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Page 2.

External ballistics.-Ditriyeuskiy, A. J.* H.,

Rbachine-building", 1972, Fage 584.

In the took are set forth the ,thecetical tases of external

rocket ballistics and artillery shblls. Is Sives the basic

infcroation about forces a~d the mcments, tkicb act in flight on

rocket and projectile, is give# the sethod cf the compilation of the

equatAcns cf motiog of rockets and Lprojectl]es, is examined the

integration of these eqguaticns by aqal)tical and numerical methods

bltb the application/use of electrcqic coumites.

are proposed the methods of investigatics cf trajectories and

aEe gAven the concepts cf tke oEtiaua sclticas of the problems of

e.termal ballistics. Is estimated the effect c different

perturkation factors on the stability of flight. scattering of

tzajeetcries and exror for firing.

Are given the bases of the theory cf ccrrections and are set

forth the methods of the ccajilaticn cf the correcting formulas of

epternal ballistics and calculation of kallistic derivatives.
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Ate give4 the conc*FtE Of the exiecineUtI methods of external

tallistics.

the book is t~xtbock fcr the students ct schools of higher

technical education, and a]ic it caq be useful for

tecbn~cal-engineering Ncrkqrs. Table 31, jilust 188, the list cf

lit. 92 title.

Fags 3.

PREFACE.

in the book are prese4ted fundamentals of external rocKet

kallistics and prpjectilesi driving/mciing in the field of gravity

(skace flight to other Flanets here it is ,ct examined. This is

iadependeat large and ccallEx tbese).

Icr a period of many years, exterqal tallistics was occupied by

the sjudy Cf motio min and of the Frojectules ef barrel artillery

|jqces. With the develolment of rccket eqytieering and the

Ferfection/isprovement of tie theory cf rocket flight and

Fejeetiles, the series of question of ex-teina] tallistics

considerably was expanded. Aipeared uoks ccncezning external

balliltics of coatrcllakle tockets, the including special questions
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cf cptimigation and selecticn of the prcgraz of the motica of rocket.

Considerable development receimed the d*signed kallistic calculaticns

ct scattering trajectoies bith the firiqg icckets and artillery

shells. The application/use of comEater tech4nolcgy considerably

expanded the possibilities cf ballistic i svestigations.

the material, presented in the bcck, can te broken into ten

thematic sections, which illuminate the bas*s cf external ballistics.

Ia intrcduction is given detiniticr cf the -ubject and are formulated

the basic problems, solved in the course of external ballistics, they

at* bscught informaticn fzca the histccl of the development of the

thecrj of flight and external ballistics, aze 4cted the special

featus/peculiarities ci the flight cf different types of rockets and

pkcjectiles cf artillery Fieces-

In Chapters I and 11 are examiqed the cv" all theory of the

sctica of rockets and pxojectiles: tthe forces acd the moments. which

act ca Locket and projectile ip flight, tra;ectcries and motion

characteristics. The ccxmc;/genera1/total theory, presented in these

chajtots, det.rmises ccmmuaicaticn/ccnmectifV cf ballistics with

aerodynamics and b4eoretical mechanics. In (hakters III, 1V and V is

examined solution cf one ct the basic ksoblems cf external ballistics

- ccsEilation of toe differential equatioas of action of rockets and

cf ;r9jectiles. Chapters VI and VII are dedjcated to the methods of
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iat-egrating the equaticns of motion. In Chalter VIII is examined

statility of motion and the stabilizatica at rcckets and projectiles,

in chapter IX - effect of tbe methcds .of ccrtrcl on rocket ballistics

and puojectiles. Chapter X is dedicated to tie study of trajectcries.

Fsge 4.

In Chapter XI is examined the effect ct ditlerent perturbation

factors oq the dew.iaticrs cf trajectcr.y eleaenta from their values,

calculated for initial data, which ccrrescLd to technical

splciticaticns for rocket aEd to ttq characteristics of standard

atmasfhere, are given the ccnclusicq/derivaticzs of correcting

fcrmulas and the prccedcres of calculation ct corrections into

trajectory elements. In Cha~ters XII and Xlll ar examined the

special feature/peculiarities of the mcticr cf the rockets during

laupching/starting, the exrcrs for fixing, the sissile dispersion anid

lxcjectiles. Last XIV Chapter acquaints the reader with the

experibental methods of external tallistics.

Ixternal ballistics is based cq tke labs ,of mechanics, it is

clcsely related with aezodyzasics, ky gzavtaetry and the thecry cf

the figure of Earth, by metecrology.

Ballistic calculatica Sives all the bamic data on trajectories
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aad mqtioe characteristics ca the kasis of bhich it is possible to

jwdge the necessary parameters cf missile cz attillery coaplex as a

bbCeO,

St goes without saying that ccnteGts Ct the book by no means

ephausts entire diversity cf the Fzcbless, cc4frOnting external

tallistics. %he conteaFcrary state of the sciemce of the action cf

rcckets and artillery ste]l cf different t)pes is such, that many of

the e~aoined in the book questions ccnceraJmg its value can serve as

the okject/subject cf irdeFerdent tbectetical aqd experimental

it i;dies.

the author expresses sincere gratitude to dcctors of technical

sciences Prof. D. A. Pogcce]cv and Frcf. Tm. V. Chuyev for the

baluatle councils, expr'sssed by tel during irefaration of the

aaguscript for publicaticn, and is ex~ressec gratitude to the dcctcr

of technical 4cieqces N. P. Mazurov and Cando cf tech. sciences

docent Sh. Penalty-lary-Ii4zov, that made a series of the useful

cbservations which were taken into acccunt bith the modification of

the lasuscrijt.

the author thanks tke scientific edi.tcL evgineer S. F. Kol'tsova

icr work on the editing of the manuEcrijt, ind also all ccmrades, who

tcak part in the discus&icn of the aanuscrijt.
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the designaticns of ph)sical quantities are given in the book ini

acccxdance with the project of theGcst Ouility cf physical

All observations and wishes atcut contents of the book the

atbtox xe'uests to guide tc: !loscow, E 66, 1st Easmannyy per., 3,

fuklisbing hcuse "Machime-ktldig".

Ease S.

Frinci~al desigpations.

- cuentum vector of the body cf vaiiable mass.

-vector of the mcment of mcmentum of the body of variable mass.

T,. - kinetic energy of the lody of variable mass.

a - mass of the driving/moving body Irccket, jFrcjectile).

v- velocity of the center of mass of kody in aksolute motion.
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a- acceleration of the center ot mass cf tedy in absolute moticn.

v, - velocity of the center of mass of misail* body in translational

aSctica.

- acceleration of the center of mass of housing in translaticnal

mctica.

- the velocity of the center of mass of system huusin -

tuel/Eropellant - gases relative tc missilq tcdy.

a. - the acceleration at tke center of mass of system housing -

taeql/propellant - gases relative tc missile tody.

- resultant external force.

MF- - resultaqt reaction horce.

F f~ - Coriolis force.

Z - angular velocity vector of the cctaticn of missile body.

M, - total moMent of 42trtal fOrCeS telative to center of inertia.
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-total moment of reaction for-cqs .relative to center of inertia.

JJI',Z t, the moments of t~ke inertia cf rockcet relative to the axes

c~erd~nate system Oxivizi.j

JI~,*J1 ~1 J~ -products of inertia.

Q. - generalized force.

a - pitch angle.

V - yaw angle.

- Qll attitude.

9-flight path a~gle.

'P- angle of rotation of trajectcry.

v,- attitude of roll of the high-nse~d/ve~ocjity coordinate system.

-projection of tke velocity of bhC center of mass on axis

CjpA oA the startin~g coordinate system.



L40C 4 782O07101 PIA 30- C7

-qlevation of the veiccity cf the cetr of 3ais.

a-angle of attack.

-slip angle.

n.< - potential of the ±czcE of gravity.

nl. - potential of centrifugal inertial force.

r] - gravitational Fotertial.

g,- accelera~tion frcm, gravity force.

g acceleration frcu gravitational force.

9 angular rate of rotaticr of the Eath.

r,- geographic latitude.

qprx - geocentric latitude.

Eage 6.
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- 19zgitude.

n- cgitude of Acdal linE.

- total flying time.

*- azimuth.

a8 - angle of elevaticv.

- geopotential height.

9 - altitude.

p- air pressure (kg/c,2).

- mass air density.

h - air pressure in an Eg.

- ViZtual tqaperature.

Hl) - the function of a change in the air cEnsity with

height/altitude.



1O 8107101 EICI -4~

q -velocity head.

s - asea of maximum cross 44ct iom.

a - Mach quaker.

X - drag.

I - 14ft.

I - literal force.

CR - aerodynamic c9efficiemt of tctal asrctynamic force.

C. Cy,.CZ - aerodyanic ccetficients dur.4mg drag, lift and lateral

fences.

-pitc king- mosept coefficient.

inandm 1  rolling-someqt coefficientq anmd Cf yaw.

-stabilizing mcment.
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M, - damping moment.

liv) ,6v).K(v/a) - the force function o aiL resistance.

c - ballistic coefficient.

a - Bleed cf sound.

oil) the function of FrEssure change witb beigbt/altitude.

r - torque/mouent of surtice frictiop.

P- bench thrust.

Xv,, p,,zp, - ccntrol forces, %bicb act Iu the direction of oody axes.

- velocity of the c¢ntex cf mass ct tatet/Furpose.

V,, - velocity of the center cf mass of reciet.

xC - horizontal range.
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'4 MI - trajectory height.

L- 14near distance ovX tOf surface of thq Earth.

ol - crbital velocity.

V-1 - escape velocity.

2v_ - range angle.

S- eaight of projqctile.

Q... -fuel consumption Fpr second.

fagq

IBIDCDOCIOIN.

S1. SUBJECT AID PROBLEMS CI |zzSI zI 1LLZTICS.

the qcience Qf thq action of zcckets ard ;rojectiles is called

tllistics. By the study of the motica cf Flojectile in the bore of

artillery instrument is cccFled ittetigr kallistics. The sections of

Ister4cr ballistics, dedicated to the ezas;atJh; of the actiori of
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ItCjectile immediately after output tram bcze in the associated jet

ct that escaping fcllowing ky the 1rcjectile of gas, it is accepted

tc call iqtesediate ballistics.

the scieqce of rocket flight and projectiles after the cessation

ct their pcver interactica bith lauuching igatallation is called

estermal ballistics.

*crd "ballistics" symkethetic Greek wctd &throu ("AXw") ; from

the latter also occurred the name of tte first heavy projectile

installaticas which in cld times mere called kallists. The complex of

the questicons by which is cccutied external kallistics, trequently

they began at present tc call the thecry of flight. For example, name

"theoxy of rocket flight" kcth is comc. &and pale "external rocket

ballistics". Subsequently me will utilize kctb these names.

furtbdrmore, with the Fresectatics cf questicas of the overall theory

ct flight under term "projectile" be will understand controlled and

naguided rockets, the rctatiny artilleL)isbell, the spin-stabilized

missile, rifle bullet, finned mine and the irojictile of smooth-bore

system.

The projectile of can n-tyFe artillezy we mill call projectile

cc body of coastaqt mass, and rocket - projectile or body of variable

mass.
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4n spite of tho specific differOCe .a4u the ballistic problems

fcz different classes of rcckets and projectiles the setting of these

Erckless and their subsequent sclutict in many respects remain

ccoacetgeqeral/total. The action of rockels and projectiles is

sakordina ed one and the same las .cf aechatics and is described by

cae-type differential equations.

Eagg 8.

scat frequently are distingsished tte rigbt sides of the equations,

ubich contain the concrete/specific/actual ccaplex of the acting

fcaces and torgue/acuents. The differectial equations. which describe

the aqtion of the guided missiles aid 1zojectiles, connect

ccasunicaticn/coanections, 1laced ky tie ccjtxcl system.

The flight of unguided rockets, ain au Fxcjectiles of barrel

artillery pieces reFresents by itself a special case of tire

ccssca/gereral/total task at the aechanics cf ccntrclled flight.

Ixternal ballistics is occupied by the solution of four basic

prokidus.
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the first task consists of tka trajectccy calculation of the

motion of projectiles alcng irevicsl) knobt data. For the solution

Ct tkis problem, it is necessary first of all ccrrectly to determine,

which forces act on projectile in flight aqd kncw, which will be

tbeir value at each moment cf time. lacthz c*G should comprise the

differential equations cf actico cf iLojectile taking into dccount

all adting forces. as a result of the scluticp cf differential

equat4ons, are obtained all the sctico characteristics: velocity,

a"celaration. the fliyht time and ccordinatt of the center of sass on

bhich can be constructed tte trajectcx]. the first task occasionally

teferxed to as basic or direct Erocles cf extermal ballistics. The

mumbet of forces, which act cn Frojoctile dering motion, the

charaeter of their change in the Fzccoss of lotion, and also the

combe of equations, wbich describe notion, and their form they

depead on the designaticv/irjcse ci fzcjectile, its construction,

metbod of stabilizatiop in flight old the iled,acted trajectory of

motion.

The second, or the so-called zoeverse/iverse, task consists of

determining of the desisned ballistic data Ci action alony the

assigned tactical and tachrical data cf rocket cc artillery piece.

Ihe secoank task is direct-cannecteO with the tallistic design cf

system, isjortant stage of bhich in findinS tht optimum states cf

ectiom and flight trajectcres.
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The calculation of the attitude ceamrcl of different

dosigoatiou/purpose and the deterairaticq cl thG conditicas of their

ccqtrgllability is the third task cf estezszl tallistics. If rocket

cz fKrjectile are unstatle in Ilight, then, ctviously, it cdnnot be

it Vill be expected that they correctl) will flj in the assigned

dizecticn.

Isually ballistic calculations are cc|iucted in several

afcrotch/approximations. First during tallirtic design dre determined

the characteristics of the ideal trajectory ci the center of mass of

projectile taking into account the weight cl warhead and predicted

fiting distances Isaxizvu atd sLniaus). As a result of these

calculations, is establish/installfd tke advisakility of the selected

method of control, the form of trajectcry, its curvature, the values

ct taSenDtial and normal acceleraticrs. Are deteraiied the motion

characteristics of projectile upon its rendezvcvs for target/purpose

and th, characteristics of scattering.

Ig4 Io

Is the process of desigt and manufacture ot missile (artillery)

ccsjlsm ballistic calculations are rektat4c uith introduction in
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them the 4ew specified data ca projectile..the system of contrcl and

stakilization. The applicaticn cf the selected methods of control and

stakilization of rockets and projectiles, uick ensure the high

accuracy of firing, is the Eart of ccamcn/SinEral/tctal staLility

irakles of motion, in mkich external ballistics most closely comes

iatc acntact with questions of contrcl cf fligkt. Furthermore,

external ballistics gives kasic infcroatio* for developing of rules

amd receiticn/procadures of aiming and fir lcg.

Designed trajectory calculaticqs are ccnducted, as a rule, for

the ideally carried out Frc-ectile ordex the average/mean

neteozclogical co~ditiols. accepted as nomizal However, appears in

actuality a number Of factors, calling the ceviation of prcjectile in

fllight from calculated tra-ectcry. Scatterirg the trajectories of

seearAte shots can depend kcth on structural/design and technological

reascas (for example, from caused ly tiem iC the rockets eccentricity

of thzustj and on tie deviatices of flight ccditions on the

calculated, for example, trcm a change in tie weather factors, the

ncmunlforn erosion/clisax cl nczzle thxca.t and cf the jet vanes,

inadequacy of the system cf control, etc. Ike study of the factcrs,

vhich affect scattering cf the trajectcries of projectiles, and the

eoamination of the uethcds cf decrqazimg of scattering and increase

c the accuracy of firing they are the foutth task of external

tallistics.

L.
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the ccmplex questicns, which require separate examination, they

are the theory cf rccket flight as elastic Lod) and the theory of

iccket flight taking into account the acticr of liquid filler

(feel/propellant). In tbese sectiors tke tbecr) of flight closely

ccmes into contact with vikraticn tbeory [1, 32].

During the solutiop of the prchleas of the theory of rocket

flight and projectiles, tke larger .cuuber cl acting factors with

smaller number of assumpticns can te taken intc account when

conducting of calculaticns in the electronic calculating and analog

ccmpE.ters. Is sufficiently bidely utilized *eisc the universal, but

very laborious method of nuserical ittegration %ith the

aElication/use of manual calculating automatic machines and only

small class of comparativel) simple tasks it can be solved by tabular

and analytical methods. Furely kinematic methedE are applied in

essence for the qualitative studies cf guided-missile control,

intended for dealing with mcving targets ox which start frcm mobile

unitsn

§ 2. Irom the history of the develciment of the theory ot flight.

By its contemporar) highly developed state jet-propulsion and
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artillery technology is due to a coqsiderakle eltent to Russian

science.

1ag9 IC.

the first generalized informaticn about r.cckets and projectiles

cf cammon-type artillery it is Ecssible to find in the Dook the

mregulations of the military, canncq and otter kodies, which ccncern

with military science", uritte; to Caisia lakha)lov and final in

162C.

At the time of the appkarance of tbe first scientitic works in

the region of rocket enSivEering eiteLual kallistics of th'e

pzcjeatiles of barrel artillery piEces was lccated on the

sufficiently high level of develcient. The first theoretically

substantiated work accordinS to the trajectcry calculaticn the freely

iroje¢tile is written by G. Galilec (1564-U42) and it is Frinted in

Eolcgea in 1638. From this bork it kecame it is known that if we do

nct cQcsider the air resistacce, bct tke acceleration ot gravity to

take ccnstant on value and directicn, then the trajectory, described

ty Fr9jectile, will be jarakola.

At is obvious that tc %se Farabclic theory is possible only when

the adcpted during her conclusion/deriwat.ic; assumptions
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-igni~icdAtly do not affect tke results of calculations. First Cf cdl

this As related to the Fossibility of inEglect cf the air rEsistance.

Ind of the XVI1 century and beginning XV11] signify themselves

ty the increased interest iE the study cf tke effect of the air

Kesistance on the flight of the rapidly flying tcdies. The first

works ca the study of tte effect cf IEdium cn tkose moving in it it

is thabed they belong tc E4lish schclarly i. bewton (1b43-1727).

lebton's works were related to the lcw spEces cf the motion of bodies

ard were partially confirmed by later investigations.

Ite experiments, ccnnected bith the measurement of th-e initial

velcc~ty of projectile, were conducted for tke first time in Russia

in 1727, and the first description cf experiments regarding air

rE$istance to motics of spherical gut bullets fcr considerable for

thcse times velocities (!2C m/s) can te fourd i; the book of the

Englishman of B. Robinsa, uwkc left in 1742.

Ite first solution cf the jrchlel cf tke Kction of projectile

taking into account the air resistaqce was made in 1753 by a member

ct the russian Academy cf Sciences ty 1. Euler and it is published in

1755 [63]. Later, in 1375, to them in famoua mcrk the

"ccmamn/general/total principles of the acticn cf liquidsu was placed

the teginning tc aerchydrcdramics.
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the first scientific investigaticvs in the field of rocketry

telcng to Bussian artilleryman to General 9. 1. Konstantincv

11818-l187), who headed since 1849. FeterskLrg rocket institution and

such made for an inrovement in the orgaaivatict of production and

technglogy of the manufacture of rcckets. Ccnstantine is described

the physical essence of tIe moticn cf xccket acd is noted equality

iscreAses in the momentim of rocket and cseatuy of the

tscape/ensuing from it Sasi

.4

Fase 11.

Ey bin is also made imj;rtart the ccrolcscr that eccentricity of

reactjcu force is the tasic reascn , which 4Eflects rocket from the

initiAl uirection of moticn, and is shcun tie advisability of the

cranking of fiO-statilied rockets fcr |uricse of an improvement in

the adcuracy of fire.

The greatest develcpment rocket artillery cf that time achieved

in the first half the XIX century. Slbsequettly the poor closely

grcuped fire of rockets and the successes Is this respect of barrel

tirearEs led to the fact that tor a jr4lontd .time the coatat

iissiles were completely zmoved fezt the axnanent of the armies of
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all cquntries.. The thecry cl flight is develc~ed in essence in

aiFlicatioa to the projectiles of cancan-tyle artillery, but it is

later, from eqdilead the XIX century, and ir application tc the

demands of the begun viclectly tc te develcied aviation.

in 1820 in Russia, was institrted the artillery school,

ccavezted in 1855 into artillery academy. Ike development ct external

tallistics in many respects is connected with these educational

* iaqtitutions. In particular, by the Excfessscr of the artillery school

V. A. Ankudovichem was britten the first tE*tkcck on external

tallistics, published in 1836. In artillery academy from 1855 through

1858 ;f lecture o4 external kallistics. neac noted Russian

mathematician M. V.. Ostzogradskiy, for the first time in general fcrm

hbb solved the complex rcb]eI of the ictict cf the spherical

LctatAng projectile in air.

Since 1858 the schcol cf bussian tallistics headed by talented

scientist designer N. V. Ma)evskiy, bkc m.uch made for developinq the

Bussian artillery and, in particular, in .ttc field of study of the

air resistance at high rates cf the action cf Frojectiles, and also

the study of the rotary uction of cklcog pzrjectiles. in his wcrk

"atout the effect cf rctary mcticn cn the flight of oblong

I.rcjeotiles iq air", pu.lished in 1865, N. 1. Payevskiy demonstrated

fcr the first time the existence of the ascillatcry motion of the
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lcngitudinal axis qf projectile in flight ard he investigated the

[roFerties of this zoticn. Under bis marageuent were created many

Scviet artillery pieces. very aoderq for tbcse times. N. V.

La.yevskiygs works continued his student, well-k;cvn scholar N. A.

2abudskiy (1853-1917).

in 1881 revolutionary and seater of the "Naxodnaya Volya", N. 1.

Bibal~chick, being located in the Friscn belore execution, created

the first in the wcrld jrcject cf &ccket craft for a manned flight.

historical izterest represent the borki of the Petersburg

inventcr of A. P. Fedoxov and the FuLlished ty it article the "new

method of flight, which eliuinates tte ataospbere as

suporting/reference nediuu". Article a&peazed in the eightieth years

cf East century and drew researchers's attexticq to questions cf the

thecry cf rocket flight.

the bases of contemporary rocket dynamics mere laid in the works

cf Sussian scholar 1. V. neshcberskiy ard 1. S. Tsiolkovskiy.

Fage 12.

[he outstanding teacber-scientist, fzofessci Ivan Vsevolodovich

neshcherskiy (1859-1935) in his works cn theoretical mechanics formed
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an equation of the moticn ct the kcdie$ of lie variable mass to which

cee should relate rocket. Ie compiled te *SuatJcn of the vertical

sptica of rocket.

the bases of the tiecry of ccsacnautics aud rocket engineering

ilaced our great compatrict Constantine Bduardcvich Tsiolkcvskiy. In

hjs early works K. E. siclkcvskiy figuratiiel) explained the essence

cf reactive motion based on the examFle of the displacement/movement

of shhF under the acticn cf recoil fcrco tkat stand on besides the

rapid-firing, continuously shooting quo. After the science fiction

nazatives "o4 moon, "dreams about the eaxti/grcund and the sky and

the e4fects of gravitaticnal attractici" K' E. lsiolkovskiy published

in 1903 work the "investigation of euter ajac* ty reactive

imstrumentso. rn this wcrk is given kncun fcraula for determining the

maximu velocity ot the nction of recket ot the assumption that air

resistance and gravitaticnal force are abset.

after foreseeing development ot jet/reactive technology and

relyimg on his theoretical studiesj A. 1. 7ziclkcvskiy introduced a

sexies cf the valuable pzoositiocs, rtalized ccmsiderably later on

the higher level of develcksent of %crld scjeQce and technology. this

is related to his ideas of the use cf a ligjid fuel for the jet

engines of the rockets during flights up tc large distances, a[Flying

the jet vanes for rccket ccmtcl, %bicb act, also, in the vacuum
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where usual aircraft air vares dc Xct give tecefsary effect.

Tsiolovskiy also Froposed far cbtaining high velocities to utilize

ccm~curd/cosEosite multi stage rockfts. Witkcut the realization cf

this idea. wculd be at 1resert urthickable the flight of nose cone up

tp lasge distances. Is widely utilized during car days the idea of

the autcoation of ccntrcl ct ectict cf kigbapead aircraft and

rockets, proposed to Tsiclkovskiy.

At preseqt the intLoduction of autcaatac flight contrcl of

rpckets made it possible tc attain the high accuracy of firing.

Beginning to extreme scluticns in tbe .tieot) ci flight, iq

paxti4ular, to setting the cptimum states at action of rockets, was

ilaced by the solution cf the so-callEd seccad task of Tsiolkcvskiy.

cpnsisting of the determination of suck laws of a change in the mass

cf rocket and its velocity In time, at bhicb it is possible to expect

greatest climbing range cf rocket.

Daring the study of the effect of air aesistance on the

driving/moving body K. 1. Isiclkcvskij foorsed attention on the

licblel of heating the Lcdies, flyjs In alr with high rates, known

nov by the name problems at aerodyctaic heatiog and having enocrecus

lage 33.
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Among Soviet researchers, bhc wcrked it the tield of rocket

emgin*eriag i4 the period of its oxigim/coqception/initiation, one

shculd call/name ope of the first students A. E. Tsiolkovskiy gifted

Engineer F. A. lsander I1E67-1933) ard iE#4.rtor of Yu. V. Kondratyuk.

PPE the FopulariZation of tte Jet/leactiVe IriSciple of motion, such

made 1. A. Byqin, who Futlished during tke jeats 1928-1932 works

"UIteflaretary flights". Va. I. Perellman, 1. .. Tsander.

4t is logical that under conditicza of tsaiist Russia, and what

is nore during the weak devElcjment cf techtclcgy of idea of K. E.

siclkcvskiy and his students did nct cbtahi the development. but his

transactions - proper acknowledgement. CqrlJ mitt the Soviet regise,

which jays enormous attention to new technelcgyj and to the guide the

wcrk 9f many scientists, design and Flant ccllectives to the solution

c4 fosemost scientific-technical prctless, it was possible to attain

eacimqus and known to entire peace/world results.

In 1918 on the initiative of Vladimir Ilyich Lenin, was

initiated the organizatica of central aeroh)drcdynamic institute

(2sAGS [Central Institute of Aereh)drcdynamics is. N. Ye

Zbukouskiy]). The founder of TsJGI was .the largest Russian

sqiuntlist-aerodynasmicist Iichclas Yegotcvicb Zhukovskiy, who



COC 781407101 fAJGE -2-

develqped the bases of the aerodynamic desihns cf flight vehicles and

flight dynamics.

The first exprimental works €q aezodytasicist by N. Ye.

lbkovskiy conducted in Moscow University aid acscow hianestest

tecbn4cal school (NVTU (fcsccv 4.igter lechnical School])

ncwn to entire world schclar academicians A. N. Tupolev, B. N.

Yurlydwv A. A. &rhangql'skiy, B. i. Stechkin, %. V. Golubyov and a

"h4b1e series of the designers and scientist* weze the students of N.

1. Joskowski, but many of tem - ty semner& of the scientific student

small circle. orgapized by 9. le. Zhukovskij it MV'Z. On the

initittive of N. 1q. Zbukciskiy it 1919, sai organized the Roscow

izatittte cf the enginqers cf the air fleet, cc;verted in 1922 into

the a~r force academy, sow kearing his name.

the ccntempozary science cf flight dynamics in many respects is

due tq scientists of N. le. 2hukcvskil jrotfsscrs V. P. Vetchinkin,

1. 1. Catoslavskil, V. S. Vedeov, V. S. Pyskmov9 the professors cf

the az force engiaeeritg acadeny D; A. Ve'ttsell, G. F. Burago,

academician V. S. Pugaciev and maPy ctitrs.

tc the pen of N. te. 4ukovskiy heloaces the work "about the

strength of xotio4" , writte - by him it 1812. Ibis investijation

together with noted Russia; mathenatician A. M. Lyapunovts work
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-ccomn/general/total task cf stability of noticn, written in 1892,

thae imitiated to the develc(aent cf the Sciiet science of stability

cf actics and stabilizaticn of flight vehicles.

in 1918 by the decisicr of Soviet government, was dlsc created

the cpcstartly acting tcard cf sFecial artillerj experiments

#ECSAI!OP), which charged the solutico of tke Frcblems, connected

bith the creation vt artillery Fieces.

EaSe 14.

In the commission truitfull) worked the greatest

scbclazz-artillerymen V. n. Trofimcv, U. 1. Erczdov, G. P.

Iispeaskiy, academicians b. Ye. Zhukovskiy, 1. V. Krylov, S. A.

Cha.1 in. Sc, by acadesician 1. N. Ptylov during the years 1917-1918

was developed the method of the numerical irteration of the

diftetential equations cf acticn cf itojectiles, utilized at present,

alsc, for the case of deteraining the moticL characteristics of the

rockets of different disigzaticn/purIcse.

By the founder of tke ieV brarch .cf aetzcdyunaics - gas dynamics

r ight~ully is couqtted academician Sergey Alikseyevich Cdaplygin

(1169-1942) one of the most talented studerts ,cf N. Te. Zhukovskiy.

Headed by S. A. CkaFlygin acre than 10 years central aerohydrodynamic
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isstitcte raFidly exceecad the one-tyFe scijntitic research

isititutes of ZuroFe and America cp the spttadiscoFe of works, tc

*qviujEalt and their sciettitic sigjiticaIce. Ic the end/lead of his

life, S. A. Chaplygin remained the sciettilic leader of Soviet gas

aetcdyndmics. its many FCkless, ccomucted bith the theory of flight,

arq svlved by the sciettists ct S. A. .Chapl)git's school, by

academicians N. V. Keld)sb, H. A. Lavrentye,. L. I. Seduv, S. A.

Jthristiauovich and ky many cthers.

The development of external tallistics is inseparauly connected

bith *be solution cf practical Suestict& qf the creation of rocket

aid astillery pieces. the teginninS cf planted theoretical and

eczerimental investigaticnas in the USSR in Locket engineering were

voiks gas-dynamic of the latoratoxy, organized in 1921 in Poscow. In

152) the laboratory was reiccated iipto Lenl.zcgrad and is was been

called name GDL. During tke years 1S31-193; are created the groups of

the study of the reactive oction (GIOD), iq which worked the

estbusiasts cf rocketry F. J. Tsander, S. f. Kcrciev, M. K.

Iibomravov, Tu. k. Pobtdcocstsev et al. It GIIr were designed,

c.cnststcted, made and tested in fligbt the iirst Soviet rockets. In

1933 GDL and GIRD were united into the first i the world state

]st/rsactive scientific research irstitute 411). In the 30's

eagineer-scholar V. 1. lik.csirov, I. A. AttmsOyev, B. S.

fetzopavlovsiy. G. E. Langenak. etc. desigaid the first Soviet combat
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rccket iroJectile* on solid fuel. these prc;ectiles with certain

modification were used in tke Great fatriotic War 1941-IS45. The

achievements of coatemporar) external lalLJiatics were utilized also

during the creation of artillery iieces. Laige successes attained

design collectives, led ty scholars-artilerymer V. G. Grabin, E. I.

Shavysin, I. I. Ivanov, 1. t. Petrov a~d otker Zoviet designers.

In the beginning qf the Second world har when firing distarces

the small unguided rockets frocket Ftojectiles) were small and on the

Etitctural/design form cf rccket they t~s).pEd Frojectile or sine,

system of equations, descriting the motion tf their center cf Eass,

it di4fered little from system of equatiowas, describing the motion of

thq projectile of cannon-tyle artiller.. Pc- determining the air

resistance. it was of sufficient use standard functions cf air

resistaNce or the sc-called laws of air resista~ce.

Ease 35.

lith an increase in the flyipq ranges, and respectively also the

rtres ct notion, with tke introduction cf ccntrcl and the

comil~catic of constructicss and fcrIs of rcckets, equation, which

descr~te their notion, considerably they vte ccmplicated. Was

rejuised use in the wide scales cf cCntspcLralz aero- and gas

dycam4cs, highly developed in applicaticq tc tke demands of aircraft
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cccstACctiont. To the scluticn of the tasks, cccsected with the

ccpstxucticn of rockets, they began tc be drabn scholars-specialists

Is the region of dynamic stability, autcaatic regulation, jilotless

ccqtril aqd iqducticn tc target/Furicse.

Ite theory of the fligit cf tke guided tallistic missiles,

iatended fcr a firing tc very long ranc, tie farth satellites and

intet lanetary vehicles requires tke widest Farticipation also the

astroacners, specialists it the fiEld cf celestial mechanics. The

elliftical theory of the action of Flanetse which beyan to be

develgFed from the times ct I. KeFler 11571-16 C) and of I. Newton,

tc cur time is considexatly imprcved and successfully is dj lied for

the calculation of the motico of satellites and space routes.

Ccnsiderable role in the creatico cf tbe oierall theory of the notion

ct tockets belongs to Scviet scientists, the jccfessors o the aosccw

state university A. A. Icsmcdesiansk aid E. E. Ckhotsiasioiy.

Zs interesting the histcry cf the develckment of the theory of

the flight of the guided aimed missiles, istedid for dealing fcr the

last ncviqg target/Furises cr started from the fast-moving carriers

Iships, aircraft, tanks). Fcr the first time tie task of tLe mcticr

cf jcnt alcng the curve cf "pursLit" was Flaced even in the

sisteenth century Leonardo re Vinchi; however, its this work remained

umkocu to the end/lead of the nineteenth cartury. Beginning frcm the
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first decades of the eighteenth century a series of the scientists in

aany ccuntries was examined the kiLesatics cf the motion of two

1cints during their ap~roact along the curve Co "pursuit" and

thrqe-Foint curved.

the idea of contrcl cf moving cbjects at a distance arose

together with the beginning of develclmett dlectric coupling in the

teginning of the nineteentb centux). At .the end of the nineteenth

century, was proposed a series of the systeas, radio-contrclled. It

is later, beginning with the Second Vorld Ver, for the trajectcry

calculation of the rocket jicjectile- bith tencte control, which are

aised for the mobile otjectives, it was regcired the creaticn cf

sp4cial theory. Here as the Lasis cf iqibial iovestigations, lay the

kacun method of th.e firing cf cannco-tyFe artillery into set forward

1 cint and the theory of dogfight, detailed in ccnnection with the

actions of fighter aviaticn. It is lcgical that the first works in

this directicq bore alsc Eurely kisematk ctaracter. The complex

dy4amAc problems of the thecry of the tliykt of cuntrollable rcckets,

ietended for dealing fcL the fast acviag taiget/Furposes,

successfully are solved at iresent ty Scviet scientists.

lags 16. I,

Great difficulties are encountered during the solution of the
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reverse problem when appear tbemselwes the mcst advantageous oFtimum

states cf motion of rociets. Basic ucrks ir this direction are

jablished by Soviet scientists by A. AA Kc*4cdesidnsky, D. Ye.

Ckhctsimskiy, T. M. Ene)ev, L. A. Iogorelov, 6. F. Appazcv, 1. N.

Sadcvskiy et al.

the creation qf the octtemForary multiatage rockets, which are

technical the base cf slace flights, requirtd tke encrmous creative

etfort/forces of the laige collectives pf tke scientists, designers,

engineers and workers. leader of one of the ccllectives, who prerared

the assault cf space, was academician Serge) Favlovich Korolev

(1906-1966) - the creatcr of many Scviet rcckets.

carrier rocket with space ship "Scyuz" in flight is represented

is Fit. 0.1. Figures O.Z shcvs a versicp of surface-to-air missile on

trcops's parade army's Soviet. Artillery wee[crs are showq on Fig.

C. 3.

§3j SIECIAL FEATURES Of FLIGHT OF CIPFNBI2 ITEES OF ROCKETS.

firing dista4ce, tie trajectcty cf acticV, the method of

stabilization and contrcl and 9ther kallistic azd structural/design

characteristics of zockets axe direct-cccuseted with their

desigmatiog/Furpose. DeFending on the lecatice cf starting device and
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tazget/purFose, it is accepted to divide ccckets into four class:

"surface-to-surface" (" sLtrface-tc-fLrtace", "ship-to-ship",

"ship-to-shore" and "shore-to-shiF) ; 9surtice-tc-air"

(Osurgace-to-air-, tlshif-tG-air") ; *air-to-iirl"

(airaaft-to-aircraftU; "aircraft-tc-rccketm) and "air-to-surface".

lurthermore, rockets divide ictc ccqtrclled and unguided.

Cc;trqlled rocket is sulplied vith tie coticl system and possesses

Frojerty to forcedly change ucticr chazacteListics in the process oi

flight. When for some reascr ccntrcl is switchEd off, rocket flight

keccmas unguided. But it xccket does nct hate a control system, then

it is called unguided. unguided are the roctet projectiles, the

tactical missiles, anti-tark, zenith, aviaticn and others. Figures

C.4 deFicts the design concept of aviation Lnquided rocket with the

cFfned tail assembly. Tie urguided flight can ke realized with

cierating and working e*gi°e. unguided is t e flight of th~e

sti4-stabilized missiles aad projectiles cf larrel artillery pieces

amd m;ttars.
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rae17.

fig. 0.1. Carrier rocket w.Ith space -ebij "Scyuz" in flight.



fig. *.* sotacwtoai 
jsI G

fig.
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Is the theory o flight. it is accepted to ccesider the unguided

flight as special case cf cctcolled flight, hean control forces and

tlz&ue/mcnents are equal tc zexo.

If ue do not examine the Fossikle patterns of the technical

realization of control, it is possible to ccent that the controlled

flight is of two forms. 1hese are the flight according to program,

which cccurs with the okservance of the pr4dtqrmined law ct change

cf scme one or sevqral sctics cbaracteri.stics, and flight without the

URedeteruired laws of characteristic change. deteLmining the

trajectory of motion.

lost frequently flight acccrdiag tc pigcyam is realized if

necessary to strike from fixed starting device a fixed target, tc

derive rocket to the giver Foict cf space cr to have in the specific

time the assigned motion characteristics., Ir accordance with the

kasic designation/purpcse ,l rccket plevictsl) can be programmed:

the change in the time of the angles of the slcle of axis of rccket

tc coqrdinate axes in vertical and bor.izoqtl planes, the change in

the coordinates, which ensures obtainiog tke specific parameters of

trajeCtory, change in the amount of the thrust and rate or motion, a

change in the forces and toigue/octents, accelerations and j-forces.
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As an example of rockets with programmed cCitxc¢, it is possible to

give the rockets of class *surface-tc-surfacce- majority of which is

qcctcql/guided by a change in the angle of the slope of longitudinal

axis tc the horizon, vbJck lays cut cf the trajectory of motion in

vertical plane. Figures G.5 gives Fattexq cI such ballistic missile

with onginq ca solid fuel, intended for flight to relatively long

raggeA As controls serve air and jet vanes.
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fig. 0.4. Aviation unguided rocket Vitb exicsid tail asseatly: 1 -

fuse; 2 - warhead; 3 - zocket camera/cbambei with grains; 4 - nozzle

exit; 5 - opened tail assently.

rage 2C.

The typical trajectory cf tie acticn of the tallistic missile during

startng/launching from the surface cf the lartb is shown cn Fig.

O.6a. The schematic of tke trajectcr) ct aizborve ballistic rocket,

ccptxglled according to Frogram. is giveq tc Fig. 0.6b. Figures 0.7

shews the trajectories c tie moticq of wimSed missile and rocket

glides, that have Exogreamed contrcl. linget misile (Fig. 0.8), as a

rule, starts frcu inclined guides, tbee charSes into horizcntal

coqstant-level flight tc target area kere it transfer/coaverts into

dive tc target/purose. Previously tyj Eogtam is assigned flight

altitude. Of rocket glider the program must egsure takeoff along the
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JIedetermined trajectory anc, upon reactinS cf cptimum height,

Sradual transition to tie ccnditicjscde ct the gliding descent.

flight according to jrcgram dces nct eJiminate the possibility

cf the correction qf mcticc characteristic* i. the process of the

cu.untering of the disturkavce/Fertcrkatioms, ubhich attempt to deflect

rccket from the assigned programmed tra~ectcry. For example, the

starting/launching of tke artificial Earbh Eatellites and the

sFacecraft is conducted acccrding ta tke Ezevicusly designed program,

carried into on-board program unit. ill the deviaticons from design

characteristics of soticn are detected with sears ground-based

ccgtrql/check, and command radio transsittEr transmits correcticn for

the elimination of these deviatioCs thicugh the cn-board receiver to

the sjstem of the flight ccntrol. A similar correction of the

pregranmed coqtrolled flight prcvide .the .high accuracy of the

cciclusicj/derivation of flight vekicle intc tie fixed point of space

and obtaining the assigred acticn characteristics.

Suriqg controlled Iligkt bithcut Frogrca, almost always is

assumed either the induction of rocket to tle scved target/pur[cse,

c& fizing from the driving/acving startiqg cevice. In some cases can

be moved the starting device and target/.puicjse as, for example, with

the f4ling the air-ito-air missiles; in qthit casqs target/purpcse cL

st&Lt4mg device are fixed. figures Q.9 sEovs the schematic of the

c-oqttelle. aircraft rocket, intendtd fox a dogfight.
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2

3

4

5

fig. 0.5. Ballistic solid fuel rocket: "Pexihivg": 1 -nose cone with

bachead; 2 - section with the equipment of Suidance and control

system; 3 - second-,stage engine; 4 - aerodyamic controls of the

seccnd step/stage; 5 - system of stagE sepfLatice; 6 - gas governing

cntiqls of the second steE/stage; 7 - first-stage engine; 8 -

aszcdjnamic governing ccntrcls of first steac; 9 - gas governing

ccqtrqls of first stage.

Eage 21.
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The mqtion characteristics ct such guided .mis iles depend cn the

octicm characteristics of target/pur~ose aot carrier of starting

device. Communicaticn/ccnrecticn betweer tbe uction characteristics

cf rocket and target is acccmplisbed tk tht c" trol system which must

easurte the colclusion/derivaticn of rccket al tc the distance with

which the work cf its warhead till ersze kill. The trajectories of

*vch guided missiles were called tie trajectcries of induction.

Irajeatories of iziducticn - ccaflez *jace CLLes.

4s known the ccmbicaticn cf bcth frincifles of rocket control.
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fig. 0.6. the forms of the trajectczies of aitferent ballistic

missiles: a) the trajectcry of the tallistic missile, which starts

tram the surface of the Earth; b) the trajectoZ of airborne

kallistic rocket.

Fig. 0.7. Standard trajectcries: 1 - ving~d missile; 2 -

ilannng/gliding ballistic cruise missile.

Fage 22.
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Fcr eaample, At is Possitle to itself tc Flesect AA guided missile

4aqtiaircraft guided miasile), in the wcrk ct first stage cf which

the mqtion is realized acccidieg tc the prcyLal, which dssigns the

sfeci4ic fcrm of trajectory; in the wcrk ,of the subsequent

Step/stages, the Motion is Lealized alcng tit trajectory of

induction, which delends cq the *cticr characteuistics of

target/purfosq. Schematic of antiaircraft guided missile is shcwn on

I.i 9. 0.10.

Ike systems of the flight ccntrcl cf rcckets work in the

majcrtty of the cases according to tke Frinciple of servo systems.

This principle is instituted on the ccmparifco cf the assigned and

actual values of the governing parametex. lie difference bEtveen them

serves as the source of the error signal ubicb after conversion acts

ca ccntrolB of flight F[ic1 to the tctque/mcqe~t when the error

sigral becomes equal tq zerc.

Ccnsidering rocket solid body, in the scst general case it is

fcssikle in a specific sacret tc ckange in the time of the

characteristic of its moticn along six aegrees ct freedom. In

actuality for the scluticn cf the Fraotical Excklems to control/guide

Scticn characteristics aloqg all six degrees cf freedom it is not

requixed, since many parameters cf actic4 aie interconnected between

themselves. For example, changing the angle tetween direction of
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welcc4tY vectOr and by the axis of xccket, It if possible to change

in tiqe of the coordinate cl the certer of sass of rocket.



LOC ) 78107101 PAGE -51

t 3 4 5 7i

fi. 0.8. The vinged missile: I - lccatcr C1 booing system; 2 and 6 -

eqUi3ent for control; 3 - warhead; 4 - fuel teek; 5 - wing; 7 -

eustaner engine; 8 - rudder; 9- eqgiqe nczzle; I0 - bocster engine;

11 - air intake of engine.

1 2 3 *

Fig. 0.9. Guided aircraft rccket U5idevind*L": I - self-holing head:

- gqveaninq contrcls; 3 - missile kody wjtb ergine; 4 - stabilizer.

Fdcje 13.

la Lo41 constructions for tie goveiqing patiletEr, is dccoeted or the

aagle between the axis cf rocket and any krcvq cikection (cr Flane),

aitbes the icsitiop of the center cf mass ct rccket of the relatively

1&1determined direction of motion, or ary CtiEL characteristic.
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Bach servo system cf 1?.ET Cisstitute of metallurgy im.

A. A. Eadykcv]: the measurinc device, which Ceteruifle5 eiyenvalue cf

the qgverning, jaravetei; tie device tunit) ct ccmpariSOIk Of the

assigued and actual values cf the goVering jarameters,

ccDEaumftica/j roduction/5eneraticn cf tie exicr signal and conticl

ccamauds; actuating elevents in the fctm oft steering organ/controls

and drives for them (control actuators). B5tidez these b~asic partq,

ccntxql system, have various kinds the amplifiers, which integrate,

ccqverting and con ensators. The tasic coriecticn of servo systems is

* directed toward a reductica/descent in the ill effect of the inertia

I Leteties of system. fon tkis, with tie fcruaticn cf COntLci

ccamamd, are introduced tie su~plemzirtaxy signals, proportional to

velcity and the acceleraticn of a change it the governing Farameter.

furthermore, into the ccutrcl system ate iqtroduced the devices,

%hich lower the effect ci tie varicus hindfi of interference/jamninys.

In accordance with twc princi~.1es cf ccrtxclled flight presented

suksequently, let us divide rocket& intc cctrxclled according to

Ircgzas and controlled according tc guidanct method into

target/purfose.

-fhe ccntrol systems car be also divideG irto two large groups-

intc actcnomous and command systems. Under zutctcmous let us

usderstand such systems, bhcse steering is ccocentrated on board
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rccket. Track-command quidarce asfseE the ijesence of the separate

jcintzitea, which develcs commands and whicb transmits by their one

CL the other method onbcard of rocket. 1q Irinciple autonomcus and

ccamand systems cam realize ExcgrasmEd flight and flight along the

trajectcry of induction.

Actonomous systems fcr programmed fliSkt mist have the ontcard

equipment, which determines the icsitict of rocket of the relatively

Freviqtsly selected coordiqate system. At Fresent are well known

autcnpmcus systems with gyrcsccfic czieytatica.
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4

Fi~g. 0.10. Antiaircraft guided missile: 1I stakilizer of first

stage; 2 - first stage of rccket; 3 - statilizer of the second

stei/stage; 4 -second stage of rocket; 5 - rotary governing wing; 6-

wazbead;- 7 - fuse.

Eage 214.

[he gyroscope or the gyxcsccjpes, estat:1i~b/installed on rocket,

reali~e fixed coordinate system, relative to wkich is determined the
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jositica of axis of rocket, and is estatlisL/imstalled its deviatiot,

fvcz directicn, by iredetermined izcgran; S~xocopes develc the

ericr siygal which after coiversior enters the steering

czgan/ccntrols, which cbange the missile kledirS until the axis cf

rocket engages the Eositic4, establish/installed by program.

Autoqomous inertial system is called tke system, which has on

tcard acceleratio4 pickups (accelercoeters). The integration of the

continuously measured accelerations in the cntcard computing

e9I ifment makes it Fossitle tc detersine the velocity of motion and

disFlacement/movement of rocket. Luring the ccajarison of these

values with Frcgramed, are develcied .tbe ccntrcl signals. are known

the mjxed systems, which base the gyrcscopic ard inertial senscrs of

tbe disagreement/mismatch ci the gcverving jaraseters.

The autonomous ccmtrcl systems, which realize target homing

bithost the predetermined prcyram cf actice, stst have devices, which

determine autcmatically the jcsiticr cf rocket relative to

taiget/FurFose and corres~crdingly chanSinc Leading. Such devices are

called boaing heads. Tke scxrce cf tke erxcz signal can be, for

example, angle P between the axis cf Locket and the direction in

target/Furpose (Fig. 0.11). In the Leads of active homing, is

utilized some fcrm of tadiait energj bhcse source is

establish/installed on rocket. The reflect*& ftca target/purpose
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teas$ recover by self-hcsi4c bead am are ccnvexted into .5teering

ispilses.

lith the command ccntrcl of rocket to tat~et/purpose trom the

sokparate pciet/ites, atzascge/located cust of rocket, is determined the

xelat~ve position of rocket and target./Furicsie. Control commands in

the fqra of the signals are accept~d cc rociet, they are ccnverted

ad are transferred to actuatirg elqgents. lince the target/purpose,

as a zule, does not fl) evecly and rectilistarly, but it maneuvers,

the prccess of inductice ccttinues alvays; tc damage to target.



fig. 9.11. The ackesatic Of the sighting of tar~et/purpose by

self-kcaing head: 1 - bead-Iccatcr, that determines the value of

augle C and developing the error signal; i urit of generaticn of

ccamands;- 3 -steeving drive; '4 -ccntxcL.
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Eage 25.

§4 S~ecial feature/peculiarities of tke fligbt of projectiles and

air o karrel artillery pieces.

Bepending on methcd cf stabilizaticn ip trajectory, the

aasunitioq of barrel artillery pieces are cavidEd into two large

groups. The first group - is the FzojectileL cf threaded/cut

artillery instruments, uhick are statilived in flight because of the

high-spin notion qf relatively longitudiqal axil (Fig. 0.12); second

grccp compgise the unrotated fin-stakiliZed pxcJectiles (mines) (Fig.

C.13. Ihe initial velocity, necessary icr citairing of the assigned

distance of tiring, is reacted during the ucticr of projectile (mine)

aleng the bore of artillery piece uqder bhe acticon of force of

pressure sclid-reactant gases. Mcrtars and sae threaded/cut

artiliery instruments (for example, howitzer) .bave the

altermating/variable charge because cf chare in which is changed the

initial velocity of missile and, ccrseently, also the firing

distance.

the projectiles of artillery iqstrumerts are supplied with the

driving band (tands), titick, cuttirg into irtc the screw threads of

bore, ccomunicates to the driving/moving prcjectile the necessary for

- - / -- 7
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stabilization angqular rate cf rotaticn4 TtE lives of simuoth-boce

xucatass have a tail asscmkl) statilizer, %bict ensures stable

flight.
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pig. 0.12. 2he projectile qt the actil1ocy instasaest: I fuse; 2

satbead; 3 - bousing of alssile; 4 - tle dciwiu'S b~and.

5 4

fig OAl 3 . line of zmootb-bqze mortar: I - cusing; 2 w arhead.- 3-

toze; 4 - boaster cbarges; 5 - stakilizer; 6 - asic

aamuuDtio1/cartridge of irojellant ckorge4
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fig. 0.14. Iccket jFrojectile (IFS): I fuse; 2 -warhead; 3 -rocket

camera/chamber; 4 -ncharge cf rocket Flcpellant; 5 -driving bands; 6

-V~CzU@e unit.

y

2

N

0 x

Fig. 0.15. Schematic of trajectcry cf actisi-reaction projectile: 1-

ground-based system; 2 - aqtiaircraft 49S.

Eage 27.

-Is known the method of the ccakinad EjCt/communication tc

velcc~ty to artillery shell (or mipq). Ihis the so-called

~W. -
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activd-reactive principle ot aotiop. BcCket Ercjectile (AiS), for

example, American 127-um rccket prcjectile, cr active-reactive sine

IAIB) have the rocket caxera/cauker, whick ccrtains the charge cf

rocket jr-pellant (Fig. 0.15). During charge gun burning in the Lore

ct artillery piece ARS (or AIB) is ccuuicatet initial (muzzle)

velocity. During the burning of thE charge cf rccket propellant cf

IRS, 4s obtained an additicial increase in the velocity. Bepending on

slacific conditions, jet eqcine of iccket kojectile (mine) can Le

included in work either in the tore cf artilIGry piece, cr at

Frevigusly outlined poirt it the trajectorl.

The trajectory of actica ARM Jo IRS) is tepresented in Fig.

CP16. Ccmplete trajectcry can he ticker intc ttr.ee section: ON - the

tree-Clight phase from the nuzzle *qd face cf slaft to the

coqneation/inclusion of jet engine, VK - a section of moticn while

the ugtor is running (active secticq), KS - free flight frcm the

place cf the end/lead of the engine operaticn tc impact point (cr,

with Ontiaircraft firing, tc the jcint cf £cptnre B). During firing

cf engine in the bore ci artillery F1€c* cc4ilete trajectory one

sh.uld divide/mark off intc twc sectic_.
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Eage 28.

Cha~ter I.

CVRAIL THEORY OF TIhE MCIIC OF DCC[M ANE ICFECTILES.

the overall theory cf the moticc cf xcckets and projectilei iE

based cn the know4 theorems of the classical mechanics: dbcut tIe

motion of the center of ,ass cf body; about the motion of the

azbitLary Foint, which belongs to tcdy: abcut ckanges in tk~e

momentum, of moment of momentum and kinetic Energy cf body. [oticn

characteristics are detexxired taking into account the rorward motiuoi

cf the ceqter of mass of body and rotary mcticr relative tc the

center of mass. The thecry cf the xcticn of rockets utilizes concepts
and equaticns of the dyrauics of tke bcdy Cl variable mass. The

taecry of the moticn of artillery shells is kastd on simpler
ttcr

Ecsit~cns of the dynamics of a rigid b cdy ;f ccstant mass.

During ballistic calcvlaticns tke rocket ard the jLrcjectile of

artillery piece usually are acceptid as solid urdeformaile body.
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(1

1. Nundamental eguaticns cf the dytaxics ct the body of variable

ima s.

the body of variable mass is ccnsiderEc as sum of tne pcirts cf

variatle mass. For the tcdy ct variable masm, acmentum vectors and

smoent of momentum of the relatively fixed axes cf coordinates are

determined that on the fccLalaa:

T( ', X M,V-, (1.2).4 '-

a

Kinetic energy of the tody of variable mass is equal to

.=]- -' (1 3)2

Fage 29.

Zn the given formulas: m, - varialle 4ass of point v at the

mcment of time t; F, - velccity 9t joirt v of relatively fixed

ccordinate system; Q. - radius-vectcr cf Firticie, carr.ed cut frcs

the beginning of fixed coorcinate systea.

Itilizing a concept of d chanSe in tbr lcIEntum of the body of

vaciatle massi are cbtained the eguaticrs ct the forward motion of

the c*nter of mass of rocket. Utilizing a ctnc*Et of a chAnye ir the

if-
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icment cf momentum, finc the equdtiGrS Cf tie rCtdry motion of the

k cdy Qf variable mass of th( relatively instantaneous jositicn ct the

centeE ct mass.

let us form a* equation of the fcrward iction oi the centeL of

Bass if rocket.

4n the general case let us examine siaultareous separatior and

the connectica of Farticles tc the tasic vatiatle mass of body. (As

characteristic example ot tie model in questict can serve the wcticn

of fl~ght vehicle with jet engine, through jaxtition ditiuser cf

which enters relative wind, necessary fcr tie eugine operation.

Simultaneously with air intake the fuel celtusticn products

escape/ensue with large velccity cf engine Ec92le back/ago, creating

thrst). In the process of connecticr and sEkaration of jarticles,

the mass of body changes ccrtinuously. let ts assume that the

velcc4ties of conzecticr and sejaratic; of jarticles do not depend on

the rate of the motion cf kcdy-

let at the moment ct time t in questict tie body have mass m+dv 2

and it moves at a rate of i. For time interal dt, the mass cf body

will change because of tie ccrnecticr cf the elementary mass dm, and

cf the separation cf mass d12 (Wg. 1.1 .Icccrding to the

hyicthesis, accepted by I. V. Meshcterskiy. tie connection and the

2T1
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setaration of particles cccurs for infiIitelial time interval,

sisilar to impact/shock. After connectic tie Farticle mcves with the

speed ct bulk ct bcdy, ar the £earate/lit*Lated particle, after

ctaining velocity, imotdiately Icses intezrcticn with bulk of bcdy.

Ibis the so-called hypothesis cf ccntact interaction.

an the system cf tbreE sasseE ir cestic4 act the external

foxceA uhose resultant IF. As a re-slt cf cccperating between

thomselves the masses a, di and di& and urcer tke action cf fcrce

ZF the velocity of the crgnected mass u*dm, will be equal to V+,v.

Ue absclute velocity of the motioq of mass di, before the connection

let us designate fa, while the absclute velccity of mass dr2 after

seFaraticn - Wa.

let us find a change in the mcmertum cl tic system of masses ml,

dag and d 22 in time interval dt and will eqtate to its

acmentum/impulso/pulse cf tie external forces:

m (t+dv)- mv+dm1 [Yv+dv)-uj+dm,Fw.-;) =Fdt.

lage A0.

Disregarding the term cf the seccad oicer cf smallness dmldi,

after dividing both parts of the eguatic4 tc dt and after conducting

ccvezsics, we will oktaiq the egtatict ci acticn of the body of

variable mass in the form

.14.
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dv.dn-- dn-

dt dt dt 0 14

or

d d 'd' a dt(15

bet us note that ducinS the se~aratioc of Farticles from mass m

dexi'aative itself dis2 /dt has zinuE sign.

If we designate kic' this it was ccnducted by 1.. V. feshcherskiy,

tkzculb i,g, i the projecticns cf tte veiccity of bulk a cn the axis

cf r~atangular coordinate s)stel, tkhzough 1, Y, Z - projection of the

resultant cf all forces cn the same coordirite axis, thr~uyh a,, 01,

1- prcjection of the speed of the ccerectcd Farticle, And thrcugh

ao* P~v 1z - the psojectica of the siftd of the separate/lioerated

jarticle, theq, by projecting equaticn 11.4) czv the coordinate axis,

us will obtain:

din1  - ~ n - *_p) y=

dtn di - -Y0(.)

M,~ ~ 1 +- (Y 2 -Z=0
dt i di~V)Z0

these equations are jpuklisbed ky I. V- lMeslcherskiy 1.n 1904 and

are named its name on pxofessor A. 1.. 1cmccesianskyls jpro~ositicn

f4ij. Entering equaticLs (1.6) terms !L-'(i*a ), dA2 i-a,) and so
dt di

fpztb,o 1. 1. 5eshcherskiy call/namid exqjecticls on the cocrdinate

axqs 9f maddition"~/suaztlus force".
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fjy. 3.1. Ihe schematic ct a change In the as&& of the system: d

ccaosiioncfsystem tefore connecticzn and Ee~araticn of larticles;

b -crl~oitonof system after conEction kind S4EpaLdtioI1 Cf

thus, 1. V. Meshcberskiy showied,.that th~i Equation C1 motion ot

the body of variable mazs it iE Ec~sible tc brite just as the

equaticp of motio4 of th~e kcdy of ccnstarqt sass, after

include,'copnecting in tte number of acting Icrces #'additijonal force".

4L we in (1.5) designate the xelative selccities of the

cc~aeation of particles ~w'and thin selarations cf Farticlet;

FVT-ti0a-V. then this equation will takf tk* icro

d r Af~ dt d

the variable mass of the driviing/ncvixS Lccy is ejual to
I t

If there is no conintcticn at jarticles, i.e., d tjo. then of
; dt

(1.7) we will obtain the egLation ct ncticr cf flight vehicle with

tmmali type jet engine V +!M
dl ',d 1. 8)
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~be~e mass flcu rate of work SULStdflCe Per
IdtI dt

sicced.

Second term of right side is accepted tc call reactioii force.

Sutsequent1y let us de;Eicnate it ED

for rectilinear moticj cf rocket vertically upward 1. V.

P.eshcherskiy gave equaticn '

dm

bhere g - acceleration of gravity; R(i) - air resistance.

ECCTNOIE 1. Ixn this case vectical axis 1. V. neshcherskiy designated

Ox. EIDFCOTHCTE.

Ifter obtaining eguaticn (1.9), 1. V-w teakcherskiy did not open

the c~ntent of tern Pr, after callnaming kin '[ressure qdses" (6.ee

furtbeL obtaining .15.

In the more detailed exauinaticn of tke action of the center of

mass of rocket, it is recessar) tc keeF in siicd following: the

fcxces, which act on rocket, are aji~d tc missile body, at the same

tint tke center of mass of ar entiie systes (hctsing-
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fuel/frcpellant - gases) it is moved relative tc housinj because of

the flow rate working medium/propellant (buLrcut and the outtlcw cf

gases). Let us designate velccity ard tte acceleration ut the center

cf mass of an entire system in atsciuts motac; through 7 ad d .u

Eage 12.

Ue m9 tion of housing and rigidly ccnnected with it Farts (i.e. and

cf that point of body, fLCI which at tte giien instant it coincides

the center oi mass) relative to fixed ccordinate system it will be

movable. Velccity and tie acceleration cf tie center ot mass of

hcusing iq translational motion let us Zesicnate through te and -,-,,
dt

Velocity and the acceleraticn cf the center of mass of system

(hc.-,s2n9 - fuel/propellant - gases) relative tc missile body let us

designate through F, and i,. From the meclanics of the body of

variable aasso it is krCVn that the jrcduct cf the mass of body for

the tianslational acceleration of its .ceqt*L c0 mass equal to the

resultant all external and reaction fcrces, which act on the body,

i.e.

ma ,=Vfr-LVF P,1. 10)

Velocity and the acceleration of the icentex of mass of rocket in

absolute mcticn are resiectively ecual to

ve cvt -. t-vr; a - - LhJ tat

bhere w - an angular velocity vectCK qf the rotation of missile body
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ct relatively fixed coordinate system (witb the Leginninkj, which

ccincides with the center ct mass).

From last/latter equality let us detersive i,4 and let us

eubstitute in (1.10). Icga is the equation ct action ot the center ci

&ass Vt system housing - tu*I/FcjEllant - sages, written in vector

fcrm, be will obtain in this fcrm

M- = F+ P, Ma-, -2m t v,). (1.11)

Ihen deriving the equatioqs (1.5) aqd 11.11) it was assumed that

interaction of Lasic bcd) with the ccnneoted or separate/liberated

[-articles occurs instantly, similarly tc inaact/shock. In actuality

the piccess cf cooperating the fliSht vEhicle with the mobile

corrected or separate/liberated gas flcbs il acre complex. of rockets

bith engies on liquid and solid fuel, the !Efazate/liberated

jaticles obtain the relative velocity ever in the combustion chambor

of engine to the torquejucnent of the cutut of pdrticle for the

Elde cf the external cross section cf nozzle. i.e., to the loss of

commuaication/connecticr with hulk of zccket. furthermore, of liquid

fuel sockets combustible ano oxidizer they irc mcved in the purccess

of the engine operation wittin missile bod). Cvrinu interaction of

tbe driving/moving flows with the housing, thich varies in transverse

dixecticn, appears the Coziclis force. Let Ls designate it in general

fcra through P,,, and vill %Lite the equaticr of motion it the center

cf mass of rocket taking into account this lorct

ma=VP±VF±
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Let us add into last/latter equatic tErs, that considers the

transiency of the notion cf masses within rcckct.

Fage 33.

Let the momentum of fuel,'frcpellant and gasts, bbich are mcved within

housing, at the moment cf time t be egva1 tc qp. but at torque/moment

t+dt, is equal to 49ap+ 6 4,ap. It is cLvious, fcr time interval dt, d

change in the momentum of moving masses is iqual to Nnap and the

eguat4cm of motion cf rccket will te uritteX it the more complete

fcru:
ma='VFf-X Ip±F -tar+2n qsari! (1. 12)di

1hat ccaprise p is ccrventiorally desagnated as variatior
dt

fc Ice4

luring the compilatic4 cf the equaticri ci the rotdry motion of

rccket, is utilized the ttecrem abcut a cberce in the momert of

momentum of the body of variable mass. In acccLdance with the

copclasios of the works [31] time d-rivatie cU the moment of

momentum, calculated relative to tte certeL a ct the masses ct bcdy,

durinq the acceptance of hylothesis abcut ccmtact interaction of body

bith the rejected particles, is determined ty tte fcrmula
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. .. .. . °. 13

dK X = , + , j~-; ( . )l (1. 3 1
dt 

Q

ithere M and RP - the acmeuts of all Gzteical and reaction forces

relatve to the center of mass; /.-- oent of moIentum

ci the particles, reject/thrown by body per Unit time, in their

motion of the relatively ic[ward/p[CgtessjElyj moved unrotated axes

whcse begioni4g coincides with the c*Dter cl rass cf rocket.

the given formula does not copsidfx ti ction of

fuel/propellant aqd gases vithir rccket. FCL tbe account of this

actics, oaa should use the formuladRI ' - --- R X X 'ID

d top a+ Ii d (1.14)

Bare Mop- mcIent of Ccriclis forces, deterzined by the motion ci

feel/Exopellant and gases within tic ascillitirg 
rocket; -- -

Icnent of variation forces.

Equations (1.12) and (1.13) are ex~laired well by the principle

ci solidification [13].

Fage 34.

Ccntent of missile body power-on is changed in time and rocket will

be the system of variable ccposition. For tie Erinciple of

solidification the equatice c ioticu cf tb* bcdy of variable

I " ~ I I
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conjositior can be writter in the fccl cf tie Equation of moticn cf

the bqdy of the constant ccafositicq, which has the instantly fixed

(hardened) mass. In the nuaker of fcrCts, hticb act cn bcdy in the

torque,/qcaent in questicn, are included: ezternal forces, reaction

forces, forces of Coriolis and variation fCcES.

It was above noted that the variation fcrces and torque/mczents

reflect the transiency of tie octico of aas es within missile body.

However, in the majority of the cases tke Ficcess of the displacement

cf working uedium/Fropellaqt within rocket can he accepted as

qzasi-stationary and variation forces, in view cL smallness, nct tc

c¢csider.

CcriolisOs forces, causied ty the mcticr of masses within nissile

kody and by its oscillatic4vibraticvs , for the motion of the center

cf mass barely have effect. coriclis's forces, which apJedr in the

eXamioation of relative mcticn cf the locket in tne conaectpd with

the Earth coordinate s)stem, have nctic~aklt effect on its flight

culy with firing at velcities, which exceed gCCC-3000 a/s and will

take nto account we below.

If we do not consider the named secondiry factors, tnhn the

mctica of the center of mass till te determined by equation (1.8).
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they very frequently wxite the eqvaticr of motion ot the center

ct mass in moving coordinate system Ox-Y,z,, ccamected with rocket. In

this case equation (1.8) 11 ccoverted aCCQLoiDI to the rulk' ot

kadsage trcm fixed coordinate system tc ackile and take6 the fcrm

m ,Iff ,-- "~Ii~u=F-

uveze d--- derivative 9f a vector of tke velocity of the center ct'11

mass ;f rocket in ucving cocrdinate system.

for any rectangular cccrdinate system Oxtyiz,. beginning by which

ccincides with the center cf mass cf flight vehicle, on the basis ot

(t.151 it is jossible tc write three scalar equations or motion ct

the center of mass cl te rccket

V . 1  +W, s,- u IW.M- X  + - - . I

V F V F
2 _ Z',,+ Vi, ,,

where v.I. vva v, I projection of the velocity vector of the center

ct mass of rocket on the axis c tte ccrnect(d with it ccoidinate

symtem; ohi. "IV,, zl - projecticn ci the angLier velocity vectoL of

the C9taticn ot the connected (i-th) cccrdlrate system relative to

the cpcrdinate system, alsc driving/moving bitt tile rocket whose

direction of axes ccnstant/irvaiiably ir S[dCQ coincides with the

direction of the axes of fixed cocdinate s)mten, on the selected i

cccd,,ate axis; VF 'F F 'F iF i - the
Awl '
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itcjeation of the external and reacticn foLces. which act cn flight

vehicle, Cn the axis of the system qi cCordiiitEs Ox,yz.

Fcr the compilation of the scalar equaticrs of the rotary ucticii

cf roaket relative to tie azes, Eas.ing thrcgh the center of mass

and which rotate with resject to tIe rccket with angular velocity *

durinj the rctation of tocket itself with argular velocity ,it is

necessary to uset te kncwn equation

dt 
dt

m&ee - derivative of moment of mcaeqtua, calculated relative to
dt

tixed coordinate system; - derivative ci moment of momentur
dt

according to time, calculated relative to tie i-th system ct

ccczdilates Ox,y,z,.

It the system of coordinates Ox,yjz, Is qct moved relative tc

rcckek, then o*=0 and

dt dt18)

The projections of mcnent ct scentum K cn the axis of

cceidinates xfyiz, are equal to

•K, --- J., 1 , - J, 161 11 -J,:= 1 . 19)

K, ---Jse s -,, i l .

vbere J . J,* ' - the mcments of the iqeztia cf rocket relative to

apes xtot J2 ~.; J.011;J it- the ;roducts of inertia, determined

relat~e tc coordinate lanes.
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[aSe lt.

During the determicaticn of axial and krcducts of inertia. can

be taken into account tle displacement cf tie center ot mass of

rccket (origin of coordirates) and the rotaticn of the coordinate

a~ze relative to bcdy [26]

ft N

- -

-J J -, Vmxi.: J, =J, -N'm ,y.xz,.

obviously, axial and Froducts ct ivertia ir the process of the

cjxzaticn ct engine and uction of iccket will le the varialle values,

bhich depend cn time.

The equations of &ctary acticE Lelative tc the center of mass

let us %Lite, utili2ing formulas (1.18) and (1.19), assuming that the

flight vehicle is symmetrical relative to lcnyitudinal axis. For an

axially symmetrical body the products cf irtrtia

All=J 1.=0

and at the equation of xotary moticn take tJo tcre:

i. Vui J, -i i', (Ii 
i 

R , 1 0r 1 )=Jlj ±AlPb); {1.2 1

*,, J" v, - J - J,, (w , -- " ) -- , + .11 ,
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the right sides of the equaticqs ccnttin tke projections cf the

sami of moments with relject to the center ct tafs of all forces,

bbich act ca rocket, on the appropriate cooidinate axes. The mcments

ci Coriclis forces and tke juilem~etaz) tclque/moment, determined by

the d~sklacement of the center of sass cf tke rocket relative to

tody, during the soluticn ci many lallistic pictleus in view of

smallness are not considered.

if we the moving ases cf cccrdi~ates ccs€ine with principal

cettral inertia axes Oxiyizi, them tic eiguaticns cf rotary motion take

the fqrm of t~e dyinamic equations cf EvIer:

i1x,.1, +r(J., --/, =,. + --M 1 ,;

Ju, m , +(J,- J',,) w',, .M , +Mp,,,; (1.21)

J.,. + (J, - h, *.,., = M-. + ,.
let us examine the theorem acaat a capSe in the kinetic energy.

Eage 37.

Kiqet~c energy of rocket as bodies cf variatle composition is

determined by the sum of kiretic eneries cI tk points cf the

variatle comjositiom

"1 9 2"
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Vtiliziny equality V.=v+v,, after ccniersions it is possible

to cbtain [26]

S1.122)

ihere a -mass of the instamtly hardened rccket at the moment ci tire

t t i-izin kinetic energy c tke system o the material

joints, which belong to rocket, in its otion relative tc the center

cf uaSS.

The center of mass cf Locket i* acved xelative to body and in

macy itstances proves tc he convenient to cttersine kinetic energy cf

the rocket through the velccities ir scvable and relative moticns.

SirCO =j,+j, the

m Ve2 m Vr
2  (1.23)

2 2

%4us, kinetic energy ct rocket in its atsclute motion, besides

1, ccctains a difference in the kinetic energies of the center cf

mass, which jossesses tke mass ct tke irstartll hardened rocket, in

its mcvable and relative acticns.

the differential of kiretic e erg.y of tte Icdy of variablE

ccaosition can be cLtainEd ty dizect difexeq.tiation of equality

dT5=d 2 2 ~!± m'Vv,. (1.24)

Bale right and the lett ot Fart tc dt6 we wiil obtai:i seccna
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term 9f the right side cf the last/latter ecuality in this fcru:

di

bhe oe resultant o the exteral active fcrces, appi d to 1ointBasrteseulatof all inttrva of tce takes, theie for

aeint%; FFP, - the reactin orce, applied to oint v.

lisregarding the acticr of interval fcices and carrying out

Leflacemeat iY (1.24), be will ottain
dr,, -- F - dM. ,V 7 .
dt "- dt 2

lEfreswnting , UdrE dS, - elqnertary Fath of particle mn,, and

returning to diffekrentials, let us have

dT. = Mp + BA 1. 25)

sheze 6.4, and 6A, n elementary uorks of bhe external and reacticn

forces, applied to rocket.

last/latter term of right side - kiqetic Gqergy, determined by

the ictensity of a change in the mass ct ttE Fcints in,. which belong

to body, and by their aksc]tte velccities.
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Kinetic energy of Locket is exaniqed also fhen they ccaFile an

equat~cn of the motion cf rccket in generalizE* ccordindte!. If the

Fpsiticn o the body of variable ma.ssis dtessined by the

independent generalized cccsdinates g , ql, -- *a qs and

r.-r.(q,, q2, q, . qs, t

the e'uatlon of :.oton can be written in the rorm -Z Ltgranen
eauat'-,n )F It . nd kind [31] d T, 6 T.;

di dq l  Oqt 1'

d (_dT. \ dT - (,1..2

. O...............

d t OT J
where - the generalized force, ceterained by the externali °-

acting factors (e = 1, 2, ... v S; Pw= -- the generalized
dt d'o

foLcep determined by the ivilow of ecbaqiczl .;ergy to the hardened

cdy 9f variable mass dtrjrg the rejection cf Farticles.

( Ease 19.

The latter is easy to show, it we reElace w,=i.qtv,. Then the

tenctcn, which characterizes the inflow of mecbanical energy, is

equal to
-2

dt 2

and

t2. Fundamental equaticps cl the d)ram.ics ci the body ot constant
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The motion characteristics of Lcckets (cL inactive legs), cf min

and prcjectiles of barrEl artillerl piEces are determined on the

basis of the overall de[Enaences of the dy. mzics of the solid

undet;rmable body of the ccastant aass, which are special cdses of

the given abcve deFendences.

The equation of motiol of the center cl mass of the projectile

Cf constaqt mass, writter i[ vectcL fcrm, takes the form

The eguation, whicb determines the do .ivative of moment of

acmentum, let us write cn tl. basis (1.13) i attir drop/omittirg in

right side all torque/Kmcepts, except tbe ELz cf the moments of

external forces relative to the center of mass

K (1.2 7)

di

For the system of coordinates Oxlyzl, cf the combined with

frincijal central inertia axes, equadticn of the rotary wcticn cf the

frCJictile ot constant las, they bill te uLitten in the ior'm of the

Usual equaticns of Eulec

.1" + (JI. - V) W '.= .~4f

iso.,, +(J, -. 
1x )8,w,

EaSQ 4C.
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In right side are kritten to the Frojecticr of the moments cf

all e~ternal forces on the aFrc riate cooLcinate axes.

In the examinaticn of the uctirn ,cf the jrcjectile of the

relatively mcved in space s)stem ct cocrdjqetes Oxjyjz, they use the

vector equalities

'Y (mvi) W 7V1.29)
dt

and

tdl 1.301

Kinetic energy of Ercjfctile in its retary moticn relative to

the center of mass can te e6jrezsed thicugh the moments of the

irertipa of pLojectile and Frojecticq of the ipstantaneous angular

Late qf rotation of pro;ectile on the ajpLcjriate axes.

T- : -[Ap#- Bq2- Cr2J. 1-.31'

%here A=J,, B=J,,, C=J,, - tCAquel'C5e cf the itertia of prjectile

cf its relatively principal axes of in~rtie xj, y&, z1 ; p, 1, r -

[rcjection of the vector of the instantanecus argular rate of

rctaticn of irojectile cc tke ranec axes.

Since the torgue/ucmerts of tle inertia of Frojectile of

relat4vely equatorial axes ere identical (A=B), the last/latter

equality can be rewritten ir this fcrm

T [ (PsA(P -t-q : Cr2j.(1.32)
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During the coaFilaticn of the differertial equations of the

r ctary motion of projectile, fregugntly ,is ztilized the e.uaticn of

Lagrance in generalized ccezdinates (equaticn cf Lagrange of 2

kids,, which in this case takes the icc.

d. ( O a = Q. (1.33)

Is significantly simplified alsc depandesce (1.25) for

calculating the charge in te kinetic ererc cf missile is

Leccrd/uritten in the fcrm

dT.= A , (1.34)

Eage 4 1.

Charter II.

PCBCES AND MOMENTS, WHICB ACT CN FCCKI ANt PEOJECTILE IN FLIGHT.

tie aCtiDg o Lock~t tcrces atd mcmenhI cam be conditionally

divided into external ard irternal. Ic extezral relate forces and the

tcxque/cments, produced hJ the et1ict cf Ervixccment - aerodyrauic

forces and tcrgue/moments and forces, detereined by the effect of the

EarthA Under the effect cf the Earth stksecLently, let us understand

ccuoived action on the rocket (in the examixaticn ot its relative
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uctica) of the gravity force, the centrifugel ivertial force and

Coiiclis's force, detersinec by the rotaticL cl the Earth. To

ictermal can be attributed fcrces acd tte tcxtgI/moments, determined

Ly the separation of mass fxcm rccket ji.e. reacticn forces and their

toique/moents) and caused ky the displacesent cf work substance

(fuelaeropellant and gazes) %ithir bcdy (Ccziclis forces, which

aijeat during the oscillaticn/vibraticns of rccket, and the variation

forces, which are exhibited during the unstiad) motion or masses

bithim body, and their tctque/momer.ts). LaEt/latter three factcrs are

4 usually related to seccndar) (supplementary) factors.

Ccntrcl forces and torque/scents, deffndirg on th2 princiFle ct

cgeraticn and ccnstructicc cf ccnticl devices, can be referred also

tc external and to internal, and alsc they ca Le exhibited during

the c~ubined action of irternal and ervircrgevtal factors. The

unguided rcckets and prCjectiles, it is locica], are not tested the

effect of control forces. Cr prcjectile and mice of barrel artillery

iece4 act only aerodynamic forces and tor.Le/|cments dnd the tcrces,

determired by the effect of the kartt.

the combined action cf all forces in tI* Frocess of flight on

rocket or irojectile dces act nake it Icssitle tc isolate and to

determine ezperimentallI the value cf each ct ttem. Therefcre in

engineering practice duLing the calculated end experimental
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determination of each pf the actinS factors, is accepted the

scFerFcsiticn principle cf fcrces 4frizicifIe of superpositions). In

the majority of the cases. tI.e thrust, aerccyramic and variaticn

forces are calculated ard trey are exieximettally determincd

indeFendently of each other. So, ttrust is determined under bench

ccqditions with fixed engine, i.e., in the ztsIce of aerodynanic

forces; aerodynamic forces are determined E)Ferimentally in wind

turnels or with the firing cn kallistic rcutes irojectiles or the

models of rockets with t zhut-dcwc ergine.

Lace c 2.

Ajplrcation/use of this mettod fcr detezaiaing the forces gives the

acceptable for practice accuracy of results.

the study of the mutual effect cf reactive and aerodynamic

fozcez is the object/sutj~ct of slecial in~estigations. As examples

can serve testings of the rccket or its moel |cwer-on in wind tunnel

cz aercdyramic rail cat or tith firing ci |zlljstic route. The

setting of similar expelizelts is vexy comiles, it requires long time

and cCrsiderable material expenditures.

Ihe senses of the vectcr of fcrces anc tctque/moments, Which dct

c rocket or projectile ir Ilight, ate difftrert: the thrust of main
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engine dcts iq the X directicn ci tccket ox clcte to it; the

directicn of aerodynamic tcrce defends co tke argle between vectors

cL the velocity ot the centtE ct ma -s- and tic axis ct rocket or

fre-ectile; the gravity direction, as a rule, dces not coincide with

tbc ireceding/previous and so torti. IEretcre, in the jeneral case,

icz perfcrmance calculaticn of the mcticn ci the rockets and

Frcjectiles, soluticn ct aexodyramic tasks, gvestions of strength,

stabilizaticr and contrcl, determining experimertal motic

cbaracteristics with fixing and fox cter tazget/purposes it is

Eecessary to apply difteret cocrdiqate syftemE. During the soluticn

cf more complex problems. are utilized togetkcr several systems,

during the solutior of Eizple - cne cr twc.

§1. SXSTEMS OF COORDINAIES AND ANGLES ECR L£IEEMINlNG TnE POSITION OF

IhE FLYING BODY IN SPACE.

the position ct rocket as solid kcdy it determined by three

livear coordinates and three angleE. As a inc, the system of

differential eguaticns ct acticr they are bLitten in right-handed

coerdinate system. For calculatioas most freguertly are utilized

rectangular, cylindrical and sherical coorcinates. In experimental

kallistics of the coordinate syster icr dctirviring the

three-dimensional/siace aircraft attitude, they are selected

dclendiny on the method of the instrument [ealuzation ot
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ueasuzesents.

tcr the solution of qvestions of tke tkeory of the tliqht cf the

flight vehicles, drivinS./aciirg in the field cf gravity, most

frequently are utilized the following ccorcinate systems:

terrestrial, connected, half-ccnnected, higt-sieed/velocity (flow)

amd half-sFeed.

they usually utilize several varietiet of Earth-based

Acoctdinates system.

Eage 13.

For the beginning of earth-kased ccerdinate system, can be acceFted

the center of mass of tke Earth, tte lauqcking 1cint or anctheL fixed

relative to the Barth Ecint. Let ts designate terrestrial rectangular

coczdtnate satem O. 3,3:.

In the following presentation this systen let us use rore

orxquent than others, Lt tte index "2" in a series of the cases let

us cout. 7he axis of ordinates O!J is h-ead4c cr a radius of the

Eartho other two axes, ccefrising right systen, can be directed

ccnveient for co~cLucting of ccncrete/sFecitic/actual investigation

ty town. Axis Ox nest ftEcentl) is hi-aded for target/purtjose cc in
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the assigned initial direction cf ueticn.

Nor the btudy of the absolute Acticq .c tke ballistic missiles

cf long-range action, tzequently ie a[FIied the inertial coordinate

eystea. In the general case under inertial ccrdinate system, is

understood the system, bbick cccupies in sance the positive seat or

it moves evenly and rectilinearly. In the ttecry of tligat for

inertial coordinate system, ccnditicrally ii accepted the coordinate

system those beginning is ccmbined witb the center of mass of the

Eartho but axes do not chaqge theit diiecticn in space. Inertial

cccrdinate system jartici~ates only in the tcrward motion of the

Earth around the sun, ard tte pcsiticn cf its axes does uot depend on

the d.urnal rotation) (utlike farth-fixed cccrdirate systems and

Lctating together with it, utilizec during the study relative moticn

rockets Earth.

tbe rectangular Eartb-fixed cccrdiratc system whose beginning is

ccitind with the centex of mass of the Sarth, znd cne of the axes is

directed toward north alcng the axis ct the rotation of the Earth, it

is called the geocentric cocrdinatf system.

If the center of mass ct the larth is &elected as tue beginning

cf spherical coordinates, tken it tke) call Seccentric spherical

cccrdna tes.
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Ccamunication/cotinecticn kttwtev ceoc*Ltric rectdngular and

Seccemtxic s~herical cocrdirates (1S 2.1) is expressed by the

sixjlE ccrrelatioais X3 - rcos ru SiI 

:=r cos ~os A
bhezre the angles j~u and A~ - Seocezrtaic lat.atude and longitude of the

Icsit~cn of xacket.

the ccocdinate systems with tke origin cn the surface of the

Earth are called tcjocertzic.

for determining the pGEition ct rccket Or aerial tdr~et relative

tc the surface of the kaEth frequertly is Itilized topocentric

spkerical, ccordinatfs (FiS. 2.4).

Ea~c 4i4.

IhO JfsitioD Of the centCL Cf ffdss Cf zCCkft (tarqjet/purpose) F is

determined by the value of zadius-vectcx ro called sometime.- slant

range, and tbo vectorial aq~leE: azjifuitb A, calculated clockwise ir

local borizontal plane cif directio; in ncrth, and by tue angle of

elevation F, calculated in vertical jilane. Luring the comjiiation ot

equat4cna of motiop in sibetical ccctdicatoi ig a seriesi of the
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cases, is more convenieit fet the ireiezvatoretention/maintaining

of thd unity of thke reference directicns of angles in horizontal

Ilare instead of the azimuth A to iqtrcduce atgle A,--A. In this

case, in Fig. 2.2 by cccrdiLate surfaces of spherical coordinates

they will be: sphere with a radius cf L. tt* v rtical plane, passing

thicugh radius r, and a ccq.e with ape*xvertix at point 0 and tl.e aFex

angle. equal to 18QQ - 2. The ccordinate 12nes: (r) - are

direct/straight of radits-vtctor; (8) - citcusIerence of tbE great

circle of sphere, passing through tb* given rciat H; (A) -

cjxcuaterence from the cross sectic4 of spFeze ky the plane, parallel

to the Flape Oxc3, parsirc tbrcugh tte giien Foint. The coordinate

axes C.], [e) and E&) tke cvrvilinear coordinate system are

targential to coordinate lines.

ransfer/transitiop frcm the axes cf curvilinear spherical

ccodinates to the axes ct terrestrial system Ox3Y3Z3  is realized

bith the aid of Table 2.1.
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V 3 V"ll1

I 0 () ce8ep

:Z3

Fig. 2.1. .he relative Fcsiticn of Seccentzic Ltctangular and

sFtrical coordinates.

fig. 2.2. Tofocentric sflerical cccrdinate-.

KeY: Al). North.

Table 2.1. Cosines of tte argles tetween tl axEs of curvi linear and

eaxtb-tased coordinates system.

KoopRHHaT- Ox3  0z3
j Hue OCH

[r) cos z cos A sin £ cos E sin A

[1 t -sin tcos A cos - sin Ksin A

' ] ] -sin A 0 cos A

Ke: Al). Coordinate axes.

page 45.

or flat/plane draulogs and thi sctEmatacs, which depict missile
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tLajeutC¢ies, the earth's auis Oi-i is arrace/lccated vertically, but

axis O' _ it is horizctal. Fregueitly witt the joint tldt/plane

image cf the missile txajectcries aqc tke earth's surface the axis

0O, passing through the center of the Earth and the place ot start,

they ccnditicqally depict vertically without depending on real

Secgraihic latitude of tie ilace o± start (qr)

During the solution of two-dixersical ptctleas, conrected with

jefcnzance calculatiog cf the mcticn at tie ic;q range ballistic

missiles and Earth satellites, the) use teziestrial polar coordinate

system (Fig. 2.3). The icsitiop of tie center of mass of rccket in

this case is determined ky zadius L and by the vectoriaL angle 0,

calculated in the plane ct craving.

ud some two-dimensicnal problems ct ti ttecry of tlight, can be

used also curvilinear ccordinates. for the& cccrdinate lines they

will be: the circuuteremce x, on the surface ct the Earth, which

lasses in xange plane, and the part cf the zadiss-vector, carried cut

firc the center of the Earti, betwEen tte Ctnter of mass of rocket 8

and the conaditional suriace cf the terzestzial sphere, determined by

a rad is k, (fig. 2. 4).

Ccmanication/connecticn tetwien tie cccrcinates ot curvilinea r

and r4ctagular earth-tazed cocrdirates system, bith bejinning at

. ... " - II : . .._, :llll l I"'i . ..' .... . --
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laurching Fcit is visitle Ircs Fig. 2.d:

Ee4cE

and

xq=18 0 " 3

bhere 0 - vectorial angle ia degrees.

I
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Y3 1 x

P Y

00

Fjyg. 2.3. lerrestrial iclar cocrdioate syste.

F'ig. 2.14. Flat/plane curvilinear cccrdinat* sy~tem.

Fage 46.

Nrcn Fig. 2.

P3 .

It vectorial angle is given in Ladians. tbexz
*44

IREsuently is utili21d the tetreslria2 tc[ccentric zactanqulaL
st tarti31g system of ccoicliates Ox., !,, .-- ,,(Fg. 2.5). The begfrning

ct the ,-tartiq~g coordinate system i* deterained by the pcsitior cf

lauiqchet and coincides %ith the certer cf Bess cf the rock*ct,

flight-Leady. In this case, coordizate aXiS OY3, is directed

vertically upward, and axes Ox,, and Oz., liepirest in the Flane cf

start~ag kcrizon/level, tke axis ox. indicating the line at fire.

Vertidal plane y, OAassing tbrcugh tbG vectcr ot the irnitiai
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velcc~ty, is called the plane cf launcbiqg9/taxting or firing and

*cet~mes - by the plane ct castin. IkE Fczitjcn of the plane cf

laucching/starting relative to the far.-th is determined by launch

azimuth or by the aziMutk Cf firing.

Ile ccnnected (mobile) cccrdipate system, designated Ox~ylzl, is

ilgidly ccrnected uith rocket and i* acveA tccether with it. The

crigin of coordinates is usually azxange/ccatEd in the center cf

mass Vf rocket. One Of the axes of cccxdinates lOx,) it is directed

alccg axis of rocket, remaizing tvc - it is perfendicular to axis Ox.

and t9 each other so that they ccaprisE riStt-banded coordinate

system.
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fig. 2.5. lotocentaic startirg ccczdivate s stea.

Fig. 2.6. Diagram of mutual laycut c ccqxected and earth-tased

cccdinates systea with ccmkined origian of coordinates.

Key: Al). North. (2). target/purpcst.

Fage 47.

if rocket is carried out according tc aircraft ccnoiguratico, then

cm. ot the axes of tod-fixzd system fCZL) 1t is directed along the

ai foil chard of wing, and another (Cy1) - jerjeadicular tc it in the

plane cf the symmetry of recket.

Zn the half-connected coordinate system. cne of the axes

ccinc4des uith the projecticn of ve1ccity victcr on the plane of the
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sysetizy of flight vehicle, two attqrs lie/rest at the plane,

;ezFendicular to t§e pzcjactic,n of veliccit vector on the plane of

the symmetry Aone it is directed aleng the intersection of planes,

ancther suFFlesents slstes to right).

Bigures 2.6 shows the diagram of mutual layout of ccnected and

earth-tased coordinates syslem with the ccmkised origin of

qccozdinates. Axis Ox is directed along axis of rocket, axis Oy,

lie/rests at its plane of s5nmetty, axis 0za is directed

perpendicularly to plane xaOya- hE angle ktteen the axis of rocket

and its projection (Ox') oq horizontal Flanc calls pitch angle . Are

distinguished the pitch angle with reFect to starting (horizontal)

plane and the local pitch azgle, measured *1th respect to horizontal
planey which is located at given tcrque/somsnt under rocket. This

separatioq it is expedient tc consider during determining of the

notie characteristics cf tke rockets, inteided for a firing tc long

ramge4 The angle beteem tbe projecticn of axis of rocket (Ox') on

hczizgntal plane and the terrestrial cccrdirate axis Ox, is called

j the yaw aqgle f. Nor scme icckets, for exaaile. ballistic, the yaw

eagle is determised depending on tke iastrusent realization of

measuceseqts or in the ilee*. perpendicular to range plane and

lassing through thee axis of rocket or .the uclocity vector its center

ot mass. If the yaw angle it the irclised plane, passing through

lcagitudiqal axis ox, of auisysmetric rocket, we designate through
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H. thean of Fig. 2.7.
sir .=sin cos 0.

It is obvious, with =0 we bill oktaia that l'I " Iith lo y the

Fitch angle, Seasused in the vertical ;lan* Fassing through the axis

of rocket, is close to the apFrctIiate anglt, measured in range

FlaqeA The rotation of the rocket of relativuly longitudinal axis is

deteranled by attitude cf rcll 7, A.e.. by the angle between the

ccenected coordinate axis Oy, and tie axis Oy 0 0 in the vertical

;Lane# passing through the axis of tccket Isee Fig. 2.6).

.1

• . .4. . . . .. .. . . . . ._ . : - . . . . - " . ..-- .. . ." -
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PJg. 2.7. Yaw angles, measured in beri2cqtal and inclined planes.

Eage 1B.

it the cruise missiles, ide according to aurcraft configuration,

toll attitude can be defined as ancle ketwinm tte plane cf symmetry

and the vertical plane, Fassing thzeugh axils Ca, connected with the

Locket cf the coordinate slates.

Bor the rotating rcckets and ;rojqctilts (for example, turbojet)

the fqsition of the body cccrdivate slstem cf relatively fixed system

is determined with the aid of the Eulerian angles whose name

cozresEonds to the names, acceFted It tte tteory of gyroscopes. Let

us acdept for fixd cocidinate system systEm CzJz (Fig. 2.8). Let y

apes,. Y9 3 .XX 3 l1e/9est at 2e0 (vertical) plane, moreover axes Cy and

OX *asb respect to axes Ox 3 ad 43 axe tirjed to angle S. For

passage to the system of oecrdipates Oneya1t the first rotation is

realited relative to axis Cs to the sagle v, called in the case in
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questjc4 precession angle, in this case, axas Gy will occupy pcsition

Cy', and axis Oz - positice CZs. ITq second rotation is realized

relat4we to os CzI to the angle 6, called actation angle, in this

case, axis OyO will occ¢Fj lositie; C*.,, and axis Ox - position Oxg.

The third rotation is realized relative to cs C(I to the angle 0,

called the angle of spin, as a result ef which axis Oye' will cccury

[osit4cn Oyl. and axis Oz - pesiticn zGaL.F itA respect to

earth-based coordinate system, the F csitiop cf the axis of projectile

is determined by the pitch angle 6 and ky tiG jaw angle V. Angle 0

cciresionds to attitude ct toll ).

I
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Y YJ

lg. 2.8. sobeaatic of the angles, sbick determine the poqition of

the iStating projectile.

Page 49.

4n the high-s~eed/velccity (flow) system cf coordinates Oxyz.

cae oC the axes coincides ith the sense of the vector of the flight

speed f the center of mass of rccket, aiotker, to it perpendicular,

Ile/rtsts at the plane of the symmetry of tljgkt vehicle. As

Freceding/previous, the higk-speed/velocity cccidinate system is

right rectangular system and is utilized ually during the study of

the phenomena of the flcv acued bcdies. gJgh-sfeed/velocity system

is connected with velocity vector azd is mcvEd together with it

I.
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dazing the motion of rocket. During the 4tucy ct the phenomena of

flct An the turned moticn (model is fixed, ird 1lcv moves) this

ccqzdtnate system is fixed ard cne cf its aaes it is directed along

the velccity vector of the undisturted flo.

Zn the half-sFeed cccrdinate system cvfi ct the axes, rust as in

high-sleed/velocity, it ccincidEs with veloccity vector, ancther is

directed perFendicularll to it aiad lieoresti a.t vertical pidne, the

third axis is directed tcriacntally.

Figures 2.9 shows the ciagram ct tbe actual layout of

bigb-sied/velocity, half-4leed and earth-1 4 sed coordinates system

bith the combined origin cf coordirates. Axis Cx is directed alcng

velccity vector, axis Oj lie/rests at the lanae of the symmetry of

flight vehicle, axis Oz is jerFendiculat tc flame YCx.

The pcsition cf the kigh-sFeed/velccit | system of coordinates of

the relatively combined terrestrial system is determined by three

angles 6, %V and y.; 6 - s$c~e angle tc the hczizon the tangent to

tsajecter y (angle between vectcrs cf speed and local horizontal

Lam44; 'Y" - angle of zctaticl ci tZjqctcz|; Y, - attitude of roll

cS the higi-sped/welocity coordinate systsa.

Axis 0y* of the half-sFeed coctdimate system lie/rests at the

t
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vsxtidal plane, passing tircugb the velccitj vector v, the auxiliary

a.xis dx*z which lies at hcrizcgtal Elane acd the vertical axis OY3

of combined earth-based cooLdinate syaste.. Jxis Cz* of the half-speed

cczd~nate system lie/rests at the hcrizontal Flane. perpendicular to

Flane xOy* . Passage tc halt-speed system ficl combined earth-based

cco dinate system is realized via the ccqsecutive rotation of the

latteg at augles Wj and 8. Halt-s~eed system ccincides with

Iigb-sjeed/velocity heom yc-O.

r ii
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Y3

z.

fig. 2.9. Diagjram of tbIE mutual layut cf biyh-Epeed/velocity,

halt-&Feed and earth-based coordinates systca hith the ccatined

crigin cf coordinates.

Ea ' I 50.e

Tbe projections of veiccity vector on the axis of earth-based

cccrdizate system are okvices from lig. 2.S
Vr 4 =%YcoS 6 coS'; V iVsin';

gn the examination of to-dieasicral irclems when edve oy the

bcxizqatal and elevatials of speed are restEcthvely equal to:

., 3 =oo n tvsin0. 12.5)

I After unit OR the laulcbimg Fad olt tka vertically starting

rccket, body axis ox, cciecides bit atis OY3c. lter separation from

Stable during vertical fligt, coicide axi s Cal, 0 y3c and Cx

4blyh-&Feed/velocity system)-
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CCuunicatio4/connecticn k*Eteen *obilt 4ccnnected) and by

coatinuous operations ci cccrdirateE (pig. 2.10 and 2.11) is realized

hith the aid of the angle ci attack and slij arSle. It is known two

veisi;ns of the deterainaticn ot tte arz,.eE cf attack and slip. In

cc;mection with the aZiEysatric Kccketf, ficb do not have the

clearly expressed lifting ings, argle ;f attaxk is called the angle

ketwean vectcrs of spe* and the a]is cf tccket OxA (see Fig. 2.10).

1a th4E case the plane cf angle of attack ,i called the ilane of

zesistacce.
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Fiy.~.1. Th digrasof kie utul laoutof te fow, cnncte

ancc~biDd d~t-~s~cc~diatE£)teuLC th aisymeri

Figt i.10 eiTe dihea indicted mtanlo lattc Ofn the a cnee

imitwgess tocets ~A o- hreizcta ancd tina ptiane 8lan C~y - ver thca

panes caet ed ouad ts rc~tion on the tti *c t plane, r Fa tn e

vetct and the a aitO rocket (plan call argesofslij .

Gi the rockets of airciaft cortigaraticn, bhich have the clearly
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exfressed wings, and of aircraft b) angle cl attack c it is accepted

to call the aqgle between t.e 1rojecticn of velccity vector on the

1jane of the symmetry of aircraft and ,the aIricil chcrd cr wing cr

the lgngitudinal axis cxz (see Fig. 2.11). ingle of slip 0 is called

the angle between vectors cf sjeed and the lave of the symmetry of

aircraft. If p=a.1I,=O then we will cttai tle motion in vertical

laze. during vbicb 6-64e.

jassage from the axes cf one system of rectilinear cocrdinateE

tc angther is realized cn the formulas, kncVn from analytical

gecmetry, with the aid of tte tables of diricticn cosines.

the tables of directic ccsines are utilized nct only for the

co;vertion of the ccordlnatcs, hich determine the position of point

is space. but also for the conversion cf tke ccmprising aqy forces,

torquemoments and motics characteristics bticb can be expressed in

vectox form (for example, tcrce ccaicnent cl wEight, aercdynamic

forces, etc.). The coamcn/general/tctal foraulas of conversion take

the fclloiing form:

x-aC x'-a,y'±a '; x'=ax i-bg. -, CI:;
Y~bt' + Y'"-b:'; '=a~x -b"!/i r'-
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M ' fantlauona Ma 1

'4.

Fig. ;i.11. Diagram of tik mutual imlcut aC flow and body coordinate

iystexz.

jt
Key: 41). Plane of the syssetr o o f1jSbt vehiclE. (2) Center cf

- Bass.

able 2.2. the geAeral vwq% ot the table ct direction cosiles.

i#) I
ilpoeKuem 9eK0opa x'

a, a. a,

z Cl C;2 C.

Keg: 11). Projectiops cl vector.

Page 5 -

ire givep below the takles of dirictctc cc~ines foL different

jairs cf rectangular cocrdinate systEms.
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Taile 2.3a. Cosines of the angles tetwetq tie axes of the

hlg-aed/velocity and half-speed coord1iata systems.

K00jplmat Oz

Ox 1 0 0

4* 0 Cos - sin 7c
Ozo 0 sll "c Co 7,

Key: Al). Coordiaimie axon.

Table 2.3b. Cosines of the angles ketoeq ales Cf the conrected and

halilt-Afod coordimat. aateas.

i s lll ii CIt)S -I- CI'S ' CIS 11 - lIIi " CO.$ i+ SIll 111 Co +i CS 1:1 C ols Sill u

sin 1. Sill a- sill Ic CoG U r CUS T, COs 1
- C01 h COs a Sill + COs Ic Sill a1 sll1

KIy: 41). CoordiiatV axes.

'able 4.3c. Cosinqs of the angles ketueea tit axes of hdlf-speed and

easth-taxed coordinates systono
1' Oxi OX," OZ *

l0IxA l T Co IF s t Cos l4 sinOX 3  OlI l i--Slh 0 'il t

OiJ sill 11 Cos Q 0

03 - COS'f sin SLl 0 sin ' Cos

yal: I Il. cooz41at &sea.

Takle 2.3d. Cosines of the angles ketuen ales cf connected and

earth-kased coozdinates sy4ton.
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Table 2.3d. Cosines of the angles between axes of
connected and earth-based coordinates system.

UDOpaMsHT Ox1  Oyl Oz,

Ox3  Cos b5 Cos,, cos ' sin 4cos T+ cos . sin 6 sin 7 +

+ sin sin 7 +'sin 'cos
OM3 sin 8 cos 8cos " - cos 0 sin y
Oz3 - sin Icos 4 cosS. sin 7+ Cos y Cos 7 -

+ Gin + sin 0 cos I sin sin 
8 

sin T

Key: Al). Coordinate axes.

Eage 53.

the selection of the ccntsol systes frEgue;tly sets limitations

co the instrument realizaticn cf tie cccdlrate systems. Is known

seFaratic4 in this sense !qto the Cartesia; control , which uses of

ditfeent form of the s)stem of rtctilimeaz cccidinates, and pclar

ccatr;l, which uses a Fclar cccrdi;ate system.

luring the design cf tie contxcl system, is provided for the

ueasuzing coordinate s)stem, in vhbc4 aze stasuxed the

disturtance/erturtatic~s cf actic¢t and the executive coordinate

4 system, cognected with the Locket in which is ccnducted the final

ad. stsent of ccimand/cress.

ja the process of missile tarcetings tc the driving/moving

t&rge4/pun~os.s along cce )ex trajectcxies, is icssible the

.bercmenon of the "torsicnO ("fracture') of tie executive cccrdinate
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slates of relatively measuring system. Let the surface-to-air missile

be ccatrol/quided on radio team. Tbe measuring coordinate system is

ccqneated with lead beat ac that cc* at the axes Oxx coincides with

the a~is of boam central lire, and axes Oyo and Ozv supplement system

to right and they are ccastant/invatiakly connected with the antenna,

which creates lead Leas. the executive sy4tda cf coordinabes Oxpypzp

is arzange/lecated on cqcket. is xp i s ccnp4cted with axis of

rocket, and axes Oyp and Ozp are stabilized by co-board

gyxcstabilizes from rotation around axis Oxp. Let as assume that pricr

to the start of the axis of the executive ard measuring coordirate

systems they coincide it the directict. In the Frocess of missile

targeting to target/purpose, both cccrdinate systems will be ncved,

the agis Ox3 of measuring s)stes will .tack a target or aimed into

set fqmard Fqint.

)T
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Takle 1.3e. Cosines of the angles ketween ectcrs angular velccities

* ". and the axes of tcd v coordinate system.
(CH IO~pANHA T , --

OVl 0 sin :

O.4' sin cos cos 7 0

Oz, COS- - 0Cos sin 0

Key: 11). Coordinate axes.

Table 2.3f. Cosines of the angles kotwees axes of the ccanected and

biqh-ajeed/velocity cootdiste systqmsa
({; OCH 1

KoopJ aOxT 0:.-

Ox Cos a cou - SIl L Cos Sill

Oy sin a cos aU

Oz -cos sin A sin a sin cos

lejv: 41). Coord4iaate aZes.

Eage 54.

Thq agis Oxp Of the executive cccrdina.te system while maneuvering of

Kjooet sill coincide with axis of socket, but axes Oyp and Ozp cannot

be tusned relative to axis Oxp as a result cf tke action of

gprostabilizer. Each cootdimate sJstes# beirg mcved in space, by

sjecial form differs fcca ititial directior and the collinearity of

their axes, assumed by us ii the bEginning. is lost, i.e., occurs the

"tczs~cnu of the coordinate axes. Iq ttq gerexal case the "torsion"

ca4 be three-dimensional/spece. with which in ,the process ct

induction occurs bbe angular separatica of the executive and
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measuring cocrdinate skstems along all three axes. In the jrocess of

induction, the longitudinal axis ot the well guided missile

insignificantly oscillates relative tc the axis bea central line and

in the first avprcoimaticn, they assume that tA4 axes Ox" and Ox" of

the measuring and executive cocrdivate systems coincide iin the

diLectio. Ia this case will cccur the !torsict" of axes O.QOz1, and

O.'..Oz, in the plane. Fetlesdiculax ,tc the overall direction

ceq4itiosally coaxial OX, and XP.

§2. MElECT O TUBE GBAVIMICIAL fIlLr ,Oi EimhI AND ITS ROTATION ON

ROCKEt AND PBOJBCTILE PLIGhl.

.l. Iotential of the fcrce of gravity, form amd the size/dimensions

cf the Earth.

Potential function, cr potential, is celltd the function Il(x.y,z).

whose total differential is equal tc the elementary work, which

acts SM the Fqint of the force;

d F-,= n n and = dx+ --- dy+-j- dz.

the pmoJections of the resultant of the afFlied to point fcrces

are resFeltively equal tc

F2 Fd __ an4

dx 6i
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ectential for a point unit mass. whict is located out of the

volume of the Earth at a distance I fzie the elementary mass dM

lazth, according to the Nevtom law at grsity is determinad by the

exiession
d (2.7)

whqre f - constant of gravitational attractioil; l - distance

between points with unit mass (point E) aad the elementary mass dM

(fig. 2.12). The potential cf the Earth for a lcint unit mass obtains

b) imtegratio tor an entire mass ef Eartha

~ -T- • (2.8)

lbq written integral can ko calculated cnly aFFroxisately. Are

makscen accuratelp the Icrm of the lantb a c its size/dimensic.s, is

.akmaown mass distritutict %ithin tt Earth.

Bleamntaty maSS '/wh=P3d" Vebe 113 - ses density of substance,

thick is substantially chansed ty *qtire vclumtt dr - volume element.

If distance from the conditional center of the Earth to

elementary mass is designated p, and to external point P by r then,

designating the angle between p and r through (see Fig. 2.12),

w ill oibtai4
4n te-' e -- 2r e laos ',. t2. 9)

In the [rocs of rcckit fligbt relative .tc the Earth will
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change values r and T. amd, ccnsequently, alsc values /, It is

cbvicus that the potential bill ke changed in the process of mcving

the r9cket relative to the Earth bittim scae limits and it can be

calculated approximatell during thE introductice of the various kinds

cf assumptions. The most essential aEs spticns ccncern tne shape of

the ZaSith, its size/dimensicns and mass distrikvtion.

Ecr closer to the ral form of tte Earth, is accepted the

figure, called geeid. GEcid - this figtze, limited by level surface

ct the gravitational potential, which ccincides with the surface of

cceans, which are tcund in the undisturbed state, i.e., iq the

absence ot the boss/inflobs. ekt/discharyea, atacspheric and any

cther disturbance/perturkations. Level surface cf the gravitaticnal

Fctential is called suct stiface, at all jcnts of which the value of

the gravitational Ectential is equal. At pstsert data for precise

mathematical descripticp Secid still insufficiert. Vhen conducting of

tk, various kinds of calculating vcrks (gecetic. atrononical and

tallistic) as successive aFfroximaticus to Seoid they accept: the

spter~cal model of the Earti - a s|here, sftercidal model - spheroid

lelliEscid of revolutica), the general ellijsoic.

in Russia during lcag time whEt ocsductinS the astrogeodetic

wcxksp was acceFted Bessel's sfbezcid. l4 192 ty international

agreeaent the best pphezoid cc~sidezed Hayfctd's spheroid. In many
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instances Froves to be contnieat to Qtilz tic so-called normal

sab.rgid, A. Klero's prc~osEd.

the size/dimensions,. hich deter ne a kercid (its axes), were

calculated on the kasis cf the degzee veasciemetts of the arc lengths

cf bezidia ms.

I,,
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Fig. 2.12. Coordiqates ct Fecint unit mass, bhicb is located out of

the vIluse of the Earth.

Eage 16.

Since the figure of the Earth is diftetestt irca.spheroid, then in

diffevent places on one and the sane tie letituude of the arc of

sexid~ans they have diftexett cuxvat2Le. Thereicre the specific by

degLee measurements siae/ilmensicps cf elliscid depend oq the Flace

ct measurement. To this are explained tte aai]ale differences in

the nmmerical values of tkt' cell/eleevts cl terrestrial spheroid,

cbtained by the separate authors.

Soviet gqodesists under F. N. rascvsk2yls management/manual

(1478-1548), utilizing de~ree measieemests 11 the USSR, West Europe

and USA, they determined tke size/dimevsio;i ct biaxial ellipscid. In

acccrdance with th.e resclution of t:e Ccurcil cf Ministers cf the

US52 91 7 April, 1946, in tie geodetic borks bith the USSR is

atilited the terrestrial ellipsoid of zotaticn, which in resolution
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is camed the Krasovskiy teriestrial ellipscid. Cn the basis of the

same ocrks, were ottained tle data tcr the See~ral ellipsoid.

icr the biaxial Krasovskiy ellipscid, semiajor axis (the rear

radius of equator) is accerted egual tc a=6378245 i, semiminor

axis b=635t863 m. The dille[ence in tie valve4 cf the axes of

skberqid comprises -42800 a. ComprEssilG of the spheroid
a-b

a=- = 1 - 0,003352.
a 298.3

Square of first eccentricity

2 a2 -b 2
/I a2 - = 0,006693.

Square of second ecceqtricity

2 a2-

-2= b - 0,005739.

wer the spherical model of the Earth, the tasic a constant value

is a radius of terrestrial f~here. It can ke determined differently.

If be take arithmetic mean cf three semi-axes cf the Krasovskiy

ellips.cidd then we will ottain 637111e a. Tie radius of sphere, which

has the same surface as tke strface cf the terrestrial ellipsoid, it

is equal to 6371116 a. Eadius of tke sFtere, which has the same

volume, as the volume of elJipsoido 631111C a. All methods give close

re sult s.

the common/general/total expressict fcz the potential of force

cf gravity, virtually svitakle fcr difqreat mcdels of geoid, is

obtained, after expanding expressicq for ri, is a series o, spherical
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tuqcticns. Let us preliaicaLily examine a siulper

conclesion/derivation, whict well GlUCidatEt tIQ physical sense cf

the tirst terms of *xFarsici.

Lags S7.

Ircu 12.9) we will cttain -

the expansion ef the uritter tunction in a tincmial series can

ke represented in the tcxg ct the Es cf nesters, who include

legendre's polynosials P, (cos 'V:

;/: • C? o s .o2 10)
- 1-0

The cqmmon/general/tctal expressica fcz the polynomial ot degree

v takes the ormI
cos o

2'n! d (Cos )n

for the separate values of a, let as have:

P" '. 1;

2I

P , (Cos', 35 COS4, _- 5 : o' 3
.3 t 1'

p., C05,5.- -_ __ CO)S , - 1. 4 - -'- 8--

4I

Itilizing (2.10), se will obtain from 12.E)

(M) n-aIc viii be restricted tc three terms Lt eR~ansion and viii
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Fresect jotential in the siu of thre* ,iutirals

11, ! \ d r/ -- cosdl!

Of)

Integrals can be undGrtaken ir fival fcrm, if we apjly some

limitaticns cq mass distrikution and tke fcLI ct the Earth. During

unitorm mass distrituticm according tc the %cl,.use of the Earth for

the cqcrdinate system whose center is Flac*c in the center of sass cf

tke Earth,

t dM=3A.
01l)

4
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praecet Iotential in th4 sun of three ,IntnSLals

r j~ r

_ -L dM.2 13)
(M

integrals caz4 be undertaken it fimal fcru* if we applIy some

Iiusitaticns c4 mass distrikation and tke fCLI ct the Eacth. During

unitorm mass distributico according tc the tcl*use of the Earth for

the c9crdinate system whose center is Ilacec in the center of ifass cf

thes Earth,

dM=.
1,4(01)
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Pa e S8.

Under the same conditicns, exlres~iqg ccs through the

coord4nates of particle dA and the cccKdijatfs ct the external bcdy

ct unit mass, we will citaiz

" cos,,dA11=0.
(M/)

the dependence of sass distrituticn or the asphericity of the

Earth can te characterized ky the scaeris cl the inertid of the

Earth, determined relative to the axes Seocntxic cccrdinate system.

It we designate through B tie torqge/aesent cf inertia of relatively

Irinci.al axis (Oy3 ),that coircide with tke rctaticnal axis of the

Earth, and through A aqd C - the tcrque/mosents of inertia of the

xelat~vely principal axes, which lit at equatorial plane (Ox3 ,OZ3 ),

and tq use tzanafer equaticas (i.1), tkuR st will obtain

• I °=i '3 - COSe-- l d.11=(.4-C-2B, : 3sin2;,;,, --
. . " ,, 2 " 2 , 4'

4(CA 3cos' pcos A. (2.14



LC 78107103 PAGE .2-'

Designating the sus of the disregardec t4srs of the expansicn

tbLcugh T17 .. Vw ill cttain fcrsula for the ictential of the

Gaithgs gravity

1, fA :-C-2B(3sins?,IL--
r 4r,

3f
, . (C -A)cos' p,,,cos2k + ,.. (2. 15140:

In last/latter foraula the first term rL*cesents by itself the

ictential of sphere with uniform or spkericil lass distributiov - the

sc-calld fotential of bebtcnian attraction. Ike second term derends

cm latitude %,, aud consideLs the etfect of the jolar coapressicn cf

the Earth, tbq third - ccrsiders tie detendence of mass distribution

ct the Earth on lonyitude, i.e., reflects tte Ettect of ldteral

ccmFressiol. Subsequent members (designaited 1i.H) consider the

dissymmetry cf mass distribution in the norters and south parts cf

the Earth and other nonunitcrmities in the Sravitational field of the

' Ealth,.

If one assumes that the Earth is ccrrect Ellipscid cf rotaticr

bitb uniform mass distgibuticn arcurd totaticnal axis, we will obtain

A = C and then

f + (A - B(3 MO ?, - 1). ,2. 16)

L~~ ~ 20.....J
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ior determination rJTli.t is necessary tc ccnsider the

iclyng9ials of Leg.eadre of the bighez, cdezt, than the second.

acuever, directly the use of subsequent neaters cf expansicil

enccunters the mathematical ditfictlties of iractical order.

laS* E9.

Thexefore in the more ccalete examination ct the Fotential of the

Earth& they prefer: depend4qce for its deitranation to represent by a

series of the sphericdl (EFkerical) iucctic[s bhich are exrressed as

the associated functicas of Legendri. Scr trigcqcaetric fuccticn C,

the associated functieo cf LeSendre takes tke fcra

I) dm¢" d'P, / " 17)

where the index of 'n- deteaimines the dcgree of function, the index

of "m" - its order..

The gravitational lotortial ct the Earth, expressed thkough

spherical fucctio~s, takes the fcru

I -,
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Sere c,.. and C, - diersictless nuserical coefficients, R,.-

e*uaterial radius of the Barth.

j4f we accept mass distribution acccrdiES tc the volume of the

Earth symmetrical relative tc its zctational auis, then (2.18) it can

te ccnverted to the more convenient fcr-m

N =- fr 1 1 - ,,( p,,,(sin y..)-I-

r C (r~),
+a( ') 3 a si 040 J~o - 4P dsif d - 2. 19

The dimeqsionless Faraneters Go0 &M determined by the so-called

Ileel surface and the angular rate f zctatacq ct the Earth. Values

P.o(sinq ) are called 2cra] sFherical flacticts.

Nor orieqtation let us bring data., that cbaracterize the

goaiitational field of the farth, cktained bitk the aid of

SeephJsical satellites [57]:
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Ku.! M =398603.2 KM3/CI
a= 1 :298,2±t 0,2

G2o=--1082,645.10-4
G3 o = 2,546. 10-4
G4= 1,649-10-4
R. =6378,165 KM.

Ease GC.

if the Earth to cogsider as sphere with mean radius R3 , in which

the mass is distributed everly ty vclume, tlep cf (2.19) fcllows that

11,= - = . Copsequentll, in this case the potential
r r

(gzavitational) field of the Earth will he central, and the

acceltratica from attnactiqg fcrce, bhich acts in it on the body of

unit mass, can be found as

dr]. K
dr r

2

Sign 'ainus" is here undertakep because v-Actoz I in the direction of

wtich is takeq the derivative "_, and u4ctcz 9T are directed tc
dr

cj[cs~te sides.

Gempaging-values g, fcr radii z 4d R 3 , uq will obtain

deendane 91( uhich it chazaote4riEs a change of
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acceltrating the attracting force jV central gzavitational field with

tescval/distance fzcn its centei.

2.2. gravitational force arc its ictectial.

to the body, which rctates tojetber with tke Earth, besides the

attxaatiag force acts tie itertial fcrce, caused by the rotation of

the E~rth. 7he combined action cf the Sravity tcrce and centrifugal

inertial force determines gzavitaticeal foice. Gravitational force

can be jresented as sum

vlhore FT-force vector of gravity;

T.- vectot 9f centrifugal inertial tcrce.

In spherical geocentric coordinates tt* centrifugal inertial

force, which acts on the tedy of mass a in the direction,

FerIeadicular to tie rctatiacal axis of the Earth, is equal to

F. = m r-!' cos

whete Q - the aagular rate cf rctatic$ cf the Earth.

Ihe directioq of tke fcrce of gravity cccides with the

IJ
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djiecticn of plumb line, i.e., witt veztical lime at the pcint of the

'arthss surface in .questicn and normal to tie surface of geoid. Ihe

angle between the standard in) tc suitace amd the equatorial plane of

gecid is called yeographical latitude W viliki geocentric latitude

y u (Rig. 2.13). She lcpgitcde is ccunted -etf frcm the prime meridian

as mh$ch is accepted the meridian ct Gree uch.

Ccesunication/cona,ecticp ketween geocentric ac4 geographic latitudes

is establish/installed ca tie ajGrcuizaticV fcrLula

tF ,. tg,,' (I-e,,

where 11- first eccemtricity.

'I
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'I

RA9. 2.13- Position of Icca] vertical line, deteLmined by yeographic

latitude

F&C 61.

the difference between angles q,-qr., Csio ke found diso fIcm the

d*Fendence

'rF1r =a s in 2,p.

Gre at va Ju (W-+- r) in equal tc 11.S@ at qr= 450 .

The gravitational Eotential alsc can te presented ds sun of the

ictentials of the force of gravity ard the ctntritugal ineLtial

force, determined by the diurnal rotaticq Lk kr- -4

IT.- fl i .
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lakiqq i1to account that dl-li=Fdr. %jeri ru=rcosqrn.we will

cbtain the potential of ceitrifugal inoxbial fcrce, in reference tc

the ucit of the mass

2

It we utilize for flT formula (2.16), tkfr

nl= - A - B (3 si nri --y,. + -L "Sr c2 , .CO S ' - 2-0 ,
r 2r3  2

le will obtain formula for dettraimias the acceleraticn of

gravitjy. From the Fxoperty Cf the jCtQmtial. fccnd for d unit mass,

an'k's = -,

whore gs- projection cf the accelcratios cf Sxavity on direction S;

r~n
-- 4erivative ot the gravitaticpal cttmtial undertaken in

the djtrctiom S.

let us select as direction S ncrual tc the surface of geoid to

which acceleratiop T is Ficlected t) ccplqte %alue. Designating the

dixecticn cf qormal to Seoid tbrcuh n 4see PiS. 2.13), let us have:

ong dn= -



LOC 7 18107103 FPGi A 4- 17

Considering the lc difference in angle& q and qT, derivative

in the direction q replace to derivative is the direction r

tdn dI1 -

-n = o= cos nr)..dr #fl

takiqg into account ccgtratt ct tetereLce directions for n and r

acd the smallness of the angle between r arc K. it is possible tc

krite

- 1 cos (r) ( -0,999995,

whsre mumral 0.999995 it ccres[ands to tke 9Zatest angle

ir-gr, ==I.5'. cesaidering the lcw dittexemce cos(fir) from uqit, we will

chtain

on a
dn Or

it differentiated (2.20) oq r, we will cbtaan

131l 3f

- r. 2r' I t3 si1 r, -  l -trcoss%, .211

icr the spherical model of the lart#., bittcut the acccunt cf its

L.l
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rctaticn, we will ottair ±rc. (2.;1)

f l

Into formula (2.21) frequently are intLcducEd values

.4 - B 'R ___

,' - -- H q= --
R2~ - [R? jAl

Key: 11). and.

Value jw has diuensicoality of mass, aci q - the dimensicnless

jaiameter of the figure of the Earth, ,equal to the ratio of thE

acceleration of centrifugal force to tke value cf the acceleraticn of

gravity in equatorial Ilan*. Calculations etc% that

, =0.0011 M; q=0,003468.

Intzoducing in (2.21) values p and g, we will cktain

- I r- - tl -3 MOCs2 ' ' (2.22)

dcnverting last/latter equality cmittitS in the process of the

travsfcrmation of the values the order cf soallress of whicii is

bigher than the first, it is Ecsuitle tc oktair simple tormula for

the calculation of the surface gravity

K o -- 1 -T [tsn r)
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where qw- acceleration cf gravity at equator when cm -=0 .

Value A is called Clairauts's cc61ficiect. Is numerical qow=9,78034

m/s 2  and - O.60526CC1 [57]. $ken it ii IcEible to accept g =

ccqzt# osually are taken it equal te 981 ars 2 . For the spherical

ac:de 1 Ec 1-k+

9=90

2.3. actational effect of the Eartb cn rocket ird projectile flight.

The Earth completes in space complex octicm - annual inversicn

arcund the su4 and diurnal rotatiop of relatively its axis; the

eaxth~s axis completes nutationa a~d preccEsicral actions.

Iage 63.

kicievex, during the study cl the mcticn of the rockets and

jojectiles, in view of ttke shcrt duration cf their flight, they

coqsider that the motion of the fartb along sclar orbit can be
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accepted as rectilinear umilcKa forward aoticq; the nutdticnal

cscillation/vibraticns of tie Earth and its Frecession are riot

tcgsid*red, since tlese NcticnE are cbaracteri2Gd by very low angular

velcc4ties (jeriod of precessional *cticq - 26CO0 years, and the

period of nutational oscillations - 16.6 yeirs, with the amplitude,

which does not exceed 9.2". The diurnal rctaticn of the Earth is

virtually uniform; cne tevc]ltica is ccopleted after 23 11 of 56 min

and 4 s, angular rate of rotation is Egual tc

(23.t W + 5611 + 4
.4

Tie effect of the diuzral rctatica of the Earth on rocket flight

and projectiles is easy tc trace, it we exazine their moti . in the

inertial geocentric coordinate system. it tie csent of shct

(launching/starting) tie iritial velccity cf rccket in relative

actica - F0, *hile in aksclute mctica 'o=0 o.. vhere the

linear speed of rocket, determined ky the acvalle rctary action cf

the Earth and which delirds cn geograihic latitude of the location of

the launching site (here ard throughout the trajectcry eleirents cf

tie center of mass in atsclte aoticc let c& cte by index "a").

It is otvious

V ._ Cos
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%heze R - distance of tte launcbinS site frtm tte conditional center

cf the Earth;

qr-- geographic latitede of the Iccaticn ct the launching site.

At poles 0; at equator tceo )is al.icximately eqjual to 1674

kxjh, cx 465 m/s.

The Earth rotates relative to EclaL axis from west to the east;

therefore during starting/launching eastvazLs vo>:o. a during

starting/launching vestuaid (agairst the rctaticn of the Earth) vao:0<zo

During free flight tkE trajectcry cf tie atsolute moticn cf the

rocket of class "surface - surface" (crz Kaith satellite) in the first

ajiroimaticn, i.e., for tke spherical model cf the Earth with

unifcrxly concentric lccaticn of masses, is Flare curve aqd its Flane

will occupy the constant/intariable attitude. At the same time as a

tesult cf rotating the Eartk, will cb&ne it inertial space target

[csit4cn. For total flying time, tke target,41uricse will cLange its

icsiticn, counting frcs Zec time, tc valme

where AL,- movement ct tarqgst/jurpcse .r lc;9itude;
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t-total flying time;

.,- geographic latitude cf target/purpose which remains

ccqatant/iavariable in the irocess of pericc ct earths rctation cn

its alis.

Page 64.

the place of start and the Eciqt cf islact in the rocket

4qzcjectile) of class "surfece, surface," is Iccated on the Earth,

cserwation after rccket flight is realized frcm the point/items,

arrange/located on the eartk's surface. TlELefcre usually the

trajectory calculation cf tie motica cf rociets and projectiles

carries cut i4 the system of coordi4ates, ccratcted with the rctatiny

farth, i.e., in relative acticv. LEt us establish

cclzunication/connecticn of initial cc;ditjcrs cf departure in

absolute and in relative actions. Let Is d*Sigrate geocentric

inertial cccrdinate systex tbxcugh x.yaY, and the geocentric,

cconeated with the farth, ccordinate systes thrcugh xyz.

the motion of rocket in the first coocintate system will be

atsolate, in the second - relative. EcL determiring the position of
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Eccket in inertial coordinate systes, we utilize usual spherical
cc4rd.In4tes ra P LA anc{ in that ccnvected wiLh Gcr -k

* ra )LA Connuicaticf/cconectbom ktteeq the longitude in absclute
and relative notiops let us deteraij~ accoxiSIDq to the tormula
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, FPig. 2.14-. Initi&I conditions of tirimg inm £tsclute and relative

eucticas.

Pase 65.

initial conditions for trajectcry of zelative notion of th~e

t' ceqtea of mass of rocket at the uoaent of timq t =to will be values

r, .o 7 initial veiccit) Vo and an~le ci de[artuie do (Fig.

- 2s-1 ), For angle of departure, is accefted the anyle betv~en vectczLs

, ¢i the initial velocity and the plane. tangential to sphere at4 release point Bo* Ihe plane of casting is called the plane, passing

. thzough the vector of tke litial vElciy and the conditional center

• ci the Earth Mnder hhich let us ouderstand .the center of the

s~her~cal model of the Earth. Line OK of the intersectionl of the

plane of departure ID) with equatcrial Flare is called nodal line.

XTO Pe

YTO
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L cngitude cf qodal line is determined in eqLatcrial plane by angle x*

betWeen the axis 02 and the nodal line. The inclination cf the Flare

ct casting tc equatcrial Ilane is detezined b) angle x. Values of

the named angles &t seao tuse let es desigtzt* through A and X&

rits sector PoOPb and rectangular sEkericil triangle PoKp.

let uS have
cos X,= cos %0 sin A,;

4 A- arcsin (Ctg Xe ti qrle),

where angle Ad - azimuth cf firing in relative aotion, cdIculated

frcu meridian H. passing througb Fcint 16.

let us find initial ociditicns in absolute motion. Let at zero

tinq the inertial geocentric coordinates ,ccncide with the

coard~nates. connected bit. the Eatth, and tbee Foint Ro will also

regder/ahoy ccabined. Ike Iritial wtlccity in atsolute notion is

equal to

(2.25)

%khere the velocity of fclloing of Pcivt l. is equal to V..-QrOCo 9 ko

Is directqd 6. by collinearly tancent toward parallel P at pcint

let us place imto joiqt RO the kagiqkAq g cf topocentric

rectangular coordinate system axis 0N, it is directed along
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radius in, axis x1o- tc gorth, axis z,6- taagootially to parallel

at launch joiqt. Ig the topccentrtc sjtes cf cccrdinates (Fig. 2.15)

let us show the aaimutb ct tiring Ad aid a;Sle ct departure 00 in

relattve motion and will ccnstruct tte vectct sue of velocities

(2.251 (in Fig. 2.14 and o15 seridiar and the Farallel, passing

through point Po, are noted letters A and 1). ircm Fig. 2. 15 we find

v, sin 8, -v, sin 0a;

V, Cos 0, Cos A,- va, cos 0., cos Ao;

'a, cos 1. sin A, + 9ro cos . ,0 cos , sin A...

arm the first equality we fiv4 auSle ci deFarture in the

atsclute action

O. csin 2 sin (2.26)

Ircm the second - a2incth of the firitc

A, ' ccos ( C %Cos Aa) (2.27)

Eaqe 46.

lion the third equality, convetting, wE will ottain formula fcr

th.e calculation of the module/Bcdults c the initial velocity

v,,, vr7 2142r, tCo yrgi.coS 6, sin A, 22Qr,2 cost ( 2. 281
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Returning to fig. 2.14, from sfberical rectangle v . e find

the inclination of the ilane of casting in atsclute motion (Ba) to

equatzrial Flane

COS Za. CO ro0 Sin A,

and the longitude cf nodal line

a.o-- o- rcsn tctg X., tg Tro .

%he equation cf mcticr ct rocket in jrELtial coordinate system,

wzittea in vector form, takes the fcra

mat = V 'F, (2.30)

wbere i,- accelexatior in absclute acticV. MP- is resulting of

the aerodynaaic, ccntrcl, 9Lavitaticnal and reaction forces, aF[lied

tc rocket.

Sueeping last/latter equaticn ard Eolving it under initial

ccditicns (2.26). (2.27) ard (2.i8), it is ictsible to obtain all

tki characteristics of trajectcry in ateolite action including the
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coordinates ot collisict scint uith the saxth'E surface TsO (Fig.

2.16), Plot/dopositing in accordance with fcraula (2.23) correction

fC the rotation AL., arth we uill ottain tke ICsiticn of the place

ci taESet/purkose at zeic time - jcint T cX parallel n,,. In Fig.

2.16 lcngitudes of launch pcint lEcint R) - Xa, the longitude cf

target josition at the ucaeat of lauzcbig/itarting in the convected

uitb *be Earth geocentric system of coordigatea _4u. The longitude

of real target Fosition at the moment of a4 ilcidence/drop in the

ucse ccne in the inertial system of cocrdionates on formula (2.24) is

egual to

Ihe central angle 2*, shich cczres.onde tc complete flying range

in inertial space, can Le detezined it the jrccess of trajectcrY

calculation. In Fig. 2.16 missile trajact.cr) it absclute actior

dejicts the curve RaTs', it relative, sctica - three-dimensional

curve BeTs. 7hus, in the examinaticn cf tra3ectcry in relative motion

target range along the earttls surface is ecua] to RTs..
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4,

14g. 1.15. The initial 1el9Citiss, %be aziaths and angles of

dc.farture in absolute and relative scticqs.

Key: J1). North. (2). IaEt.

Ease 61.

lot as dqtermipe tte acceleratica cf Eccket in relative *cticn

the fundamental dynamic equation tcr relaitive action vuill tdke the

Ls2.31
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te value of translaticral acceleraticx is located (Fig. 2.71)

thzough the formula

ngp rS2 cos ,. (2. 32

The vector of movakle (centrijetal) &cceleraticn is directed

frem tte center of mass ct rocket tcbard 'the zctationdl dxis ot the

Earth along the shortest distance. Eearig in ind that sutsequently

ue will comprise the egsaticn ct relative actic* of rocket in

geccemtric coordinates, let us write tke prcjection of translational

acceldraticn cn tikese azes cf the cacrdo4atri

a,p,=-xQ'; a.npy=O anep=-2. (2.33,

Value of the Coriolis acceleraticn of tetermination from the

kacwc tormula

a.0 =2v.g sin ( .(2. 34 1
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M x

P.g. 2.16&. TrajectqEy of the motio of rocket xelative to rotating

fartbjo

p~ge GE.

The vectcr of Ccriolis acceleratice is jetindicular the plane ot

vectoxs Q2 aod t. if me them lead tc comscn/.eneral/total

teSinning. Directic aR°P. ie acccrdal)cE bitb tE rule of vector

a1Sebia, is taken similar sc that the vectais d",, and o,,, would

comprise the right-handEd triad. Ir this case, it is necessary that

the observer, vieuer frcs tie terminus cf tle vector ,,p, wculd see

xotaticn Q to vo,, thcae cccur cn the low jart of the circumference

cpanterclockuise. Since the velocity roit- ic the process of moving the

xccket will change directic, then aIc 4..p cat be dijected

differently. Assuming that the directicns ktcuv of those comprise
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Scqrrepond to JCSitiVE LEfLenCE diXQCtiQ4, then it is possible

to establish value and directica of thcse ccaftise d,., in the same

9eCCeAtriC system of cocrdinates (sE fig. d'.17). Utilizing (2.34)

and the rule of Lk~e det~raaLatiza ct 4irectica dxop we will obtain:

aOP X 2Q z',,,; a MoP:= 
2

V0TM . 2. 35)

since C2 and i", are ccllineat, tken aOP,=O.

During the deteruinatica of direction aprop ini space, it is

jossiblG to also use Jcukcwskils rule, in accGidance with who& the

dUrection 5" vill ke citatlisked by tte xctation ot projection

F.T1 On equatorial plane cn angle 2- tc the site cf movab'le rctaticn.

#or e;anplo, with firing alcog aeridianv fics the~ Northern fHemispheue

iatc scuth vector dJop will ke directed to tke east of collinsaxly

taegeot toward parallel. shile the 1xcJecticn cf vector iM on

eqsaatqtial plane will Le dixected from the centir of the Earth.
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OT zOW,

P, 90'

r OS r ;~~ VOTK.

Pig. 2.11. Beolviag of vector of relative veliccity, movaole and

Ccziclis accelerations alc4S the axEs cl tkc rectangular geocentric

cccdimate system.

Iey: 41). Equator.

Page 69.

As acgo as projection VoT, on eguatczial 1lape will be obtained

ditectica to cente. The lAath, the vector , mill turn itself to

West Alig. 2.18). DQring the calcu~stiep ot tzeJectories it is

necessary to keep in mind tfat the tcrc* of inertia of translational

actica and Ccrioliss fcrce enter iq tke rjcbt side cf the equaticc

ci relative botion with -irS Sign 12-21). Cbvicusly that missile

[ i I,
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tra;ectcry in relative moticn due to tie action of the movable and

Co~iclis fcrces of inertia iand alEc still &cze factors) will be

three-aimensional curve, i-.., the rccket etrirg motion will be

diEflaced sideways relative to ranSe Flane.

if movable (centrifuSal) acceleration is urited with the

acceleraticn ot the force ct gravity into the c~erall acceleration of

9yavit) (see §2, Section 2.2), ther CoLioli acceleration remains

caly factor, con3idering the rctatioral effect ci the Earth on

relative action of rocket. Eor the model ct ncrzal sphercid of tae

farth, the maximum value cf Coiclis acceleLaticn is numerically

equal tc apjroximately 1. o/o c± tie accel~iaticn of gravity on each

cf thqusand meters of the equatorial prcjecticv :(O,,, of the relative

sicEd cf flight vehicle. fle calculaticks ccndcted show that the1ctaticnal effect of the Eatth on the fligtt c Frojectiles it is

expedient to consider tegiprirg free filing distance approximately

3C,CCC I
3. The earth's atmosphere and of its jopetty.

Atmosphere, which surrounds tie Earth, calls the atmosphere. At

teighA/altitude to 5000 a, is ccntaired abct 50c/o of entire mass of

air, at height/altitudE tc CCCC a -SO.c/o. 1he kasic physLcal

atmcsfheric farameters - air density, weigkt cr is mass, the
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texlexature of air, tarcmetiic prEi4urk, Afed cf sound dnd wind -

very significantly they affEct the act icq (taracteristics cf rccketi

and pzcjectiles. The numerical valves cf the raved meteorological

chaxacteristics depend cn tie ibysical statt, tie chemical

ccmosition aQd the structure cf tke atboslier. Fox the study cf the

state c ftte atzositere, is created the wide gtid/network of the

beathex stations, zcatterid on entire terrEstial globe.

Investigations are carried cut by setecxolc~ical instrumentation with

tbe aid of pilots's spheres, it is radicprclinS, the specially

eiquipjed aircraft, setectclcgical zcckets aid Earth satellites; the

results of measurements undergo scientific Irocessing and are

generalized.
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hop -

F~g. 2-.18. Dixectign of Coriolis acceltraticrs and torces with fiing

alcpg aeridian.

rage 7C.

The Earth's atmosptero ty the cbevical ccaicsitiaon is

conventionally designated as nitric-czyge4. it contains - 76o/0

ritiogen. 21, oxygen, -3c/o %ater valcr* Ibydrcgen, it cd~ic,

d~cxide and series of other gases. Ire 4iow; several jpriinciple-,

the crnstruction c4 the schematicso Ctkbe stacsihere. Iii cczjc--ii

ci air the atmosphere is svbdivided iatc kcqcz~bere and to

betergaphere. in the hopospterf, ubich strftckes to heipit,/&1titjd*-

-9,000 a, the air ccalcaiticr bith heigbt/altitude tdrte1y ct~angvz-

Isk heterosphere nitrogea, czygen Lcd cther Sases under tt&o ettect it

the ultraviolet radiaticn of the sun diEscciate and are iocated in

atCoic state.
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Since the temperature cf air is the kasic Farameter, which

determines the physical cocetants cf tke atacspbere, the greatest

interest for ballistics represents tL schematic of the structure cf

the atmosphere acccrdivg tc the character ct the temperature

distribution with height/altitude. In this -ckenatic the E.arth's

atacs~here is subdivided into five kase layers, by the named spheres.

Lcwer layer - troposphere, extending it uiddle latitudes to

height/altitudes -11,000 a, znd in equatcrial fields - to

height/altitudes -16000 a. 7be height/altitLde cf the trcpcsphere

defends on seascn, increasirg by summer and decreasing Dy winter. In

the trciosphere is contained by -75c/c cf ertire mass of the

atocsphere and basic part of wateT valcr. I tle troposphere are

fcra/shaped all weather pbercaena. ristjqctive features cf the

trcpospbere - temperature dicrease cf air bith height/altitude.

Hcbever, apd in summer after clear cclc nic.ts can in summer be

ctserwcd the temperature inversicns, at which the temperature on

height/altitude first grow/ises, and tken it legins to decrease. In

the tscposihere occur tke ccnsideratle hori2c~tal and vertical flcws

cf air masses - winds. Ecri2cntal %irdE are catsed by a ditterence in

the karcaetrie pressure in the difterect j3iceE ct the earthts

Surface, vertical - by a difference in the temperature on

height/altitude.
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fcllouing layer- stratosphere, wbich -tretches in middle

latitudes from -11,000 tc -5COOC a. 7te stratcsFkere to

height/altitudes -30,000-3 000 0 is cbaracteri2ed by temperature

ccmstancy, but at larger keight/altitude, aith a Frcach/ap~rcximation

t¢ uFper boundary of the stiatcsphere, the tem[Erature jxow/rises; in

this case, occur the considerable diurnal axd cay-to-day oscillaticns

ct tenerature. A change in the tesLerature Sradient between the

txciosihere and the stxatczkhere cccrxs in the relatively narrow

layer, called tropopause. Ile thickness of tie layer of trcpopause

varies from several humdLi meters tc -&0OC m. in the relatively

cazzom layer. which covers tropopasse, are ekstrved the powerful

disElacements of air masses from best tc the east, the so-cdlled jet

streams. Lower than tLopOpause one kilcaeter are approximately tc

ck erved flows (winds) &itb the maiinuv velccities, places those

reach -110 m/s 1400 km/h). The range of jet streams is

characterized by high-speed gradiects in vfrtical and horizontal

directions.

Eage 11.

Above the stratosphere is arrange/located the mesosphere, which

stretches from height/a]tittde -50CCC tc -90000 m. It is

characterized by temperature decrease tc utler tound of layer and by

increased turbulence.

'A' 7 A
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Tbermosphere - this a layer arq a&tmoskeLric from -90A00 tc

-5OOGOm, which is charactexized by the ccutinucus increase of

ten~exature. In the upper part of the theracspkere at

height/altitudes 400,000-5C0,C00 m tie teupeieturG of air reaches

-150OK.

A layer arrawged/Jccated cf height/altituoes -500,0J0 m to the

e*ternal boundary of the atbcEbere, i-.e-, Jzprcximately to

2Cfq00-100O0000 m, is called exosptqre. In ixesphere the atmosphere

is mexy rarefied. 7he transition layers betbee; the named spheres are

called respectively of stLatopause, seacpaske ard thermo-pause.

The ilportant characteristics of the state of the atmcsphere are

alac Fressure and air density which unlike temaerature with an

increase in the height/altitude mccctcrically decrease.

the power effect of tbhe atxcsFbere on flight vehicle is

characterized by velocity bead q =-9-- 4p - mass air density). which
2

has vital importance at height/altitudes tc VCCO-30,O00 s. on

height/altitudes, high 30,COO m thE effect cf .the atmosphere it is

expedent to consider ctly curing the calcolaticn a or of Farth

sa tellite.

: _ . 77777"
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3o:1. Standard atmosrhere.

lnveqtigatiorks showed that the 1hysical atmospheric parameters

ccpsiderably change dependitg on climatic ccnditions, tne seascn and

height/altitude. Ballistic calculaticns are Eexformed for the normal

meteciEclogical conditions, bhich corresFoad te average/mean

statistical experimental data cr tc the so-called standard

atmcs~here. The deviation of meteorological ccrditions irom their

- normal values is ccnsidexed seEaratel) in tie theory of the

cireatiocis (see Chapter XI).

Ic 1920 in our country, they used coaditical atmospheric,

cttained by Erocessing surface metectclcgical ccnditions in Morcow

axea. in 1920 vas accepted internaticnal ,standard atmosphere (F.SA).

Fcr artillery practice into 1927, they intcoduced the normal

artillery atmosphere (NAA). In 1949 were ptAblisbed the detailed

tables of stardard atmospbexe (GOSI C IOCT' - All-union State

Standard] 4401-48). with the develcoent cf Higb-altitude aircxatt

and rocket engineering, appeared the need and tie possibility cf the

upjer atmosphere research. lcward the evd 50-tb year , was

accumilated large experimental material, which allowed the

coordinaticn committee cf the AS USSE tc prcjct/emerge with the

.... I ,'." .-;
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jzcject of new standard atmcsphere. Was first accepted time/terforary

standerd atmosphere VSA-60, but latex - stardatd atmosphere SA-64 or

fimly SA.

Ease .

The tables of standard atmosptere (GOS 4401-64) are intended

icr bringing the results of calculaticns aq4 measurements cf the

aircratt characteristics ard eogines and tc identical atmospheric

ccnditions, for the graduation of iqstxumects, fcr use during

Erecessing of the zesults ct gecFh)sical &nd meteorological

meaEusemeIets, etc.

In the SA-64 in functicn from altitude H, are given the

folloming characteristics of the atmcsphere: kinetic temperature T

(in 0 and OK); the barcmetric Exeissre p (kgfi#2 and am hlg); density

p lin kg/m 3 and kgesz/m *) ; aoleculaK weight M; the sfeed ot sound a

t(i mra aqd km/h); dynamic siscosity pt (in icise and kges/mZ); the

tree-tall acceleration in bcdy V (in m,/Sa) ; e1 free path of

mcleceles I (). It is assumed that uiqd at all height/altitudes is

sepending on the character of a chaq , in the temperature,

eatird/all atmosphere tQ height/altitude 200,O0 m is broken into 11

A - -. v i
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lalers; for each Layer it is accekted ttat the sclecular-scale

toEuezatere Tm ill the function of geolict.;tial teight 4' cktangeE

acccrdingj to liaeas law with gradieqtam 7'1 Geopotential height is

determined from. the equatico

do = g (2.36)
dH g,,

Sukistitatiag in (2.3t) for the sptericel acdel Earth 9

(R3 +H)2 , let us taCq

(+H dH.

Ifter integration be will ottain the fcravla, which ccnnects

Secictential beigit mitt Secsettic:

R+H

the values of the gradient of tle tenjirature in the apprciriate

layers are equal fac:

M XR() 1 2 3 4 5

xo in00 uns 46O0 110o 5400 S0800
If.M%5 -5122 0 --U90 34544
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Key: 11). No layer. (2). Interval ct height/altitudes, in. (3). To.

14). Brcm to. (5). 4deg/Seetotential w).

Fase 13.

.MIof 6 7 8 9 U) I

,Tepeaa BCOT, M OT 800U0 (. 951oI IOo0,O()T , OY A.10V ?'o0 ( l

AO )aXtOAe1101aAA 2K(Ji:I 1O U 0V~,Uf (S7' 't)U(Uo 200'Ow(4 Ji o 95Koo o I IUo joio1 oio I 1.Uj I50.IIIU .i, ',(ii, 2Lu 21U(KJU

a orpaz rn. m) 0 1 +50o0 ' +8017411+234(;357 1987-10S -- 3o64,:'

Ie); 11). No layer. (2). Isterval ef height/altitudes, m. (3).Froo to.

14). Ideg/geootertial a).

Kinetic temperature is connected with aclecular-scale

tesfezature by the deperdence

MO

bhere No and 9 - molecular %eight cf air at t1 level of sea and at

height/altitude H. For H = (-95,CCO a, clecular weiyht is ccnstant

aad equal to R = No = 26,96f. At heigbt/altituces it is mote than

95 C0 x. where continues t.e pzocems cf the gaseous dissociation of

the atmospheLe, it decreases. for the determination of molecular

vuaght of air in the irterval of heigbt = 9t.C00-110,0)0 m in S*, is

accepted the dependence

M-23 5.966 145000-I-(H-950f)4.
145000

I- _ _ __ _ _ _
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while for heights 8 = 11CCCC-2040C£ a, is Sivev special table (with H

2C=q@CO m N = 27,OQQ).

Icrmulas, which determine pressure charge with height/altitude,

instituted cn hypothesis atcut the vertical equilibriua ot the

atmcsFhere. Cq this hypothesis the weight cl tic horizontal layer cf

air ot the elementary tbickress dH avd cf uzit area is balanced by

tb elemezntary difference dF in the jrersuris, hbich act oii upFer and

louer tke kase/root of layez dp -gdH.

Itilizing an equaticn cf statc

p= ,&T, (2.3"

where B - gas constant, equal B - cf 29.27 &/dg, we will obtain

dp I dH

p R T

hence ccmmcn/general/tctal icroula fcr p will take the form

if

p=pe kh.2. 38

Ei. tqriula (2.38) and the subsequent dfpencencfs by index * are noted

tke values of the paraueteis, whict ccLresicnd to lower boundary of a

ldyer in question).

-!
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EaSe 74.

integral can be taken, if is kncu dejenderce T f (H). We

ccovext (2.38) for geopcteqtial height, after Eutstituting from

2. 361

dH-= gL d -I9,

After this we will cbtair

gTo

p -p~e R(2. 39i

for isothermal layers (2nd, 4tb and tr 6tb) with aj=O and T=

T),=con st after integraticn (2.3S) we will citain

p=pye (2.40!

bbeze into exoneqt is intrcduced R,.-tbr -pcific gas ccnstant of

dry air (R,.=287,039 mmadegqs) aqd Gc - ccefficient, numerically

eigual to the free-fall acceleratioV in the Icdy at the level ot sea

and which has diaensionality m/sececfctential a.

my analogy with foroula fcr tkE iressuie

- (2.411

Ir
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for layers vith th. lirearly changing temFerature (1st, 3rd,

5th, Ith and from the eighth on the 11tt)

T AT., T"M-- ,,

p-p~ P~ P m2.42,G nTM

( j?,e TM. 2 43,

?be given in SA-64 values ot dynahic zrd linematic moduli ct

visccsity were det.erminEd ky the fcrulas

T) 3 2 To+ 110,4 (4
T1.4H V.P'- -, .. oT + 116,4

KeY: AI)., and,.

the sFred of sound was located trcm tk* ex[ression

a=1 kgIT=20,0463 'T M/C,

Key: ( 1 ). I/S.

and the average/mean length cf the free of aclecules , vas

determined by the Lctsula

I 1.2 'vI( . . 2.44)
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in the dependence fcr jk FL-o 1..5.1Q-6 ks.s/m2 with TO =

'73.16 0 K (unlike p 0 with I.c =  6-5 0 K).

Ite initial values ct the characteristics cf the atmosphere (at

the level ct sea and yeoraihic latitude 45c32145") were determined

cn the basis of experiments and ttecre-tical Ct dependence and in

!A-64 here accepted equal: Iad{metrac ries-[sL e - F0 = 10,3 3 2. 3 Xgf/r 2

= 60 Mm fig; the density PO 1. 50 kg/ta = 0.12492 kg-sZ/m';

tenjezature 1o = 28e-1 -0F (150C); tit sfaed ct scund ao =

34Q.28 m/s; the molecular wtight of air M. z 28-966; coefficient of

dyramic viscosity ye = 1.2L7eIG- kqes/a2 ; averaye radjus of the

earth Ba  6,371, 10 m; the free-fall acceleration go = 9.80665

tJese initial conditicts was it cc;necticr with desiqried the

table ct standdrd atmosFhere, conteiniPS tit average values of the

main parameters too heiSIt/altitudex ficm -2000 to 200,0)0 m. The

siace ci taole AH (A0-_CCO a) was selected ic ,ttat it would be
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ccrveoiently used during przctical calculaticns.

Data given in SA-6'4 fcr height/altitucts from 200100G to 3CCCCC m

should examine onliy as recoumended, since at tbE high altitudet

(esFecially sore than 1CO kin) of tt~ characteristic of th. dtmcsphere

(teaji4ratute, density, scleculaL wEiqht, t.) are subject(A to the

Wery Strong changes, caLSd ty the cscillaticrE ct scidE radiaticn.

'Ietulat~d data corres~cid tc the a'YErace leiel ci solar activity.

Curveygraphs, which show change 1. F and p in f unction f roa:

f k~eigbt/altitude d ion SA-E4), givep to fig. I'.I and 2.20.

Rcr the small height/& Ititudes 1hen HK<R, , it is pcs.9ible to

$accejt a and 9g;'g9o=const. These asEuapticine make It j ossiblE tc

'~Icktain fcroulas for the calculaticf cf the %ajues of weather factors

dxrectly according to altitude o± fligbt, usuUally determinrod during

the s9luticn of the Frckleas ot exterval sLalliztics for rockets and

the jFc).ctiles, intended tcr a firinS for relatively small distances
(X(-< 5O,OOO M).
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H KM,

fig. 2.19. Dependez~ce ot tesperature cq hei~bt/altitude for standard

aticsfbexe.

Eage 76.

In artillery practice Iinds; a us* the rctmal artillery

atmosphere (NAA). Uzvlike 51-6L4 in 1AA it cctsidered the air humidity

by intioducticn instead ot actual tosleratuie I ct conditicnal

tempexature - r. We will cttain tb* sispliti~d dependences, which

were being utilized in NAA tor the calculdtic cf weiyht density and

iressue. For weight deLsit) P =pS dtj air frca (2.37) we obtain

RT

A~n HAA instead of tht karcgetric jresttre p xyf/m 2 is intrcduced
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izessuLe, measured in as Bg and designated b. Since p = 10,333/760 h =

13.6 J, then respectively

n -136h (2.451

pressure humid air h can te dEfinod as sum of Fartial ires-ures

dry a4l h, aqd the watfE vajcx e

[h=h,+e. (2.46)



10-1

10~~10

10 1I7j

-4: S10?

01 .50 10 50 20 5 0R~

lote 10h

Fi he 2.0 epentdencie of denity and F-eL unt cf voet/litude is

1ccated through the siuilar dejenociqce

F? ~ FL..2.47
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ccuntng that vith sufficient for iractice eccuracy, that at

idfantical ressure and tte tem[eratUre %at*L va[or density it is

equal to 5/8 from the density of dry air, be will obtain

H, 13,6-
RT

and fjnally

11 - 13,6 h 1_ 3 e ' 2. 48

If necessary tc ccrsider air humidity intc tallistic

calculations is introduced so-called ccqditicral or virtual

tem ezature

T• t:'2. 49
3 e

8 h

and subsequently instead of the real humid air, which is

characterized by values h, P, T and e, is examined conditicnal dry

air with characteristics h, P and r; this ccoditional air exerts the

same resistance to the driving/moviqg in it ircjectile as actual aiL.

laking into account r fcrmula for teight arc vais densities, they

tak* the form

n 13.6 h- :' 50

Q= 13,6- .
gAT
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Ccrection into teupordture for air busidit) is in-signiticanit

for standard ccndjticat at the level ct sea in NAA ave w-ceittid:

hON= 150 25 H9; e,,~=6,35 son Hg, that ccrrexjcmdsi tc S0o/o (;i rel-itive

he a id 1t y -r .v= 28h8W K (o=+ 15' C 1,206 kg /a eo .1229 k9*Ea

,,,,=340.8 m/s. Just as in other staneard atmchjpkcre, it is acceptted

that the atpospbere cn all beight/altitudes is Iccated ini c~1m statt-,

i.e., bind is absent. DurinS the deterhiqaticn ct a chdnje cf the

Fressere and density with height,/altitude It NAP, is acLctpted the

dejendence r = t(y), obtaiIred D. A. Veettselem cn the basis at

irecessing the results cf tie reFelt~d soutciDc ci the utmcsjdlete tax:

average summer coaditicts [9].

E&qf 78.

Tc heights y < 9.30C m, it is acceitid

WkberE 61 - the teaferatLre Sradient, CgLal tc C.0063263 deq/,m const.

Icr height/altitudes from 930C to 12,00 a. it is acco.q~ted that

G& licedrly decreases fLCM C.006328 to zerc, i.e.,

3- 2of01 9.~ 53



A change in the temperature with btigkt/altitude will be

determined izy the formula
U

9300

ite substituticn of fcxnula (2.53) and integration makes it

jcasible to obtain formula CL chacgian bbe tenierature with the

he ight/alt itude

S-= 230,0 - 0,006328 y - 9300 + 1, 172. 10- ( ( 930 )2.

For height/altitudes 124COO, a < y < 310Q0 w is accepted r = as

i2.50F = const.

Ibe values of jreszure and dersity, lea tc NAA, were calculated
I y

from the obtained from (2.38) formula h=hbe o and following

from (2.45) to the formula

- d

[I= 13,6 r i e (2.54)
RT

if we relate this density to air density cn the surface ot the
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Ei&th# thee it is possikle to ottaln tkt djacnsicnless function of

devsily change witt heigi t/altitude. Cn the surface EKL-tL

H. - 13.6 ---'

-the n

n1 .o -r e -
n, T

Eesiectively it is possible to write, also, to the pre-sure

S Rb

icr height/altitudes tc 9300 m and qoaal setecrological

c,c ditions. i.e., when h, , and -]. A,,'  tiliziny torula (2.52),

be till obtain:

-" r) ,
-- .= H, (y)° = a()2.55)

Key: gi). and.

Ease 79.

1cr complex temperature delendercE s = to)) the integral in the

tight side of formulas 42.. 4) is taker by cie cf the numerical

methods.

I(
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According to the Siver abcve ±czaula* is calculatea a series= cl

useful auxiliary taties fcgc the diufersicnILqE functions

141: 11). and othqrs.

11ong with N&A was utilized alsc ictezraticral stdndatd

k atacs~here NSA, but maily during tile Ecluticr ct different aViatiOnl

trcblems. Fa~dmeters of t'SA for a zerc level are the following:

p(,=760 MM~ )T, CT T, 288, K. t,, O.125 rc"

Key: 11). as 49. (2). kgesza*u.

to height/altitudes 11,0CC r is accepteo the linear lejendence of

a cham~e ic the temperature wjith tke kegtatltitude

T - T - 0.00654 u

an the kasis ci ccasci/gerera];total fcraclds (2.4.2 and 2.43)

after a series cf transformations it is posital* to obtdiu

P P.l~~~ .5

and



LQC 781d07103 PAGI 40Sr

NaL beight,'dltitud~s tic. IlCEC tc 20,C(,C in, the tewlqOLature~ of

aii cm FSA is accepted ky ccnstart ard eqUtl I 21b.50 K.

Air humidity in MSA is nct ccpsidered.

ISJLing the solutLcn ct the practical tasks. for exawjphe, duiinty

tallistic design. for calculating tUs dimetsicrless function at

deqsity chdnye witt heiiktaltitude it is ccnvJecieflt to use euj~iriCdl

tczmUIaa. ALE knUwO the tCXIUIaS: IlCfESScz 1a. F. Vetckiinkin

I -V kY,5

kyFerkclic

and e;Fcanential

H (y):--



DGC 781071031E I Gk $3t

In all formulas y shculd be taken in z; it last three torgulas

c ceff4cieqt k = 0.0001.

Eage 80.

§4. ABBCDYNAMIC FOOCES AN IHEEI MCINIS.

Ir flight of rocket cr prcjectile in tte atmosphere on thea,

acts air resistance, called aercdyramic.

Aerodynamic drag i' is coIFosed cf the icrces of pressure air,

directed alcng normals tc tie surface cf tliht vehicle, dnd the

fricticnal forces cf air, tangential tc it. esultant force r is

atflied to flight vehicle at the cint whicL calls center cf Fressure

i ig. 2.21). Usually ceeter ot pressurE doei act ccincidE with the

center cf mass of flight vehicle acd dtxing the displacement of force

ci T1 T" to the center of mass appears toL~ue/omentMq) formed by

force couple I and "". I cce ', aillied i; tie center of mass cf

rocket, calls the main vectcr ct aercdyramic fcrces, and

tczque/ucent~ 0  - by the main mcaent of aercdynamic forces. In

essence the action of aercdynahic force leacs tc a decrease in the

velccty of rocket flight. the actict Cf tCLqvf/moment fV1ocauses the

ztary motion of rocket areund the center cl mass. By the study cf

the pbenomena, accompanying interacticn of ilickt vehicle with the
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incident airflow, is occujied aerocyinaxics J13, 3b]. Let us here

exanice oqly the questicns, direct-qccnvsct*( bith practical

alilicatian/use in exteinal kallistics Cf icraulas for the

calculation of aercdynamic forces and tcrqc*/zcaents.

itt is establisb/installed that if we dc *nct consider unsteady

fic'. ccnditioq, then the air resistance deitcdi in the first

aFFroliudticn, on fcrn and tke siz~,'dizensicn* cf rocket, velocity of

its flight v, on the air dersity p and cf its

ductility/toughiness/viscctity p, cr. the sF**d cf sound in air a,

deterained by its temperatute and wtich affct4 the disturbance

Irejagaticn in air, and also on the Eositicix, cccupied by the tccket

ci relative directico of its rcticr ai-ceg tiajectory, characterized

Ly the angles of attack m. and of sliF ~ e.

R~f~~v,,I'.a~a3i,(2.61)

where d - a significant dimension of rocket (fcL exasple, the

diameter of the greatest crcss secticn cf kcdy which tr-.-qucntly call-S

taximem cross secticn cL sisply by midsecticti)
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Fig. 2.21. Schematic of bringing the main v~ctcr of aerody iamic

foxces to the center of xaEs cf Lccket for thc-dimensiondl protlem.

Fase 8l.

1.ith the aid of tbe theory of siamilitude and dimensionality.

fuqct4¢cal dependence 1;.61) is cciverted sc tkat the indeFendfErt

variables become dimensicrilss and tleir nmabei decreases. As a

result s obtained the f±ozula

2 4 ' a

shere 0 - a siga of ceitain fuacticqal depecdeace.

Icre frequent instead cf (2.62) i- utiliaed the formula

I=qSe iM, Re, a, , 2.63

wheze q= °2- - velocity head ot tLe incideLt undisturbed flow;
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S - area of maximum crcss secticn cf xcckit;

'- dizensiopless aciodynamic ocefticiemt, dejend.ir on M.ach
v'1.

cmsbes Al. seynclds numier a-= glts q and .
au

it during calculaticn R rcndeL/-bcbs riceEsary to cousider a

charge in the angles a and A in time cr the ancular velocities cf the

zctat~cn of rocket -, i.e. tke unsteady flcw ccndition of missile

kcdy of air, then it is recessaiy uader the Eig; of function in

f craulas (2.61)-(2.63) tc introduce values , 0. 0i and time t.

4avestigation with tle aid cf tte theC¢) cf similitudE and

disensicnality made it icssitle to also ohtiR tcllowing formula fci

the value of the main mcnent of aeLcdyqamAc fozces .a:

.A1. = qSIm, 2.64.

wbere, besides previously named values, I- ctaracteristic length

ct rocket (for examFle, the length of iccket frcq its bottcm tc the

aFe of the cone); a - dierisicnlers aetod)idoic coefficient,

delendiny cn the form of rccket, itz Jcsiticn cc the trajectory, the

velocity of rotary moticr, time, etc.
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6cr separate comprizinS H and 1 also arQ applied the

dejendences, similar (2.b3) and ( .61).

Is decomposed the saii vector of aerod~razic fcrces to

c micnents alcng the azxE ci tlcw (Oxyz) ard ccnnected (OxjYz) the

syatems of coordinates (fig. 2.22). these ,ccmprisinq have fcllcwing

designatiops and tke names:

a) in the continuoL - cieration cf the ccordinates: X - drag; Y -

lift; Z - lateral force;

b) in body cocrdinate zystem: 11 - Icqit.udinal or tangential

seEiStiny force; Yj - ncrzal force; 2 - lateral or transverse force.

Those comprise of the main mcadnt cf acrcdynamic forces,

undertaken along the axes of flow aqd tedy-izx systemz, 1kave

icllowing designations and the names: M, amd M,, - moments of rolI

te*Fectively in flov and body coordinate sy-tezE; .,, and .k, -

yauing moments; M, and Al " pitching NomoErts (sometimes them they

call pitching moments).

growing comprising T cr .i,, in any cocidirate system, we EaEily
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fiLd their complete vle.Frexafle,

lirecticas R and .11, 8e deterainid each t) three anjies which

can b4 determined by tk* values of tleii cciineE, with respect equal

IseFig. 2.22):

_ N -- Y.

C1

A T PlM

since of majority eCnRFismny b and M'lc tt- names coincide, it is

ccaluliorily qecessary to give not crly valu.es these of tacse

coa~ri~e, tut also to Ejecily, tc: bhch cccidirate system they are

i~lated.

in aerodynamic designs conveniently tc deal not with force

ccelcuent and tocque/ucuert[c, Lut bith theiL ccatficients. In
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acccrdance with formulas (2.63) and (26) it is possible to write:

V qSc,; Al, =qSlm,; (2.65)

Z =qSc,; M = qSlm,;

%biexe c- , C. c~, ni tn.. m, - tfe ccriesicndiag dimensionless tcrce

cciefficients and torque/mcments in tke contimucis operation of

cccrdinates.

acaprising Rand fCir that ccnntcted of ccordinates are

detersined frcm formulas, similar Icrmulas 11.(5), tut by that haviny

isadex "I" in the desigaraticrs forcE ccmjoaeit and torque/moments and

their ccefficients. The casts coetficits cconect the designations

cf those force couppnent aqZ torgo.,ucseqt& vbicb they detervire. Fot

exasplG: c,- drag coetficlent; caefficient of longitudinal

toxce; in,- pitching-.cne4t coefficient L;~ tht continuous operaticr

ct coqrdinates; m -.p itcblag-nomEnt iccefficiect in bcdy coordinate

system.
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I 
iy

X.

Pig. 2.22. Expansion of the main ,vectcr of zercdynamic torces into

tb.c-se ccmprise in tie. ccrsecttd anic coatina(LS cierations of

c cc rd 4 ra te s

Eage S3.

liben conducting of thecretical calcu1~ticrs and experiments in

uj-nd tunnels, aerodynamic ccefticie~ts are ceterinined in iny

cocLdinate system.

Eassage from one ccordinate systemr tc anctker is rtealized cii

ic~rmulas (2.6). From FiS. 2.22 are cbvicus the dependences between

asicdlnamic force compc~enti in the ccptectc and continuous

operations of the coordinates

U' -- I W -/ - A I 2

A', C( (XI: .1/' 1/s Z' cos ~;~

'N _
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the values of aerodynasic forces diffil frca the aerodynaric

coefficients of these fCLCQ. tc ccrstam.t value qS, while the values

ct toque/mcments fLom ICN*Lt Coefficients - tc a constdnt value YSI,

therefcre formuld, of one ccordinatt systeu intc ancther, they will

te the same as tor the ccnversicr cf £Lccea themselves and

tcxque/uoments. For example, for tke c.cnver..ion of the aercdynamic

coefficients, found in Lcdy cocrdirate systc, in connection with

ccntinuous oFeration, on the tasis cf fcrmulas 12.66) it iE Fossible

tc wrtte:

"A_ A
c,.=v co t.'lX - ,, co-, ((I;.r X -': I o ;X';

A A -- I -.6 7
r = C o'; (X + 1t- ', cos (y,; "-, cos t:1 ; !th I

c'=Cr, costA; :t +c,, cos t 4-; : , -- : cos t%;s:. I

The action of Ilight vEhicle i, air, tLictly speaking, it is

rct jrEsible to consider .eing steady; thLertore the aercdynamic
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force coefficients and tcique/sczeit- aust cepend, besides the

values, given in formula (2.61) eveq fica tke ,chaiacterast'ics of

u-steady flob condition.

Fage 84.

Fcr elample, for the coetficients cf lift ard ,lateral forces taking

intc account contrcl fcxce- it is Ic--ible tc %rite these functional

de Fendences:

C ,= f z , ( , M , R e , B ,, a .,, a , 61, ,, .1 w . , , " t ... 2 .6 8

=r fcz (a, M, Re a, ~~ww1

bhere .,, ,--angles ct rctaticn cf tte ccntLclS, governing change

lateral aqd lift, respectively arou#c axes oy1 and oz,, body

cccrd4nate system;

y,w-, -- given angular rates cf rctati(n cf flight vehicle of

the relatively fixed earth'E axis;

- iven angular rates ct rotaticn cf flight vehicle of

Lelat~vely drag axes;

o, , given angular ratis ct rctaticn ci ccntrols.

Given angular velocities iniicattd aic values diwneionless,

I.
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equal to

- IZ - T. n.

tp Koj: (1) and the li69)

Aerodynamic moment-c cat be presented a. jzcdaacts

where Al, - distance betbeein certeri cf ia~Ers and the center of

jressare.

Accepting for YL ard Z, the dijtndencti, sizilar (2.65) and

12.681, we wil.l obtain ex~rcssions fcr torqtie/ucuents through the

ccetficierjts ot the corresicnding aercd~navic fcrces

2.71)

.1" q I (a ,ReIY

Ocly in the simplest cases (ucticr witk cc~stant 7, a, cr flow

arcund bodies by steady flcu) valuez At is ccnistant and can ceasily be

determined by experimental and calculatiomE. ihith various kindE

cscillatio~s and the sha~k maneuvering at flight vehicle tE1- flcw,

Ubich flows around it, bill LECCme Lrstead), the center-at-pressure

I.4



LOC = 76107103 PAGE 62 17

locaticn will be changed ard restEctively it bill be be changed value

Al. fqrmula for determi~ing which will be ccoverted the coplex

f ucticnal dependence. lkeztfore during the determindtion of the

torque/moments, which act on flight vehicle iq flight, it is accepted

tc tind for them the aexcdyramic ccefficients uhich already connect

xelat*cn A/i in implicit term. In this cast, expression for

torque/moments it is analcgcus (2.E4), is citained the form:

.11, qSlm,n tot. 1, M, Re, t,, ,,, Ut, P., v, , .. az; (2.72,

M, R , a, - - --(2.72)

Eage 85.

9btaininy for the coefficients cf the zercdynamic mcments ci the

fIorvulas which would reflect all tke deterainirg factors, and their

use represents great difficulties; therefore usually are considered

the factors, which have cn torque/Kcments coly essential effect.

The conducted in aerodynamics investi&eticgs showed that for the

Fitching-mcment coEfficient in bcd) cccrdirate system it is possible

tc be restzicted tc the dependence

M ,, ." ,;:,,,. t ,,) " 7
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fcrmula (2.73) is valid during small c(an§gs in the ,ach cumber;

hohever, it is necessar) to tear ir ffind, tat during considerable

chatge of M the form curved m,,(u) sub-tartially changes and this

sact ke copsidered.

be convert the conEcn/general/tctal *x1ression for in., to more

cccvenlent fcr calculaticrs CtcL.

Iqualizing total differential fcL the *us ct the partial

differentials replacinS apoximately d',Am=m:,-m:, we will

cttaim

M,= in. . a+ = M

*#:, - -~z T cm

Harq m,-- value of t.e aercdyramic coefficient of zero values

a, a and &:*

Eartial derivatives on the an.les

dm. dm Z,

are called by static derivative.
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Berivatives on angrlar vieccities m'=~L :

ase called the rotary derivatimfs.

In simplified teccrdinc we will attair

(2. 75
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Fage 86.

For the yawing-Imoment coefficient is ajjli~d the formuld,

similar written fou the pitching-u~aent coecicient

M".4 W- ' rn 2. 76i

lere the static derisativoes axe equal tc

am~q m ' am

the rqtary derivatives-

- r Om- cm am am

It zero values 61 taezcW.1dy a axic coef fic ie at'l-

thexefcre it is not included in formula (2.76)4

I.n formulas (2.75) and (2.76) the tecok. bhticb contain the

angular rates of rotaticn a,. and cii. charectirize air Eesistarce to

cacillations and the rotaticn cf flight vehicle. This resistance

causes the attenuation ldanjing) cf rctery cisFlacement/savewcnt .

Therefore the rotary deriiatives ca4 it namid elso dampinu
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derivatives.

Numerical values of named derivatives ceFerd on aercdynamic

layout, design concept, tke siZe/diUe@EioE of flight vehicle and

trcm Each number. Of unguided rcckets . ==, =0 and then

Y" , Y2. P. - , .

the momeqt of roll is equal tc

J I. qSlm n

Of the werk of contrcl- and the tixed Pac. number, dimensicrlez!

coefficieqt rn.,, is determined by the fqllciamc functional

deFendence:

"n,, f a, r' 'X, C, U,.,. , ., , , ( 2. 78)

Here, besides knoun values, t,, - the arle of detlection cf

ccqtr;ls of bank from tkeir tree positics.

the expansion/disclosure of functicnal deFindence ujon

consideration of the mutual effect ct the determining padaimeterx

leads tc complex ccmmon/geueral/tctal expre -ic; for the

rcllieg-aoment coefficient [36]:

-" rp' r'6

X , , r,

o~m,, ()2

o--y - c'm,. - .

flyd 2,u
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PaGe 87.

sere m, - ccmpri-ing the rclling-mcuEnt coefficient,

determined by aerodynamic asymmetry cl ilict vehicle; f"',% "' "I

ccgirising coefficient, detErmined ky slip iLd the deflection cf

ruddes; m',, , - comprising coefficient, determined by the uefl(ctiozi

cf the contrcls, governing the bank cf fli~kt vehicle;

W, - ccmFosing tke rcllimS-moment coefficient,

the determined by mutual virg influence anc tall assemblies; M - -

ccefficieqt of the damFing moment cf rcll, created Ly wizjs and tail
- -Mx, _ 62

assently; M, ccofri-ing ct the spval mcment

ci rcll, vhich appears during the rotation ci flight venicle A.cun'd

axes Gy5 and Oz1 .

is can be seen frcs ccomcn formula 42.-9), the rolliznk-mounc-nt

ccefficient to a considerakle degree is dettruired'by so-called crc-;

aerodynamic communicaticn/ccnnecticqs. The autual effect of

lcvgitudial and pavinS acticrs is exhibiteo esfecially itrongily wit,,

ka~k and rctation oi relatively loggitudinal axis of fliyan vthiclo+
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bith the developed lifting surfaces.

In certain cases tke vector of the mair soment of aercdyndaic

tcxces it is converient tc zeiresert bk the sum

where MY,.T - stabilizing cr tilting cment; M,, - dampinj icmert.

the name of torque/mcuent ATT depends cn the direction of its

actic in the plane of the angle of attack a cz sideslip A. It

torque/moment increases these angles, it is called inverting, if it

decreases - that stabilize. 7he torque/come~t cf dampiny A, alwaya

acts against direction cf rctation during czcillations relative tc

the center of mass. It attempts tc irhitit (to eytinguisn) the

cscillaticns of rocket and its rctatic.

Eage Of.

The separately undertaken tcrque/mcment of casping on the Lasis ct

thecrj of similitude can te represented bj the expression

.- qSi ,n " ,Si , .M2.81
' I ,

where t', - the ccrresjcnding roteryj deri~etive.
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Zn certain cases tie tcrque/mcuentE at dalling represent thcsc

4cFeud ca the first ae~ree cf ±ligbt sfeod:

1A~ =qS/ m SQVl 2 nIA W2. 82

herc ~ they call the dan~ing factcL; it as Equal to

DGLinq the soluticn cf the prckless of siatial nation, the

campiag factor must be ceteimined ky all thiree axes m,,,, mn,,, r",.,.

The da2ping factors and ti~e toxgue/acxetts cf damping can be

represented as sums of the correspcqdiqg ccefficients Or the bd!-iC

ztructural,/design asseshliez of flight vehicle. For exampl. , during

the determination of the damping mcment of the rccket or diLcLalt

configuration relative tc; axis Oz, ccflmcn/gEneial/totai. dzimpii~q

&c.2ent is defined as sus cf tie dasFing indentE ot tail adssmtly,

wiggs and body. on 1ockets and krojectiles, not having sndcply

protriding surfaces. i.E., binglEssE and fi~lessc, the factor of

danping body will be differing ty eguatcriel axis, but the djftLt.-

in the damping moments till te determined t) a difference in v.tl-

cand w ,

Zn the process of undisturbed kalaricec icckEt fliqit ~

fii4-statilizfd projectile) (cccr snccth charge cf the a:i,,

attack and slip. In thiE care, as shcwed meLy examindt i.
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angular velocities of x¢tary motion karely efict the value of the

main uectur of aercdynauic iorces &;d its cca~ceents. Therefore

aezcdjuaaic coefficients fcr hoisting and lateral forces are

treguently determined uitbcut the accoupt cf the angular rates of

rctatonc, which were being includG4 ky as acre complete functicral

dejendences (2.68), but ccifulsorily are ccrsidered them during the

detersinaticn of moment cceiticient4. ,It Js accefted also for

simplficatioq to count that with low ag and p tke lifting and lateral

forces do not depend op eack cther. Taking intc account the noted

sinjl~ficaticns they oktai&

Cc, .+Ca+C8z,; (2.83)
z.- c. z M,. (2.84)

Eage 69.

in axisymmetric aerodynamic ccetiguraticps cy.=O. Furthermore,

during performance calculation of the ucticz of axisjmmetric flight

vehicles in the case wbev tke ccntzcl devices of the relatively body

axes ;f coordinates occupy the fixtd/rtcordid Icsition, governing

aerodynaaic force it is 1cssible not tc sesarately consider, but tc

include then in those ccatreats cf tctal a*ecdynamic force. In this

case the guided missile will be egquvaloq& mnguided, and then

"a; Z QV2 Sc!,_ 2 85,

. L , S-
,--m-- a ; 1 i a 2. 861

the drag coefficient In general form can ,be presented thus:

(M ea
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AA

Depeqdence c, On Se begins noticsably to Le exhibited during

coqsidfrable change in altitude o flight; fc the account to this

deeudence, is necessary cctversiop c. to citferent

beight/altitudes. Ibe acccart of effect .e aid P is carried out

thzouJh the cqml tx coetticleat of Inductive esistance

C.,=C.(0) +C., a. (2.871

Cceplete dra .coefhicaeat

r,= CX. +- C±X (2.88)

where cxo - drag coefficient during the coijcidence of longitudinal

axis Apd velocity vectoL of the certEr cf &ass cf flight vehicle,

i.e., cf ccndition a=p=C.

Bar the flight vehicles, which have thE relatively planar

trajectories, for example, for surtace-to-stiface missiles, when it

is possible to count P=C, tkey are most freSuently limited pain

si~Fle dependence

ca=c . +C 2 (G). (2.891

In flight vitb relatively small aagle; cf attack

X =qc 2 (M). (2.90)
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for the flight wehicles, close in aercsymaxic shape, the

graphidiagrams of dependences c,(M) prcve tc ke also close that it

sakes it possible in a seuiqs cf the cases to ,se in the initial

stage cf design tke aerodyqamic coefficients, determined for thcse

existo it is good themselves reccosueded, ctjects.

EaSs 90.

Since ideqtical similarity tot aluays can ke had, then into

calculation is introduced factor ct iroForticnality i, called factcr

ci the foe ex( )
a19 (2 .9 1)

sehot - an u1pkaou5 aecdynamic coefficlmt for the newly

,,sig/ptr°jcted object; aeodyn) id" c ccefficient knov"

aerodynamically siuilaz to that desigsefveotcttd it is good itself

the reccumended object (stardaxd).

2f it is knowa for any rcckeb (cr trojectile), then for

the xpcket, close in aqzcdytaoic shafe* it is lessible to accept

X , SI, v (292
2 a
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If the forms of rcckets (projectiles) and cf flight condition

nct axe identically similar, then, okvicusl), 1#1 defends on ratio

v/,a. to accuratel establisk this delerdence is Fossible only either

exfermentally or, after cktainin9 tteoretically valuec,(I-) fcr the

newly design/projected object, but it .this case, drops off the

advantage of introducticn i. Therefore it is accepted to take the

value cf factor of forq i Icr the calculaticn ;t this trajectory by a

constant value, determining it appsezimatel).

the -qumerical value i depeads ca the fcts of the newly

design/projected object and Yalue" c,(L cr &town standard objects

(rockets, the projectiles), with which new object is compared.

Therefore it is always necessary tc indicat. that in connection with

which standard or as it oceasiomally referred tc as, to the stardard

law at air resistaoc , is determined coefficient i. It is

ccnuenient tc utilize i as the coefficient f the agreement of

calculation regarding firItS distancewith experiment. In this case i

will ccnsider not only icrs of projectile, lot also all tactors, not

reflected in this calculatica, for example, the notion of projectile

relative to the center of mass. By this it is icssible tc explain

certain difference in t.e numerical values cf fcro factor, determined

cm the basis of experimental data, cktaiqed ky the firing one and the
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j same zojectile. but at different slEeds and angles of departure.

In eguation (2.92) enters mass deqsity p kg.s2 /m. If we pass to

weight density VkG/n3* ae will obtein

* . p Z1IC2Si3T )
g a,

EaSe 91.

Let us multiply and let us divide the tight side of equaticn

(2.93) by Erod§ct QHfo.1O3. is a zesult let us have

,-= Q ±1 1" " •, n ,,,,r 1, ( V ' ).
g Q I1o0' 8-10

In t~a obtained djendeance tactct (idt/q 102=c is called of

ballistic coefficiemt, and the term I .

F(v = "-474 ri(2e. ! '  94
8.10 -  , a ,

is function from the aix resistance force.

After the appropriate iejlacemest we will cbtain the convenient

fcsmuA8

ii which productcflt)?(v) has the rpysical aefse of the acceleraticn

cf jr9jectile from the actica of the air resistance force and is
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designated thcough J.

During the use of formula (2.S) fcr rcckets on the secticn of

the o~eration of engine (Fc tezed flight) 4t is necessary to keep in

sk;gd *bat a aqd c are alterpating/vaxiatle &td equal to

-- ' c., di

M= - 692.96i)

C= Wd2 103
- a ,~ (2.97)

Q- IQ ,, dt

sbqze Q, - Veight gas flew rate FIr seoorc frcs the engine of

rocket. After replacing in J2.95) and xeducing, we will cbtain fcr

the flight vebiclq whose "as is alt.xading/vizi-able.

X--L2 I OIH(y)F(v). (2 .98)

Acaetises instead of function 1(v) are utilte.d the functions

0 (v) =4,74. 1" 4 C2 ,- (2.99)

Cz

K v)-4,74.1-c, '(.10)

Moz the :ockim-ts (Psojectiles). diffeett im form, obviously, are

ditteent functions F(v) and G(v). Obe.z co~cucting of ballistic

calculations, the nunexical value cf factox of form i must be

selected in connection vith the utilized futcticn p(v) or G(v).
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/93

fage 92.

Grz the projectiles of kairrl artillery pieces, are known empirically

established/i£stalled standard functicas Fy), occasionally referred

tc as, not it is entirely ccrrect, ky the laws ct air resistance.

IL. Euler during the sclution of tke picles of the tlight cf

Frojettil, uses fancticp Fl)=Daz , establiab/irstalled by I. I'yuton

and used in essence for sukscnic slja s.

Ecr the projectiles, diiving/moving itti tigh sFeeds (to 1000

@s), lussian artillerymen N. V. Nalevskiy and 1. A. Zabudskiy will

establish the law of fars F(v) =Bv", in whick n=f(v), and will

determine values of 8 and n for the accepttt ky then intervals cf

velccities. Are knwu alec the law 4f the Italian artilleryman

Siacci, the law, obtained by the French artillerymen of Gamnier and

ruFui (1921-1923), the covift law cf 1930 aird the law ot the

attillery acadey in. Dzerzbinskii (law of 1943). Bepirical

deoendence for the standard functicos f(v) and Glv) most freguertly

are assigned in tke fcrn ct sjecial tables.

During use in calculaticns of the already available tables for
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14v) and G(v) and during the calculatian of tatles for new stindard

functicns one should consider that the speed of sound a depends on

the teuperature of air and, therefcre, is .ciangd with

height/altitude. As is ktcut,

where k - index of jolytrcjic prCCeSS.

jf we for relatively short trajectgzies (xc<50 ks) accept y =

ccpst, and k - being indeFpedent of tes ufqtvr4e then it will seem

that the speed of sound is proportio.I I/,- Is order to nave tables

ct functiqps F(v) or G(v) %ith cne ent:l, it is necessary to count

then tcr one speed of scund, but tc presermu it this case the

equalltv

Cr

(2. 101)
a 4()A

sehre aoN - speed of scund under standard coiditiona, taken tc

coutant duclqg the calculation of tables; v., - conditicual tabular

i oeedo t

It is obvious th&t

C4 -N -V ON' (2.102)
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Co*SGIUSntlY, Utilizibg iCXAUia Me.4) .111 obtain

F (v) -474 106e,-C DT,

sage 93.

lesig Dating

bu will oIbtaiq

F(,z~= T (v,. (2 103

f T

(V) (V,?104;

sad# after comp~arison (;.103) sad g2. 1e).

F (t" . -. 10 5

#fan consideration of air humidIty by means of the igtroducticn

cf vistual temperature its beight density is determined by formula
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Vith this function of density the chaace bith beight/altitude

caq be represented thus:

IF.,n M h "'

i.e. 4t depends on the relation of virtual tea~eratures and

iressures. It we zcw retutr to fcruula (2.9!) and to replace in it

F(v) and 11(1). then we bill obtain

X =me .-±- F(, ('2. 106)
hONr

Cr

X = MCpt(y)'P(V.). (2. 107,

Zf we in (2.95) with the aid c 12.1G04) iEtroduce functior

G(v,), tbeq we will obtain

X=mcH,(y) VO (V., )2. 108)

vhere H,y)=H(y)/- . ] ci this fuactioz are also comprised the

tables mbh input value y.

during perfornance calculatio cf the actic of the rotating

astillery shells, they usually consider that ttese projectiles are

stable cu trajectory and they move Vith the lob angles of deflection

cf the longitudinal axis cf projectile iron ve1ccity vector (angle 6

in Fig. 2.8). In this case the drag Itargential component ot the main
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vectcz ct aerodynamic tor~cesR,) ¢ccsid~rs indatendent wariable ct

&ad is determined vith 6-0, and normal comictGOt - R, and the

tilting moment Ii accepts ptcportioral tc at€le 6 (rig. 2.2j1.

fag* Oil.

Furthermore, it is conveniest durinc calculaticts into tormulad tor

the named aerodynamic characteristics tc irtrc-duce the bcre ct

jrcjectile - d a, tuacticz i.(y) and cciresFindi~q aerodynamic

cceff*ciats Ar- 1 . Taking into account thi- tc~sulas (2.65) takE the

X R! .L.I -- -  H .K /
x '*- - 10 / ~ y-O A I 1)

~(..'Ilt*(a

~~~~ II~ OS dhOH (2.11!)

aerodynamic coetficioiqts KN(-- a ad K, are deteumined tLCF

the data ot trial firivgs. value hail ccrzeacads to conditional

distacce betteen centerE cf pressure and tth c~zter of mass ct

Frojectile and is determined usually ticm apjirical formulas. For an,

ezasFle it is possikle to give the kncv; fcxmula of Gobar

h =h, +±0.57h,.-0, 16d,

%here ba and hr (see Fig. 4.23) - tte sizeidisensions, which

chaiacteczLe the positicn ci the center of *as cf Frojectile and its

. .. .. .. . . . .. ..- i
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length head - ogival, cr cc1ical, jartI

Characteristic, that ate inherent cqly i fast-turning

Erojedtiles, are aerodjnaaic ckaracteristicE - Magnus* force RMa, the

&oment of Naguss force Mm, and tte torquE4mcmEnt of surface

frict4cn F. Ragusa' force is that ccmozent of the main vector of

aetKdlnaaic forces, which is prccrticnal tc Frcdoct w,.& The

mechanism of the emergence ct this LOrce is visitle from Fig. ith

2.24.
204

, _
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Fig. 2-23. Circuit of bringing the main vactcr vf aerodynamic tcrces

to the center of mass of the rotating frojectil%.

Fage 95.

1he pArtioles ot the incident to projectile with a a velocity ct of v

airflqii, meeting the particles cf air, rotated by the surface of

frcjeatile, create a difference in the Fresture near the wail. As a

- I result of the redistributicn of pressuze ovtr tke surface of

* ~Frojectile, appears the seccndary fcxce, pex~ecdicular to the plan~e

cf angle 6 and directed to the side, reverst/itverse the mixing zones

cf covaterfiois. For determining this fcrce. is accopted the tcrmuld

x 2. 112)
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whq9e K., - - an experimental aerodytamic ccefficient.

Since in the general case force vectpi Of Hagnus doe4 not F.ss

thuleuh the center of mass, appears the moment cf this force. Effect

RMi, and its torque/mcnevt cn the flight ot jrcjectiles is studied

ccamagatively little.

Skin-friction force decreases tbe aqgular velocity of the pir

cf Frojectile of relatively longitudinal axis. The moment of

skin-friction force can be isclated irci the main moment of

aezcdycaaic forces and it is determined by tbe formula

' g 2. 1:1

ukere Kr(- * ) - an aerodynamic coetticespt. Is show calculation- nd

eOZForAmet, torguq/aoaent r significantly dectfases the angular

rate ;t rotaticn of projectile in the ;xocess ct flight.

t . BRUST.

thrust - this cne cf tasic foices, which act on rocket in

flight, caused by the wcrk cf its sngiqe Flint. To determine the

thrust of jet engine ip flight is jIssitle czlI on indirect

ezper~mental-design path. Ikerefcre, as a zile. thrust is determined

under the static conditicns on special sta4cs. The combined action of

-kI
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the fqrces. considered ty the right side ot equation (1.12),

including the Coriolis fcZces, detersiqed kj the oscillaticn ot

rocket,, by the moticn ot gases ard ty tbe displacement/movement of

the canter of mass during kurnout, it caq kq elFerimental. detexmined

in vied tannel, if rocket 1cuer-ca tc tastec it it is hinged then so

that the axis of rocket cculd complete cstillaticus.
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Fig. 2.24. Circuit of tie tcrmatics/educaticn cf dagnust force.

EaSe 96.

Hi-nge fitting introduces ccesiderakle distcxtic;s into that fic%

around rocket external f1cw how is deczeased the accuracy of results.

Theretcre Coriolis forces ard torque/mcaents it is expedient tc

determine separately in the absencq of extezra] flow.

Ccmbined action of tie thrust, aercdyexic and variaticn fcrces

is determined in wind tunnel with the securely fastened rocket.

Arranging the longitudizal axis of rocket alcn flow, so that from

the aerodynamic forces acts cmly drag, it ii icssible to measure on

the suFForts of rocket the total acting force, called the etfective

thrust of engine

P, -- 42,. 114)
dt
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&here P - bench thrust.

If we do not consider wariaticB forces and to accept the sjeed

ci the external flow of the equal to zero, the; cn the supFcrtE cf

rocket will to determined tie benck engine IhDust.

5.1. MINCH ENGINE IHRUS1.

Suder bench thrust is understcod zreultaut force of air pressure

and the escaping gases, applied to fixed rc.cket, which is located in

the fixed undisturked atacsehere.

Separately mqasure jet force (seccpd term in formula 1.8) it is

rct relresented pqssible, amd it are deteraiaed together with the

forces of static pressure, bhich act i* the I direction ci rocket.

On the external surface of rocket act the fcrces, determined by

the atmospheric pressure Fj which ocKrespcrd tc the height/altitude

cn wh4ch is arrange/located the rocketb They it value are equal to

the product of pressure and area and are ditected perpendicular to

that Area/site on which tie) act. All fcrces, shich act on the

lateral surface of rocket, talance each ctlex. Since while the motor

is running atmospheric iressure does nct act ca nozzle exit section

thsough which occur/flcv/last the gases, tben %ill appear unbalanced
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foLce pS, dlrectqd to the side of the cutfic cf ganes (S - a

1aulOseit area). In ACzzls exit sscticq acts CFposed force poS.,

shore p. - tessure the escaping tebitd scazle gases in this cross

sec t ia.

thus. La comectio; ith bench coditices in equation (1.8) one

shauld replace 2F by S.(p.-p) and them, after acceptin d t=C, we

vill 9btaia tot t.Jsast the equatiol

P-1 IWo'. + s (,-,P). (2.115)

Fage g7.

after replacing in equatioq (2.115) the &ass flcw rate ot the gas 1,eL

second through weight floe rate a, me will obtain fcrwula

foz thrust in othez writJng:

In the came whe It is Fossitle te acceFt pmZO.

/ "-" '', S,p, '. 117

If rocket is arrange/lccated ca tic suzfacG of the Earth on zeLo

level ly-O), then its thrust is equal tc

I',, (, .~ S, 1)" p, 211
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Ccuparing formulas (i.116) sad (2.118), we will obtain

Ip /,, S.p, 1 r1L9

P,,,,.'

3iqie vu- we Vill oktain firnally

P P. - SOPflA.1-1Yj 2.120

Atter removing frcs the right side of fornula (2.116) for

brackets w2' we vill oktair the simfliti4 iUrcsula for thrust

p Qcfrw 2. 121,
£

bhoze

f...- ~W,,. P- ) 2. 122,

- tbe value, named Yreacb schclar P. Largevin by the effective

exhaust gas velocity.

Calculations show that in formula (2.1 ;) second term in

ccnFauisoq with the first little ccafrises tsually not more than

10-154/o; therefore effective discharge velccity is determined in by

base speed of gas in nozzle exit secticm ,.1 we relate thrust tc

tlow rate per secogd, ties be will obtahq tie fcrmula, which

deterpines specific threst, or the sc-call*t unit/single

so untus/ipuioe/peble :

YVA - Kirc .c/Krc. 2. 123
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from (2.118) we Will ektaia

. I QL P,-p. P2. 124

Fage v8.

Hence it is apparent that with deccnExslsicn in the which

svrzovnds rocket air tte *F.cific ttrust i;creases. The specific

thrust in space is greater than sFpcific tbLust ca the Edrth tc

10- 159/o.

ixEression for unit/single scuantux/iskulae/pmlse ,, can be

alsc cbtained from the ccamcn/general/tctal eakiesuosm. vinich

determines the pover ispulse of thzest, if .* take u',.=const and to

xelate the total impulse of thrust tc the tael load QT , which burned

dovn or the operating time st eagile N..

to I,

o 0

liea w Vill Cktain ( C.dt=Q,,. =Q, and then

g t2. 125,

Ircs comparison (2.124) and (;.125) it tcllows

/ = p.126)
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Let us designate tbzcnSk EP cesultaqt fcrce of the thrust of

all r9cket engines, led to the center of mass cf rocket. Utilizing

11.8)10 we will obtain fcr a rocket the equatice of the forward motion

cf the center of mass in the formM +
dt A W(2. 127)

5.i. SICCNDAIT FORCES AID BC INTS.

Secoodary forces and scaects cac be ditided into two large

grcups: external (aerodynamic) and internal. Bcth internal and

external secondary forces aid tvzgue/mcments aF[ear during the

thsee-dimensional/space curvilinear flight ausc cf various kinds the

cscillatioas of flight vehicle.

The external secondary forces ard the torque/soments usually

include various kinds tie damping aercdynamic forces and

tctue/moments, the aerodynamic forces aqd tke torque/aoants, caused

ky dounwash and by the dela) of dcmiath, cicas aerodynamic torces

and tgrque/saoents. To internal sufFleaeqtazy factors usually are

related iqteroal torque of camping, dettraired ky Coriolis

acceleratica, and other fcrces and tte torqce/bceents, caused ty the



dia~lacement/moveaent of fuel/propellant anc wczking gases within

missile body. The majoxities of seccrdary fcrces and toryjue/moments

are determined by the acgular rates cf rotatict cf flight vehicle

relat~ve to the center cf mass.

?he damp~ing and cross aexcdyr~amic forces a~d torque/moments are

esaimed above in § 4.

Ea~e 99.

Let us enuuez~ate h~ere internal seccqdazy focicea and their moments

vith respect to the center ct mass: Prai,, ra3  - force and

texque/smont, determined ky the flow .t lamas within missile bcdy;

Pr3Kop, Mra3 Ko - force at *Ccriolis ard the mcm*Vt of this fcrce,

determined by the flow of gases within csci.Alating missile body.

lockets with engine on liquid j~opeldAst test. the effect ct

seccndary forces asd tcigue/mcmentsj determined with the motion of

jzlqellant ccmponents vithir missile body. pm~jw - force and

tcigue/moment, determined by the mctice of 1ropellamt. componentz

alamg conduit/maniftlda; P.i', -farce amd torque/moment,

determinied by th. motion of propellant comignents in tan"s;

Pm T Kop. Pm CKP-I. T . ,1M.6 o - force mad Ccriclists tar yue/noffpnt ,

detersmne by the oscillatica of rccket and ty the motion of
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FzoFellant components along cogduit/manifclds acd in tanks.

SiFarately can be isolated the forces azd tke tcxque/aoaeats,

determined by the elastic deiormaticcs cf missile body and by

disElacement withip the bcd) of different sclid driving/moving masses

(tor example, the rctoz cf turbcjet efgiqe), etc. The part ot the

named forces and torque/mosents is caused .-b the transiency of

prccess and can be referred to the variaticr icrces, not considered

cm the snallness of effect.

Let us examiqe in mote detail force and the torque/moments,

ccqsidered during the Lallistic calculaticts, ccnnected with the

evaluation of stability of lotion, ccntxol and accuracy of firing.

lke Coriolis fcrce, acting c eleseztaiy mass dm,.,

driving/moving along the i channel within missile body (Fig 2.25),

is equal to

d/)Keop I = 2Ujx~odtn~, ,

bhere

dm=Q1roSixS d-,;

UQ, Q1. and S. - a rate cl relative tcticn of working

mediug /Fpojellat, its mass density and trarsverse area in cross

sectiqa x cf the i chavrel.

",
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PRgpt

Fig. 2.25. Diagram of the tcroatiop cf iIqterIal Coriolis torce during

the displacement of vorbicg medium/ficje~lla;t along the housing of

tb* oscillating rocket.

Eage 200.

According to continuit) conditia, the flcv rate per second of

ass along the i cbasmnel at the givom irstart is constant and equal

tc

them dP.0 1= 1.4 dx

the torque/moilent cf-CcrioliA torce mill 44. equal to

tctal torque/moment cf Coriolis force b~ill be equal to the sum
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cf the integrals, calculated according to all ctannels of the mcticn

cf wocking medium/Fropellaqt.

iX

- 2, V jlx -x. .)dx, (2. 128
SX.

there ze and x, - value x, which ccrrespced tc beginning and the

end/lead of the motion of ucrk substance cr tb* section oi the i

chanel in question.

sinus sign shows that the moueqt ct Cciiclis fcrce will act

against direction 4f rctaticn, i.e., it will be damping in the case

cf figw from the center of mass. Ie flcv, criving/moving to the

centec of mass, will give tie moment of tl Cciclis force, directea

tc the side cf the rotaticq of flight vehicle.

to supplementary factcrs usually are related the force and the

tczque/soment, caused by tke displacemect ci tk* center cf masz cf

the xqcket during burncct doring the engine cperation. In equations

(1.11j and (1.12) this force is determined Ly ExFressio2mW-XF,]. It

jost as Coriolis force, is directed lerendicular to axis of rccket.

Bor sinjlicity let us take rocket with the grain of end burninq

(fig. 2.26). let us designate the Icaltion rf the center of mass of

rocket at the momest of time t through xu.,, asd at the moment cf

time trdt through xn.M,xu.,,-dx, M. Let for time dt from grain be
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separate/liberated da mass cf rocket. Static mcspet with respect tc

the fitepaxt/nose pcint Ot Locket kefore tie isclation/evoluticr ct

sass do will be equal tc

• lQ = mXM. (2. 129

Static torque after the isclaticr/evclttic; of mass ds

-11Q, =.QI o -m i x,, dt= (m - dm ) (x, = - dx, .

Imitting on smallness terms dmdx..,, let tus have:

rex,, - mdxu- x. ,dm = - Ix dt. 2.130)

Deducting (2. 129) frcs last/lattex e~qalit), we will obtain

mdx. +- x.. dm m j rn xo,, dt.

Eeq~ce

dt..mv' m dtL- I (X0 Ti

Cr

I I ( -,T XU.M ) 2. 13 1 ,
m

Fase 101.

Thus, during the rotation of housing uith angular velocity w the

seccndary force, caused b) the disilacesent ot the center ot mdSS,
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will ke eqLal to

2 ,iwv, 2u, 1x,, [A- x .1.

Supplementary torgue/mcment frcm tkis Icice is apprcximately

equal to

Internal secondary fcrces amd tczgue/ucuerts have ncticedtle

effect on the motion of flight vehicles vwtt jet engines in the

raref~ed layers of the atmosphere, and cne shculd consider then

during the stability analysis and ccrtzcl. Lurirg motion in the dense

layers of the atmosphere, tie effect cf iternvl seccnddry forces and

toxgue/soments is imsigpificant in ccmfariscn bith the dCtiOn tdsic

and suiplementary external aerodynamic foCzcs ard torque/moments, and

they jr calculations are not considered. Buzilc designed pertorfance

calculations of the moticn ct the center of mass of flijht vehicle,

the seccndary forces and toxgue/mcients us'ually are not considered.

6. CCdtRC1 FOBCES ANL rClIVS.

locket control and pro;ectiles in fligkt is realized by the

ccqtrgl systes, integral fart of which are ectuating elements cL

cctrqls. Actuating elelenats cc ccptcola, as tbqm are frequently

called, create con.trol forcs and tezgue/mcaeqt. Accordiqg to the

Fzinctle of the cceaticn ct ccntrcl fczces and torque/moaents

ccetrols is accepted to divide intc three tiGE: aerodynamic,

gas-djaamic azd tkcae mixed.
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Fig. 2..i6. Circuit of tIt. displacement cf tic center of ass of the

iccket during burnout.

Eage 302.

Aexcdjnamic (air) or as them occasicially Lqferred tc as, dircraLt

ccqtripls wcrk only in tle atoosEheze dxiuzg interaction with the

aixtlqb, which flows arcund flight vehicle-. Gas-dynamic contL~olh cdli

vcrk also in the atqospbers. and in the rarutlid layers ci the

atmosphere (outer space), since tke) wcrxk cily kecause of the enerqy,

which is isolated with the comkusticn ct futl/jroj'ellant.

many of the contrclled objects, ftr examp~le. rockets, wing4d

missiles, guided tczjiedc-s aid aircraft tombs~ baie only derodynamic

ccatr~ls. Some rockets have the ccakinod cc~trcls, which consist ct

the various kinds of aetcdytasic and gas-d)Eamic devices. Aerodynamic

cc,ptr~ls usually are divided into steering surfaces (controls),
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jivct~vg wings and the interrupterE ct air flow

4inteiceptor/spoilers).

the operating Frinciile of ccrtrcla aqc pivoting winj lies ifl

the fact that they, being turned rflative tc tree position and tody

axes of flight vehicle, change in tkE frocees cf flight theiL dryle

cf attack and, correspcrdincly, the angle ct attack (or slip) of

flight vehicle as a whole.

lunctional dependences for aeuodyaa ic coeiticients c,, and ,

(;.68a and fcr torque/mcnets M,, amd M,, (2.11) determine

conUunication/conriectiov between tbd *agleg of rctation cf contLolS,

the angles of rotation of the housing of flight vehicle and the

corteslonding angular velccities. Fcr .ar imeependent account in the

equatcns cf otion of control forces aqd tcaquE/oments, it is

necessary to isolate comcsing cf aezodynamic coefficients,

determined by the rctaticn cf ccnticl devices. for example, foL the

elevatcrs (pitch) and ot yaw longitudinal ard ncrmal control LcLce.

are respectively equal tc

X'I S'q (C '. - SP

I 2. 133)

bhere Sp - a characteristic area cf ccotrcls; q - velocity head;
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CrP,' r6,, cs, c 2-- aercdyalic ccefficients cf ccntrols.

icaent characteristics are determined Lsually nore precise

taking into account the angular velocities cf the rotaticq of

€ qtrgls

m2 1='aP F, M, $# (2. I34.1

Poo Pot

IaSe 203.

the aoaeqts of coutrcl forces are qqmai tc

epleqdiag on thoe desiqation/Farfcse ct rccket or ai~sile dnd

their aerodynaqic layout, air vanes can be 1laced in diLterent Ilaces

cf tody (Fig. 2.27). Foz clarity in figure, the controls are shaded.

4 Paired air vanes, ilaced in wigg tip azd bhich are

deflect/diverted to different sides, are called ailerons. The [aired

end cfntrols, whih arq detlect/divertd isdeFendently of each cther

to any side, are called elevons. The deflecticn of ailerons and

elevcno to different sides leads to the rotsticV of flight vehicle ct

rulat4vely lcngitudinal aaii.



DOC w 78107104 PAG I

the aerodynamic charaeteristics ot pj-vctizg wing are determined

Just as usual wing.

Of miniature/small rockets with tkE limited maneuver, is applied

the cpntrol with tke aid cf the intezzrxtezi of air flow or

intercejtor/spoilers. Interceptor/spcilers zEpresent a thin plate,

arrange/located in middle ot on the trailiuS wirg edge perpendicular

to the incident flcw which is giver intc oscillatory motion in the

directicn, perpendicular to wing cberda

icrmal force, created Ly one interceFt~r/sj.ciler and directed to

the side, reverse/inverse tc the directios cf the output of plate for

the wing Flane, is determiqd on the fctaul&

Y", c = yqh,,,k. (2. 1361

Mere h.,1. - the bgight/altitude of tIf output of plate and the

leqgtb of interceptor/soiler. Coefficint ct the command/crew

h=t 1 (t,1 +t,),

where ta and t2 - retenticq time of Inteccetox/spoiler in upper and

Icwer jositiogs.
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c a)

Pg. 2.27. Diagram of tke layout ct ccatrpls GE missile body: a)

ncrmal aerodyqaeic configuration; t) diagram "kcktailed aircraft"; c)

diagram "canard".

Ea5e 104.

Zaterceptor/spciler causes th* AFpEar&ace cf longitudinal tcrce,

which increases drag of flight vehicle. lcngitudinal force from one

interceptox/spoiler can be detqrmied .by thg fcrmula

XK1=rc * ,qh1I,. (2. 137 1

The named above ccntzeas are bLcugbt iztc action by steering

drives. To the aerodynamic controls, uhich cc cct have special drive,

cat should relate rllezc6Cs.

sclleron - this is tke ailercn, withi, uhich is arrange/located

the massive disk. uhich rctates uitb bish aigular velocity and hhich

I]
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has the properties of glrcsccpe. ke rctatictal axis of .disk Oy., is

Fezeadicular to the plane cf the ailezxtz lkick in turn can pivct

around axis Oz,. Before the lauzcbjg .cf .xccket, the disk untwists to

lec4t) Q". ukich during rocket fligbit it sugported by the effect

of the incident airflow, which flts agcand the teeth of disk, which

lzctirde for the flank Edge ot ailec. It as a result of any reascns

ajpeazs the perturkaticv icnent of iel J1,, aid the rocket toyether

b1th Xcllercns will start up with aqgular velocity - 1,, then will

appea, acting ca rcllesce gyrosccpic tcrq.u/moaent Mr. directed

along the axis Ozl,.

Under the action of the gyroscqfhc tezguqmobent the rollercn

bill turn itself arcund ails Ozp, te angle 6 , moreover the direction

cf totation will he similar so that the angular velocity vector

pP, would attempt on the shcrtest lath te be combined with angular

voloc~ty vector b, (Jckcski's rule). ArranSed/located in

syametzical stabilizer second rollercn uhosG disk is twisted ir

cEpcste directioq to tke first, it tutc, till te deflected from its

free position, but already ky angle - 6,. -As a result for each ct the

rollezcna will arise coltol forces ±yp,, uticb will create

tcrque/soment M,,, whicb Farties the sclat at roll M.,. The

exasined qzgaq/cotrol shcss action is iqst ltted ot the use of a

gyroscopic effect, can ke described as "the Fassive" automatic

machim of stabilizatic;, capable ct cily stabiliziny the angular
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velocity of the rotatic; cf rocket ef its .rflat'ively lonitudinal

azis, it q.ot to control the uoveueDt cf rocket along bank.

At preset oqe of the most widely uqed forms of gas-dynamic

ccqtrgl devices are the jet vaoes.

the jet vanes - this fcur plates cf sEtcial shape from

heat-sesistant material (for example, grapkite), which are

arrange/located at the nozzle outlet c.r qozzle unit in two mutually

perpendicular planes. passirg thrcugh .the asis ct rocket. The jet

vanes can be turned relative to their ictatjcqal axes to angle 6 to

acme side or other.

EaSe IQ5.

In the engine operation, the escapiql kfhi4 oczzle gas flcv will

lcv ac¢trols, also, fox each cf then azise the longitudinal X..

and nprma1 Yrap(Zra:,.r) forces which can be calculated trom the

dependences:

Xrai pi y S,, ..Cfr ; 2. 138)

r.PI Smr OIW, ( ." 2.139
2 

- l 'ras.pl

Zr*l., -. 2.Ul~l Jl(:: .,tk, 1401

2 '' ras pl

vheie S,.,.p - a characteristic area cf the ;et vane; e,, - density
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ct gas flow; a,., - rate cf flcw ct gases it the location of

ccntr;ls.

force -%'XraaPt in the ma-4ority of tie cases is not manager and ii,

considered during te calculation cf tiaJectcries by the decrease of

the cqsflete thrust of engines; the noxral and lateral fOECcS !Yrm..Pl

"nd 2d-a.' are utilized for the fligkt control cf rocket. ExFresiicns

for the govevDling tcrque/scaents, created t, the jet vanes, have a

EtructAre, similar ( . 13!15 8 therefore kere they are not brought.

By analogy with air vanes, one fair of the jet vanes, which has

EeFarate drives, during the motion ct iccket is arrange/located in

vertical plame and fulfills the fuLcticEs ct rudders (yaw) and of

kank; the second pair of the contrcls, coxnacted synchronously,

elev&tcrs (pitch).

sell known also methods of rocket contiol ky rotatic relative

to the housing enbire engine and by the rotaticl only of nozzle or

afecial nozzle (deflectcr), placed immediatfly after nozzle and

covering the flow of the escaping gases. Ccrtrol can be reached also

by the overlap of pozzles. For this fuiFosi the engine must havw nct

cne. but somewhat it putts, that were keinS arrange/located reldtive

to the axis cf rocket alcog circumtererce. in this case the overlap

cf cne or several nozzles will ensure cktairine the control foice ct
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the necessary value and direction. Ihey are utilized for ccntrcl of

fOrCe vectcr of thrust and trim tats - the IlaEs, moved intc nczzle

it is perpendicular to gas t1ow. This metbcc of control ini the

fcreign press acknovledces ky very reliable, although it differs in

texs cf the greatest thrust loss.

Becently consideratle attenticn is given tc the method of

ccptr;l of force vector cf the thrust b) the injection (injection) ot

liquid cr gas of propulsioq nozzle.

the detailed calculaticn of rcllexcs end complex gas-dynamic

ccatr;l devices is developed bI V. N. Kosbev is Flaced in [33].

the mines of artillery pieces have stakilizers (tail asseutly),

rigidly fastened vith bcusirg and, as a rule, dc not have control

devices.
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Fage JC6.

CbaFter III.

EQUATICNS OF NOTION OF I)if 6OCIEIS CF "SURFICE-IC-SURFACE" CLASS IN

IHI DibSE LAYERS OF THE MlNCSFEEBE.

§ 1. three-dimensional equations of notion cf rcckets.

1. 1. Ccoplete system of eguations.

the aotion of rockets let us examite jX the system of

ccord4nates Ox3yz 3 , rigidly connected vith tle farth. In this cas,

tcr sinflifIcation in tie ficblem tte effect ct the Earth let us

ccqsider by the i4troducticn of constact i; value and direction cf

acceleraticn from gravitaticnal fcxce, disxegarding Coriolis

acceleration; the curvature of the karto alsc ccnsider we will rct.

kith these assumptions the system cf equaticns can be witten cr the

kasis cf equations (1. 16) aid 41.21).

It is simpler anytting to write syEtes of equations for

determining the velocity v cf the fcruaid ncticq at the center ct

mass 9t rocket relative tc the Barth in prc~ecticns on the axis of



¢Cc- 78107104 FAGE 4-

the half-apead cooadinate slstem, Eirce in tbis system

S,,=V, v .=v.O=0. Then equaticns 1116) are iim|iitied and they will

take the fos

13. 1)
m IN I

fcr determining tke ErcjecticrE ct the angular rate of rotaticr.

cf the balf-speed "suteu cf coordinates Oxytz* relative to fixed

System (0x 3 Y3 z 3 ) in the axis half-speed cccrdirate system we will uze

fig. 2.9. from which it fcllows

.,=* sin 6; w,.=4 cose; iI=Z. 3. 2)

Substituting ,. and a,. in (3.1), .we bill obtain the system

Vj=-* ; Vtg COS a= 4. F83.3

During the writing of the right sides cf equations (3.3) let us

ccqsidez thrust compooet, force c gravity. aeroaynamic dnd ccntrcl

to rces.

Eace 107.

lot the thrust be aaciJned by 1rojecticns cn the body axes ct

coocd~mate p.,,,, p, p,,. Assigning the directici cf thrust similaily,

it is convenient subsequently during calculaticts of the actior
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characteristics of the rocket to ccqsidEr tie gas-dynamic contrcl

Lcrces which appear during the deviaticr of force vector of thrust

frcm axis of rocket. The ccpttcl fctces, ciiated by sepadL-te

gas-djnamic controls, can kE included in tkLust component d1or19 body

axes. Furthermore, it will te possitle to asc consider the ettect ot

eccentricity of thrust cn tie mcticV characteriftics of rocket.

Aerodynamic force let cs assign ccapo.ments X; Y; Z in the

kigb-sfeed/velocity cocrdiQate systax. 7heE, after using the table ol

direction cosines 12.3a) and transfer eguaticns (2.6), we cttain the

ircjectioqs cf aercdynamic force cr the hall-steed axes or the

cccid; nates 

RX. - X;

R,. = ' = )"cosY. -Zsin y¢;I t3.4

Re-= Z" ="sin c - Z cos y. I

Values 1, Y apd Z in the first a~jtoxizaticn, can be determined

ty formulas (2.85) and (2.S().

In the body axes of cocrdinates, let us wzite control

aerodynauic torce, created by cae-tyFe aezcd)mamic controls -

VXX ; I rp,: Y Zp•

sing the table of diricticn ocaines |g.35) and transter

eglatgcns 12.6), we will cktain tte Frojecticis of the tnrust and
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ccztz'l forces on the balf-speed cccrdivate axe:

p - X,=(P".- ZXJCosQacos -

- (P,, + I Y,,1 sin a Cos + (P,, + I Zp,) sin ~

p 4 Y= (P,, - V Xp,(sin a Cos V,4-

+ sin y, cos a sin ) +(py, +1 Yp1) (Cos VC Cosa 3 -
1 (3 .5 1

-sin y.sin a sin ,)-(z, 4-1 Zp,) sin Y cos P,

P , + w z;*= (P,, -Y x ,,) (sin V, sin.a-

cos y, Cos a sin) +(p, +I Y,,)c (sin , cosa

+ Cos y, sin a sin 0) +~ (P.. +~ I~ cosyr cos .

Since we is act ccnsidered the variabilit) of gravitational

force and the surface curvature ci the Earti, then the projections of

gravitational force on the balt-spted coordivatE axes are ctvicuz:

Q 1 ---Qsin6; Q~,=-Qcose; Q1.=O. (3.6)

Face C8.

Substituting the oltaived abkov ccspcrents of all those

considered by us forces 43.5) and (3.6) and icraulas for angular

velcc~ties (3.2) into fundazental equations (3.1), we will obtain the

system of equations, which describ.es ti mctict of the center cf mass

ct rocket in the h.alf-saeed system ci ccorciratts

S-(p.,VX X. ' Q; (3. 7

V = I--P,. j- r -I- Y + Q ., (3.81

v~~cos6=-~3 9)% ~NZ~Z
m
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Ile equations of tie rctary acticn of zcckets and aircratt

usually write in projecticnE cp the bcdy axes of coordinates. Any

ancther, the 4ot ccnnected bith rccket, coczdivate system is mcved

relative tc rocket, but thiE leads tc tie meed for using during the

study of the motion of the rocket ky tie vaLiakle values of the

icients of inertia even with = ccqst, which irtroduces

ccu~ljcaticns. Let us write the equatic4§ cl rctary moticii in

frcjections on the body axs of cocrdinates, assuming that the Lcdy

axes 4f cocrdinates coircide bith izircipal central inertia axes:

x-L z- , ,., .Mx, 4- ' Mp,; (3. 101
, , - - M3. 11

Jw , -J-(J, - AJ , , = S ,' -1  Mp,, (3. 12l

Where '"M, ;MY.; M2 , - sai Cf the |rcject.icn* of the momeents ot

external forces aud thrust cn the bcdy axes cf ccordinates (without

the account cf control forces); SMpx,; M,; PZMp, - suR Cf the

frojections of the woaents cf contrcl torcq& cq hody axes cf

cocrdlpates.
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Shile the motor is running the moments of inertia will be valueL

altertating/variable an a result cf a change is the mass of rocket

tecause of the fuel consuzftion. Numerical valAs 1,,, 1,, f,,fc[ a

rocket are defined just as for any ccolqund, i.e., for calculating

the moments of inertia it is necessary to Live the detailed drdwinjs

ct rocket and to bncu tke law of a change ct its masses iii flight.

Ucrk according to the calculated d~terminaticn cf the moments cf

inertia and with respect tc their chan*E is very tedious and

lakoricus. Therefore during their ailrcximate tallistic caicul.atiorns

the) take by constants. During the scre pricise calculations,

connected with stakility ard ccntrcllabilit), it is necessary to

consider the variabilit) of the mcnents ot inertia.

Fage IC9.

lh. e4Ferimental methods ct determining the icents of the inertia o

compounds, the giving ucre accurate results in comparison with

calculated, are developed in sufficient detail in mechanics, and we

ccocern them will nct.

for setting of comunlcaticD/ounaeoticrs Letween derived o. q. y

amd angular velocities to,,.u, and (,,, *@ will use the tale of

direction cosines 2.3e aod ty tcansuer q.*aticrs (2.6) with the did

cf bhici we will obtain

, .= cos 0 cos y+ff sin y; (3. 13)

-= - ' cos H sin y cos Y.
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Sclving these equations together. ve will cktal;
t-,), sin V - , cosV; (3. 14)

'U , COS y -W , sin j (3. 15)

v , tg 8 w,, cos V- w,, sin yi. (3. 16)

luring the deterainaticn of ascunts of aercdynauic Lorces in the

Frocess of the solution of the spatial ErckJem cf moving the rccket,

it is necessary to knoU the values ,t avgle- a, 0 and Vc.

Determining the directicn ccsines cf ccnsecutive passage from

Icdy axes to high-speed/velccity, Ircm the kjgt-speed/velocity tc

half-speed and from the half-speed to their terrestrial dad by

equal42ing directicn ccsin*E of direct Fassa~e Iron body axes tc

terrestrial, we will ottaic the follcWiEg xelaticnship/rdtios ketween

the acgles:

sin O=sin Ocosacos±cos 8(sin a cosyc cosa sin sin yV,; 13 . 17)

sin dcosV=sir Wcospcosy -cos V(sin cos-.L

+sin yV sin 0 cos 0)- cos + sin 0 sin y; t3. 18)

cos b sin y= sin y, cos P cos 0 - sin , sin 6. (3.19)

be nce

cos a sin T + Gin 0 sin Iy¢=arcsin
Cos 0 Cos I

a eagles i and p ace dqtezuined during the sclution of complex

quadratic trigonometric equations.
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Eage 110.

If we now utilize expressions fcr the Irojecticns of the

velccty vector of the cetter ci mas- cf rccket on the dxis of

eaxth-kased coordizzate system isee fig& a.9), then we will obtain

I.Co Cs , t3-20)
dt

v_ ,sin 6; (3.21,
dt

v - Cosi 6Sin W. (3. 22.

lespectively distance from the cr19in cf ccordinates to the

center of mass cticzcket (slant rarge btill ke equal

r- 2 -1 X - - 3 (3.23,

Aquations (3.7)-(3..1 ) and (3.14)-13.,ij) tcyether with the

eguaticn

0

ty that determining mass change. Will CC3pL25ce the System from 17

equatlcns, which describes t e spatial *otico cf rock~et. This system

al equations can be applied for different target/purposes. Most

frequently it are utilized for the sciutic4 of tirect problem cf
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e.xtereal ballistics. in this case, if will le )4cwn all the

gecuetric, weight, inertia, aerodynamic chaLacteristics cf rocket;

the characteristics, which determine ti.e opEraticn of its engine; the

laws qf a change of the cctrol forces 7 xW' I S;w, 'T Z,()

and of the tcrque/umcents 'y Mpx,(t), YMp,,(AMp',(t) and the initial

flight cozditions, equaticn of system caq If ty cne or the other

metbod integrated.

As a result of soluticv, will ke fcund all the motion

characteristics of the xccket

V (t); O (t 't); X3(W; .03( ); Z3();

r (t);. 0(t); W(t; y (t), a W; 0 ();

V.Wt; U r, ot; ,t ' r(t).

In a series of the cases, can te assi~red the part of the noticr

characteristics: the value cf ccordicates, %elccities or angles. The

mctico characteristics of rccket aLe assigaid as a function of time

cr cther values, for exasile, velccity chaW e in time v(t), pitch

angle in time 0(t), the aoSles ot deflEctici cf ccntrol Jevices with

relfect to time 8,, ), 8,t), (t) or y3=f(x3 ) ard sc forth.

Fa~e 211.

7heze C1/ ,'A/ cO//Z', 9/ &v,)/ ( '  ( "'%

Duxing the assignment of pxcgrammed equaticrs, the part ct the
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faadamental equaticas cf system 43.7)-13.1 ) aid (3.14)-(3.23) will

regder/show excess. For examFle, ii is assignd O(t), then value a

can be determined directly ky diftezectiaticn cf function 8(t) and

eqmation (3.14) will be excess. In tbis cast, it is logical, the

Ecltt4cn of direct problem is simulifie.

Bcr the more ccmplete study of ccntrollid flight, staLility of

umtion and stabilizaticn cf flight vehicle zjfaratus to tne written

equaticns, it is necessary to add the equaticqs ci control, which

descrite the operation cf tke ccntzcl system. ruzing the flight

cc-ntril frcm different parameters, tke rocket must have controls with

the help of which can change the cczzeeSoading Faramete of the

option of rocket. For examFle, during ccztzcl from the angular

farameters *. * ai~d y rocket has tIe aF~roFziata control devices -

ccetrgls of pitch, yaw and tank. Luring cortrel on velocity modulus,

the rqcket must have the actuating eleoeqts, which give possibility

tc aftect v by the way cf a change in .tie thrust or drag (for

emample, ,qozzle with inter kcdy cr cf varicrs kinds aerodynamic speed

trakes and flaps). in tke general case the ic-ition of executive

ccvtrql device in the piccess of rccke.t fljikt depends on many

farameters. They include clanges in the named above angles, angular

velcc~ties and acceleraticqs, coordinates ci tke center of mass,

velcc4ties and acceleraticqi it cccidicates. Fcr providing the

ixegrammed change in tke determining jarameter, actuating element
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must be set in the positicq. which ccr.iestcrds tc the difterence

kttween the measured and pcgrammed valies cf the paraLeters. For

exasile, during prograqainS with restect tc Fitch angle, adngular

velccity and angular acceleration thE equaticq cf ccntrol fcr

determining the deflecticr cf the cczttcl ct jitch takes the

tcllcwing form:

8,, = ko* & + ki#6 + k o , (3. 25)

where ko; k3#; k 2o - coefficients of the equatic; of control along the

channel of pitch.

Analogously can be written the equaticrs ct control, also, for

ct.er Farameters of the actica cf zecket.

During speed ccntrcl at the ceite -of mas*, the displacement of

actuating element will ke determin~d ty the tcrmula:

+ k1., t3 .26)

where £v=--vpn (v, - pxogramued velocity).

Eage 112.

in the general case ct the egiaticn Cf ccrtLol, it Is possible

tc br te thus:, .

0
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0 3. 27)

where ~,-the parameter Cf the mCtiCqj Of LCCkC-t On which is

coilducted the coatrcl; -last/lattex deri,,ative considered along

the alizopriate control charnel; t*- iaflaccenet of the

ccxxesionding controls; F-, - operator cf ccnt-rcl along the

alfxo~riate channel.

The supplementary ccaplexities, nct reflected in the written

E-goat~cns, consist in tke fact that the fcxces and torque/moments are

iatereca~nected with *otics characteristics elCI2S deFendences (2.65),

12.68a, (2.71), (2.75), (;16 and ly cthezi.

the solution of the ciplete sjstem of equations, which

de~crites the three-disevilcoal/slace 1light tj the guided missile,

is very complex a~d lakcrioum; most Ireguertly during the soluticn cf

iractical prcbleas. system is simplified.
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1.2. SiaLitied systems of equatios, .wicb dEscribe spatial action

cf the guided missile in tbE dens* layers cl tkt atmosFbere.

Suriqg action along missile trajector? witb the well designed

aad cgrcectly workirg ccmtrcl systes,.the aLgIES 0, P, 7 and Vc. as a

Lule, are small, small alsc angular velcciti-es. w.,,, and w,)

Fage 313.

7bis sakes it possible tc disregard as small stccod-crder quantities

the terms, which contain the products of ttE sires of the named

azgleE and product ct acgvlar velccitie-; bith this system of

equaticns it will take the icra

1. ''L[P., - VxA,,J (OSQO 1+

+ ,. ,-sin a cos.'I+ ( P.+_ Z,1) sin -X- X .sin]

. '- [(P.,,,-X,,)sinaosv,+(P,,+

+VYP)OSVCCOSa- (p1 ,- V~Z~1jsin yccos ,4+y*- (3.29)

- Q.cos l.

3. *V=- [ - (PXw XP ) Cos VCCos a X

Xsin ,P,+ ) sin v, cosu (&+P,,+
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.23"

- zo. 1,, "Cos ; Z ]

4. V, - , r ' r

6. 1. % t,.% .I,,

7. O: o sin w-., Cos .
8.) : -! tw .  

2u y-" sIy

6w'I "

9. P , ',O N,. -W.,sin

10. sin " i, -suil' OS .', -c , O ili U 'tS yco . 3 .

It. sill' co' y sin ti'I L c y -c I 'Ivic co-,

sill . ,ill 0 . - os - 'qil P Sill '.

12. Cos Sl Ilfl y S11 \ '.S' O S - s Sill i

13. s, - Z.C< 6 cos 4'.

14. u, - z' sin 6.

15. -:Az -v, cos 6 sin t'.

16. r .

17. m--mo-  Imdi.

Although some equatioPS were SinFlifii as before their number

ant the number of uzkncbcs zeuained eqgmal tc seventeen. Further

siujlificatica can he carriEd out, it cne aesuoes that the autcdtic

L•.
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uacbiue of roll caiture Fxcv~destke lcEtatica ct tkhe body axis cf the

rocket 0yj in the vertical 1iane, jasing ttxaugb the axis of rocket

C~t8. 4.eoq to assume liaterally level flight, with jy=O, j=O, w~O

FaGe 114.

Sq~te* of eq~uations in thi4 case umalI take thq fcrn

v= [(Pra -V x,1) Cosa Cos ,,+ ',

Xsin a cos'+ ±( P2 +j ' 4)sin,?,-X-Q-sin 6]

6=L PV xpi sin acosy P,+ y)X ( 3. 29

X Cos a -(P,,+V ZP1) sin V, cos ' +Y* -Q-cosej

my, V. *P [-P 1 - 1 Cos yCos asin 0 4

I,, Ypj) sinl y, cos n ( 2 -~Zi

X Cos J'" Cos' -L Z*I;

~ ~ ~ ~(3.29
~ Cos6si

sin ti=sin '1 cos u cos y~cos 6 sin a i cos 6

4- sin y, sin 6 cos )

sin y,=tg tgO.

lb. otheru of five eguatic~s will xemain without change.
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Another way of simplification in systes (3.28) is ccanected with

the c~ncept cf the octicn ci xccket ii balazciog conditions/mode.

It we in the siall trajectcry jbase d c not consider transverse

%ibzaticns of rocket of its relatively center ct mass and rctaticn ct

relatively lcngitudinal auiE, i.e., tc coniidex that the flow ct

ceitair time its .otion is co.pletid. with

and, correspondingly,

tben frcm equatiojs (3.14)- 13-.16) te will citain

w i le frcm (3. 10)- (3. 12)

M" + VIP,, 0. t3.30'

last/latter equaticns are called the talavcing dependences which

reflect equality the mcaent- of ccvtrcl forces tc the mozerts cf all

remaiminy forces, which act ca rccket. the angles ot attack, slip and
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bask, detemaied by balnciEg deperderces, ire called trim angles

w. N aqd y6. a the scticn of rocket %itt suck angles diCng

trajectcry - by notion ir talarcinS ccpaiticrs./sode.

Eage 115.

Ictually, this moticn ct the ipertia-ILee rccket which at each

cuent of controlled flight occupies iq spie such angular icsiticr

hJich cecessary for mcticr alcrg Ftcgraamed tra3ectcry. Aqyles
K'6

, and Yo slowly cnange along trajectcry. teir instantaneouE

values depend on the surface jositicr, velccit) of the notion of

Lccket and height/altitude cf its flight. 1 tke well designed and

ccrrectly working systen cf cctrol, as a ile, angles U6, y, 6.

and y are small, which makes it j.ssikte tc drop/omit in equations

tb* terms, which ccrtair the fLcdccts cf tf( sires of the ramed

angles. with this, system c equaticrs will have the form

4



EGC 78107105 FpG f ,14--

X sinl a, cos ',+j P, Zp1) sin, 6- X-Q- sin&

j~I,

-s %' 'I) co, y cos a,, sin,16
Mt' Cos 6 [ ( lo

+ ,)sin y cos a, - , pIx

'AM

xo Co ys Cos eqii*. 3J otani

AN = AMoO i
m -L V M d0.
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unkoaups. If one assumes that in the prcceE9 of flight the angles

u-,, I . r,, land also Y, dc not exciEd the %dlues with wtiich it is

|essible to accept

sin a, z a.: Si I 1 , 6'; cos a . L; cos V, z 1;

ss i6 }6; sin y, ;zy,; cos ,16 t 1; cos ¥, =z 1,

tban in system (3. 13) tie fcrm ct eqga&tion- sctstantialiy it will te

E-irji4tied and it it will tc wtittEr iA tii, tcts

-lf"
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L P,,' +) r,,(.,)

V - m e, X ,-..

sin, FX p,-0 t3.32)s PI +~i X cos 0;

(P. c + z I, Vos -- JvcosiO; iQ s

. - 3d

6

1± is exanined the acticin cL tte zctatan ct -slow rolling

r.cckt, then* ohviouslj, W,#, while the .eyatiuacy of 4ssumrticr.

,,o, should Le ckeclk~d bl su~ile~ent t investigations.

M-C



• 78107105 FIG )'M

iage 117.

Izseitial siuplificaticn in tke systes cf equations, which

descrites spatial noticv, car ke cktained fcr axisymmetric rockets

and ircjectiles whose thrust does rct creatE xcsent with respect tc

the center of mass and it iE directed along axis of rocket, i.e.,

Kher

P=P.,.: P, =P:,'-O.

Ecxces nyr,, XYP, !Z1l, let us consider in implicit form, after

* iaclude/connecting them resiectively it drec, cisting and lateral

*! fcrces. Then from (3.4)-(3.S) ue cttair

v= _ ((P cos acos -X-Q.sin 6):

0=-IP(sin acos¥ ,- cosasi "% sin y -f-

- I'cos , -- Z sin y, -Q - "co-01; (3.33'

Imco_ IP Psin a sin V,- cos a sin "cosy,. +
M 4 os 0

.~ 4-sin V, Z cos V,.



LOC 78107105 AGE

fc. 13. 10)- (3.12)

Jx, W1 , =SM.,-(J,- Jv,) w,,w,, +V V1 1 px,;

Jy w, =X M , -(Jz --J,, towx,+ X :Hp ,;(3.34)

If the a4gular Welccities ;a., w, t the rocket (jFrojectile)

in rotary motion are low and ,,U. tkqi Ecuaticns (3.34) can te

replaced with talancinS deEemdenceE 13-0. fic which let us find

tis argles a6, 0 and will introduce ties in 43.33). Additicnally,

as Lefcre let us accept sinac a6, sinP66, sinyc-Ye, a the cosines

cf these angles let us equate tc uzit. for kcisting and lateral

tcrces let us accept tte lirear dejerdgence

Y = Ya HO) Z= -Z , (3.35)

where0.
r=qSc* H)Zp=qSl cz. (3.36)

1<ey. (,) a, d.

4untroducing the adopted simplificaticz, bE will ootain frcm

(3.331
v;* z -X -g sin O; (3.37)

* m
O (p+ Yh) 6 +(P+ Z 'vjl gCose, (3.38)

q (P + Y*) Lc-(P + Z 36  (3.39)

Eager 118.
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Brcm equations (3.17), (3. 18) and (3. 1S) we will obtain

sin bl ; sin 0 + cos 8 (a6 + 6 ,6 );

sin .z- sin w+cos Wt(6 cose+y, sin 0); (3.40)

VC ~tg .

iquaticas (3.20)-13.241) Will Ieuaic withcut change.

TbusO as a result cf tke sisplificaticLs ccnducted we will

cbtain system from 11 equaticas, the ucktiobta iq it will remain 13:

V (t); 9 (t); 'jr (t); X3a W ; Y3[t V Z3(t j; r t)

hwt; '.(ot; aw1); ,wt; y,Wt, m(t).

System can be solved, if we tc the writtea equations add the

kizematic equations, wbich deteraire tte *ethcd of control, or to

accept for two of these uckrown values the Epcific law of a ch.ange

in then iq time (prcgraz). Ecr exanrle# fox th* rockets ot class

"Eaith- Earth" can te acditicnally assJicile S(t) and *(t).

Zi equations (3.38) and (3.39) the texas, which contain the

rDcducts of small angles 06Ye and QoY, a[e ccrsierdably less thar

remaining terms, and wten cceducticg cf afllcximate computations them

it is jossible to drop/csit. Then Instead c.i equations (3.38) ard

(3.391 we are have IP+ Y) _gcose 03. 41'

my V

(P+.~ (3.42)
myV COS I
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The three-diaensictal,/iFace flight of the guided missile bith

engine cff can be descritEd ky the system cl equaticns, cbtained frcm

(3.8j. if wE place in it equal to 2e1C thirst ccmponent

tcLque/mcaents from thrcst and to acceFt v = ccast. In this case, the

first three equatiors take the fcv

V= cos acos KXp - sin a cos PI +

"-sin PjZpi-X-Qsin ];

-- sin a cos V, X, +cosy Cos a YpI -
my I 1 z) (3.43)

os csos OYOstZil Xp14+siVC XMv Cos 0[

X Cos Q V YPI - Cos Y COS zP, + z1,

and the others of thirteen equations cf system 13.28) cdfl be

udertaken without change.

1ge 119.

1.3. Systems of equations, bhich descrite tie sFatial moticn of the

unguided rccket in the densE layer* cf the atnc*Fhere.



-CGC 78107105 EACI WO

the systems of equatic~s, giveq in tvc ireceding/previous

sectiopus, can be rebuilt in copnecticni %iti tk* notion of the

uliguidid rocket, it we dicid'Ohjt ir them the equations of control

(3 .s271 and from remaining eguaticanE tc exchtde sembers, who contain

ccintr(.1 forces and torque/acments. Ecr exaauije. ca the base cf system

(.3.28X, we will obtain tcr tie unguided Locket

-z 1, cos a cos -P,, sin a cos P,, sill~

-A'Q sin 6J;
IP, 1 i a os .)p, cos V co inV

my Cos Y* - Q Cos 61;

- yco IPcos y, cos a sin +P, sill yc co a+ k(3.44)

--P2 , Cos VCCOO +Z*1;

The others of 11 equations cf system {-.2f) will remain without

charge.

J2. The principles of the separatioq of spatial motion iatc

fecrwazd/progressive and rotational, Icagitucinel are lateral.

the separation of apatial moticti into the fcrward Action cf the

center of mass and rotary relative to tke cinter of mass, into
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loagitudiqal and lateral significartly siuplifies the equations of

extersal ballistics and tkeir sclutic¢.

Eace 120.

lith a strict theoretical aFircach te the solution of problem,

the sejaraticn of tte qquaticns, uich describe complex spatial

sctics, into the equaticns, which describe crly fcrward motion cf the

centet of mass cr cDly ictaiy notiui relatiie tc the center of mass,

asd into the equations, which descrike the seerately longitudinal

and transverse zoticns ct tie certet cf mask, ckviously, is

isicssible. The rotary zoticn of ttv center of sass cf solid bcdy cf

variatle mass (rocket) and cf the tcdy cf cunstant mass (projectile)

ard the forward motion cf tke centtr cl mask cl these bodies mutually

ccnnected in principle. D~zing the action cf bcdies in dir, basic

ccaluuicabiu/connecticn tetuwen tiese tvo Icrus of motions is

realized through aerodynamic forces and the tcrque/moments (see §4

and §5, chapter IL). Furthermore, the interxepjedence of

fcruazd/progressive and rctary *oticr fcr tie Suided and unguided

missiles and projectiles is exbitited throuSh the so-called crcss

ccuil~egs. Depending on the fcraulatica of the Froblem during the

conjilation cf the three-disensictal equaticns cf motion of the

Lcckets and projectiles, are considered inertia cross couplings and

aercdjnamic cross couplings, tut dtzinq the ccolilation of the

I.., -- - -1
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three-dimensional eguaticrs cf lcticr ct thE ccqtrolled objects in

the e;fanded setting, must be considered also the cross couplings of

the ccntrol system along the channels ct pitct, yaw and bank.

In equations of moticq, inertia crcss couFlings are exhibited

tbicugh the terms, bhick ccrtair FLcducts ct inertia, and the terms,

bbich ccntain the Eroducts Cf the anzular vElocities of form

[se, for example, systev o equaticns 4I.;C) ]. To inertia cross

couplprgs can be attrittted also ccmmunicatic,'ccnnections,

determined by forces and Ccticlisl& tcigue./cments, which appear

duriag the displacement of masses ci the relatively oscillating

missile body [see equaticns (1.12) ard (1.111)]. Aercdynamic crcss

cpulings are determinee ty the diEyMNmetr3 of the flow arcund rocket

cr frijectile in flight aid ccnnected .uith this field distribution of

velcc4ties according to their exteimal enc]esures. The cross

cc*pli-gs of the ccntrcl sy tem most ncticettli are exhibited through

a difference in reading. cf seasuiric aid actuating elemeiits.

the account ot crcss ccuFlingi it the &ystess cf equations,

%hich descrite the moticn 9t rockets and pxcjtctiles, becomes

cciilicated ty the fact ttat tie acting foices, their torque/moments

and the moments of inertia are determined rtlative to diffeLent

coordinate systems and their ccAmuicationcCPn*ction they are

exiiessed by complex fuecticns, cbangi.nm it t* Frocess cf moving of
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tcckets and jzojectiles.

The systematic generalization of investigations in the acccunt

cf the eff.ect at crcss ccuilings cr *jatial soticn of flight vehicles

is air is stated in wonks [1.52].

Icr rockets and the Ercjectiles of cie-s tie "surface -

nSrtace", as show theoretical and experimertal studies, the

sqaration of motions durinc the sclutica cl tallistic proklems into

the f9rward motion of tle center cl mass aac rctary moticn relative

to the center of mass ard tie sepaxaticn of forbard motion into

lcqgitudiqal and lateral, makes it rcssibl* tc cLtain the virtually

accqtable accuracy of the calculaticns whce results will agree well

vitb the data of trial tirings.

Fage 321.

2.1. Separatioa of moticon into the fcrward mcticn of the center of

mass And rotary mQtica telative to the center cf mass.

ivision of motion intc tcrwazd/ "cgiaisite and rotary is

ccdueted most frequently during indefeadect aikroximate scluticu at

cme at the basic ballistic tasks cf determizing of the motion

characteristics of the certer of mass ct rccket (projectile) and ot

~ ... 4
k
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the ta-sks, connected with stability cf moticn, by

cscillation/vitraticns and control.

Za the written above systems ci equaticns, it is possible tc

isclate the equaticns, whick determine the acticn of the center of

mass, and the equations, which determine octiecr relative tc the

ceqter of mass. For exazl]e, ir system (3.;k) the left sides of

equatcns 1, 2, 3, 13, 14, 15 - tht derivatives of the

characteristics, wlich determine tie mctic4 ci the center ct mass cf

rccket; equation 4-9 ccitair the values, wbicb determine motion

relat4ve to the center cf mass. 7zigcocietzic equations 10-12

determine the additional cetstraints ItVWEEL eight angles 9, q,.,.,

f--, T' a and 3. The first tic argles can Le determined during the

Joint sclitica of equations 1, i 3, 4li and 17; the others - during

the scluticn of equations 4 -9. It is lcgicil tkat the separate

&oluticn is Fossible with essential sispliticaticns. In equaticns 1,

i, 3, which describe tte mcticr cf the center cf mass (material

Icinti, it is necessary to accept = then

V= L ' 1"-V ,) X sin 0

1 [ " 4 [ ) Q j3. 4-)

i'= __m _I/>, - i zp, -- z . !
mt cosi h ' .

Aiter the addition of equatiots 14 and 17. system will be locked

and it can be solved indejendently. For detinition cf six angleS a,

•#" ' 'P

,oI
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Yy,a. and Y, and tbre angular velccities .... u,, can be

Rsed Gino equations 4-1 . Ilese eguaticas canuct be solved

independently, since for determininS tie tciguE/soments in the right

sides cf equations 4-6 it is necefsary to krCb velocity and flight

altitede. Taking into acccu;t the t*chrical difficulties of the joint

scluticn of nine equaticnz, in practical vcik utilize an artificial

m tbcd of the separatior ct system irtc the equations, which describe

lcgitudizal, lateral and rctary mcticn intc tc longitudinal and

lateral stated in tcllobing sectiom. P.cr deicribing the rotary motion

ct rocket or projectile (artillery and turkcLet) is utilized equation

11.331.

tage 122.

..2. Separation of moticn irto iongitudiqal and lateral.

During the separation cf the ccoplex scticn cf rockets into the

lcaogitudinal and lateral, acceFt, that in tie first approximation,

the azial notion does not depend op the lateral. in accordance with

this 4r equations fcr dttermining cf lcrgittdical-behavior

characteristics, are considered only thcse IoCes and the

tpoque/monents, which act it range EJare. Vith determination of the

lateral-behavior characteristics of cciet, to ccnsider it

independeint variable of the lopyitucinal is imicssitle; tneretcre in
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gS3K
equat4cas acE included all Lcrces avd the tcLgut/moment ., which to d

certa4n degree can cause the deviaticns of Lccke.. tLcm udnge plane.

Icr aa example we will cktain from 42..I) tie stem of ejuatiun6,

blich describes the lon~itudinal (flat/qlagt) oction ot the guided

siaxice.

X sin a - X-Q sin 6J;

, m- - X Y,) sin a ( P,, -V 'P )\

X cos a Q - Q cos 0];

3.46)sin l = sin 6 cosa cos 6 sin a sin (6 4 a);

•C3 v cos 6;

.Y,='v sin 6;

r= 2 -_I

M=m,- Jrn'dt.

trigonometric equatiC.n in system 13-46), ttat ccnnects angles 3,

6 and q, in a series of tie cases tc ccrvEjiertly replacE with the

equal~ty

6~=~o-- . (3.47)

It in the first twc equaticns .centrol ICLces are unkncwn. then

tC system cne should adc the equaticr cf ccttrcl, for example -

13.251. The obtained system ot equatic.ns is lccked and can be sclved.

i

I
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Fage 143.

let us write ncw systea of equatic~s tCL tke 4etev'nn&j, of the

lateral-behavior characteristics cf rccket, assuninq laterally level

±light 11=0)

-. I [ - " X ') Cos ' y Sill:

mt Cos ANNA

~P +'~ V sill J)'. + zP, Cos Z*];

3.481
Cos *

sin , sin W Cos; cos ¥€ - cos 'sn cos 6 -
-- S in 6cos pi;

sin y,=tg tg O;

3 v cos 6 sin W1.

Equations (3.48), bhck descrite cply )aviry moticn, cannct be

sclvet independently, withcLt the acccupt ct the basic values,

determined by axial moticr. For exauzle, ir sy-tem (3.48) the first

*quat4cn is basic durin9 jaLameter deteiriticr of yawiny mcticn,

tut it is solved, cnly it aze krcvt nt). *Wit) and 8(t). The

aerodynamic forces and the tcrque/uCzents, bhich act in side

direction, also cannot le daterminc.*, if ate act known velocity and

tlight altitude.

System 13.48), which descrites yawing acticn, it was obtained
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ccxflOx; furthermone, vitt large it .is aecessary to check the

limits of the applicability of the fcroula, determining Ve. Essential

sizFlficatioq in the systea can kE cttainec, if we use artificial

method and to acceit #=6=C in the ecquationE, determining the angular

parameters of the ucticp cf rocket. Thii atiumition is equivalent tc

the assumption that the rccket flies ir hcrazcvtal position, its

lcagitudiqal axis ccmprises with tc velocity vcctor o thE center of

mass angie 0, and angli yc=O.

Fcr ottaining the results, clcse tc reel, in the equations,

which determine the conciticnal horizcntal tzajectory oi the mcticn

ct the center of mass cf LCcket, it& Velocit) aust be undertaken

eiual v = cos 6 whose factors are detersinD durinq the soluticn ct

system cf equations, wbich dezcrihe the axicl nction ot the center of

mass 4f rocket (projectile). ith the adoptEd assumFtions from (3.48)

it fcIlcws:

,,v , -- P,,-- X,) s i n  -

zP,+" zP1) Cos

MY +IMP9; (3.49)

sin ,=sin W cosp+cos ' sin ,=sin (W+fP;

= - v cos Osin W.
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Eage 124.

Eenultimate equality it is Fossihl* tc reflace by the sum ct the

aa gles

IT- ("- 3. 50

if in the first e~uaticn ate xnkncw tie ccntrclling forces,

then to system (3.4d9) ore sbculd add tie eltaticn of control.

The flight control cf rockets, as a rule, is realized along

three separate channels - cn pitch, tc yaw ad lank. Despite the fact

that each control channel sclves independert prcklems, their wcrk

Frcves to be interdependent that it is exhitited through the dynamic

characteristics of rocket, dynamic ard kine~atic motion

characteristics and cross acrodynauically ccmuunication/connections

[see s)steus of equaticns (-2.1)-(3.24) and IcrIuld (2.79)].

therefore during the scluticn cf roblcas regarding the uction

characteristics of the guided missiles, it can te divided into

1cpIitudinal and lateral crly after setting of the legitimacy of this

divisicn on the basis of the prelilirary arelysis of the speciiic

characteristics of rocket, its ccrtrcl Qystem and the conditions of

Ectica.
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2he synthesis of ccma1ex spatial mticr taking into account the

special feature/peculiarities of ccqtrcl cm eack of the channels

shculd he carried cut fct slecitic ccrditicLs.

§3. The simplified systems cf equaticns lcngit.udinal and yawing

scticti of the guided missile in tte dense layers of the atacsfhere

in many instances it proves tc te advisat]e to obtain the

siafl4fiEd systems cf ecuaticns lcrgitudival and yawing motions not

fras the ccwmon/general/tctal system of spatial motion, but it is

direct according to simflified diagram cf tie acting forces and

* tCLqud/nouents, couiris(d icr a spEcific ca.te.

3.1. Longitudinal ccntrclled moticr.

let us examine the lcr~itudinal cctrclled motion in the

starting coordinate system which for ccntracticr in the indexing let

us designate Oxyz. Let ts assume that icl ard yaw control provides

iccket flight in the vertical Elan*, passi;. tfrough the place of

start and the target/putfcse. Ir this case, it is possiole to count

that the forces, applied tc rocket, act in crc ilane - in range

Elane, and the flight trajectory - plan* CURVE. Acceleraticn during

tiat/Flane curvilinear uoticn can ke presected as sum of the

tangential (a,) and normal (a,) of acceleraticrs.
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Eage 125.

These accelerations are directed alcng the ratural (natural) axes cf

coetdinates Ova. Tangential acceleraticn is equal to v and it is

directed tangentially tcwazc tzajectcry. Vcxa acceleraticn is

directed along the normal tc trajectcry to the side of instantaneous

cepate of curvature and is equal vz/p. Fatk curvature I/p can Le

refresented as

'is

hhere dO - eleqeatary change in tbe ancle ci arrival; dS - the

segment element curved.

Carrying out replacement and transforratics, we will obtain

fczmula for the module/mcdclus cf the rcrma acceleration

cl 2---- F1 dll t ,d

le s49n of the derivative dc/dt dEFends oq t.i form of the

trajectory: if 6 decrease* bitb the ircreaie et arc - then d9/dt < 0,

if vice versa - then d8/dt ) 0.

Since the missile trajectory cf class I'suzface - surface" are
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ccqveg with respect to the Earth curves, alic, tor them always d6/dt

< C, subsequently formula for normal acceJEzaticn we will take in the

tCzu

a dv/O dO
aR= I dt -V-

dt dt

(otherwise, sign "-" is a ccnseguence ct the fact that in the

exazimation of notion in right system ct cccrdieates Oxy tc the

fcsitive direction of axis ; corresfcnds tie pEgative direction cf

the reference line ct arSgai 8).

is a4 example let us ccmprise the systre cf equations, which

descr4tes the flight of wirted rissile iq tie %crk of its booster

ergine.

the circuit of the acting on winSid aihsile forces, led tc the

center cf mass, is represevted cn fig. 3. 1. Ct the projections of

ftces or tangent and standard let us intr-ccuce in 'fable 3. 1. The

j desigoaticas of forces anc angles are updeztaken frcm Fig. 3.1. The

sign before the projecticn shows tie directicq comprising of the

datum cf force. If the direction that ccaiZise ccincide6 with

reference direction, then stands FIus. if it dces not coincide,

sinus control forces are given to tie centtr ci mass, rorce ccuFle

tc fiJure are not ShcwE.
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4n Table 3.1 by xp, ad Y9, are isilitc tkc-sums of the fcrces,

crtated by cne-type coaticl deiicem; urder P- gross thrust of all

engines; gravitational force is urdertaken in icrm Q=mg.

Ea~e 326.

Let us write equations of moticr in prcj~ctions on tangent and

the standard

mv= P cos(a -E)- X-mg sin 0- Xp cos(-- 1)-
--Yp sin (8-0);

mvO= -Psin -Y +mg cosS+Xp, sin (W -0 (3.51)
-- )p, Cos (1 B - 0).

In the equation of rctary moticn, let Ls ccnsider the follcwinj

,t czque/uaents:

moment of ae.odiranic forces mh, YhIch is approximately equal

I tc Fx duct Yl,. where IA - distaqce ketueen centers ot nasses

(ts.mj and the resultant pressure (ts.s) (ze Fig. 3.1);

- the moment of ccntrol forces Mp,, whicb is apFroximitely equal

tc Y,11,,. where Iv - a distance trcs ceptex cf iressurc contrc]
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devices (TSDR) to the cEnter of mass Ct wiqcd xissile.

x

Pig. 3.1. The circuit of the action of forces on the vinjed missile.

i driiaim oving in te crzI f the ±icster Engine: v - diection of

~tangent to trajectcry; r. - directicq cf star dand to trajectory.

a~les 3.1. Force ccmjcsets which act c€ hngd missile, along the

ames ' and a.

"*1
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1( 1 KacaT*Aibmal HopuaAmma

(UpOemn MA Ocb T) tnpoeKU3 us OCb R)

(4 'Cua8 -ill P Cos(-) -P sin (a-4E)

i.,I?1o6o~oe ConpomBteiile -
U) 1ov~ewiiR cmia-

1) CmIAa TS&CTH -Mg Sill Mg mCos
!Ilowe~s Torm ma pym x -Xe, Cos (0-0) X sin (0-0k

cri -Ypi sin (4-1) -YPi Cos I.e

Key: 11). force. (2). lancectial ccmjcneqt IJCcjeCtion an axis T).

(23). Micreal ccmponest 4Fzojecticn cc ais n). (*4). thrust. (5). Drag.

(61. lifting force. (7).* Gcivitaticual forct. (8). Losses Cf thrust

ca CCotzolS. (9). ContLCl tcrce.

Eage 327.

The equation of rotary motion Vill havG tts form

-'A-."~+ A,,.i3-52,

ubece J, - axial moment infrtia ci winged aissile relttlve to dxis

Cag, which in the case in question ccincide., witb axis oz.

tc the written thrice eqjuations it is rtcelssary to add two

ckvjous kinematic of tte eigtaticIr

x=vcos; £d==vsinl 3
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and ot the relationshiF/ratio. vticb determive flight prCram.

the numerical values cf the pzcjecticri ct all forces on the

natural cocrdinate axes depend , exceFt construction and the

size/disensicps of flight vehicle, fics the vales of angles a, E, 6

and 80 Silce booster esizSe to the tcrgue/scect of its sej:aration

frc uinged missile is fixed, then angle k tc change in the prccess

cf flight is imFossible. Arcles a acd 6 charge in the process of

flight and we could be urdertaken a* ficgrejmec motion

characteristics; however, tteir reliable measurement represents great

dilficulties.

Melatively simFly and Eutficiertly reliatly is measured in

flight Pitch angle 6. 71erefote it are selected as the cell/element,

which determines flight Fpccca in vertical 1lere.

let us examine the axial notici) of surlace-to-surface missile,

cc~trglled along pitch angle. the schematic diagram of pitch ccntrcl

is shbwa on fig. 3.2/

____________'__!i_
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IePsJop. uiMepllot~a

z pU3Ho' ,(') rndamui

• -_ ~cazmaa Ppe" npugod(',}

-Pwn~oth ~a HP .01 f

,PYu ma#zafa (, a

Fig. a.2. Schematic diagax ci rccket ccnticl cV pitch angle.

Key: L1). Axis of rocket. (;). Lnstzuvet, bhich measures real angle

ct .itch. (3)- Comparatcr. 44). Unit cl prccra4 (5). Line of

bcrizqn. (6). Error signal. (7). Sbajim uqit ct control signal. (8).

Siceal to steering drive. (9). Steering drixe. (10). Control of

itch,

Fage 228.

In the process of work, the unit of ircgras develops the electrical

signal, which correspcnds tc the izcgranmed value of pitch angle at

the 94ven instant oup(1) At the same time sensing element measures

the real pitch angle 6 amd transfers tte cciLresconding signai into

the cCsFarator which after the ccalaxiicn cl tb* signals,
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Ez¢xoEticnal programmed and real fitcb anglts- issues the error

signal. Iqtensified and ccrverted iq tie shapirg unit of control

aiynal, it is transferred to the steering doiv* which corresFondingly

turns controls. I4 this cast, the directio; cf the motion of the

rocket bill change so as tc parry th. emerc rt teviation frc

iroSrazmed trajectcry. DisFlacenent argle ijth respect to pitch can

be apprcximately connected bitb the an.le ci rctation cf ccntrcl

devices with the aid of tte first ocmacnent eqtation ot control

(3.3.55

bhere k,, - a static coefficient of the system cf control.

ircm last/latter equality (3.30) we will cttain the balancing

dependence between angles o: and a. fcr sj&Elicity of writing, let

us dti9/omit the sign of sem, assumirg that the rocket has only one

coqtigl device, which determines its mcticp in vertical ilane.

l, -- , , =0. 13. 5-5

Utilizing first equaticn (2.8f) and accepting approximately

AtV,=V z, where Iv it is taken cn Lis. 1.1, we will ottain

- SIM'a L Y'A.l= 0.
2I,
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Pence

a, ;, ._ 6%: . (3.56)( - _____ -S-l*

minus sign shows that curing the ictaticn cf the governing

ccqtrfls, arrange/Iccatcd kehind tie certez cf sass in the tail

sectii;n of the rocket, to cne side, for exaisle, clockwise, the

Locket will turn itself i. the cthsi dixecticV icounterclockwise).

Utilizing (3.54), be bill obtain

a6 - -okno j -np) (3. 57)

cr, reFlacing in (3.57) ft=6 -a 6 , -

a,=_ (p- )- (3.58)
1 + 6004

itter taking as basis system ct equaticns 3.51), let us suppose

that ctce vector of thrust acts alcng axis cf lccket.

lage 329.

?ugthexaore, is include/ccqnected ,, in dzig, and Yp, - by lift. On

the stallness of angle of attack, let us acccit how it is earlier
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si a= a,: c-, a

mv P (- X- rg sin :

Alter adding usual kinEmatic relatjonsLij/ratios and rogrammed

Equaticn fcr a pitch ausle, we bill citain tke system of equaticns,

which approzimately describes loagitudibal ccqtfclled rocket flight

, P \ ,in 6;
m

, ) . - ) gCUS .

h -= La6 = ,, , I.; vsin 6; .- Cos

System has five variatie values vit); 6(t); ,(t); y(t); ac (t)

can b solved, if are assigned: the Erccraa cf tte Fitch angle O.,,(t).

cf depEndence o,e-, k o . the deFerderce, thich determines a change

in the mass of rocket n(t), and refesence-tiight conditions.

the simplest system of equaticus, whict afiroximately describes

the ccntrolled flight of the center cf mass cf rccket, can be

otaiaed from (3.59), it we consider that zccket it is control/guided

ideally and its longitldinal axIs it ccinacices with the velocity

vector ct flight (are).
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lien

v p--'\" si i0t~-'pi ~ sn6

Here three unknowns - wit), x(t), )(t), an4 if is known m(t), Eystem

it is Eclved simply.

4f we in (3.60) assume X=O, thr systcs ct equations will

cefcrite the motion of tie center cf mass cl the guided missile in

the vacuum.

3.2. action cf the guidEd missile in sice eiretion.

We utilize a system of e-uaticas (2..-dS). 5ince as the gcverninq

parameter is accepted tic )aw angle *, the third equation in system

ca.V be Cmitted. Let the thrust coircidQ witi axis of rocXet, then

!S -V X .

Ease 30.

in the absence of disturkance FertuteLticts in side direction,

the msisile trajectory cci cides sith ranc place and, it there aLE

cc any special coosideraticts, the IzcgramaCd Value of the yaw angle

t .. .. .. .. . .. " .. . . .-.-----------. J ~ F i / li m ' i
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shculd take as equal tc zeic. £is.acexEnt tryle with tosptct tc yaw

let uS ccnnect with the anle cL LctdtiCtj ci ccntrul devices with the

aid ok the static ccetticitnt ct tte system ct ccntrEol - k,., and frcir

(3.271 we will obtain

-, # 3 . 6 1 .

The seco4d equation of system 13.41) Itt uE replace with the

Lalancing dependence utilizing which let uz writE

v." S / n i ', Z ^ 'l- ,  =- 14.

fie ce

j3 2.-:

Introducing the coEtticient Cf ccntLcl and s i a (3. 50), t us i;e,

It iS ainalC9ous (3.58) to tdV(

'4 . 3.63
. ko

Be[lacing in the fASt egudticn ct system 3.49) sin p on ,

and sel~ctiny tiom (1.4) dEC (2.85) Z. -/, .e will obktain already

krcwn to us foimuld (i.A)

ifP + 71)

m' COS I!
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Replacing p. from 13(3~), be bill attin the syste~m of

equat~bcas, which approxiuattly descrikis tki talanced fliyi~t of the

guided sissile in tke side directic;

I 0 p + ZP)(w4)
mvos i +cko13.64)

V3 ~-Cos 6sin W. (3.65)

In certain cases, tcr exampl~e, during the tiajeCtory Calculationl

ct the missile targeting~ ta tic driving/zncvirg taryet/purpcse khen

are FlacEd limitaticns cL the oric-rtaticn cl the velocity vectcr of

thq center of mass of Lccket in Eace, anglE 6 and XS can be
determined anart from the wiritten eauations. Then, derivatives 0
and * it is possible to find by directly numerical differentiation
or analytically.

PP-7e 131.

The bdlaflce angles and slij ai.pcimattly ere d~termiiwed frcm

(Y'.411 and (3.42) from tie tczzoulaf

- -- (T '6 C.os ) (3.66

rnt"F COS3.67
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Irim anyles, as a rulE, are snall; hobwver, with useo ct systems

ct the approximate equatio4s, one shculd reenker about thcse

assumptions, with which tie) are citaired a2 far as possibility to

ircduce the evaluation Of QLrors. Ike eguaticqf ct controlled flight

with engine off easily can ke obtained frcs Frccding/previous, if we

in then acceFt thrust P=O afd a = ccrt.

§4 Systems of equatioas cf the actica cf tie center of mass of

rocket taking into accotnt the rotaticm of t* Earth.

let us comprise system of equaticas jz the connected qeocentric

system cf coordinates Cxyz, ccnveniert for the account oL the etlect

cf the cOra ci the Eart and its rctation. 3ke Fcsition ct rocket let

us detelMiCe by cocrdinate& x, Y, 7. t) qecCeltric latitude and

ty longitude X (see Fig. &.1). Let vi atsuu6 that the control at each

ocaent cf time combines axis of rcckct witl veiccity vector. Durlnq

the well workiny ccntrol of the oscillatiomvilration o tht rccket

iclative tc the center ct mass it is ic.csille rct to coIsidter and to

cc.aicEer the notion of rocket as material cint.

The (lifferential eguation Of octic Ol tie center ot aass ir

inmrt~al cCoodinate systcm and the designaticps ct formula (2.Jl)

takes the form

M (a, ." .
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In relative motion ,a .... =zF-ma,,P- f or the briting

cf scalar equatioqs, let us determine ,the JzojQctions or the entering

these deFeader~ces values to coordinatE axeE.

The projection of thrust on cccrdinatE axEs will be equal tc the

jrcduct of thrust cc th cciine of the angle ketween the sense at the

vector cf force and the coriesfondiqg axisi Ite cosines of angles

will te equal to respectively

VOTH X V.TH_ d.f'S :

b ee VoTH X, :'ot,,V and [POT ,. - Frcjicticr cf the velocity of

zelat~ve motion of the center of mass cr rccket cn coordinate axes.

Gitting subsequentl) the indices cf 'ctu", we will ottain

Page ]32.

Ike projectiops of thrtst are dettrmirtd ky the formulas

P'.-- P t--; P"-- P 1 ), P
M! T=.-'

L
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1-7 3

lor the air resistance, it is ccnveij.tt tc utilize in the case

in queotiop expression (2.4i). Its Fro-ectic¢s ca ccordinate axes

will be equal to fcrce cf R. aultiflid oa the cosines of the angles

ketweem the sense of the vector of thrxst ed tie ccrrEsjording

cocrdinate axis

tR-- ScRVS,RV; R, =2 CRV.. (3.68
2 22

Ecrce ccmponent of the gravity cf the kartt let us determine,

using fcrmula for acceleLating the fcrce of Sravity, obtained cn the

as umptioq ttat E - SpAA-

= gTO

bhere gTo - acceleraticn cf the fcrce cf gravity on the surface

of the Earth; R 3 - radius ct the fartl; r - distance frcm the center

cf mass of the rocket to the conditicral cirtei of the Earth.

Fcrce coaponept of gravity will le equ~l tc

.- -,mTO- -- I" F, =mgo --- ,
r2 r rr (3. 691
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khere x/r; y/r; z/L - ccsinEs of tke arglee Letween line ot force

F, and the corresionding cccrdinate axis.

Utilizing these fcrzulis, and dleC (2.a3) *nd (2.35), we bill

cttain the system cf the differential equaticnz, which describe the

ictica cf the center of mass of the rccket
X= t'S v ts 2

v x Pt'x I S- T

___ _____Iv M i 2 m 0

v - P 'R' p ScvT __1 Y; ( 3.70)
t _ M 2 g r

3

v m 2 m rs

let us establish ccmutication/ccnvecticn tetween the position

cl rocket in the selectid rEctangular ccorCdn&t* systeM and its

geocentric latitude and the lcrgittde. rcir fig. 2.1 and formulas

(2&1) he will obtain

x-rcosru sin'; y -- rsin Tru; z rcos P.Cos4. (3.71)

Fage 133.

Differentiating (3.71) twice c4 tise, (cuv rtinq the cbtained

differential equaticns ir accordance bith dejerdences (i.7C) and
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Lemembering that

V,-=x; V',,=./; z'= 1V,=x; V, Y; V.-z

we will obtaiq the system of the dittererticl equations which

tescr;te the trajectcry ct telative action ct rccket in the connected

geccentric spherical cocrdirates. laking irtc account unwieldiess ct

system, let us write it in the torn cf the lunctional dependences

r= f ,(,- .... '-. ....' A

?r, r, , 3. 72
, -. s (r, (I,,. . r . p, . t .

the ccmilexity of the soluticn cf the uritten equations is

cbvious. However, difficulties are overcome with the aid of

el~ctrcnic ccmputets.

Ircm common/general/tctal system cf ecuaticns (3.72) it is easy

tc cbtain the systems, bhich descrike seclil cses cf moticn. The

actice characteristics cf t e center ci ma-- ct the rocket with the

sb.ut-dcwn engine (9,n inactive leg) can be dcteruined during the use

cf equations (3.70), in which it is nccessazy tc equate P zero.

Luring the calculation cf acticn at high altitudes in nedr-earth

evacuated space when it is [ossible not to ccnuider the air

re.4istance, it is neceiEary in (3.7C) ,tc dzci/cmit the terms,
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undertaken frcm equaticrs (2.68).

§5. Equaticns of action ct the guided vissiJe ir rlat/plauc central

gr-avitational field.

let us comprise the system of equaticua, wtich describes the

ccqtrglled flight cf tte certer cf Iass of tallistic miSile on

iobered flight trajectcry. let us examine t ho-cisensional 1roblem and

will consider the rotaticnal effect of the lartb partially, thrcugh

tLe acceleraticn of grauty. Ccntxcl fcxces Ypi and Xpi separately

consider we bill not, but it is include/conrectad them in drag and

lift. 1hrust it is directed along axis cf iccket. System ot equatict~s

let us comprise intc F[cjectics cm the axis cf the rectangular

starting system of coordinates 0xy(OxCTYCT) .Jig. 3.J. The projecticii

of velocity vector cn axis Cx let us desigrate through u, while

jojection on axis Oy thrcugh b. Ike fzcjecticrs of gravitational

fcxce ca the same axis let us desig4ate resitctively thrcugh g. and

g.; g.=g sin y; gv-gcosY.

Fage 334.

After briting equations of Lotion in piciecticts on the se1ected

cocrdinate axes and after adding usual kinematic and trigoncmetric

Latio, ctvious from Fig. 3.3., e will cttaiL s)Item of ejudtion~s
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du P Cos (a+)- Cos - Ysn s
di m

,d i Psin(8+a)-Xsnb-- Ycos6

-*- -w;o

dx dy-- U; - = WQ;
dr dr

tg = tgy= x 3.73)

V = U2 + S,

r= (/?3 +yt Y iX2;

It we to the written equatioUl add the eqvztion, which

determines tilt angle (a+O)--On(t) c¢ prcSrazwed angle of attack

ap(t), dependence for determining tte lift aid tte equation, which

determines a change in tte mass ot ccket Mit), theni system can be

scived numerically.
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Y YCT)

(X(T)

'Y /

fiS. J.3. Circuit cf the tcrces, which act cn tie long £r ige

kallistic missile in tiE ezamiratic4 cf its relative motion in

central flat/plane gravitaticnal tield.

Fa§e 235.

the system of equatioqs, whicf descritts the controlled flight

ct the center of mass ct tallistic nissile 4Cr its nose section) on

iractve leg taking into acccunt tlE eflect ct the air Lesistance, it

is easy to obtain from system (3.73), it wE accEit thrust P=O ana

I=ccnst
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du XcosD+Y GinO R.snV
dt m

d, X sin 6 - Y cos 6 -pCOS Y;
tit m

dp dx

V jj ,Z,3. 74
U, x

ta 6= tgy 1, - ,-

U '3

tb6 Equaticns of motion of the unguided rcciket in plane-parallel

gtiitational field.

;n the absence of CCntLol or: its disccrurction on any reascns

rccket flight becomes uCguiced. The unq~idta LccketS are intended for:

a IiLtLg tc ccmparatively snail diztancEs; OCLEfore in many

icstances it is possible nct to ccrsidEr tE ziuface curvdture Ct the

Eaith.. tut its rotatict tc ccn~idet allioxiaately throu.jh the

acceleraticn of yjravity, assuming ty its ccrstart in value and

direction (i.e. considetieS that tthe gravitaticnal tiela of the Earth

Slane-paxallel). with an ihuctile atmcspt4L* ttle missile tra;Cctcry

in th~s jravitatiopal field will ke plane crrve, passinj in vertical
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Flape of fire. During the sclution cf Froblcxs. frequently is drFlieu

the system of equations, written ir the natural coordindte system. ke

will pkttain it trom syztes 13.51), afteE drcF/,cuitting the terms,

khich ccnsider the effect of ccntrcl. Cf tbe na.crity of the unguided

rockets, f orce vector of thrust ccincides bathb the axis ct rccket,

i.a ., E=O. It cne ccrnsidets that at lcb angles cf attack~ sin atO, cos

ea and Y=O aqd to add usual kineizatic relatictship/ratics, then we

will Ltain the unknown system of eguatiom*, wlich describes the

actica of the center of mass of the un~uidec xccket

dv ~~ PX-sin 0; dO _gcos 0

dt mdt V

- .V sin 6; -=V Cos 6.
cit dt
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Page 136.

With the adopted assumptions force Y-ector.2 of thrust, ot drag

and velocity of the center cf mass lie./rest cn cne straigqt line

(fig. 3.4)- Figures 3.4 depicts siaFlified clagram of the forces,

which act on the material rcint a, wbicb ccincides with the center of

mass of the uzguided rocket. The dizplacemert cf the center of Eaass

relatjve to missi.le body it is not ccnsiderid. Cn the basis of Fig.

3.4, let us write

-- X Cos 6.
dt m

After multiplying and after dividing tie xit..b side ct tae* equiation

to Nov, we will obtain

du I

bre

Usually they designate tgf=F. and then

dp I AO

dt Co1 2O0 di

Utiliin'g the second equatia of system (3.15), we will ojatain

dp= g
dt

a ircn the third equation of system 3.15, w* will obtain

A-= vsin 6-Cos up.
dt Coos
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The fourth equation of system (3. 5) will remain witthout chan-je.

We will finally obtain system ot eguaticrks in the form, convenient

tcr the practical calculaticns of the pcwer~d fIiyht trajectories at

th* unguided rockets

- - (D-Eu
di i

dP gd dx J(3.76)
dt a di di

FLcm Fig. 3.4 it is pozsible also to citair

du (P -X) Cos 0

dw_ (P-X)sinft -g-
dt
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fig. 1.4. Simplified diagram of the focce4q which act on the material

F.cipt' which coincides bith the center of miss cf the unguided

rocket.

Eage 137.

Ccnverting, we vill obtain the system

d" I i I

(it dx

j§7. SjIstess of equations with relative dinersic;less arguments.

the tendency to simplity the solution cf the problems of

extecaal ballistics and tc sake Ecssible am aElication/use of

various kinds of design schedules, which rtcuce the time of solution,
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led t9 the development cf systems of eguaticns, in vhich as

i adeptndeqt variables axe accepted relative dimensionless quantities.

Set us give the system of equatic.as fcz describing tne motion of

the center of mass of tte unguided rockets, iq which is utilized the

isdependeqt variakile

QC*Kdt

,_ (3. 78

representing by itself the ratio of the veicbt cf the burned down

* fuel/fropellant to the initial weight of rccket. Let us take the

f rst equation of system (3.75), alqc, ;a the -asis (2.95) and

(24121) let us replace I and X Let us replice also taking intc

acccunt (3.78)

dt:= _od&. (3.791

After subotitatlou let us have

Q e, d v .9 kmw. -rH (y) fv)-g sin 0. (3.801
Qo dX Q

carrejet Veigkt of the locket

Q =Q6-- Qm d r .

Over-all payload ratic is equal to

Q

QO Qb. noQO Qo * a
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,he ballistic coefticient of Locket it is 1Ossible to express by

the oser-all pajlod ratio

Q .fO o(I -k) I- I

where co=id 2 /Q o 103.

Page 138.

Q)CeK

After dividig in 43.8£) the right and left of pact on - and

after substituting, into the last/latte three equations of system

(3.75X 4t froa (3.79), to sill obtain

A_= Q0 g C038 (3.82)
A - Qce V

dx = 9o dY Q vsinO.
di O eK dX Q"

System is applied during ballistic designa Atter conducting its

integsation, it is Fossible to ascertaic that first term of right

fart gne equation Will correspond to torsula of K. E. Tsiolkovskiy

for deterainiqg the velocity of the aotion cf rccket vithout the

accouat of the air resistatce and gtavitaticnal force. The second

tet mill consider the 4ffect of air resistance, the third - a

gravity effect.

for the guided missiles the system of equations of motion is
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taken in a somewhat different form. itb ccrstatt flow rate per

second 01= conast) from (30,4) we %ill obtain

m=m.-Irnjt.

In this case, the over-all payload ratio cf the rocket is equal

tc

no m

limensioqless quantity V freguently is selected as iqdependent

variable.

let us desiguate T#=- m and then *=-(1--,). Value t, has

dimeasicnality of time (a) and is cAelled fictiotipus time. Determining

frce the last/latter equality

dt= -*d

aad carrying out replaceseat is system (3 v6 €). e will obtain:

dv _ P- X vo+v sin 0;
4 pft (3.83)

;; nov _u i nthr sinhO;, .. E m=us b r p Coss.

It is obvious, in this cast the tilt apg1e must be represented

aaml so argument P: 0-60m(p),

e --- I I I . .. . -w . . . . ..i . .. . . . . . .. .. . I I II -II I l
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Chaftex IT

U11GIO OF ROCKETS WUEN EUIVID TO HCVING TZSCEIS

Zo the majority of the cases of tke trajectory of induction,

represent by theamelves ccmllex slace curves. Ecr convenience in

thsir examination it is expedient te break atc three basic sections.

the first let us consider the laupchinm phase, the second - the

sectirn of ccqclusicn/derivation and ty tie third - the section of

notio along the calculated trajectory of icduction. Figures 4.1

shces the circuits cf trajectories of inducticn for the anti-tank

guided missile (PTURS), an aircraft rocket and the AA guided missile

(ZSU)v coqtrolled cc ral/team.

On the launching Fkase the flight most frequently either

unguided or is realized accordiag to tie predetermined program. Of

some types of rockets c€ the first phase of flight, works the special

booster eilgino, sometimes detached after the end/lead of the work

(ter antiaircraft guided missiles).
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C

a)

fig. 4.1. The schematic of the trajectcries of induction for PTURS

(a.an aircraft rocket (k) and an antiairccatt guided missile (c) : 1

-the lauz~chirag phase; 2 - section of co~clusio4,derivation; 3 -

sectifn of induction.

Page 340.

an the second section enters iz~to acticn tke control system and

rocket it is derive/concluded to tbe trajectory. which correspcnds to

the* selected guidaece nethcd tc taxget/utkcze.

By the force of different reascas tomaid the end of the

lawulcking phase, at the ncuent of the cctIIectict/inclusion of

cc~tr~pl, the position of the cectez cf mass of rocket in space, the

abuses of the vector of sfeed and axis cf zccket do not correspond to
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the requirEd trajectory of iaducticq tc tazlet/turpose. For example,

-- shqiwn in Pig. 4.1c, the ccntrcl gyntem is itcluded at point C,

whe4 the aenter of mass of rocket is locatec at a distance Ar from

the a;is of lead bean, and the velccity vector of the center of mass

vith approach to ray/beam is directed toward it at angle (7c; by the

same, approximately, will be the aqgle cf tie slope of axis of rocket

tc lead team.

By the force of the inertia friaerties of rocket and system of

Locket coqtrcl, emerges to the calculated tiajectory of inducticn

after certain transient piccess uhcse duration determines the length

of the sectic# of conclusioa/derivatio? Isectici 2 in Fig. 4.1), that

is the component part of the common ttaje-ctcry.

the concrete/specific/actual form of tke third phase of

trajectory, section of the inducticq at the end of which must be

zcviided the encou.nter of rocket with target, is determined by

network of induction accepted to the targetipuziose or by the

gaidauce method which characterizes the kjctuatic relation between

the parameters of the acticr of rocket aqd target/purpose.

the dittqrentbial equations, bhich describe the notion of rocket

cm the lausching phase, depend on the ccqstLucticn of rocket. In the

case 9f flight according tc Frograma it is lossible to use system of
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equat~r.ns (3.60), after inticducing intc it the appropriate

p4Dogramme equations. In the case cf the un~uided flight calculation

can ba coilducted, utili2ing a system of eqtticns (3.75). Initial

couditions are determintd according tc the iredicted circuit of the

ucik 9f the complex of contiol and indectics.. Ncr example, during

calculations in connecticn uith the circuit, presented in Fig. 4.1c,

it is necessary to knou the possible cange cf aggles 0o aqd the

velocity of the descent of rocket frcm the Suides vr. As a result cf

the calculation of the lauqching phase, must be cbtained the

characteristics of trajectcry u: tc the toL(ueemoment of the

beginning of work the systeu of coptrcl, necessary for the

calculation of transient irccess. Sc, in the examine/considsred by us

example it is necessary tc know jcs~ikle raC§es ci sizes iac. r ani Ac.

The second trajectory ihase, the secticn cf passage from the

ungaided flight to contiolled, must be calculated with the enlistment

of the methods of the tbecry of the fligkt ccqtrol.

Ret us return to an example in guesticL. According to the

circuit, depicted in Fig. 4.1c, the control must ensure the bean

capture, i.e., expand/develcp rocket so that tkE vector i (or the

ais 4f rocket) vould ccicide witb the diitcticn of lead beam.

Transient process, i.e., aod the section c ccuclusion/derivaticn,
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Kill be finished w~ien A and * they will beccue close to zero.

Pale 1141.

The p9ssible character of dependence hit) cL the sectioR of

co~cl sicq/derivation fcr tke case where i texsects ray/beam, it is

shCwn ca Fig. 4.2; qualitatively the sahe will be dependence a(t).

Inder actual conditicijs dependence A(t) aid w(t) tney are more

ccsFlex, since vector v and lead team it tit geteral case are located

in ditterent planes.

In this case, the dependence b(t) il have the same character,

as shqun op o Fig. 4.2, tut the trajectory cf the center of mass of

r ecket will represent by itself no lcnger Flape, but space curve.

Eerfoemance calculation of the moticn cf rccket along this trajectory

taking into account the variability of the nasa of rocket and rate of

its mgtio, is very complex. at the same time during well working

ccutrql, the section of ccnclusion/dervaticn barely affects the

subsequent trajectory of induction. Tberefcze, without examining here

the tasks of the flight ccatrcl, it is lessable in the first stages

cf design the second trajectory phase ,tc reiresent smooth curve, for

example in the form of circular arcs with the radii, determined by

the permissible normal acceleraticns cf rocet4 With minimum target
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rangei the calculation of tbe secopd secticr sbculd be carried out

acre accurately with the fact in order to ckeck the possibility of

guiding rocket to target.

Ike third and basic trajectory Fhase - the section of induction,

it is depicted in Fig. 4I.1 in the form of tke smoothly changing in

the plane of drawing curves; in actuality order the effect on the

rocket of all forces and tCrque/muoents, its action on the section of

induction bears vibraticnal three-dimensiotl .nature. Axis of rccket

oscillates around the center of mass, and aLtC/sel±-n moves over the

cc ilex trajectory, which passes closely that depicted curve, as if

wvioding it. Of rockets with the well WczkinS system of control of

cacillation/vibration, they are ccapletted smoothly, with sfrall

deviations from the calculated trajectcry Ci action. Therefore,

examneing the trajectories of inductio, we in this section will not

copceca the effect of cscillation/vibratovrs cn calculated

trajectory.

Are well knowp four classes of *otbods of guidances, which are

distisguished by the parameters cu which are placed the limitations,

which deterniqe the motion cf the rccket dvring its approach for

tanget/purfose.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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Pig. 6.2. Graph/diagram of dependence Ait) the process of transition

ies the unguided pbase of flight to ccetrcJled.

Fagce 3412.

Mith the command methods of icsiticn ccntrcl, of target/purpose

&ad rqcket in space is determined relative tc guidance station. In

the general case line "guidance statica - target/purpose" and line

"guidance station - rocket" they do not coiccide. The position of

each Of the lines in space is determined ty' twc angles. lhe first

class cf guidance methods, btich sets iimitatics on these angles, is

called the class of angular methods. In the particular case when

angles coincide, tbe rccket during afprcach for target/purpose will

be located on straight line "guidapce static& - target/purpose". This

variety of angular method calls the method cf ccincidence.

?he second class covers methods of guictaces which set

.4
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lisitatios oq the position of longitudiral axis of flight vehicle

relat4ve to the line of sighting (line, passing through the centers

of mass of target/purpQse and of rccket)- Ike third class of guidance

methods limits the sense of the vectcr cf tke velocity ot the center

of mass of rocket relative tc the line cf Eighting. In the methods ot

the fqrrth class, they are ilaced limitatics cp the position of the

very line of sighting ir space.

§1, Gaidance methods tc the driving/oching target/purpose.

1.1. Angular guidance metbcd.

the method of firing into set forward joint is the basic method

of the firing of cannon-tyie artillery at the rapidly moved

taxget/purFoses and detailed. As is kncwn, the josition of set

forward point is selected sc that fcr tke time cf the motion to it of

Erc ectile target/purpose also would mcve irto set forward point (or

into collisicq point V).

If we designate tbtzogb En aad et th angles of sighting and

rocket, but through A, and At, - theiz agtiuths, then

commumication/con~ection ketween argles will ke determined, frcm Fig.

4.3, ty the simple equalitifs

A =--- A, - AP; (4. 1)

1p= = . P* (4.2)
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In the process of Suidance, the lead apgles Ae1, and AAp are

altercating/variable. is kncwn many foruasle, ce which are assigned

the lead argles. In general form functicqal dependences can be

expresEed thus: A p f ,(r , rp, r , rp , e, A ., a ,, b , .. .. ; (4 .3 )

AAP=f 2 r1 r., rp, r3* rP, E, A, a,,b, ,),
kheCe ru and ri, n a disteace (radii) cf torget/purpose and rccket

frca the beginning of the ccordinate system.

., Ps - rate of change of the valves ct radii into the prccess

ct gudance.

als bl, a2 , b2 and so forth - constaqt values, characteristic

for this control system.

Eage 343.

the concrete/specific/ectual form of functional dependence is

established during the design cf ettixe misLile complex. tjere it is

Icasible to indicate two ccsmon/gereral/total requirement. The

dizecticn of the motion of rocket must le clanqed smoothly, with the

possible approach/akprcxinaticn of tzajectciy to rectilinear. It is
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lcgical also that the value of currest angLE-oats Aep ad AAp, as far

as Fossibilityo they must decreSaS Im ,the EOcess of guidance, and

abea r mo=r sust bo made ccdition Aep=AAp=O. 4tkervise the rocket

4ll Sly viae of the mark.

1.2. Guidance using the matching method.

In guidance using the matching method, the control system holds

the missile on a straight line connecting the guidance station with

the target. As a result of this, it is somethimes said that the

missile is guided by the target-bracketing method and the guidance

trajectory is called a three-point curve. The graphical method for

constructing a plane three-point curve is explained by Fig. 4.4. The

* target's position is noted on its trajectory 0, 1, 2, 3, ... , which

correspoind to the successive time values to, t 1 , t 2 , ....

I.
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pp

fig. 4.3. The position of 4urface-te-aiz miisile and target/purpose

betcre the rendezvous: 1,) - horizcotal plaza; '. - angle of

sighting; ep - angle of elevation of rocket; Au - azimuth of

target/purpose; Ap- - missile tearng.-

Key: 11). Collisiop point. t(2). North.

EaSe 244.

It very guidance Etaticn is icved (for exampjle, with missile

tasgeting frca ship or aircraft), tbet in its trajectory viii be also

detostted marks by 0. 1, , 3, ... fcr the same selected mcments of

tine. Marks in the trajEctcxies of the uoticn cf target/purpose and

guidance station, which correspond tc the icentical moments of time,
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are cjnnected by straight lines. In the paxticular case, with fixed

guidance station, let us have the convergent at the point of its

arxaagemeit/pesiticm fercil cf straight liges (see Fig. 4J4). On one

cf the straight lipes by fqint Po they note the Fosition of rocket,

which corresFonds to the teginning cf the trajectcry of the guidance

(for the determination cf this pciqt coe zhculd focus special

attention, if the place ot missile takeofL is arrange/located at

coqsi4drable removal/distaqce trcm guidaace station and them it is

not E-9ssible to accept ccauined). PKcs the teginniag of the

tzaj"tory of guidance E. is carried cub tke arc with a radius cf

PpoAto before intersection kith following line at point Pj, which

oboes the place where will le located the rocket with t = tj.

then similar construction is made from poiat Pl, determining

Ecint E2, and continue it kefoze tke intersecticn ot the trajectcries

of tazget/furpose and rccket.
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trig. 4.4. Approxinmate construction of missile .trajectory, aimed using

.1 tbE method of coiacideace.

K.11g). Eisiile txzajectcal. (2). IraJectciy cf target/ptir pose. (3).

Stat~,(I). Guidance statict.

Fag. 345.

Coring the definition of displacemepts fPj~4 the average speed of



DOC 7 81071l0b PAGE W'
30O

rocket on section can be u~dertakep~ as

- = VP i + ____+__ 4. 1

Vp i 2
Shke Vp aind J~ velocity of xecket Aq the beginning and

end/,ldad of the trajectcry thase it questicx.

Gorcespo~ding to the section of cccstr.LCt!CD time interval

lithin limit, accektiqg at that vacisbivS and increasing the

combat of sections to infiiqity, it is icssitle kroken line to reduce

tc smqcth curve of guidance. AF~rcaiuated, bith a sufficient for

Fract~,ce degree of accuracy. guidance curve cat be ccnstructed as

curvep passing through the angles cf kzckez li;*, constructed fcr an

interval £41I s. During a soccth cbange in the notion characteristics

cf target/punpose and during large rencva~l/cistance of rocket from

targetjpurpose, it is Fossikle to take At=1 s.

surirkg the approacb/approximaticn of tke rocket, to

* target/purpose and during tke ccnstnuctiox cf the trajectory of

guidance to the sharply maneuvering target it cre shculd decrease,

* since in this case grows the s.1opeAtranaccccuctance of missile

trajectory, leadiqg to 0.1 E. The applaca.bJity of the qraj~bic method

of the coqstractiop of txajectcry Is linitea tc the need for having

itevigusly designed dependence of the velocity 'cf rocket on tine, v'p(W
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At each moment of time, as it icllcws Ircs Pig. 4.4, the

volocity vector of rocket is directed tc the side of the expected

colliaicn poiqt of rocket fcr target/puipoSE at certain angle tc the

radius-vector, passing thrzuqh the guidance station, the center of

mass qf rocket and the target/purjcse. Is citaiced guidance with

certa4n lead angle, the liqE ot sightinq cc#Frising the part of the

radius of the vector, uhich rotates during the uction of

target/purFose and rocket around the Ecint in which is

acrange/located the guidance static4.

let us determine the value of lead an5le a. Let us assume, for

isafinitesinal time interval dt taiget/purpcae will move from position

cf a tc position of b (Fig, 4.5). 14 this case. the radius-vector

will turn itself to angle dj, and rocket will scve from jositicn a'

to Fositiop V'. On the kasis of Fig. 4.5, %ith high degree of

accuracj it iq possible tc write that

sinra= and sin u= ±---
VU dt Vpdt

%hle ratio

V. rp + drp rp

bC r,,+ dr, rk
He4ce

sin up - sin Q.- (4.5)t~ r
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fig. 4.6. CLrcuits of guidapce witb crieataticm of axis of rocket

relatAve to line of sigbtins: a) at angle C1 Leering of target

0,-can-t. b) at angle of bearing of tazgwt AP-0 (direct/straight

961damce).

B kae 347.

1.3. Guidance with the crientation of axis cf rccket.

fez homig missiles is kncvn the sine ct a guidance method with

the c9nstant angle of the bearing cf target and method of

direct/straigkt gaidance (Fig. 4.6). Im the first case ini the Frccess

of the approach ot tockst fcr target/pvxposs. -ust be retained

copstast angle Ap (angle ef the target beaLiac) between the axis of

rocket and the Liao of sigbting. It is cbvicus that the velocity

vactos of target/purpose in tbe gesetal case %ill not coincide with

the direction of the line of slghtig, tut aissile body will be

allays bored relatively rp In the directicx of the motion of

taxget/purFose. Tbo angle of bearing shculd select similar so that

the velocity vector of the center cf mass .c rccket would be directed

to set forward point B tefoxe .the target/paxpcse (see Fig. .6a).

Bith -he method of direct/straight guidarce., ukJch is a special case
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of guidance method with the constant angle of the target bearing, the

angle of bearing p=0, and the axis of the rocket is directed along the

line of sighting (see Fig. 4.6b). In this case, the velocity vector of the

certes of nais of the rocket is dizected tc Fjnt C, arrange/located

behind the driving/movirg target/Ftziose. 71is leads to the increased

abope/trarscomductance cf -tte trajqctcry of guidance and the

increased normal acceleraticns, which act cr rccket. Therefore method

is aplied for guidance to cceFaratively slc and fixed targets.

1.4. 6uidance with the criectation cf the vlcicity vector of the

centel of mass of rocket.

this class includes the majority of methods of guidances, by

which is assigned the law of a change in tke lead angle ap. between

the velocity vector and the line of sightiqg. Lead angle can be the

fuectcn of maey values - see formulas (4.3).

let us examine the kinematics cf .the ictice of target/purpose

and rqcket on the last/latter section of tbE path before their

rendetvous with guidance. Let us ccqsider that the target/purpose and

rocket move in one plane - guidance Flane.

the relative attitude cf rocket and tezget/purpose let us

deteraine by distance of r and by two apglaa nu and cp between the
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instantaneous velocity vectcrs of rocket and target/purpose and the

line Vt sighting, which ccitcides %ith r Pjg. 1.7). Angle ,p

determines advance/preventicn. For cLient ip the line of the sighting

Cf relatively fixed coordinate system, let Ls irtroduce, as earlier,

angle I let us designate the angle cf the slope ot the velocity

vecto of rocket apd hosiucatal line Ex. wbich lies at juidance

plane, through 1r=Y+po

So that %he rocket and the target/purcse would be net, it is

necessary to ensure the ideitical time cf tke action of rocket tp

and og target/purpqse to fLon starting poiLts to collision point F

tp=t..

Page 148.

Let target szpeda v, and of secket v' tc collision point do

not change; then duinig rectilinear 9otion cf target/purpose ard

rocket (see Fig. 4.7) we attain

t':land i
VP V 1

PB sin a,= IB sin a,,;

VP sin lpt ., sin a. (4.6

Iquality (4.6) is call~d the ccaditiolq of the ideal
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advance/prevention durirg acccmjlishing of bhich is pLovided the

Eeadetious of rocket anc tazSet/Fuzicse, if they will move to

colliaion Foint rectilinear with ccqstant vIocities. Lead angle will

be deternired troe the Eguality

smna -- sin a.. (4.71S 'p

During the curvilipear motion of target/puorcse or change in the

velqcitieq of the moticn of target/Furicse and rocket, the position

cf collisicn point wiil- always change. In tLis case conditicn (4.6)

must answer the various ncdcnts cl time of cuidance. For the

determination of tke changixg in picce-s guidance of lead angle a,

it is most, besides va and vp, to know angle au. The examined method

was called the uetbcd cl ccnsecutive aduaace/pzeventions.

A change in the distarce between the rccket and the

target/purpose for infinitesimal tine inbLewal is equal to a

citference in the Frojecticrs Cf s;eeds vo aid vp on direction r

dr- = V, Cos ag - p Cos aP. (4.814 dt

for the approach of zccket fox taCgeSt/uL~cse, it is necessary

te ma~ntain the inequality

dr <0

di

late of change in the argle I bill be yqual to

d7 v. sin a. - Vp sin Q,
S(4.9)dt r
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fig. 4.7. Schematic of the angles, wbicb determine the relative

lpsit~cn of rocket and target/purpcse.

Fage 349.

Ihe ncroal accelerations of tarcet/puxicse and rocket are

determined by the products ci the ccrrespcncinc tangential and

angular velocities

(dap - J . ,4.11,V.-.

Is kqown the particular case cf the ietkcd of consecutive

advance/preveiptions, the -c-called methcd ct tht half approach by

bhich the lead angle is taken as equal to cre-half angle, which

cprresionds to the condition of the ideal zcvacce/preventicn:

arc sin (lsin a. [ t4 . 12)

to this same the class ot the methcds, united by the

sigr/criterioq of the orientation cf tie velccity vector of the

centes of mass of rocket relative tc tke lige cf sighting, one should

relate a method of guidance with fixtd-lead angle u,=const and its

s1pecial case, called the Stearn-Chase meth¢c ubtn ah,=O.
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According to the Erirciple of the [iotting of curves pursuit at

each icment of timr, tbe wlocity vectcx of the center of mass of

rocket must be directed tcward tarcet/.purpie, i.e., is realized

guidance with the zero arglf of advarce/preiention.

Vith the known characteristics cf the trajectory ot the motion

cf taxget/purpose, graphic ccnstructicc of aissile trajectory is nct

caused work (Fig. 4.8). Ic the trajectciy cf target/purpose, will be

defcs~ted its positions (0, 1, 2, 3, -..), bhich correspond to the

consecutive values of time to, t1 , t 2 , .... Cn the initial line cf

sight~ng. they plot/de[csit in directice q target/purpose cut POP 1,

equal to PpoAto, v&ere At=t&-to, and po - i& dctermined from forrula

(4-4),

the obtained point P, determicts the ilace, occupied by rocket

at the moment of time tI. Ihen similar construction is repeated

befcre obtaining of the intersectic4 of the missile trajectories and

target/purpose.

Nith bigh plotting scale and lcu ,time intervals At,, with the

laige number of points, the curve can te crstticted with the

accuracy, sufficient for the scluticn ci sce practical problems. For
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the method of pursuit guidance, the angle 0 is determined from the

kA.ematic dependence

tg y= Vu- 9p
Xli- XPi

In certain cases tc ncie expedient utilize the trdjectories of

gAidance, constructed in [elative uctico. let ,us examine An example

cf the coqstruction of linear curved in the cccrdinate system,

coqmneted with targEt/Euxicie.

1,
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Page 150.

P1

Fig. 4.8. Diagram of interception of tmrgoepurfose on pursuit curve.

py 
R

-fcwtc P4

Fig. 6.9. Schematic of tzajeictcry cf celative action of rocket, aimed
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alcag fursuit curve.

E&Se J51.

Path in relative movement fcr time interval dt is located from vector

eqe6l4ty 4 -=Fr.-udt. britten cr tr assumption that for time

dtTI, and Tu thoy do apt change.

transfer/converting to final low cuts, frcs the initial pcsitict,

ct rocket Po, let us ccrEstLuct vectcr iPoAto in direction in

target/purpose (Fig. 4.9). From the tezinus of this vector, we

Ij.t/deposit vector i:a.MAi In the directior, cE.osite to directicn

Fu in absolute notion. End line, cbvicusl), w11 be Fo,,At.

Ccatiuaig the constructicz to the enqcu4nteL ct rocket with target

and cqnaecting points ED, I&. E2, -.. smoott ctrved, we will oLtain

the fqrm of the which interests us trajectcLy. In Fig. 4.9 is well

visible sharp passage from smootb Fursuit curve to rectilinear ncticn

into Abe tail of target/Euxicse.

1.5. Suidance with the criertation of t e line cf sighting.

if we use the condition of ideal advance/prevention tc formula

ILi
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g4.9), thep he will obtain 61/dt=O and hif means that in the

FD@cess of guidance te lint ot sighting will ke mowed, remaining

parallel to itself. This sethcd of guidance vith advance/prevention

was called the method Of the constant-.tEarIS airoach. During

rectilinear motion of target/purpose. ,tte xccktt will fly along

straight line. In more 4.eneLal case cf the curvilinear notion of

ta.rget/purjpose and the larallel disFlacemert of the line of sighting,

the lead angle up canfot reain ccistant, Lut it must change

depending on a chamge in aigle au. taking itto account the

variability of angle, this method of gml4ace sometimes also calls

th% method of consecutive advance/Ieve~ticrs. bith the krown

characteristics of the trajectory ci tte scticz of target/purpose,

apFrogisate graphic constructicn cf missile trajectory difficulties

is no$ caused. The methcd of ccnstzuctioq is shown on Fig. 4.10.

I c the trajectory of the acticn of tarcet/Frrpcse, will be deposited

its Fpsitions: 0, 1, 2, 3, ... , that ocresicnd to the values of

fligbt time to, ti, t 2 ; fLcl each icint art conducted the

direct/straight, parallel tc initial directicn lines of sighting Cn

the initial line of sighting, will te deposited the position of the

cetes of mass of rocket (Icint Po), and fxca it on the following

line 9f sighting by compass is made cut, giving in the point of

intersection point. P; theq similar ccastrrcticns are repeated from

Ecirts Pl, P2 and so forth, Opening of conUasses for each space cf

constsuction is established on the Lasis of the conditions
4
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Ccnstruction continues kefore the iqt*estction of the

trajectoris of ta.got/Furjcse and rccket ir collision point V.

average speed Ip, of rocket on each of the secticns can be defined cis

halt-sun of the velocities in the begiqning and end/lead of the

tecti;.n iq question.

Eage 252.

Let us examine one additional methcd cl guidance to

target/FurFose at the altexrate angle ct ad%ance/prevention up, by

the determined any predetersined derendence. Is widely known the use

as th4s limitation of a li4ear dependence ketween the angular rate of

rctat~cn of the velccit) iectcr of the cecter cf mass of rocket and

the aegular rate ot rotation ot the line ot the siyhtinj of the form

a 4. 131
di dt

this method if guidanc4 to taLget/iurFcse was called the method

c irg[orticnal approach. Utilizigg equaticz (4.S), we will obtain

dyf Vu sin a, - Vp sin ap,
--- a 4. 14
de

Ficm Fig. 4.7 f-a--Y. tben

de, VUsin a,- up sin a,4.5
dt 1

tcm £g. .7 :e == a -- :- ¥-the
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and

Qp=ap 4-a -1)S .snu pSnQ dt.
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Fig. 4.10.6 Approximate ccustractiop of missile trajectory, aimed

according to parallel alitcacb uettcd.

Key: L1). Trajectory of tar~et/fuzicze. (2). M~issile trajectory.

12. Tbree-diaensional/sace guidance tc the driving/moving

tatget/purjose.

At variable speed cf tie fligbt cf taz~et/Furpose under

conditions of its maneuvering, the missile trajectory wLIL be sace

ourveo The system of equaticns, which describes the spatial notion ot

cgacke$., can be comprised in starting reciaoagular coordinate system

CAl: and in the starting *Jear system x, a. A Imee Fig. 2.2). TIhe

plkace of start can be fixed or that sewing ("~if, aircrdft, etc.).
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Ee 153.

le viii obtain first the system of equetic;s, which describes

t , three-disensional/slac* missile targetizg tc the driving/moving

target/purlose in the rectapgular terrestrial starting coordinate

systea. The system of equaticns of the spatial notion of rccket in

tbe general case will ccmsist cf seventeen fundamental equations

t3.7)-(3.12), (3.14)-(3.24). Supplementary equations for determining

C* centrol forces x'. ", . Z. and &be ,,ents of control

torces; MMpj 1  MPj,, .1,2 1, enterisg equtacas (3.7)- (3.12), must be

cca~r~sed in accordancq with guidance metbcc aid consider the

dqpendence ot forces and tctgue/mcnents oa the notion characteristics

of taxget/purpose. In this complete 1cra the system of equations

Fnoiees to be very complex ard in engineeriO* practice is simplified.

let us take the system, which ccnsists of equations

(3.1%-(3.24) and simplified equaticrs (3.!--) aod (3.34)
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V=?= - (P cos a os- X -Q sin 04;

- [ P t s i n a c o s c o a s i n s i n y ,' - 1" c o s y -
my

-Z sin ¥,-Q cos 0;
r Cos 0 IP tsi n a sin cos a sin cos

- -Y sin y, -4- Z cos yc;
is, 0", - -1I, (J, - JR, IW,,U,,,;

JR. ;Y. = M -- (ir - J1.).'OX';

,sin y 4-w, cos ;
i o-- t ,Cosy - wx, sin ¥;1.6

Y=Wx,-tg wv, Cosy-), sin y);
sin sin 0 cosacosI+cos tsin a cosyc L

+cos a sin P sin y,);
sin 4h cos y-sin ' cos cos +cos " (sin , cos 6-4-

+ sin yr sin 0 cos ) - cos +' sin 4 sin y;
cos 0 sin V= sin y, cos cos 0 - sin P sin0;

v €cos 0 cos WI;
y= v sin 0;
z=- vcos 6 sin W;
r='x' +S + zS;

t

m -Memo dIt.

PLge 154.

Zn the written form the system is locked aid it is suitable for

the calculation of the tzajtctcry hasefs duziQg the unguiJed flight

(iq the systems of equaticys of moticn 14.1l-4.23) of all moticn

chataateristics of rocket index "r", which mas keing applied in §1,

it -is lowred).
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In coanectio4 with the trajectcries of tb guidance in a Eeries

ct the cases, is utilized siheDical ccordirates, in which directly is

determined slant range tc rccket x (see Big. 0;). For the writing of

kinematic equatious in spherical sy~tes, we utilize conclusion cf A.

A. Lebedev [36). Let us exaaine tvc systems of rectilinear
cmord~rates - terrestrial COyz and motile O'x11Qz' whose axes remain

paxalkel to the axes of the first syst~es it tie process cf motion

(fig. 4.11). The point bith which ccincides the center or mass of

tccket, let us designate E; its ;csiticp it moving coordinate system

will he determined ty a radius ty tie v ctcr

ro. =P- o'.

Nifferentiatipg vector equality* we mill citain

ro.= - Vo., (4.17)

%here I- a velocity vectox of the center ct mass of rocket;

vi- velocity vector cf the beginning cf acving coordinate

system 0'.

kith v,=0, =r r=i. Ve plan last/latter euality to the spherical

coordinate axes:

v,= r; v, = ri; vA = rA cos a.

the projections of velccity vector on the axis of earth-based
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cccidinate system will te determined Ly formulas (2.4). Using the

table of the cosines of the angles tEtv~en ttE axes of the

terrestrial rectangular ccczdivate s~stem ard alherical coordinates

(see table 2.1), we will cttain

r v(cos S cos " cost cos A+sin 6 sin e-cos S sin W cos£ sin A);

r-v( - cos 6 cos W sin i cos A + sin 0 cos e + cos 8 sin Wsin esin A);

rA cos E= -v cos a cos W sin A+cos O sin V cos A).

After transformaticnE te will cttaiq tke fcllowing Kinematic

equaticns

r ,cos0 costi -- Aicos E--vsin 0sin E;

rs= -vcoscostW- -Alsinz--.vsin6cosE; 4 18

rkcos ,---=-vcos6sin '--A,.
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0,

Ox

fig. 4.11. Schematic of the relative EFcsiticn cf fixed coordinate

s-ystem Oxyz az~d of mobile sistem Oxyz*.

Page J!5.

Me focus reader's attestion tc scue difficulties, appearing

during use in the calculaticas of equations (4.16) and connected with

the reading of angles 'V and 1. Iccording tc Atte rule ot mechaniics

the p9sitive value ct angle T~ it is accejted tc count off in

dixection against the notion of hour hand. Jt tbe same tine azimuth A

is usually reckoned on the notion of hour kand from direction in

north.4 If we accept for at azimuth the Leading of angles in the

directicn, cijposite to the notion ct hour berd, i-e., in the

dixection of the axis [A.] ija Fig. ;.2 thenc in equations (4.18) it is

necessary to replace

I(W..A) Ha jiqr-'(...A]=iW -A-
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and

dIi di

Recall that the obtained system cciresicnds to the fixed crigii

cf colidiates 0t. During tie ctic of the crigin cf coordinates

with a a Date of of !a kielatic equatic s ke .will obtain, after

desigaing vector equality (4.17) or the sptfrical cccrdiante axis

[x). [e] and [a

ro, =v cos O cos (k" - A.) cos s -- vsin 0 sin

- 'v- cos 0o, cos ('O, - A.) cos e - vo. sin 0o, sin F;

r o.' -vcos6cos(tI-- A.)sin E---v sin &cos - 4. 19,

-vo cos 00 cos t'Vo , - A.) sin a - vo. sin O. cos :;

rc,A. cos s= v cos 0 sin (W - A. I- vo, cos O0 sin('o, - A.).

Equations (4.18) ard (14.19) are ccnver.Jently applied in the

*' imFleneatatio of the reacte contrcl of guicance of rocket in

accordance with fixed aid acbile cf guidance stations [3].

mcr obtaining the kinematic equaticns, which describe relative

motion of target/purpose aqd rocket, the be~ining of moving

" cocrd4nate system is placed to the center of mass of rocket. Distance

ketwedn centers of the uasess of rccket 0' (B) and target/purposes

(is). 9n the line a f sigbtinc let us deligmate .through ro' (Fig. 4. 12)

ro, UO4 P.

raIfesentiatIng, we viii obtain

rr =V, - V. (4.2 0
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Set us design last/latter equality on tte spherical coordiante

axis Or], [e] and [IQ whose beginning let uE place to the center of

mass ;f the target/juricse

ro, - ,,. cos 04cos W.u- A. ),os s ! v,, sill 0. sinl-l -

v tcos 0 Cos (%I'- A. I cos -- v t.sill 0 sin s-;
ro 1-- , cos6.Cos ,- A.)sill S- v, sin 6cos- e 4. 21

-v cos 6 cos (q" - A. i sin - sin 6 cos e;

r,,. "\. cos z ,,, (os b,, sin (9',- A.- v cos sin (W- A.).

Lhe obtained equations are utilized duriqg the trajectory calculation

cf rockets with homing/self-inducticn.

During the writing of the couicn/S4.qerc/tctal system, which

descr ies the notion of rocket, kircmatic e*uaticns are selected

depending cn the princile. jlaced as -the kasis of the rlight

contrql. Let us write ccuucr/general/tctal system of equations, afteu

using simplified system 44.16) and afteL reklacing in it the

kizematic equations

X v cos 0 cos q*; z - vcos6sin 41

and

y'=v sin 6
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ty three kinematic eguaticqi, cbtained in tie sfherical systpm of

cooidjnates Er], [ej and [EA and hy thcse ccrres~onding the fixed

9uidance station, ccmblEed bith the crjgi.n cf ccordinates (i.e. with

i.=i). First nine and the last/latter thref equations ot system

(4.14 will remai withcut the change

v= -(p Cosa os -X-Q sin e);
m

6= -[P(sin acosy + cosasin Psin y).+

+Y cos Y- Zsill V-Q cos ];
I [P (sin a sin yc - cos a sin pcos yC) + (4.22)Mtv Cos 6

'-Y sin 4-Z cosyjl;

J", , ir, -V Jz, - J,)

J o% = UJ v, --l (Ii (OS -- d, y .;

= -- , sin y' t,,:, cos y;

-c,--I U)", Cos "Y - t,,'. sill Y"

- , l, - I t ( to., Cos y - :, sill y);
vr vo,, 0Cos Ml'-A.) Cos -vsii 0 -

r . v cos 0 Co s k - A . l -- s Viilin 6 co s z (4 .

rA. Cos, -a v cos0 sin ( %I- A. l;
!/= rsi z;

sill ) = .ill 0 co'. a (COS . cos 0, sin a 'os v,

-- Cosa Sin "sill y,);
Sil Cos lS -sill W " COS ,'OS C 'OS q" * lll C'oS 0

- ..in y, sin 0 cos ",)- cos . sin I sin Y;
cos 0sin y=sin y, cos cos -sin isin 0. I
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fig. 4.12. The schematic of the relative 1c.it.icn of tixed coordinate

system Oxy2 and of the motile system Olx'y'a' whose beginning

ccincides with the center of mass c( rccket B.

tage 157.

Mritten system (4.2) just as system (L.1f), does nct contain in

the equaticns of forces ard torgue/Icnects, determined Dj the work of

ccvtcl devices, and it is suitakle tcz pehicruance calculation of

the motion of the unguided rockets. The igticduction in (4.16) or

(4,Q62 of equations for value determinatiom of ccntrol forces and the

tcxque/moments, which reflect their defeqderce ca the noticn

characteristics of the centtr of mass cf taLyet/purpose and guidance

metbod& leads to the difficulties ct a calculated-technical order.

Let us examine the relatively sin~le *ethcd of calculation cf
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tke three-dimensiopal/sEace trajectcries of guidance, which makes it

joahsible to obtain concrete/specific/actual numerical results. method

is not set any lisitatics cn the xcti'n characteristics of

target/purpose and rocket. Let us assume tbat as before that the

balance angles and sliF dc not exceed the vAlues with which it is

Ic-Sible to accept,

sin %6 =a 6 ; sin P6 .6; cosa, cosP, I .I

Let us assume also that the hoisting aed lateral forces are linearly

cczmeated vith the angles cf attack and slit alcag (2.85), let us

dzcp/feit the products cf small aniles uoYc ad P6ye. With the

adcpted assumptions the spatial moticn cf tte zccket can be described

by si4 by the differential Equaticis

p-x
V= -- gsin 0;

i=1P + Y)a 6  g Cos 0 4-3
my v

• = (P + ZO) 06 .

mt, Cos

v ,sin 0; (4.23)
Cos V sin "

X" Igo

fage 158.

Recall that angles Uo and 06 cam .ke found from the second and thire

eqnat.cns of system (4.23) in the tcra (3.6t) and (3.67).
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for determining of angles 8 ad T ajc theiv derivatives during

spatial moting, it is lcgical to assume that the guidance system

pzovides the conditions acccrding tc which at each moment of time the

velccJtty vector of the center of mass cf rccket and the line of

sighting lie/rest at the Flane, paising thzcugh the velocity vector

of the center of mass of target/puarcse. LEt us call/name this plane

the plane of intercepticn UE). The Fcsiticr cf the plane of

inoterception in space in tke pzoce-s of guicaoce will be determined

by the [osition of the velccity vectcr Qf tLe center of mass of

target/purpose and by tke Ecint, uhich coxresfcqds to the position of

the center of mass of rccket. for deterainirg the position of the

plane of the intercepticn of Lelatively hcxazc~tal plane (A) let us

introduce two angles: the angle of tle sloj* of the plane of

intercepticn to horizontal [lane let us designete through x, the

eagle ketveen the selected direction cf koizcmtal axis Ox and the

iatersection (in the general case) of the irclired plane of

interception with horizcntal plane let us iesicrate through 1'0 7he

cricntation of axis Ox relative to directicz in north let us define

that as usual, by azimutb Ao, [17). Cna of the Fossible jositicns cf

the plane of intercepticn it is sbcvn c; tic. 4.13.

the position of the line of sighting L in the plane of
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interception let us determine ky apgle I betveer the line of sighting

and the intersection of the plane c¢ bmtetC4pticu uith horizontal

plaqei We additionally gtIJze tuc argles au and Up, the

Lyingjhorizontal at the plane of intercepticn and determining

iastantanecus positions of the velccity vectcre of the centers of

uass 9t target/purpose and rocket xelative tc thbe line of sighting.

the pqsition of the velocity vector of the center of mass of

racket Fir in space is defized that as usvual, ky angle 0 (between

vest0n Fr, and the boriacntal Flane) and the angle of rotation of

trajectory W (between tke projectica cf vectcr ip on horizontal

Flane and the axis Ox).

the positions of tke centers of lass cl target/purpose and

rocket are assigned in terrestrial system CIyz ty coordinates

X. YU, ZU, xp, YpZp, vich subsequently let us call kasic unlike

coordtmates in tkq planes of iptexceftic. ahick let us supply with

suFFlomentary index -IX, for exaaplr P, and sc forth.

Angles * and 'Yo can be determined thrcugh the named previously

angle of the slope of the plane of interceftcln X and the angle 0,

which determines tie positicn of vector 1, in the plane of

Iatm rcepticn.



DOC .* 78107106 PIA T-

Fag. 159.

Eton naPPt.j, LPP,Mb and LaPb ISee 1iS..1.13), let us have

sin O -ssinsin . (4.24)

64F~lacing 0, we will ottai4

sin 06-S% )sin V l4-Ua. (4. 25

hagle ap ill be determined by guidance mthod. For example, tcr the

co'dition of ideal advarce/Freventict it is necessary to use (4.6).

from Fig. 4.13, utilizing additiomaa1.j AaP(A, we will oktain

sin E= c" -L sin p =tgctg. (4.26)

An§le cf rctation of the txajcctcry

(4.27),
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a 90a

P )CeIp

Pig.~ ~~ ~ ~ *.13 Sc e a i f t e a gl s h c : G t r in h o i i n o

in9 4.13. Scemti on the a nles, which detemin th oiino

K~ey.* 1). Eorth.

Ease 260.
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fcr deterainatioa X *ad 7, it is qEcissary tc know the

cpord~nates of target aid rccket. Curing tb* designed trajectory

calculations of the guidance of the notion characteristic cf

target/purpose, they must be assigned, and the action characteristics

cf rocket are located in the prccess of the sclution of rcblen. When

conducting of the firings cf the cccxdinate of target and rocket, are

determined from the data of the servc after target/purpose equipment

bhich measures: the angle et sighting ard xccket e., t,: inclined

taiget ranges and rocket re aV4 rp; EkoEplez velocities iu and p;

the asimuths of target/puri¢se and rccket cL a;gles Axu, Ax,, frcm the

initial line of fire, Uhich coincides Vith ZXiZ Ox lFig. 4.14).

let us find the angle of the slcpe of the &lane of i4terc*Fticn

tc t.e borizoR. From ALIA)C, o6t:dUMc d AdULL.U) in Fig. 4.14:

tg 7 (4.28
C U(A) sifv (4.28

t _ = V- (4.29)

'tbe projection of the line of sighting c4 horizontal plane rr

let us determine frcm Fig. 4. 15:

r,o= (AU(A) = tm(Xt -rXp --lZ. -ip (4. 30 1

or# mitler trallsfovnatic#l, 94 i ll ¢ttlvl

r. Ax,-- p XP I- tgit'. (q -V).



JDCC 78107106 1aGi I4

3 .a-1 161

Is accrancewit Fi. id.1Mand .15 it ~i cssb~e o vite

y ~ 4(A) Sil4~Sf

*Y 9rc s 1 cs 0.co ~o! ,~ 4
rCo~~i A1 P Y rcs InA 

I ~ xp
wbe~ A~,0 ~-A am AX~~A~w-As
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let us find the value cf angle v betbeez the projection cf the

line 9f sighting co horizc.ntal plape Vr amd cf the intersections of

the plane of interception (1) with bcrizontal Flane (A) (by line d,).

if we designate angle off ir the hcrizcntal plage through am, a the

angle of the pitcking (cr diviag) C1 tke taLget/purpose through x,

theq qf "ilL, AIILA, ALLA)lf and AdLIUtL (st Fig. 4. 14 and 4.15)

we till obtain

tg V= sin a. (4.32)
tgxctgF+ cosaK

The angle between the irojecticn ci tit lice of sighting on

hrizVntal plane and the axis Ox will kq diteruined (see Fig. 4.15)

tc c tie formula

tl(T0%p)= 4 (4.33)
XgL - XP

Substituting in (4.28) expressicn for sinv from (4.32), we

will strain formula for deteraining the angle cf the slope of the

Flaqe of interception to the horizc4

tgy= si +tgp co,, (4.34)sin a,1 og
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Fig. 4.15. Schematic of coordinates and an'c]es. which determine the

Uosit~cn of the prc.,4ecticv cf the line cf filghting cn horizontal

plane,4

Pel: 11). North.

Fage 162.

angle I is conveniently determined thrcugk the coordinates cf

target dnd rocket in the Ilace cf intezcepticn.

Cchmunication/connection between thle real ccordinates of target and

rocket and their coordinatos ipk the plate cl iuterceFtion is

estatlished through angles X, ' am d p Isee fig. 4. 14 and 4.15):

t9 7 sin., (4 3 5

ppY.= 1 Cos 1' Up

fg I& i
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the oriqin of coorcinates Oz in the [lane cf interception

corcesionds to the Foirt of intersecticn of the continudtion of the

line Qf sighting with hcrizcntal Flane Woirt d in Fig. 4. 13-4.15).

lecessary for many calculations angle t, let us find from AdT.]S

tsee lag. IL 1w):
fig.4-14): a. 18W- -(4.36)

!Pu, - !'

while angle 1i will be determined acccrdi&c tc the theorem of sines

frcs the same triangle:

sin X sin * (. 381
sjflh= s (4.38)

sin JA

Ihe pzcjectio- of angle an on horizontal Elan* let us designate aur,

tbEq te ccurse angle

a, = 180" - a..

In turn, from fig. 4.15:

1. , 180 -- 4-q*,) ,

uhere -aqgle between the axis Ox and tit direction of the

Frejection of velocity vector Ti cn boriacital Flane. Angles x and

A detersmie the directicn Cf the mCtim of target/purpose and they

s-4at be assigned.

those necessary suksequently for the scluticn of tue Froblem cf

tie tiree-dimensiopal/seace guidance cf an increase in bdsic
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coozdivats AXp aqd AzP defEnding c; imcreasats of cooLdinates Ayp

%ill be determined of tuc last/latter fcrsulas cf system (4.23)

cos V"

Xp == ,'p Cos (4.39)

~ -A YP 6n (4.40)tg 6

the order of numerical scluticn is presentEd in Chapter VI.

EaSe 163.

§3. Special feature/peculiarities of special cases of moving the

tar et/jur cse.

to special cases let us relate suck case hith which the

target/purpose and the aimE4 at it rccket ftlfill maneuvering in

constant/invariable plane. maneuvers can be carried out in inclined,

vertical and horizcntal plates. In all three versions the position of

the plane of intercepticn will be detersincd Ly angle .- constant in

the cpurug of the aoluticn cf Frohlem. for iertical plane -- 2

tcx b;rizontal x=O an ficr inclired /-.

the case by which the target/purpcse retains the plane of the

fulfilled maneuver, and rocket is lccated cLt ci thiS Flane,

ctviomsly, it must te referzed tc the .ccUmc./qeneral/total task of
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sFatial motion. During the solutiop of two-cinEqsional L)Loblem ct

guidance with x-Con-1 is exFedient axis Ox tc ccbine with the

intersection of planes JA) and 4P) (bith lire dL in Fig. 4.14), and

it began basic coordinate s~stem tc ccatine with point d. In this

case,

4',=c; q" , ; . . , and .V, x,,.

If the plane of interception is verticzl, then, additionally to

that ected, we will obtain

hith the guidance in hcrizcntal plane suppltmertary conditions they

will kLe: ap .-- Z= --O O v'=y; f=q*; ar a;

.tp :- ,- - .t/iY x -- !, - con,t

(in the particular, case of value Yi they can be equal to zero). One

sbculd distinguish two characteristic versicns cf the moticn oi the

taxget/purjose: more complex, when dcriag uctic; in inclined plane

change the coordinates of target xu. Yi,. zi Icuriry motion in vertical

Flepey resfectively - y., and x.. kut durinS mction in hcrizontal -

x, and z0- aqd the simFler case, with whick tic target/purrose mcveL

is Farallel to the coordinate axis Cx, i.e., rectilinearly and at

ccstant height/altitude; ir this case y const and za=const, but
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aagle az= 180°-y.

In the case of the inclined plane cf irterception when X=const

the fundamental equations, bhich descrike tie sfatial motion of

rocket (4.23), will remain %ithcut change.

Vhile maneuvering cf rccket in the vertical plane of

interception, which coincides with the co.crdipate plane xQy, we have

P6=W=P=z=O. Consequently, in system (M.23) of equation for T

ald z; they must be lcetrEd, equaticas fox i, 6 and j will remain

without change, but equatiov for xy' vili atain form x;=ctge.

4n the case of thq ma4*uver ct rocket in horizontal plane 6=0,

6-C; f-O; y,,=yp=const;Ayp=O. In this case, fundamental equations are

ccnverted and accept the fcliouing ter:

vp P-- - 1; (4.41)
m

, + zo(4.42)

x 1 , -V1, Cos T; (4.43)

; ~us ea e ,ot qt'. (4.44a

Let us examine otber slecial teattre/jeculiarities of special
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caseso Lot 0 --co,,. t<- then rrapd tS p ke deterained frcm

formulas (4.30) a~d (1.29), but

1ke ccordinatbes of target and rccket~ i thie plane uf

interception on the basis 14.35) will be eqLal to

XL, =X = 19A i
/p Cos vY;

XI) -Xv- - , P=
19 IA in~

while from (4.37) tc.LJLchS

tg X = I

Ite definition of angles ar, and-41 deleads, just as during the

2plut4cn of the comuon/Seneral/tctal I.Lcbltt of 4uidance, from the

selection, of guidance metbod. Fcr a *etbod bitt fixed-1eid angle

a,=a,.O=colst and pf=y~a.

With guidance on lineai curved

T=V; Vt

6=gi brVuy. P ~ (4.46)
XUI - XP

Eage 265.

Differentiating last/latter equaticq, it is icssible to obtain
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aalytical formula for the angular velccity d4/ct

l-- co (- -( (4.47)

where UI and up- - korizcntal comicnent tarset speeds and rocket;

W . and ,,.. - comprising target s[Eeds a~d rocket in plane (P),

deteruined by angle Z, in the directic, jiErErdicular to axis Ox.

Vith constant bearing guidance additictally it is possible tc

kZite

Y=N,=co-nst; v=v,=consi; jL= p=const.

* Since j=cosst=ao. then from formula {4.W9j it is possible to find

rr=
tgA0

after which from ccnvexted tormula (4.30) be fiad
rr

xPx, V I+ ,4.48)

also, -through (4.4.5)

:p =,-(x, - XP tg v".

lith matching guidance the lead aqgle in the plane of

intercepticn is determired trcu fcrmula (4;5).

4f version O<X=const< - is suijleaerted ky condition Yntconst,2

* consider that the targot/parpose sovfs rictilinearly and in

;acallol to axis Ox'(F,10Ox), tken X= j=x=O; a.-v and

t9 X -t9 YO= tgL (4.48)
siIa



DOC 78107106 FPG Y

Is this case, with; constant beariaS guldaece, let us have

v==v0. =consI; ao, 180"-V 0,=const

latering similarly, it is possible to cbtain solutions, also,

fiz other special cases of loving thE targEt/Fuxtose.

4
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Ckajter V.

T1 FREE ILIGUT OF ARTILLEBY SE1L! Alt U&GLIDIC ROCKETS ON

PNIE-SIIGH7 PHASE CP TEE IPIJECTOBI

in iqactive leg when ttere is ac ccqsuajticn of mass, the motion

cf the ceqter of mass of Lccket or ung-uide ncs section and

artillery shell is described by cne-tyFe differential equations.

J1. Spatial notio4 in tke dense layers cf tte atmosphere.

Luring free flight in the dense layers of the atmosphere on the

;vejeatile of constant Bass, act two groups of forces - aerodynamic

L
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forces and forces, deternixed by the elfect of the Earth. The system

of equations, which desctikes the three-disensicraal/space flight of

the unguided projectile., car be cttained ftca ccamon/general/tctal

system of equatior~s (3.7)-(3.12), t.4-(.3,if we ina them

dzoF/Vait control forces aiqd torguE/mOnents aqc to place ma ccnst

and P - 0. Of the veil stabilized Frojocibiles atbe change in the

aaglles a and P, caused ky tIk. oscillaticn/i~b~ations of projectile

velat~ve to the center of mass, leads to the insignificant deviations

ct the ceqter of mass ftci the calculated trajectory, obtained

without the acccufjt of the cscillaticmyviblaticqs of projectile.

Mcticeatle effect cn the fcra cf tbe trajectory of the center of

Basi ff projectile duariag free fligbt caq exzert the perturbaticr.
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iectos.S Mot take* iatC oqsidecatico in sqcaticnas (3.7)-(3.12) and

3.141-(3.23): variability I and CorJolis ecceleration, the given

rise to by rotatiop Earth, eccentricity of the masses of projectile.

Ustodycamic eccentricity acd disregarded aexodynamic force component,

f ax e~ample, Magnus' force. the rctaticnal effect of the BEarth cn

rocket flight and projectiles have exaniA~d we in chapter II can be

taken into account during tke uritiqg cf z)ztem o± equations in

rlat~ue action. Eccentricity o± tke masses of projectile can be

taken into account by changing the acnents cf ilertias; aerodynamic

eccentzicity - by cbange in the value aerodynamic tcrce compcneint and

toaque/mcments.

agie 167.

sertuzbiny forces and torque/moments (for example, Magnus' force) let

m consider by the intzcducticn of separate terms into equations

#3-. ) 13. 12)

1' M N
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MV Co I 0 z' ANNA

hJ"x+ ±(."z J - iX': V{~ ± VAl.

IR 00. Vritten equaticts, besides values, is earlier than kncwn,

SX-1 'I _ the prctct icn ct peztmIking forces on the

halt-speed coordiuiate axes; VA13I'X, Aly 'VA18 2  - sum at the

EpGOectioqs Of th% Soents Cf parturkiing fCLCQS on the body axes of

caard~aateE.

Equations (3. 14)-(3.2~3) uill remain withcout change and system

bill ecasist of 16 equaticus. it are Jimcvs tbt aerodynamic and

pertusting forces and tcxqwE/mcmevts, them iysteu is locked and can

be scived, siqce in it 16 utknowns

Ecr finned u~rotative irojectiles azqd za in equations (5.2) it

is possible te droj/omit the terms, bhich ccntain the product cf

MW -



aagular velocities, and to brite them thus:

J" M"4~ Al, .

If torque/moments the moments cf the aerodynamic and perturbing

forces will he known, then each of these egqcaticns can be solved

independently.

Eage 368.

§2. Equations, which descrile the actien of the center of mass of

Ercjoctile in the dense layers cf the atmosibeie.

the disregard of pertuxting fcxces and torque/moments, and also

the assumption of plane-parallel gravitaticral field leads to the

Flagaz trajectory of motion. if we accept fcr lcw angles of attack

cca a62 1; sin a P_ 0 and I 0 and tc add tc (5.1) usual kinematic

relaticaship/ratios, then we will cktain systreu cf egudtions (in the

starting system of coordinates oxy)* that desciles the motion cf the

colter cf mass of the urguidid irojqctile:
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d v - Lgsin6, 40 gcosO
dt m dt V

dy =v sn 0; x V si 6.(5. 3)

dt dtI

* ~ h lb. rat two equations are writter in the figi-speed/velocity

* cccrdlnate system, i.e., in projecticns on tanSent and stdndard to

trajectory. 14 uai~y instarces they Ercve tc be ccnvenient for the

scluticas of system of equations, wzitteq ir tie rectangular starting

coorditnate system. In acccrtance with Pig'.. 5.1 m-=---Xcosg.
dt

Multiplyisqg numerator and the denoainatcr *ci right side to v, we will

obtais

di m

J The value of full speed in the knus valu.e -a cav be found as

v=Ti~ I+P', where p = tg 9. 1herefore as the stccad equation of the

system in question let mtn take the dittqreqtial equation

dp = d~tgO) = dI A = I gcs

di dt =ZS20 di Co32 0 V

Desigaatixqg for simplicity cf vritiqg E=X/uo and adding kinematic

n.1at.~caship/ratios, we will, obtain kncvz4 sisten of equations

-L--m ±-ap; -=u. (5.4)
didi a di dt

Uwe use for X equality (2.95) and to intxcduce function G(v) * then

767~
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the first equation qf system w"ill take the Icra 1
-t -,H ()G v (5.5)

khore I

cH (y)a (v)
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x

Cig. B.1. Simplified diagram of the forces, which act on the

Frojectile of constant mass, drivieg/mcvinc in air with const.

Fage 369.

lith the wish to ccnsider a chanSe in tke sFeed of sound uith

beight/altitude it is nEcessary to use 12.10E) and then

d- =-- CH, (Y) G ') .
dt

5esectively:

E = cH,[ y) Gv,). (5.6,

The second equation of system (5.4) can be LeGPaced by aifferential

equaticn for determining vertical ccuFcnent velccity

dt m gh

Introducing into tbe ±irst seuter cf right side that compcslng

* -.
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velcc~ties wvsinO, let us have a s)stem of e9Axatiofls:

d"y dx -

dt EU 1 t dt , dt

Systems of equations with independent alternating/var iablc t it

is expedient, to utilize for perfortance calculeticn cl the moticn ct

the anti-aircraft sh~ells cf ccistart mass. Iit Ferformance

calculation of the moticn ct the pro2 ectilEi cf class "E~arth- Earth"

Ithe 4nactive legs of rockets and traj~ctcziesc cf artillery shElls)

fcor independent variable UELally is tdke4 ccordinate x. we will

cbtaia system of equaticns bith ar~uxEst x, after conducting the

obvious transformations cf the first and stcond equdtions of system

du dui de

dx dt dx(

dp _dp dt g i= _g

dx dt dx ii U U2

System of equations with incependent altecritinS/variable x will take

the fcrin

du ; dp g .* dy dt I
_ ; 4 - , - P, - - (5.8)

dx dx U2' dx dx u

Icr obtainiag the apprcxisate aDalYbiC.ZI EClUtions of the basic

Evables of external ballistics cf tlhe frojectilts of constant irass,

is utilized the system cf eguatics icr indtpeodent variable 6. Let

us iresent
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da du dt- Ev2

d dt dO I Cos g

jbter replaciuq E. u-inS 5.5, we will cbtaig

dO g

Eayc 170.

Atter intrcduciuq intermediete derivatives, we will cbtaii

re-fectively

ii, . i , I t'-

System of equations with arsunent 6 bill tabe tbe foLm

dt

Nor the account oL a cbanye in the sp ,d ct 6ound with

height/altitude, it is rcccEiaSy tc ue (d.1C, ind then the tizst

equat4cn of system (5.1C) sIculd Lfjlack With fclloWiuiii:

dul " I /- II

.. .......
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In systems (5.3), (5.4I) , (5..7) and (5.b) ;,cint (i.e. being

subject joint solution) are the first three equations. En systemE

(5..10 joint are only twc first eqecaticn. Etiing the supplementary

sialfl.icatioxqs. for examjilt wfen H~i,) H~ycp). in the first equation it

is jossible to divide variazies. this p1ofezty of systeM (5.10) makes

it Fossible to utilize it for the aFrcxiaate analytical solutions.

the solution of equaticn (5-.9) is the funictional dependence v

f16), whicI4 determines the kodograjti of the Ve-ICCity of the center ot

gass 9f projectile. Theiefoie it is acceptiE4 L5.9) to call the

bpdcqraph equation of velocity.

luring the compilaticp of all Ere-cedin'./previous equationis of

iresent chapter, Was assumed g=coazt. Ecwv'fr, this assumption is

correat during the traj*CtCLy Calc~ilatiCq ct the motion ot the

irojedtiles, intended for 8 firing to relatively short distances. The

system ot eqjuations, whicb describes tke fite flight of tie center ot

mans 9f the p.rojectile of ccnstant xas4, iqtended for a tiring to

lczqg xange, can be obtained frcm (--.73), if we in it accept thLUSt P
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du Xcos +Y sin 6
dt M gsin y;

dt Xsino-Ycos C
dt m

dx u. g o (R3 \2. t5.12)
di Ur

di R3 +y

jt we assume e=O. 1=0 then:

du X cos 6 NX si]m -
dt m sin y; ,t m g cos y. 5. 13

The remaining equations of system (5.12) will remain without change.

EaSe 211.

§3. Equations describing the motiop cf the center of mass ct

frcjectile in the vacuum.

3..1. Iction in conditional lane-Faralle1 gLavitationdl rield.

Mor the approximate computatiop of the small free trdjectcLtes,

which Eass in the vacuum cE in the medium, thich exerts nejligitle
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resistance, when it is IcEsible not to couasidei variability 5
Co-riolis acceleration ard tie curvature of the Earth, they are

Ltilited the equations, which dc nct ocnsider the air resistance. The

system of equations, CCIJzised under the assiumption 'gconst and

X=!=Oj can be utilized for the trajectCLY calculation ot the

jrcjectiles of constant mass, driving,.mcviLC ir the rarefied layers

of the atuos~bere, with tke exfected fixing distance to 500 km. Error

im thi4s case will comprise mot more than ICc/o (35]. At the low

seeds of the motion of bodies in air (aprrcxinately to 50 m/s) it is

Ecssitle also not tc ccrsider the air resjista4ce and to count that

the b9dy flies as in the vacuum. Ir these cases the only dcting force

will be the gravitational fcrce, a~d tkhe differential equations of

actica, comprised in projections cf the axiL of the rectangular

start4ng ccordinate systex, take the f-cxa

- =0;- g dt 5.14)

Iquaticns 15.14) are initial *guaticns in tie 50-called jxirabolic

thecrjr of the motion of the projectiles of constant mass.

3.2. Ictiop in flat/plane central gravitaticra] field.

Ccmon/yeneral/total equations (3.;10 make it possible to cbtain

the system of the diffexential equations. bkich describe the flight

of ballistic missile or its nose secticn without the account of the
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rctaticn of the BEarth in the passive, unquiCdd Fhase of Llight teycad

the ijmits of the dense layers cf the atmosiheze. If ve in system

(3-3% v,i., and 6 make equal to zerc, tc dLCF/ouit the teEmS,

which consider thrust and aerodynamic drag, then we vilii obtain tho

case *n question, Which ccr[es~onds tc the ilacar trajectory ot the

notic of relatively inertial cccrdinate system Cxy

-g'--/ X; Vv - O --
r3 r3

Ca fig. 5.2

x=rsiny; y=rcosy 5.151

and then

lemetering that i=zO aid #-, and twice difterentiating (5.15).

let us pass to polar cccrdirates r aEd 1:

.rsin y±2;ycosy-rinsin y+rvcosy= -gTo(L&)sin r, (5. 16)

• ,cosy_-2ysin v-Fn cos ,-r sin y,= -~o(~) 2 cosy. (5. 17)

Multiplying (5.16) by siny, and (5.17) by cosy and adding, we will

have

r = -?( g " (L )2
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naltiglyig (5.16) on cc& 1. a (5.17) to sity and to deduct of the

seccad equaticn the first, then we vill obtain

2y+±r-=O. (5.19)

a ultiflyiqg last/latter egaation on r and ccnverting, let us wite

system cf equations

-g" r dt

(5.20)

These are the knovn differectial equatioqs cf oction of the

jLGjectile of constant mass in the cEntral cravitational field cf the

Earth %ithout the account cf air resistance and rotation of the

Earth& britten in Eclar coordinates r and 7. System (5.20) is the

Lasis cf the elliptical theory, which makes it jossible to

apfpo~iuately determine tte botice chatacteListics of ballistic

vissles and Earth satellites.
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Fig. .2. Simplified diagras of the aotion cf giavity force in

cetral gravitational field.

Page 373.

In the theory of the flight of the pr.;ectiles cf ccnstant mass,

system (5.20) frequently is utilized; therc.oxe is of interest her

issediate conclusion, besides obtaining frc cciaon/general/total

aquat~cns (3.70). Are ccnvenient tc .oltain these system in the

fern qf the equations of La~rajge ct second kind (1.33), after taking

as generalized coondinates z and I and aft4L ccsidering that cr

jDojeotile acts oqly one external gravity fcrce F-r.

In accordance with fig. 5.2.

v-1 r'+y 5. 211
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amd kinetic ezergy of the tzojectilq

=---- " S 1-' +5.. 221
2

Differential equatice for coordinate K let us write, after

ottaicing preliminatily the values ci terms in (1.33)

- =MrNI. i=Mr, - In mr;
drdr dt\ r

F, ,= -- mgm,= )2

Summatizing and reducing tc m. we %ill cbtain the first ejuation of

systea (5.20)

Ciffesential equation icr a coordinate I ue ill obtain, after

substitutigg in (1.33) the values

or=0: I-m' FTI=O.

ibis will be the second equatica ci system g5.;C)

(') = o.
d 

0

t di
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FaS4 374.

ChaFt4 VI

MUIEICAL INTIGBAZICN CE TUE ECUATICNS OF EMTBNAL BALLISTICS AND 1HE

USk 01 ELECTRONIC CC8PUVEFS.

The aotion characteristics ot rcckets and Frojectile4: velocity,

acceleration, the coordinate of the center ct sass, etc. dre

calculated during tke irtegration cf the ccireslonding differential

*qvat~cns cf motion. of the special featurtopeculiarities cf the

integsation ci the equaticrE cf external .tallistics, comprised it is

strict (without essential assusmticos), the! cccsist in the

ccailexity ot equations themselves, and alsc ir the fact that the

iumcticns, which determine the air LesiStarce, the thrust and some

ctker values do not have simple aralytical Icrm, but they are usually

assignd by the comFlex carie/grapbs, ccqstiucted according to

exier sental data, or k takles. It ccrrecticp with this the

equat4cns of flight are solved usually ky tie mtthods of numerical

intEgsation either in electicnic digital ccapters (ETsVM (digital

cosFtecri), or by means cf manual ccunt.

manual calculation with the aid of the key-actuated digital
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ccmFuteKs, logarithmic tables and snall BT-IE is apFlied fcr

ccamaratively small acccrding to vcluae calculations when the use ct

laxze universal ETsVM, takitg intc acccunt the comlexity of the

adjtstsent of program, is economically not "astified. Manual ccunt is

apjlied also with the adjtstzent of Ercgram in electronic computer

and fqr the control/check cl separate talcvlaticns.

the complexity of the fbevcue;a of controlled and unguided

rocket flight and projectiles, the requirement cf speed and high

accuracy of perfornance calculatic;s ct noticn, and also the large

volume of calculations lead to the need for ccvducting serious

reseasch in the field of external tallisticE vith use of STsVM and

the electrcnic analog ccuputers of ccntinucus action.

Zs knoun many methcds cf the rnmerical integration cf

ditterential equaticns. Are kncwr the methcds cf Suler, Runge, iutta,

idassj Stormer, Chailygin, Irylov, etc. In ccnt*mpcrary works in

calculating mathematics, the part of tie metbcds, clcse iq practical

acccmplishing, is uritei. Mcre trecuert thar cthers in ijdllistic

calculations are utilized tie aethcds ct Euler, Bunge - utta,

Adams - Stcrmer.

Fage 175.
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In Russia numerical integraticn cf tbe equations of external

tallistics carried cut for the first tine 1. h. Krylov. it 1917 he

read a report , while in 1S1k was puklished hcrk "Abcut the

aFFro4inate numerical integration cf c.dinazy cifterential

eqmatcns*, in which giver thorough acluticr of one of tae tasks of

external ballistics. As the asis c± solution, was placed adamsa-

'etcrserms method. During the sutsequent yeazs A. N. Krylov repeatedly

returned to the njmerical irtegraticr cf tbe egvdtions of external

tallistics and he consideratly iMPzcved his. For the determination of

the initial values of fLucticns, A. b. Frylcv Froposed the method of

successive approximaticns.

the method of the numerical integraticL of A. N. Krylcv received

fnrther development in b. A. Ujcrrikcv' wciks (was known the version

of the solution of Krylcv-Utcrrikc%). Crigital sclution was suggested

by 5. A. Zazakov. In the tifld of tbe rumeKical integration of the

equat.cns of external kalllstics, bctked V A. Irofimov, V. V.

Necbankov, D. A. Vqntts4l', Ia. f.l Skakiro, A. E. Komarov (versio4,

ottaimed in the academy in. A. N. Irylcv), 1. S. Ustinov et al.

enumexated authorsts works in essence were directed toward the

soluticn of new systems ct equaticts, tte develepment of the methods

cf calculating the initial values cf furcticna and for the decrease

of the volume of calculaticrs with the

pesevation/retention/uaiqtaining of the ntcEssary accuracy of the
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cbtaiaed results.

an the basis of all precedingyprevious wcrks in the contemporary

calculating practice of the manual calculatia cf trajectory

elemests, was manufactured the general, sufficiently simple methcd of

the numerical integraticn cf the equations cf external ballistics.

IhiE method, just as enumerated is earlier, are utilized the theory

o interpolation and the theory of finite differences. Therefore,

saksequently, let us call it the sethcd of rumerical integration with

the aid of the tables of firite differences cr, it is simpler. by

differc-ice method cf numerical integration. Fox performance

calculations of motion ky E'sVM, is is teen cclcnly used the method

cf the numerical integration of lunge - Kutta.

rage 376.

t1; Numerical integration cf the diIferenticl equations of external

ballistics.

gre~agat ion for
cutop very soluticn of differeqtial equations flight can be

by
represented4 those carrying cut in fcllcbiag *eqxence.

1. Development of assicnment, SelEcticL of system of equations

aid its analysis.
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2. Selection cf method of rumerical integration and analysis of

its atlicability with manual and machire ccuot.

3. Determination of sFace of integraticn.

4. Determination ct iqitial ccpditions.

5. Determination o1 initial values of functions.

6. Strictly quaerical integraticn (qrchth cf lines).

1. Determination of cell/elements cf characteristic points in

the trajectory: cell/elements of erd/lead ci rcbered flight

trajectcry, trajectcry elements duxinS eFaiaticn of used-ups stage,

etc.

the first of six stages are tightly irterccnnected. For example,

cmlexity and the labcr expense of the sclttic¢s, which are

ccmFletely reveal/detected cnly in tke process c( calculdticns (in

the fifth and sixth staces), they can lead to tIe need for the review

cf system of equaticns for the diricticL of its simpliticdtion or to

Fasj*a to another methcd ct integiaticn. Ike cevelcpment cf
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assigmaent consists in the setting cf task, tk* detarmination cf

initial conditions and turcticrs, pecesfarl Lc solution. During the

develgiment of assignment. is checked ,tie Icssitility and the

advisability of using the method of nuvericel iqtegration.

1.A. Numerical integration ky difference method.

The methods of numerical inte~raticn mike it possible to

calculate the value of integral of tie functicr, assigned tabular.

Fox this purpose is utilized the sc-called interkolating functicn,

which under iqtegral sign replaces tie real furction whose analytical

form is uqknovn. Wken this LeFlacezent cccULs cc low section curved,

accuracy in the integraticq can he sutficiert ligh.

let the interpolating functicn will ke furction y f(x). 7hen

am increase in the defirite integral %ithir linits from x to x,,.. is

equal

AJ - y.dx. (6. 1)

7be very idle time is tie linear irtericlating function

y -Y - XX (6.2)
yn I--Y n Xp - Xn

.blre x I-x,=hx- t~e interval of tie variaticr in the argument, or

the &lace of arguaent;
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Yn,-y",Ay, - difference Lbetween the valacs ct functica, which

cores~ond to datum (n) and to that fcllowir.9 (n 1 1) the values of

a~ guuent.

§rcm formula (6.2) the urkncwr value cl function, which

ccrtesionds to the value ct arguseat x, is iqua]

h! L Y"" (6.3)

Eace 177.

During linear intezjc]atior tie atea uidez curve, that delicts

fumcticn f(x), mill be trcken intc a seriet cf trapezoids.

Integration for trapezcidal rule gives sigrificant error and, as a

LulE, it is not apFlied during ba]listic calculations.

lbe simplest sethcd cf the nunGrical ittegLation ot ditterentidl

equat.cns is L. Euler's mettod. Let ke reguirte to find the solutici.

cf difterential first-cder equati(;

! - f (x, !/)

under tie initial ccnditicr-: x = i, = ,. Luring intejratici the
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space cn argument h, is selected so that withip the limits of this

space it wculd be ppssikle tc assuse that fLnction fix, y) retains

ccvstant value. Reflacin@ derivative ky the relation of low finite

increments, it is jossitle tc write

Icr the tirst section cf integraticn Ax0c=x-xo=h,; Ay 0=y-y 0 and

ther

fLo', tYo)= y! h,.Vo.

Ptter this let us have

Y,=yo + h.J x,, d.

Bepeating process/cferatioq for the subsequent sections of

integyation, are ottaind tie consecutive values of the functions:

Y.= !Il + h.,.f x1, y, );

Ys!=/ 2 + h.f (x, "
. . . . . . . . . .

In general fors the fctmula cf the numerical integration of the

difterential equation of I crders for L- Euierls method will be

britt4r so

Y"+,, + h.f (x., y,,).

Ouring the soluticr, cf the rctl*vs at external ballistics, L.

Fuler's method can lead tc ccnsidexatle errcrs. the accuracy ot
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method is raised with the decrease ct the sjice of integration;

however, in this case, increases tie tctal vcluse of calculaticns and

is retained the stcrage ct the eLrCrs iE tiE FrCcess of integration.

There~cre in the most widely used methcds cl tie numerical

integration of the equaticijs of external tallistics, are utilizEd the

s~ecial izqterpolating furcticnf, %bich sake it possible to increase

the s~ace of integraticoi, ir ccmparisoq wiiik integration for

trapezoidal rule and L. Euler's uethcd, fox the

preservation/reteqtion,-uaintairaing cf the necessary accuracy.

Fage 178.

The interpolating function is ccmpri4*a in the form of the whole

iclyn;zial whose degree per unit is smaller the; the number of

assigned values of functicc cn the sec-tion cf interpolation in

Suoect~cn. Curve, that correEpoods to Fclyncsial, must pass through

all the utilized points, wibich are called cl interpolation points.

Satisfaction of these conditions gives rise to the uniqueness cf the

iuter~clating function. Interpolation fcrmulas provide the

possikility of the apFLcxisaticu calculLs Ct the values of function

fcL the values of argument, different from the assemblies of

iaterpclation. In this case, is distlegaiiabed the interpolation in

the narrov sense when argument x liG/xests bitkin assigned tine

interval x-x-i- apd *ztialclation - at the value of argument, which
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is located beyond the limits of interval.

IE most universal the interpclatinS furcticn of Laqrange. During

its use on the selectic c£ interpclaticq 1cipts are not placed any

sFECial limitations. LagrazSe' - interjclaticn fcrmula takes the form

(V/ ) X--x) (-- X2) ... (X -X,,I 9,-

- XO) (xX - x2) (xX - X.)(x- XI)) ( - X2) ... (X - x) Y

(-'r - xO) (x --xI) ... (xl - - I - /I 6.5
u . (6.5

(Xm - xO) (Xm - X) ... (Xm - Xm-I)

Are known other interpclation fcruulas: tke first and seccnd

formulas of Newton, fcrmula of Gauss, Bessel, Stirling. Newton's

interLclaticn formulas, ccm~rised with the use cf tables of finite

differences, are obtaincd under thE cocditicr cU the ccnstancy ct the

sface cf argument (hx=const).

If certain functicp y =f(x) is assigned tahular with a change in

the argument through the ccrstant sacE h, tker a finite difference

in the function of the first order, cr the first difference, is

called value Ay=Af(x)=f(x+h.)-f(x). Second differeace in function

A2y=_Ij(x)=A[Ai(x)I and in so fcrth. Eor ettaining the table of finite

differences, it is nece-sary from each valte of function to deduct it

that Ireceding and the oktained result to WritE in chair to the right

in cone line with subtralend, after Sivirg tc it the number of the
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latter (table 6.1) . Contrised sixilazly table calls the horizontal

takl of finitje differemces.

Ease 179.

Introducing the new vaziatle

x -X

vhbere xG - initial value cf argumert, let ati write formula for

Newtoun's first interpolating pclyncuial to cegree not higher than

Newton's second inteilclaticn fcruula is ajlied for

interpolation at the end of the kncwim valueE of function (i.e. for an

21

bliete yn a lasti/latter knowin value of functicn.
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Ihen the table of finite differences is peeSnt, tLAe Frinciple

cf the comFilation ci tie iitet~clatimg fu~ctict consists in the

f c.1lcaing:

3. Is extracted the live ot ccusecutive cell/elements, i.e.,

vuitexs from the tatle cf tie diffexences, ihich directly depend on

the preceding/previous nuakers (line is call~d that set of successive

cell/eilements, intq which cl each ccluar it is taken only on one

2. Before each row element, except the first, is placed

coefficient iq the fcrm cl fracticp. Its dcrcmirator is the factorial

khcse crder is eqjual tc tie order ci cell/sleuept. and in numerator

it is ccntained so many the factors of fors E-1, which order ofI difference.
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lakIe 6.1. Table hccizc4tal of finite difftiences in function y=f(x).

Xfl I
X, u 3t A-'

"le-2 7 2 r . 2n

Eage 280.

3. First factor of numerator must take tcru k-io, waere --

ijdex cf preceding/previous cell/element ot finite ditference (tcr

example, if preceding/pzevicus cell/element has number n-3, by index

ct bbich they call nuster "-3", th E4 io=-3).

Ill bbe subsequent factcrs decrease FE unit.

Utili2ing this rule, let us write a4 at example interpolation

fczaula for the broken line, whicb ccrrfs cids tc value argument x

It* finite differences, usc d cr tbe wrtirtL of interpolation

fcrLula, qcted are noted in tatle 6.1 ty asterisk.

1! 21 A '" 3 s -' .6 8



LGC 78107107 PAGE 3 ,-

the written formula ansvers the bickeo live of consecutive

cell/elements, designated t synbcl V itt independent variable

ft4m 16.1) we will obtain at increase ir the definite integral fcr

cce sface cf integratic; ir the fcr

aJ,,= h.,yd , 6.9)6

dx
since d=-. h,

for determination cf Aj, we caq use cre of the interpolation

flGruulas, comprised on the lasis of the li;Es cf consecutive

cell/Elements. thus, fcr ir-tapce, after s"Estituting (6.8)

dependence (6.9) it is jo-sible to ,btain tie fcliowing expression

tcr calculating the increase in the defilite irtegral

j,,.= hx Y,_.. _, o At, --. 2yn-l- 14 5 - . (6. 101

Zt is analogous for the horizcntal li-n* cf the consecutive

cell elements

A .h ( . t-I Ay ly-1- Asy. (6.11)
2 12 2411

During the use of an irclined *xtrapolitic$ line, the formula

takes the form

= /I, 3 A~._s (6. 12)
aJ.2 12(y - -A., Ay_--
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last/latter formula makes it jossible tc Irterpclate forward (to

extxalclate), being based cp the character cf tke preceding/previous

change in the functicn.

Ccmpvisi49 the table ef finite differeLces in the derivatives

Y'- , it is possible to citain thE ftcru]cs, utilized during the

ramerical integration cf the equaticns cf eiternal ballistics (table

FaS* 281.

Adding the difference in the tunotioa Ay, determined in the

aFFrofriate formula, tc kncwn value y., we citein the subsequent

unkromn value of tte furcticr

Y.+ =!.+ A!/,,- (6. 13)

the formulas, placed in takle 6.2 aqd the ccntaining differences

in the third order, car be %sed foz the grcuth ¢f lines, if it is

bacwn not less than four iQitial values of cerivative. The first

value is determined by the initial ccnditicXe s=xo and Y=Yo for the

integrated differential equaticn. The xissiLg ivitial values of

derivatives usually find by the method of stccessive approximations
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bhbce essence is pzesented kelow.

Let be assiyz~ed differential equat ion I ct crder iix~f(x, Y), which

fcr decreasing the indexzunS futthet 1let us ieccid/write in the form

y'=f (;..y). The initial values xO and y.,o are kiicwn, therefoire, known

value y10 The determinatici of the xis.sing c-Ell/elementE of the

tatie cf differences begins frcm the first appzcxination

AYo=/1Yo Y1==YO+AYO.

lbrculh the known value ya, we find

yi=f(x1 , gI) we Ccoujute Ayo=Yt-yo.
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Itatle 6.2. Formulas foL ditiererce uetbcd el pAxuerical integration.

cTP0IKH no-
Ct-lJ Ma 'eIb- (Pop161VlbI 4;[CJIeHHoI 0 IIllTerfPHI)o~aHHt

HbWX
3 AemeHTOB

2 14

AlIh + l _ AI - 1 * '
12n 24

~ v~ ~~.I2 I 12 247

K61 £1). Symbol of the line cf ccr~E-cutive cell/elements. (2).

Foraualas of numerical iottgration.

Eage 182.

Durilig accomplishing pt the seccnd aj[LCcchapproximaticn cii

kncwn from the first ajjLCXiuatiCD ~ nd i, we determine

At ~ ~ ' -i /

and

Substituting in icitial equatior kpowr xj, y& and x 2 l y2, we
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4!/0'k !/1 - 4'; y; = _ - 1/; Ay= AyI- A

The third ap~roach/apprcxieation is ccntrol. ir terms of the values

1-21 ( ; At-I A21/
!/'= "-i°T[12 .. .2 12

be determine yj and ya ve ccapute y;, !n" A0, A'I, A' j'.

Nor clarity that [ieserted is giver ir lakle by 6.3.

After accomplishing ct apircacb/akiroximaticns, is realized the

ccusecutive scluticn of jreklem whcs.E esseTce ccnsists ot the

calculation of cell/elesecti n + I cf line cn the cell/elements of

n-tb line and precedinS/FLEsious table rowe. The differences, found

frcm inclined line for the leading equaticr, Rust be refined in the

kDckem liiqe isee TaLle C..3).

VI
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Vakle E.3. Order of calculaticrL durirg the aetermination at the

iaitial values of deritatives 'a aq .y successive approximaticns.

NO - AYoA A2y

27 t 7 I x, Y t

rX, AY &Y" A _
if' 1Y A2I Y

0, AY, 1Y2

2 x2  AY2  Y2  
AY ?

3 [ X3  3/3

Iey: £1). Approach/apprcxaiatica.

Fa e 183.

calculation usually concludes with the det*Lmaination of trajectcry

elements at end point. If the latter falls cn tke value cf arguient,

msltiFle fcr whole space, tien of rc Eupleuentary calculations it is

iequized. But if end point does not ccriesicnd to this value of

argument, the; its cell/elesents are determined with the aid of

reverse/inveLse interpclaticno under reversE/inverse intericlaticn is

understood the determinaticr of argument it terss of the kncwn value

ct functiop. In this case irto any ef the irteilclatioa formulas
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unknGoIn becomes the value ct the itterlclating factor E. CalculaticL

ct the intertclating factcr is dcE by the method of iterations as

fcllos.

Brom the second member o the utilizec interpolation formula

(tci example, 6.8) we find 1, taking into acccLrt only finite

ditfezences iq the seccnd crder:

.. i... Us .14

in the first aFFrcxisaticr, let us has*

i .7,~1 - j,

which corresionds tc linear interrclaticn. valu* k. in the seccnd

aj[roch/approxiuaticn is d-terzind fic. tle fcrmula

S - 1 ('Z!- l) _
2

1gciL_

UF~c consideration of tic tiird differences, tie problem of finding

the imterpolating factor f is solved in correction with j6. 8 )

acccrding to the similar sciematic:

__ 2 - I) a2!€n_: (Z2 -- I) ? - I) .%F _
2 3!,

the qumber of ajFrcach/aprcxiuaticns, required tor

determination t with the estatlisbEd/imnsballed accuracy, ccrrtte

tc the number of the differences ccqsidcred. The unknown vilut,
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* aigumnt is calculated uith known I ccmjpletfly simply:

basic advantages of difference methods of numerical integration

- c4aharative simplicity cf count, reliable seams control/check of

the cqurse of calculaticns 1coursq cf .caning the value of

differences) and t-he high accuracy of :te citsie d results. To

deficjency/lacks one shculd relate urnemldiress of solution, and also

the fact that the beginping of calculation is c;nducted according to

auQth4r network, than basic sclutic4. T2is to a considerable degree

imjedes the realization of difference sEthkcs during calculations by

Ea~e 3814.

1.2. Selectioq and anallsis of system of eqgwaticns.

the system of differential equaticns stst vith the largest

possible accuracy to descrike Ehysical Frcc.ess (in our case - rocket

flight) and to co4sider the larger possible musker of its determining

Faramters (during the stud) cf the sction cf the rockets - the

acting ca them forces and torque/mcuents). Lowever, as is known,

cpsplez systems of equaticqs lead tc the bulky and laborious

scluticns, during which is raised tie Fcssitility of miscalculations
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and errcrs. Therefqre when selecting of systel cf equations, it is

exfed~ent to attempt to previously rate/estaate the effect of the

actn4j forces and torque/ucaents with .tke fact in order to consider

essential in datum investigaticn factors act tc drop/omit secondary.

Iheze are other general ieqnirementg, .Ozes*Ltf on the integrated

system of eguatioqzs.

Most sinly are solved the ditfereAtial equations of first

cider; therefore the selection of systea it is necessary tc check

that can it be converted izto the system of equations of the first

crderA The equalizaticus cf external ballistics are usually of the

czdez not higher than the seccnd and can kg easily given tc the

system of equations of the first crder in tie manner that this was

dc~ne above (for example, see chapter III).- Se directly solved system

mest be, qaturally. locket and consist qf differential first-oLder

eqvat caSo

Tben selecting of system of equatioqs and independent variable,

it is necessary to alsc zate/estiuate a chagge in the entering the

equaticn functions and derivatives In all ren~e of integration. For

example, the use of system 15.8) is inexpedient at large angles of

departtre, siqce at G0 > 60c value d/dx ant F sharply changes for

the pxeservation/retention).aintaining cf tke accuracy of

calculatiops necessary to take very ftie pitch, which increases the
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Sclume of calculations. Cannot be used systtns Cf equations, in the

Froce*s of solutiqu of thict derived cz functics themselves become

equal to infinity. for examlle, mned systEN (5.8) is unsuitable for

trajettory calculaticn at tie values 0o of close to 900, since in

this ease tg60'-. Is unsuitable fox the calculation of the

grcund-based trajectories, fcc exasple, system vith independent
dx

alteraatizIg/variable y. since in peak of th trajectory - M0oo.

Systems of equations which cap te Iqtecrattd under virtually any

initial conditions, are called universal. Sach systems include

43.5 , (3.771, (5.4) and other systema, cc&ci~ed with independent

alternating/variable t (timE).

ir integration it is desiratle to select system with the

smaller number of simultamqcus, toSether scilved equations, with the

uast dcnvenieqt for this task arguuent4

aste 2E5.

Fcr **amplo, for the calculation of the poWuxEC flight trajectory cf

the guided and unguided missiles aid zenith trajectories of the

Fcajectiles ef barrel systems it in convenient tc take systems with

independent ty the variatle t (time). Pcr the calculation of the

inactve legs of the raockets of class maucface-surface" when 0,*600
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aid of the ground-based trajectories cf hhq F ro'ectiles cf barrel

systems when Oo<60 ° usually takes system (!.E), comprised with

indepdndeqt alterqating/iatiable z.

2be important conditien of evaluatiqg the selective system is

the number of leadipg equations. Leading is called the ejiation from

sclutAcn of bhich begins the process of the growth of lines during

the use of difference nethcd cf muserical irtegration. in the right

aide qf tire leading equatict, is ccntained in *xjlicit (or implicit)

toin tunction itself whcse increase is deteLni4d during sClutiCn. An

ieccetse in the functicp car be toncd from the leading equation in

tuc aGFroach/approximations; first - fzce tie tcroula of numerical

integration, which correslords to extrapoletict (inclined) line, and

after the sclutioq cf remaining sivultaneos equations and growth cf

the tatle cf differences - It is mcre Frecisel) formulated on the

fcrmula of broken line. Euring a ccalarativq evaluation cf different

s.stems of equations, tke Fleference cther conditions being equal

shculd zeturn to the system, which has one the leading equation.

since in this casq considerably ace simplitied calculations. For

eXamp)e, in system (5.8) - cne the leading Equation du/dx=-E, and in

s.ste 45.7) their two:

Eu t -d" Eu.
dt dt

Sn tie presence of several leading equitices one of them it is
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selected by tasic and with it begir the calculations. The basic from

the leading equations is ccusideted similar, v.bich determines the

parautter of motion, necessary fcr integrating the greatest number of

simuLtaneous equations. Sot in the examiqezd abcve example the

tuqdamental leading equation, the first, sirce w defines coordinate

y(#-w), required for the calculatic@ of force Cf X, while coordinate

x, determined on u(i=u), fci the scleticq ct the simultaneous

equat4cns of *ystem (5.1) it is ect necessary. If trajectory

gmeund-based and a0<600, then preference stculd return to system

(5.8),

Ill the calculations *hen conducting ct 4unerical integration

are cqnducted by hand of tagic and auxiliar4 forms. Basic form

cotalns vertical cclumvs fcr the lecation cf the value ob argument,

takles cf differeqces in the derived ccmputid functions and functions

themselves. Basic form's ferm is determined by system of equations

and dqes qot depe4d on the method cf calculaticn. The leading

eguat~cn is placed, as a rule, in the extreme right side of the form.

Eage 386.

La lett extreme column are laced the ousbars cf lines, and together

- the valae cf argument, bhich is changed through the constant space.

Basic forqs filling is coqducted trcm right tc left, beginning with



III
ZCC 7 8101107 FICI Ar

i the ldadizlg equation.

Auxiliary form must ke coaprisqd sc as to accomodate all the

* calculations regarding differences it the uLkncn functions in the

, formulas of numerical integraticn azd the calculation of derivatives

fox the differential eqcaticns of s)stes. Easic and auxiliary forms

must be comprised in such a way as tc sboztmn tc the minimum the

recording of any calculaticis cut cf fczas. Reccrding on separate

leaflts lead* to errors aqd complicates teitiag solution. Auxiliary

fcries form depends on the integrated systea of equations, metbcd cf

calcu.lation aud cqnjuter technologj used. It calculation is conducted

%ith the help of logarithmic takles, tkeon it auxiliary form must be

* proevided lines for the recciding it them of logarithms, actions with

* then and line for involutiar with the aid ci the tables of

astilggarithos. Auxiliary fcrm, intended fcz calculation with the aid

Cf kep-actuated autclatic machines cr simFlest P1sVN, is simpler,

' sionce dc not contain the lines, intendtd fcr actions with logarithms.

Mith any lethod of calculaticn in form, met be the lines.

Itended for actiops with the tabulated values. Considerable

siuFlification in tie calculations is achieved at use of tables for

a (,H,(y . I oN/,, standard functions F(v,). OE, etc. and logarithmic

tables of the named fuecticts.
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the numbqr of bori2ontal lines of lasic tcru and the number of

anxiliary torn's vertical cclumis leet coriesctd to the number of

calculation points in tke trajectozLy and ccxtais supplementary lines

aad cqluaqs faz conduoting the apjzcackes. Juziliary form'O s first

cclumm does not usually have number and is intended for the

calculation of the intermediate quaqtities, determined on the basis

of initial ccnditions.

Basic forses specimen/samEles for the sclution of systems

(4476 and (5.8) are visible fzcm aI examf e of calculation by the

r-iaerjcal integration of the motiog charactEristics of the unguided

rccket on active and inactive legs.

1.3. Accuracy of calculaticrs and selection of space of integration.

An error in the results of the calculaticzs of the motion

ckarasteristics of flight vehicles is detezmined by the following

standaid groups of, errors:

J. By errors in the foinulatica of thi Frctlem, deternined by

the dsSree of aFprozimaticn of matbenatical model to the real process

cf moving the flight vehicle. this group of erzcrs, called errors in

the task, is given rise to ky the establishadpinstalled assumpticos

aid the selection of system cf equaticts.:
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fage 3 7.

2. Second group is detrmined .by *rrors ir method ot solution,

fog egample, by intzoductJer ct a~frcxxatizg f nctions for air

resistance, by replacement of numerical solutic$ by approximate

asalytical and so tcrtb.

I. Large grouF of *zzczs atGear durirS ictroduction into

soluttca of series or qtbez mathenutical stcuetces and usse only of

their initial terms. Such eirors age caliec rananent/residual and are

given rise tc by sum value cf the csitted ,teras of a series.

4. Accuracy of solutiec is determined to a considerable extent

ty accuracy of initial cata, for ezamFle, accuracy of determiniog

aecodynanic characteristics. Such extcrs azL called initial.

S. To technical eticra in calculations Ve~lly are related

ocndjang off errors and larce grou ct crscie in actions on

atirogiate numbers.

fifferent fields of kallistic research and different *etbcds cf

the sgluticn of ballistic Ftcblems ,bave their sFecific errors. During
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the a&Elication/use of a firite-differecce 4etbcd, an error in the

calculations is determined in essence ly tht exzrcrs for

appro4imaticn, by the erzcrs for sathenatical c;erations and by

rcend~ng errors. Errors in the mati.matical operations depend on the

osson/general/total scteuatic of sclution and are virtually

LCqreecvable. With rounding is applied th.e r ul of Gauss. The errors

ft m&thematical ojeraticcs and rcucdiug erxor usually little affect

the accuracy of final results during trajectcry calculation.

The errors fo; approximaticn exe causi ty the replacement of

real functicn or by its derived interFelating function of the

determined order. The value cf the ezrcr fcz afproximation is

determimed by the order of the held differerce in the interpolating

fanct~cn and by the space cf argument. IS the process of the growth

of the lines of the ermcr fcr apprcziiatipn. etrcr for mathematical

cerations amd roanding eircr, they are acc.nulated. The selection of

the space of integratiot is the isportant staSe cf entire

calculation, since its value deterines ,not cvly accuracy, but alsc

the lator expense of calculaticns.

lith the low pitch of integration, it is pssible to forego the

use ot differences in tke dgrived k1gb crders Ithe second and abcve);

hosever, in this case grnsrises the number of calculatioq points and

in the process of calculatkcas increases tke stcrage of errors. With

66A
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steep Fitch is decreased the volume of calculations, but decreases

ths accuracy of calculatics.

the value of the space of integratioa dejeqds on many values and

is act determined unaakigucsly. Let us estaklish

comausication/conkecticp cf the space ¢f imAegzation with the

accuracy of calculations and the ouster of calculation points during

detinition of one of the mo-t inpcitant chaiacteristics - firing

distance.

the expected firing distance xc and tie aaximum standard

deliation of the impact Ecift it tbe lzcjectile from the calculated -

,' Am absolute errcr it the calculations ir the process of design -

A, must be considerably leis.

Eage 188.

Jn the assigned magnitude A, or co ccqnected with it relative

ezxgnz 8-A-I000 can te determimed the nuster c± accurate signs,4 xc

held dcring calculations. according to the ceneral rules of

calcul.ating mathematics, iqteraediate calctlaticns must be conducted

uith que (two) spare sign. A, O.Ie. Ibe witt Cme spare sign a maximum

practical error in the calculations must be

0'- 1O , I - 0' ,l.,. (6. 171
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Curinq prokatilistic estuuaticn of erXcL, Itsultant error is

detertined frcm the formula

A; =1 n-a,.,(6.18 1

here i - a number of terms during pumerical istegration (number of

calculation Foints);

i,,- maximum absolute erzcx, taker identical for each of the

te &B2s

Ncr example, if for cqE space cf inteSxaticn ., =0,1 m and

during integration rendEr/skcwed 49 calculaticin Foints. then complete

distasce xc will be determined with tle saiaiun practical errcE

Av1I 4-9..1=10,7 m.

usually the numerical integiaticn ci tte eqtaticns of external

ballistics is conducted with the use of the seccad differences, and

the space of integraticr is selected sisila& sc that the rejected

third differences in the doeivatives tarely wculd affect increases in

the fencticn (usually sc that they bculd nct exceed several units of

the last/latter held sign ir an increase in the function). Let with

independent alternating/variakle t the term in an increase in
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fuqct~cn x determined by tie third differercE, does nct exceed the

fEzmissible absolute erzct et each -lace ot integration - A.. In the

formulas of numerical integration, used fox tte growth ot lines, the

third ciffErEnces have ccELficiert ;f -L lee table 6.2). Then24

-J Su < Ai .  6. 19)24 11

the space of integraticn and tbe nUMbEL Of calculaticn poirts

4are mutually ccnnected ttrccgh the exfdcted firite value of the

€ccalete time of integraticr (duraticn cf tte creration of engine -

tG for an active secticn CL couJlete tligtt tive for a grcund-based

tr43ectcry - t). Fcr example, the ruster of calculation points fcr a

fcbered flight trajectory is equal
tI

Eage 189.

Ifter transformaticn (E.19) taking istc account (6.18) for

testing of space we will ottain the ccndi.ticr

h, < 6. 20)

Since A3u in the begiaring of calculaticqs it is unkncwn, then

alac the space of integraticn cannct be determined unambiguously

pticr to the beginning ct calculaticms. It is necessary to assign

value of space, being 9tiented toward the ccuplex of the similar
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itecedin/previous calculations. Is the precesce of integration with

ajo increase iq the num-er cf line, tke thiz: dliferences usually

rafidly decrease; thereicre testing the selected space on formula

46.20) cne should make in tke beginning of calculations with increase

of the lines of the consecutive ce|l/elemeats ct the table of

diffexesces in the derivatiies.

During further calculations with the ccrease of the third

ditterences in the derivatives, the fiace ct irtegration can be

iacieased. The suppleaentaX sign/crlteriCo cf the correctness of the

selected space is the ccniergence of prccest during the determination

of the initial values of ftrcticr. kith the correctly selected space

it ltqves to be sufficient cf two cr three iFrcach/approximaticns.

as the criterion of the ccrrectmeas cf the selected space in the

jecoceSs of integration durirg the gtcwth of lices can serve also the

value cf the retinement of the increase in tte function, determined

according to the leading e guaticr. kith the coirectly selected space

the difference in the values of ipcrea~es, cetecained in inclined and

ticket lines, must not exceed several units of the last/latter held

s~gv Isee an example of calculatioc ir table 6.4). Besides

satistacticn to the named requirements cn *jacirg accuracy must be,

as fax as Fossible, by the convenient number nct which it is easy tc

sultiEly when conducting of calculatici. At increase and a decrease

cf the space in thq process of calculations usually are carried out
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twe times (or into the multiple tvc susker crce); therefore the

isitiAl value of space is expedient tc selEtt similar so tiat the

douklt space and they vculd te dcutle ssallet also convenient for

scltilicatioq. The need of decreasing the iface in the process of

calculatiops is usually determined .by abrupt change in one of the

values, for example, by a cange of value c,(M) i the velocity band of

the mqtion of projectile, clcse tc the speed cf sound. After the

Faskate of the area of the transonic slaeds, during further smooth

chafge,(M),the space of integr.atio; it is EziEtient to again

iucrehse.

In the practice of the numerical calculaticn of relatively small

tzajectcries (the ipactive legs of tie uqzguide rockets and the

trajectories of tlke Fro:ectiles of harxt* s3stems) by manual

calculatiops uere estatlisled the toilcviag values of the space of

istagation. During the imtEgratior cf system (!.8) for independent

aterating/variable x, for trajectczies with relatively larger

angles cf derarture (100<80<600) tie space is -usually taken h,-500

by m; during the calculatic# of the short Icv trajectories of small

arms dt.ring the integratio4 of the same system cf equations, the

space ca x is taken h.,=O0-200 U

fage6 190.
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_utiqg the integratici of systens 13.1t) and (3.77), that

descr4be the sotiop of the center of mass ci the unguided rocket,

witt relatively small distarces space ct time can be takerl ii.O.I--O.5s.

for surface-to-air missiles and FLcjectiles in the zone of

reqdetious for the maneuvhring tarcet, so.metimes proves to be

necessary to take hb=O.O]--O.O0j s.

luring the iqtegraticq of the &)stes ci equations, which

descr4bes the motion of the center of mass cf Erojectile tcgether

with the study of short-period oscillatcry soticas relative to the

ceqtes of mass. t,* space of integration fiz lcw projectiles

ht=OOo--0.oo5 s. In vieb of large lakcz ea|mnse, the solution of a

sisilax problem by manual calculations is ccnducted in the

e ceptional cases.

the accuracy of calcu]aticns de[nds cE the quantity of accurate

signiticant digits uhich is determined frow the inequality

()k ,  (6.21.

where kz-n4l;

A - absolute error in the nusLer;
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m - old decimal digit Cf Pumber;

a - number of accutate significant digits.

Example. Let tbe aFFezinate aumber L=124eO km be must be

calculated with relative accuracy 6L-%,o,i%,0o,% ad by 0. CO1o/o.

Let us determine, how many in Each cast must be taken accurate

signs during calculatics. Absclute ercr it each case will be

determined according to formula N,= _ad it will be equal to:

AL, I1 2 < IO; A,2=12.5<102; AL,=1.25<1'l A =0125< 100.

Calculated number in pcsiticr recording takts the form

12480=1 I10'+2.10'+4.102+8. 10+0. 100.

Comsequently, the old decimal digit m = 4. .2be number of dccurate

signs co fcrmula qz-kl fcr each calculatec case will be equal n,=2,

n=3; n3=4 and n,=5. Taking into acccuot one stare sign, intermediate

calculations must te conducted in accexdance with three, fcur, five

and sAx accurate signs. 2be correct recordirg ct number L in each

case mill take the form

L 1,27, ' W 1 ,1'248-104 Ki, L=1. 2480104 KM: L=1,24800 I KM

During calculation the takleu of ccmmcx lc'arithms, one shculd

L
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use tables with so many signs, how man 7 acctrate igns is expedient

tc have in the computed soat ispoctast functict, for example distance

L. During calculations of the relatively siell trajectories of

artillery shells aod rcckets and fcr iiti.al estimate and training

calculatiQns they frequently use tkq uides~ead four-place tables ct

caoaa logarithms.

hu££ng the evaluation cf the ccamcn/gecezal/total accuracy cf

soluttcn, it is necessary tc keep i4 lind tkat, besides the accuracy

cf calculations, it is determined ty the cczzectmess of the

descr4Ftion of physical Exccess by difJqerestial equations, the

accuracy of the assignment cf initial data* e4tc.

Iage 151.

the unjustified increase of the quantity of significant digits in

numbess does 4ot raise the common/gese.cal/tctal accuracy of solution,

but coly inczeases the volume of reqcrding and lossibility of errors.

1.4. Determining motion chazacteristics at assigned points in the

trajectory.

Duing the tcajectory calculaticn of different types of

1.tcjeatiles. always is encountered the neei at determining the
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cell/elemnts of motion for assigned c€aractetistic points in the

trajedtory. It is necessary to kncu the cell/elements of the end/lead

ct ouered flight trajectc'j, trajectcry elfmexts during the

siparatio of the used up stageren-ef locket, trajectory elements at

thq pqint of firing jet engine (of ISS and J58) and at the end of its

b.Ck the cell/elements of peak of the trajtctcry, impact ;oint and

Eciot of impact. As a rule, the namod chaxactexistic points do not

ccinscde with the pFints, sktained is the 1Lccess of integration, and

the c~lculatien of moticn ctaracteristics it t em is conducted with

the aid of the formulas ci direct/straight and reverse/inverse

inteiclation

action characteristics at the end of tie %crk of the jet engice

of the unguided rocket are deternined from interpolation formulas. In

the case of t1e solution of problem with icepeadent

altereating/variable t (tint) the iqterpolating factor is determined

fxse the fcroula

where t, - a time of the erd/lead cf the engine operation;

- near to t. preceding/previcus takular value of time;

h- space of integration fo time. 71e atscissa of the
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end/lad of the active sectIcn will te detexained according to

cpmucz/general/total formula (6.8)

xx= X, + tox" 2 A 2x2

The asdinate of thq end/lead of the active secticn and the velccity

at the end of powexed flight trajectcry arE determined alsc frc.

2

Similarly are determined cthez trajectczy elements dt the end of

the active section.

But if the independent variable is undertaken mass ratio ji then

ieterEclation factor will be determined acccrdixg to the formula

where iw - corresponds to the end/lead of tbe engine operation;

$j - space af integration for j..

&Sge 192.

the cell/eleaents of peak cf tte tcajectoty S and of impact

1cipt C, i.e., the Foint of intersecticp af trajectcry with the
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suzface of the BEarth (uith the coordinate Flane Ozz) are determined

fxom the formulas of inverse interfqlatioa. In peak of the trajectcry

e%-Oaed, tberefore ps=O. ?bet the iztezi;lating factox is determined

a.ccrding to (6.14)-(6.1t). In the first aflzcxibation,.

Apn

where p, - last/latter ccitive value frol thcze obtained in the

cptzse of intqgration.

In the second apprcach/apjroximaticA

eS, (ES, 1 A2p',-
~SSI~SI 2 APn

After this the notion characteristics, whic.k ccrrespond to peak of

the txajectory, will be determined acoordi;S tc usual interFolaticu

fpzmulas. During integratict with ipde.endect alternating/variable x

the abscissa

while te crdinate of peak ci the trajtctrty

YS = Y--EzAYR + s(s2I)

UsilajIly can be dqtermined the otbets cf actip characteristics.

The interval cf integration. mbick includes impact Foint, is

... ... -___i .
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ctikagterixed by a chasaie im the calculatsd cicate from M,1>0 to

yV,,,<O. At impact point the ordinate cf traiEctcry Yc-O.Then the

intericlating factcx ill tke first afircuimaticz,

In the soccad apprqacb/a~prcximaticn

E C ClI ECI -- c1 1  - 1) A2Vy....
2

2he basic cell/elements of natica at as&a~ct point, in the case

cf integration with independent to the varlatle x, are eqjual tc

PC =P. + CAp. + -LC a - I
2

tc = . + E~t. +- C a - t1
2

lesaaimj cell/elements will be determined acccztding to similar.

fag* 293.

It for the gaiied iallistic missile giueq speed at the cutcff

Eclat cf engine - v,. tiest the intericlatiosS factor in the first

aijcliuationo it is equal to
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AV,

It n

uhile in the second

eim, which corresicnds to the end,)laad oft lcwered flight trajectory,

CoczdAnates of the end/lead of powered fligkt trajectory

Ax~_
2  2'n-l

Y _ Y_ + Z K_ y n IL  E li R X - -1 ) a 2 t _ .

Mligh# path aqgle at the citoff Foist tc ccpieniently determine

thzcujh tgoB-p:

2

1... Ixample of calculatin of motic characteristics of center of

mass 9t uguided rocket by difference ,uzthch of numerical

$ategsation.

Initial data of hbyotbetical rccket let us give in unit system

cf .SIz
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mt = 1174 Kr; Sap($
(%.) - 16, 15 WO/c;

I =M 86,6 Kr,'c; MO

d= 196 MM; - '

vo - 55 ' c; MG3 4
Oo = 400 ; 

, 5
t=4,61431,45.

Key: (1) kg. (2) k9/s. (3) m/s.

is usual, let us break trajectory iqtc twc section - active and

Faazive. For the calculaticp of the first uicticn, it is convenient

to utilize a system of eqatioEs (3.76), fcx the second - (5.8). The

air resistance on the first sectior let us ceterline, after using the

curvegraphc,(M),presentcd It Fig. 6.1; cn tte second - by the

standard function G(),), acoprised in ccnnec-ticn with the "law of air

resistance 19430. Calculaticas let us ,co dvct sith the aid of

fitz-Ilace logarithmic tables and auxiliary takles for H,().r(y) etc.

Ea5E 194.

It is checked the dimeirsicnality ef tk values, entering system

(3.16). taking into acccurt that many auxiliary tables were comfrised

ketor4 the intrcductior cf the system cf SI. 1'be system of

diLetential equations takes the fcllcing .icrn:

a- d D-E; a; p=-- t; de=up; X=u.
tA ~ U

Values and w(y) -i dimessictless aid dc act depend on unit used
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system. The disensionality cf value L ,l/s.. i.e., is ideatical fcr

IKGSS system and SI. Duling the use cf a c Aveograph c,(M)value

E SQ" ' V C (M'.

Datio and c.,M)Wy value dimensiorless. fIc the dimensionality cf

values

S M2 , v e, u x c, 6 rad.

are identical for both systems. Testing sbhcws that the relation

also does not depend on unit systes, but dexing calculation it is

necessary to bear in mind, bhich iv the majcrity of handbooks QO.- is

given in the system of units MKGSS ard ther

__ _ Kr.C 2  / r-C2

m0  U4 a r

Besides initial data, it is necessEary .to have a series of

value*, determined on them and, as a rule, int- assignment not

;a4mected. In our examfle it is necessaty tc kqcv

Po. Uo, .0o, ao, c.(M 0 ), XD, P0 - if initial thrust is rct directly assigned. It

is necessary to de.termine also E0, I apd 4. Ike named values are

conveiently calculated on auxiliary form, fiter leaving fcr them

cplumm of the preccoputaticis (see fcrm on iage 202).
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- _ _,-_ __,.... ..-- -- I
Pig. 6.1. Curve/gra~h ,,,N'1acceFted icr the 0ssigned hypothetical

L.c ke t.

Tage 295.

The indexing of values during preccmjtaticrs and during calculaticns

Ly apprcaches does rot ccircide with the irdezing of the calculated

values, which are contained in auxiliary fCB.. Indexing is usually

develQE/processed in ccnnecticn with increase cf lines by numerical

integration, i.e., in ccnnection with lasic calculation.

let us observe the schematic cf the calcvlation ot prelimirary

values. For calculation uo# is brought in SG irto auxiliary form's

line 120) and r'/'-tpc intc line (19). Aftex ccrducting division

12C):119), let us rite in line (11) uo ant will transfer its value

intc kasic fcri. Value 0=---/u0 we detexmire directly from auxiliary

table and is also transferred to tasic orm. Ir the diaraun, of the

tasic form of the values, transierred from the cclumn of the
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zjeccmputaticqs of auxiliar) form, etFbasi2fd.

fcr calculation ye value uo ir. line (.11) and value p., Flaced in

line 112), let us sultifly and transfer resiult into basic form.

le compute Ea for the torque/moment of tbe descent of rocket

irca cuides. Bearin9 ir ire~ that

-- S,,%. i!,. ___ c tI ( {, ' ,

2m0 o

the calculation is carried cut in lines witk (C) through (26).

Fir calculation U0, first let us deterxiqe D. iC lines with (27)

a-cccrdiny to (33). Since

uo U. To (D,-- E ,

that calculation let us ccpcuct, using lineg with (34) on (38). Value

U let us transfer into kasic form. Initial ccrditions and the

calculated in the cclumn cf precomfutationE data it is brought in

into lasic form's zero lire. We begin calouaticn in the first

a Fro;ination, in auxiliary form's zerc colsna. Column let us fill

dcp nvard.

le find difference .Nuo=h,o=O,5.113,4=56,7 and is brought in it into

kasic form. In Lasic fczm we find ui=uo-\u,=42,14+56,70=98,84. On the
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auxiliary table g/u=f(u) we cbtain ji it ik LEcught in into the

kasic form j1=-0.09920 and be find the diftqrence

Ap=~ p, -o - 0,09920- - 0,2328)= 0,1336.

In auxiliary form Iline 6, 7, 9 and IQ. we compute:

Apo= ht,, -APn) - 0,5 ( - 0 ,2328- - 0 ,6680 ) = -0,0830.

it is bzought in ipto basic form and ue ottin

P1 P,,, 4- Apo= 0,8391-0,0830 =0,756 [.

Ea§e 196.

4n auxiliary fcrm be ccFute

!/ =pu =74,73,

it is trought in into basic fcrm ard ve fti n

AMo= i- o= 74,73-35,36=39,37.

in auxiliary form (liqe 14-18) we compa-te

iasic =c,, ait + Y 19,68)=2.nd7.52,

it is transferred to basic fcxn and we cbrain
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yI = yo + Ayo =27,52.

Ctililing the obtained value Yae in auziliaxy icra (line fro 20 on

38) let us calculate a=122.4. which let us tralsfer into tasic tcrm

aid w. ll find the difference

Au, = 61j- o= 122,4- 113,4 =9,0

Cm this, concludes the calculaticn in tke first ap cximation.

Calcalation in the seccnd aFprcach/aHjioxination we conduct

siaultaneously for zero and first lines. Calculation we begin with

the cq~ying of initial ccrditioms aid vwkncbn salues (for examFle,

Pk/suj into tasic and auxiliary fousE. FurtleL in auxiliary form we

CCf ute

hu, -$ a,) 5(113,4 -4,5)=58,95;

SI AU,,) 0i.5 122,4 -- 4,5 = 63.45.

The s12es of the elements cf formulas u ag cu we take from the

first approximatiop. In the final stages of calculation in the seccnd

afFroach/approximaticn llices frcs 2C cm 3E) be compute , = 122.2

aad U&a = 129,o4, which it is transtergea tc kasic form. In oasic form

be cbtain the differences

&, i -8.8; au, = 7,0; A'l =- - ,8

mommm
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After this we pass tc the calculation Cf the initial values of

fuqctAcns in the third ajjrcacb/akLcuiuatacv. Calculation in the

tbird aprcach/appr.oxisaticn we concuct sisultsfeously fcr zerc, the

first and the secopd of limes. Calculatios be begin with the transfer

cf initial coqditions ard ccnstant quactitits into basic and

auxiliary forms.

SaSE ]97.

k* ccpute in the auxiliary form

U" - A A u) -0,5(113,4- 4,402 ( 0.151 59,0(;

Aul it  u, Au- -- A-1) 0,5 122,2 • 3,57o 1 ,15T 62.,0:

Aa : - /tt:, , /]: I s} '  !S ,1 -1,5 (6!

Ibo vilues of cell/elemEntI ti, 4i1, 42- Af, Aili, A'uoWe take from the second

aptrotch/approximation. Is traDEfQrred to tke kasic form of

dilfezence A 0 , &u,. Aua we ccmpute uA, u2# us. After this,

ccqtinuing calculation, let us fill the columns of auxiliary and the

lines cf formsss basic after numbeis r=Co 1, ;. At the end of

assil~ary form's columns, we again ccouute values Au0 , Aug., and Auz.

Ibis calculation is check.
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kith the observance ct equalities

(Auo)il1(Auo)ui; (AU 1)i (u 1)x1 , (A u2)I(AU2)] "ithin li~itt of one-two of units

cf the last/latter sign of approach/aproxlaaticu it is ossible tc

4ofsider final. Found three of initial value cf function make it

F.casible to carry out furtber numerical integration according tc

standard schematic.

lhe comaon/geperal/total schematic of sclution during the
standaxd grouth of lines consists ct fcLlowirg.

The first three equaticns of system (-.16) are solved together,

k-eginning with the leadivc equaticri in thie case it is observed the

fcllcbing sequence of calcuiation.

1. we determine increase (Au.)i i* th( flirst approximaticn, cn

fccmula of inclined lige. Calculaticns are cceducted in the auxiliary

fos.

+ h 1 UiAs~1 +~ s~j
2 128

2. Iq basic form we find

I. Using auxiliary takie, we ieteraint



Vec , 78107107 fIGG I ,, $

aod we increase table of differencqs ty derivative j in basic tcrm.

4. Or# foraula of troke line, we de eraine in auxiliary tcrip

,+ ( P- AP- "

Sw
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Ease 398.

0. Ultiliuing u+ and w deteEruise

7.

after bbicIb v9 isoseas the takie Qf ditfUKexDces ty the derivative y.

at. 04~ formula of tzokom line jag azijliary form, we tind

8. la basic farm

30. Tbroagh Y.+' aad L'n~l we filed valuss D,+, and E,,, eqtering

1eadiaS equatica.

11. Ve fiad

OR+1

ausd we incxeaae table of ritffecacts bf detivative u in

32. We find(Au~)nin seccnd approach/apfzoxination through fcrould
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of broken line.

13. We amend in basic form (u.+,)I on (u.+l) n. . +(Aul)i-

This ends the solution of three joint equations within the limits

of one integration step. The fourth equation is solved separately,

after all values u they will already become known. Values x are

located for all calculation points in auxiliary form.

The procedure for finding the initial values of functions by

approaches is represented in Table 6.4. Systematic calculation with

standard connection of the lines it is convenient to follow in

digital material of the basic and auxiliary forms of the example

being examined (see Tables 6.5 and 6.6). They also give calculations

of the characteristics of movement for the moment of the end of the

engine's operation.

Let us calculate the coasting trajectory by using the system of

differential equations

iTON
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EaSe 199.

Table 6.4. Calculation Frctdure during successive approximaticns fcr

deteruiniwg the initial tcoz values cf £unctic~s. Basic form of

Reserjcal intqgzation.

Ii) tv M-pu if. - U zi-U- [D-E]

Y. Ifl AY Ai e IAPy -Fx U I au It em I f in lu

4otes n. Iniia coniton 0- )'u~) nfr r

encircled by small circles.

2. Terms, computed with use of intitial differential and

aulailiary eqjuations: ic, LO - cmi foxa axe imcluded into brackets.

A. By rifleuan/pointeis is shcuE sequerce cL basic form's

fjllicg during accouplisbiqS of ajjrcacb/ajjcxiuaticns

Iappboach/approximaticn:

Reg: 41). on table.
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13

ZI Approach/approxiuation:

I g)+,- ( T l); , at,, f,.1 P,,( ,,,,,,; ,- -Ak; OMA I r , A-, @ | p,. I

y . , . t .

Key: 41). on table.

ZII Apjroach/approximation: sequemce cl tiling basic form is

similaz preceding/previous. ritter*4ce is jL tkE fact that is

cncoducted the calculaticn sinultanec¢s1y 3-b of lines.

Iith the normal ruining of soluticr (Stzictly count) are more

pzecisely formulated the first difterences, and consequently also

very value of function, crl) fcr tke ladjrS egcation.

Key: 11). apFroach/ajFrchizaticm.

Fale 200-201.

ith independent altertating/variakle t tke interpolating factor

is defermined from the tcroala

tu g-, 4..645

he t.ei
bhece$ 4.-4.6 s - tiLme of tbe ed, lead of the engine operation:
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A,_0.5 a - space of imtegratiqnz tar tibe;

t the calculated anlat cf time, Which jLeCedeS .

Acimsa of the end/lead at tbq active section:

XI xx - (x,. +.fa 1 ~564 + 0.2-375.4 + 0,2(0.2-1) (375. 4 -329,1). 1636
2 2

Ordinate of the end/lead cf the &ctive section:

I (I- ~A~um 038+.2.24.80.2(0.2-1)
+u Los +i 2.~f--13+02248 (234.8 -203.4)=- 10832

2

- 831,4 +0.2 ( .8-914 .(. -(940.8--3.) 2 3.)-(3.

727.6)] .=852.8 Q/C

slight p~ath angle at the end CA tke active section PK-PN+LApi,

+ F I.A 2 ,j- 0.6294 + 0,2(--0006925) + 0.2(0.2-1) (0062
2 2 f(0062

-(-0. 007460)] -0.8280, 1, - 3206'

kj: 51).ir.
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-takle 6.5. Example cf trajectory calculaticj (active section). Basic

ogIa qf aumerical integratic.

1' Id '~
___ 35" ;a 6 , . a: /' .2&p U." n1

0: 0 11174 0 27.52,_ a , 3 0,8391-00830 1-0.23' ,
110.5i1231 "7,521 7473' 0,7561 I-009920
' 0 1174 0 ' 28.03 35.36! 41 ,55 0,91 0,8391-007840-0.2328 10.1357

S10.5 11,31 28.03 .19,041 76,91 42.49 0,7607-003510:-0 0971210,03748
21 ,088 77.07 119.4 T072561 '-005(X4,
0 1011174 0 "051 35.36 41.55 0.54 O,89l -O.07840--. 23 0, 1357
10,o 511131 $ 2,(' 48,95! 76.91 42,09 0,11 0. 7607-0,05, 4-0.09712 0,03730
21,0 1088 ., 001 0.05'11.,0 42.20 0.8 0,72:6-0.0247l -. 0,059'..001717

I I
31 '.5'1014 '17. , 91,40161.2 1 43,00:i 1,8 ILI,'7008 -0,01835'-0,04265:'0,09 8

42.0 !001 238. 1113.2 204.2 41.80, 0.3 0.682- -0.01462-0.032770,00647

512.5 %57. 93 l1, bX 1 1249,0 45 10 2.3 0,6676 -0,01196 -0,02630 0.00443I , l I, 1 ,,1
b 3.0 914,6! 487.4158.8 294.1 .17,40 2.2 0,6,:Z6-0.01006-0.02187 0,00333

71a,5871.3 646.2183j) 1341.5 49.60 2.0 0.O64M-0,00860 0 ,O02: ', I 'I3

84.0 828.0 8.,21203,4 391.1 51.60' .8 0,6369 -0 00746 -0,0159810 00204

94.51 784.711038 234.8 442.7 54,4011 0,6294 -0.006925-O,01394000166
741.4 44 1497.1 0,62251 -0,012281

e . 7er'o'man e calculation at the end of the engine operation.

e:(l. Line.'
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I 1, U AL
. m

Ii
42.14 51-70 113.1 9.0

98.84 ',2,4 .

-0.098- 42,14 58.95 4,50 113.4 8. R 127. t8I
0",. 1 i 63,13 122.2, 7.0

I (.0415 12032
-0,09840 0 ,i,5,66 42.14 59.00 3.90 i3.4 8 .8 9, , ,
-0,02013 35,66 66.15 ! 101. 62,90 3 25 12.2 7.0 -0.9 .7 127.A)
-0.,00729 101.8 98.40 161,0 15 320 129,2 66,11 S- 3

(66,00) 0 2
-0,00341 200,2 132,i 230).2 69.33 3,50 1,3,3 o,9 0, 0,3 21'.0

(230.0) (69, 15
-0.00204 332,5' 167,8 29,6 72.8,) 3.60 142.2 7.o 0.1 0.3 12.3

0M500 3 ("9,4) (73,33)
-O,00110) 5 .3 V5,2 272.4 76,45 I 3,9t0 119,2 7.4 o." 0 44S.3

(273.0) (76. 25) 1 5 . i 83 091 I :.

- 0 "05, 244,3 4.18.8 80.35 4,35 15.( $3 0,9 0.3 536.1
70 . (448. ) (80.30) 1 91 ,2 0 . 6

-0,00052 949,8 258., 529,2 84.70 4,90 1 1,9 929,2
(529,1) (84,80)

-000038 1235 329.1 613,9 89.60 5.70 174.110,4 2 727.6

1564 375.4 034 95'3
0  184,5 12.6 831.4

1940 79 ,8 197.1 940,8
(798,6)

Note. In brackets are given the results of -e'c - on, obtained in

the first approximation.
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Table 6.6. Example of tzajEctory calculaticp (active section).

&uxil4ary form of nusecical integrettics.

I ~~pacqeT nO RC

0 U 113.4 113 4 122.4 113A 1n2

AU 4.5 W 4.500 4 O S2

5.

12 _ 
0, 15 0 1500

3 "

I 1 113.4 117.9 12.9 11".0 125.

5 (1 ) " h;-%'* 56.70 569 ,3 6:.45 9. ,00 290

,, , -0.232; -0. 232 -0.09712 -0.2326 -0,09712

7 - P 0.03060 r.6h i75.
-
101 0.0174 0.06785 0,0186 5

- P 0 91 R5.10
- ' 

0,816.0
2
0.8200.I0-210.8200.10

- 2

1:

9 v -0.1660 -0,1568 -007020 -0156g -0,07027

10 ap -h * -0,0930 -0,0740 -0,0-510 -0.07S40 -0,03514

11 ".+1 42 14 98.61 101,1 14.5 101.1 164.0

12 Pn 1  0.8391 0.7551 0.7607 0.7256 0.7607 0.7251,

1 1 .W. I" (11).(12) n 536 74,73 76.91 119.4 76,91 119.0

14 .5,0' 35.36 76,91 35.36 76.91

! A, 19.fig 20.78 21.24 20,78 21,04

- - A' 6 n,* -0.07833 -0,07833 -0,04500 -0,0400

12

17 v 55.04 56.03 9S,07 55.10 97.90

1 R !inA a * 27,52 26.0; 49.04 28,05 48,95

19 + P - 1.,05 1.254 1.255 1.235 1,256 1,235

20 n I(i)(19)* 55.00 123.9 127,0 203.2 127,0 202.5

21 (y,.+ I 1.0000 0,9971 0990 09918 0,9970 0.9918

22 a,,+I-f(,,. 1 ) 341,1 341,4 341,4 341.2 341.4 341,2

23 At+ 1 (201 0,1610 0,3629 0.3720 0.55 0,.3Y20 0.934

(22)

24 e. (M. + 1 ) 0.30 0.30 0,10 0,32 0,30 0,31



LGC 78107108 EUG -9",11

-. n ,. n- -5 nS 6 n- :

124,2 'S 3 142" it- 2 15;. , 1;4.9 17 1 1-1 5

3.359 3,M 156 I 3.5f' .. 70f , .150 1 (Y. 5 20(

-0 7500 -i, 1750 I 0 i,.7 0 (1167 0.1"7 ( 050 r.375,, ,5r,

0. i375 1 4 f, -6.' 25 0.1125 0 1,75 0 (,1125

132' JIQ 3 14, 152 5 160 f 19 , 179 1 19f..

N0 69.15 7.; 35 76 25 60.30 4 6955 95 15

-0,03632 - 012,.5 -0 I,27 - 02,39 0.,21Q7 -015l -f) Io Q 1

0,9585.10
- 2 

0. 1945. 10-2 0 
- 2 

j221511 
O 
91665.10-2 0 120.1- ,,.10(-20 -. ( 1(-

'11;-,j-10-2 0.607510-3 it,.24210- 0,1700 10- 0,91t,6.10-
4 

.64 1 7. 10-1(, 433 .10-
4

1:1.

-0,0195 -0,03710 -0,02925 -0,02392 -0.02011 -0,01720 --. 01492 -0013SS

-0.02478 -0,01655 -0.1462 -0.01196 -00100i -0O00. 01741-1(,- . -- 6925.
.i-2 .I'-2

230, ( 299.4 373.0 441.60 529.1 614.( 703.4

0.700A 0. f A22 0,6676 0,655; 0.6455 0.6369 0.4294 Q,A225

161.2 201.2 249.0 294.1 341.5 391 .1 442.7 497 1

119,0 161.2 204.2 249.0 294.1 341,5 391.1 442.7

21.10 21.50 22,40 22.55, 23.70 24,80 25.60 27.20

-09117. -0,0667 -0.1500 -0.02500 --0,1917 --0.1R.30 -0.1067 -02333

i ".10- 2

140.1 192.6 22,i.4 271,5 317.6 36.1 416,7 469.7

70,05 91.40 113.2 135.60 15',8 163,0 20.4 234 ,

1,22r 1,210 1.202 1.195 1.190 1,105 1.132 1,17

242.0 362.3 44,3 53 .1 629,6 727.6 93 1.4 9408.

0.9843 0,9747 0,929 0,9488 0.9326 0.9141 0, 915 0.8707

341,0 340.6 340,2 339.5 3.39.1 338,4 337,6 3 t, 7

0,8270 1.064 1,318 1.579 1,857 2.150 2,463 2,794

0.58 0,86 0,79 0.71 0,62 0.53 0,43 0. X

lote. The values, marked in auxiliary lots ty symbol *, are

tLansferred to basic fcra.

Rl: 41). line. (2). Calculated vale. 441. Frecouputation.
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Pac, lH, a VoJte.i . IeJbWA .-0 R- n-0 I- 1
pace7

sO V
4  

0.15-;.0-4 (157,,.10--
4 

0.1576.1(,-4

26 E - (20).(21)-(24).(25) 0.26 l0-3 0.5441 OC,
- 

,596.10-3 oilOl(;,O- O. (96."1,0,92"210-3

27 . (Y"+ I) 1.0000 0.9968 099 0.991( 0.99:,7 0,9910

2q 1- (yn+ 1) 0.0000 0.0032 0.00.13 0,0090 0,00.:1 0.0090

29 SOPON 16.15 16.15 16,15 16.15 16.15 1.15

'no

3d 0.00( 0.0516, 0.05i30 0.1454 0.053 0 0.1454
- 211)-(2'9)

31 P mo 148.0 148,0 146.0 148.0 146.0 14R.0

32 (30)+(31) 14s.0 14S,o 146.0 148.1 14.0 146.1

33 Dn (32)

+ 31- () 2.691 1.195 1.165 0, 7266 1.1,5 0.7314

34 (D-E),+ 1 -(33)-(26) 2.691 1.194 1,164 0.727,9 1.164 0,7304

35 MR+1 42.14 98,84 101.1 164.5 101.1 164,0

36 m'o 1174 1174 1174 1174 1174 1174

37 mn+ 1m-- nI- t 1174 1131 1131 168 L31 108

(34) 135) (36)
38 8n+ (37) 113.4 122.4 122,2 129,2 122,2 129,2

1

41/

43 (A",)Ul-h,

44 a 42,14 101.1
I- Aa

n n
45 2 29.50 31,45

46 - - Aua. 1  -0,.250 -0,20D6

47 2 71,32 132,3

48 Ar - A.
°

358,6 6,15



DOC PAGE .44,

.- 2 a- 4 nS ,-6 n-7 M-8 n-9

0.1576.10-4i 0.15-6.10-r-
'
1576.l-

4 
0.157.i0-

4 
0.1576.1

-
4 0.1576.10

- 4 
0,1576.1 57-, -4

0.2637.102 0,47I.10- 0.5374.10- (.5,92..1,-2 77--10.
- 2 

.51 ](:o4
- 2

0.9429 0.9723 0.9593 0,9438 0,9261 0.90,,2 0. 34 0.-S. s

0,0171 0.0"277 0.04u7 0.0562 0.0739 0.093A 0,11.; 0.1 N1

16,15 16.15 16,15 16,15 16,15 L6.15 It,15 16,15

0,2762 0,4474 0.6573 I .9076 1,193 1.515 1.R .w 2

148,0 14R,0 14s.0 146.0 148.0 146.0 14.0 10

148,3 148.4 148,7 149.9 149.2 149.5 149,9 15-,.3

0,5259 0,4096 0.3317 0.2777 0,2370 0.2055 0,1803 0.1599

0,5234 0,4048 0,3263 n.2720 0.2313 0.2000 0,175:3 0,1659

230.0 299,4 373,0 448.6 529.1 614.0 703.4 794.6

1174 1174 1174 174 1174 1174 1174 1174

1044 1001 957.9 914.6 871,3 F26.0 74.7 741.4

185,3 142.2 149.2 156,6 164.9 174.1 1A4.5 197.1

129,2 135,3 142,2 149.2 156.6 164.9 174.1 16.1.5

3,060 3,450 3.500 3,700 4,150 4,600 5.200 6,: 00

0,07500 -0,06667 -0,06333 -0,03333 -0.07500 -0.07501 -0,1000 -i-33

132,3 138,7 145.7 152,9 160,7 169.4 179.2 190,6

66.15 69,35 72.65 76,45 F.0,25 84.70 69. O 95.3v

164.0 230,2 299,6 372.4 448,9 529.2 617,9 ; 15

83,08 34,68 36,42 38.22 40,18 42.35 44,80 47.(5

-0,2667 -0.2917 -0,3000 -0,3250 -0,31,25 -0,4093 -0,4750 -0,4750

196,8 264,6 835.7 410,3 488.6 571,1 (59.2 750.7

98,40 132.3 167.8 206,2 244,1 285.6 329.1 375.4
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Table 6.7. Example of trajectory calculaticr (fassive section). Basic

fczu a f numerical integraticn.

• . .r - _ __ _ __ _

0 16,35 l' 311.5 0.- 2,0 -0.0100 - .2 -- 235.
1 213S 139-I O.00' -2.117 6%u, 7

0 5 10;3 311.6 0,6280 -0.0099;F -0.001195 -1.042 -0.22-i -0,025 722.1

I 2135 1395 30;.2 0.610 -0.01116 -2 108 -0.25! 6k2.1

2 23 1010. 606 A-2359 644,9

0 1635 1063 311.6 0,.2;O -0.009 .- 0,001195 - , 2 - -O,o2, 722,1

1 2135 1395 30i.2 0.61 0 -0.01116 -0,001330 -2.109 -0.254 -0.021 682,1

2 2735 1701 39.3 0.6076 -0.01249 -0.001460 -2,3 2 -0.275 -0.02, 644.7

3 3135 2001 293,7 0,5?34 -0 01395 -0.00120 -2, 37 -0.310 0 609.91 (g09.9)

4 3637 2295 2,W.0 0.5101 -0.01557 --.00170 -2.947 -0.33 -0, 577,1(577,0)

5 4135 2581 2's.2 0.5046 -0.01735 -0,001990 -,1.2-5 -0,377 -0,041 5464
(54b,5)

6 4635 2659 2i9,0 0 5174 -0,01931 -0.002190 -3,662 -0.41" -0,042 517.6
(517.6)

7 5135 312, 251.8 0.5241 -0.02153 -0,002410 -4,0 -0 4 0 -0.040 490,5
(490,5)

5I35 33q7 247.4 0,506 -0.0394 -0,002340 -4.540 -05 -0,060 465.0
(465,0)

9 "135 3,34 234,4 0.4'427 -0,02859 -0.00290 -5,010 -0.50 -0,0 0 441,1
(441,1)

10 WS 369 220.8 0.4561 -0.02948 -0,00316 -5,600 -0,600 -0.070 418,6

I1 7135 4090 205.2 0.4266 -0.03264 -0,00349 -- ,200 -0,670 -0,0 0 397.6
(397,S)

12 7635 4295 188.1 0.3940 -0,03613 -0,00371 -S,870 -0,720 -0,040 377,9
(378.0)

13 8135 4483 169.2 0,3579 -0,03984 -0.00390 -7.590 -0,7C0 -0,040 359,6
W39,6)

14 W35 452 144.4 0.3181 -0,04374 -0,00397 -,350 -0,f00 0,020 542.8
(342,B)

15 9135 4800 125.4 0.2744 -0,04771 -0,00369 -9.150 -0.70 0,090 M2,6
( 327,5)

16 9 i5 4925 103,6 0,2261, -0.0.'t -0.00330 -9.930 -0.690 0,070 314,4

17 10135 502i 0.1753 -10,62 3037
(304,0)

14 8g'5 4652 77,00 0.3161 -0.02140 -0.0009 -8,350 -0,399 -0,002 342,8

15 M.K5 4729 71.00 0.2937 -. 0,0230 -0,010i -,749 -0,401 0,011 335,0

16 9135 4 00 6W.00 0.2744 --0,02336 --0,00098 -9,10 -0.390 0,00, 327,6

17 93,5 4'66 59.00 0.2510 -0,02434 -0,00094 -9,510 -0,390 0.030 320.7

18 9535 4925 53.52 0,2267 -0,0252R -0.00090 -9,930 -0,3C0 0,010 314,4

19 9833 4980 47 0' 0..204 -0.0218 -O000 5 -10.29 -0.35 0,04 808,7

20 1I136 802? 40.43 0,1752 -0.0700 -0,00072 -10,64 -0.31 0,04 30,7

(303.7)



4

DOC = PAGE 1

cI "-ft. (8/)(,.") 10- 2i -.- " ' '" 4

Au $ 101 A 'u .I0'ou ~10' 1 at .0, .10.10 :t t

-41.,3 -82.7, 5.52

-40-00 -R2.77 5. 46 -. 95.

-37,24 -,., , 5.17 - . 21

-7214 753 9

-40.01 -2.77 5,4. _o,29 -0.28 4.100 0.7125 1,1 0.0"1 0 CI, K., .
-37 3 -77311 5.17 0-2S 0. 5.312 0.7540 1.46 0.005 wi2I 81I.1

-. 4.9n -72,14 4.0:0 -0 ,3
"
- -0.01 0 (,lh -, 79 7 1,551 10,9 0011 75)1,6

-34 .- 4)I

32.67~ _67, 54 4 .2.5 ~l8 0,05 6, -A4 0.,;410 1 .61 1l0 j1 00) W l i
(-32. 79)

0-30, 3, -- 1.29 11 0.05 7.707 0. '905 1 7..1 0,09" .0,5 "
(-30 59)

--2.,79 -59.40 3.5s 0.26 0.0", 8.59h 0,9405 lI,3 0. 102 1.0'5 6,7.9

-2S.80)
-27.07 -55.82 3 -0.20 0.12 9,538 0,992 1,912 0107 P, ()5 59o. I

(-27,07)
-25,46 -52.50 3.12 -0.06 -0.09 10,53 1.048 2.039 0.112 0.004 854 A

(-25.46)

-23.92 -49.38 3,04 -0.17 0.10 11.58 1,104 2,151 0116 0.00 i 521,3(-23.94)

-22,45 -46.34 87 -0,07 -0.0 12.(8 1.164 2, 0.122 0.004 4S9,t6
(-22,401

-21.01 - 2,80 -0,10 0.26 13,83 1.226 2,1,9 0.126 0,00 i 460,2"(-21,0;)

-1g.f6 -40.67 2.70 0.16 -0.03 15.07 1,290 2,515 0,1:,2 0,002 432.1
(-19,63)

_ ,28 ..37,97 286 0,13 0.42 16,36 1.357 2.647 0.134 0,0 094 40,.7
(-IA.34)

- 16.)1 -3511 2.99 f m tO 17.72 1.424 2, 71 0,136 0,00o 383.9
(-16.76) 1

-15.20 -32.12 3.54 1.15 -0,88 19,14 1,492 2,Q17 0.,6 -0. 00S6 359,.6
(-15.29)

_13.16 -2.5g 4.69 0,27 -011 20,64 1,55, 3,3 0.128 339,t,
(-13.21)

-10.72 -23,80 4,96 0.36 -3.52 22,19 3. 1 322.3
(-10.42)

-1,93

-7,.0R -32.12 1,66 0.22 0,09

-7,400 -30,46 1,88 0.31 0.00

-,900 -- 21.5 219 0,31 -0.16

-6,300 -26.39 2.50 0,15 -023

. -23,S9 2,65 -0,08 0,31 22,19 0.025 3.181 0,0541 -0.00 327.3
(-5,.637)

-5:022 -21,38 2,87 0.23 -0, 22,99 0,165 3.239 0,063 -0.001 14,9
(-5012)

-4,35 -168.1 2,30 -4.75 0.11 28.81 0,8M2 3.292 0,049 -0.007 308.3
(-4.410)



DOC PAGE -9

{ . , "P ,"p.-- -

21 1035 5017 33.0 0,142 -0.02772 -0.000 is -10.95 -0.7 0,00 299.3
(299.3)

25 10135 5109 26.0~ 0)0.33W8 -0.0.020o -0. 00058 -11.2-7 -0.27 -0.04 295,-4

(295.7)
2"1 1 O, S512 19 41 0,09210 -0,0290, -0 0005% [-11,49 -0.23 -0.07r 292.3

(29.'.2)

2.4 11135 514 12,08 0,.0; 00 -0.,02960 -0, 00.O0 -11.72 -0,25 0.03 289.3
- 0 .. (2-9.3)

2 1135 511 4,60 -0053348 -0.03140 --0,008 -11,97 -0.22 -0,03 28-,,4

, 1 1 -;3 5 5 , 3 . 1 5 t , 0 1. 2 A O - 0 .0 3 0 7 .4 - 0 , 0 O 3O - 1 2 .1 9 - 0 , ?S .0 1 2 9 3 .

2 lq 5 5 105 79 - 0 02-50 - 0.03140 -(28-0,'0.) - 1.44 (2 113.7),

2, 12115 -1-.71 -0590 -0.0 19 -0. 0112 -12.671 -0.25 0,01 278.2
24 12365 5131 -2 i. 7s -0.0 008 -0,032o -0. OO i2 -129 -0.24 -0.("2 275.6

- (275.5)

30 12 .1 5104 o-3,0 .1235 -0'.03,22 -0.000 3 -1,3.1 -026 0.01 273.0
(27.1.0),

31 12,85 50-9 -43.40 -0,1597 -0,03385 -0.000 5 -13.42 -0.25 -0.02 270.4
:270.4)

32 13135 52 -51.95 -0.19j j -0.03450 -13,67 -0.27 267.9
(267.9)

33 131-5 4974 -0.2251 -13.94 2 5,4
(265,3)

27 11815 5161 -30 -0.02759 -0 03338 -0.00244 -12.44 -0,48 -0,02 280.9

28 12'5 5131 -62 -0.0908 -0,0352 -0,00258 -12,92 -0.50 -0,02 275.6

29 12,86 59 -95 -0.15;7 -0,06840 -0.C3266 -13,42 -0,52 -0.03 270.4

30 133-5 4974 -130.2 -0.2251 -0,07105 -0,00290 -13,94 -0.55 -0.05 265.3

31 134'5 4 -4 -166,4 -0.2%2 -0.07395 -0, 001U -14,49 -0,60 -0.04 260.2
(2i0,2)

32 14345 467A -204.2 -0.3702 -0,07705 -0.003,5 -1509 -064 -0,08 255.0
(255.0)

3M I 18 44,4 -243,6 -0.4172 -0,03040 -o.0085 -1517 -02 .- 0,09 249.7
(249,7)

34 1,,i35 4230 -284.7 -0.5276 -0.0425 -0,00 90 -1'. 45 -0.81 -0,11 244.2
(244,2)

35 1585 39' -327.8 -0,6118 -0,04915 -0,0040 -17.25 -0,92 -0,16 238,4~(23K,4)
3. 135 307 -373.2 - W0,70 -0.0955 -0.00585 -18,18 -1,01 -0.19 232.3(232.3)

7 1G5 3234 -121.4 -0.79 6 -0.09940 -0.00700 -19,26 -1.27 -0,2 ( 225.7

(225,7)
34 17385 2813 -472.8 -0.,993b -0,104 -000i6 -20,53 -1.55 -0,36 218.f

39 175 2340 -528,0 -0,9991 -0S115 -0.0107 -22,04 -1.91 -0.46 210.6(2!o S)

40 1385 112 -588.0 -1.114 -0.1257 -0,0137 -23,99 -2,37 -0,79 202.2(202.2)
1 , -W124-649.0 -I.2-t0 -0.1344 -0.0179 -26.36 .- 3,16 -0,79 192,84

(192,9)
42 9336 5 -724,0 -1.379 -0,1572 -2.,52 -3.U6 182,4

(082:3)
43 a 19- 13-t .&3 -33.47 171,2
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A ,- .10 ( .l0(IAu A ;- .-
______ ___________At_ .10SIA uo.A/5.1I

-- l'___1___0.8405_--0.004

1, -10 2,05 -0.14 -0.18 21.t.4 0.8405 3.341 0.042 -0.004

-331w' -13.91 1,41 -0.82 0.75 25.4s 0.8505 3 3P83 0,0WS -C).002 297,9
-('5 -12.55 0.59 -0.0 -0,11 26.33 1 0.854 3, 121 0.036 -0.001 29.4

-29 -11.9 0.52 -0 1
,  

0.12 27.19 0.Rgs 3,45" 0.035 -0.001 1 2"9.9(-311)I

!-2.15 -11.44 0, '4 -0 .01 -0,1 2 .0i 0,8772 3,492 0.024 0.00(0 286.(-2.23 I5
-2..21 -11,10 0.3.3 -0.15 0,1, 28.94 0,-95, 3.52; 0. 0,1 0.0) 2R3.

(-2. 2) I-261 ) - 7" 0.18 0 -1t 29.82 0.89121 3.5 0 0.04 0000 -o0,
( -2.-.35 1 0. 1"OI

-2;22 -10,59 0.21 -6. 11 0 1 31t.2 0.902s 3,594 0,0 , 0.01 27S.9

-2,80 -10. i 0.10 -0.02 -0.03 ,1.(;2 O.qI12 3,f2, 0.05 0,00 2-1;(-2,5slI

-2.5 I' -10.2' 0.08 -. 07 0,08 .2.5 1 0.9200 3.03 0,015 0 000 274.9I-2.5-2)

-2.5 1' -10.20 0.01 0.01 33.45 0.9288 .3.r9,9 0,035 o .002 4
(-2.5, )

-2.545 -10.19 0.02 34., 0,.7 3,733 .1 37) 222.(-2.55') ""

-10.17 35,32 3.770 221.9

-5 3 -10.77 0.39 -0,21 0.06

-5.2 -10.1$ 0.18 -0.15 0.01
-5.1 -M0l 0,0 1 -0.14 [0,04

-5,105 -10.17 -(,11 -0.0, -012 5,32 1.903 3, 70 0073 0.00. 2-1.9

-5 'I. -10.2A -0.17 -0,14 0.0) 37.22 1.941 3,843 0.079 0,001 271 4(-5.195)
-5,305 -10.45 -0,.;5 -0.12 0.00 39. 1 1.982 3,922 0.OR3 0.007 271 8(-5.2 5;
-5.510 -10.80 -0.47 -0.12 -0,07 41,14 2.024 4,005 0,090 0,010 2"i, I
-5. 71, -1127 -0.59 -0,19 (.02 4.17 2.072 4,095 0,100 0.011 ) 2 2

(-5. 7r5)
-. 115 -11.8 -0.78 -0,17 -0.12 45.24 2.12.1 4.195 0.110 0.01" , 279 4

(-I' .I00)
-1i.55 -12.b4 -0.95 -0.-29 0.02 47.36 2.184 4.305 0.126 0.01 7 2-s. ,(-8.5-ol
-7.tJ5 -13.0 -1.24 -0.27 0,23 49,55 2.250 4.441 0,143 0.027 h.8 C.

(-7.0t5)
-7. - -14,8.3 -1,51 -0.04 -0,30 51.80 2,328 4.574 0,10 0.01 .,293.1(-7,11)
-8.550 -16.34 -1.55 -0,34 0.35 51.12 2,420 4,744 0. 201 0 047 29,.3

(-8.400)
-9.405 -17,89 -1.89 0.01 51,54 2.5 3 4,945 0,248 0,042 302,"

(-9.,-,0()
-10.3h -19,78 -1.88 89.08 2.666 5.193 0.290 0.088 307.3

(-10.49)
-11.23 -21.66 61.74 2,3m. 6.483 0,3M8 310.5

44.57 S.841 313.8

Nce.1n brackets ase given the results cf calculaticn, obtained in
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the tirst apiroxinatiop.

ley: 11). line.

Eage 21Q.

Us. hdre leading equaticn is the first. Initial conditions for a

fazsiwe section corresfcrd to the tirite values of the cell/elements

cf txajectcry, determined itr the 2prcedin4/1revious calculation.
x ,x = 1635 m ; O6 ,= n= 32°08 ';

YY= 1.83 m; v, vo----852.8 U

tg S. - tg 6, = p,,= 0,6280.
K9: 11). 5/S.

lrrthersore, Opj passive secticm tte m.jght cf projectile Qx=686,46

ns factor of form i4 3=1.45 and tte Sreatest diameter of nose ccne

d -m 4i 196 mm. It is obvious that the dimensicnality of the values,

eatering the last/latter three EquaticqS, ZLE icentical foL a

tecbn~cal system aqd fCL t1e system cf U. .7he dimensionality of the

filst equation is also identical fcr lcth sisteas u. s-1. Ballistic

ccefL cieqt c the functicn cf air resistance G(z,,). have dimensiorality

in the system of SI

(
1
/H H (V-,)H/M aC, a

Key: 0l). m/ / (IA). "d. L . M/ .
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In the technical system c ua/kg an4 0(v,) kgiaa S. In last/latter

dimensicnality are comprised the ccrrasFoading tables for G(,,) Weight

cf rccket cn the passivo aocticn ct xcktlems QHH and
Id2  (a)

Qu

Fey: 11). *Z/8.

fSuing the use of the existing talIes G(v.) it is necessary to

take 4nto the calculatiic.

a (V,)C = 9,8066 0 (),, 6.

SiceV'=P- , that dimensiceality saaa couacicdes for a technical

system and the system ct SI. If duzng calc~Alaticn the ballistic

coqffAcient is calculated ir system cf Fractical units, then value

G(u,)iB taken directly frc. table. lte s~ace of integration we take

h,- 500 a. The calculation ci the criginal values of functions vith

a&rodch/approximaticns ard tke crdez cf the grcwth of lines are

visible from basic design skeet (tatle 6.7).

Beginning from 14 lines (with v = t IS.i /s) we decrease the

saace of integration 2 times, using Ee*Eells interpolation formula

No t++ l (A1 y-+&9 ajyJ)ter tle Fa~sact cf the interval of the
ST 2 16

! lgcties, close t the zFeed of scund, b~cining with 17 line (with

v = f 280.8 u/s) space we increase timex. Calculation ot the

cell/Olements of notion in feak of the trajactczy and at irpact point

is given in aq examfle.
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EaS* 211.

I. Notion characteristics is peak cf tUe tiajEctory.

the intezFolating factcr is detecsincc ltc followinj formulas.

In the first approxisaticn,

-L., - 0.W328 01

whec. p. - last/Latter tabular value tg6,,tc afix/vertex. In the

seccnd aj.proach/apkroxisaticn

is - =s ==,l - 2 APR

1066 (0,1066 - 1) 0, (-O 58
2 (0. 0078) 0 05

abscissa of pear. rf the trajectcry duiing integratiua with

iadoendeat alteruatimg/variabl. x

Xs=X,+ sh,= 11635 -.0,1075250=- 1166; m:x,-- I lIt35 m; h,

-250 a (space of integcation for x).

Grdinate of peak qf the trajictcry:

,Ys Y ESAYR .s(Is --)
2"

=5164 -0.1075t-3,015 0- .1075(0.1075---)h 3,01-)-4.6081=
2

=5164 u.

gine of the acbieveuilt of Feek of the trajectory

ts t, 41 .Stm= ' I(Is - I) All -i
"2

=28.94 4-U,1075.0,8858 +0.1075(f). 107- ) 8
28940 0,877-

-29.0311.
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Kfey: 11). s.

velocity in peak cf the trajectcry:

ss =V 4 + E +s(is-1) A 2V.-I2
0,1075(0,10,5-1).,-283,7 + O,1075 (283,7- 286,3) + 2

Key: 11). a/S. Xt[2837-286,31-[2863-289,91)-283,4 /c.

Ili Mqtion characteristics at impact Ecint.

Interpolating factor in the first apjzcxixation,:

.ci =- J __ 575 =0,7898.AMR - 728).

mage 2 12..

In the second apprcacb/aproxiaticn:
EC ,I (,CI - 1) A

2
y.-_

-0,7 -07898(0.7898-1) (--728)- (- 649)= 0,7988.2 (-728)

Ilyi g range during ittegraticn bith irdeFendent

altermatiqg/variable z:

xc= x"±.ck = 19 385 ± 0,7988.500 = 19 734 m.

ilight path angle at ispact Ecint:

PC = P. + cP, -kj c -- I
2

1,379) + 0,788 ,112)20 7N8( . 7 W 8 - 
xQj 2

X (-0,0178) -- 1,532, x . ec=56052'.
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Key: j1). or.

(caplete flight time:

=61,74 -0.7988.2,828 +0.7988(0.7988-1)
2

Key: I1). s. X(2,828-2,666) =-63,99(.

Velocity in impact Foat:
VC---- 4 +ECA .- + ec(c- 1) Ax -=

2

=310,5 1 0,7988 (310,5 - 307, 3 ; + 0,7988(0.7988-1) x
2 (1)

Kel: (1). /s- X 1(3 10,5- 3 07, 3 )-(307.3-302,7)1=313,2 u/c.

1.6. Numerical difffrentiation.

Obtaining derivat-iies of the functions, assigned taoular, is

realited by methods of numerical dittereritiaticq. In this' case,

usually is differentiatid tie iatezjclating furction, comprised with

the cnsatant space of argument. Since fcr irdejendent variable during

the cqmjilation of the standard inter~clatrig junctions is taken E,

then
d dg dx 1

Fage 213.

icr the horiz.ontal line of consocative cell/elements, the
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interlclating function takes the tco

;1 .+ , -( --I %Sy ,_ 1 -1)1(t --2) %3y . 16 ,,
2 6 y. (.2

AIter ditferqstiatiom ve will cktain

= • , ) h/6.231

a the second derivative

Y" I a,U. +(- )A'y. (6.24)

Liter accepting for tke fixed .Iciat t=.=O, we will obtain:

,(I 2 (6.25)

X I

Icr tke broken line cf fcra -/-*we will attain:

It the fixed pqint of Om

Y 1 ". 6 !/y-i). t6.27)

takiqq ii1to account a Zifferemce in t.tiE first and second crders,

we will obtain from (6.27) the tcraula, usc ic the theory of

corxcticqs (chapter XI).

y.= W-+ - -1 (6.28)
2hz-

t.2o% Method of the numexica] scluticn o t stetial probica of

guiOaace.

is the tasic system cl datfereqtial eqLaticns, which describes

the thre -dimensional/space ccntrollrd ti!.kt with guidance to the

rapidly moved target/puipcses, let us take &ystem (4.23). Let us

Mom
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4V

examine the order of the numerical solutict cf this system. The

values. which correspond tc calculatics poirt in the trajectory in

questicn, let us *upply uith index i, tc the k[eceding/previous point

( (i-I), and follouing - tiI).

let us establish tie values, which detficine the position cf

ilace of interception for i-th point in bhE trajectory. k'rcm (4.30)

it fcllows

Ease 214.

en the basis of (4.33), we find tke sum cf the angles

('W0+v)1=arctg .; Z"

ca the basis of (4.29), let us find
y. i- yPi

p,=arc tg
rr

The angle of the sloe of the instaqtareous plane of

iItercepticn to horizcatal tlave let us determive from the

La la ticnship/ratio

Z.y Tarc tg tg i + tgAi Cos a L
sin % I cos vi

tbe angle between the itersectica of tte Flare of interceFticn

with hcrizcntal plane (Jive dl) ard the selfcted refereace direction

Cp let us define as angular difteiace

W', = O Lr --Vi.

hbe coordinates of tarqet and seekot In the instantaqeous Flare

L 9
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cf interception lot us find frca t4~.35), tut the position cf the line

ci sighting will be deterulied by aqglo Vi, cq the basis of (4.37)

COS Vi Yp i
xp i j=YPI t 9; Y'i -

XL i- XP Y1

further cdlcu.1aticq deteads cc the seltctica of guidance method.

fcx e4amuile, for the gicui. cf the uithcds, united by the

si.ga/critericn of tte cuieartaticri cf welocitj %ector relative to the

iv* cf sighting, it is necessary tc use fczxulas for value

deteruinaticm of lead aztcle. Fcr tt.- zsthcd of jursuit with

advanee/preuention at fixed-lead ar~le, it is necessary to take
ap apo conist

and then

Ti=y ±a1 Q0.

Rcc the method of halt approach, it is necessary to use the

fCz8uua, which determize~s cre-balf acglc, bkich corresponds to the

cditicn cf ideal advance/ireventici.

Buring the calculatioj of the missile tar'ceting according tc

Far-suit curve the qttairkd xe'victsJ) fcraclas can be converted. In

this case p-O, the velocit) vcictor ci roacket mcet coincide with the

direction cf the line cf Eicbti ng, i=y; = andti=vi. Lt is

cb~ices that tgOi-tgj% must ke dsterhiaet actcrding to fcrmule

14.291, and tg~f=tgv, Is deteruired f1om ICL3Lla (4.32).
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Eage 215.

With three-dimensicnal/isjace ccrstarqt learing guidance it is

vecezsary to ensure in the Frocess ci guidialce the invariaktility cf

anglex p;, and (Iovik ith this lire cf £-icitirg will remain

Earallel tc itself. Thet

ri-X i XJ) l t 2 ',-, 1

luring calculation tgv, and tgx, and in luctier calculations it is

r~acesaary to take

= L, = arc tg ______________________________

( - xpo) I + t g2 (11'o +v)-

lead a-agle is located Ircu the cecnditicl cf the ideal

advance/preventiop
sifl%,I= ±LL sin a. j.

With guidance accordinc to the netbod cf ccincidence, the angles

ci Eightiiqg and rocket utst te equal, lsc masit te equal the azimuthis

pt target/Furjpose and rccket or ar'les Axpi=Axui. The direction of

the line of sighting must jazz thrcugb the crigin and in this case
Ili Ep 1= atg U

xUi

lith any motion characteristics ot taretepurpcse, the
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irtaztanecus plane of interceition and tte lice of its intersection

wi tb hcrizcntal place must lass thicugh the crigin, but
XP X1=xp1 ; X uYLI l.

lead angle i4 the instantaneoua Flane cf irterception is
FI

determined fccm formula (4.!).

lith the method of procrticnal afproach, the lead angle

directly is not calculated, but is determired derivative of lead

angle fxcm formula 44.15). factor ct pioporticrality a is selected,

ca thd tasis of requirenent to cbtain tcvaLd the end of the guidance

ct the condition of encounter with tartet, ICst tdvcrable for a

specific case. An increase -in the lead angle Aai" is calculated by

rmuerical integration, after shich

GP( 1 4 .1)= 
0

pt +,&pt,

Ease 216.

the initial value of lead angle a. car be taken either on the

basis cf guidance *ethcd cr three loints, ci cn the basis of the

methcd cf half approach.

After the determination of the lead a;Sle and angle T, the

agle ct arrival let us tird ftc. 14.24), aLgle _ from (4.26) and

the angle of rotation of trajector) Ti frcm 14.27):

sin Oj= sin /., sin'i; sin '1j 'z ictg *i' V - w'i -- .

L I . . ... -- II
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The elevation pf the ulocity cf rocket is equal to

Wp i , i sin 6,.

Increments of coondinates AYpt is locattd ky numerical

integration. If we, tom exasple, vith difftLence method of

istegiation use the horizcstal or kicken takle rows of fiqite

diffesences, then let us bate

S2 12

aLter bhich increase Axpi and AzPi will fiad from 14.39) aad (4.40).

AxA cos . n IAI

the coordinates of position of the coemez af mass of rocket for

icint i*1 wiU be equal to

- P(t 1) = XP # +- A.Cp/; Yp(+ ) ypi-+ AYP ; p(1+) =Z ,," A Zpl.

I change in the velocity of the center of mass of rocket is

lccated by the methcd of successive aFrzoxiaaticns, since for the

direct use of equation (3.31) insufficient cata for determining the

drag of X (there are nc angles of attack ard slip - a, dnd 0d- In

the first approximation, we find drag tc o;e o the methcds of

aerodyamics, on t.he basis ct the uwtioaal deendence

x,=fiu ,_-, ,VP (-I); M,_ 1; Re,_,; a_,1 ; ,_ T A.),

Key: Al)- and so foctb.

hbqxe U.- and At-f etc. correspond tc rfEcedi1g/Frevicus point in the

trajectory.
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b 34

tor the beginning of calculatiqns, te ancles of attack and slip

mcst he selected according to initial ccnditicts. The value of

derivative 6p at i-th lcit in the firEt aiFrczimation, will be

equal

pn - PI - Xi -g sin 6.
Mi

A velocity increment let us flld .ty nanerical integration for

the fqrmulas of the horizogtal cr Jickes JiLec ,f the lines
I. .,),=h,( P, + - A.", - e ,-,)

after bbich

FaSe i 17.

the angles of attack and slip a, aqd Ai are located from the

tormulas through Vii aod derivatives , apc 4,, vhich are determined

ty the method of numerical iiffereutiation. Usi;g procedure described

abcveo along the values of the moticn cb&rectezistics of

taigot/parFos, for iW1 xo+t xuY+n, y,+fl, Vuu+i) , i+,. at.i,) and along

cttaiaed values xp-in Yp~i+i); zp~j); vp(i+i) ve calculate Oi+ and Ti+'. After

catrying then into the table of ditfereces, lit us find

aid let us increase table. C( the fcraulaa ci rumerical

diffeEentiation taking iotc acccurt the thizd differences, we will

ct tain

h, =-6, (i .- ' - 6 , )I .I
I ~ ~ ~ ~ h 2 I6 III1[ I Il ..
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balan~ce angle Is a;Flcziaately equal tc

aE6 - mi (VIit +g Cos 0),;pi + Y '

a dagie of slip

9c% it is possible to calculat4 1; bbe* sfccnd

apfroach/approxiaation dzaS data

and
VP gn -sin 0,.

I velocity increment (Av~j)11  and Abe refirid velocity cf rccket,

which corresponds i.1 tc the ucue~t cf time, me find in the form

the difference beitue*4 (vpcI+1)h and (vp(I+l)1 1,, as a rule, is small

and it is possible not to iepeat the. cc([veziC. cf all values,

corresicndng to ici to Foiqt. For furtter celculations one should use

the rifined value (vp~t+I))n.

Lage 218.

1.8. luserical integration of the differatial equations of external

tallistics by lunge - lutta's method.
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As the basis of ;unge - Kutta's method, is placed the expansion

cf the unknow4 functiop y f x) atout its kncu; point (x.Y.) in Ecwer

seles in terms of arguseat (x-x.):

y-y. x-x.y (x-x) yY 6.29,
• mN!

Expansioq makes it FoEible tc cttain the value of tunctionY(Xn+h})

in terms of the known iritial value ot lupction Y(x,) adqd cn space k,.

The unknown subsequent value of fwmcticL is equal

Y.+ ,I = y + AYR-

lasia calculation fommula fcr detezmqaticR SYn takes the form

Ay, -L (k6 + 2k, - 2k. - k, 1, (6.30

bhere

k1 = h, f (X; un)* 6.1

k 2 = hf xR --I/t ; iM--k!

2 4 2 1 631

k4 = hj(X. +h,; y, Lk,).I

As an example let us give the schematic of the soluticn of

system of equations (43.6Q)
p-x= .sinO; 6(t) i$,,pt); y=vsin §; x=vcos6.

m

light part one equatics of the uittex system there is a

feacticn of three variakle tarametes - velccity, time and flight

altitude, since a change in the angle 0 in iligtt time by

j4determined jrogram. Pcllcwiny toc equaticos represent by

thenstlves the velocity tuncticu and tile. it is possible to write

;.,= z~v ,t: t= f,(t); y= f,(v,,I; x ---f,(v, t). (6.32 ,
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let us designate the terms of ccAcR/caezLal/total formula

(6.301 fto the first equaticn thrcugh k,, tcr the third equation

thzcagh 1, and fqz the fourth through mi. I¢Setber must be

integiated the first and third eguations. l1e cider of the

calculation of cell/elesents a*1 cf line bj lunge - Kuttdss method on

tasic formula (6.30) is represented in table (E.8). By

rifleman/pointers it is sboun sequence accCilisbhing the

Exccess/operations of count for the Eguaticts, slcved together.

Ease 219.

the application/use cf ccmmon/geneLal/tctal formula (6.30) with

the calculation of coefficients k, la t6. 1) requires the fourfold

sukst4tution of tlee corresicnding values of argument and functions

into gundamental differential equaticn. This leads to an increase in

the vqlume of calculations during the growth cf lines in comparison

vith difference with method. Method is !qsaLitive tc errors and dces

act cqutais means for a coqtrcl/check it tie p[ccess of calculations.

he large advantage of methcd is the usifoxaity ci calculations for

all Eqiuts. Method does not require initlial aeFroaches and.

theretcre, can have one licsian far entire Lange of integration by

Ma&Vfi In constructing a prcgram and 1sVA, cat render/show more

ccIvemIent following foraul& for Ay

6
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bh@K@

kihr(x.,yn

2 2

2 2
k 4 =hrJx. +h,; y. k, +-Lk, j

2 2
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§ 2. Aiplication/use of electronic digital cca~uters far the sclution

ct the equaations of exterval tallistics.

R.. eductio4 of the eguaticas of external ktallistics to the form,

ccovemient fcr programminig and ccakilatiom 0l algorithms.

the preparation of the systems of eqIuatices of extern~al

tallistics for the coupilaticn cf detailed algorithm and programming

qcqsists in two basic oFerations. The first of then the

transtcrnaticq of the differential seccnd cider equations into the

system of equations of the first cxder. In ecccxdance with. the rule

WOO WON- R11-
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cl a decrease in tke czdez cf derivative, etch second order equaticn

must ke replaced by twc first-crde.z equaticrs. Second

Exccess/operation - this grcupirg aqc early calculation cf the

enterlny the equations ccnstant values.

let us examine the ccupilatiop ct the el~crithm of the soluticn

ct simple system (3.76). The asic system ci differential equations

takes the form
du (D -E)u; a - ;_up; _ U.
dt dl U d dti

Bere all the equaticns - the first orttr ard system is suitable

fcr further work. Auxiliary formulas under tbe assumption about the

ccgstancy cf fuel ccnsumnticn per secord take the form

"M ,n=m,-ImIt; v-u I 1 -- p2;
me

SMO MU

_- vc (M).
2me eoA

let us isolate constants for Coe calculaticn of value and let ub

de- ignate them

cs= -P ; c=S.
no MO s 2m •

iLrthermore,

M = 0 - iml t IM1
m _ mo-i -1 - ; = L

IN0  No  o  MO

Algorithm mst contain limitaticn ca i.tegration limits of

s.ystem. In limitation ir question Sy-tem tbE) can be superimposed on

time, cn velocity or on p k) the inequalities

-O<V<V; o L 1A-
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iitdtions o4 coordinates usually are rot conducted.

One of the written inequalities must ke used for an introducticn

into Algorithm and Frogiam cf jumF if rct cke~ration. After the

termination of cycle, fcr example, whet 1-J&Ktbe jump if not operation

x-eat ensure passage to calciulaticn vi"b pL~Lc=coflst and D = 0. In

thkiE sense the preferatle systems cf equaticas, which allow with the

olkservance of other ccaiticrs cf ;ebs calcLiaticn for the active and

passive trajectory phases without a change in tle Lasic system cf

eqtaaticns and, coiksequectly, alsc Ficgzxams fcr ETsV[4.

Face 221.

In the amalgamated fcrx the algcrit" cf the solution of the

sl4tes in question will be arittep as IfclJ~es:
du I - ~ ~ ~ ~ ~ i =g;-iu i L,
dt 1A dr a I 634

dy dx di 6.3-=Up; -_=U; _= 1.
dt dt dt

Auxiliary formsulas tak* the fcrs

1 (6. 3 3

4z the second equatics of basic slste& fox relatively small

trajectories g =ccust. Defending aq tke ngstet of significant

OW
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digits, taken in calculaticis, cno shculd take g=9.80665; 5.8066;

S .807 and 9.81 m/sz.

luring calculation 1, the functiclcM)cav be utilized either

indeFendetly or i:p products f,,- -- fv a t c, zt=f 2 (v). in the
Uk a

latter case

E=C& a;J (6.36,

unactions fL'y) axd t34v) change acre soccthiy than they

just as C,(-), thej can te calculated Frevacusly.

It is most fr.quently during calculaticvs necessary tc use the

value& of functioas c (M), /I(E,) and 12(,), -those obtained fcr

terrestrial conditions at tte 5jeed cf SOUd ao.v. In these cases it is

recessaxy during integral use c(Al) to define M 88 -- , vhere V, they

find frcm (2.102):

If is previously comprised functicp f[(v,) when ao,, then

asd then

E CS 1  T A

Q0xV 0  V TON (1N) TO 37
Fage .22.

If is precomputed functi a 2 (r),then

TaN N

1;I

t a,

ONO .,,
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and then

E c ra f - vI (6. 38 1
." 'roxv Vt oN  , ON

The cospilaticm of the part cf the ccaqcv./eneral/total

algcrithm, which ccncerns tie scluticr cf Elsten of equations Ly

ruege - Kutta's method, let us observe, aftir writing tue algorithmL

ct the solution of system 4-1.76) at the first two spaces of

integsation. During the writing of al9czithm, let us designate

k=h, -(D-Eiu; 1-h, g-; m=hup; n==h#. 16.3Pi
U

the variable values, ubich relate to C-cl and 1-ol calculation

1cints, let us supply hith the doutle ,Jdices tke first Gf which

ccrzes~cnds to the numer cf the ccxjutted icint, the second - to an

iodex cf coefficient in unqe - Kutta's formula. For example, values

fc a zero point will have the indices: D., - icu determination k0 ,

Lva - tcr determination koz; Ec3 and 4.4 tLey will enter into

fcrnulas fcr k,.3 and k0 4. 7he algorithm of solution let us carry in

table 6.9 and 6.10. Numerical soluticns by the written algcrithm fcr

the first and second space ct integraticq art utilized fcr the

adjustment of program axd ccntrcl/cbeck of aachine count.

if is utilized f,(v.), the calculaticn of coefficients in Runge

.... ~ ~ ~ ~ ~ ~ ~ ~ 4 7-: .,. We; -.. . ,,4.-7i• "" "
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- Kutta*s method wili te several ot~er, thar it table 6.9 and 6.10.

Pc e4ample, for detersiniq9 the ccolficiert k&2 order of calculation

will be following:

V , +-.Ai) l±(Pi -j- 2)2 1
+ MI,

D,-2 =- -, i- ( y, + j, (6.40)
v' 21 2 _

1 ON TON

Ml: '/z.
A C4  h ,

2 (6.40)
kj- htf -- D . -Es ,  u, -k~-l

12 "2

1a(E 223.

During the use of furctic f I:(z) the fcrsula for calculaticr

f12 w4l1 take this form:

E 2 .= S." ) .f0 i ' " - - '  6.41)
VoN, TON t

Ecraulas for deterninaticn [' 1 2, t 1 2,D.I ad coefficient k1 2

will zemain without change.

The fcurth differential equation cf sytew (3.76) is solved

sejarately ic the fcllcblvg crder:

I
, I
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for the first space of integration (zero point)

n,,=h~u,;

k 4

fox the second space of imtegratior Ifirst jci~t)

AX -'l, n 1  n13 2

x.X AX1.

the system of equatioqsD which descrikfs tcgetber tile mcticn ofl

the center of mass of rocket and osciilaticts relative tc the center

cl masS, is cousiderabIl &cie cc&Fle;. iie ball cbtain a similar

sjiEtex ih the form, sujtatle fCr FrOqzaaminv. Utilizing (3.37) and

3.4 11, the equaticn of the rotary xcticq cl axis of roctet relative

tc axis oz, and kirematic e~uaticrf, let us %rite the system, which

describes the flat/pjlane axial IoticP of the rccket

mv=P-X- m, sin 6;

mv6= (P A- ~a - rn~ cos 6;

J"f :Vill,; u=vsin 6; x .=cosO; a=11-6.
Ease jiJ4.

Utilizing the dependences, cttainad ictc §t 3, 14 and 5 chapters

III, let us discover the values of tke Faragiters, entering the

last/latter system
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for the first space of integration (zero point)

n,, -httu,; n.,: t,, .= h,

/ f- I 4 i-. 42.n h, n"4 1

n,. - 2n,, 
2 2n,. no 4 ; x,=x 1- - Ax.

lot the second space of istegratioc Ifirst Iciit)

n f~l ; n l2 =(u -1 21 = h u ) 2~6!n, 3i 43tU - 1-2);il4 h, u ,31

X2 Xl - AXI"

the system of equatioqs, ubicb descriits tcgether tne mcticn ot

the center of mass of rocket and oscillaijcte relative to the center

cl sasS, is coasiderabl) &mce ccples. ie kipll cbtain a similar

EyEtes in the fora, suitable fcr Fioacasmin.. Utilizing (3.37) and

13.411, the equaticn of the rotary scticq cl axis of rocket relative

tc axis Ozg and kirFematic eguaticr,.E, let u* brite the system, which

deacr~bes the flat/plane axial moticn ot the rccket

mv=P-X-m., sin 0;

mvO=(P + )") a - mg- cos 0;

J2, ='AI,; u= vsinO; x=Vcos0; a=B-.
Ease 24..

Vtilizing the dependences, obtained ivtc §§ 3, 4 and 5 chapters

II, let us discover the values of tke Faraliters, entering the

last/latter system
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mV= PO- S.py1-- (y)]-

-_ SLH() 2cx0M))-mu sin 6;

mv6= Po-- S.po-.-t ,)I a
2- Q ). vlc,,a- mvcos 6;
2 (6.44)

o .. H (j)

2
-S V,>~I

! =vcosO; x=v sin 6; a=t--O.

for ghort trajectcries it is pessible Ic substantially simplify

Equattcns, after accepting functicps w{y) Z E(y) - 1. In tLis case,

the exror wil: not virtually influeqce the final results ot

calculation. Further, after usirg the neth~d cf a decrease in the

cider of derivative, let us replace t e *cnental equation, which

represents by itself tbe differential seccoc order equation, with the

system of twc first-order equaticns. laking intc account this we wiil

obtain the following systes of equations i; which for simplicity of

recording it is accepted that cx(M)=c, P=,:

v -- - - SQo,.'C,c -g. sin 6;
m 2m

= Pa , 1 So' ,\'t.,c - Cos 0;

mt' 2m

-
(6.451

-,, i, S .v'" ira , I2Ia - S'' , I z, Z

2.vi6 2 PmwW, ., vsin 6; x=vcosS; 0=8-6.

further transfornaticq-E are ccqvected uitt the
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exception/eliaination of the process/olraticlf Of CaICUldtiDg the

relatzcns (or products) of the predetrain~ic ccrstants, and a1~c with

accomplishing of the prcces./c~raticua ab;ve different-scale values.

Let 1;2 brite two fizst equations of asea (6.45) in the fcru

2-ff .ftfI~ SQoNVc''a 1 o '
M Imov 2m0  JV

FaS* 225.

Satia 80/2 caz4 be CCnveztid as folicus:

-TO Mn I .

M M - I -IIM-Ik't

MO

khere k =- ml1
MO

In the case wben is kncwn the initial value of the moNent ct

inextja 1"O' and value /..ccrresrcrding to the end/lead of the active

sectiqn, and tke lab of a ckange of it is iccv~ted linear, then

J '-- i " 0~ 1i 1~j J.,o (I- k 2 t),

P Sk'8%, set,.1JS 1

MO , J,0 ( 2J,,)
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with their designations, let us lead system (6.44) to the follcwing

fp::

-- V (r clvoc.,)- g ;sin 6; .

_ 1 -- r,,ra -- Cos 0; 1

I + (t , t n6. 7.
V 3Z, I M "cs ' I a , '

h .t -

=w 2 ; y=vsin@; x=vcose; a-0-6.

In tJe given form the system ig acre ccnvenient for programaing

ir ccijariscn with the jrecding/previcus fcras cf its recording

(4 44, (6.45).

The system of diffEreatial eguaticGs tcr .an inactive leg with

indepecdent alternating/variable x is scmewtat simpler than examined

higher, and consequently, is SiSclet tke &lccrithm of its solution by

ranye - Kutta's method. Let us take system 5.8) and let us disccver

value cf B:
dtu - cH_ Iztylrv.,I: d._p - _.. .-. __ ; d__

dx dx u2 dx dx u

Eage 226.

luxiliary formulas twc

iad- 10 ; ', u |: F- /
Q.r

lusing the writing of algorithm, let uz deEignate

k -hxcH, itw G (v , q

m hp; n=-!--.
U2 U
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Is before the variatle values k, 1. , n let us supply with the

double indices the first of which coxrrspconcs .tc the number of the

cenfuted point, the seccnd - tc ar irdex cf coefficient in Runge -

Nutta's formula. The algcrithn of sclution let us carry iq table 6.11

and 6,12. ?he fourth equaticn cain 1e scIved sejarately in the

fclloving crder:

a) for the first space of integratioz (zerc point)

n .k-it 1

kh Il - ko ( (6.48)

ato - 1 ( 2n,, 2no -F no ,4 ;

t4 -=- to + Ato.

k) for the seccAd ajace of integratiov (first point)

n" = I -- '., I 1 'h 2 , l . , ,X

2'
f~ll~h.If 1) ; r4t h(U=k) (649

,+ 2 - 3 u ,a(. 9

t, 1 -n, -- 2n,, 4-2n, ' n,,;

2.2. *reparation of initial data.
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The initial data, which detersive the sclution cf different

Irebless of external ballistics, cag Le bD eke into thrce large

S9xups. To the first gzcuF cre shculd relate t-be initial

design-weight parameters cf rocket cr proJEctil*, to the second - the

iaitial conditions of acticn, also. tc the third - the value, the

focct~cn and the paraneters, determined by the model of the Earth and

atbcs~kere accepted.

4.

A ____________________________________



lV

DOC * 78107108 j G i 4rl',

Eages 227-228.

Table 6.9. Recording of the algoritbA ct scluticn at the first space

cf integratioq. Pouered flight tra jcteKy..

(1) Peuaeuoe ypaHeHme

dlu I d
(D-E)dp _ dy

,t i ±dt u dt -

v,,l .,I| )o, - c .. -I

Q 1
Qa MO - >fu(Yo

k x h,c [Dj -0 En Il uoi

V0'- (_g )oo ) 2a

I _ _ _ _1- +

10 1 2 ¢t

P0 - - 2 [IU - - X uh

I2 
Uo + -!p) X

x(-g g2 +Ll'

Eo2 2

2/

Ar ID0u2 E0 21 (no + 2
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(I) Pewa iw. vparnlecliw _____________

du IIf - ' t,
- -(1) -Ei u UpIl

di1 U 1

bU

10i -h, m0*, h,

I C4 ( 1" -

t,4 (ub - k03)1 1 + (PO + 103)-'

±( ICI +~ C. II - A(YO + M03 )
V04

Q(~± in 0 ,)04 h1  m4 v
E04~~~~ Ve[ '0rIa (y(, + mo,3)] 9( Xo3 X(uo + k 3) >

I uO+k3 X(O+13

4J4 IA C4 (10 + h,)

k 04  -f I I (, - E041 (uo + k03)
P04

A"o- -(ko 1 + 2ho3± -I/,(. A04  APQo Xmo +6+23k0)6 6
xK (10, + 2102 + 42o- m3m

+203 1 my04) 2m 3 +z

"I = UO+ UO Pl-po+apo Yi go+ Ay0

Iti: Al). Solved .g~aticm.
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Faces 29-230.

Table 6.1IQ. Recording of the algoLit2U cf gcluticn at the second

slace of integratica. Tcv4erd flight traje~ctcry.

()Peuiae~je vpabHeHFIi

du I p g di

dt ,dt U dt

t':1  UC 1

VIt.

LIII ht41

tl1 I tt

t'12  ' I-- 1 g

g "I

A1 2 'C -2 A, + (D1
a 22
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_Petaueuoe y |&HeHme

d/u I Diu _ g i,

dt ,1t u dt

1 c¢+c, -- n., - I )

2 + 2
t'13 I 3 /

E1- -i X
VIA Ct I -'

IA13 I C4+(t j j1 1

Ma 2

V14 = (u1 + k13) ' 1 + (PI + 11)

t,14
12 (Yi + i 3 )

E14 C3 Q Y 1)X

E10=Nc 114 = X' X i 13  ht

X V14C., 1 / g X (Ui + kl)
ia (yi + mi) J l + k1 ) x (P] + 11:

1 1

'14 - 4 0 1 + ht)

4= - [D4 - E14] (uI + k13)
IA14

1 1 1
Au I (k1 I + 2ki2 + 2k13 + k 14) Ap=-X Ay= - X

6 66
x (1i1 +2112+ X (mol + 2M12 +

+ 2l1 + 114) +2111 + M14)

2 - 1 + AI p= p + API N2 - Yl + ANI

Raj: 11) . Solved equaticc.
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lag* 231.

lakle 6.11. Recording ct the algorithm cf sclutici at the first space

of iDt.gratiop. Illactiv* lEG.

(VPeuiaeaoe vpasmettme

du~ ar _g I
cH y)-, - - p

dx U
2

Voll

V: ~ ~ ~ ~ ~ m hH !h) 1"0

t
10 2  V 02  P,

2 2 hr-oT

-~Mt. h~H m2

+T0+14 +203 +mh,

* T UoO +U L") i P P Mi ,

Iej:~ ~ 01) 2ove 2qa i
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FaSe 
231.A

7able 6.12. lecording of the algorithm cf sclutic, at tiie second

sFace of integratiom. Iractive leg.

(1 Pemaemoe ypaBHeIe

d(G dp g dy

dx -. dx U2 dx

VI I Ul I + Pj2

TON. III- hx - g o l h.vl

V,11 V11l I r y1

k = - hxeH. (b) (G jt'v )

v'2 = ( + ! + (P± + -)Li 2 ,.

V12 '1 + k.

2 f

+ (p)1,/ +(P '-), ml, h, y

V~j~V1 3 , (ln ;13) X [ u+a2 h i~

V2= - V1  ( + Losa) 2 h )<+

Y,1  2 2 2

Al2 Ap,- y I + ) a ,

62 Ayi== )2(

"(lii+21 + X (m + 2 +

+ 2V1 + '14) + 2m1  + 4)

Sul= .L [koi + 22!+k+,d -uaic

41 A). solved equatica.
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the first and seccnd groups of initial conditions are mutually

ccanected and are determined ty the type cf kallistic task. For

exanFle, during the soluticr of the first gntraight line) Ircblee Cf

external tallistics fox tie unguided xccket cn lowered flight

trajectcry it is necessary to know: initial mass - no, thrust Po and

its change in height/altitude or tke flcw xate [Er seccnd cf mass -l

the n;zzle exit area - S... the significant cimErsion of rocekt (IRS)

- kcre or the area of midsection, aercdyna ic .ccefticients -

depending on the formulation of the Frotles, tie operating tire cf

engine- the initial iazameterz cf Boticn - vo, 6 0, xo, Yo. For

the calculation of the inactive leg and tra-ectcry of artillery

sbellj it ;uftices to kncw beight Q,,, size/cimersions, aerodynamic

characteristics and the initial corditicOs cf action. During the

generalized scluticns of kallistic 1xcblems fcr the projectiles of

terrestrial artillery, is sufficient tc kncu tie ballistic

coefficient of c and te iritial cceditions of aotion vo and 60. As a

rule, in the initial stages of the design c€ initial data proves to

be insufficiently for ccuilcte perfcrmance calculation ot moticn. Fcr

example, for a ground-based rocket system cL. ke at first assigned

c.nly veight head (combat) of part, maxiaum and sinimum firing

distacce. I this case tie missing fcr calcilaticns values are

determined in the process of tallistic desicn.
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The third yrou of iritial data is necEsary duringy the sciution

cf any ballistic task and their cCECxete/sj*Cific/actua1 enunieraticn

cejtnds on tie assuz~ticrsc, acceptid with ccmiatison of Jd.±ferentia1.

Equations Cf motion.

Wpon sufficiently strict setting the Ictertidl of the force of

gravity aqd the acceleraticc at gravity car Le cetermined LY fCLOUla!s

(2.15), and (2.21). Values a. O tt).Hy r o uctoNo( bheight/altitude (coordinate y)~.

Aerodynam~ic charactEriftics at* criterial and functioudl

defendences (§ £4, chapter 11). TIhe nazed fLicticns are dtitermined by

the state cf the atmiosplere and ty tIc forn ct fligyht vehicle, are

assigned they in the fart cf curve/Srdphs ci tzkles. Since the tables

of tie numerical values of fULCtiCr ard its cLr~e/qraphi can be madte

uj. cne according to other, the simildr functicts accepted to call

tabular. Tabular functicns are intzcduced ir E~sVAi or in the form ot

the aj.izoximating pclyncmials or directly L) takle.

froyramaing with tie use of tic takulaL assigned tuactionE has

sage siecific sj~ecial ffatUze-/jeculiaritiek. Fzicr to the Loyinning

ct calculaticqs, bhe tatle cI the valucE of furcticn is iiitLoduced
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intc storage unit.

Fa~e 234.

Duiiing storage of the tatular assigned functictr in the "menwory"l of

machine in main program, is included tie sttp;cgram for the selection

ct the corresponding value cf functicn witt tke aid of interpolaticn.

If table completely carrct ke Flaced i~q the "memory" ot machine, theni

it "cqagulate", i.e., they enlarge tabular -ipace. BEtWeenl the

assemblies of interjolatioi. tabular turctico iE determined from the

aj~Fro4imatiny polyncmials. Consequently, iqtc tie "memory" of wachine

together with the tabular values of functicp m~ust be introduced the

coefficiez~ts of thG apfrcxisaticg lclyccmials. This method, besides

the large stcrage capacity, requirts tie ccisicerable ex~endituLL-s ot

machine time.

our opinico the preference stcold LetUir tc the method of the

iatroducticn of tabular functicns bitb the aid ct the previously

ccafcsed approximating iclyrosials. Luring the applicaticn/use ct

this sethod the interval ct the vatiaticq ir the independent variable

tbey divide/mark off on several finite ixqtfLvaiS. For edch of them,

they replace tabular furcticn ty certair pclyncxidl, close in its

fcLu tc function on the sectica in questict. The degree ct each

Eclyo~zial and its coefficients axe Selectec sc tnat the values of
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Fclyngsials would differ frcs the apprc~riate values 01 tuncticri fcr

the value,, act exceeding the saximally Fersassitle error in

airic;inaticn. The impcrtaqt conditicn cf tte ccrrectness of the

assignment tc function as a whole dOuifg the use of principle of

tiscevise approximation is equality the values of function and its

first-crder derivative at tic ecd-Icicts of two adjacent intervals.

With the approximation of functions in the tasts of the thecry ot

flight, usually are utilize4 the pclyncsials- wItcse degree dces rot

exceed the third. TIhe iclyrcfial of this fcia has the following form

4C c Ecrding:
(xO -x) 2 (3x - xo- 2x)

(XI - X0)3

Ldx oX J] (XI - x0)2

where yo and Yi - value cf functioi; at the end/leads of the section;

Idy/d4) 0 and (dy/dx)1 - derivatives at the same Foints.

If the immediate deterainaticp of the %alues of derived at

end/leads cuts is impossible, the caloulaticn of derivatives at

ead-pqints can be made bitb the aid of the sethcd of numerical

diffezentiaticn.

The coefficients of the approximating 1clyrouial are calculated

F-Lhvigusly even in the jxcciss of the flepazaticn of tasK for

sclut~cn by ETsVM. Durirg tlhe applicaticn~uev- cf a method of the

appro~imating polypomials irstead of tie intLCdUCtiOn into the
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naemoxy" of the machine of large in vcolume tables and programs fcr

calculating the values cf ±unctices, it is recessary to introduce

only small tables of the coefficients of the iclynomials indicated.

lage 235.

lb. jesp if not operation, cn whicI4 is realized the selection cf the

corxes~onding groups of thege ccef ficierts f cr calculating function

value bithin the limits of the concrete/spqEAific/actual iqterval ot

Indpendent variable, iE ixciuded in tie main jzcgram of the solution

ct jr9klem.

§ .3-. Vse of the elqctzcIic analcq ccaputers fci the solution of the

rEtblems of the external tallistics.

The electronic analog computers cccticucusly reproduce the

Flysical process, w~icb interests teseazchezL, in the form of

voltages. This analogy is reached ky tke fact itlat the process, which

occurs in electrical circuit, collected in nacbine, is described by

the same differential equations, as examine,#ccrsidered. Change in

different clectrical values, in that of nuslerE and voltages, tc easy

trite and to obtain in tie Icro ci cuzve/gialhs. The interpretation

cf curve/graphs with the aillicatica/us* of coLrespondinq scales

makes it possible tc estatlish/install not cr.1) qualitative picture
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cf phenomenon, but also the numerical values of aitferent

characteristics of process.

Analog compukers are structural type scdels. They repLesent by

theuselves the totality cf the seperate units each ci which is

intendEd for accomplis.birg cf cre cr several elementary mathematical

[zccess/operations.

Bunction generators cf analog ,ccmputerz tkey are:

- units of operaticnal amplifiers - BCL;

units ot constant coefficiemts Iscale dividers) - lr;

- units of variable coefficients - BPB;

- functional boxes- FE;

units of product (autiplicaticc) - LU.

Zet us examine briefly tie designaticr./Fuzjcse of each of the

units indicated.

the units of operational amplifiers occupy in machine the
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cezitral place. Their basic cell/eluesets alt ttree-stage (as a rule)

dc aamplifiers (UPT) with high amplificaticr~ factor. BOU fulfill the

iLccess/operations ot algtbraic suuaaticq, irtegrations,

d~fferentiations and in~ersions (Eultirlicatio, by minus unit).

During the solution ct prohlems, ±requEItly appears th~e need fcl:

tbf sultiplication cf functicns by certain ccnftant coefticient of k

< 1. this Frocess/operaticn is realized witt the aid of twc- or the

3-decade dividers cf voltage (unit-c of constant coefficients).

the units of varialle coefficients prcvid* the possi1oility of

cbtaininq the dependence

IIherI ULr,, - output voltage;

U31 voltage input;

-constant coefficiart;

Vit) -a variable cqetticient.
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Fa~e 236.

the realizable with the aid of the unit cf variable ccefficients

fucctica is divided acccrding to argumenb ito several (to 100)

intervals and after its ste~led aFzcximatitn and passage to machine

Variables is unsoldered on the panel of the unit in guesticn. Figureo

6.i depicts an example cf this recrgaiii2aticn of function.

functional boxes make it Ecssille to ai-sign the known previously

dependence y=f(x). wide a~plicaticp fcund tie function generators,

made qn diode schematics. Curved (fig. t.3), swkject to rekroducticn

with the aid of furcticral tcx, is a[Ficxixeted by the linear cuts,

uhica have the specific angle of tte slope bitt respect to the axis

of abscissas, and the oktaiced linear cuttirgs ctf of function then

they are reproduced with the aid of dicde cEll/elementb.

Binally, the units cf Froduct are iqterdid for accumplishirg cf

the ptccess/cperaticns cf stltijlicaticm iditi-icn). The product of

tac forcticns at the output of unit BU) i - reEresented in the form

100
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During the solution of prokles, separate units are connected in

the slecific sequepce t) -jEcial stitching iystem. A sequence of

cclnection, and also a quantity ot units dejend ca character and

cpmflexity of the process being investigatca.

All azaloy conjuteLi aze divided into .to class: linear and

mcclimear. In the coupositicn of liqear aackines, enter cnly the

uaits (BOU) 1 4RD) and (BPK). Ncnli;ear sacbines, Desides the usual

cell/elesents of linear models, hau also urits, which makE it

possikle to reproduce different ncrlinear ftncticns and to make

Ecclinear Frocess/operaticqs - units (1E) ard AEU). Giving to linear

Bachine nonliqear units, it is oseile alsc cc usual linear mcdel to

sclve mcnlinear ditferertia] equaticrs.

iA
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Vana

77,11, r

Pig. 6.2. Stepped approximation of functic;.

F 9. 6.3. Approxiuaticm ct tunctic4;r %,ith tle aid af linear cuts.

Loge 237.

lithout Eossessiny it kigh accuracy (error in the cdlculaticql

for tic majority of analcS ccmjuters 3-10c/c), andlog computers make

it Eossible to reveal the qualitative FictvLc cf phenomenon. They are

irreplaceatie during the ickestigaticnE, ccrnected with the study ct

the effect of different perturbaticn factors, %hich act cn rocket in

flight (see Chapter XI). The electronic anaicg computers can wcrk in

natural time scale. which Ficvides tite lossiLility of their use

tc~getber with real controlled systeuss whos wcrk does nut yield to

Frecise an~alytical descripticn (autcjilct, ccntrol-drive, etc.).

Tke study of sjatizl action of the quioEd missile in complete

-cettimq (with least possible flume! cf assu.iticns) in d nal1c9
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ccafuters represents b) itqelf com lex iroklem. in a series cf the

cases, it is qot possible to solve two-dimnersic;al problem within the

limits of the assuaptiops, Senerally acceptid during numerical

integration. This is exilained by the fact that the aerodynamic

fczces and tcrque/ucments icnlinear dejend cr. many variables - a, 0,

v, etc. The known from the nathematical thecry ci electron analcgues

methodE, which make it foss~ile tc sclve pi.ctless with the functions

c many variables, also are very difficult curing practical

perfossance. Therefore the soluticp cf the ccaplex problems of the

thecry of flight it is more expedieqt tc caLty cut in digital

6lectrcnic ccmputexs. or sccels are solved the jroblems with the

Eu[lmentary assumptions, determired ty tb* *Ecial

featuxe/peculiarities of the ccncrete/sFeciIic,/actual mdchine,

Elanntd for use.

3. 1. Determining the motion cbaracteristicE of the center of mass ot

the uaguided Lccket on jobeied flight traj(ctczy.

let us take already kncwn to us syster (3.16), which describes

thq flat/plane axial mntica cf the center cf mss of the rocket:
du mo (D E) .; dp 5 .,"
dt m dt U

__ _. p.--1-1, u
dy up U
dt dt

where

I 1Pn aPAD m m s.- T(Y

E=cH(y)G(v,).
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Issuminy subsequently tc utilize fcr Ecluticn simplified linear
LMLJ

simulator Is*-1, we decrease a nuxlez ci nctlinearity in equations

and, ccnsequently, also a quantity ct ncrIirear units in, schematic.

Eage 238.

Fcx the concxete definiticn of the sclved tisk as an example, let us

ccnduct calculation in ccnumection bith the iclowing hypothetical

initial conditions

d= 1,8 Ni, tno=960 Kr 'c-/M:m, t;= 16 KP)c/T; t,,=2O C;

Po =34 000 K r; S = 0,51 rj'-; x = 2 100 yo; y=2200 mi:

00 =50'; 43 =I,2.

?akicg into account that under cc-nditicrs ct an example

deFendence *o/m (t) bears the weakly exjpresEEEd curvilinear character,

let us replace it with the linear function t(t), presented in Fig.

?Roduct ID-E) u is the functict cf san) variables. Taking intc

acccunt possibility lwu-1 ard the gualitatite ckaracter ct

investigation, let us present it sin~ly as Lunction only of of cne

value and will designate #tL). Beiz~g crientfd tcward the data at the
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trajectcries, close in the lasic [araueteLS, lit us accept for

calculating tke fuecticg Sic)

The neutral flight Fath angle let Es acceot O @c 433' Drag let us

calculate with the use of tke standard tuncticr G(v) within the

lhiuts cf the expected change in tbe hcrizcxtal projection of sleed

3(C-8C0 m/s. Plotted fujcticn 0(u) =ID-E) u rnd that approximate it in

uvit EE broken line are sbcbn on Fic. &t 6.1. Ilus previcusly let us

calculate and approximate function tju):g/u, tkE curve/graph by which

is shcw or fig. " 6.6. laijrg intc accourt t.te introduced

Eijl4ficatioqs arkd desigSraticns, ka.ic 4y tc 13.76) will take the

d"dp __ P dx
AU=. * ------ fluk -A- up; -- =u. (6.51)
dt d dit dt
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S 16 tc  300 400 500 600 700 u M/c (2)

Fig. 6-4- The approximatic; of time fucticX m/n (t): 1 - calculated

curvea I- linear approzimating deFendEnce.

PFg. 6.5. Approximation of iuncticr Oju): I - calculated curve; 2 -

trc.kem line approximating.

Bey: 11). mls 2. (2). s.

Eage i39.

in accordance with the princiFlE ct tt- cleraticn of simulator,

the differential equaticns, whicb describe tte electrical Frocess,

which cccurs in it durir 9 simulaticq, mLSt IE the same as the

differential equations, which descrite real I-rccess. Let us write

machine system of equaticos:

dU U dUp k.1dT " d "

p k L '; '.= k, I u.
dT d' T"

Hoze Uu, LU), UL'u, U(u)s, Up, 1. Ux- the vcltagfs, thich characterize on the

aiF oriate scale of the furctions, varked in irdex; ki, k2 , k3 And
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k*- generalized scale tactcrs.

Tie parameters of real prccess let us cc nect with voltages

tbLough the scale4 U.J.; U()=-- (Uf(u;

T',(U) = (U) I (u 1; 6.53,
U p- R" P; T 11tt- I/

Substituting (6.53) ad (6-.52) and grocujivy all scale factors in

the Light sides of the equations, Ue %ill citai4 the generalized

ccetf.ciets, which contider the relaticzship/ratios ot the scales

k, k2= "
l'?) a) 1(6..74

ks-= k4 - _LL- ]
NttLU L",  L~tul I

Gn tile Lasis of the op*zating vcltage cf anFlifiers, equal tc

1CC . tne initidl conditicrs ct task and eiected changes in the

udlues. e, terinq the systems of equaticns lt.52), moreover the

fclloijg values of scale factors: pI--=I V/s iprctlea is solved cn the

'V tfall scale of tiee.4 ; P =0.1 V-s/w; gp-jo V; Vf~f)=' V; !?=250 V~s/l;

,.-,, z Vos2/M; x=JV= 0.CC1 %/M or 1 1/kg.
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401

M0 400 500 e07 3 " n 3/C t')

Pig. 6.6. The approximatiag fuacticq flu): I - calculated curve; 2 -

ktzcken line approximating.

jley: 11). 1/s. (2). a/s.

fase 240.

T.he generalized dinensicmless coefficients in system (6.52) in this

case vill be equal to: ,=O.1; kz=C.; k3=C.CCC ; k*=0.01.

The system of equatic¢.r ccnvezted to set in machine, takes the

follosing for:
duer, dUp

0, U U,(); = - ,2U();
dt dt (6.55)
dU =OOOO2U,U,; !U=O,O1U.

dt dt I

the solution qt the cktaised ajstem pt equations can be realized
L-MU

in standard linear analcg ccnputer .-L-1, .Ay which must be given fcur

acelinear units (2 units IE and 2 EU). !re Ilcck diagram which must

be ccllected for the sclutica cf lictlem. Is represented in Fig.-k%

6.7.
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Ucnlinear units (FE and BU) are deFicted in the diagram by

rectacgles, the units of oonstaut c efiiciit# are depicted by small

cizcles aqd the upits of ojErational anFlifiers are depicted in the

,cra qi triangles with the indicatct cf the made by this unit

"ocess/operation. for exam~le, mark -.t? skows that the operational

anli~ier works as integratirg unit; mark -ft*- - as inverting unit;

mark k - as summing unit, etc. bunkers cr triangles correspcnd tc

the anuabzs of operational amplifiers in tke setting field of

sachine.

i
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w1  -V Y
N'2 GE ~'lei

N (P)

*L Ya. .. Dckdarmo h et. ts c ahn c~to.

ig a.7 Blckaga o th ale se ftask CE ovr fmahn sachioltge

in question ace placed irifatle bq 6.13. Tb4Ze are placed the values

cf motion characteristics, ccnuert~d alcog tcitages taking into

acccunt scale of coefficieqts. hcccrding tc tbe results of the

* I aclutkca of Froblem, are cc~tstructed tie ousse/graphs (Fig. 6.8).
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£,abl. ,. 13.

M soy A 17 6 9 ~

0 32 320 W0 1.20 2.2 2200 2.1 2100
5 44 440 55 1. 10 3,8 3800 3.4 3401

10 io 5Lio 50 1.00 5.9 5900 5.0 5wKK

15 61 6i60 47 0.94 8.2 820k 7.2 72(00

20 74 740 44 0. 11.5 1 15K) 10,0 10(0)

Kay: 11}.. as. (2). 1. (3). is.

2000

f,1 u (,I/ 0000

800 -000

1,0 - 700 7000

00 600(t'

500 5000

400 4000

8 300 3000
200 2000

ig. 4.8. Cueve/gvaphs of rsaults cf uac~int sclution.

Key: A1). 3/8. (2). s.

3.2. Study of the motica ct the longitudisl axis of the

Iii-statilized projectile cf cctstast mass Lelative to the center of

mass.
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let us examinE the notice of EcJectile relative to the center

ct mass i4 vertical plage Co inactive .lq, ccasidering that the

option characteristics cf tke center of mass are known.

Ease 212.

let thke center of mass move recti]ineaxly with small change in4altitude sc that mass air density can ke aCcEFtEd as constant, and

the flight path angle tc tke hcrizeq 6 - ecxal relative to the center

of mass it is possible tc exits in the for&

Ja,#=M.±MT±Mz (6. 56)

uherej beside* known stabilizing scmemt (Me,) aid damping moment (MA),

is introduced another mcment of perturbiog torces M.. Let us assume

that this torque/mcment acts during small time interval. During the

actica cf Frojectile, similar torque/mcnent always can be by the

cpaseluence of any cf tke abort-term actfnS ruascn, for example, for

wiqd just. Utilizing foxnulas (2.82) and (;.E6), let us write:

,= -S E-2 1IM a; M.= -SQVIm~jI 0.
2

Let us designate

a,=/; a,-= Q /f; 1;w';

M,
a =,-- ,,Ie( 8

Key: 1l) I/Be.
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. C

Since in our case 8=0. then *-a aod . p. liking into account

resulting exFressions fcr tcrque/mciEnts act designations, equation

( 6 .5 6 1 w i l l t a k e t h e f Q+ aa

As a jesult we will obtain the linear ditM,£e4tlal seccnd crder

equatjcn with variatle cceticierts and cc¢.rtact right side, which

descr4bes the process of cscillaticns. It .ennct te solved in cur

case tbromgh elementary tuqcticas, kut it can .e solved iR analog

4cmcu ter.

nor ccnvenieqce in the scluticp, let u* retlace the utained

seccnd order equaticn with Equivalect slates qf two first-order

equat~cns, bearing in mind that u-k, uhere wo, - angular velocity of

the plane oscillation of axis of rocket relstive to the center cf

Bass:

*, -+a,/,(1). ,+adf(t) a,, 1=,,. (6.57)

Eage 243. ()A\ In the case in questicn the iyaten of differential

equat~cns, which descrikes the process, ralJiz4d by electrcn

analogue, must take this fUrn:
du.U

UL1.* , (6.58)

vbece U. V,.((), La -value c tke veltaSia. characteristic cn the
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a*1tofziate scale values *,, Lat). f2it), 4.

k8 9 kae k3 p k, - coetficie4ts. vhicb ocqsider the

telaticnshiF/ratios of scales.

let us present voltages through real values and the

cc[resiouding scale factors:

I f,(I)- I&,(,).ftlI ;; L.,=, s0 "r -

Sham~ P.., TeOVI; p/.mt TVas| IAI,(t ) VeS/09*t

1/1 - correspotdiqg scales cn woAtages;

Pt Vs - time scale during passaqe frca real process to that

Leen slulated.

tbe waitten transfer fcrulas let us 1 trcduce into systen cf
IA-:

equatieas amd let us divide the first equaticn ca-,and the second

Cs

dt

t ,-k 4 '% (6.w9

Sc that equation (!t9) would he the seme, as equation (6.57),

it is necessary to calculate the coeftIci~ogts through the selected

cales. It is necessary tc ensure the equalities
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l, (t) r; yt -r /
k . 1; k. /B )

fat

Key: 11). I/Vs. (2). 1/1.

the guerical values of scales are selected on the basis of the

sEecial feature/peculiaritiEs of machire sc that operating output

;otentials of amplifiers bculd not *xcred 4100 V.

Having additionally designated

Uij,, (,) =kU,,); U.,(E) =ktL.'()

and atter replaciag in formula (6.!8) ,mfntesi/al values by lw

fiqal, we will obtain tie &stex of equaticz&, directly

ccolose/collected in the machine

AA

8 . (6.60w

Eage 244.

System of equations is very simple and cam be solved in any

small analcg computer, for example, cn vidtijread Soviet ssall
MN

universal model e4q-7.

Ike block diagram bbick must ke selecttd fcr the solution of the
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described Froblea. is give4 to Pig. V- 6.9. Independent variable

dvaing solutin is tint; tbE vcltage, Ezopciticual to time, is

intioduced into schematic fiom afldafier Nc 8. Complete output

Ecten*ial trcm amplifier Us at the end cf tke FQrcess must not exceed

IQG V1 therefore it is ecessary previcus I at least to tentatively

kzc% the duration of the exrFected Erccess tcr the selection of time

scale during simulation.

- I:

r

It

V
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.41
lz.6.9. Bloc diara0 2 opi~ nudl.s-~frtesltci

Pig 6.9. Botk diarag, 1 wpit d volag scilv7 forqull th olu100 V.

After amplifier Ug the vcltage iS iEietted Ly anplifier Ui, and is
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suiFlied to the units of noolinearity E-1 azd f-3, providiry

chtaining functions L't,,(t) agd tfj,(f. Ercm the cutiuts of the units of

oultiplicaticn 8-2 and E-4 intc sckenatic, enter voltages I ,. and

L',,,)L.-.in this case, it is recessary tc relstEk that the

cGcstzucticn of the uni, of multiplication is such, that during the

su[iling to its entry cf tbc factcrf at oltprt it is obtained the

jxeduot one hundred tines less. For obtaining tie complete value of

product, it is necessar) tc increase factors sc that the product from

the cqefficieqts of an increase would te equal tc 100. In the diagram

(ig. ~.9) tc unit B-2 are supplied vcltages bith 10 L*' and 10 .

bbile tc unit B-4, - voltage 100 L, and, ./I Pico the units of the

sulti~lication of product U/f,(j)',. and UL,,,)L,, they are transferred tc

the integrating amplifier U6. Here trcugh the time relay is supplied

the vqltage, which corresicrds tc tie FErtuilaticn torque/mcment and

determined by the rigit side of eqcaticn ff.6C), i.e., witl. value kj.

The t~me relay works in programmed ccnditicrs/mcde depending on the

character of the action cf torque/scaeit.

loltage V,, from the output of anplijiL UG is supplied in twc

dicecticns: 1q the unit of sultiplicaticq E-4 icr obtainig product

II /,,(,). and in the integrating amplifier Us hbcse output voltage is

equal to -10 U,. subsequently voltage -10 b'b after inversion is

sulplied as factor to the unit of soltiplicaticv B-2.
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Amilitiers U3 and U., U12 and U&, Frovide the work cf nonlinear

units in accordance with tk4E ccnstiacticz cl machine itself. The

Lemaiminq anFlifiess, shcaq in the diagram trco. 6.9) are special not

r.ct stijulated, are interde for t]e izversac ;f voltages.

Tbe value that removed fzcm auplifier Ls cf the voltage, %hich

c Cxxemionds to the expressed to scale value 3, is record/writter

eitez with the diO of ElectrcE csci]lcgrall and photo attachment cr

uitb the aid of loop oscillcgraFh.

ligures 6.10 shows the example ct XeccLdiAS U-=f(). In an example

the vrltage, Vhich correscrds to the pertuIkaticn torgie/acment ard

determined by value k3 , vas switched cof at the moment of the first

maninhm cuived L#=(t). As can ke seen fLCm Pic. 6.10, after the

treak-down of the perturkation torque/smext of oscillating the axis

cf zocket, rapidly they attenuate. After deciplering recording in the

scale cf ordinates. easl tc cbtaia jjtcb.g in the time

bheLe Iloc - scale of 9scillogxam.

Fage 246.

After the interpretatica of cscillcgrai according to the

chaxacter of pitching 6 and in its saxiama valut, it is possible tc
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judge stability of soticM ci object avd the corLectness at

*stablished/izqstalled dcriqg aerodynamic desig; at coetficients I

aed rn,. laced during scluticn cm scdel iq a, azd a2. The solution of

the alre complex problems ci the tlecry of Ili'ckt, it is ic(Jical,

will be provided by more ccmplex blcck diagLams. Used in this case

mrgdels must possess greater possibiilities tkav the described by us

sixilest model.

Surizig the simulatioin of the ccppEx Fkeincaena, connected with

the flight ot the guided ni~ziles, it is act always possible to

describe sufficier~tly reliakly the wcrk of tte separate links ct

ccatr~l or the work of any instrumeqt witha mathematical dependences,

Ly accurately reflecting the physical JiCt*re ci phenomenon. In this

case 4s; utilized the pr~c~erty ct electicn azalcgues to work in

c-cvbination with the real equijaent, Inoludtd i4 the

common/general/total blcch diagram cf the sclutica of problem on

n c del1i

During the use of electron analcques, it is necessary to

remeaker that the aclutica cf the %aticss kards of tasks is

acccolanied by the errqcs, sometimes suffi~ciently considerable.

tiberefore, solving any itrcklem of the tbe~ij clf flight, it is

recessary to rate/estimate the accuracy oL the cttained soluticr. The

a-ethods of estimaticn ct eizcr in the implementation ot ditterent
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dytam~c systems in analcq cctputers are descriked in specialized

literature.
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fig. 6.10. Example of tbc recording cf solt~tict regarding pitch an~gle

ca eloctrom a1alogue.

ley: 11.S.
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Face 247.

ChaFter VII

JIJLYtI(AL AND THE TABUIAE PETHODS CE IkE ICLQJION OF THE PROBLEMS OF

UIIRUJL BALLISTICS.

the examined in chapter VI numexical sethcds make it possible to

integzate any of the given above sjstems of difterential equaticns

witk tke necessary accXzacy. At the same tise these methods are very

labcrijcus and more expedient entire to utilize them for conducting

precise ballistic calculaticns in the final Etaes of thE design cf

artillery cr missile ccaplex. In tte iitial stages of the design of

requirement for accurac) to kallistic .calculaticns, it is below. For

s;imilar calculatiops widely are applied dillerert analytical and

takulir methods of the EcluticE cf the irctlems of external

kallistics.

the analysis of systems of equaticns, uhicb describe the Ecticn

ct rockets and projectiles in the desse la)tzs ct the atmosphere,

sbcws that completely these systems cannot le sclved analytically-

Even Frotozoan of these systems - sastes of equations (5.10) with

argument 0, in which togetber lust ke intecattd only two equations,
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it cannot be without siaFlificatic4* sciv~e iq quadratures, since it

includes the tabular functica F(v) ard iq ik it cannot be divided

altermating/variable u and 6. Ccrseguently, tcK the possibility of

obtaining the simplified iq ccataiscn witt numerical methods

"lutioas it is necessary tc cesFectively simplify the systems of

diffezential equations.

Depeqding on practical advisatility i4 addition to the already

examined simplifications (&zFaratic4 cf notice into longitudinal and

lateral, fcrward/progressive and rctary) art ailied these or cther

the assumptions. Fqr examfli, during the txajectory calculation of

the ballistic missiles, intended fcr a tiring tc very long range, for

the larger part of the trajtctczy it is possible not to consider the

air resistance, but in this case, is necessry the account to the

variakility of gravitaticna] fcrce. Fat the relatively small

distances when virtually entire/all trajectory lasses in the dense

layers of the atmosphere, it is pcssitle tc take g=const, but the

disregard of the air resistance leads ,tc lage errors.

fag* 248.

Depending on the character of the ad~pted assumptions analytical

methods of the solution of the protlems of external ballistics can be

divided iqto four tasic gicups.
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2c the first group one should relate tie methods of the sclution

cf systems of equations in bhich the teLus, vhich ccnsider resistance

cf medium, are lowered.

to the second grout let us relate the sethcds, in which the air

resistance is considered io equatioqs in the tcra of any analytic

functcn, which reflects the dependence bethee the air resistarce

and the velocity of the acticn of the iceqtex of mass. In similar

splut4cns, as a rule, are ccnsidered c.rly ctE tc two aerodynamic

characteristics, for exahile, only drag or drag and lift,

ccmsunicaticn/connecticn tetwees wkich is SJver in the fcrm of

spocil fmnction - the so-called Fclar 9f flight vehicle, for which

is selected analytical expression.

tc the third group let us relate tte setbcds, instituted cn the

axtificial transformaticia cf fundaaerital differential equations of

action, which make it possikle to divide v4Lialles. HoweveL,

setaratio4 of variables nct always dces leac tc the solutions in

fiAal tcrn, bhich sake it icssitle to have tusrical result. In many

irstacces it proves to ke- .eCessarl the r o.taket integrals to

reFresent in the form of tatles or curve/graphs. Similtude is not

always sufficiently strict and requIxes the introduction of the
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matching coefficients and auxiliary tatles.

the four-group includes the sethcds of the solutions, in which

Fxeviqualy is assigned the form of the functicr, which determines a

change in cne or the otker action characteristic. For example, can be

assigned the form of the deFendencq of the velccity of the motion cf

the center of mass of flight vehicle cc tize v(t). Last/latter

metbcds require the sufllementary assignment ci the law of the

resistance of medium or ccqducting successive aproxiaations during

the namerical calculaticn cl the definite irtegrals, which contain

±flcticns frcm the air resistance.

Each of the m~ethods let us use for bhe specific flight

cpnditions of projectile, bkicb ajljcach the assumptions, accepted

dexino the compilation of differential quaticna of moticq. For

example, qeglect of the air resistarce is a~licable during the

investigation of the flight of projectile it tte rarefied layers of

the %stcsphere or with very lc velcities cf action.

.1. Varabolic theory.

Buriqg the motion cf tie Frojectile of cctstant mass in

cpnditicnal Flane-arallel gravitaticnal field bith g=go=ccnst and

the absence of the air resistance, the trajtctcry of projectile is
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descrjbed by the syste of ciftereqtial equaticgs (5.14)

d2x y

,,-r = and -' 9
d 2 di2

splutjcn of which is determined by tke iqitial characteristics of

flJgb* vo and 90.

rage 249.

Ccnsecutively twice integrating, we will cktain

trcm exressicn x=v cc* 8=c1 it fcllow& that the motion of

jzcjectile in question is ctaracterizEd by ccnstancy along the

trajectory of the bcrizcnta] Frcjectici of ijeed.

en the tasis of the initial ccrdittions t-C, yv=O, x0=O, we find

tcr imteyraticn coastamt the follqqing values:

C , =0; C, - X., - T,, co0' .,

Substituting the value of constants iq ax$cessionsa for x and y,

we will obtain the equatic. of traject-cry I thO parhmetric fcre
x ,X co 6. *. t," -= v,, sin 5,,t -~ :

cm# &&ter the exception/eliztnation cf paae~tar t by substitution

-- '-- in equaticn fcz y. ip the fcam
t* COS i xt6

=x to.-. (7. 1
€- -to'
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the csafarison of equaticn 7. 1) with the Stmerel view ot euaticn

curved of -the second oler

Ax 2+2Bxy +Cy 2+2Dx+2Ey+F=0

&hobs that the discxmipast of equaticn (7.1) Ez-AC=-O and, therefore,

carve, described by equaticr (7.1), is jaxekcla. Based on this, the

Method of solutioq in questicn frecuewtly callE the parabolic theory

ct the moticn of pnojectile.

let us find the relaticnshii/tatics, utiick sake it Fossible tc

calculate the actice characteristics cf ptc.;ectile at the arbitrary

1cint of parabolic trajlctoy. Difierentiatvg 47.1) on x, we cbtain

d4eadence ter deteraining the angle cf the slcFe of velocity vectcr

tp the bcrizcq

--- tg a-=tge 0" Ex 7. 2
• ~V21 Cos-

E6ge 2!0.

The velocity of projectile in arkitrar.y poirt is the trajectory at

height/altitude y let us determine from the agwation of the kinetic

----- m",,
2 2

wbenct it follows

i =1 I F ! . (7.. .
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Pra last/latter formula it is evident that the velocities of

FrcJectile in two icinta, ukich axe lccated ca identical

height/altitude on that ascend and cn descEldiS the branches cf

trajectcry, are identical.

te time of the ncticn cf Irojectile is determined by the

de Fendence
X r ---- (7.4)f o cos 0o

Let us fiqd the values of the noticq characteristics of prcjectile in

isact joint C, utilizirg tke corditicr that yc=o. In this case, from

equaticns (7.1)-(7.o4) we reipectively ctair: ccmplete flying range
X0 sin 

200Xc -; 7. 5

aagle of imcidetce tg8r=-tgOo; the rate Qf itcidence/drop vc=vo; the

comFelte flight tine
tc 2v sin 60  (7.61

the oktained dependences shcw that fox a Farabolic trajectory at

isFact joint

OCl=6 O aha VC='.-

lctiop characteristics for peak of the trajectcry will be

lccatEd frcm conditicn tg85 -O (cr Os=O).

In this casep.of 47.2) it follcus

,XS = v2, sin 20o (7.71

X2 - XC.
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Analoqcusly from 17.4) be citaim
So in 0o  ILpa . t$ t---g .9 2 C

S;Lnce in peak of the tralectcrz the ccalr$i3g velocities are equal

t,c

x s=%cose, and ys=v-sin O-gts=O,

that the full spead

Iajectory height ys let us find, after sUt-titUting expressioU foL

xc Intc fundamental equattcr (7.11,

ms* 2 (7.8)2g
ti Page 51.

frequently, multiplyirg (7.8) kj ccfac.tor 2 ws ,is reduced
2 cos 0  e

e;re4sioq fcr Ys to .the tars

Yts "7" tg 6.. 79

The analysis of the dGeedences, vbick determine trajectory

6lesents in apex/vortex and at injact 1cint, shcus that the parabolic

trajectcrl is symmetrical curve, acreover its axis of symmetry is

ordinate 's, passing thicugb the middle cf ccaFlete flying range.
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During the apFroxiuate ccujutaticns of tra~ectcries in air

frequently the fuqctiop ct density charge bith beight/dltitude takes

by aveLage value H(y)-H(y,,). As the first .afircxistion medium

altitede of trajectory can te deteLmined, u&ing the conciusicns ct

tke Faratclic theocY

0 (X

After integraticn ar d tzacstormatioqs, be bill cbtain
29ev, -T !s. 7. 10

Varabolic theory can be applied fba pesformance calculaticn of

the eqtion of the projEctjles cf corstart mass keyond the limits of

tte derse layers of the atucsihere (at teiSLt/altitudes more than 20

ka). During the calculaticn of the relatively larger trajectory

ibases, it is necessary tc Lesesbez that thE defendences ot paraLolic

thecry are obtained without the acccunt of Lending of tae Earth's

*uzface, the Coriolis acceleration and variability 9. calculation

acccrding to them can lead to noticeatle ezLcrs. So, with distarce

-5C0 In calculatiop acccxdirg tc t e dejemdtnces of parabolic theory

gives egror of appjLoxinately iCc/c.

Ecr the calculation of grcund-kaste trejextories, parabolic

thecry can be utilized in tke case of the lcw expected tiring

distances (trajectcry calculatica cf meaqs close combat). With v,<'60

a/S and 8.0=45o range e&rcr curing the use cl Fazabolic thecry
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comFr4-es less than 5o/c.

ji. Elliptical the.ory.

The tbeory of the moticn of tie lcny xnge lallistic missiles

(E-BEE [(BPIL)- long-rance kallistic niEgile) agd of global rockets

CM inective leg is a slecial case of tie "tbc-lcdy problem",

set-fqxth in classical celestial mEcharics. External ballistics

examines the motion of the kcdy of ccnstant mass in the central

gxavitational field of the Earth ci elatively inertial coordinate

system.

Eage '152.

In th~s case, the trajectcries of *cti6 reiresent by themselves

Kelex's elliptical trajEctcties wtich are mathematically described

ty system of equations 4!.i(), that yields &ufficiently to simple

aaalytical solution. In this system tte seccd equation exjresfEs tfhe

law of coqservation of mcnertum cf acae~tus in central gravitational

field. Integrating it, ie find the relatior Letueen the parameters of

the beginning of passivt secticn ard tie ctirext parameters of the

ta ject cry

C, r' -r tcos = rz, co6 8. (7. 11

Here r=,.a z,, and ., - lqitiel Faraueters of the motion cf bcdy in

IL . .
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alaclute motion; moreover i,, and 6 - anclec cf the slope of vector-:

,,, and v to the local bcrizcns (stardards tc racii Fi, dad r

rasFectively).

Dependence (7.11) is called of the integral of areas. The

Ehysical sense of tie irticiuced cC4cejt ccLsists in tht fact that

the areas, swept by radius-vector for identical time intervals, are

equal IFig. 7.1).

Zntegrating first equatiop (5.!C) takirg into account the seccnd

equaticn of this system, ue will citain

S2K ,7. 12:
r

uhence

H2K 2K . (7.13)
r r

Exjressioq (7.13) is called the integral of energy or the integral cf

kiretjc energies.

Ecr two points in the trajectczy

r 2 r2

and aster the mutiplicaticp of all terms co equation by m/2 let us

ha ve

22
2 2 r2 rl,

i.e. kinetic energy of tody in the seccnd 1cint is equal to kiretic

oary in the first poict plus a ckarge of the Ictential energy of

jC=It 4Cp.
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F~g. 7.1. To the concept cf the integral cf areas.

EaSE 253.

Iguaticns of the trajectory of Lody it certral gravitational

field can ke obtaiped tica equaticrE cf aoticp 45.20) with the

e~ceition/eliminaticn of them cf time- Substituting in (7. 12) " from

17.111 and bearing in mind that
dr rd c, dr

d' ,I r
2  

dj

he uill obtaiq
dr.

/' r;- - Sr
, r~

The f~nal solution of this equatiox takes tie icrl

r= - 1' 7. 14I -e Cos ( '-if)

The ohtaiQed dependence is the equaticn of ccnic section in polar

ccordivates.

Depeqdence (7.14):

0 ad , the vectorial angles, calculated ctl rddius vector r
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which deteraine respectively the Ecsiticq c€ current point in the

trajectcry and its apez/vextex;

pFc 2
1 ,K the- focal parameter of ccqic secticn;

e-- lV -C2 - eccentricity. (7.15,

fcr parameter p freguertl utilize atter, 4erivative, the

txressicq

p -= xr, cos2

wherex=-- disensiozless relaticr tc the doubled kinetic energy

K

tc Ectential energy at toint in the trajectcry, which corresFonds tc

tte beginning of passive secticn.

expression (7.15) after the sckstituticn cf values c, and C2

gives formula for deterninicS the cuLrent velccity in the function of

the Lasic Farameters of the trajectory

r I V cos
2  J

icr pcints in the trajectory, arrangeilccated on the focal axis

cl the coqic section in hicb &=C Iccs 0=1), ctained equation takes

the f9rm

K$ A (l- e). (7. 16

r

Depeqdences (7.14) and (7.16) aake Lt lOasibLe to investigate



LQC * 781C71C9 PAGE 439-

the etfect of initial ccnditics fKl the fcu .cf trajectories and

rate 9t the motion of flight vehicles.

IaSe 2!'4.

Let us examine the Fossible cases.

3 case: a-0.

Zn this case, of (7.14) it fcllows that tbe body will be circled

%bose equation in Eclar ccetdivates has Eca r-p-r,. Velocity v1 =A/ii/

is called circular and is tie velocity whack must be reported tc body

sc that it would become tkg Earth satellite. lI quotient,

cgditional. case with r-Ra=6371 ha

Ibis velocity is called orkital velocity. ]1ticcuced above parameter

x,, cn be exFressed thicugh the value cf the circular velocity, which

cezzealcnds to Ladius r,,

It is clear that to the motion of body 4l@;S circumterence

corresicnds value x,,=l
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2 case: O<e<l.

Accordingly (7.14) will occur elliticel trajectories. However,

ate Fqssible two divers* variamtsr since it fctuula (7.16) before the

value of eccentricity ttey stand tic sigqs:

a) assuming that 0--A-0l e=v,, the&. let us tave an elliFse whose
r

attract/tightening center ccincides with tti nerest, with resFect to

Epint with a velocity ct v',. fccus. 1cr the tersicn in question this

tcirt in the trajectory - jtri~ee. Ike tody, driving/moving in

Ferigee with this velocity, will ke satellitei since ellipse dces nct

intersect with the attxact/tigkteviS .bcd1y&

k) it V -- (l-e)=v,the: let us have ar ellipse whose

attract/tightening center ccincides vitk distart focus. Velocity v,,

characterizes the icint, called the ai.cgee cf trajectory. In this

case the trajectory can intersect with the attlact/tightening tody,

kat it can and not intersect. Eoundary value . easily is

determined, since velocity VA.rp must be equal to the apogeal velocity

ct such elliFse which in Ferigee will .tcact tbe surface of the Earth.

Utiliing condition VfR3 -VA.rprA.rP=clet uS subStitute in it va and vA

and aster transformatioga as mill qktain

VA.rp= l I rA.rp + R3  "

It VA>VA.r - ellipse it does not intezaect vith the attrdct/tightening
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bcdy;

VA-VArP. ellipse Wilil tCLCh the att ract/tIgbtning body;

VA-'A.rp- ellipse intersects wittk thle bodj (tkis versica

ccrtesionds to trajectcries EBiLD). jJ
Fage 255.

8cr ellipses parameters xm.' 2.

Icase: eni.

trajectory is parakcla. If We give to LCCket parabolic velccity,

it will overcome the fcrce cf gxavity. Frcs the equation of velocity

(116 follows

tith r=R,-6371 km z011=r'0 I i--11.18 ko/a In called escape velceity.

Ic parabolic trajectory ccrres~cads keamaster ,-

* case: QR.

Accordingly (7.14) trajectory will be kyjErtola; ina this case
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cor the explapaticQ cf the examined VOrsicts, are given by Fig.

7.2., ) fig. 7.3 and by PiS. 7.4. figures !.; shows the forms cf the

trajectories of body dejending cc the value cf parameter x.

I

Ilotted functions !---=tI+e)2 fc 4.7.16), deFicted in Fig. 7.3,
Vol

make 4t jossible to set the form of the trae:ctcry ct body depending

cc the relationshiF/ratic cl eccentricity * and of velocity v in

Ecist in the trajectory on the focal axis -ct ccoic sectioq.

the dependence of the form cf tte tra:tctcries of the body,

distact from attract/tightering center up tc distance of r, from the

veloc;ty of this body v {bith vJr), is shcr cr Fig. " 7.4.

the introduction of the ccucelt of parakclic velocity makes it

ioasible to give still cce jcterjretaticn tc the term mK/r in

exriession fcr the integral of enet§y-

4t is clear that ...... .. thert is kinetic energy cfr r 2 2

body at point with a radius of r, necessary for the overcoming cf the

gravitatiopal field of the arith.

Icr constant c2, aralogcusly it is posiible to obtain expression
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CgV.'--.'1,,frOn vhich it fcl]OUs that it c,)/ e, tLen rt- and the

trajectory of body is tke extended curve (4J]ehbcla or parabola); but

it c&40. then trajectory - closed curve vitk a saximus radius ct

2_r (ellipse or circuatere~ce). SubEequently we will examine
62

the. elliptical trajectcries for Which c 2 <O icd x,<2.

The practical application/aiediz of the dependences of

elliptical theory is ccpnected with apF~oxJsat solution of tollcwing

kasic tasks.
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Sag* 256.

H 8K-0

-- V 

2 e)

(nap'I-,a r) 'lflapahoii (Ul; V2)
UK- 1,2 O' DPY*ftocmb(k)

8 22 A3

pig. 1.2. pasily alf chatacteristic tta~etczies of flight at high

alt it ides.

F49g. 7.3. Graph/diagraq of dependence vlv,, in function of

Ec-ceD.tKicity e:

Ad - toxrespoods to ellipses, for wbich attiact/tighteniag body is

iccated ixn near to initial joint focus; 41 - cciresicnds tc

by jerbclas;

Ali - 4t correspond# to ellitses, fcr which attiact/tighiteuing b~ody is

1ccated in distant from initial Foiqt fcous; lt- corresponds tc
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ellipses. intersecting uit. attract/tigktesing kody.

Key: 4I). Parabola. (2). CircumferEnce. (3). Ellipse. which concerns

attract/tightening kody.

Ia&e 257.

2. To determine parameters of mcticn at current point in the

trajectory along kncun characteristics in tie teginning of passive

lectisr.

2. from assigned parameters in the beannirg of inactive leg tc

find valie of complete distarcE.

J. To determine initial velocity v, 9cz achievement ot required

flying range at kaQvn values r. ant angle 0,, it the beginning cf

imactive leg.

4. From assigned flying range and r" tc calculate optimum angle

On9.. at which distance will Le reached at vanigum initial velocity

S. At taeon values r,, and t. tc find value ot angle of maxinur

zLau ewmu.
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Bcr real BRDD the length of the last/latttr phase of trajectcry

- the section ot the atacsile[ic ertry - ccaFrises less thani 5o/o

ccsocu/yeaeral/total flying range. eLBeEf 2rE assumption Abcut the

tact *bdt the rocket motes kere just as alcrS elliptical trajectcry,

gives good first apprciuuaticn fcr ranging and evaluations of error.

taking intc account this, dLring further cciclusions let us examine

the flcw chart, presented in Fig. 1.5, Ly utick NTs - this is the

elliptical txa]ectcry phasE.

In differential equaticns of actics,4 lIt us pass from

indepfEndent ky the variatie t cf irdeFerdert variable 0.

.
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A e .

BIC'

Sv>v. I v

< Vrp VV i

\0

' Pum;u 'Oupee
mejic

fig. 7.4. The fields of ics~itle taj*ctozfis: A- field of

byFerbclas; E - field of the elliFses, uhick dc rot interscCt bith

the attract/tightening tody; C - field cf tte Ellipses, which

intersect with the attvact/tigbteniq . cdy.

Key: 11). Parabola. (2). Cicumference. (3). Attract/tightening body.

Fig. 7.5. Simplified diagram of trajectcry ct Icng range ballistic

nissile.

Page 358.

Itansformatioa takes tie form

d " a d .Vx COS (- . d
dt dy dt r2  

dyp

Producing one additic~al replacesect ;=1/, let us write the

i
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first equation of system (5.20) for the cas* ip question as

d1O ,,mr, C05 2 61,

Integration constant are ]cated fxcm ite ,iritial conditior.s

=-- -Ltg..
dp r,

The sqluticn of tire obtained equation is otwious
r. ,- = -cosy , cos (6.+f)

X COS
2 

b Cos 6

Ercducing reverse/inveise replacement j cz 1/r, we will ottain

the equaticn of elliptical txajectct) it the fcm

r= %.r cos
2 0.

I -Cos?+ .cos$.cos (a +?) 7.17

hlthov~h this form of reccrding is .cre ccflex in comparison vith

c cevecticnal (7.14), it EcSesses that advertace that arc included

parameters C.m O,, and r,,. mbick cbaracteri2e tie [csLtion and energy of

rocket at the end-Foint, which corresfcnds to tke beginniqg of the

jasrive phase of flight. teFendence (7.17) together witn the given in

the precediag/previcus secticn relaticm- hij.ratios makes it possible

tc sutficient simply determine trajectcry elements according tc kncwn

initial data. The next piokems also are rtcuced to the solution of
the oktained previously r*1aticnshil/tatio .

Suriqg the determinaticn of t.e parameters o motion, which

correspcnd to the impact ic¢rt in the ncse cc~e, it is necessary to

kee 4m mind that target Fcsition relative tc the beginning inactive

leg of rccket is unambiguotsly determiced 1) argular target rarge 2V'.

Ccmiunicatiom/conmecticr ketween argulat ard b) the linear distance L
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(uadertaken over the surface of the farth). is Expressed by the

xEaaticashii/ratio

L. = 2 , (7. M8,
ubere 2* - an angle of tte relative attitude cf target/purpose in
radiams. A series of the nuserical values cl argies 2V and of the

co[esicnding to them valui of lizear tlyLg zange L vithR3.. 637]km

is given in -Cable I.1I.
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laklE 7.1.

2-. rpa 5 8 15 30 60 75 90 120 140 180
L M 556 890 668 3336 6721 8 008 144 155 20016

gay: Al). dey.

Eage 259.

the condition of tie hit is ti, ckservencE cL equality r=R 3 when

q q= 2 q After substituting ttiz ccnditicn in 15. 17), we will obtain the

e9uaticn of relation of calculatea angulax cistance with the

jarameters of the beginning of the tassire section

r Ii-cos 2- - x, cos 6, cos (, + 2)7.

. COS2 6

Cejendence (7.19) makes it Fossiblf tc alsc sclve the ir ...rse

Sr.cblez: to determine tic ncesEary veiccitk fcr achievement of the

reguired distance at asaigq1d values On and r,, [2]:1 -cos 2 ]

, cos" 6,,- cos 6. cos (fi -t- 2.)

hith the very long xange cf flight, it is Fcssikle to accet (in the

first afFrcximatioa,) as-uxjtica atcut the instantaneous combustion

Ct the fuel/iropellant cf rocket(r1=R3 ).In tthis case

V.= VP I -o2 _1
0o2 - cOS 0 Cos (0, + 2+)"

the analysis of the cktained -iaplifitc equation (Fig. 7.6)

makes it possible tc drab tie co~clusict that c~e and the same range

angle 2T can be reached with many cchkinaticas cf values v and 8 at
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the cutcff of engine.

Rractically important is the deternimaticr of the position cf

rocket in the elliFtical trajectcr) bitb re Eect to elapsiny9 of

certain time interval after lau.rching/startin.. The first stage of

cktaiaing initial dependerce is ccnaected bitt the integration cf the

mcmental equation cf mcmentus alcaq tine u|l;r ccnsideration the

dependence, adjustable t y tke equation ¢f trajectory (7.17). Final

formula is located as a resclt cf sufficiettly complex analytical

soluticn [65] and takes tt form

r. I Og.( I-cosc)+o-,)s(j+V. Cos C03 I P -- s Cos (a. + P)

j-() .+IC06
2 

8. Cos 
6

+ cos6 2 arc-tg Cos n 09 2 1. iii 07.21)

Eace 26Q.

2ctal flying time tc ii calculated Vith bbe suistitution of value

qp=2into equation (7.I 1)
t - rw 190 (1 --cos 2+) + (I - x.) sin 2

tc vHCo , H A ' i
2csO 3 arctg ," - 7,22)

2 -a cos 0. cig -sin . I

7he graphic represqtatic vf the deEeadeace of flight time along
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tallistic trajectory (okem rq-R 3 ) o4 angle 0, cf different range

aagles is reiresented in Pig. tb 7i.
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te. MH (i I

200 ?4b_ 60V

200LI ol I '~-8
V, K" 160
12 73 10 g o 0

100

6 jo-T

45 40 -30.

20 15 345 60 7520 0 204 0s

Fi~ 2.7

Fig. 1.6. Depender~ces of tte veliccity in the beginning of passive

sectige r- ozj angle e,, for the diiitrent iialues of raaye angle 2,t

(when r,,=0R3)

Key: Al). ka,#4.

fig. 7..7.~ Total flying time in tunctici2 ol iLglC e. for different

rarge angles (when r.=R3)

Key: 11). min.

.3. Afroxiuate analytical *etbcds cf the txajectory calculaticn of

thq pscjectiles of ccnatart sass.

3.1. methods, which use analytic fv~cticqE fcr describingj the air
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resistance.

2be analytical metbcds of the trafectcay calculation cf the

notion ct the projectiles ci cc.tEtact mass in air usually are based

cc system of equations bith independent variatle e (5.1Ui). The

yxeat~st difficulties cause the deternipaticn af the veiccity cf the

option of the center of mass cf frcjectile..

Eagq 161.

Velccity is found by integrating tte bcdogzcjpb equation (5.9). Let us

jxzesemt it in this form
d (v CO 0)~ Et,2 ( .3

bhere

mnov

if be for determining of I use (2-.99). then Me will obtaiq

E= C(M); (7.24)

be uoase (2.95), then let us have

E- (yF (v). (7 .25)

in the first case from 41.23)

d~vo ( W QVV3

do v ---. 2-a Sr(M). (7.26)
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the simultaneous -replacement cf feectics* Q y ad r.(M) with
QO&

analytical dependences does not lead tc; seltratica of variables in

eqsat~ca (7.26) and doec act give F-cluticn An final form.

Even if to accept c.(M)-eCxconst, shbicb leads to qjuadratic

deFenience for the air resistaac.

2 7 "7. 27)

then variables in equation 17.26) newrt"elss; cannot be divided,

since in (7.27) remainis tiurcticr Q(y).

4f we utilize (7.25), then we will obtain the first equation of

system (5.10) in this form
d (v cos0)=C vF (v) (.8

d7s g

bbqre cj~ck(y).

Inveatigatiols shot that fcr the ajprcximative integration of

egeatica (7.28) during the irovisio4 bar ac-ceptakle accuracy of

calculation cue should take H(.y).H(y,,) &nd tike air resistance to

describe one of th~e analytical dependeqces:

F~v) a +vn.(7.29)

where a, b, 131 a - constant ezFerisental ccttficients.

last/latter dependence was prcfcsd by N. V. Mayevskiy and N. A.
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Zatudskiy. The values of exFomeat a far difipreat speed ranges are

bkcugat to folloving tatle. "H 0 240 295 I 375 419 1 50O

41 h 240 295~ 375~ 419~ M.01 800 1000

a 2 3 5 3 2 1.70 1.55

Ccefficiets Bi for each section were selected so that th.e functicL

I(v) uculd te continuou.

Let us substitute (7.2S) in (7-26) and will discover derivative

cm the left side of tbe egvatica
d (v cos 8) C1t(av ;(v 0)=c,_- (a +bv4);

dO g

-- V (ca-Lgsin
AS gCosb0 gCose

Let us introduce substituticn vovl, frps which by ditferentiaticn

we &ill obtaiq

dv- dv, (7.31)

After replacement and transtormaticns, let us have linear

ditterential first-iorder equaticn

+ d N (0) v, ncM (0), (7.32)

• where

A'()= +¢snO,; M (6) = "
cose gco.O

In accordance with the geveral rule of the solution of

differential equations of tte named type, let us find the [articular
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Solutica cf the equatiop

cr, by dividing variablfs, be will ettaq:

dv. =-N ()d*A (7-.33)
VO

The sqluticn of equation (1.33) takes the Icra

(7.S4)

there C*~- there is a functica 0.
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Eage 263.

Let us find C'uhen sclution ( .. 4) satisfies equaticn (7.32).

Frcs _(7.34) we will obtain

-C*.N (O) N(1)41 -R NW( dCe

dO +e

Sukatituting last/latteL equality aqd expr*Lsicp (7.34) in (7.32), we

bill qttain

0 • -" = cAM (0),
dI

whence

C=n e' M(Sld"+k, (7.35)

Uhere k - integration ccstant.

After this the geqqral solution of equation (7.32) will tAke the form

A (b)d', a N(,) dt

V.= Scl j' e M ,, d+, . 736)

Irce last/latter equality aid (7.31) fic imitial conditions 0=6o;
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v=v 0 ve will obtain

After determination a. ficE (7.31) we will cLtain also thc value ct

the unknown velccity

V (7.37)
1 Ve

let us examine analytical olLticz, atter using for detergining

the function F(v) fcraula 11.30). 2ber frcm 17.;d) we are have

d(vC O.) C1BV (7.38)

FcZ seFaration of variatles, let us ultipli *unerator and the

deo.minator cf the rigbt side cf tk$ Fteceding/revious equality on

COSM+16

(v +cooy+ 6) cos +

ifter integration let u* bave

IB A O

, g; ). (v os)" -  (7.39)

tage 264S. he integral ct right side can Le undertaken in elementary

ftnct;cn. Are kno~n scluticrs tc r=E, giver, fcr example, in [30].

Icr determining of coordinates and tint of soticn, we will use

r
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three last/latter equaticns ot system (5-.IC). IrLo the eljUdtiOn

dy t,2 tIg
dO g

ke will obtain

9= o J - I '- tg Ode. (7. 40 1

ILca the equation

d.v r.-

be 'ill obtdiq
X=Xo - do (7.41 i

amd t cn the equaticn

.t v
dO Cosa

be bill obtaiq

V do (7.42)

The complexity of forcmlas fot detericuic, velocity (7.36) aad

17.;371 or 47.39) does not make it jossitle tc take the irtEgrals cf

ti9tt sides 17.40), (7.41) ard (7.4i) it fiial form.

let us examine the scluticn of the basic itcblem ot external

tallistics with the appioxtiation ct functicn Fiv) by tue cne-term

quadratic dependence F(i)=£Ez . This sclutics was called L. Euler's

netbcd [63].

Ic the first equation cl system (5.10) let us desiqnate
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b - BcH(ycp). fter this the hodcgrAj equaticn will take the fcrm

da 6 u
3

dO g cos3 *

Itter integration we will Ettain

I I b do (7.43)
2,,0 2u2 g cos3 6 ' (.3

00

whore uo=v o cos 9o.

Eage 25.

FCL sizslification in ftrtbfr soluticn aqd its flinging to tabular

tcim usually is iqtroducid the auxiliaiy f&Lcticn

dO
,COS30
0

and then

- --U0  g

if we the coznstant values, which dEped or initial conditions,

gzoup to together and deEicrate

a(V 0 ,

that ue will obtain

£ (V 0. lo) ) (7.4526 n (vo, 0)a- a (t) y

for function e(O), entering in (7.45), can kf oktained the analytical
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de Fe nde ace

+ Ins2  + ICoss--~--- 2 C032~ 4 2j

Liter determination ot u the velocity Cf prcjrctile let us flnd trom

the tqrula

a
V=

cos

Suksbituting (7.45) in the remaining eruaticns of system (5.10),

be will obtaiq resiectivEIJ d___ tg ;
2b [g(vo. 0o)-(e) cos 2 e

dx= - d 7.46)
2b I(to. 60)--E(O)]cos

2

1 do

d 1= -g 'g,(vo. so) )-a(e)co32 0

alxc, after the integratica

tg GO

X=- Ae (7.47)2b [a(VO, o0)- (O)lcos 2 0

- 1 * (v0. 6o)- (0) cos 2 0
b
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Ea, e 2E6.

?he integrals, which are contained in tLe Light sidcb of

eqaaticns (7.47), in fira] fcra are rct taken, lut they are the

fm;cticns cne and the same values

2by %(D,, bv, 0); 2bx=?2 (00 , by6, o),

S2b -?,,o,, bvy, 9).7.

This made it possitlc tc create tables bi.th entries 9o and bvoZ

for the calculation of tiajectcry elelerts. Cn their base were later

cpmprpsed sore convenisnt fcr practical calculations tanles with

eattier So and 2bxc.

Tables gives the values of values

f '2Ix 2 0  tc Xe:

YLGINGIR I. lI tables xc in marked, X,i-Tend me-Y ENDFOOTNOIl.

Ile tatles are comprised fcr 00 frct 150 tc -5O at values 2bxc from
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0 tc 40.90-2.5) depending or angle of depaiturr [9). The examined

method of Euler ar~d table are used fcr traj(ctcLy calculaticn at the

low initial velocities.

3.2. lethod of pseudovelocity. Basic ard auiiliary functions.

the method of pseudcvelocity is rlattc tc the third yrou of

analytical methods, since at its tasis lie/iests the supplementary

transcamatic of the hcdcgraph equaticn of velccity (5.9). In

bcdogiaph eguation for Ee~azaticn cf variables, is introduced

funct~cn F(U), where U - the value, which .kes tke dimensiorality of

velccty and called pseudcvelocity. Value L will te defined acccrding

tc fig. by 7.8 as

U= os eJOS 7.49
cos 6o

The vector of pseudovelocity is Faal]il tc the vector of the

initial velocity and has tie same bcri2ctal Frcjection u, as is rjeal

of welccity v. Since the sinple replacerent F(v) by F(U) pives

co;siderable errors, then into hodcgraFE equaticn are introduced

su pleuentary correcticp factors.

Substitution takes tie form

H (y) F (v);=F (U), 7.50)
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where k - the correcticn factor, which coSi nsatCS fcU ULrcr.

Eor the low trajectories, which a r* cheracterized IOW 0o and

]&tge initial veiocities, atgle 6 it is small changes alouy

trajectory, tut H(y)x.1. In this caie it suflicez to accept

k= (7,51)
cos 0

6cr anti-aircraft trajectories are alsc ctaracteristic high

iaitial velocities and the beak chapQe cos t ir trajectory, but

fi(y)t] and therefore is nEcIEsary tfe substitl.ticn of another torm -

Cos

k = 1 QS 60 79

icr the mean angle* cf castirg ard velccities, characteristic

fom the trajectories of the prcjectiles of Lield drtill.3y pieces,

E katituticn somewhat acre complex than pr~cedi;S/previuus

I ty! F l vIFI'1 7. 54)
Cos

k-~ ~~ ro2h 5 )
Co's0
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bhere f-supplementary numerical corr4CtiCL factor.

bast/latter replacement is calltd cf tic sutstitutica Sidcci.

Vith kncwn pseudovelocity real veiccit) i-, determined from

equality (7.49):

UCos 6

a the bcrizcntal prcjecticn of sfr*ed is equal tc

U = LCos 00. (7.57)

Zet us izqtroduce sukbstituticn (7.54) .izitc the hodoycaph equation

cf velccity, let us replace cl=cp ax~d let u& divide variables:

dA g dU 7 8
COS2 0 C I COS2 00 UF (U)

if ter integration let us have

tgg= g dU
tg 6C C02 00  UF (U) (7.59)

integral in right *ide can be trdetaken crly numerically.
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/

fig. 7.8. ccnstruction cf tie vectcr ct psatdcielocity U.

Ea~ if8 .

La Eractice the trajectcry calculaticn ty tte method of Siacci is

ccanducted with the use cf secia1 takies. ICL ccmveInience in the

couj~ilation of tables ard bck cc then, art ii~troduced to the

fu~cttcn

U2gdU A~~ (IVKl 2gdU
UF (U) Jt,)K, F(U)

U44  U3

bkozeio=I0 U0 .

Carrying out replacemart in 17.59), we will obtain:

tg6=tgO00 - I V(U) -(9d.. (7.601
2c' C052

60
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let us integrate tte resainirS equaticLs of system (5.10) . In

the equaticn

dt u I
dO S c032 0

let us substitute (7.58). After integratict let us have

U
dU

T ,Cs0 (U) ,

Ietroucin take equct

we ill otain

dx=- UdU(7.62)

Atrntainlet us takaveaic

d x UU

dx -Ud (7. Q
KF -U((U

UdU
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we will obtaiqID -Dv]63

fag* 269.

Ecr determining the ordinate cf trajectcry, let us proceed from~

the usual equality

(I Y~x

After substituticE irtc this equality (7-6C) and (7.62) and

integrations we will ottaji

I/=tgO1 - A(L.) ljj
y=2~j- .c' coS20 ID l) D~,to) kz ! 7. 64 ,

where

U

#or determination tge. t, x and y from formulas; (7.bO), (7.61).

47.63k and (7.64) is nece-csazy the ajlicaticn/cse of tCibes of the

speciAl functions J(U), T(I5), D(U) and 1(U). called basic functions.

As inFut value in such tablis is LecEivtd Iteudcvelccity U. The'

numerical values of functicrs depefd cc thE detcndance .icccpted tci
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the ax resistance F(U) and on constant quakers U,, and KA, which are

salected so that the tabular values cf functicts would be convenient

bhen acnducting of calculations. Ike takleE cf tasic functions,

calculated for a law aiL resistance cf Siacci, are placed in [S, h.

1,11]. 1he method of psetdcvelocity makes it 1¢s-ible to calculate

action characteristics at any point in the ,trajectory, includirg in

apex/vertex and at inpact icint. Fcr tle bretity of writing, basic

fuzct~cns frequently designate only ky first letters index of letters

it designates the Fositicn cf the leint in Sue-tion in trajectory

[59].

Ecr an impact point, the ordinate cf tLajEctory is equal tc

zzo. Substituting in (7..64) yc=O and co"% rtirg, we will obtain:

sin 200= c~ hi _ f'7.65)
e' DC --Do

Ic isolate in an explicit fort ircs tis ,eguation pseudovelccity

at infact 1 oint Uc is rct represented fos-itle. To solve it

relat4svly Uc is possitle ky selectic.n, being assigned by

exemplary/spproximate values Uc. After deteaialng b'c, leot us

determine remaining trajectcry element4 at ispact point
xc-= ,Dc-Do); Ic= c' r.,,;

S s( 7 . 6 i)

tg 6 = tgo 90 1 (J -JO)Y

fait JQ. cosC200

• ., ; / ,A
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In peak of thq tra;ectcry (1,=O eid 90s=O. then from (7.60)

after tiaaformaticu we will ottaic:

,,=c,,in200+J,. (7. 67)

Isiag the tables of lasic functions, fILC Js let us find

Ds.T,,A,. Loo initial ccnditioss with U,=v,@ let us find Do, To and

Am* aster which from (IE) (7.63) and (7.(4) let us find

XS ' , Dv - Do,) 68)

The cell/elements ct impact Ecint can le icund, dtter avoiding

trial4and-arror soluticm of equatlcr 07.65). Frcm equality (7.63) for

an iujact point D (I(.) =c'xc-- D(zo) it fcllov* that

taking into account this exiressict inm th~e brackets from

eguat~co (7.65) canu be considered as certair fuzection t. of these

ar~u34nts

D_____ -UC - Di (to'o)*v,

and tq write (7.65) in the tor.

sil =f '';v - . 69

'I -
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for fo(C XC; VO) are calculattd the tatleE.

On initial data it is kossible tc find cesin2e6 ; through this

value and vo, using tatles, is found ptcdact c ,xc and f urther xc.

3iqilarly it is possikle tc oltaai sxst ctter functions from

c'x, and wo [59):

si 6t gex; f vo sin 00

(4 Vo COS 60XSY

functions f0-f6 are called the aujiiaxy fcnctions of Siacci.

These functions, besides ts and f6. at* suitable for calculating the

nctict chazacteristics at ary point in the tra-ectcry. in this cdse

j~scduct 061 does not have an index.

Eas~e 271.

Fct e;asjie, for instantaneous value of x CCCicindte y will be

aternined accordipg to fcllcwing fcxaula [!9':

fo (C -': v-
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Artificial transfcrmation of the hcdcS~apk equation of velccity

with tte replacement of tuqcticn F(v) b) FIL) gives good on accuracy

results during trajectCry calculaticr, in ukic cosO it is little

afiected along trajectqry, end it is icssikle tc accept fi(y)7tl. For

short lc trajectories fat ligh initial velccities and the low angles

Cf deFarture), whom it is Ecssille to accept ccs6%cos8Oz1, it is

cbiios, that P=1, cl=c and U=v. Iten

X- [D v)-D v,';
C

=x Xg [
A  

M
f '  A ( t ' ,

) ',] 7

y=xtg D [ (v)} D(vo) I

rIvTr (vo)l I

Suring the solutiqn cf the reverse pictlei, the angle of

departcre in this case till te determined tics condition yc=O for

the f~rmula

sin - A (v,) A (vu) _ j (V

lith an increase ir the angle of departure and decredse of the

initial velocity the errc in determinaticq for trajectory elements

at impact Foiqt increases. rror ccusems&ticn is realized by a way of

introduction into tte calculation cf ccefticiert p. Strictly

sjeak~ng, for eack trajectcrLy element, it is necessary to intrcduce

its crrecticn faotor shor. i.c, c her cqdictjng of practical

......

AiW
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calculations, use cne ccepensating factcr - , that agree the

ccmflete distances, designed by the method cf Eseudcvelocity even cne

ct the more Frecise metkcds. ibis ocefficiejt ia named main

ccetf4cieqt P.

The table of the valueE cf coefficient P in connection with the

lab ot air resistance of Siacci for small aims and the artillery of

the 19w caliber (with c > 1) is ccmrised according to intake numbers
Xc = 1000-7000

Gf 6o 6O-30 ° andAm. Coefficient in tte taile changes within narrow

limits from C..97 to 1.C.

Ecr medium aqd high caliters (with rc<1) Ya. M. Shapirc it make

table bith entries c=0.;-1.C, vo=3CC-ICCO xos and 9o=5-600 . The

tatles are comprised by itocessing tke results cf trajectory

calculaticns, carried cut k7 the methcd of Eumexical integration (9]

and [99). Depending on velccity ard argle cf de~arture, the main

cceff cient of agreement t Eubstantially cbanSes (from 0.6C9 tc 1.329

for 6@=600 and from O.5E4 tc 14C39 fcz 80=5).

a~g. 272.

Duzinq the agreemant of ccmflete distavce. the error in the

determination of remaining cell/elememtE reaches to 5o/o (at

ls=300-QOO).
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During the trajectcry calculaticn cf tie anti-aircraft shells

intc the hodograph equation of velccity, it is substituted (7.52).

CIomFaring (7.52) and (7.54) , we will cbtaiAu - 0

Designating c =fc//t! 1r) tic. (1.6C), (1.61), (7.63) aind (7.64) we

will qktain calculation fcriulas for deterninaticn of the ffoticn

cbaracteristics of the anti-aircraft s*LIJs ct the constant mass

tgO -tg& 0 - - [./L ,-J v ];
I f tcosb 6.

-4

tr I--T -T v,]; . OS- D(/ -D -(,]: .73
C1 C1 ,7

Ix 4J!,=xt Oo 2c:.sIS b (, L )- D r

During iractical calculaticns detemiaiin 9 action characteristics

fcr each calculaticn pcint cf zenith trajectcr) is conducted into two

alFzoach/approximations. In the first afpczisation, we take

Hjy,.i=l and cl=c; in the sacced aFzc-ach/ajrcximation, after

calculation y, we determiqQ H!; /=H( 4 1i ., fird f, and we perform

calculation repeatedly.

the application/use ci a methcd of psecdcvelocity is Fossible in

FrinciFle also for Ferfcruarce calculation cf the motion of the body

ct variable mass, i.e., for the calculatic; cf the powered flight

trajectories of the un~uiced zccketz.
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The first equation of system 13.62) cez te replaced by the

equat~cn

1IOHIy) )cos_ . (7.74)

7his - the pLojection cf equation ct mctice ca axis ox of the

ztart~ny Cartesian coordinate systes.

Zf u now accost Qcmiconst, H(y)=H(ycp) aid 0O0p, then it is

fcssikle to obtaip

d , __ \ Cos p 6

d i , C ,[1-F(v (7. 75)

bbeLe in I are inc-luded all copstant values and a numerical

ccLrecticn factor.

Ea5E 273.

If ue additicnally acceit

U a

cos 0 c; s cp

aad t9 designate

T,~ co F
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that alter integraticon e will cttaim

1 (U

Oere U' - value U fox the beginning cf the section of integration.

Similarly and in tke rEmdaiinc cguaticis cf system (3.82)

variables can be divided, kut equaticns are integrated.

integral in the right side of eguality (7.. ) in final form is

not taken. So canuot be undertaken irtegral], also, in the remaining

equal4ties, cbtained during tke intecratic; cf system (3.82). The

n umer cal calculaticns cf the jovered fliglt trajectories cf the

ungided projectiles of variable maas can kE carried out by the

Seneralized method of pseudcvelocity, JoE;Ed tc L. B. (omarov, with

the use of tables. Ihe tables are calculatee cr the basis of standard

functicn from the air resistance, kncwu by tee rame cl the "law cf

the resistance of 1943".

Example of the trajectcry calculation ct the projectile of

ccqst&Et mass with the aid cf tasic furcticrE.
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It assiged: dc=1OO,mst, L,=0o65.9-12 kg# vo=1200 m/s.

Ic find the velocity ct Fxcjectile witi flat trajectory fire

bith argle of elevation, by close to zero, ca distances - 500, 1000

and ISCO a.

Ballistic coefficient

c i.. 103 , • 103 0,5417.Q 12

Cn first fcrmula (7.72) ue uill attain

D(vc) =Dv, + Xc.

Value r(va) let us find frca the tables of lasic functions from input

value vo=1iCO a/s. Afterward calculatiCE D(vc) for the assigned

distances let us find initial velocity cf jLcjectile zc. The results

cf calculaticn are civer elcb:

X,0 1000 1500

D (vu) 2022 2022 202

C*XC 270,8 541.7 812,4

S(vc  2292,8 2563.7 2834.4

' /, 1123,5 1048,7 975.6

Fag* 214.



1i

CGC 78107110 EIGf W'

3.3. Sclutions with the assigned aralytical deFbndences for moticn

characteristics.

in certaia cases of calculaticn, it i* ic¢sible to previously

assume known the fcrm analytic functicns, ulict describe any ot the

actics characteristics. Bcst fxeguqntl) such methods are utilized

during the calculation cf trajectcries cf missile targetings tc the

zcved target/purposes. Is well knowi tre setlcZ ct the trajectcry

calculation cf guidance, jrcfcsed bI jlcfes-cr I. V. Ostoslavskiy, in

hhGb they accept, that a change in the veccity ct the motion cf

rccket along trajectory is cetermine4 ty ti furction cf the fcrI

vp=v 0  _VII. 7. 77)

Sn this case, the moticn characteristics are calculated several

apF[och/app[oximat ion.

4t is presented the ccamoc/geceral/totzl Erocedure of the

solwt cn of Eroblem, beinS Lased cc rreviourly obtained dependences.

acceleration , in the first ajircxiseticc, can be dpternined

fzca the first equation of system (4.2.2) ic tke known initial data

SP 0 -- sin 6,

the initial values of thrust to and o1 density Pa let us define
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as functions of origin ccczdinate 10, kut talarce angle - according
t c tosula (3.66), also wiitk tje use of tLb isJtial data

a6-- o (vo+ g cos 60),

P0 + q~se;

hbeLe 60 it corresEonds to the guidance metkcd accepted.

Irag coefficient let si determine accczdi~g to formula (2.89)

cx (MO) = c.O +c a

After determination of the drag

Qo,.P, SC, (M)
2

and of the initial value cf thrust, it i4 cssikle to calculate e,1

and vpl according tc 07.77). Besides de~endence (7.77), for

trajedtory calculation it is neceixary to tave a dependence, which

sakes it possible tc calculate the values ct anrgle 8. For this

p tzose, are utilized tie kinematic equaticrs, bhich correspond to

guidance method.

Let us examine the sclcticn of Frckles bitt pursuit guidarce.

FCZ hfrizotal rectilinEar octicn cf tagetp.ztose with the planar

trajectory of the gaidapce

=-- v. sin O. 7. 78)

1r
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EaSe 215.

Dividing variables, be will cktain

dfo dt . 9

bhence it follows

2 2

I change in the distazce betiotcen the zcocket and the

target/Furiose for the case in questica in iccczdance with J4.8) is

equal

I

ntegrating last/ilattet equality, we will cttait in the tirst

ajFt~c;iuaticn.

Pz" Oil r dr- Os 8t 7.8
6 6

after bhich trom (1.80) it is possikle. to *xFCct t,, and to refine li.

The ordinate of trajectory will te dettraired from the usual

kinrematic relationship/catic

O,= -:o "" sill O1dr. 7. 83
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for simplification in the soluticI most fteguently is used

v~t=coiist.For cogduct ing tke calculaticpm An the araccad

a;Ezoach/approximatiqn, are Utili24d ValUOa v11(t), 0-1(t), yp(I) and r1(t),

cltained in the first ajjLCximatiop. Is calculated balance angle

P1 + qSc"

aad the drag

X 1 tW=215L ScM
2

-*here

C,(MI)=r 'I-+C', tC61).

As the eqtry into curve/gkraph c,(M), mill serve value vpLdai, where

a, - the speed of sound at heightlualtitude yr. Thrust PI~l) is

calculated also oz4 ordinate y,. Thus, accelfration in the second

apixoach/approximaticn mill be equal

a(1W= sn 61.

Ease 276.

is a result of the numerical solution ct last/latter
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differential equation, be will cttain .In tie feccnd

airoAcb/approximaticn the defendepce ct tb welocity of rocket on

timme -'pn(). The distarce tftween the rockit ard the tILjct/puLIcsE

in the secnd approach/apprcximaticq will kt Equal to:

Zntegrals in last/latter equality alsc muat De undeutdken

numerically. The slope tangent in the seccqc ajjroach/ai4rcximaticn

will ke determined ty tie rEpeated sclcticr of equation (7.80) with

the neh data

2 2

ardiqatf of calculaticr Ecint in the tLajectory in tue second

a roach/approximation

I I - Yo-r ,''pl Sin 11d.

Icr calculation in tie third a[licach/apprcximation, are

utilited the data, ottained in the seceod alrcach/appruxihaticn.

Calculation points are selected thtcugh eq~tl time intervals sc as to

have within the limits cf tke calculated phase ct expected trajectcry

cf 7-30 points. Kipematic equation fcr the ce~fiition of the

abscissas of calculation, joi t is solvd iLdeicndently atter they

will teccue knoum n and 0 n. cbtaimtd in the third

mw, I
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&Ifpo acb/alproximat ic n,

v=xo v.11, cos O11 dt. (7. 84)
6

Ln certain cases pLoves to he advisalke tkE detail with linear

Iuicticn (7.77) to use aval)tical dependence fcr the determination of

distance betbeen the rocket and the target/furIcse. Function fcr r

can te undertaken in the fcrm cf tte tum ttxee first members of

laglot series, conprisec according.tc :tbe degrees of time t [43],

r= , -r-ot + 0,5)g'.

the derivatives ro and ra are :determizd depending on guidance

method from initial conditicas. For exauplE, wiith pursuit guidance to

the taryet/purpose, driving/moving tcwards Lccket it is rectilinear

at constant height/altitude, fcr flat/Ilane trajectory of guidance.

let us have cq formula (I.E1)

ro= -(V- -- v, coso0 .

Eact 277.

The 4eco4d derivative at the ccrstaztt %elccity of tdrget/purpose

after differeztiaticn of last/latter equality ard substitution (7.78)

ueil take the form

S )~
r, --- r --- ,,.in ,, ." .

IC,,
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The use of dependences (7.77) ard (7.E!) .ender the conditions,

sti~ulated above, it makes it possible to Eclve the task of guidance

tc taiget/purpose completel) in quacratures L43]. A similar methcd ct

pertormance calculation cf actict car be -ceEd also with other methods

ct gu4dance o4 three-point curve cr uitt jazallel approach.

It is necessaxy to keel in mind that tic described jrinciple can

be applied with the sufficiently siemle cases cf moving the

tarcet/jpurpose. It gives satisfactcry ccimcide.rce with the results of

Frocise methods of calculation (numerical i~tegration) when in

acvance taken dependences 41.77) and (1.85) urcve to be close to the

ezpected real.

3.4. AJproximate analytical methods cl determining the motion

characteristics of the rockets witt culamc*.

the approximate analytical calculatior methods of trajectory ct

guidance are based on tie assunEticcs, uhick ccqsiderably simplify

the real/actually occurring process. It is zuScested, chat the rocket

amd target/purpose move in c€e plane, tbat the target/purpose moves

rectilinearly, target speeds and rocket are kpcvn and constant in the

prccess of guidance. Rccket is replaced by icirt, and it is suggested
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that the kinematic constraint between itbe rccket and the

tdrget/jpur~ose, stbjerinicsed by guidance metbcd, is realized ideally.

Thus, from examination is eliminated tic action cf all torces and

torque/mcnents, but investi~ation itself ir this case ktedrE purely

kireattic character.

Subsequently let us ccrsider that the iccket and targEt/purpobe

spve in the first fourtk of tie right *gtaxting Eystem ot coordindtes

CAI under initial ccnditiclls xp j<xuO:yPD<yuo.

let an examine the case of quicance with lixed-lead angle

ap-ao-cofst. For rectilinear moticp cf tar~ot,#pzrpose ~= ard

vQ#0*. Thom from (4.10)

dt dt

Utilizing (4.9) and reliacing up c4 ap, 64 Will Obtaan

dt r

Fa~e 278.

After factoring out vu in right side ird after desiyndtirgy

wwill obtain

dQ Vu1 (P G6I) LP - Sill G" 7.7
dt -r 7.7
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§Lcm the condition of ideal *d1tamce/r.Z4vostion (4.6) let us find

ai.a., uhich correspcnds to aAglq apc, let us designate it thrcugh

UDaid let us call/naze tie angle cf £.eceasaiy rendezvous. Then

sin a,, p sina,. (7.88)

Af ter cond ucting replacement in (7. 87), we toillI ottain

dat,, = N sin a. B -sinl a.)(7

Lit =Xu r (. 9'1 eilacing in (4.8) aj, On apo, let us have

dr

After dividing (7.90) tc (7.89), vE bill cttaim

d1r Cos au - PCOS QPOd(91

ELcm this eq,&ation can a e otined tb fcrnula tar the

determinatics ot distaccE ketween thle icoket ard the tauget/purpose

in the process of guidarce.

the integratign of equation (1.91) 4as cceacn sense under

cogldition apo~arcsin- ctkezuise tie tccket taiget/purpose will not

ciert~ he.

Atalytical depeadence for r can ke otivid by inteyratior

Lr CsQ COS CW

::- da.
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and farther

o7 a. *
sdr + P C cosaa. - a -cos s a ,

r siO a. %.

(7.92)

Ike first integral cf light side is egal tc

au

sinau- sina I s -
a0

iace 279.

Fcr the solution of the second integrel, it is necessary tc

ictroduce sutstituticn tg --. frce hbich
2

ajzkvdA 2z
da. = I- A si1 au--

+2 I +z
2

After cozducting replacement iq ttie seccn integral of right

sidE, ue will obtain

dau - 2dz
p sin as - sina , 2z- ST a z 2 

s

After integration and transLoraaticns, introduciny te
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designation

k p
cc~s au1

be bil cbtai

a Bil!a , "u I = - C 2

Il C os 
all 

n

-g Ig

sniting both the integral of right sidk (1.92) and suLstituting

the a iaritors of inteS£aticr, be bi]l cbtain

a.,Sin ae- sil a. 2 _B 2_
ro sn a - sll ,, gQuo tg .

X~ ~ t22- tg-- "

'2

Ifter multiplying right and left Farts nCD 2 ai after
2

trarsicrmaticQs we uill cktain the firal fc.zula, hhich determines

the d4stance between the rccket anc the taxcet/qurpcse acccrding tc

tb* 14ne of the sighting

coS2 -.,, -

r=r0  - g )
cos2 - o- Qo an Rx 2 2g

x tg !!- ci !&(7.93'

2 2
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EaSe 2EO.

the solution of equaticn 47.94 cam tE written, also, in cther

fcra, after replacing sinau.B by 47.E6) [391:

P OS ~POi -
sina,-,p ~ ~ si oO-s 51 -

r r sin Q -u - p sin a ro x

p COS .130

X p sin oSin auo + Cos Quo -,p $in2 po &I s .n 'p 9
s; ni apo s n a. + cusauI s-p-sn 2apo

It is po4sible to derive also fcraula tcr deteraining the

aFFtoach time of rccket for target/Furicse. Utilizirg (7.88), (7.89)

amc (2.90), wq will obtain

d rr u
vudt = -=

Carrying cut aF~rcfriate sutstitution 1393, it is posible to

ctain

,,dt- (1 - Cos ape, pdr-- d jr cos ia. - a wI]
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Integrating right side ftcN r tc L, be will obtain dcpendence

ict deteruinaticn pt aFjrcach time:

'r 0 (p + cos (auo + ap0 )} - r [p + cos (a. + ao)]I =,795 vt (p 2 - I) cos apo

taw the tie of intercElticr (i.e. tIE time of the motion of rocket

trcs initial Fositicn tc Fcint oL ijsact) wall IF determined frcm

last/latter formula with r=C

r [p + cos (a 0 + UpO)] 7.96)v. (p2 - 1 ) cos apo

the qcrmal acceleraticts. experience/ttsted by rocKet in the

Erecess of guidance, are determinec ty toraula (. 11). Rem Embering

that fcr case d""O, in quEticm and a±, is located through formula
dt dt

(4.S). we will obtain

a. =- v ,ion5  (7.97)
'P P r

Ifter substituting intc last/latteE fCLVula expression for r ot

(7.931 and after conducting transtcruations, we will obtain

Pro 2 /

x(sin a°-ao )-1. X C aUO+o3 )-'- j7.82( 
2
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lase 2 1.

let us examine the case ot guidance accczciny to pdrdllel

ajFroacb method. I tegrati iq (4.) , be can brite-

dr - L'o, a, - Cos (R.7

With the horizontal motion o tarct/ju~ cze with tne constant

velccpty and preservaticn/retentioL/maintaiiinc in the process cf

9uidaIce p=const, we will ettain:

r -- r, , 'o (E -V P' os ap . 100'

Itilizing (4.7), let uE write

and then

r= I sln -o , .

Flight time let us determine frcm 47.1(C) with r=O

r0n 7. t03)

During the rectilinear and unitcro mctacn cf target/purpose and
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F=ccnst the rocket bill mCVf disc rectilimearl) and is evenly, and

copsequently, . ith tic naneuvrring Ct target/purpose from

44.101 and (4.11) let us brite

, k _ dap 104

Differentiating (4.7) -nd utiliziqg (7.1Q4), we will obtain

a,- COSc, (105)cos a

iej lacing cosa, ard SLtStitutjrg 17.1(I), we will oitain

cchiumication/connectic;i htween the ncrmal accaleraticns cf rccket

and taryet/urpose

, P a Si 12a,, 7. 10i

muring the prcForticral aj rcach ct eqtaticn (4.8) and (4.15)

the) are integrated in tinal icrm cily in tle case of the unifcrm

hcrizgntal motion of taICet/ uLPCse fcL bhe particular value of

factor of proportionality a=; [39]. The gercral cas requiLes

LVZE% Cal solution.

Eace 282.

vith pursuit guidance ap=O. tkan from 14.h), (4.10) and (4.11)

it is jossitle to write:
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dr- V (Cos a,- P), (7. 107)
dt

da (7. 109)

Daciqg rectilinear mcticn of target/puikCse a,O and frca

(7.1C8)

a_ da Vct si all (7. 110)
dt dt r

After dividing (7.10) to (7.11C), we hill obtain

dr (cos a - ) da 7 111)

r sln u

last/latter equaticn .ccrresjcrdE tc guidavce to the driven out

taiget/ urcse. Integrating it, we %ill oktain:

r=k (snaL)' 7. 112)
(1 +cos UJI

integration constant k w1ll be determiged according to the

iritial conditions ro and aU0

k ro(I +cosa)" (7. 113
( sin ao)P - 1

Becall that during tke horizcntal moticn Ct the tacget/puLFcse

a. = T V y.

In the case of guidance to the target/ urlcse, driving/moving
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tc tard ,

d -da v. sin a. (7. 114)

dt di r

and

dr (cos I + p)da, (7.115)
r sin a,

integrating, we will attain

r=k' 0 + cos Y)p  (7. 116)
(sin j)"'

where the integraticn ccnstent will be equal tc

r o( sin 0ao)P+(

(1+ Cos 7)p

FaS 283.

let us determine tke time of moticp..Icr t e case ot the driven

oat targetopurposq, let us iulti[ly j7.107) cA cos)=cosn,. a (7.110)

CA siny=sinau, let us deduct of the seccnd tzcduct the first and we

will qktain after transfcriaticn tLe fclicviv9 differential equation:

(COsy-Lp dr-rsin yuNy=v,(I- p dt.

Ifter integration %e will ottain

r he(CrsO+P)-F(C aS+b)

Ecr the tdrget/puxtose, which flies tcbac~s, it is jJibeto
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ot tain

(cs I-- -- r(cos 7 -- )."118"1

total flying time tc ercounter witt taLget let us determine with

r=C; retpectively let us hate from 41.318):

t-r( COs To 4 ) 7. 1ira

a frcu (7.118)0

- ro(p- COS7o) 7. 120)
v. (P2-,- 1)

the ncrmal acceleraticn of rocket let us determine, after

sakstituticg in (7.109) for the case cf the driven out taryet/purpcse

cf eguation (7.110) and (7.111) and fcr the caes of target/purpose,

driving/moving towards, (7.114) and (7.116). it will obtain with

guidance to the driven cut larget/jut=cse

p- pk(sinj)p-
2  (7. 121)

4kth uidance to the target/purpcs*, drivi.S/mcving towards,

t'2 ( sin ")j 
2

anp Pk' (I+ COS7)' 7. 122

Ve will obtain the action characteristics cf the rocxet with

*atch rg guidance. After equating rp+drp tc rp (see Fig. 4.5), we

can write

(rp dy 2 + (dr P =(t, Pdt = .
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After dividing last/latter relaticnshii/ratio on (dy) 2, we will

c t a i : ( -) + 2 V
drP ( (7.123)

Scr horizontal rectilinear octicn cf tz'~et/parpose . and

alCg Fig. 4.5 let us dEterline

d =_ v sin (7.124)
dt

FaSe 284.

then frc1 (7. 123) it is poSsilIE tC write

2r2p

(d r ,2 (7.1 ,
(dl ] ' P sin;l *

Since y=const, theq it is ccinjeient tc ictroduce replacement

r.- Y" and thqn
sin

,drp 2 (YUp)2  7. 126
rdj sirs; T'26

The obtained differential eguatic4 is Lot integrated in

quadratures. It can be sclved apprcximately (se, for examle [39]).

Ibi tine of notion let Ls define fcca the Lcllcuing equality (see

fig. 6.5):

t - " (CQ - CJt__ ) (u7. U -
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uctaal acceleraticp of rocket we deter;lni as usual, accordinq

tc the tcraula

a'p Vp .(7. 128)

get us find derivatiwq

dt?=  d t . 7. 129)
dt dj dt

Itilizing Fig. 4.5, let us write:

du d(rp sin 1)

dx d (rp cos 1)

let us accomplish tke frccess/¢ceratict qf differentiation of

xigbt side with respect to y let us divide tuottator and denouinatcr

intc d7; after this

r p: sin -' rpCOSlt = 7. 130)
rp. Cos I - rp sin "

Be differentiate last/latter Egua]ity c 7

I d r2 r+ 2(r P7 ) 2  7.I1
cos

2 y d' (r,cos rp sin )2

Let uS find vale -LtgO, using t7.13C),

r2s 2

1 r. -+ (r )
2  7. 13

cos2 y (r;, cos -rp sin 1)' .
Face 2E5.
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After substituting (7.132) in 47.131), we mill obtadi

,: - _.. P -+ rp Tr- ,; 7 .1 3 3
ri + (r,, .2

ul1U4 r l. est as find from e~uaticq ( -1A), it differentiated

it. Pueliminarily let ue deeignate tIbe nusExatci of right side

14-126) through kz

k r
2
ctgy

I- L- sin4y

Iirectly from (7.1 6) be will cttain

,r / k.. . 7. 135

Substituting last/latter equality in jLECEding/previous, ue will

chtain

r" -- r. (7. 136

Sustituting (7.135) and (7.136) ir 17,;33), we vill obtain

d,,
\ sl, | - -r

tilizing (7. 128), (1.129) and 17.137), we will obtain

2p't
2 
sin 7 rpcfi < .

I~ ( + -- - - -- - - .7 3p r_ k-
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Zntroducing the ccpstart beigkt/altituae cf the motion of

target/purpose y, we will cktain

+ cIg . 13.

s/ ill
4 
"7 -- 1

Ite kinematic analysix ci the Ic*&ible ccditions of the

eaccuater of the rocket witb target uitt itcracce by different

methods will be examined ir chaFtez IX.

§4. Similarity of trajEctctjes and the tabalar methods ot solution.

in the practice of tallistic calculaticns, are applied the

sp-called tabular methods ,of the sclutioqs bith the aid ot which it

ix joasible to fiiqd the cell/elemepts ci ckaractEristic points in the

trajEctory, for exagpleo ci apez/%ertez or imfact point.

FaSe 2E6.

Isiecally widely are utill2*d ballittic taklie for the cilculation

ci tbh trajectory elemetts cf the flight of the projectiles of

caoxca-type artillery. 7besE taklez caq be tcdc also for calculaticn

6M



IGC la1C7110 EAGI

cf the inactive legs of rcc)ets. Tie studl cf s)stems of equatioiis

(!.8) and (5.10) shows that tte trajfctcry tlEUEnts of definiticn by

three Earameters: initial velocity vd; ly tke ballistic

ccCticient c; by angle of departtze 60. After calculating a large

quantity of trajectcries, it is jc-sitle tc sake table ot the

cell/tlements of trajectcriesafter tak1rg aa the entries of value vo,

c and 0. In tables are usually giver .te velues of complete distance

- x¢, trajectory h eight - Ys. total flying tine - rc, to the velocity

iz imFact joint - -c and tie angle of tancint inclinaticn to

txajeetory in impact point - u( Are well krcwt the ballistic tables

ct ANXI (artillery scientific research institute) and the Lallistic

collection of artillery aca4em_1 [5 9].Caloulaticns according to

takles are reduced to the determicaticv of the unknown values Ly

sixile interjolation on voj c and 60.

Icr the trajectory calculatior cf antiaircraft firing to three

intakd farameters is addec the fourth - tire ct motion.

Using the tables of antiaircraft fire# it is possiule for the

trajectory, determined by ve, c and 6., to lint x,y and z,, that

corresicnd tc different zis-ile tligbt time tl, t2, t3 and of sc

fcth,

Sallistic tables successfully aie Utill2fc for the suluticn of

MM
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the inverse designed prctleus at external kalliStics. For Examie, in

terns cf designed range xc and valueE c and 60 it is possible to

simily finid the necessary iritial veiccity ct Ixojectile - v..

ballistic tables are utilized fcr trajectcxy calculation, which

ccirealond tc normal meteciclcigical ccrditicnh.. The limits of the

aillicabilitl of tatles can he cxirde.i. it we use theory they canl be

expanded, if to use the tiecry of sizilitude of trajectories. French

schclarly P. Langevin *statlisbed thle dtperceiqce betweea the

characteristics of two trajectcrieE cf the irCjectiles of the

cc stant mass, for which~ the valueE cf tern zature and pressure

saVzzoundiag air, corresiondiny to tbe tegirrinc ct trajectcries, werve

diffexent. After atsuminS th~at the terlerattre ct aiL differs ty a

cc-rittnt value from temFexature, detersinet ky rormal linear

dejendence, an~d change C1 air fLesseUZ is .hbjected to hypothesis

abcut the vertical equilitriua of the atmcjEiet. it is jossible tc

show that the trajectories bill be siinilax, it ct them are identical

tbree determining parauetezz:

wtere ho and ro - FC~5sst[E and teujetat'ure in initial point in the

trajeotcry. Iwo Similat txa:ectcries ct cocrdicate x and y, will have

tp le related as temperatures ir tle iritial [cint of trajectory rcal
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and r02 ; velocities and tlicht time will ke related as square roots

cf the relation of the temFiratures in initial icint; the angles of

targect inclinatiop will ke equal, i.E.,

x--- __r °-- _

L2'. J Tc TU2  Oi

Eage 27.

langevin's formulas are applitd, tcr exasFle, in the case cf tne

txajectory calculaticn ct tke 1rojectiles cl taxiel systems for the

ccrditicns, %hich corres=cpg to tbE ccnditicns ct firing in

sputains, for the calculation cf the iractive legs of rockets, etc.

the beginning of the inactive leg cf ttE rccket cf class "surface,

surface," scmetimes is located on ccnsiderakle teight/altitude;

therefcre the direct use of tallistic tables can give significant

erzcrs. Let us designatE tke hcEizcrtal rap.e cf the inactive leg,

calcukated from ballistic tatles, tbzcu4gh x, tke cEll/elefrents cf

the beginning of this secticn let vs suFply witk index "k"l, and

ead/lead - by index "k'" gFiS. 7.9). Ircs siailarity condition cf

trajectcries, it is possitle to ottain the tollcwing formulas
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s 1 ,(c, V, 0 ,

a, (C , (, , 7. 14 1;
Vx ., "-A- q~t, f' " , O)

T ON

! TN

C*=Ce e c'= .- and V, =V. I/ 'ON

In these formulas ty I)nbcls ,, h, aSd T,, are designated

resiectively the velocitj, engle of deFartuzE, tarcmetric Fressure

amd v~rtual teaferature iE the pcirt cf the beginning of inactive

leg, 4.e., at the end of the active sEctic;.

Ballistic coefficient for a passive sictic; is equal to

id
2c~n =  103.

Q0 - Q

the values of fuactiogs 4., q,,, 49, (P, apd 1, are takeni frcm

usual kallistic tables in itput values c% v, ev d 6.

Fase 2E8.

1bus, for instance, q) ' v ,,6 is equal tc tte distance, deteimined
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by tallistic tables for the numerical values at quantitie4, indicated

in krackets. sizilarity ccrditicns cf trajectcLies are strictly valid

%ithia the limits of a linear chapce in the teiferature with

height/altitude. At the same time ramerical calculations show that

the dependences of similarity it is Fcssitl* tc use, alsc, if leak of

the tEajectory exceeds the limits ct tte alilicatility of linear

cbauge ct texLeratuie witt kejSht/altitude.

§ 5. Formula of K. Ye. siclkovskiy. Calculaticn of the powered

flight trajectory of .tte ncuided rccket

Simplest analytical solution is ip tbe case of rectilinear

aovement of rocket, if %E dc nct ccrsider air resistance and

ygavitational force. In this case the equatjcq ci motion will take

the fqrm

me=P. (7.142)

Substituting in (7.14;) values ci F arc a from formulas (2.126)

and (J.24), we will obtain

dv=w,- Qc.3 dt

Qo - iQ,
b

Introducing 4e variable z=Q0-'Oc.,dt, Integrating dud carrying

cut rd lacement, we will oktain the velccitj cf rocket at the moment
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e

- O tQ, (7.143)

Cr

in (7. 144)

whbete so and a -are initial and flcwieyg tke marses of rocket.
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K KR3'

/ YK \

0o X, x , 1

x

Fig. 1.9. Dividing circuit cf trajectcry i~to separate calculated

sectiqus.

Eage 289.

Last/latter foraula caj; te brittep3 In ctber fcrs

e (7.145)

Resignating fall rae ff jmtoeEIIat flcu tcvard the end of the

ckezatica cf eaglvie tK tbzcugb QT= ~QvdI, we will obtain the

formula, which 4.t'.rnmes the maxious volecitj which can have the

rccke.t witbout the account cf the acticp cq it cf the gravity fcrce

a air resistaoce

V,,,w 1  QOQ (7. 146)

if we present the tIitial mei~bt cf rccket as

Q* 2=Qn4 ±QT,
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sieAe Q - fassive veisht ; :ccket -tka

Cr

: -wIn ( Q1 _p'. (7. 148)

icr practical calculations it is lcasile tc use tabulated

fooctica

t k ( = In (1- - ,

where in

Theq

V- Wk( ) (7.149)

Ecrmula (7.144) was ot tke first time dexived by K.
Tsclkcvskiy and was named &is name. it vitk tke success is used for
tbecretical studies in the field of rccket en iveering.

le will use bbe first equation of syste (!.82). Besides the
asumptiCns, accepted dtzi*g cbtairtlaq cf slstes itself (3.82), they
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d4itjcnaly consider that the gas tlc, rat# per second, which escape

tbzculb the nozzle, is ccastant cc time and it is equal to

QC-- Q"  (7. 150)tc

Eage 290.

the function of change of air density atith height/altitude they

zeplace by costait value IIH(ycp).

After the appropriate transformaticqs it is possible to oktain

fr4m the first equatiof of system (3.8i)

-b sin , (7. 151)
A~ I- k-

Y heLe

QTQT"

last/latter equaticn can be istegzated. If we accept angle 6 for

cpstaat value, th.en

vwr a )d-d-sinv. (7.152)
I-~ 3I-kL

0

first term of right aide. which represtpt4 by itself the

modified formula of K. N. 2siolkovskiy,. deterailes the velocity cf

rocket without the acccunt cf the effect of the air resistance and

height. Second trml copsiders the affect of the air resistance, and
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the third - a gravity effect.

Second term of equation (7.152) ccatalts aider integral the

S!gper~seatal function FJv)O given ky takle; tot calculating the third

tern. it is necessary to select coqsteot value eL sin 0. There are

difficulties during the scittica alac ct tler equations of system

(3.824; therefore calculaticr is cceducted pith the application/use

cL special tables go the Individual secticas ct trajectory several

apFroach/approximations. Detailed caloulaticn Frocedures are

Ereseated in works [13] and [60].

in the first apprqximation, of the characteristic of movegent

they find without the accouct of tbe air resistance and gravitational

fcrce4 From (7.152)

the displacesqat of rocket on 1cwered tligot trajectory is equal

Sl= =vdt.

Substituting in this fcrula v, and dt ttce (3.79), with

ccnatant floe rate per secopd Qc. let us Ive

S, - w 'Q' k. (,,(7. 153)Q,

k3A i=) Inj---~
014iI
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Fage 291.

Etcn the second eguaticn of syste.A (3;12) we wili obtiain

dO QoIg dX

CosS QT V

Squaliziqq v of velocity, detqrmia. kl fcraula. of Tsiolkovskiy,

we will obtaiz

~ dO _______A

sibere Xo it corres~quds tc the tozque/vqmegt of the descez~t of rocket

fzeu Isides. After desicuatin 9

k2 )= In d

anc aFFLozimately replacing

se will obtai4 dependence icr detaaalpq tle flight path angle at

the eud of the active stctics

Q~mc , [2 k,(.14
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luting calculations as the firt apcxCzimation, it is possible

tc aceeFt

Iy

Cos @O == Cos o

initial value ko is located a Ftcxiattl through the formula

bhere the time of the actiQn of rocket alcnS guides is equal

Average acceleraticn during tte Ictipm of rocket along guides

and the velocity af descent from guides fiuc uicer the ccqditicn

m =mconst; P=const.

then a*_==.___gsinI, ,l4 ;=i--, vabee L. - path of rocket

cc guides.

fage 292.

let us return to equation (7.152),. in aeccad term of right side,

let us replace

'M=.._ d t-= Q tA - - m
QU WO no



Of the condition of first a~pproxinaticl

dvu, P =QC*i We

dt #3 M

After this, kespinS Ja mind (3.79). let va rewrite (7.152) in

this Icru:

V2=~ V. F F(vu) dv - gt sin Ocp (7. 155)

resigaatimg

lot as write

V =Vu- " 1 (v)-gt sin I.

the path of pzcJectile on the active sicticn of trajectory will

to de#jermaed accozding tc the fcrsula

Itilizing a formula of TsIolkcvskiI.iva ccavert integjrand in
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seccL. term of the rigkt side

vd= N(vw)

Icooptiag w,=2000 a/s, lqt us replact N(Vo, w,)-N(v,) and,

cpseing in (7.156). content cf a, let us write

S- - c 'H(yp) Q'td N ( 2v) sin O. (7. 157)

Ire known fur.ther apFxcach/apirc~iiuaticns Ithe third and the

foarth) regarding the characteristics of eo ci lowered flight

trajedtcry. The order of iteraticas is retained previous - the data

ct previous approach/approximation they are utilized for that fcllcv.

Sage 293.

FNQctlcns &(h)U kb(A), katz) 8#dN(va) are t4Lu]ated and placed in

[13). Tables LJ(va) ad N(vu) are ccsFziaed in ccnnection with the

standard function ef *zesistance of a:r .193.L".

the correction for a ckange in angle 0, which depends an the

air resistance, they frequettly disxegaid, determining e, according

tc fomaula (7.154). During repeated calculatict in right side, it is

taken cosOcp, qbere

8~ 0 + 61a

C= 2

.1



the coordinabqs of the end/lead of pouered flight trajectcry
a*;zc;inatelj are determined a the ftarsal*,

X.-S$cos. I y,,Ssin f,,. f7.158)

the method presented gives accq~tatle for aFproxiaate

coulutations results uith the relatively lCb mauimum sFeeds of motion

ad the short operating time cf engine.

14. leterminatiop of tie velocity at ,the erd of the powered flight

tiajestory of the gided missile of clasm Uerface -surface."

The range of flight of ballistic missiles can be presented in

the form o" the functional dependence

L-Pc(,. 0", xK. Y.).

Urder given coaditions of firiug, the Sreatest interest

zefresents the velocity at the end of ithe active section - v,. the

amelysis of the trajectcries of kallistic sissiles makes it possible

to develop the procedute of the calculatice of corrections into the

volccty, obtained on fcroula K. 1. lsjiclkcvskhy, determined by air

rAsistance and by gravitational fovce. 2he €eneralization of the

results of investigaticss is facilitated by the fact that the rockets

cX -the class in question, dependins on desJn features and the

eppected firing distance, have the standazd, well studied

trazjetories vith the sufficiently parzov lange of the flight path

uagies at the end of the active sectic. Let ts consider that the

i&"gza of the flight control of rocket a* kitch angle provides the

unigmed slight path angle at *be edd *f ,te active section. setting
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aside for the mosent a questioa of the eele*cticr of optimum prcgrau

colcezning pitch angle, it is kresented heze cze of the widespread

calculatioj ;rocedures, after using system cf equations (3.83) [2].

In fisst term of t~e first eguatior of systes 13.83) let us replace

values of X ard P, usinS (..92) and (2.120). Let us designate

P.= =PO-+S.P.. (7. 159)

Ease 294.

after replacement and transfcrxaticns, we till obtain

dv = - P,, x -;,,q sin Od & +
mo IL

, -V S ,2 . !-I , SOPoN 'r d)F .10

2mo  JA MO

Integrating within limits frcm vo to v apt from po to 1, let us

ha ve

v--=an-LP " In - -- * gsin dtL-

M O 4~

SiT, QV2  dIA SOaO*\( ).(.1f
m0  (Y X9T - - - ILT() 7 11

4z final form can be undertakeq, as earlier, the integral only

of fiast termi whicb ccrresicnds tc the velccit), determined on

formula K. B. Tsiolkovskiy. Second term detirmites a decrease in the

velccity from the acticp cf gravitaticcal fcrce; the third term

determines a decrease in the velocity from the action of the air

resistance; the fourth tern determines the 4ejesdence of velocity v

6Lr
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cm change of the enginle tbrtst witt JPeight/eltitude. The integrals,

eetecing in (7.161), in fiqal fcra are met takes. Let us introduce

It t~ea the designaticns

J1  g sin 6dr; J'-SR-,.*r t; *J.=' :(y)~-. (7. 162)

Idditionally let ur designate

A~=.J; -~=. Si A SOON. is, (7. 163)

ad then

v - vm-. P., In ±- - &v, - v,- &vg. (7. 164)
iIo

Ihen ccuducting of the ap~rcxinate coijutations of thle powered

flight trajectories of the guided vissiles cf the class ia question

vocally they take p0=1 and %6-D.

Using standard pazatclic Frcgram fcr tie last/latter equatio4 of

&sytem (3.83)

O=A~-1,r+B~-p,+C,(7. 16,5)

it is Fossible to ccaprise table cfIsitogical J,1. Such tdbies are

cceir~sed uith y0= for differept valees On~ [2j. In (7.165) i 2 it

ccrxesionds to the finite value of angle * ca active section; A, B, C

- .censtants of comcrete/specific/actuel prcras.
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kage 295.

the velocity in the first appzcxihabicr, is determined as

V = , .i --J, (7 161 ,

It is possible to shcV that

J2 f (VI, 0),

3=1$ W, sin 6" 10-3 W (W,, + W.,,o). (7. 167)

asge we and we - vith respect t.lectire extaust gas velocities

fo a void and for ground-tased standard ccLditicns

Po

Value P@ is calculated from (;.118)o a P. from (7.159). In both

casts tke thrust must k decreased ky .aaqaltude of losses cn

ccatrgls. Integral J, is detecsined fxca cuive/raph, comprised oq

the bAsis of the large number of calculaticcs. Input values into

cuzwejgraph are v1 and s, calculated tcr siecitic conditions fcz

E7A 161) and (7.167). Integral J. is determined with the aid of

cuzveAgraph, comprised alse on the kasis of the generalization cf

large calculated material. the enttj into ctive/graph are the real
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cferating tine of engine t and the Faramet

(7. 168)W.0 Pro0 P0

inhere P=0  will be deteraimed in accozdaace with j2.123). Passage

ftan gazameter iq, detetaimed ty curve#9raFt. .tc integral J3 is

realiged on the eaFirical fcraula

.00 U. V(7. 169)
0s=,001 v

The described methcd of calculaticn v .rcis tc be highly useful

bheg cnducting of kalliEtic desigco bct it reccires the subsequent

refinement of results dcring the scluticq cl direct problem of

exterual ballistics.

§7. The approximation metbccs of detersinirig the complete flying

rage cf rockets. method of eguivalent pro*ctJe.

Complete flying range is equal (see Ni1. 1.9)

XC=X= X -X.

the first (active) tra"ectory phase tte seccnd (passive) are

calculated by one of the methods, Fresentec akcve.
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The trajectory phasE whose beginninig ccrresj~unds t,. point K',

ard end/lead - to a pioint of intersecticn with the Edrth (to point C

is ajptoxiinately calculatEd b'y the method, kncwr from external

tallistics of Larrel sytezs. Cdlculaticn i kased on paver-series

exp~ansion of function y=f(x) in the vicinit) ci point K'

Y=Y.. (x -x.) - -14-dx 21 dX2  3! dx3

Utilizinq the obtained above relationsjiip/ratios, iro not

difficult to obtain thiose cciuprise of the tkrnis of the 2xpansicn of

ordinate y according to ti-c de~iiccE of too foiiontal rajiqte ot the

phase of f light i.) (u

dx dz2 V2. C32 0".

d~ydK. 2c11g11 ( Gi (v.t', I

dx-3 V3 , Cos,"~

7hen initial equation for detrrining the parameter x with

section X3 is Written aS fC]ilowS:

G (V., 7. 170)
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Equation is scIved with substitutiCn y-yc.O by thp. mcthod of

iterations.

Y-.-=tgiO-. (XC-x-,) + 9 (XC-XK, -

+ (Xc - x.). (7.171)i 3v.. COS3 I..

In the first appruximation, is Coqsiid[Ed cn.ly first member of

right side (7.171)

Xaz(Xc-X.)),- j. (7. 172)

In the second apprcdch/djproximaticn wE sulstitute Xgs=(xc-x.,

in the second and third meffers cf the right side of equation (7.171)

and find

, g Iog I 2t,.2. Co2 60, tg O1,,j

el . H (jvK,) C, (v,,,) xi,3
(7. 173)

V.~, COSSO0., tg 10KI ' 78

FaSe 297.

For the third approdch/dpprcximaticn we suL.ctitute the value Xmi in

right side (7.173). Usually calculaticn in the second and third

approach/approximations gives closE results and the subsequent

apFroach/aFpLoxiations they prove tc he excessive.
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Tc the approximaticn methcds cf the trajEctory calculation of

the rockets, which have relatively Icw firirg distance, can be

attrituted the so-callEd method of ecuivalert artillery shell. This

method assumes finding such initial ccnditicns cf the casting of

artillery shell (9o and Vo), with Which the trajectory of artillery

shell would coincide with missile trajectorl in value and sense of

the vector of the speed in the pcirt cf the end/lead of the engine

cFeration, i.e., so that at the point with coordinates xv and Yu

would cccur equality V:=u.n and 08.=,aO .1L iz loaical that the

equivalent artillery shell must have tke saae value ot oallisti

coefficient, as rocket cn iractive leg, i.e., cn. The calculated

trajectory of equivalent prcjectilE in this case must coincide with

missile trajectory on iractive leg. Ic Foirt with coordinates xK and

Y, the missile trajectcries and prcjectile do rot coincide. To

determine the initial ccnditions of the trajectcry of e iuivalent

projectile is possible ty numerical integration or one of the

analytical methods of sclvinq the iission oLjectives of tne artillery

shells, for example, by the methcd of FseudcvelccLty. Irn the case or

suall firing distances, the applicaticn/usE cf a method of equivalent

Frcjectile is expedient tc ccmbine with the use of tables of external

tallistics.

Let be known the trajectory elements ir the ieginaing of passiv"

section v, On and Y (Fig. 7.10). For dettrmiring the initial
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coilditicns of the trajectcry of the equivaltnt Frojectile of constant

mass va and Oos and of hcrizcntal range frcnm the conditional, it

began trajectories 09 to the projEcticn cl fcirt K on ixis Ox (value

5., in Fig. 7.10) it is possible system of equations (5.7) to

integrate numerically f rcs joint K tc icint 0. In this case, the

sface of integration it is necessary tc take negative, i.e., ht<0.
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0

Fig. 7.10. construction cf the initial FhaE of trajectory of

equivalent PLojeCtile.

Page 298.

Luring integration the Ejeed of the equivalent Frojectile

vill. grow/ris, from vu to ves will 9row/ri.- also the flight path

agle Ov. The ordinates of calculaticn ruirtE in the trajectory will

decrease from value yt y.a since in the case in stio

Y4+1 Y AYg 'I
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7he termination of intcgraticc, and riepectively, and values

vo.0, and x,, are determined Ly ccndition yg'-O.

The initial conditions, which ccrrespcrd tc equivalent

Ercjectile, cani be used tcr the dj~rcxinate ccuFutatioas of

trajectories accordingj to tiec tallistic ccllecticn, comprised for the

prcjectiles of constant masE. It is FcEsikble, fcr example, to

ccnstruct the family of tra~ectories with different angles of

departure. During calcUldtiCnS they trust renain cjnstant/invariable:

va. ad C~l. one and the SCEE ungJuided rcckct dejendiny on initial

angle of departure has dittErent trajectorits. lo the passive phases

of eact. trajectcry, ob'vioitsly, vill ccrres~cnd their values VOR, 003

and Ax,, but their determination in the cosilete range of a change in

the basic parameter is very laborious and tie afplication/use of a

method of ejuivalent projectile will lose sinse. Therefa~re the

trajectory, from passiive secticn of which iii determined vo. and HOD,

shculd tak~e the appropriate d~iLoximately helt cf the range of the

change in the basic Fdzameter, tar exam~le, to tht, half Of distance

frCu Xc min to XCmax.

For the approximate iDvestig3ticns the trae4ectory of the center

cf mass of icinq range ballistic missile Can be also replaced by the

trajectcry of the equivalent projectile ot constant mass. The passive

(elliptical) trajectory jha.ke is determined ly Farameters p,/, and q.,
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calculated according to the trajectcry flements, known for the

beginning of passive secticr (Fcint 'N" in fig. 7.5).

resiynating, as earlier, initial ccaditicMs at the release point

cL the equivalent projEctile through vo, ard O and replacing r on

R3 , frC (7.11) we will cttain

VCos 0= "v Co (7.174)

From (7.15) it is jossiLle to cttain

0-=- r 2 r-. (7.175)
I -$e 2-i 2-is

rV2

In last/latter equality x--,- - fCr cLrrEnt point in theK

trajectcry, ,- for the beginning of Easzive section.
K

The sp*-ed in any Fcint in the trajEctcLy iE equal to

tJ= (7.7)

Eage 299.

Utilizing (7. 175) and 17.176), it is jcssible to obtain

1/ 4 
(7. 177,

The initial velocity of equivalent prc~ectile on the surface
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Fart I._________

Vab t- 3 ) (7.178)

From (7.174) the angle of departure of equivalent projpctile is

equal toequalto 6.arcc~os ray . cos Oi,

Rave ,  (7. 179)

After accepting in (7.14) on fig. 7.5 s=0, we will obtain

P (7. 180r e I -os T$

Frcm (7.180) it is possible tc find arcle qps and range angle

frcm circle with radius of r,,=r,,, of passinr through the pcint "N":

2% = 2arc cos "" (7. 181)

from the equations, which describe KeFlerian motion of rockets,

it is lossible to obtain cnc additicnal formula for determininq angle

9 2]
I sin 2. (7.182)s-artg2 V. -WP .

bhere

f t V r

and g,. - acceleration from attracting force (gravity) at the point

O". By analogy with (7.181) and (7.182) tcL an ejuivalent projectile

range angle can be found trcm the fcrmulas

s,,2a rccos . (7.183)

, - --
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cr

2% =2arc tg- I n20, (7.184)
2 vwo,- cw2lo,

where v *= and g1. - acceleraticn from attracting force on the

surface of the Earth.

Eage 3C0.

Linear distance over the surface of tki sFkerical model of the

Earth is equal to

43 = 2 R3% S. (7. 185)

Initial velocity vo' can be used for tte aiproximate

ccnstruction of the tawily cf ellirtical trajectories with different

angles of departure 8 o . In this casE, cne siculd rememner that the

distances, determined cn tormulas (7.1E4) ard (7.185), will differ

scoewhat from the real. Ihe value ct error ceperds on the coordinates

of the beginniug of the inactive leg and mcticn characteristics -

V. and On at this point.


