1 does

not have se~tions of backverd mscticn.

Boundary conditions take tle forma a(—o)=0 {this alvays can
be cbtained from thas condition of gauge iavarisasce) apd 2 (+ )=
(it is cbtained from the cendition of equality jressures plassa agd

sagnetic or both sides cf Lcundary).
Zor)

e A AR o s i
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Eage 100.

Stilizing an asymptotic representation of functioa 3_1}”' at
the low values of the arquaent, ve yikl ot tain shen ‘*"”z
expression for a vektor petsential a=;;;?§§7°’“‘w”£r01 ghﬁch evident
that boundary condition is satisfied vith tival % i.e. there exists
the interface between thke ,rlasma and the macnetic field. Accepting

%=0, we will obtain the following asymptctic formulas:

1

T Ao e e

e — N S
= 2#(%? wrb%)rﬁ%)ﬁ

i ,
—-——-—;—-—-—3-—-2- x'. J =
M4l(1r)

let us note that the given in work [H] asysptotic dependence of
magnetic field on coordinate is ipaccurate due toc the stealing in in

calculations error.

In the point of secticr, all tasic values and their first-order

derivatives are conptinucus.

Byguation (4) with copditions a(0) =0, &' (+ ) = | vas integrated

by ETsVM. Results are givep tc Pig. 3. It is easy to estalklish that

R
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Ry, =x in the case in question and the width «cf boundary layer is

8- 10 Rarmorov ioniec radii.

Bet us no¥ move on ta more cosmon/general/total task.:

EGLARJZEDC BOUNDARY LAYER.

goordinate system, accepted for this task, given to Rig. 4. Let
us agdin introduce the copdition of the rarefaction of the plasnma
{mean free paths of particles ccnsiderably exceed their lLarmorov
radiij}. This allows for the time intervals greater than the set-up
time ¢f all values, which characterize the structure of interlayer,
but ldss than the characteristic time c¢f the ccllisions of particles,
to comsider task as stationary. Task one-dimensional, i.e., a change

ia all values occurs only along the axis x.

Shen , , . there is two-component, ncnpclarized plasma with
the Haxwelliap distridbuticy functicn of ions anéd electrons and
charaéterized by the values of the parageters Q: %f {(vhers =, - a
mass Qf electron, and "~ a mass ef ion) and A:;%%, i.e. by the
r8lation of electronic and ionic temperatureés. .1here are no seized

particles in sransitiop layer. All farticles, entering the boundary

layery emerge it. Task let us exaripe in ncprelativistic setting.

R e tanad
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tet us vrite the equations of ‘Boltzaanr without account the
collision of particles and equaticys of Massell for ions and
electrcns, that descrihe a change of the basic parameters of plasma

in the tramsition layer:

9fi, - I e 0
w ey s (£+ ~+ A ;%L) =0 ®)
AD (%) = —dxe (n; — n,);

4
8A(x) = == Ue+ /1) (7
E = —q0, H=yAl

Fquations (6) have all of six integrals, which express the laws of
conservation of energy and c¢eneralized momertum for the systea of

rarticles - the field:

2¢;. b y
utiorpwt O = (el '
1
el _ . 8
v 4 e = l C]
w=c},".

S e D a5 et A -~
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Subsequeatly without the limitaties pf gesexality, lat us assuse
that % =0 parthermoge, if ve require, §3 grder to ¢ a-owhen x--—oo,

then ¢ and ¢ will represent the kinetic energy and the y-th
component of the velocity of the particle, respectively.
The solution of equations (6) will be a random function of

integrals (8). Let us substitute them in the moments for density
and current:

f:l"-“fj Vo1 foi (2. 0) dv; ] o
fop = jfn(x, v) dv. , (

Integration in (9) takes place with respect to all particles
reachirng point x of the boundary layer.

The systems of equations (7) is of the fourth order and

\= A0, 00
four boundary conditions are necessary for it. Two of themx™ with

x5 -, A8 the thixd copdition we take: ¢ 50 whed v- .+ The
fosrth boundary copditica will be the requizesent of that, so that
the magnetic flield when x>+ would have a value, ensuring the
equilibrium of boupdary layer as a whole feguality pressure in the
plassd when *-> - and of magnetic field wiea x- oo

Au2 (+ (1))

8r = <Pax(—0) >, (10

ket usg introduce the dimensiopless variables:

B ed eA - X
= y a == T x = = y
m, c?'e Mo CCr, ' Xy
1
2 \7
Xo=\"p=—=s] , U=——, v= - -,
4rn, o2 7, cr,

where Cr, = l/-ig‘ - characteristic thermad ¢lectronic rate,

m— an electron depsity or ions whég ‘~—~
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Then (1C) it is rearitten in the iform

‘2_ _?'L_. - 10*
B =Ibrj =14 am, (10%)

The conditions of integration ir (9 take ‘the fora (for exanmple,

for electrona) 5 u, 4.0 or, utilizigg

the apgropriate dintegrals,
4} >0, 4> —~ 20 4 ai- 2ay,,

{Here and subseguently let us droproait marks about

dizensionless variables),

Y Y i < < o ot
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Ret us pass in forsulas (9) freas :the plane of variables (u, v)
tp (w vw). Range of integration is the experior of parabala (Fig.
Sa). Bithin the phase space, next Lty paradcla, .2re located all those
partiéles which turned conversely tewards plasma, ahaving reached
pcint x of boundary layer. With moticn to tie side positive x the

parabola is opened, and its apex/vertex moves dcwn along the axis of

cctdinates (of shat it is pessible b6 be cpnvigced after
concrete/specificfactual calculaticys :by E1sVE). Analogous position

exists for the ions (see¢ Fig. Sh).

After expressing the tcrque/mcments of distxibution function and
after leading thea to dimeysionless form, we will obtain the systenm
of the fourth order for the vector and magnetic potentiale;

3
vy

i 2 1 - ’
el Valz @41 % z__;_(a)}. (1

i

1
A

2
T Q7 == n‘ — n)’ (‘2)

where

-t AedaiEe e - - - - _
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S Z| ()
n,=ex 2¢-——2———4- 3 da; 13
0
1 - 1 021 (ﬁ)
ny= exp (—2A®) — () * 2t o da 4
V= ) va (4

vi(i )
L2y } (15)

2
=¥ (*g‘ + -':;"

Ret us draw scae conclusions frca these equations. Punction Z_) (*)
2
is strict positive cn an entire range ¢f{ change real wariable x;
therefore vaktor poteantial and magnetic field increase strictly

mgaotgnically.
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Key: [1)« Por electrons. (2). For icns.

EFage 103.

Potential ¢ is ligited; therefore when 54w o f54+0 4R,
thsrefore, the curvents of electrops and jcns vamish. Waom <5 - a0

and therefore on ths basis of limitedness 2z () ion and

1
3
electeonic currenti shen * >~ vasishes.

2
In equation (12) the " arameter r:-—»f;« or ' =4F 10 9 ® -

Te

ia electron volts) is sufficiently low. Tisiefore equatiom (12) -
equation vith the low parameter at higber derivative at the energies,

digtant from the relativistic.

Qne of conditions bas form n.(+w):=n(i w)=0. By the unique value

T ek v o
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cf thé poteatial “=  that satisfyinsg &bis ccpdition, on the dasis

cf (13)-(14), as showed experiment in machines, it is Oy = 0.

One of the special features/peculiarities of equationsg (11)-(12)

is the fact that into the argument ¢f tke functioms, whick stand in

tie rjght side of the equations, epters the relationm 1=%. Ghen
f>—co and a0, 50 and this sense beccmes not defined. Let us

calculate it when *~—™ accozding tc 1tHcpital's rule

| 1] §’ &
1= lim a = Hm a’ = Him “ar

and lét us substitute within last/latter 3igit the right sides of

eguaticns (11)-(12). We will olttain tranmscendental equation for 7

1) =¥ 2 (Vek1)-z, cqva-
2

i
)

t 3
R Y Sl M | R
% V‘2“ [Z— ‘;._( 1 ,fQ) t A * Z_ |i (2 T 1)] =, (16)

The roots of equation (16) can ke determined by RTsVi. As became

clear, equation (16) has thre¢ roots (n:—.—-,s-'%- subsequently):
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All three roots very veakly derend oa the garameter Xx.

the asymptotic soletiens of equations {(11)-(12) when +*-—

tzke the fora

an

g g g 3 ~ . . - -0
i I o s 8 e St 11 7Y <2 T ek A g e B N e g <A .

a = ky (¥ - xp)%; }
b =k, (x - xo).

It is aevident that the bgundary condjtions are realized with

tjnal ., Let us accept -0

Integration ip the machiae of equations (L1)-(12) with the
cgoditicus at left end/lead, which are obtained, if we take roots of
1 or 2, it showed that the ecluticss dc¢c not satisfy right boundary
cgnditions, the ionic density or electrons increases exponentially.

In this case let us exasige the third roos:

a=0,1625.10~2x & =0,877.10-9x4;
a’ =0,66.10~2x3; *=0,35. {02 x",
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Ia one case of equation (11)-(12) are sclved simply: this the
case swhen A=y~ . Jn this case, lLarmopov radii of particles are
equal, the separations cf particles dc not appear, /i =u. akd the
gicture of the behavior of values sith an accurscy dowa to the teras

cf order u coincides with that depicted oa Fig. 3.

The practice of count Lty ETsVE cf systes (11)-(12) showed that
the cqunt was unstable, solution with conditicns at left end/lead,
charac¢tevrized by the third xcct, is rapiddy shct down to the
scluticns, characterized by the first .or seccnd root; therefore
equations (11)-(12) were replaced Ly systes (11)-(12), wvhere

n,=n. (12).

Bage 104,

It is possible to note that tke ipstatility of the count of

system (11)-(12) appears wvhen is already valid replacement (12°Y), in
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\
therefore as boundary conditions for (12') it is possible to take

either solution (11)-(12) at the point when it still not is stable,
or‘asymptotic solution (11)-(12) at.the point where the ;
substitution of (12') is already vallid, which was done. _The
conditions for (ll) (12') they were undertaken in the form

n(0)=0, $(0)=0. Remaining conditions (11)-(12), as it was
explained from calcuilations, they are satisfied.

As it follows from the uverall theory cf differential equations,
this approach/approximaticn is correct ca ar entire range of
interlayer, with the excegtion/elisination cf ‘narrov sublayer near
tcunddry. In our case this sublayer is realized near x= 0, vhere act
asyspgotic lays.

In the case whan -57¥5l4<1, equatioas can be approximately
replaced with folkowing (ot of the range ¢f marrovw sublayer near x =

I

The low parameter cf expansiop is acpually the smallness of
electric forces in comparisen with magnetic ip interlayer (with the

exception/elinination of’ left end/lead). Thie shen lLarmorov radii of

AT g N
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particles converge, the picture of value dhange approachas a siajlar

patteen in the case of msagnetic bcundary dajer. Density change is

degcriked by she approrriate fcrauls.,

As an example of general solution, let us examine the case A\ = 1
(isothermal plasma, Pig. 6). Width of ‘kcuadary layer approximately
AVR7, where 'm,},—_lqnic and electroaic Larmorov radius
respedtively. Nagnetic fiqld rapidly increases Lecause of electropic

current, then slovly it emerges at its vadse im ( ~ because of ionic.

lons dre run up/tucrned first in escencq by the vegative slectric
field (to the point of its zaximum turns the¢ half of particles},
then, after losing its energy, by nagnetic field. Appears the duval
charged layer. Electrons, after ottaining tigh €mergy in the range of
regative sliectric field, weakly "feel™ intc further magnetic field;
therefocre their current in the range of ppsitive electric field is
loy in comparison with icgic. With an increase in the parameter A,
Larmorov radii of ions and electrogs cenverce and the value of the
electric field, wvhich attempts to cravw together the turning points of
icns and elecirons, it decreases. It ig ppssible to note that range
with the sharp gradient of electric field amd sszall vidth (order of

Lekye screening distance), e€xasined, for esasple, in [9], it does not
8ffpeat.
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KEXING OF THE SAS JETS (F DIFPERENT DENSIRY.

% M. Slavaov.

€cnducted experimertal investigatiog ¢f the mixing of the gas
jets @f different density. Was investigated the mixing of two
ccaxidl, axisymmetric subsoric jets, ensuing frcam the becoming narrov
nozzles with large compressicy. As the working gas of internal jet,
were wtilized argon and ritrogen, and exterral jet was created by
ajrflgu. It is shown, that the critericn pf mixing under these

conditions was the ratic ¢f the velocities cf the mixed fiows.

the turbulent aixing of gas £1lcws with different density was
investigated in a series c¢f works [1]) - [5]). The foundation studies
cf the mixing of flows at high rates were carried out by A. Perri. To
them it vas advanced ané¢ is experisentally tested important
hypctliesis about the fact that under conditicps of developed
turbulence the criterion of the mixing of tke .cc¢ntacted gas flous
with different density is the relaticn of the products of density and
the rdte in these flows. The develcred by A. Feirii theory was well
cenfirped by the experimental study of the sixing of a subsonic jet

cf hydrcgen, escape/ensuing into cccurxent zir flovw [4], [ S)e The
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schematic ¢f the utilized in these experimert§ experimental

installation is given tc Fig. 1. The lcng cylindrical tube, which
supplies gas of central jet, vas tle souree¢ of sufficiently thick
bcunddry layer in the beginring of the 20ne cf the mixing of flows

vith differenrt density.

Bas of interest the study cf the fprocése cf the mixinmg of the
gas jéts of different dengity with .the reduced thickness of initial
koundary layer in nozzle edge. It vas possitle to expect that the
cgiterion, determining the 1ixing cf flcw, ip this case vwill be the
ratio of the velocities of the mixed flows and that with equality
rates (with small initial ttrbulence) the tirbulent mixing will
virtually no. The target/purpose of this wcrk wass the experimental
investigation of the gas jets c¢f differenmt demsity, escaping behind

pczzles with the high degree ¢f ccypressicr.

The schematic of tle utilized experimertal installation is given

te Fig. 2e
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Fage 107.

The coéxial mixed gas jets of different density were created by the
system of two coaxial becoming narrow nozzles with the large
compression of nozzles - area of the output section was less than
the initial nozzle section by 16 times. 1In éddition in input
channels were establish/installed those ' ’

ievel the flow of grid. Testings were conducted during the discharge
c¢f jets in the atmosphere. To internal nozzle was fed compressed
pitrogen or argon, while¢ to external nozzle - the compressed air with
tenferatures of stagnaticn 1, = 2€89X., The total pressure applied
ccapréssed air . and gas cf interpal jet P¢ vas measured with the
aid of the nozzles of tite total pressure, establish/installed in the
channdls in front Qf mozzles. Pig. 3, gives the value of gas density
tc no2zle edge i (was referred tc air density under stamdard

conditions ) dependin¢ on the given rate A,

The parameters of the aixed jets were seastred with the aid of

the c¢mb/rack of the nc2z2les of the total fressure, which it was

establish/installed on cifferent distance fica nozzle edge (Pig. 4).

Tmwm%&wmv&wwwwwawzmﬂmmﬁmﬁmw"m*«u
Sl
v




DGC = 78104206 FAGE 9#8

Page 108.

fo Fig. 5 given typical distribution of the total pressure /-

in the sectiog, distant tg five bozxes from the section/shear of

i

intersal gjozzle 1}-5 during the dischasge ¢f nitrogen to air flow

t

(it is referred to atmospheric pressure /). The measurement of the
rarameters of the shift of flows with different density was conducted
at distances by 15 and 20 bcres frcs the secticy/shear of the
irtterral nczzle where was measured comflete axl¢ load .. and was
calculated its relation tc the total pressure gas of internal jet

rw At the low speeds of external flow * the relation £  asa

result of the turbulent mixing cf jets was less tham unity, with an

increase in the velocity of external flow, the zone of mixing was

attensated and relatios %f- grey/roses The results of the

seasurements conducted are represented in Fige 8 and 7.

Big. 6, gives the dererdence of relaticn %m on the ratio of

the valocities of the wixed jets ~Zf. shile in Pig. 7 - dependence

cn relation fﬁﬁm The data Pig. 6 and 7 skow that under conditions

cf the experisent conducted the critericn of the aixing of the gas

jets ¢f different density is the ratio of tle velocities of the mixed

iy
u,

flqus ., and not the relaticn cf the prodects ¢f dansity and rate
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o,u,r This, apparently, is ccmnnected with thke reduced turbulence

lvel aad small inpjitial beupdary layer thjckress in nozzle edge.

The author expresses appreciaticm to G. I/, Grodzovskiy for
valuable ccuncils) and alsoc A. M. Meshcheryakova and N. N. Safonova

after aid in expexrimentaticr.
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Fage 1309.

Separatiop of binary gas mixture in a free jet, vwhich escapes into a

vacuum.
I. S. Borovkov, V. M. Sankcvich.

Scrk dericts the reswlts of the experizentsl study of the
separation of binary gas siature ot the agxlesaxis of free jet and is

carried out the compariscn cf these results vitt F. Sherman'’s theory.

1. To number previcusly carried out wciks c¢n experimental
analysis of separation cf :binary gas misture, which escapes into
vacuum, are related works cf Becker®s group [1], [2] and waterman and
Stern [3], [4]), vhere it is shcwn, that nuclets of free jet proves to
be substantially enriched heavy compcnent in ccsparison with initial
xixtuce. According to Becker thte sefparatipn ip free jet is determined
by rarodiffusion, while acccrding to Waterman ard Stern, - by a

difference in the thermal velocities of the heavy and light/lung

moleceles of blending acepts.

the results of works [1] - [4] are placed in the doubt of work

[5], according to which thke separaticn cf smixture is that seeming and
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ig chserved only in suchk a case, wlen ‘Lefore tle eatrance into

nczzlé, that selects mixture for aralysisy is stock wvave.

The quantitative analysis of the process of separation in free
jet is carried out in Stersan®s ®ork [6]). Is here proposed the
hydrodynamic theory of ¢iffusicn s¢paratiop and are calculated static
mplar concentrations and the partial flcws cf heavy coaponent on the

axlesaxis of binary almcst inviscid jet.

The results, obtained ty Shermam, it uill got agree with the

results of works [ 1] - [4] and [5].

thusy after the appearance of work [8) arcse the need for the
new mQre thorough and mcre correct exgperimertal analysis af the
separdtiog of binary mizture. The aktempt tc ccpduct this

investigaticn is made ir the present werks

§t should be noted that the need fcr ccmducting of the

investigation indicated is determired :nct <rly ty scientific, but

e w4 S ¢ w8 Tw_ P

'L N
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vith éarbon trap 7 - it is rot above S¢107¢ as Hg., The measurement of
partidl copcentrations in ¥he cameraschamder of analysis 4 was
conduéted by mass specticreter-cmegatrxcn R¥C-4S 9, by the being

asalyder of iustrument LPDO-1 [8].
Fage i10.

the sgecial coordinate spacer apparatus of 10 described devices
sakes it possible t¢ deriveysconclude nozzie 1 frca the jet being
investigated and to prqduce the replaceseat of it by nozzle with 1A,
designed by pressurized/sealed conrnectien tc¢ scaic nozzle 11,
aoreover for both these processsoperaticn ccordinate spacer apparatus
makes it possible tc satisiy ir the fprccess of experiment. This makes
it possihle to consider the effect of resjdual gas in the
canerd/chamber after nozzle cj the measured partial flows of blending
agents, to check the absence of the shock wave lefore nozzle 1, and
also it is constant to determine thke ipnitjal ccmposition of mixture,
i.e., ccupcsition in the precomtusticn chaster in front of the

pozzld.

With the aid of the described above deyice can be defined both
cceaposition of the jet, which falls into nczzle 1 and the separation

ratio S:

(78
‘l
X
1
Rl
=
\
-3
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fro this relaionshipsratic, oltained frca the condition of the
freservation/retention/saigtaining of the sumder of molecules in
camera/chasbers 2 and &, ¢ and ¢ - pastial flows of the heavy and
lightglung of compgonepts at the point beimg ipvestigated, Ny and n, -
partidl concentrations c¢f these components in ipitial mixture, N and
n, N* and n%, N and o - ccycentraticn of the heavy and light/lung of
ccmposents in the camera/chamber of analysis U respectively in the
positicn of nozzle 1 at the point being investigated and out of jet

aad with the connection of attachmepgt 1A tc sonic nozzle.

The accuracy/precisicn of this deterairaticn of separation ratio

can be led to 5-70/0.

3, Bxperimeatal investigation of sepaxaticn was carried out on
axlesaxis of free jet fer mixtures argon - telium and nitrogen -
belium at constant temperature T, in precosiustion chamber
{295-300°K), at different iritial ccmpesiticns Ng/ag(0.1-1),
fresswies in precoabusticp chamker py (1-100 es Hg), diameters D, of

critidal section of sconic nozzle (0.63-7 mpe) andé with different

e -
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distasces of x from nozzle edge (X/Dp = 0.2-20).

The conducted investigaticn showed that the separation on the

axle/axis of jet is described well by Shermén®s theory, if:

< Re number- which figures as in this thecry, is determined not
by the geometric Dy or effective D.,. and txue diameter D, of the

socfic part of the flow in nczzle threocat:

LoDy

Re = ;
&)

< Re number exceeds certain value, called Lelovw critical

Eeynclds aumber ke,

The ccnducted investigaticn stowed besides the fact that

djameter I can be determined in the first apprcximation, from the

relaticaship/ratio

Ia ADQ - \
Dy g —24 : 5
B ‘ .s( ot —0,25) -0,5.




ac = 78104206 PAGE ﬁgg

224

(o718 |

'ig- 3.
Pcuﬁpl\l .
this relationship/ratic, as can easily be seen that it occurs,
if flow in nozzle throat car be divided intc boundary layer and

invisaid nucleus, slip ¢n nczzle liners is absegt."ach nusber in

flow core in critical, section is equal to che and the dependence

rass rate of discharge in tte boundary layer of this flow on a radius

is linear.

8. Por illustration of forxulaged above derivations Rig. 2-4,

Kt
i 3
5
s
b
i
k.
Z
4
%

gives results of analysis of separation of gixture argon - heliunm

oy
55

% with initial composition Ng/ng = 0.2, that e€scapes behind nozzle by

£

% ciameter Dy = 7 na.

g rig. 2, gives the compariscn cf the experirental and obtained in
¢

3

57
3
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accordance with Sherman®s wcrk thecreticad depegdences of the
separation ratio S on the relative distance x/D of differant

characteristic diameters B3 Dy (Fig. 28)s D,, (Fige 2b) and D; (Pig.

x).

Diameter Ow is here determined experimentally according to the
caopsumption of the mixtsre through the nozzle at different pressures
in preccambustion chamber. Diameter D, is delculsted on the given

above relaticnship/ratic hetween the diameter L, and Dsy

. D,
It is interesting to mcte that the relatiogship 7£1 for all

analyses by us of nozzles and pmixtsres sas determined exclusively by

nastes ““=f%ﬁq’ and it was described well by the formula

Prom given Pig. 2, it follcows that deuripg the determination of
rusbes Re>Req from diaseters Dy apd p,, the¢ average difference
betveen the experimental and theoretical d¢iendences S (x/I) conmprises
for those examine/consicered a mixture and a pcazle with respect 20
and 180/0 and noticeably exceeds that error (apfroximately 6o/0),
frce shich coefficient s was deterasined experimentally. During the
determination of number Re>Reqp frca the dismeter of the sonic part
cf the flov inp nozsgle thrcat the experiseatal azd theoretical

derendences S{x/D;) virtually coincide sith each other.
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£

ks

%ﬁ rig. 3, gives the ccaparison cf the descrnited above experimental
%; and theoretical results fcr diameteér D; ia the fcllowing designatioms

c§ work [6]:

¢ - partial flow cf argcn at the poirt teing investigated on

the ayle/azis of jet;

4 - constant the linear dependence of the coefficient of
. . s T )
vigcosity cn teamperature éj=(?hu which xust give the correct

vaiues of the coefficients ¢f the viscoaity cf the gases in question

i@ transcnic zone of flcu;

po - mem 2y ],

Smo m, a— |
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fo - the initial mclar concentraticp c¢f argon,

R s g o 2w =

SRy e X0,
VA

Smy-- pumber of Schmidt ir initial mjxture,

Zzis

R 2l
YA

m; and m, - mglecular masses cf argon and teliunm,

B = fomy ¢ (1-f,)m, - neutral sclecular teight of imitial

: gixture,

*="§-r¢Latlon of leat capacities fcr argon and helium,

¢o - thermal-diffusionp sense in initjal mixture,

Pig. 4, gives the ceperdence c¢f ccefficiert s om nulberke=r1%%QL

the jet in questiop for 1%-=5. i.€. Por khe case, vhen coefficieat S
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in this jet is in effect saximua.

As it follows from Fig. 4, critical anegpker re, for overall
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efficiency of S herve of the mixture in questicn is egual

aprroyimately to 70.

Analogous results sere obtained fer otier initial compositions
cf siyture argon helium, cther sonic nezzies, ard alsc during the

analysis of mixture nitrogen - helium.

The value of number e, in particular, fcr the maxinuw
separation ratio of mixture resained constant snd equal im our

exferiments approximately 70.

5. Need for determination of Ke number, wkich figures as for
Sherpan's theory with use of diameter xof sepvic part of flow in nozzle
throag, i.e., taking into account Lcundary layer, is connected,
apparéntly, with the fact that precisely in this part of flow with
its eypansion in vacuum apfpeéar those longjitudinal and radial

gradients, which prpoduce separatiop of migture¢.
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Page 113.

in connection with this it is interesting to note that, in
evideace of the authors ot works [9], experirental and obtained by
sethod cf characteristics ir werk [10] the calculated dependences M

(X/D) s which they play impertant rcle in Shermas's theory, will agree

vt T ate s Sahon L e - R




DOC = 78104206 PAGE 4‘!,‘

vell between themselves with the lcw nmusbers Regy only in such a case,
vhen &8s characteristic is utilized diameter, pcticeably smaller than
djaseser D, [in the work [6] dependence X (x/Dg) is determined

experimentally with sufficiently large mumlers Beg = 2400-7300].

Buring the discussiop cof another derjvaticy of present article -
derivation atout the existerce of nusber Rew— jt is necessary to
bear in mind, that Sherman’s theory is coast ucted on basis of

egquations for a nonvisccus gas, wrcng with the small Re pumbers.

Thus, the process of the separaticn of the binary gas mixture,
which escages into vacuum, it is re¢alized ip actuality and the laws
governing this process sben Re>Rew, are déscrited by Sherman's
theory. As concer.s the values of separatricn ratios, obtained in
crks [1] - [4]) and [5]), which, obviously, in tite first of them these
values are strongly overstated as a result c¢f the inadequacy of the
systems of analysis, ané in the latter are understated as a result of

the srall sensitivity of metering equipmeat.

Brom Sherman's theory shose validity is here confirmed
experimentally, and alsc frcm the fact cf tie existence of the
critical Re number, after achievement of which the separation ratio

tegins to decrease together with Re, can be pade two derivations:
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< effect of separation in practice cananot Le used during
obtaining of the superscnic rarefied flows in the underexpanded

nczzlas;

- effect of geparation can not be taker into attention during

cbtaining of the superscnic rarefied airficu.

In conclusion it is necessary to pote that during the execution
cf this work appeared wcrk [11], where are alsc given the results of
determining the partial flcuws cf argon and heliwr on the axles/axis of
fxree jet. Prom indicated work it dces 'pot fcllcy, vhich diameter as
characteristic must be selected for determining the Re number in
Sherman's theory, however, its results widl agree well with the
resulgs, obtained in the present wcrk. Fig. S; gives the comparison
cf the results of work [11] and of this work with D = Dy, which
relate¢ to the maximum separation ratios of sixture argon - heliun,

that escafpes behind sonic nczzle.
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