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Fage 3C1\.
Chapter VIII

STABILITY OF MOTIOYN ANC TEF STABILIZATICN CF FCCKETS AND OF

FRCJECTILES.

€1. Ccammon/general /total corncepts cf stdability ¢f motion and of the

statilization of rockets ard cf grcjectiles.

The problem of stakility of mcticn of itodies was solved for the
ficst time Ly noted Russian scientists Lty M. Ye. Joukowski in work
"The strength of motioa" (1£682) and Lty A. ¥. Lyapunov in work
“ccamcn/yeneral/total prcblem of stakility cf action® (1892). At
present stakility theory is widely developeé¢ and rmproved, it
exanines nct only questicns of stalility of sotion of mechanical
systems (aircraft, rockets, procjectiles), but also questions of the

stability of the systems of control, automatic ccatrol systeas, etc.

During investiqaticu tte moticn c¢f the rockets and projectiles
usually is subdivided into disturbed and that nct disturbed. The

undisturbed wmotion is célle¢ similer, whicl they would complete the
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rocket or rrojectile in standara atmcsphere or in the vacuum under
the action previously groviaed, that were teing subordinated to the
specific laws, forces. 1he ccrresgending tc the undisturbed motion

trajectory is also called nct disturted or calculated (nominal).

However, under actual conditicus the mcticn of rockets and
Frcjecrtiles cccurs with the supplementary, randcm factors which
usvalldy during the calculation cf rcrinal trajectories are not taken
intc account (deviation ct temperatvre cf air from normal law, wind
and wind gusts, the pulsaticn of the engine thrust, nonprogrammed
ccntrol forces, etc.). The acticns ¢f these factors, called
disturkting, lead to the fact that the rccket ané projectile will move
nct over nominal (calculated) trajectcry, tut éiffering from it more
cr less considerably depending cr value and direction of
disturktance/perturbaticns. The moticn, the reflection effect of the
perturtation factors, calls the Jdisturted scticr, and thae

corresponding to it trazectcry - by the disturted trajectory.

Page 30z,

With the concept of the disturbed moticn ¢f rockets and

frojectiles, is organically-bound the ccncept c¢f the stability of

their moticn.

W - '.. L g
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In accordance with classical stability thecry, the motion of
solid bcdy can ke named stalle in such a cezse, when it possesses
frcgerty to return after thke break-dcwn of the ferturbation factors

tc the interrupted by them rot disturkted amcticn.

Let us explain this pcsition with the e¢id cf Fig. 8.1. On figure
ky solid line is depicted tle trajectcry, stich corresponds to the
undisturbed motion. Let ¢n section AP cf tréjectcry on rocket act
some disturkance/perturktaticns, which will fcrce it to move over the
disturted trajectory AB*, wtich differs frcs the nominal. The motion
cf rocket will he stable, if after the kreak-dcwn of
disturtance/perturktaticns at point E' the disturted trajectory will
ccnvercge fronm nominal ard it will ccincide tror the latter at certain

pcint V.

But if this does not cccur and rcckets it uWill fly along the
trajectory B'C*, then its pcticn must be descrikted as unstable. It is
completely obvious that stakility cf moticm in the sense, which
corresgonds to the given akcve definiticn, virtually it cannct have
provided not only the urguided projectiles and the rockets, but also
cf rockets with the complex control system, since no real control
systea due to the which are inberert in it errcrs not in state to
just as ideally parry disturtance/rerturbaticns and conseguences of

their effect, in order always to accurately return rocket to ncminal
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trajectcry. Based on this, we subsequently will understand under the
;; statle moticn of rockets sinilar, dvringy which the deviation of real
trajectory frca the nominal under the acticr of short-term or
rrclonged disturbance/perturklations dces nct exceed the

established/installed limits.

In Fig. 8.1 zones cf the stable mctico of the relatively nominal

trajectory CU is isclated ity dot-dash lines.

buring the study of stability cf moticr of rockets and

frcjectiles, are usually examined sefparatel) stability of motion of

the center of mass along trajectcry and the statility in their rctary
moticn relative to the center cf mass. The [rcvision for the latter
is the necessary stability conditicn cf the mcticn of the center of

pass and it is inseparatly ccnnected with tle ccncept of the angular

1 s AR Al SEVIA LAY

statilization of rockets and projectiles. lrder stabilization is
understood the totality of the measures which previde
preservation/retention/aaintaining ty rccket or projectile in the

trajectory of correct pcsition relative tc c¢irection of motion.

e e
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3 Fig. 8.1. Diagram to the determinaticn cf stakility of motion of

rockets and frojectiles.

5‘ Fage 3C3.

Otler conditicns being equal, the dray will ke smallest in the case

0t it R iy e

when the axis of projectile ccincides with agirection of motion.

234

K However, in the process of flight, the velccity vector of the center
of mass V is turned. Because of this stable rocket or projectile they
sust ccntinuously change its angular pesiticn, leing turned relative
to the center of mass fcllowing tky vectcr ¥V in the manner that it is

shcwn ¢n Fig. 8.2.

If the longitudinal axis cf tke housiry of projectile or finless

rocket is deflected from direction cf wmcticr at least in

| insigaificant anyle, then tte resulting aercdynamsic force R, which

acts c¢n rocket cr gprojectile, will be applied ip the center of

v
-
0
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freéssvre (ts.d.) which is Jlccated Ltetween tie afex/vertex of rocket
and its center of mass (Fig. 8.3). This leaus tc appearauce relative
to the center ot mass ot the tilting mcment M, which during the
scticn of the nonstabilized tocket alcng trejectory will cause random
Ecvem@nt relative to the certer of gmass and, as a result, is
consideérable the distorticn ct trazectcry. l1hus, the position of the
hcusing of the projectile at which tle ax1s of mdsses and
apex/vertex, can be described as pcsi1ticn ci urstable equilibrium,
since the least misaligrsent of rccket trca vectcr v will cause the
irreversible increase in this deviation. Fci jpreventing of this
phencmenon and provisicr fcr a4 ccriect jusiticr 1a flight (by nose
secticn forward) the rocket and prcjectile sust bte stabilized. 1n
ccnnection with the unguidec rcckets andé prejectiles, are utilized
twc diftferent of the "passive” methcd cf stebilization - spin

stabilization and stabilization by tail assewlly.

The stabilization cf rcckets and projectiles by tail asserbly
censists in the fact that cr the tail secticr cf the oblong housing
are fastened the diverse in their structuraisdesijn forms and
size/dimensicns stabilizers. This leads to thke fact that during the
flow around housing of airflcw at argle of attack g the character of
fressure distributicn alcng the length c¢f 1ccket will change, as a
result of which ts.d. shifts relative to the certer of mass to the

side c¢f stabilizers. During the appropriate selection of the

[PERVP
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sizes/dimensicns of statilizers, it is pcssitle tc attain this
displacement/movement of ts.d. that it with respect to the
apex/vertex of rocket cr grcjectile will rerder/show benind the

cegter cf mass. In this case with ofC tte resulting aerodynamic force

F will act in the manner that shown crp Fige 8.4 (for moticn in

vertical plane).
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Fig. 8.2. Diagram of the ccrsecutive fpositicns ¢f the fin~-stabilized

trcjectile in trajectory dering ccrrect flicht.

Face 3Cu.

It is otvious that caused by fcrce of F tcrquesmoment .M. will
attemft to decrease the arcle a, give hcusiry tc such position in
which the axis 0Ox, coincides with velccity vectcr Vv, and
tcrquesmoment itself 1/, will beccme equal tc zero, i.e., it will
turn oyt that unlike the preceding/previous case, the stabilizing (or
restoring) effect. The fcsiticn cf hcusing, which is characterized by
the value a=0, relative tc which tcrguesmcment V. stabilizes

housing, will be the positicn c¢f statle equilitriua.

If the phenomenon indicated is is exawined cnly in statics, then

fcr toryuesmoment M:. it ie fcssible (with lcw a) to accept
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degpendcnce M,=Sqlma (see Chapter 11, §4). Based on this

exgression, we find the sign/critericn, whick skcws the character of

actiom M, on rocket or jrcjectile.

Por the tilting mcment whose sign coircides with angle a, ve
have m;>0; for stabilizing mcment m;<20. Lerivetive m: is connected

with lift coefficient Ly the relaticnship/ratic

| S I'_l-
mxaur;—liLTJLL, (8.1

vhere 1 - a overall length ¢f rocket,

Iuym and lyx - respectively distance frcm the apex/vertex of
rocket to the center of masses and center ct fpressure (sea Fig. 8.3

and 8.4).

Since f:,>0. then, ckviously, the sign cf derivative coincides
with the sign of ditference liw—Ilun Based <r this, the conditions of
the static stability of rccket and projectile can be formulated as

follows:
I'.A.-;{“,.'(Q - rocket or the prcjectile "stetically" staole§
tex—lh1>V - rocket or prcjectile are unstatle;

lLiw—lua=VU~ rocket or prcjectile they are lccated in the state ot b

neutral equilibrium. \ .;

-~ MNnan=aaas - .. s . w—
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Fig. 8.3. Pattern of the acticn of aercdynasic mcment on finless

rccket (prcjectile).

Fig. 8.4. Pattern of acticn of aerodyramic scmert on fin-stabilized

rccket (prcjectile).

Fage 305.

During the motion cf fprojectile alcng trajectory, the velccity
of its flight and crientaticu relative to velccity vector
ccptinuously change, which leads tc a ckange ir tne position of ts.d.
relative tc housing. Furtherwmcre, cn pcwered tligyat trajectory as a
result of the hiyh fuel ccnsumptior in the engire operation the
center of mass of the rccket alsc is displaced from its initiai>
fcsiticn. These reasons can cause a ccnsiderable change in value

1;,-54 and, therefcre, in the derivative m: that determines the

statility level of rocket. Eased cn this, it follows that for
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grcviding the angular statilizatiop of rocket in flight it is

necessary that alopg an ectire trajectcry wsculd be fulfilled

ccrditicn m <V inequality [m}|>|m

.
2 .'Ilm!'

In cther words, stabilized Lty rccket ftin ¢r projectile amust
possess the so-called factcl ot "static® stability. The factor of
"static" stability they usually characterize Ly expressed in

perceantages value MU»L which is lccated frca tke relationshig/ratic

l"‘ﬁ‘l’=l:fi=”“-,'““l 100% =26, g —cy ol 1009, (8.2
¥

where c.. - a center-ot-pressure ccetfijciert,

Cun - the coefficient c{ the center ot mass.

It is customary to assume that the uncuided fin-stabilized

rockets and projectiles are well staltilized, if they possess the

factor ct "static" stability, equal tolm:ﬂ=(KL-15)?m

We investigate the character cf the mcticn of the unguided

the center of mass will te written in the fcria

%+n‘a—0, 8.3

"gtatically" stable projectile of its relatively center of mass,

us examine the trajectcry phase, during moticn along which it is
jossible tc consider corstart m,, and also e=ccnst. In this case

without the account of damging, the equaticr of motion relative to

| ]

aﬁ assumping that it is completed cnly ir range plane. For simplicity let
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where '.=JT¢_=T my - the coefficiert which can be designed
z

previpusly along the kncwn trajectcry c¢f the center of mass of the

fin-stabilized projectile.

Set/assuming within the limits of the small phase of trajectory
n2=ccnst, for initial ccnditions whten fy=0,a=as and a=g, we will

cktain the solution of equation (8.3) in the fcra
¢=u,cosnt+% sin nt. (8.4)

Fage 306.

By simple conversicns this scluticn car ke gyiven to the more
copvenient form
a=a,sin (m +t), 18.5)

vhere phase shift

nay
=arctg =, 8.6
. &'.. 18.6)

Solution shows that with the adcpted assusgtions tune motion
nstatically" stable fin-stalilized fprcjectile relative to the center
of mass represents by itselt the flats/plane harscnic oscillaticns,

which are characterized by the anmplitude

a,,,=‘/. (%)z+u3 (8.7)

e
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and by period T=2»/n.

L L

the curve/graphs of a4 change in thke arcle a are in connection

with thke okttained scluticn represerted in Fig. 8.5.

During the analysis of the cscillatory moticn of finned
"statically" stable rockets and prcjectiles, we did not consider !

darping moment A7, The ratuie cf this tcrques/mcrent was aexamined

earlier (chapter II, §4) and let us here ncte just action M, leads )
i to the rapid attenuaticn of the oscillatory mctica, caused by injtial

. disturtances and torquesncrent M. The character of a change in angle ?
c¢f a upcn consideration of c¢amgping shcwe in Fic. 8.5 curve/qragh,

carried out by fine/thin lire.

Thus, in the dense layers of the atmos;tere tin-stabilized
rcckets and projectiles mcve over trajectory sc that their
lcngitudinal axis smoothly "fcllows" vector V urtil any

disturtance/perturkaticns oacain excite the c¢scillations of rockets.

Let us examine attitude contrcl ty roteticr. During aotion along

the trajectory of the prc:ectile, shich rapidly rotates relative to

their lcngitudinal axis, acrodynamic fcrces, creating torque/mcament,

s attempt to invert grojectile, kut it, as gyiosccpe, it is not 1

- inverted, but it moves stakle. The lcnyitudinal axis of projectile,
|

I RGE

ety
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“fcllowing" the tangent tc trajectcry, cscillates in the process of
scving the relatively dynamic axis of equilatriuvm. Artillery

Frcjectile obtains rotaticr in bore during the smotion ot the driving

tacd of projectile alony screw-shaped trkreacs. The rockets, which are

stabilized by rotation, are called tle spir-statilized missiles
(1RS); they rLotate becaitse ct the cutflcw cf gas behind cblique

nczzles.

The angular rate cf rotation cf artillery shell or TRS must be
calculated so that during tle moticn alcng trajectory its

lengitudinal axis contirucusly ®"would fcllcs" the direction of the

sction of the center of mass of preocjectile, differing from the latter

within the limits cf the permissible angles.

Pace 307.

The stabilization cf tle guided missiles ard projectiles is
realized because of the active contrcl torces, capatle, besides the
corduct of rocket along prcgrarmed tradectciy cr the trajectory of
induction, to parry the ccmfplex systes cf tle
disturtance/perturbaticns, which act cn rocket in tlight. For
grcducing of ccntrcl fcrces, flight vehicles are supplied with

ccotrols (chapter 1I, §6). The guided missile can not possess the

necessary steady-state stakility factor, tut Lecause of the operation
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cf the complex of the ccntrcl system ke well stabilized and execute
the predetermined trajectory of moticr. The ccrjosite examination of
the stakility conditicns cf the moticn cf rccket and control system
is the cbject/subject of the study of the dyramsics of the contrcl

systems by unmanned flight vehicles [19, 3€, 37..

Buring ballistic calculations the study of stability of mction

cf rockets and projectiles is ccnducted in twc ways.

First, it is possilktle tc comgrise and tc sclve the complete
system cf differential egquations, which descrikes the flight of
flight vehicle taking intc acccunt tke acticn ct all forces,
including disturbing, which can cause the ipcorrect flight of flight
vehicle. After its soluticn Ly the cttained moticm characteristics,
they judge the stability of flight vehicle in flight. This path,
altltouch it is thecretically strict hcwever not always is utilized in
Fractice due to the impcssitility tc have tle ccmprehensive data
abcut all perturbation factcrs, for exasple, action of wind gusts,

eccentricity of thrust, etc.

In the second place, an investigation tcr stability of motion
can be carried out, after ccmprising the ditferential equaticns of
the deviations of trajectcry elements from the calculated and

perforzing analysis of these equaticns, wittout examining directly
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the action of the perturktaticn factorse.

In the theory of the aralysis of stakility of flight vehicles

-' wide distributicn obtaired the methcd cf the slight disturbances. In
this the method of the devietion ot the parcémeters of the disturbed
sotion froe that nct distvrkted they are accepted as so lovw that in

the equaticns of the disturted moticn these parameters can be

regresented in the form of the sums, which ccntain the deviations of

the parameter only to tre first decreea
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Fig. 8.5. Curvesgraphs cf a cnange ir the argle of attack a(t) (or

6(t)): a) without dampiry; t) during daspicg cf angular motion.

Fage 308.

Fcr example, the velocity, angle of attack end pitch angle in *+he
disturted moticn can be refpresented thes:

v=v,+AT7; a=a,+Aaa; #=98,+4b, (8.8)
vhere v, « and 3, - velocity, anyle ot attack and pitch angyle in the
undisturbed motion whose characteristics are determined without the
acccunt of the acticn ot the perturtaticn factors, and Av, Aa and A3
- deviation of these trajectory elements, citaired as a result of

acting the perturbaticn factors.

thus, perturbing fcrces themselves and torgque/moments and the

mechanism ct their acticn c¢r £light vehicle are not examined. Is

studied only a change ir the deviaticns of xcticn characteristics

already after the acticn of the perturktaticc factors on the

. - (Vo OSSR

- ‘3@“"‘-“,’;"#}"%‘ PN L
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assumption that these deviatiors are lcw. Tle metnod of the slight
disturtances makes it pcssiltle the equaticrps ot the disturbed motion
cf rocket to reduce to the linear ditferential eguations, sclved

relatively simply.

§Ze Linearization of the equaticns cf amctict cf rockets and of -

[rcjectiles. '

The mathematical sense cf linearizaticr lies in the fact that

the unknown deviatior cf cellselement is lccatec by the way cf

L expansion cf the ccirespcrding tc it furcticr in Taylor series in
terms cf the degrees of deviation cf cell/elemert. Recall the formula

; cf expansion in Taylor series for functionirg many arguments

J(®i. B... &), since tc cf this tyje tc furcticrs are related the

trajectory elements of rcckets. During the wsritiny of the results of

exfansion, we will use the ccnventicral designations of total

differentials of the functicn cf meny verielles

: d"A-—-(d%-dE.—}-‘%dt,-}-...+“1.de,)'j(e,. bre ooy B,

The fcrmula of expansicn takes the form

——

t e i plaiei D 4
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f(ia- | AR ﬁ.)’f(t;.'}‘%- Eu+*t3§n+*-)‘

. 1 (0 2 ?
‘f(vu» Eu'--- ’ En"’"ﬁ(o_el:*n‘*'a"&:"' vt Oe“ Qa) X
1 L d 9 2
A P Rl R ¥ R
X Slles B ) 5 (G Bt o Rt W) X
X S (bes bare- -, bas) +R, (8.9)

where §, - calculated (ncminal) values of the determininy

farameters. “

The deviation of function [ &a... E), czused by the

deviations of the parameters frcm ccrputed values 0%, Oka.. . ., OF,, will i

ke egual

‘f(in | SRR E.)==f(§1. +.exv 5n+‘§+~ +En +&,)—
_f(El‘v E.tv' . rE..)- ' (8. 10)

Fage 3(9.

The first term of exparsicn (€.S) and the second (8.10) are

equal, have different signs and will ke shcrtered; therefore
ccommoas/general/total formula fcr the deviaticn cf function :

f(En Ba.. . Bn) can Le cltained imn the fcllcaing fora:

O (b, b= (g 1 Oy 1 0
S bty b= (e b gt )
XS bror e bl gy (et e
L] ne

xf(sl" Et.""o En.)+ -517(;5:-851-{-%55._{_,, .+%.. asnrx

x,‘(E|.v E'.v-'-' Eq.)+R- (8 ll)
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¥he number of terms of expansicn, helé in calculations, defpends
¢p the required accuracy cf the deterriraticn cf deviation. Most
frequently during the scluticn cf the practical groblems of external
tallistics, hcld only linear terms cf exparsicr. In this case formula

(Bo11) will take tkte fcrs
3 (5 ke s a,)—(%) %+

o)t

( 9 (8.12)

let us find expressicn for the deviaticn cf the derivative of
fcrm G@E/dq. Since

a:—:=% (d‘).li =t, +&,

that we will obtain

dt dt

a(ﬂ=—m+m—@j=ia (8.13)
Thus, if we have a system cf diffterential equations of the
disturked moticn, ccmprised of n cf the equaticns of the fornm

B filtafor
5 " (8. 14)
dt fl(tto tlv E.' .. °)0

oy
N P = RN

s |

il
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then on the tasis (&.12) anc¢ (8.13) it easily is reduced to system of _ i

€quaticns in the deviaticrs |

d g _(Of1) g (61‘ ) (dh |3
Ao = R LZAY LA . !

dr (081 ).a€1 0%, ‘bi,-l- 0&3).“'-}- l b
d » df? ) » of? TR /of2 » (81 15) 4
L= B, (212 ) B, L (2L gy -

at ( 3] ). v ( 0> )t ? Ldes . : I

Fage 310.

If the undisturbed mction is kncwn, i.€., cell/elements E,*(t);
E2,(8)3 E,*(t) and others are assig¢ned, then tley will be also known
in the function of time and the partial derivatives of form (%&)f
which stand in systeam (8. 1%) during deviaticns 8} of cell/elements.
In this case system (8. 15) will represent by itself the system of
linear differential eguaticrs, since tle new variables enter ir
equaticns cnly to the first degree and theii crcss products of the
tyre 6&,8E, they are absent, while the initial equations of

undisturbed and disturbed scticns (B8.14) lipear they are not.
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Utilizing a method presented, let us ccn .ct the linearization
ot the system of the ditferential equations, which describe the
sisfle case of the axial mction of thke unygyuided fin-stabilized
missile. Let us take the kncwn to us syster cf differential equaticns
(3.51) . Considering that thirust it is directed along the axis of
recket (i.e. after placing angle E=C) and after accepting Xpi=VYp =0,

atter conversions froa (3.51) and {3.52) we will obtain

d .
m d—:'=Pcosa—X—Qsm 6;

db :
my—-=Psina+V —Qcost; (8. 16)
d2®
s am =M

During linearizaticn we will nct ccnsicer e€frect on the
disturkted motion characteristics cf a change ipo the mass 83 and in
the moment of inertia &/, let us ccnsider tlat the mass and the
soment of inertia for tlke urdisturted and disturbed motions change on
tise equally: m(f)=m,(t) o J,(t)-f_l_,_,(t).

Purthermore, let us disregard the effect cf the deviation of
height/altitude of aerccéytasic characteristics and thrust. For low
values 68y, this effect is uressential, since functions H(y), p(Yy).

»(y) and a(y), through whick it it is exhitited, change slowly.
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Fagye 311,

During the adopted simplificaticns in the deviation of ;1

dercdynamic forces and tcrquesscment, they vill depend ouly on two

values - deviation of tte flight speed 6v ard cf the deviation ot ;

angle cf attack 6a. If we¢ designate {

Xe=f17. @) X=fi(v, a);
. and
Ve=fi(v,, @) Y= fy(v, a)
Moo= fa(ve. @) M,= fyiv, @), !

that, expanding last/latter derendences in ¢ series on formula (8.9), !

we will obtain takinyg irtc acccunt crly linear teras: ]

81'+(7u—) 3a; i 8. 17 , |

Mark * shows that the catum is relatec¢ to unperturbed motion at

the toryuve/moment, which ccrresjonds tc the beginning of

disturtances/perturtaticn. let us intrcduce tte atbreviated reccrdina

ct the partial derivatives

(&)=

and let us revwrite formulas (8.17) in this tccn

BX == X" b0+ X%a; B =V"bv Yy M, = M]do+ Mila. ‘




]
9‘;
1
3
4
4
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Let us similarly find éeviaticns fcr tie terms, which ccntain

thrust p:
$(Psina)=~Fcosa,8a; 3(Pcosa)=—Psina,da.

Ccunting the weight cf rocket ¢ c¢n the section of

disturtance/perturtaticn with ccnstant, we ¥ill obtain
8(Qsin 8)=Qcos 0, %; 8(Q cos )= —Qsin 0,3,
faking into account the oktained expressicrs for the deviations

of forces and toryue/moments, it is fcssible tc write:

m (%_‘%)=5(Pcos a)—3X —3(Qsin 6);

m (,,d_"__ v, 2¢)=8(P sin a) +8Y —3(Q cos b);

at at
o )
/s (Tﬂ_ ar )_BM"

Fage 312,

Pearing in mind that

dt dt t
(] d d
L L I Y IR ML R VRN PR )
dt dt dt dt dr dt

(without the account of the mesbers cf the seccnd order of

smallaess),

T

LT
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o d, 4?4y and  3=30—Bq,
de? de? de?

and also accepting in view cf the saallness cf enyle a, that sine = «

and cosa,x 1, we will clttair the fcllcwing system of the linearized

equaticns:
m e X" b0 (Pa, +X*—Qcos8,)ta—Q cos 0,34
mu, %_d":%)= V' bu L (P+Y*—Qsin 6,)8a+Q sin 0,3%;

(8. 18)
dve .
J, 2 = M+ Mita.

This system consists ct linear hcmcgerecus differential
€quaticns with the coefficients, which are the known functions of

time.

Let us now conduct tlte linearizaticn ci the more complex system
cf the differential eguaticrs, which descrite the spatial motion of
the rccket of class "surface - surface", ccrtrclled in f£1ight by
aerodynamic controls. let us take systemr (2..S) and let us lead it to
the fcre, more conveniert fcr linearizaticr. Let us assume that the

rocket is axisymmetric and thrust is directed alcny longitudinal axis

Cxy; for an axisymmetric rccket it is pcssitle tc also take J,w/,,.

~

PRSP RIS
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Since the control fcrces are ccnsiderakly lesser than the thrust
and the aerodynamic forces, it is fcssilkle tc assume at small angles

a and f that

XpcosacosB=Xy; Vaycosax=V,; Z,cosB==Z,

let us introduce into system cf equaticns rerturbiny forces and
the torque/moments, which act ¢n rccket in fligbt and calling its
deviaticn frcm the undisturled trajectcry - X, VY, Z, My and M,,.
Subseguently let us consider them the knowr functions of time.
Furthermore, in system (3.29) the trigcrometric relationship/ratios
Letween angles 6, 9, a and ¢, ¥ and £ let us reglace more convenient

fcr linearization.

Face 313.

After conversions the syster of equaticns will take the fornm
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. X+ X
v___Peosacosp__ + Xp —gsinO-{-i';
m m m

Psina , Y+V, gcost , ¥,

6= - - H
my mv v my
g Peosasing Z+2z, z,
my Cos 8 mu cos 8 mucost '
xy=vcosbcos¥; yz=wvsinb ;= —wvcosbsin¥;
. M +M J, —J
¥ by 2y £ ! 3l
®, = + 0y W, L H
y £, Oz,
! th J.lh ! Jy.
. M+ M 4, ~J
— 3 P2 i Xy ] LILEN
0, = 7, 7. e, Oy, T 7,
b=u,; Y=y, i tg b;

sin 6= cos @ cos 3sin ¥ —sin @ cos 3cos #;
sin ¥ cos §==cos a cos Psin $cos § 4

<+ sin a cos §sin ¢ sin & —sin Bcos ¢.

‘Ih (t)=‘,ll|.(t)v‘ Jl: “)='/'|0 (t)‘

aercdyramic control forces end torgues/mcmerts,

designate 4l Ad, and Al

(8. 19

During linearizaticn, as before let us accept m(t)=m (),

we will nct ccnsidér effect 6y on a change
in the aerodynamic forces ard thrust, let ts introduce the
atbreviated recording cf derivatives and will ércp/omit for
siaplicity cf writing mark cf the ccefficierts during deviations.
Curing the writing cf menmbers, whc ccntain tle characteristics of
ve will use
dependences (2.133), (z.134), (<.13%) and tte atbreviated form of the

reccrding of derivatives, tte angles ct detflection c¢f controls let us

The linearization ot tle written systes cf eguations is

P
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conducted cn commonsgeneralystotal fcraula (t.15).
Fage 314.
Taking intc account the large volure cf the systematic recordinyg of i

the process c¢f linedarizaticr,

(8.19), obtained by Yu. F. Kcl'tscv [1€]:

s
gsin ¥ Peosa+ Y y!'- Y,
+ v ® 5 mv lu+.nvA‘"+lw'

let vs give here without

cenclusion/derivation the result of the lirearizations of systea

—‘..qs—uav_gcosm_wh_
dt m . [
. L
_Pcosasinp 38— Xg Aa;,-!-i'-:
m m m
.‘_ao=_l_(y"+y"_ Psina+Y +Y,—mgcos 0
d¢ my ’ v

ot

o it it
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d au Pcouuina—z—z,,)
W=
dt aweooo (Z’-{—Z',’,—{— v Av+

Ly g 686 — P sina sin 3 M_*_Pcosacola—l’ 3 —

my cos 6 muy cos O
6”1
___z_p__. y.‘*‘z;':
mv cos my cos §

57 x5 =cos B cos T8y — vsin 6 cos,¥d0 — vcos 8 sin ¥,
}d_; 3y =sin 68v4-vcos 626;

%6:3=—cos bsin ¥'8v+ v sin 6 sin Y36 — cos B cos We¥s

)
d ‘“ +M;’II| :| Mp:l‘ i
o o=t ot g Bt 7, 8%+
MR, ) Mn
_:_ 14 (J:I -!’n Yz, MX:+ Jyl Mﬂ.'{'
; é
'IZn -J"’n ME. % M’z:
+T“x.“z.+,— 5r‘+,— v,
M, + M) M:
:_1“"‘_ T T Ten 5 + M, 8a+ M3 A%, —

J ,—1,. —dy . ME
—L,——-u.a-:.—'ﬁ,,—'».w,. +7

bo,,

M:.n . M::I' 2 M'l'
+7:M+ 7, A%, +=5;

d
— 88= H
py “g"

.
(4

d : 1
— =y tg 8 3w
dt p=tg +eon$

“"=c::.a v

€0s 038 =(cos a cos B cos & -sin @ cos fsin 8) 8% —
—(sin @acosBsin 8 +cosacosBcos 8)3a—
—{cos a sin Bsin 8 —sin a sin P cos 8)33;

cos ¥ cos 8% — sin ¥ sin M0ae — (cOs @ cos P sin $sin 8 —
~sin @ cos 34in ¢ cos 8)38 — (sin @ cos I sin pcos § —
— 08 @ Cos 3sin ¢sin #18a —(cosa sin Bsin g cos L
--sin @ sin 3sin $sin # Lcos $cos ¢} 83+

+L(cosacos 3cosycos d L sin acos 3cos $sin 8 4
+sin Bsin ¢ 8,

(8. 20)

(8.20)

I
t
¢
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Bage 315,

The apnalysis of the syster of the lineérized equations, carried
out by Yu. P. Kol'tsov, shkcwed that system (8.2C) can be considerably
simplified. Simplifications thktese are kased cn what for the rockets
cf the class in guestion in the undisturbeé motion lateral kinewmatic
cell/elements VT, ¢,.8,. 9.0 9, deflecticy &, of rudders, governing
yasing motion, the value cf the ancles cf attack agand of angular
velccity e;+, and time derivetives cf tle cellselements of the
lcpgitudinal and yawing scticn cf 1ccket ¥, &, @, %&,. are alsc so
low that it is possible tc disregard the prcducts of these
cellyelements and other low values. Sc, in egquation f&3w' it is

Fcssible fer this reascn tc disregard terms Wtgo¥% and Psnasny 4

myu cos
d
in equation %3 - by ters wcosdsin¥¥, ir eguation _-:78:3 - by
. . d
terss cosfsin¥ev and osin8sin¥¥, in equaticn %0, - by terms
ﬁ;.“;‘";u. o, Iy =74, o do,, and so forth. Ftrtheimcreé, during
¥ »

sisplifications on the tasis of srallness 9 By Yo ¥, was conducted
the replacement of trigcncmetric functicns frcs these amgles by their

apfroximate values, i.€.,

sin a,=a,=a; sin B, =5,=B,

c08ja, ==cOs B mcos §,==cos ¥ =1 and sc fcrtk.
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Puring simplification in the cecmetric relationship/ratios

between the deviations of argles 6 and 9, ¥ and ¢ it wvas alsc

accepted that ccsbemcosd.

Fage 316.

ds a result of the analysis indicateé whiclk we tere do nct bring in

detail, in the equaticns cf systep (€.2ZC) can Le reject/thrown a

series cf the terms the crder cf ssaliness c¢f which higher than

first, after which system will take the follcwirg simplitied form:

d X"+X;

2 o= — - ST . i VR
“hv - 3y — g cos - %a

X - (8.21)

e i I

|
1
|
'?




Lec = 78107111 PAGE

Y"+Y .
i“ ® 3 (unow;_P+Y

de my v
y's Y
+-L a3, 2
my ' my

:_t bx,=cos 880 — v sin 686;

8a 4

.37 by, =sin 68v = v cos 636;

4 lu
d — M:I +M;’l 2| P:' ;!
-d—‘bm,l——.,:—B -+ bc+ Aal:'L—]_ 80)2'-{»-
M’;, M f: i Mz"
5 + J Z,T Jz‘ ’
ditw:am,,; o= 35 — 36;
3
— B Z o
L=l gy e,
dt my cos 0 mu cos 6 mvcosﬁ
— 6-3._.—'vc0508\lf'
dt _
& ® o
M’ M.¥ M % M0
“ ey Ty ¥ Py 3 ¥ V13w
at J”. 3+ J Al|+ Jm A"’x.+ "Un m+
‘y
1 M
H: Plll __[_ s,
+7 ot -
% ¥ wﬂ Se,; b,‘stg Re, 3 B=cos 60— cos RY.

(8.21)

(8. 22)

%he common/general/total systém of the ncnlinear differential

equaticns cf motion of tte

class cf rcckets in guastion as a result

cf its linearization and sisplificaticps deccmfcses into two

inderendent systems of lirear differential equations of motion in
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deviations, moreover ore cf these systems (t.z1) describes the ‘:
lcpgitudinal disturbed acticn c¢f rccket, which cccurs in plane
Oxyy;. and another (8.2:) - the lateral disturted sotion in inclined

rlane 0Oxz,.

R N

It is obvious that twc indepencent systems ct linear equations
can be solved consideratly simpler thar sircle reference system from
ncrlinear differential equations and gecmetiic relationship/ratios,

1 e€specially it will ke used the mathemetical calculating and analog

cemputers. However, it is clear that sisplicity cf solution is

reached to the detriment its accuracy.
Fage 317.

Conseqguently, during the use of a sethcd of equations of motion at
tasis cf which lie/rests tte ccnditicn c¢f sufficient smallness of :

disturktance/perturbaticns. it is necessary tc krcv, which the 1

accuracy of those clttaired ty the calculaticn cf reéults, or,

ctiterwvise, by which limits sust ke limited tte Do
disturktancesperturtaticns being investigate¢, sc that the errors for
calculation according tc Ly equaticns ir deviations would not exceed

Fersissible. The ccmprelersive answer/resgcrse tc this guestion can

| te cbtained Lty the compariscn cf results tle approximate and exact :

soluticns, however, taking into acccunt the already notz2d labor
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exfense the latter, this method of evaluating the accuracy it does

not have extensive applicaticn.

Therefore are frequerntly utilized less strict, but simpler
indirect, or those apprcximated, tte methcds cf estimaticn of error.
One Of them is the evalvaticr cf sus F cf terms of expansion,
rejected during the linearization cf initial equations, with the aid
cf which it is fpossible tc tentatively estatlishyinstall the
rersissible region cf disturtance/perturbaticns even prior to

acccmglishing of calculaticrs.

Let us find, for example, which error we allowysassume during the
lipearizaticn of the eyvaticr 8 ct system (t.1S) in it component
Y/av. let us preserve in tle ccmmcr/general, total formula of

exgansion (8.9) only linear terms, after desigpating through R

ferecanent. Then

R=f(ty + % baet%..., buo+%0)—
—f(51.| Eu" sy Ent)—(i,“)‘asl—

0§,
_(%é).g_...—(%).u.. (8.23)

Assuming that Y changes only ltecause ¢t a change in velccity and

angle cf attack, wve will clfain

e e

= 2% {12, + 30100+ 0 0] — fa, b0+ v,la].

— —— Wy
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Fig. 8.6. Range of the allcwed values cf tle ratios ba/a,and 6v/y,

which corresponds to relative error e=003

Fage 318.
pt s
Gconsegquently, during linearizaticn we e¢llcw/assume relative

errcr & equal to

L R)’ __ b % ) l8- 24) !

Being assigned by the values cf fermissitle error & it is

-

possible to corstruct on dependence (£.2z4) thte curveygraphs which
will restrict the range cf the allcwed values cf deviations 6v and
6a. This range for ¢=003 is giver tc Fig. _ 8.b and it shows that
the allowed values 6a/a are great with low ¢v/v and decrease with

increase 6v/\.

After ccnducting this type of aralysis and for other terms of
initial equations, it is pcssitle tc estaklishy/install the
generalized limiting values cf the disturlarcesperturbations within

which the accuracy cf calculatich accciding tc the lineari zed

eguaticns will be satisfactcry.
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1 §3. Methods of the soluticn of alsc cf the study of the linearizead

equaticns of the disturtedé motion cf rcckets ar¢ of projectiles.

The systems of equaticns cf tle lcngitudinal (8.21) and lateral %
. (8.22) disturbed motion of 1rockets fcor their arelysis and soluticns i
it is accerpted to record/write in a sinmpler fcrm, introducing the 3

abbreviaticns of those stané during the deviaticns of the

ccefficients which are called dynamic. The cynamic coefficients,

entering the equations cf axial moticn, let us éesignate a;;; those

enterinyg the equations cf yawing mcticn - b;;, utilizing in this case

..‘____..
Ao ik il silaat S

not the digital indices, btut literal, since they are more
demcnstrative. The first inéex (i) designates the equation which
includes the coefficient: tke seccrd (j) - the deviation, during
which it stands. Thus, for instance, ccefficiert a.s is related to
the system of equations ct axial mcticn and stamds in equgtion for \
the calculation of the devietion of the velccity of the moticn cf the

rocket 6v during the deviaticn cf the fligkt path angle 60. For the

terms, which reflect in equations the fperturtaticn factors, let us

. . M . . |
accept designations X:'=f,(t); -7:"—'—=f.,,'(t) anc sc forth. With the even !

it Gttt e i . 2l

custer of this, the exasine, considered ty us systems of equations

. accept following fora. o

1. Equations of lcngituvdinal disturbed mpcticn 'i
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S =0, -0y +a0da +au, A, + 1, (1)

-:—‘ 30 = a.,,B'v +a.,80 +a..5a + abB"A;‘l, + fl (’);

4

pr 3x3 =0, 304 @ 80; i—by3=a,,w+a,.w:

.:_t b, = a.ﬂ"'v + a'cl'h + Busyin ad, + a'ﬂ"al“‘l +

o, datan, i, a8, - S, (5
L 6“=aw:l; ‘M:BH-—-M.
dt

Face 319,

(8.25)

18.253)

Tte entering these equaticns dynanic ccefficients are

respectively equal to

XY+ X;
Qogp=— — ———, a,.:,——-—-gcose;
m
&
Pa + X*® X,
Qpg— — ——— am' = = —
va m * Fa) ~ 2
Yv4 ¥y sin 6
a‘w":“—‘—-' H d iy, e —— 3
mu v
.8,
Pty R
ta T Ty Qyiyy = ——1%
my mv
a,o==C056; au= —vsin6;
ay,=sin 6; ay, =vycosh;
t v 9 i,
a =M4’| +MP’1 3 Qe _Alfl 3 Aot =Ml‘<‘: .
w0 w -_ L] L
21 le 2] ,I“ 21%21 J‘.
. : i
Mh M M
—_— ¢ e A, N &,
Cupyon= 7T, : Buype = 'l ’ a'rl':l=7z:L :
1 1 ]

(8. 26)

i,

Ak ae i el

SPRPUNIPRIPE I S U PR SP AP IES O S oY

N R S SR v U PO

[P )

e




g - vy

LOC = 78107111 FIGE "
2 4

2. Equations of lateral disturked moticrn

%87=0yp33 +bwi, 88, + fu(th
d
-; 633= b, 'B‘F;
4
d

b b 83+ ba i 188, A fu (05
d
“at by=b,n yl&”v.: Bog, =g Bu,,;

33 = cos 08 — cos RF.

Fage 320.

= B0y, = b #8310, 88, b oy, by B0,

(8.27)

DBynamic coefficients in these eguaticns have the values

]

p—2z° "
bep == ——— byp = — —t—
P v cost Vi mucos 6 °
I
byw=—7cosb; by = ——3
* ! A7 cosd ’
,
= M b == L == LA
[L ’ wyrd, ’ w 1w
v JA'/\ s Jﬂl nea 'Ih '
'uy‘ a 5‘
b — Ml: s b P Mln A b, i = MP::
w191 -J,_ s Yaylp 7 1 . -a"l"—T" .
] ¥ ¥s

Subsequently tc avcid 1epetiticrs whole presentation let us
conduct in ccnnection with the system cf eqruaticns of axial motion,
since the methods ot its solution and analysis as the results cf this

analysis, in essence tle sane at fcr tke systes, which describes the

(8. 28)

PSS
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lateral disturbed wmcticr.

From the examinaticn cf systes cf equaticre (8.25) it follows
that in it the together sclved eguaticns are ttke dynamic and

cecmetiic equations, i.e¢.,

% Sv=2a,,0 +a,¥ + 2,80 142,48, + 1, (¥);

% 30=24,80 + 2,3 + 230 + 050, AL, + £ (£);

2

— 80;, =0 180+ B,y 80 +-Bo 8,88, + By, 300, (8.29)

+ Qoyye Sa +a¢,1321A$zl +f0,1 (th -
d o o L a o
d—l W=2u,; a=130—20.

The supplementary deperdence, necessar) fcr the calculaticn of
value éa, entering the €equaticn fcr determiraticn 8w,, is obtained by
differentiation with respect to tke time of cecmetric

telaticnship/ratio Sa=63%-¢6.

After making this fprocesssoperaticn, we will obtain

L= w-Ln,
dt dt dt

vhence finally it follows

A gl =t -0 8.30
4:‘“ adt ta 'IT,. dt.. { )

S mtlie &
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The kinematic relaticnship/ratics

%ﬁx3=a,,&v+a,.u N i
and
di. 8y3= a”&u +a,.w ’
t

with the made by us assurpticns in the course cf the solution of

system of equations (B.2z9) are not utilized; ttey are integrated

after the solution of this systenm.

The iritial space of thke scluticn cf systenm Of equations (8.29)
is the determinaticn of enterirg ir them dyramic coefficients a,,
Abcve has already teen nctec that fcr tiis jreliminarily must be

designed the cell/elemerts ¢t the undisturkted zction of rocket v, (t),

€. (t)e Yu(t)s ayp(t)s 3a+(f) etc. Kncwing tlese cell/elements as
functicns frcm the flight time cf rccket, atd also its weight m(t)
and inertial characteristics J.(9).J,,t) and J,(. on dependences
(B-26) it is possilkle tc calculate the unkgcwn dynaaic coefticients
cf rocket, moreover thej) will le cttained as discrete functicns cne
time alcne - argument ot the lirearized equeticms of motion (8.29).
Giving cverall qualitative evaluaticn tc dyramic coefficients, it is
necessary to note that many of thes sticnyly change alony the
trajectory of the moticrn ¢f rocket. Bs an exaxple Fig. 8.7 gives the

curvescraphs of a change ir fcur dyranic ccefficients
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G, 8epper @iy ‘gg:n for the jrcjectile “Cerlikor® during its flight in

trajectory {36].

. - - . - - -

-

. .. . Frce curvesgraphs it is evident that
dynamic coefficients a. and Sepyen change gor flight time 7-8 times,
8-p'a - aprroximately 1z times, but ccefficient au, - is more than

S0 tises.
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Fig. 8.7. Character of & change in scse dyremic coefficients of the

rccket during its mcticr alcny trajectcry.

Key: (V). 1/s2. (2). V/s=.

Fage 3i2.

Taking into account the akove, and alsc thet thet deviations
AhJﬂFAﬁJﬂnfﬁdﬁ and sc fcrth ate the assigned functions of time,
the examine/considered ty us systes cf equaticrs (8.29) can be
descrited as system of linear ncnhcscgepeous eguations with variable

ccefficients, the dependence cn tisme a;;({) bavieg the most diverse,

that mct yielding tc sinple rathematical descrirtion, form.

It is known that in tle geperal case ci this type of system of
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eguaticns they cannct te sclved aralyticall. The integration cf
system (8.29) can ke realized Lty numerical methcds vwith the use of
digital computers and tte methods cf e€lectrcnic simulation with the i

aid of the analog ccntinucus ccoputers. Sirce tke method of

sisulation for the soluticn cf prollems regeéerdirg the dynawic
properties of rockets and projectiles, stakility of their motion and
statility of the work ct the ccotrcl systes tinds at present the
widest application, let us yive the ratterrn ct the solution cf systenm
(8.29). in the simulating electicnic ccmputer, ccmprised by Yu. F.
Kcl'tscv for case [f,/'=fw'=0 [18]. Fatterr is comprised taking into
account the designations, descrikted in Secticn 3.1 chapters VI, on
it tor clarity, are shcun real physical guartities - cell/elements of
the disturbed motion of rocket (Fig. €.€). In wcrking pattern rust
figure as the propcrticral tc them vcltagesstresses for which the
scale during the translaticrsccnversicn of initial eyguations into
machine is accepted similar so that durinyg entire process cof the 1
scluticn of froblem in ary ¢f the tlccks vcltacesstress would not

exceed permissible ( 3, chagter VI). Tlerefcre with the reading of

blcck diagram, it is necessary tc rememier that under designaticns

d
{fcr example, Bv.au.;750n ard sc fcrth) hice theaselves not same

i !

these values, but propcrticnal to them volteéces.

Fucthermore, for a larger ygraphic clarity pattern is shcwn on !

figure in cren-circuited fcim, i.e., are nct carried out the lines, b

i
i
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vhich ccnnect the cutput foints of circuits witl intake points,

Instead of this of the pcirt cf inputyirtrccuction and output of the

values, utilized during the scluticp cf egquéeticrs, are numbered. With

the reading of circuit, it is recessary to lear in mind, that exit
[cints and input/introducticn ot values, which have identical
runkers, in working pattern are ccrnected with €ach other, and the
€lectrical circuits between therm are lccked. Thus, for instance, in
the circuit of the soluticn ¢t equaticn d/dtév for the formaticn of
the derived at the entry c¢f integreting blcck pcint of
input/intrecduction are supplied tke fcllowirg significance of a

deviaticn:

into point 1 - deviaticn 6v frcm cutput 15

tc point 4 - deviaticn 66 from cutput 4;

tc point 10 - deviaticr 6a frcm cutput 10.
Face 3:z3.

In turn, values 6v (-6v) from cutputs z(1) are supplied in the
circuit of the integraticn cf cthexr eguaticrs cf the system in

guesticn, etc. Ir other resjects diagras accurately reflects the

ccrrse cf solution cf fprcilen.

[RONETUSREOVPTN

e
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buring training/preparaticn fcr scluticn cn the basis of the

frevicusly known undisturlted mctior cf rocket atcut which it is

necessary to examine tke urkrcwn disturbed acticn, they dre designed,
are scaled and are solderred cn the tleccks c¢f the variable
ccefficients of the functicrs, which apfroxzisate the curve/qraphs of
the dyramic coefficients cf egvaticns a;(f); furthermore, ate

calculated and with the aid cf the blccks ¢t ccnstant coefficients

are intioduced into diagram the corstant scei¢le tactors, ror exasgle,

ccefficients i, 1, B, and sc fcrth,

.- ——
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e
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We examine an example, when the disturted scticr is caused only by
any deviaticn of steerinc crganmsccrntrcls (ir cur case of elevators)
frce their pcsition in the trimsec/steacinc-stete itself
reference-flight conditicns - zero cr talarcing, i.e., by values

A%, (1) and A&Ab. (It is ctvicus thet if the ncwinal trajectery
corresgonds to the zercA;csiticn ct ccntrols, then it is possitle in
that case to count deviaticrs A3, =8, and K&ﬁ='nl The torm cf
dependences A%, (f) and A, (f) can te different ¢epending on the
target/purroses of investigaticn. Figures 8.9, tor examvle, shows
different forms of the deviations cf angle AY,. introduced to machine
for thbe study of the dyramic properties of the rocket motion Ly which

is sisulated.

As can ke seer froz Fig. 8.9a, these deviations can be assigned
in the fore of square-waves signal, which differ in terms of amount
ct deflecticn A%, and in terms cf tte dutaticn of its actions Tis
with tle aid of which is igitated tle actict c¢cn tne rocket of stepped

ratios of steering orgarsccrticls.

Deviations can be also assigyned in the fcrs of the harmcnic
fupcticns (see Pig. B8.9Lk), whcse anfplitude A%ﬁ- period Ti and the
dvraticn of action i can te chanced. The iptrcduction of the
ferturbation signals of this form sakes it jcssible to investigate

the ability of rocket tc fcllow the contrcl displacement.

R
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Fig. 8.9. Diagram of the fcrcing functicns, utilized during the study

ctf the dynanic properties ctf rccket and its ccontrol system.

Face 325.

Firally, changing time fx it took effect c1
disturtance/perturktaticr, we can irvestigate dyramic properties and
the stability of rocket cn the mcst unfavcrelle phases of trajectcry
cf its moticn. As for ccefficients ai the ¢pprcximated curve/graphs
cf forcing functions 43,() and A&Jﬂ are sclcerred toc the blocks of
the variable coefficients, iy means cf whict they are introduced into
diagras after the startingslaunching of mactine. If x>0, then in
the pericd of time 0—t machine will issue zero solution 6v(r) =
66 (t) = b6a(t) = 6ysz(t)=C, sbcwing thereky, that in the absence of

disturtance/perturkaticrs tle r1ocket mcves cver nominal trajectory.




”
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Fice thte torque/moment cf time t=ly frograssed
disturtancesperturktaticrs A&, () ard A@tU) will vegin to enter the
afprropriate tlocks cf verialkle ccetficients, assigning dynanmic
ccefficients 4a,,. where there cccurs the multigplication of tkese

values. |
K

In passing by throuyhk the scaling klocks c¢f constant

ceétficienfs, the vcltages, fropcrticral tc torcing functions, will

i.

v

S@t the integrating operaticral amplifiers Ly which they will be
integrated. Cbtained as a result of this deviaticn 6v, 69, 3w, , -
with those signs with which thkey enter in tie €quations of the
disturkted motion (fcr tle rerorty/ccmmuricaticn tc them of the
necessafy signs in diagram ¢re prcvided the invertiny units), they
are transferred by the ajpfprcpriate charrels tc the lead-in pcirts cf
the urpits cf variable ccefficients fcr the tcrmation of the new
values of the derived cr ccopcnernt at entries urits of operational
anplifiers. This process of the unceasing fcrmation ot input values
and their integraticn (cr stgmaticr) ir analcy computers occurs on
clcsed cycle continuously kefore tlte termireticn of the interval of
the prccess of the distuirted mcticr ¢f rocket in Jyuestion along

trajectcry.

The unknown values, whbich characterize the disturbed moticn of

rccket 6v(t), 66(t), 6a(t), dm, (N and cf sc fcrth, can be written

vy
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with the aid of multichannel lcof cr €lectrcn-radiation, equipged
with special photo attachment, the cscillccgrapk to which they must be
given frca the apprcpriate cutput cf cperaticnal amplifiers. The
example of the recording of the results of the solution of a similar

prcblen for a wingless rccket is shcwn cn Fig. 8.10, to which are

given the curveyyraphs cf clanges in tle deviations 6a(t), Ad(t), -

66 (t) and 6v(t), that ccrrespond tc steppec¢ forcing function A%, (¢) i

vher Abs, ()=0. i

i

If we look the curvesgraphs of deviaticn irdicated change for a
statically stable rccket in prclcnged time interval, then it is not

difficult to establish that they all retlect the presence of

cscillating processes, worecver very different. As can be seen from

Fig. 8.10, dependence éa(t) is characterizec ty the presence of
rapidly damping oscillaticns with their shcit feriod, which
corresgond to transient pirccess frcs cre ralance angle a5 to
ancther. So at this tiwme changes tle deviaticn &9 of pitch angle.

This oscillation they are celled shecrt-pericd.

Fage 326. |

Changes in kinematic celly/elements ¢év, 69, Bx,; dYy; etc. are also

acccagpanied by oscillaticns, but the ferioé of thase oscillaticns is

already ten times mcre (it can ever exceed the flight time of rocket ‘

|
|
|
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cn active phase of trajectcry) and atteruate thkey slover.

The oscillaticns irdiceted are called lcng-period or phugcid;
pcst distinctly they are extibited at wingec¢ missiles and cruise
Bissiles. For rockets ard prcjectiles, whose lift (i.e. coefficient 1
cy) is comparatively small cr little flight tise, phugoid oscillation

are also low and into calculaticn tsuvally dc nct enter.

After the interpretaticn cf cscillcgrass cr the nature of the

change in the deviaticns of the cell/elemegts cf the motion of

rccket, it is pcssible tc judge the statility et its motion, albout

the quality of transiert frccess frcm cre ccnditions/mode of the

steady flight to another, tle correctness c¢t selection during the §
aercdynamic design cf the steady-state stakility factor, damping

characteristics, etc.

The method of the soluticn cf the equeticrs of the disturted
gction of rockets fpreserted with tte aid cf the linear electrounic
apalog ccmputers, as we already noted atove, has very wide
acceptance, tut nevertheless 1t very lakoricus. In connection with
this fer cenducting the analytical scluticr cf the questions,
connected with the selecticr of mary design, weight, aerodynamic and
cther parameters of rocket, in the frccess c¢f its initial design they

gc for even more consideralle simplificaticrs ir the problen.
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The essence of this sinplificaticn ccrsists in the fact that the
dynamic rroperties of the design/projected 1ccket are estimated not
according to the results cf the scluticn of the single system of
equatjicns of disturbed mcticn (8.29) with verialtle coefficients
ay(t), but by the analytical irvestigation ¢f the totality of similar:

systems of equations, dynamic coefficierts in which consider cconstant

values d; .
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Fig. 8.10. Example of the recording cf soluticn in the analoy

cemputer of prcblems on tlte study ¢f a charce in the deviations of

’ the trajectory elements ct rccket in its irtrirsic diTurbed mction |

i in the case of the step detlecticn cf ccptrcl.
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Key: (1)« Tiwme scale.

Face 327.

The nuaber of such toyetter investigated‘sigtels must be selected

derending cn the number of characteristic pcints of the undisturbed
trajectory of the mcticn cf rocket. Tc suclt characteristic pcints in

1 the trajectory, can be attrituted tte pcints c¢f inclusion and engine
cutcff, in which occurs a ccnsideratle charce ir the thrust, the

pcint cf the booster ejecticr and stages cf rccket, it is i

§ characterized by an abrupt chanye in wass erd tcryue/moments of

P T, R
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inertia, pcint with the grectest ard ssallest values of velocity

head, etc.

For established/installed characteristic fcints in the
trajectory, msust be calculated the ccrncrete, sgecificsactual values of
dyramic coefficients aHUQ.aLUgQ:”ﬂpbuﬂ. wkich will enter intc the
systeas of equations being investigated. Drtiing similar
investigations, furthernore, they make still cre simplification -
they setsassume in the reference systes of equations (8.29)

A%, == A3, =0 {this corresjcrds to the attacted elevators) and
fo()=Fs()=...m=0, this systenm is ccrverted irtoc the system of
homogeneous linear differential first-crder equations with constant
ccefficients. Taking into account the aforesaid and uniting in (8.29)
tke third and fourth equaticns, let us write it for
concretesspecific/actual point in tte trajectcry in question in the
focllowing form:

d -
r v=a,,3v - a:m” + a;..&a;

—;T 20 = a5 30 + @580+ agedas

d2 L) , . d « . d
;—;;Bﬁ_a(.,".,&'—'-am".aa-i- am"m" Taf’+at--'lc dt

Sa =20 — 8.

(8. 31

8a;

An this systes we have four eguaticns with four unknown values

fv(t)y 6a(t), 63(t) and Sa(t). Conseguently, system is locked and can

ke integrated.

3 Lo o daisitnn - v )

- ,,,,,..‘,,‘...
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The general soluticn cf the systes of lcmcgeneous linear
equaticns (8.31) is located as sum cof its perticular soluticns which, '
as is known from mathematics, fcr similar ecvaticns they take the i
fcre -

bo—Ae'; W=Be¥; 8. 32) |
3B=CeM; ¥a=DeX. (8.

After substituting expressicns (8.32) intc system of equations

{8.31), vwe will obtain

AAeM mag, AeM +ayBeM +ay De;
ABeM = gy, Al + a3 BeM 4 ar DeM;
MCeM =a. Ae'+a. D6 +a, . \CeMtao ADe; (8.33)

DeVt=Ce¥ — Be. -

Face 328.

Jn all terms of tke cltaired equations enters common factor e*
After contraction tc this fectcr ard the transter of all teras of

equaticns into left side, we will cttain tle fcllowing system: {

(asw—1) A+-aB+-ataD=0; |
anA+ (a1 —1) B+ apDm=0; (8. 34) ]
a:.n.A +)‘(¢:n."—1)c+ (C:".+ M:";) D-O; ;

This system includes nc¢ longer differertial, but linear
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algebxaic equations, morecover unkncwn values ip it they are the
parameter )\ and coefficients 2, E, C and C. The procedure of the
saluticn of systems of type (8.34) is krowr. At first their
characteristic equation, stich in the case in cuestion represents by
itself the equation of the tourth degree

O 8.35)
they find the values of its roots. Such rocts will be four: X\;, A,
A3s Mg Each root is sukstituted in alcebraic system (8.34) and frcm
it unaebiguously find values of coefficients ctf A, B, C and D, which

ccrresgond to this root:
fcr Ay - Ay, B4, €y, L.
fcr A, - A, B, Cz, Cje
and so forth.

After this the general scluticr cf systes (8.31) can be written

in the fora

Vom Age + A + A + At
Wem B! 4 B + By 4 B g
W=Ct +Cyo™ + Cyfs! +Cp;
YamDie'! 4 Dyg'st + Dy + D

(8. 36)
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%he ccefficients of general scluticn (t.36) Ay By C and p,,
and also the coefficiernts ¢t characteristic equation & are the real
values which depend on the dynamic ccefficients of the equations cf

disturkted motion (8.31) and for each specific case are different. In

this case, roots M of characteristic equaticn (8.35) can be Loth
the real and those conjugates/conkined ccmgcsite, moreover in the case
(fcr quartic equaticn) in cuesticn are fossiktle cnly three following

cceobinations of their values.

1. All four roots cf characteristic egtaticn are real. In this
case cltanges ot each of tlte deviaticrs ¢f tle trajectory 2lements of
tccket 6v, 69, ... will te te defined as result cf the summaticn of

fcur aperiodic functions and recordyswritten in the form (8.36).

Fage 329.

2. Twc Koots of characteristic eguaticr reel, other twc rccts -

ccnjugated/ccabined ccrjpcsite, for example:

[PV

A"=E + dv.

In this case, utilizing Euler's kocwn 1elationship/ratios

el e~ =2cos vt
(8. 37)
and

el — ="t =24sin wt,

B
I d
g

by

t PR - - — - - .....,tww*wm"..,—-
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equaticns (8.36) can be ccnverted as fcllows:

o= Al A 4 Ay et sin (vt +V,) |
W= B,eM! | Bee** + B, £ sin (vt + vyt
b =C, e +Cpe*t +C, 4 sin (v + vy}
da=Dye"t + Dye* + Dy £ sin (v + V).

(8. 38)

The entering inm them new constant coefticients A3,4, Bgy C3.y
P yi find in tte frocess cf transfcrmetion. From exgressicns
{(8.38) it follovws that in the case in questicn a change of each
deviaticn will be determined by the sussaticn cf two apericdic
functicns with the functicp, which describes the oscillating process

which is characterized, for example, fcr velccity with an amplitude

of Anet. by angular frequercy v apd bty ptase shift v«

3. Finally, let us exanmine soluticr when all four roots of

ckaracteristic equation fcrs two pairs cf ccnjugated/coabined

ccaposite rocts:

Mea=lttm A, =E+ Iv.

JXn this case a change c¢f each cf the cellselements will be
determined as a result cf tte summaticn of two cscillatory/vibratory

functicns, and decisions fcr them make the tcllcwing fora:

Somm Ay 6/ SIN (W +§)+ A, 89 sin (W4 iR
W By g% sin (1 + %)+ By ¥ sin (W + o)
Wam C, 5 sin (W) 4 C, 4 sin (W vk
Sa == Dy, % sin (W +¢,)+ D, £ sin (¥ - v,).

(8.39)

Tte given three types c¢f the sclutions cf system of equations
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(8.31) show, as they wculd change with respect tc the time of ascunt
of deflection 6v, &6, 69 and 6a, if the initial undisturbed motion of
rccket, beginning with characteristic pcint in the trajectory in
questicn, it represented ty itself straight-and-level flight with the
ccrstant velocity, i.e., under ccnditicos, cleerly different from the

real.

Fage 330.

Therefcre the obtained analytical sclutions are utilized, as a rule,
cnly fcr approximate gqualitative evaluaticr of the dynamic frofperties
cf roaket, especially as this evalvaticr cat be made on the basis of

the analysis of the rocts c¢f characteristic egqguation.

If real roots or the real fparts of the ccrpcsite rocts of
characteristic equation (8.35) (whcle cr pairt cf taem) will be
fesitive, then the entering all the scluticrs (£.39) factors of the
tyre e¥ will grow/rise in the course cf time. In this case, the
deviapicns being investigated frce the undisturted motion 6v, 66, 69,
6a will also after the treak-dcwn cf disturtance/perturbation
grcw/rise with larger or lcser speed, what is the sign/criterion of
the imstability of rocket or projectile in this state of mction and
testifies to the incorrect selecticr cf the dyramic coefficients,

which determine, as noted atove, tlte values cf the roots of

S
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characteristic equation. 1f during tlte cesicn cf value a(t), J(t),
mi, my. ¢, etc., entering the dynamic ccefficiects, undertaken
correctly, then all real rccts ard the real parts of the composite
rccts will be negative or tkeir part with tie cthers negative will
cktain zerc value. In this case, tte deviaticns 6v, 66, 63, ba will
resfpectively or decrease (attenuate) cr nct attenuvate, put alsc not

increase. In the first case the rccket calls stable in axial motion,

in the seccnd - neutral.

Investigations show that the rcckets ard the fin-stabilized
frcjectiles unguidad or with the attached ccntrcls are neutral
dynamic systems, since tteir deviaticr frcr the trajectory of the
uvndisturbed motion are rct remcved Ly tlemselves after the break-dcwun
ct their caused disturtance /perturtaticr. [ynamically stable rccket
tecomes cnly when the actinc autcgatic ccnticl system is present, of

flight with the correctly selected equaticn cf control (by law of

tegulation).

Cualitative ansversrespcnse tc a cvesticn ccncerniny the
stability of flight vehicle can be ckttainec¢ and withcut determining
the rocts of characteristic eyuaticr (8.35). Fct obtaininyg the
negative values of real rccts and real farts ct the composite roots,
it is necessary and it sutfices tc satisfy tle ccndition

>0 >0 A >0 >0
kygky — kg — 3> 0.

L mn e y —— ea—— =
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L With the observance of these ccnditicre, the motion will bte

statble.

The results of testing the stetility ct rccket with respect te
the rocts c¢f characteristic equaticr carnct be ccnsidered sufficient.
They are suitable cnly tcr the jreliminrary selection of the
aercdynamic, weight, inertie and cther fpareaeters of the rccket
during its design and tley sust te ccnfirmec by the more precise

rethods of the study of the dynamics cf the ccrtrol systeas.
Fage 331,

3.1, Transient processes durinyg the mction c¢f rcckets and

frcjectiles.

The motion of rockets and prcjectiles are supdivided into steady
and that beiny unsteady. Uncer steady Ecticr is understood such
sction, during which its determining parameters (velocity of the
moticn ¢cf the center of mass v, ancles a, f, 7y, angular rates of
rctaticn e, e, and ,) in the cotrse cf time éc not change. It is
cbvicus that under the actual conditions of this steady aotion the

rcckets and the projectiles does nct hagpper tc have. The concept of

i - ar . E————— -

R ol VTR, . T W g
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steady motion (or flight equilikrius) is mcst freguently intrcduced
ccnditicnally in the examiraticn cf mction 1elative to the center of
pass (talancing flight ccnditions). In actuclity, however, a change
in the angles of rotaticn cf cecntrcls cr the apfearance of any

ferturktaticn factors always disrupt the stecdy soment balance

relative tc the center cf mass c¢f rccket arc thkey force it to

transfer/ccnvert frcm cne ccnditicrs/mcde cit the steady tlight to

anctlter.

Let the initial steady moticn cf a rccket e characterized by
value 3, =0, and therefore as=0. let us dssure that at the moment
cf time t = t, the elevatcrs were deflectec Lty angle &, <0, tc which

will ccrrespcnd under tle assumpticn g = 0 trim angle as.

Purther angular moticn or the rccket with retention of angle
%1, by constant illustrate tke curvesgyraphs, gisven to Fig. 8.11. In
5 tise jnterval t,-t, under tle acticn cf totél tcrjues/moment
Myy=Mp, — M, >0 the rocket legins tc ke turned relative to
| the center of mass, in this case, it will agpear and will grow/rise

angle cf attack a > 0 ard argular velccity a. At the momeant of tiame

§ ta, the angle of attack o will teccme equal to trim angle as and
Ms: - zero. But, possessing at the ascment ¢t time in question angular
i velccity &z > 0, rocket as inert bcdy will c<cpntinue its rotaticn in
freviocus direction until torquesmcment M:, jnhitits it in position 3

(;, = (0) and will force tc sove again tc the fCeition of trim

j equilibrium (position 4).

P~ C i . P U VU . B e
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Fig. 8.11. Chaaye of the cell/elements cf tie argular moticn of
rocket (in the absence cf dampirg) in the cese cf the instantaneous

step deflection of conticl.
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In the absence ot campinyg, this cscilleting process will lbe

ccpsecutively repeated, i.c., it will te hetacpic, moreovatr ftrequency
will te determined by tle ncment cf the inettia cf rockat and ty its
steady-state stability factcr. becduse cf cempiny the process in

cuesticn bears the damped clavacter, it ccrtequenco of which during a
certain tine is establishyirstalled thre tris ecuilibrium of rocket
and it tegins to move in the new trismed/steddirg-state itself

ccrditions/mode at value 8, #0,

The process of transiting the rocket {cr any other systenm)from

cnt steady state te ancther calls trarsient prcecess.

The form of transient prucess depends substantially on the
damfing characteristics ct rockct and ¢n their relationship/ratic

with tte rescrve of its static stalility,

For the illustraticn ¢t this, le¢t us describe mathomatically

transient process taking intc acccunt dampitg and will examine

gcluticn, Llet us intrtoduce into equaticn

(E.J) ¢t harmonic
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cscillations instead ot the anygle o angle ggmg—ae, Yhich Characterizes
the oscillation ot the axis ot rocket cf ite relatively balancing
positicn, and term 2kq, which ccnsiders daspirg moment M, After

this tlte equation will take tlc tcrs

1
a, =24a, + A, =0, (8. 40) 4
T
shere
Sqt ! -
b= Iminl :
with conditions for [cint (m( =0; agn= ~as. ane=0, which { S

chatacterize the beyinning cf transient prccess during the sulden

detlectiop ot elevators, we cbtain tre tollowirg solutions ot

equaticn (B.u40):

a) if n¢-k¥>0, then
a,=a, e~ sin (VA" =% +4), (8.41)

where

-y cmprcte YR
Gum VAR smmarcty . .
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Figes 8.12. Different forms cf the transient frccesses of a change of
angle of attack during the instantanecus ster deflection of control

in the case cf oscillaticn camping.

Face 333. !

As can ke seen frca scluticr (8.U41), & charge in angle a, bears

: . . 2n ’
the character of oscillaticrs with fericd T=*77533;-. moreover the
amplitude of oscillaticns in the ccurse of time decreases,

approaching zerc at the end cf the trarsiert prccess when !={.

It is not difficult tc see that, changing the damping
characteristics m;sn  of rocket and, censectertly, also coefficient
ks it is possible tc regulate trarsit time ; desirably. For
example, with an increase ir rotary derivative m;s of the

fluctwation of angle g4, they will attenuate¢ mcre intense, and

A i e

oy
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transit time will decrease. In Fig. €.1z tc examined solution (under

identjcal initial conditicrs) ccrresgcnd tkte curves 1 and 2, moreover

(m:’- h <( m:"'- )=

b) if n2-k2<0, then the scluticn cf ecguaticn (8.40) is exrressed

ty the fcrmula

a,=a, ™ (ch V B—nt +Tﬁ%-’7 shy B—n "l) . (8.42)

shcwing that in this case angle ¢, changes aperiodically,
apfroaching zero at the end of the trarsiert fprccess, moreover here
with increase ot k (i.e. amd m;») = with the ccrstant n transit time

already grow/rises (curves I and 4).

The relationship/ratics betvween ccefficierts of k and n +o which
corresgond the curves, gyiven tc Fic. €.12, were undertaken in an

€exawple follcwing:

&n ( 03 | 0.9 1.1 2.5

Key: {1). curved.

Best are considered such transient prccesses when oscillations

in system cr do not appear (aperiodic frocess, curve 3), or are

e g Dok
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veakly expressed (curve 2Z), kut transit tise is small. An increase of
transient period and the presence in it of c(cnsiderable oscillations
decrease the accuracy cf tte cperaticr cf tte systems of rocket
ccntrol and, as a result, tte accuracy cf tte ipncidence/impingement

ly ther into target/purjcse.

§4. Corditions of the stakle flight cf the 1ctating rockets and of

[rcjectiles.

Artillery shells and TES, that are statilized in flight because
cf Figh-spin moction, intended tor a firinyg tc tle comparatively small
distances with which the rctaticn ct tte Eerth and its curvature dc

not have virtually effect cr the statility characteristics of motion.

Fage 334,

If we approximately consider the rctaticnal effect and curvature of
the Earth by the introducticn cf acceleraticn §=§°, then ccamflete
system of equations can te written cn tlke lesis cf equations (1.16)

and (1.21).

In the right side cf ecuations (1.16) they must be intrcduced to
the projection of all fcrces, which act on jrojectile, on the axis of

tle driving/moving i cccrdirate system. For thke rotating rocket

P
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Frcjectiles these forces are exterral aerodynasic forces [ (2.109),
{2.110), (2.111)], the thrust cf all engines (2.120), Magnus*' force
(<-112) and the seccndary fcrces (se€ Chapter 11, Section 5.2). To
seccndary forces can be attributed the forces, caused by aerodynamic

and gas~dynamic eccentricities, and the forces, caused by the lack cf

talance of masses.

In the rigyht side ct egquation (1.21) «cre stculd vwrite the
scaents of the named forces and the tcrquesacment of surfice friction
{<+113), For the guided missiles, it is logical, must be added the
ccntrcl forces and the screrts of these forces; for the artillery

shells cf ccnstant mass, reactive and veriaticg forces must be

€xcluded.

Has independent value the examiration c¢f effect on stability of
soticn of the conditions of firing frcs the tast-moving carrier, for
example, of aircraft, and tle account cf tte efftect of the wind

effect (see Chapter XI).

The compilaticn of system of equations taking into account all
acting forces in the fors, suitatle fcr numerical sclutica,
refpresents cosplex and latcrious prctlew, Fcr the projectiles of
ccnstant mass, this protlee was fcr tlte first time solved by V. S.

Fugachev ugcn consideratico cf drag, ncrmal fcrce and Magnus® fcrce,
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Luring the writing of the equations c¢f rotery sction, were considered
tke torque/moments: invertec, damping, the ncment of the Magnus force
and the torque/moment cf suriice fricticne. kcr TRS tundamental works
cn this question were carried cut ty Ya. M. Shepiro, Yu. A.

Kochetkov, et al.

As showed many well kncwn exanminations, the motion of
frojectiles and rockets cf their relatively centers of uwmass can be
exarined separately frcrs fcrward mcticn alcrg trajectory, counting
that all the characteristics of last/latter are known functicns of
time [v(t), 8(t), y;3() and so forthl. In tiis case, for the
engineering calculaticns c¢f the stakility ct the rotating fprojectile,
it suffices in the first arjrcximaticn, tc ccnsider only tilting
scwent M,=M (2.111), whick is the tasic fectcr, which determines
tte character of rctary mcticn [9]. Missile attitude in its rotary
moticn isdf\ennmeL as uvsual, by three argles: two anjles determine
the position of the axis cf prc-ectile relative to velocity vector
and cge angle - rotaticn cf prcjectile ¢f relatively longitudiral
rctatjonal axis. Positicn cf velocity vectcr of relatively

earth—tased coordinate system cf detiniticr ty two angles - 6 and
v,

Face 335.
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Depending on the fcrmulaticn ct tle prcklem, missile attitude
relative to velocity vectcr car be determired Ly angle 6 between the
axis cf projectile and tancent to trajectcry (Fig. 8.13). This angle,
in acecrdance with the terminclcgy cf tte tieory of gyroscopic
5, devices, is called nutaticr angle. Ir the plane of angle 6§, by the
called rlane of resistarce, acts tiltirg mcaent )y, The positicn of

the plane cf the resistance cf relatively vertical plane is

% determined by dihedral arngle «, wbcse finyedge coincides with
velccity vector v. Angle v is called frecessicn angle. The rctatiocn
cf frojectile relative to tle spin axis is cetermined by the angle ¢

whcse plane is perpendicular tc the lcngitudinal axis of projectile

o Kl A 1 g

cx..

% The position cf the lcrgitudiral axis c¢f projectile relative to
velccjity vector can be determined ty tte arc¢les 6, and 6,, vhich
regplace angles 6 and v. Cosmunicaticn/connecticn between the ramed

5 Fairs of angles is determined frco sphericel richt triangle with legs

':‘ &g and 6,. With the low values of angles 6, and 6,, which corresponds

& to statle fprojectiles, it is pcssiktle tc vrite

—_— Y .
8==VB¥+8;’-; 3, =38sinv; ¥=B8cos; tg=—-. (8.43
b
3
Buring the solution cf prcbler fcr flatsplane curved path taking
) intc account a decrease in the tancent to tiajectory into

examination, are introduced the angles 6, ¢, 6, and 6,. Por straight
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fath the solution proves tc Le more simply, simce it suffices to
introduce cnly angles ¢, y and 6. Curing the study of the yawing

sotiom of the rotating fprcjectile, additioraelly is introduced angle
.

Let us examine the rctery mcticn cf prtcjectile in connection
vith cvrved path taking intc account a decreas€ in the tangent. The
equaticns cf rotary moticn let us ccsprise in the form of the

differential equations cf lagrange cf 2 kiras (1.33).

We plan comprising of anygular velccity tc the principal axes of
irertija of projectile, whick let us céesignéte ir the manner that it
is accepted in tallistics cf the fprcjectiles cf the barrel systems:
the lcngitudinal axis of frcjectile Cx, - tirough 0§, the eguatorial

axes of rectangular coordinate systex - thrcugl 0& and Oy
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Fig. 8.13. Schematic of the anyles, which determine the positicn of

the rctating projectile in trajectcry.

Fage 336.

The origin of coordinates it is ccrsistent sith the center of wass of
frcjectile. The orientaticn of ases relative tc velocity vector is
shcwn ¢cn Pig. to 8.13. For uvse (1.3:3) it is necessary to have
derivatives g%— and ;%-. vhere T - kinetic energy of projectile in
rctary motion; ¢, — generalized cccrdipate. Kiretic eneryy is

defined by the expressicn

T=—;(Ap'.+34‘+Cf‘\.

where ¢ - axial moment cf irertia, A and B - terques/moments of

irertia of relatively equatcrial axes (& arc¢ gy, Ppo q and r -

e ——




ECC = 78107112 FRCE %+

frcjection of the instantaneous angular velccity of projectile cn

axis 68, On and 0¢.

for the axisymmetric frojectiles A = E and, therefore,

T=lA(P+e+Cr)

As the generalized cocidinates, which cetermine missile attitude

during rctation relative tc the center cf wmess, let us take angles
€, 63 and ¢. Angle ¢ is nct shcwn nct in crder not to complicate
drawing, to simply show tle angular velccity vector ¢, necessary for
the abandonment of equaticns. Angle ¢ and it derivatives é and 9 are

accepted as the known functions of tine.

The vector of the instantanecus angulér réete of rotation cf
frcjectile is detersinec¢ ty the sun

2=b+4+e+6.

Bke sense of the vectcr angular velocities is selected accerding
to the appropriate rule of sechanics. Vectc: 5, is perpendicular the
flane of angle 6, and coincides with tte necative direction of axis
0&. Angular velocity vectors 62 and 6 are jerpendicular to the single
plane of angles 6, and 6 an¢ dare directed alcng the positive
direction of axis Cz. Projecting vectcr @ tc thte coordinate axes,

cconected with projectile, let us have

pm= =By g=(b+i)cosd: ramp (0 +8)sind,
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At the low values cf argles 6, ard 6,, it is possible tc acceft
sigp 6,=6,, cos 6;=1. Then erxrressicn fcr kiretic energy of projectile

in rotary motion we obtain in this fcrum:

T=—(A[R+0+EP]+Clo+(0+8) 4. (8.44)

L
2

©n the tasis cf the gereral ccnsideraticn cf mechanics, the
generalized force for tlte argular parameter is egual to the
frcjection of the acting tcrque/wcrmert cn tke axis of elementary
rctaticn. In the case in questicn ceneralized fcrces will be the
Frtojections cf vectcr M cn the directicrs ¢i apcular rates of

rctaticn 6,, 6, and ¢

Q'lgMi =M sin vcos 3 Q5.=Mi.=MCOS'V; Q,=M’=0
' (8. 45)

Face 337.

After using (2.%111), let us write
.M = Al"av (8- 46)
where

"=d—2’- \ ’L . 8.471
3 At l(fH(yW’KM(a) (

]
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Then
Q:, = ARsin vcosl; Qi = ARcosv; Q,=0.

Utilizing (B.43) and tekiny intc accourt the smallness of angles

6, and 6,, we will obtain

Qi. = A?ﬁl; Q&.== A?‘.: Qv= 0. (8- 48)

Let us pass to the ccrpilaticn cf the equations of rotary motion

in the fecrm of equation {1.33). For the ccmjilation of equatiorn for

generalized coordinate ¢,, swe differentiate (€.44) on 51 and 6, wve

figd the fcllowing values ot derivatives:

oTr ;. L -oL Ak
a—1-=Aa" dt (0&,) et
I —Clo++ DRI+ (8.49)

Fcr the projectiles cf ccnstart mass, tsually they accept

=r,=const,

i.e. dc not consider a change in tte anguler rete of rotation

relatively lcngitudinal axis (fcr €xanjle, the attenuation of the

rctaticnal speed). After using (1.33) and value Q:, wve will olktain

Ab —Cr,(,+0)=AR, (8. 50)

Fcr the compilaticn cf eguaticn for generalized coordinate P

we differentiate (8.44) cn éz and &, we firc¢ derivatives

= AbHY) Fery;

‘ dr . g .
_“_(E)-A(o+l,)+0r.l,; %=o.

o

Y
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After using (1.33) and value Qu» ve will cltain

Ab, A0+ Tr b = Af,. (8.51)
For simplification in tite wiiting, vuvsually is irtroduced the -
desigpaticn i
_Cr¢n
e=r =L (8.52)

Fage 338, ‘
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Carrying out replacement in (8.S5C) and (8.%51), let us write

§—2a (A +8)=R; ¥+0+42ah =, (8.53)

cr, after transferring intc the richt side ¢t tte value obtained
during the separate scluticr of the eguaticrs ¢f mction of the center

cf sass of projectile, =

§, — 2ab,— ®, =2ab; ¥, 2a8, — B, = —6. (8. 54
In the general case urder the alternatingyvariable a and B and

initial conditions t=0; ¢,;=¢,4: 6,—510; 62=¢aq1 62=52° system (8.54)

can be solved only numericallye.

let us multiply the first equaeticn by i aré let us add with the

; T e —— R
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seccnd

8,428, 4 2a (8, — 8,) — B (3, - I8,)=20ab — 6.

It is fossible to replace iéz-él=i|ézﬁié,) and then
8, + 88, — 21a (8, -+ 18,) — B (8, 18, )= 2ab — 6.
After introductiocr tc complex variable
z=8,4 18, (8. 55)
we will oktain one the equaticn, e€egquivalent to system (8.54),

2 —2laz —Bz=2Clab—6. (8.56)

last/latter equaticn - linear ncrhcmcgenecus differential
equaticn of the seccnd crder with varialle ccefficients and

altermating/variable rictt side.

In conformity witn the seccnd egquaticr cf system (5.3)
§o _Lgeos®

v

Taking the second derivative and ccnvertinc, we will obtain
§=2 (g sin6—n). (8.57)
v

7c¢ solve the eguaticns, similar (€.56), is possible only bty

res«fical methods. initial conditicns will te written as follows:

1=0; z=2zy=by+ i z=z,=by + 1

D =
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Introducing the supplermentary sisplificaticns, in particular,
accepting p=const, it is pcssiktle eqration (£€.%€) to solve
analytically. The complete inteyral c¢f differential equation (B.56)
refpresents by itself the sur of the genmeral sclution of homcogenecus
€équaticn and the particular integral ct ncricscgeneous 2quation. The

hczcgeneous egquation

z—9iqz —Bz=0 (8.58)

bty the substitution

z=uel'st (8. 59)

is led to a simpler form. Ficm (6.%59) it fcllows

z=ge't | lage'st; 2= gels + 2laue’ —alels!.

Face 339. p

Substituting z, z ard 2 in {(8.5€) and Ly reducing on e¢'@, ve i

will c¢ktain

u- (a*—%u=0.
Besignating

gm {m 8. 60

. v - - — o ————— oy o T e el
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let us lead last/latter equéticn tc the fors

u --atsu =0. 8.61

With variarles a ard o, equaticr (8.61) arelytically is not
sclved. On the assumpticn thkat a=ccnst and «¢=ccpst, the integral of

€gration (B.61) takes tle fcrnm

#=C,cl" l’?r_r C,e—in! at (8.6

Sutstituting u in (8.5€), we will cbtain

e

:=Cleiz(l~l—:) 1_;_C2ei|(l—l—a)1. (8.63

Integration ccnstant in yeneral fcrm ere represented by the

CCEfleéx nupbers
Cy=ue"; Co=ge',
after which
r=ge 0 D 1e0] g pile =1 3] ese), (8. 64

Eesignating

wy=a(l+] )i wy=a(l—]} s) 8. 65

B i gt e o R e S It g

 paaty
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and resembering that eYe=cos¢4Isiny.let us write instead of (8.64)
Z==Q, COS (yf +2,) 40 COS (Wef 4 8g) —
+ 1o, sin (wy -{-s,)—j—o,sin (wgf +&,)]. ] (8. 66)

Ccmparing (8.55) and (t.66), we will cttain expressions for
angles &, and 6,

8, =0, Sin (@) +3,)+ Qs SiN (wf +-&,); (8.67,
8, ==0, COS (w,f + €,) + Q3 COS (wgf +&,). (8.68,

Fig. B.14 depicts the soticn ¢t tte lcrgitudinal axis of
prcjectile in coordinates &, and 6,. Fcint ! regresents by itself the
ppcjection of the pcint of intersecticn of the longitudinal axis of
prcjectile with the sphere cf the unit radivs, carried out from the
cepter cf mass cf projectile, tc cccrdirate plane 6,06,. The velocity
vectcx of the center of mass of projectile fcr the solution of
honcgeneous equaticn (8.58) in questicn is jrojected into the point,

which corresfponds to the crigin of rectilirear ccordinates 6, and 6,.

Fage 340.

The mcticn of point M con cccrdinate imace plane can be represented as
vector sum of two moticns: the rotaticn of joirt M along circle with
a radivs p, of the relatively irstartaneous certer of rotation and
mcvable circular mction cf instantanecus certer c¢f rotation alcng
circuaference with a radius p,. The angular velccities of rotary

scticn w; and w, are detersined by €xfressicns (8.56). It is cbvious




Loc = 78107112 EIGE =19

LeTH

that [ l>02’

Tc the projection cf radius-vectcrs c¢r cccrdinate axes 6, and 6,
resgectively equal to
G=by -3, B=3, 2,
Yy =0y Sin (af+¢,); =0y sin (wg 4oy
By =0, COS (mf+5,); 85y =0, COS (wyf -¢,).

tke trajectory of point M in tctal moticn ¢n coordinate plane

whece
(8.69)

6,06, will be the epicyclcid, constructed cr circle with radius cf
F2-P1- The value of radivs-vectcrs g, and ¢z, their
relaticnship/ratio and the ccnstants e aBc¢ g, on whicn depend the

initial positions cf radius-vectcrs, are determined by the initial

ccrditicns.

If we ccpsider damping oscillaticps, tlen cf curve/graphs, that
ckaracterizes a change cf tle rutaticr angle 6 in the function of

tise, will take the form, shown on Fig. 8.1%.

e i o e e
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Fige. 8.14. Graphsdiagram cf dependerce 6,=f(6;) for the straight

fcrticn of the trajectcry cf the fast-turnicg prcjectile with 6,70

and 3,#0.
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Let us find now the particular integral cf nonhomogeneous

equation (8.56). Soluticn ttey usually search fcr in the fore cf the

series:

1 1
z, z.+T z,+;—z,+... (8.70

Investigations shcw that a - tike high jaranmeter and the teras cf

a series rapidly they decrease. Functicos tica time z,, 2,, Zp are

subject to determination. Llet us differentiste 7, and i, and
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together with z let us sutstitute in (€.56)
2y—2az,—a* ( ;) z.+7 -’,—2‘:,—0(%) 24
1 - 1 - -
+;; Zn—‘”T 2,—(;‘—):,-*-. ..=2ab —0.
In the oktained equaticr usvally tle tcrls.i-}v f;é, and 211—2, are
a

the mepters of the seccrd cider cf smallnas:c ard by them it is

fossiltle tc disregard.

Ret us equate the ccefticierts when a with identical degree in

the rjght and left sides cf the lasty/latter equation.

Ccefficients of a2?:
Ccefficients when o

Ccefficients of ab

2,— 217, —(-:—,) zgm= 1.

« 8 o 8 ° o e s+ e
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Fige 8.15. Decrease of rnutaticn ancle & frcm dasping of medium

depending on time.
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0f three last/latter equations we fin¢

Y T é_zt'% 4 8. 71

let us differentiate cr t of the seccrc equation of systern
(E.71) and let us substitute z, intc tte third equation. After

cecnversion let us have

"_T°—4_6(__—)

Substituting in (847C) zg, z; and 2,, we will cbtain

=_zz_o+___4 ‘;2 (_'.’_-.—:-) (8.72

Taking into account the general view ¢t ccoaglex variable (8.55),

let us write

Sp=by =18, (8.73.

i
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Ccmparing (8.72) ard (t.73), we will citair
9 8 i/
a”—_-—z-g—e. (8.74

a2 (_"___’_.) i8. 75

Calculations show that angle ¢4,, is ccnsiderably jreater than
angle §; and it is chieft ccnstituent ¢f argle &p. The solution of
the prcblem of the moticn cf the rctating ficjectile on the
curvilinear trajectcry rhase shkcuws that in this case the epicycloid
is oriented relative to the dynamic axis cf equilibrium (relative to
fcint D in Fig. 8.16). Ecint D represents k) itself projecticn cn
image plane cf the foint cf intersecticn ¢f the dynamic axis of
eguilibrium with the splere of a unit radius. Fcr each moment cf
time, the position of pcirt D cn cccrdirate plare is determined by
values O and 6, vhich are lccated frce fcrmulas (8.66) and
{8.67). Angles 9§, and 0y are ccuntec oft frcm the origin of
ccordinates O, whichk rejresents Lty thegselses frcjection on image
glare cf pcint of intersection with tancent tc trajectory with the
spltere of a unit radius. With gradval tc trajectcry with the sphere
cf uvnit radivs. During the ¢radual deviaticr cf the dynamic axis of
equilitriua from velocity vectcr (pcirt D ficm point 0) the curve,
described ty a radiuvs p,, cltains tlke fcrm ¢f spiral (unlike

citcumterence in Pig. 8.14).
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Thus, are obtained expressiors fcr the angles, which
i characterize the positicn cf tte axis cf dyramic egquilibrium. Since

81> &, then in the first approximaticr, it is possible tc count

that
a
szalp=2—é—|0|. (8- 76)

Fage 343.

Substituting in (8.76) the seccrd equaticn of systeam (5.3) and

=

ccnverting it, we will cktain

3~k cos §

= . 8.77
’ H @) vk, (<) e

S N ORI

AR Lo iy

Argle §; determines tle positicr cf tle dynamic axis of
equilibrium, relative tc which cccurs the pericdic oscillatory motion
cf the longitudinal axis of the rotating prcjectile. If the

trajectory of the mcticn cf frrcjectile apprcaches straight line and

ﬁpo. then cn (B.76) 8,=0 and the cscillaticns ct the longitudinal
axis of projectile will te completed relative tc the velocity vector

cf the motion of the center of mass.

Por the straight pcrticn of trajectory in the case 6=const and

EVE R T e
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6=0 tc conveniently use angles ¢, v and ¢ (Fic. 8.17). Then the

angular rate of rotaticn cf prcjectile is e€qgual to

G=g4vid. |

Let us first ccmprise the systemr cf difterential equations for
the mcre gyeneral case - for the rotary moticn ¢f the spin-stabilized
missile. Let us consider the action cf tasic tcrquesmoments - turning |
rceert M,, and the aercdynamic tilting moment - M. The rotaticns cf
TBS of relatively longitudiral axis it is fprcvided by the special
ccnstructicn of the nozzle unit in which tlke nc2zies are fulfilled !
with slcresinclination toward Lty generatrix missile bodies at angle y '
(Fig. 8.18). The plane c¢f the acticn of turring moment is |
rerpendicular to the lcrgitutdinal axis c¢f ficjectile. The vector of
tcrque/moment M,, is directed alcrg tle axis Cx, (0§) (B.17)« The
tiltiog moment acts in the flane of resistarce, and its vector is
directed along the axis Cz,, perpendicular tc the plane of the

tesistance (see PFig. 8.17).

In the case of expressicn in guestion fcr ceneralized forces on
tkte appropriate angles cf rctaticr, they will take the form
Qo=M cos (2yx,)+ My, =M, ;

Q.= M cos (z,0)+ M, cos (x,0)=M,, cos ; (8.78)
Q=M+ M cos (x,z)=M.
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Fig. 8.16. Graphysdiagras of dependence €£,=f(¢,) for the curvilinear

phase cf trajectory of the center cf mass ci tte fast-turning

frcjectile with 63¢#¢C and &010.

Fage 344.

2et us comprise the differential equaticns of Lagrange for

generalized coordinates ¢, v and 6, substituting alternately in
(1.33) derivatives 97 ang 9, 9T and 9T, OT and 2L . after
oy 4 ov o ' 9 o3

substitution we will ottain:

b Rabdic’

for a generalized cccrdéinate ¢

C% (P4 vicos b= M,; (8.79)
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¥ A

fcr generalized cocrdirate v

d—‘:- [Av sin% 3+ C (¢ +v cos 8) cos =M, cos 8 (8. 80)
for a generalized cccrcéinate ¢

Ab— AV sin 8cosd8+ C(p+vcosB)vsind=M. (8.81)

The angular rate cf rctation cf TFS of reletively longitudinal

——

axis ir powered flight trajectcry apfrcximately will be determined

fr¢m (8.79). Let us write

M

P+veosd=r= T" dt.

e Y
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Fig. 8.17. Fig. &.18.

Fig. 8.17. Projections of tle vectcr of instantaneous angular

velccity and toryuesmoments, which act cn 1FS, cn rotational axis.

Fig. 8.18. Circuit of acticr of forces, which rctate spin-stabilized

sissile.

Fage 345.

Since, as show calculations, v&g, terd ycoss 1ib the first

apfproximaticn, can te disrecarded.

e i IR A Qo s . =
N g
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®aking M,, and C ccnstant average valtes, let us determine the
anguler rate of rotaticn relative tc tle lcrgitudinal axis:
e (3-2).
where a, and a - constart lcngitudinal accelerations of the center of
sass of TRS respectively cp guides ard cn pcvwered flight trajectory.
If we count a,=0 and vg=0, then, bty designating k==l%5-, ve will

cktain the approximate well kncwn equality
r=s ke, (8.82)

vhere the velocity of the center of mass cf prcjectile v is
determined during the scluticn ¢f the tasic prcklem of external

tallistics for the projectile c¢f pcint varieile mass.

Equations (8.80) and (£.81) withcut svufplenentary

simplificaticns are solved ¢rly by rimerical aethods. Their

analytical sclutions, instituted with a series c¢f assumptiocas,

exasimed in work [60].

®he easily foreseealkle analytical solvticr can be obtained for
the axtillery shell of ccnstant mass, after asseming in (8.78)
Mypy=0. In this case systes cf three eguaticrs {8.79), (8.80) and

(0.81) can be rewritten thus:
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fcr a generalized cocrdinate ¢

c% (94 cos §)=m0y (8. 83)

fcr generalized cccrdinate

- [AVsin®34 C(94 ¥ cos 8)cos Ym0y (8.84)

for a generalized ccordinate ¢

Al— AVsin 8cos3+C(p 4 vcosd)ysin b= M.  (8.85)

System of equations (8.83-8.€F%) mcst frequently is solved under
the mcst real initial ccnditions, which corresgcnd to the
tcrque/moment of the lcss cf tight ccugpling cf fprojectile with the
thaft cf the artillery instrument: t=C; 65=(; 3=3° and y=y, |is
assumed that at zero time tiere is a precessicr angle v, and the
angular velocity of nutaticr éo, btt rutaticn acgle is egqual to zero.

Under the initial conditicns accepted from (8.83) we will obtain
9+ ¥CO8 S 7y macomst.

Face 3u46.

BProm equation (B8.44) let us bave

Avsin?34 Cr,cos 8=D,

Under the initial ccnditicrs
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D=C’.|
(1 —cos'&)\';sg-;’-(l—coﬂ).

accepted vhence * 5
N Cro -1
=L _a . 86 !
i _ v A() +cosd) ¢ (8.86: >

Fcr stable projectiles with the ssallpess cf angle 6, it is "
pcEsible to accept
and éj

sind==d y cosd=1, p 1

then a=Crgy/2A and - after irtegraticn (€.8€) - we will obtain fcraula ‘

for determining the precession angle

v=v,+-af. (8.87)

®@sing already known tc us sutstitutico M = A6, vwe will obtain

frca ,(6.71) with the ssxallness of argle §

34 %~ f8==0. (8.88) [
It is accepted to desicnate: ,
!

P,

and then

i+¢'ﬂ- 0.
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As it fcllows fros (8.€9) and exjtessicns for « and B8,
coefficient ¢ - alternating, variable. More detailed investigations
show that for small time intervals ¢ it is jossille to accept as the

fixed value, after assuring

v==const, Swmconst, a==const.

%be characteristic equation, which corresjcnds (8.90), takes the

fcllcwing form:

M+ a%o=0.

With >0 we will oltairn the kpcup solutice

Bac“h V:l+c‘¢—h Ve

After determining arkitrary ccnstants, we will obtain forsula

fcr a putatioa angle

d—®_gina V. (8.91)

Face 347,

fhus, with ¢>0 nutaticn angle is expressed as trigonometric sine
and the moticn of the lcngitudinal axig of jrojectile bears the

character of harmonic oscillations with pericd c¢f£f T = 2»/alye and with

I
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lisited amplitude ‘wn= .:";

(8.87) represents by itself the rctaticrt of the fFlane of resistance

Precessicnal mcticn in accordance with

arcund tapgeat to trajectcry with an alsost ccrstant angular velocity

ot Gzczc;:’ . A change in the rutaticn argle is determined by
eguaticn (8.91) and occurs in the plane of resistance. On the
trajectcry phases, close to rectilinear, tte ccaplex spatial mction
cf the longitudinal axis cf the rctating pxcjcctil? is accomplished
relatjve to vector v and tcr initial ccnditicns ve=0  845=0, 3,#0 can
be visually illustrated ty the curvescraph, ccrstructed in polar
cccrdinates y=f(v) (Pig. 68.19). Angle &§ is cepicted as the
radius—vector wvhose positicr is determined ty angle v If we examine
the mgticn of the axis cf frojectile cepending cn time, then plotted
tuncticns 5(t) aad v(1) will take the fors, presented in Fig. B8.20a.
During processing of experisental data to ccnveériently examine only
the absclute value of nttaticn angle &; therefcre curve/graphs 6 (t)
they frequeatly coastruct crly in jcsitive talf-plane; in this case
curvesgraphv(f) will oltain stepgped form, since with transitior 6
thrcugh zero aagle v undergoes tke exglosico, equal to tw.
Ccpstxucted similarly curvesgraphs &(¢) and v(y) with the explcsion,
undertaken equal to -v, are represented in Fige 8.20b. During a
change in the initial ccnditicns cf the gragh smf(v), 8(t) and v(f)

they will cbtain the fcrm, different frcam that presented ia Pig. 8.19

and 8.20.

PR
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the integration of equation (€.89) with ¢>C led us to formula
(8.90) , determining the harscnic oscillaticps cf the longitudinal
axis of projectile with the limitec amplituce. Integraticn (8.89)

with ¢<0 will lead us tc the degenderce

Yo —C (VT . gmeVFe ),

After the determimaticn of iategratics ccustaat, we will ottain

.-ﬁﬁ' sh(eVfoj2 ).

y - AMW" sl b i T
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Fig. 8.19. Curve/graph é=f() for tke straight gcrtion of the

trajectory of the fast-turning projectile with §4,=0, 5,#0.

Page 348.

Thus, with ¢<0 nutation angle is deterained by the function,
which unlimitedly increases with an increase ip the time, what is the
sign/criterion of the instakility c¢f fprojectile. Consequently, the

ccndigion of the correct acticn c¢f the rotating projectiles can be

exgressed by the inequality !
e=1-£>0 8
o ' (8.92)
in whjch ccefficient ¢ it is called the critericn of the gyroscopic

stability of projectile cn the initial straight portiom of tﬁe

trajectory. Stability ccnditicr, cr the basis of ¢>0, can be written

thus: l

<l (8.99)

Lfw
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The values on which depends f, are determined in many resgects
by the size/dimensions cf fprojectile, Ly its designation/purpose and

the action characteristics the centers cf sess (8.48):

,_,[,s, o, AL H(y) Ku(":‘)}

Therefore to vary ty value f fcr fprovicding inequality (8.93) is
virtually iagossible. It is considerakly sisfler, with gyiven one 8,
it is possible to accomplish of the ccpditice cf the gyrecscopic
statility cf projectile ty the affricorriate selection of the parameter

a ¢r, in accordance with fcrmula (£.£6), tc angular rate of rotaticn

Ige

sk,
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Pig. 8.20. Curve/graphs of & change cf the argles 6(t) amd v{): a)

in the flane of resistance; t) in fpositive talf-glane.

Page 349.

Buring motion along threaded/cut shaft, the angular velocity of

frcjectile at the scment cf flight is equal to

Fy=Qy= %’, (8. 94)

vhere n - leagth of the ccurse of threads in tores.

The axial moment of the inertia of pro_ectile can be expressed

as fcllows:

a2
4

Cmp Q. &
P‘ (8.95)

where , - the coefficient, which ctaracterizes the distribution of }
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the mass of fprojectile of its relatively lcrgitudinal axis. The
veight of grojectile can Le expressed ir terms cf the coefficient of

veight Co which has tbe clcse of value for the cne-type projectiles

Q=Cod*.

where d - a tore in dm, ¢ - weight iv kg.

Carrying out replacesert a and §, we will cbtain from expression

(8.93)
<3y Them e

Pcr oktaining the tnique soluticrn ineguality (8.96) they replace

by egquality, introducing into it tte marain of safety of gyrcscopic
stability - a.

In this case, 1t obtalns the form
ﬂgal (o . (8.97)
Y LA
« ¢kl

Equality (8.97) was called the fcrsule of Zabudskiy-Venttsel®.

Value a<1 ccncrete/specificsactually is set during design depending
ch the ccastruction of groectile. In the general case for estimate
calculations, it is possible tc take a = 0.7 [%9]). In practice value
n oscillates within limits ~(20-2C).

We will nowv obtain dependence fcr detexrmiring the necessary

value of the nozzle cant angle ¢f the nczzle¢ upit of TRS, ensuring
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stable moticn projectile (see Pig. 8.18). 1le value of anyle y can be

designed in terms of assigned value ,‘.-".-,_ es8 follows.
Fage 350.

the equation of the rotary sotion cf TES relative tc axis Ox, takes

the fors
Jo, L mpgliginy, (8.98)
dt 2
where Pu=|mlw,, - the reacticn ferce, develcfed vith engine; n -
nusber of nozszles; 1§~ - arm of fcrce P, relative to the axis cf
18¢. ¢

In this case, coafpcsing thrusts Se(Pa—p) it is not considered,
since it is directed in tte first apfrecxisatice, along longitudinal
axie of TRS and in the fcrmationseducation cf tle torsional moment

farticipation does not accegt.

As a reselt of integrating equaticr (€.58) under the assuwption
ct comstaacy J, =J,., V¥€ vill cbtain for tke arbitrary point of
jcvered flight trajectory

W dc Im (¢ — 1)
b7

£

ro=gReP + sin y. (8.99)

-

Hence follows relaticnehip/ratic fcr tte calculation of the
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upknown angle of the slcpe cf the axis c¢f rczzle y

2J,rl (*l - ’0)
Cordc ml(s, —tg)

y=arIcsin (8. 100)

By index "k" are ncted tke values, which ccrresgond tc the

€nc/lead of povered fligkt trajectcry.

Btilizing the found ip a sisilar agprciimate manner value of
angle j, ore should prcduce the refired verifyirg calculaticn cf the
anquler rate of rotaticr cf 1IRS ¢ ty tke irtegration of ejuation
(6.98) in parts of active secticn. 1The lencth c¢f each part must be
suck that within its limits the averaging ci tte kinematic fparameters
cf the trajectory c¢f TRS, values cf its torcuesmcments of the inertia
and cther parameters wculd nct intrcéuce larce e€errors into
calculation. If necessary according to the results cf verifying
calculation, it is fpossible tc find ccrrecticn in the value of nozzle
cant angle y. The given abcve ccnditicn of tkte gyroscopic stability
cf TRS (8.92) is obtained fcr the beginring c¢f the passive (or, that

eguivalently, for the end/lead of tlke active) trajectory phase.

let us examine the special featurespectliarities of the action
cf TIRS cn fovered flight trajectory. Withic tke limits of this
sectign, continuously grow/rises tte velocity v of the center of mass
cf IRS and in essence cn it the coefficient £ depending, which

characterizes the tilting mcment M. Fut alsc ccrtinuously in

o -
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accordance vwith (8.82) grcwsrises the anguler rate of rotation of TRS
r = ¢ and the deterained ty it angular velccity cf precession  As
a result of this, it frcves to be that the criterion of stability of
IBRS ¢«=1-£/a2 on active secticn is chanced irsigpnificantly, having
veakly grouw/risen towvard the end of the section. In this case, occurs
the decrease of period and amplitude cf nuteticgal oscillaticns of
18S, cavsed by the initial disturtarces. Thus, with sufficient
accuracy it is possible tc count that if is prcvided the stability of
1ES at the end of powered flight trajectory, then it will be stable

also ¢n all section.
Fage 351.

The nwmerical value of stability criteriom zud ctaer motion
characteristics of 1IRS c¢n tke active part cf tke trajectory can be
approximately designed cn tle individual secticns of trajectory with

the use cf fcramulas (B.44), (B.86), (8.E9), (B8.€7) and (8.97) [17].

The stability conditior of rotating prcjectile (8.93) is
cbtaimed for motion on the straight pcrticn cf trajectory. With an
increase ir the path curvatvre, the dypamic axis of eguilibrium will

all more move avay froam velccity vectcr by angle 5. Angle §, is

definéd by formula (8.77).

e
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®he amalysis cf the values, entering fcrsula (8.77), shows that
aggle o, alomg the curvilirear trajectcry jhase changes, moreover in
area of peak of the trajectcry, swhere value cos 0 is close to
greatest, and H(y) v3 - to thke smallest, it reaches the greatest
value. During the imcorrect selecticn cf the rate of spin of
frcjectile, angle &, in peek cf tke trajectcry can become sc large
that it will lead tc tbe lcss by the prcjectile of stability.
Ccnsegquently, angle b, ®ust be considered és irdependent criterion,
evaluating the stability cf the rctating prcjectiles on the
curvilinear section of the trajectcry. The ccmgsrison of dependences
(8.77) and (B.92) fcr criteria of statility ¢ amd 8, shows the

discregancy of the latter.

It is realyactual, tor the increase of the stability of the
rctating projectiles in the initial rectilirear cut of trajectcry the
speed of its rotaticn r=¢ sust be increased. This will cause
appropriate increase v amd angle 6, amd, therefore, it will lead
tc the decrease of the statility cf grojectile in peak of the

trajectcry.

Tc combine both stability ccnditiers tcr the projectiles vhose
the length of 5-6 bores, accomplistes at arcles cf departure tc

60‘6500

e i o it At

i e e

g AP

ees _m




poc = 78107112 EAGE w3 Laﬁg

In this case for tte stabtilizaticp of jro‘eéctile along an entire
trajeatory it suffices tc select thte sgeed cf its rotation in the
beginaing cf passive secticp, in order to cltain criterion of

stakility o equal to 1} o,=080—066.

L€t us note onpe additicnal special feature/peculiarity of the
trajectories of the projectiles, whtich are statilized by rotatiocn.
1he existence of angle 8 leads tc the fact that the longitudinal
axis of projectile the large part cf tte f£light time is located
thxcugh cne of the sides cf vecter v and frcjectile is
deflect/diverted sideways ficom fplare cf reference of firing. The
systematic lateral deviaticr of the fast-turning projectiles is
called derivation. During right spin cf prc-ectile, the dynamic axis
cf equilibrium is deflect/diverted tc tke right from vector (if we
lcck in the direction cf acticn) and this leads to right derivation.
During counterclockwise rotaticn frcjectile it will depart tc the
left from range plane, i.e€., derivaticn will be left., The derivation
cf rrojectile can be determined and experizentally and by

calculation.

Fage 352,

Frcm theoretical formulas (in connecticn with tte projectiles of

ccpstant mass) are known tie forsulas c¢f A. N. Rrylov, V. I.

it

- |’i = -

B A R S e
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Cstapovich, and P. P. Eersnev, forsula cf [. A. Venttsel' and the
calcudation method, projcsed by V. N. Persbhin. Cne Of the most widely

kecwn foraulas is A. N. Krylov's fcrsula

[
-y h >C -
2=/ & o..g(' " dr, (8. 101)

vhetre (besides well-kncwn values) F - semi-caliter of projectile; ¢ -

angle between the tangent tc trajectcry anc¢ thke vertical line. i

Pcraula contains the values, detersinec frce the experiment: the
ugknown it is accurate value h, prcgcrtional tc distance between 3
cepters of mass and the rescvltant gressuvre ¢f prcjectile, and the
coefficient cf agreement with experiment f. Fci cone-type projectiles
and trajectories, the fcrsula gives satisfactciy results. MNore
cceson/general/total is the formsule c¢f V. K. Persnhina, who considers i
the phencmencn of the attenvaticn ¢t tte rate ct spin of projectile 3

fcr flight time.

Let us examine the calculated deteraireticr of derivaticn. The P
€quaticn of motion cf tle center ct mass cf prcjectile along the axis

2, directed perpendicular tc range flane, %ill take the form

. A
-:7- Fm=R,— X cos (9, 2), (8. 102)
vhere R, - lateral force, caused ty ugl.ct'; Xcos(v{\z) ~ the |

jrojegtioa of drag on 2 axis.
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It is possible to teplace ccs (v, 2)=2,v and then
rm i L xi ,
z—OR, oo\". (8. 103)

let us replace alsc (g/C) X=cE(y)F(v) and, reaemtering that

G(v)=F(v)/v, vwe vill obtair

i--g- R,~cH(y)0(v)z. (8. 104)

faking into account the relatively ssall path curvature,

deternined by derivation, it is pcssible tc use the dependence, valid

fcr a planar trajectory,

[
—cH(p)0(v)=—

Fage 3%t3.

then frce (8. 104) it is possitle tc write

P . " (8. 108)
s 0
cr
d(2\_&
r- (. ) LR (8. 106)

Integrating, wve will cttain

[
‘=.‘. Q‘r_ -
=9 nd: . dr. (8. 107)

.
° 0
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bet us discover ccotent R, It is usually assumed that the
force, which deflects tle rctatirg ftcjectile frcam the plane of
casting, is fproportional tc angle O:. then in accordance with the

l overall theory of the aercdyramic simflarit)

R, =‘_" 10°H (y) K 3, (8. 1081

discover values a and f. Arcular rate cf rctaticn and the axial

rememker that cos 6=u/v. Tlern, witbhcut takirg into account the
attenuation cf rotation urder the acticn of the torque/mcment of
surfice friction, we obtair for the calculatics of derivation the
fcllcuing exgression:
- K
zs’-'-,‘f- '-l';i v.Jldt S

N dt
- = (8. 109)
oK"' o2

Baving experimental aercdynamic characteristics Kn(lL) and
[ ]
K, (l) and obtained Lty calculaticn fcr the planar trajectory of
[ ]
valee v=f, (t) and u=f, (t), it is pcssible tc pumerically calculate

the integral of right side (8.109) and to cezlculate derivation.

e R e s e el b ki i i

tet us introduce in (€.1C8) value &, <csing (8.76), and let us

sceent cf the inertia of artillery shell let us define according to

(8.94). and (8.95); value\b|\e defire as uscvally. Purthermore, let us

m‘dﬂr‘ N
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Bet us consider the attenuaticon cf roteéticrc. Decrease of the
angular rate of rotaticr c¢f rrcjectile relative to longitudinal axis
ip the fprocess free flight is explained on the action of the

torque/moment of surfice friction (2.113).
Face 354,

The most widely known fcrasulas, which deteraine the angular velccity
cf the projectile in the frccess cf sotion, they are:; formula Roggla
T (8. 110)
where wg - initial angular velccity cf frojectile; e - Naperian base;
v — lemgth of projectile in Lores; d - bcre; C - axial moment of
the inertia of projectile; t - missile flight time, and I. A.

€lezkin®s theoretical fcraula

-mmﬂil viisdt
v=ue » 5 . (8. 111

vhere, besides designaticns indicated above, 1 - length of projectile

and v - velocity of the center of smass.

Beth formulas can Le given tc the fors:

o=uwe ™ (8. 112

MRS St b et g, am v e e SRR
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wvhere k - the calculated c¢r experisental ccefficient, which

corresgonds to the selected corcretessreciticsactual projectile.

Since tlke initial angular rate cf rctation wp=ry by us is already E
taken into account in (€.1(S), the attepnuaticn cf rotation let us

copsider by introducticn into the right side cf factor e*. Then

. _
3 §
; L 3
: 3

e W, d S 8.113 §
g -—-2—7‘7‘00“ /] t\'k;' ") dt. (8. ) :i

1 0 ]
H ;
The obtained fcrmula cén be given to a sispler form. Taking into ;
o
acccumt attenuation for lateral force, it is fcssible to accept the %
degendence b
R, ~2C o, L X0 |4 o> (8. 114)
W ‘MK, :

Gcapiling an equaticr cf yawing mcticr alcgg type (8. 106) and

desigmating constants thrcugh B, we will oktain

d (2 gy
L -'—) B ™. (8. 115)

Pcllowing V. N. Persthir, after a series cf simplifications in

the process of double integration, it is pcesitle to obtain i

z—m,f‘l o.J‘u-o,m. (8.116)

The variable coefficients, ccrficnting the integral in (8.116),

have pames, determined Lty tteir physical ccrtect.

,
i o S P

<
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The coefficienat of the derivaticn
2 2=C 1 Kﬂ)
m-=£= (N} (8. 117)
* o w “(KM <p
KN
Ih.t.'(;—) - average value of relaticn fci the interval of
M cp
integration.
EFage 355.

-y

Curvature of the trajectory

1 89 [
hy=—{1— n—) 8.
e ( 80— "o) \8. 118,

#cderating ratio ¢f the rotaticn

T 2,2
=~ ) (8. 119

Calculation is simplified during the ajplication/use of special

tables for an integral and coefficierts k, é&eénd k,.

The calculation of ttke derivaticr c¢f tite sfpin-stabilized
migeiles on the passive section of tlte trazectcry can be carried out
recently by tbe described sethcd. After initial velocity vy, the
angle cf departure 6, and initial 2ngular rate cf rctation rg=wg
sbculd take the values cf ttese queantities ¢t the end of powvered
flight trajectory. For shcrt pcwered flight trajectories, the

derivation is insignificant and can ke distegarded. If necessary for
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calculdation into the right side of equatict (8.103) one should

introduce term, that conside¢rs thrust.

§5. Caonditions of the stable flight c¢f the tnguided specific rockets

and of projectiles.

%he finned uaguided grcjectiles cf ccrstart and variable mass
(mine, aircraft bomk, rccket, etc.) fcr prcwviding the angular
stabilizaticn must fossess the necessary steady-state stability
factor, determined by dependence (t.2). During the solution of
twc-djimensional proklem, tte maximum amgle cf éeflection of the
loggitudinal axis of the fin-statilized prc-ectile from the velocity
vector of the center of mass can be determired from formula (8.7).
The stable flight cf the fir-stabilized prciectile with the smallest
fegsible for given constructicn scatter of jcirts of an
igcidence/drop is assured wlen the saxisum asplitude of angle,
detersined (8.7), will nct te it exceeds certair assigned sagnitude.
It is necessary to keep ir mind that degendence (8.7) is obtained for
a plamar trajectory with essential assuspticns. By works of V. S.
Fugachev, V. D. Kiricherko and otheér authors is shown, that the
fin-stabilized projectiles ccaplete three-disersional/space
cscillations. Of finned tc introduce essential features into the
character of their moticn relative tc thke center of mass. Therefcre

let us examipne separately tie mcticn cf the fir-stabilized

S ¢ (PR
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projectiles cf constant eass ard rcckets,

The characteristics cf the spatial moticn cf fin-stabilized

rcckets and projectiles can ke oktained by the rumerical sclution of

the matching systems of tke differertial eqraticns, given in chapter
I1I and V. For the purpcse cf cktaining scwe gereralizing

ccnclesicn/derivations, let us exasine here amalytical solutions.
Fage 3Sé6. -4

S5« 1. Hotion of the fin-stakilized frcjectile of constant aass

telative to the center cf mass.

The characteristics of the fcrward mcticn c¢f the center of mass
let us assume known. Frce tlke actirg factors let us consider
stabidizing and damping torque/moments. The fcsition of longitudinal
axie let us determine by twc angles &§; and ¢, (Figy. 8.21). The
positicn of the velocity vectcr of the center c¢f mass let us
detersine by angle 6. Figures 8.21 depicts elsc angular velocity
vectors 6, 3,, 3, and tle vectcr cf statilizing moment M. Let us

cosprise differential equaticns in the form cf the equations of

Lagraace. E

|

i

The vector of instantaneous angular rate cf rotation is 3
mascadbadiiabois - . e
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2 1017
determined by the sum
1 —

g=1,58, 46

i Sigce the senses of the vector angular velccities 6,, 6, and 6 the

same as in Fig. 8.13, tle expressicn fcr kiretic rotational energy

let us write, after using (€.44), after assutmirg in it $=0

1 ; . s ],
T=—lA[8 {04 ]+
L CI4, ;.i\p'lﬂ. (8. 120)
Ltet us bear in mind, tlat here¢, just as during obtaining (8.44),

accepted with the smallness of angle ¢ that =iy 6=6 and ccs 6=1.

laking into account the consideraktle area ct tke tail assesbly cf the

unrotated unguided projectiles, besides statilizing moment, it is
necessary to take into attertion evern lampirg ascment. Stabilizing

soBent is equal to

M= — &2 Scid, (8.121)

pasping moment -

D= —ouShc,2. (8. 122)

£

6eneralized forces in the case in questicr will be the

prcjeaticns of vectors M and D on the directions of angular rates of

e e o ol

- 0
rctatjica &, and 6;.

gor the stabilizing scsent

Qs,=Msin vcosdy Qan,=Mcosv. (8.129)
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Fig. 8.21. Schematic of cccrdirates and angles, which determine the

fositicn of the longitudinal axis cf tte fir-stabilized projectile.
Fage 8%7. f 1

BEqualizing cos 6,=1, &,=6 sin v, 3,=6 COsS v, we can write

Qo= — &2 Stcd, u Qui, = — %— Sictd,. (8. 124

the danring moment decreases angular flutter speed of the

fin-stabilized projectile. its frojecticns ¢n the axis of elementary

rctaticn will be proporticnal to tte prcjecticr of the angular

velocjty of rotary moticm Cr the afprcpriate azes

QDH-_Q”SP(I)&; Ql;;,_= —Q'USF('[) (.&!.L.L (8 125!

Bet us fpass tc the ccrpilaticn cf the equations of rotary msgpion

in the fora of equation (1.33).

e e
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i Pcr the coampilation ct equaticn fer gereralized coordinate &,,

ve differentiate (8.120) cn E, and &,. The ccnéucted investigaticns
fcx min of usuval form showeé that ip equaticn (€.120) second term of
i right side ccmprises nct more than 1cpc of the first and it

suksequently can be diszegarded. Theén

Al s it .
T”?!Bi RS (8. 126) :

After differentiaticn we will cttain

let Sile
a-—ﬁfl' g 2700 (8. 127

After substitution in (1.33), let us Fkeve

8, +fod, + oot =0. - (8. 128

Bet us comprise equaticn fcr ceneralized ccocrdinate 6,. We

differentiate (8.126) cr &, and 62

or or ;
;j";=03 E*A‘(‘H-o).
Y
Substituting the results cf differentieticy and expression for

the generalized forces, which act with resgect tc coordinate 6,, in
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(1.33), after conversicon we will cltain L
&+ ol +avhl, = — §—fod. (8. 129)

Equations (8. 128) and (8.129) include variakle coefficients and

withost supplementary simplificaticns are sclvec¢ only numerically. j

Bet us give analytical sclutica, after specifying the necessary

S peden o

assumptions. equaticn (€.129) is a ncnhcmccenecus linear second order

- ..,‘.‘.o - MN“*’

€quaticn with variable ccefficients.

P

Fage 358.

The form of equation shcws that in vertical plane the free
cscillations nims are placec cn forced cscillaticns, determined by
the right =side of equaticn (B.129). Fcr the sclution of equation, let
us find 0 and é. During the definitico cf tlese values, it is
fossible to consider the fir-stabilized prc;ectile as material point,
then 6 is determined by tle seccnd eguatior of system (5.3), and o -

ty degendence (8.57).

Barge interest represents the case of the structurally develored
teil assemkly, when durinc¢ detersiraticr 6 and 6 it is necessary to

consider bouyancy e€ffect Y. Fcr the half-speed system of coordinates,

N NG ARSI i s b i
g e ]

fcr eyample, it is fossikle to write
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-2 Ly (8. 130

[see, for example, cquaticr (3.8) sith F=0 and Y, =() j
Here Yom)teq

transfer/converting tc angle &6, we will cttain

e

and

I L LRy (8.131

v

vhere y:-_:-s- 2;_ .

bifferentiating (8.131), let us have

3=L'7"'_°6+Lv°%'_‘ v -1yt L yoly. (8.182)

Since v and, consequently, alsc v, derend ¢cn aerodynamic forces,
the, obviously, further analytical sclutior is fossible only during

introduction for the air resistance cf analjtical dependence. Let us

assume that

v= — b — g sin 6, (8. 133)

vhere for the relatively shcrt trajectory flase it is possible to

ccunt
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b-% (M, Re)=const.

After substitution (8.131) and (8.133) in (8.129) let us bave

i yo(i, — bok,) _L:-L' (2¢ sin 0-4+-beh). (8. 134)

Utilizing (8. 131) and (6.134), let us srite expression for the

right side of equation (€.129)

—5—od=v(b—3)u~,—wk.+ecosn(o+p+kg"—'). (8. 185)
Fage 3%59.

After substituting (8. 135) intc egquaticn (€.129), after

cogvessions we will obtain:

L - 5 . 2¢ sin §
4G+ o Hla—yib—3)] =g coss (3500,
‘8., 136)
Term y(Lk-p) dces nct exceed 10/o0 cf a and it it is possible not

tc comsider; then

8 (3 4v) ob, - avhd, = ccosb (‘-J—b---‘-;':‘l-o) (8. 137

thus, the spatial moticn cf tle fin-stetilized projectile cf

copstant mass is descrited Lty two differential equations - (8.128)
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and (8.137). Since the cross aerodynamic apc inertial couplings by us
sere nct ccnsidered that equations (€.128) é&nd (8.137) were not
ccnnected and can be sglved separately. Recezll that with variatble
ccefficients with the sinimus rumker cf assuspticns equation (8.137)

is solved only numerically.

The analytical solutticr cf ncrbhcmogenecus linear differential
equatjon (B8.137) with ccrstant ccefficients is equal to the sus of
sclutjcns - general soluticn of the homcgerecus egquations (without
right side) and of the rparticular sclutios ¢f ccaplete eguatioa. Let
us aceept for the analytical scluticr v=ccret, ¢, (M, Re)=cons!.
cpn==const, c;=comst, cp=const. It is ctvious, for providing
suffidient accuracy of fractical scluticn, it is necessary the

nuserjcal values of the ramed quantities tc determine for the

sejarate ssmall trajectory phases.

Bcaogeneous differentizl equaticns - (€.12€) and (8.137)

(vritten without right side), take the fors of equation (8.40).

Fcr equation (8.128) Zk,=fv, n2,=av,;

for equation (8.137)

ks (B+y)0; nimart.

Laashe,
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¥f we consider side component aercdynaasic drag, then the
eguaticn of the transverse cscillaticns of aine it will take the

form, similar to equaticn (8.137)

4 +(B+v) ok o =0; (8.138)

then ir both cases

and
2k=(B+y)v A #=adt

%ke relatively weak oscillaticn daspipc the uanguided

fin-stabilized projectiles in air sediuz alucst alvays leads tc case

r2-k2>0.
Fage 360.

Then the solution of equaticns (8.128), (8.138) will take the form of
scluotjcn (8.41)

_(B+1)e

L=Ae ' sin (%V’h—(?+?)‘t+c,):. (8. 139)

(810,

L=Ag T sin (% TP :+.,). (8. 140)

In the general case under iritial ccnditicns €,440, 6,470, 5,0#0,

5,,*04 we will obtain fcllosing dejendeénces for determination of the

saximus amplitudes:

— e
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q‘ ‘wﬂ
!

- Pt e pond®

l/ ot e (8. 141)

= Ba+ @+ poml .
|/a,,+ mettnsal (®. 142

Phase shifts are detersined frca the fcrsulas

- 8 m o
8 arctg m. (8. 143)

WwoVie—(F+ 1
R+ (B+10dyp (8 14

8, == gretg

fn the particular case, with 6,92C; 6,,#0; 3.0:6,.-0, ve will

cttaia
AI-——-=.£===: A,-—-—:-h.—ﬁ_==.
l/,_o_nz _G+p
4 L "]

But it “.“'0'03 é’o*(; ézo#c' then

L . -
Al";?ﬁ:fﬁ%ﬁﬁﬁ?“ Y +1

In the general case the total argle

-y Y-

sin®(wf 4-¢, n® (o (&145)'

bl
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vhere o—%mﬂ-_yl

Fage 361,

Angle, which detersines the pcsitichp ct ipstantaneous plane of

vikragicn v
’ A, sin (? ) h—(l+1i~”:+q)
V= arctg -‘;—=arctg .
Agsin(—;- ) 4a— i+1)2:+c3)

Bet us determine fcrs curved, ty the cescribed longitudinal axis
cf tke fin-stabilized frcjectile, ¢n image jplape of unit radius in
cccrdjnates 6, and &,. In ecuations (8.139) ané (deV140) second terss
cf radicands consideraktly less the first arc fcr simplicity of the
writing of formulas and calculatiors caw be lcsered. Also we will not
ccpsider identical factcrs ,'Q%B% wkich claracterize daafing

cscilldaticns. Taking into account the made ciservations of equation

(8.139) and (B8.140) they car be ccrverted ticus:

‘:—:-asin vVatcoss, +cosv) arsins, (8. 146)

i—asin v} arcoss,+cosv) assins,, (8. 147)

Bet us multiply (8.146) chn ging,, (8. 147) - on sine, and let us

deduct from the first eguation the seccnd, After this we will obtain

% sine, — % sin o, =sin © ) & sin (s, —¢,). (8. 148)

i e <t

et a3
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further (8.146) let ts multiply C® coses. (8. 147) - on cos E,,
let us deduct from the first equaticn the se¢cctd and ve will obtain:
i.mg,_% cgs e, ==cosv V& sin (s, —e)=
= —cos v Y af sin (3, —8,). (8. 149)
Let us square of equation (8.14€) and (€.149) and it is added

them, after which let ts have

q+’_am
AR AN

COS (8) —8y) == gin® (s, —s,). (8. 150)

The obtained equaticn is an equaticn ct ellipse. Using (8.139)
and (68.140), it is possible to construct cuive, descriked Lty the
lcngitudinal axis cf tte fir-staktilized prc;ectile on image plane in
ccecrdirates 6, and 6,. Curve will take the fors, presented in Fig.

e 2.

the maximum amplitudes A; and A, are detersined by the
aerodynamic diagram of the fin-staltilized fprojectile, by its
sizesdimensiops and initial conditicns. Precuently the maximum values
Ay and A, are selected as tte criteria cf tte stable flight of the

fin-stabilized projectile cn tte initial trejectory phase.

Face 162,

Their value sest not exceed the maxisus petaissitle values of angles

Oimax aARd dymarx estatlish/installeé fros knowr, good itself
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reccasended specimen/sasples.

Bcr the newly design/projected fin-statkilized projectiles is

necessary the observance of the conditicns

A<l A< (8.151.

These inequalities are called cf the ccnditions of the

lisitedness of amplitude cn the initial tra_ectcry phase.

fhe oscillaticn of the longitudinal axis cf the fin-stabilized
prcjectile cn the curvilinear trajectcry phbése cccurs relative to the
dynamjc axis of equilitriuam whcse jpcsitior can ke determined the
farticular solution of eguation (8.137). By the numerical sclutionms
it is shown that in the majcrity cf the cases in (8.137) it is
fcssible to accept 82=0 and 32=0. 1hen from (8.137) we obtain the
Farticular sclution, which determines the argle cf the dynanmic

equiljtrius

t=E20 (5 a4 26800, (g 152)

The oscillatory moticn of the lcngitudinal axis of the
fin-sgabilized projectile (with amgle 6;) it realized relative to the
axis dynamic equilibriums whcse positicy relastive to velocity vector

v, in turp, is determined ty angle Oy
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On the ipmitial trajectcry phase, amgle &8, is close to zero.

Great value amgle 4y will have ir agrez/vertes area of high-angle

ta jectcries, however, as a rule, ard tlere it is small. Therefcre the

fin-steakilized projectile wtose sarisus asplitudes on angles 6, and

8, answer conditions (8.151), will Le stakle alsc on the initial

trajeatory phase and in its apex/vertex.

In the study of the fprcbless cf tle stetility of the real
Sfecimen/sanrles of the fin-stabilized frojectiles, it is necessary
tc keep ip mind, that even so their lcw asyssetry, caused by
technological errors, can lead to the rescrénce increase of the
angles cf attack and slip. In connecticn with this statically stable
Frojectile, in the fresence even cf lcw asyasetry, can render/show
virtually unstable. For the study cf this questicn, one should turn
tc periodic publicatiors and mcncgraphic literature, see, for

exasgple, {7].

o

kil

PR
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Pig. 8.22. Graphsdiagram ctf dependence &,=t(6,) for the

fip-stabilized projectile.

Eage 363.

Se2. Bateral motion of tte fin-statilized firo0jectiles of variable

Llet us examine the yawing moticn cf tke finned unguided rockets
ch powered flight trajectcry. Accepting, that fcr similar rockets
sercdynamic drag R<<P ard gravitaticnal force tlte yaving moction
affect vweakly, during the ccmpilaticn cf equaticns cf motion, let us
ccnsider only thrust P, the aercdyramic stalilizing momenmt - M, and

the mosent of thrust M,  deternined Lty its eccentricity e:

MI".gP‘.

in this case we consider that tcrque/scaseat M,,, acts only in

the plane of yawing mcticn. (The factors incicated ia essence




LOC = 78107112 EIGE €7

1\

detersine scattering trajectories are unguiced rcckets in side

directicn [13)).

Jcr determining the pcsition cf tte axis cf rocket and velccity
vector the cemter of mass ir tte plane cf scticg, let us introduce

angles ¥, ¢, and 6 (Fig. €.:23).

5 The systea of differertial equaticns, vhich describes the motion

¢t the rocket with the adopted assuspticns, takes the following form:
ﬂ’-= N ° dl‘.— i .
m p Pcosd; mo o =Psin g;

(8. 153)
'Ill %’M,l +M7 he

Cn the smallness of angle 6, let us replace sir 626 and cos =1,

after shich uill.reurite last/latter systers that:

dt ~m dt m
1 ay, 1 = 3.
‘ s =7, Mut My 4=¥.+

(8. 154)

» If, following work [13], to designate -2 =k2y2§, to present
n

v6=zu and as argument to select path cf s, tien systea of equations

(82.154) can Le brought tc cre equaticn

a
ds

+l’u-‘;—'ﬂ. ' (8. 155)

n v
This equation is irtegrated Lty well kpcwr sethod under the

fcllowing initial conditicns

A (), s
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Fig. 8.23. Schematic of tbte angles, shich determine the position of
lopgitudinal axis amd wvelocity vectcr thle center of mass of rocket in

the plane cf motion.

Key: (7). Direction of the axis of launmcher. (2). Trajectory of 3

cepter of mass.

W i ee e e e RA— |
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It is okvious, with fixed laurclt vehicle at zero time

By="T,8,= Tyl {8. 156!

Furthermore, from tle first, seccné apéd fcxrth equations of

system (8. 154) it is possitle cttair

W_ 8
at  ds

’

whence for initial conditicrs cpe shculd

By, = Ve (8. 157)

the general scluticn cf differential eguation (8.155) takes the

fors

u=u,cos k(s-—s.)—!——":i sin k(s —s,) +-

M,y (0)

3
i .
+y Jenkte a5 4

S

(8. 158)

Beplaecing respectively ugo and &, we will citain comprising of the

ccaplete value of varialtle g=ot

N Ry A A B e = -
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sin k;s_.'g) M.
Iy'(a)v ()

8 40 =920, CO3 k(5 —8,) (8. 159)

1
iy = y'y

At T

ag, ="%’sin k(s—s,).

Bfter replacement the ccoplete value of v can be written thus:

B=8y 8 8. (8. 160)

fesrectively let us have

.

L7 8. 40 P
—_——-— . =M. 3 = S — R

30, pal %lo v’ a0 ” and Y (8. 161)

¥cr determining the angle Y¥n we take the second equation of

system (8,.153) let us pass tc independent ty the variable s

v, P
LB (8. 162)

Integeating, we will oktain

_(p
=\ ds. (8. 163)

e

wl

Face 365,

Jf we assume the absence of iritial angular disturbances, i.e.,

v0=0 and ¢p=0, then cf (8.159) and (8.161) we can write

s

1 . My, (9)
B=8Mr— ;*v—(s—) “‘ smn k(s-’) —_—

ds. (8. 164"
"y. (0)(s)

&
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Accepting the motion of the center cf sass cf tte rocket on powvered
flight trajectory umiforsly accelerated, i.¢., considering that
v(S)= l// P

Al,”,(=)=£-e=const, ve will oktain:
-

—s amnd v(s)=|/2—a accepting J,, (3)=J, =const and

em sink (s —o) , &
ZNDSS e=9as. (8. 165)

Substituting last/latter equality in (£€.163), we will obtain

4
. _éem ¢ ds sin k(s — a)
V=5 ( =9 g, (8. 166)
&

So

Let us discover thke sine cf difference under integral sign in
eguality (8.165), rememlering that s - constant value for

cocacrete/specific/actual sclution. Then ve cktain

, 3 s .
B OM (Sinks(coshke eosksj‘ un_ke ds). (8.167)
w,' ( y’} . }’r: V; $ 'fl

v

Let us revrite last/latter formulé, after replacing ks=z and

ke=¢{, then

sin 2 ] _Ccoez ; sin
( K = S o dt). (8. 168)

ket us ipgtroduce intc examinaticn the integrals of Fresnel

Clorm—le { Bt Szym— {515 it (5. 160
O=yE iR Semgg i s e

and of Bessel function

A (z)a‘/ 2 ‘"'_': J_;_(z)-l/ % °:‘__'. 8. 170)
r 4
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Eetvween these functions tlhtere is fcllcwing

ccesunicaticn/connectice;
14

Cizi=\J O d% sm=-'_§1, ©de.  (8.171H
2 - 2,° 5

ot =~

Functicns CLH.SLn.Q_R)!M}(n.lu is kocsn, 2re tabulated. Through

the tatulated functions tle angle ¢ ir determired as follows:

B_l
‘,
-

’unz IC‘,’—C(z.']— c:f_’ ls(Z'—s(z.)]} ’
4
(8. 172)
Ccx

rm[C(:i—C(z,)l-I_;_(:)[S(z)—S(z,)]}. (8.173)

Pcr deteraining the ancle ¥, it is mecessary to express first

¥a through the tabulated functiors, and then tc take the difference
¥, =g, — b 8. 174)
Gmitting fairly complicated detailed ccnclusions/derivation, let
us giee here final formulas for angles ¥a ¢nd Y. [13)

q‘-“}"ﬁf‘ C 2 —Crzol* + {S\z3—5xz.s]'}. (8.175)

Dtilizing (8.173) and (8.175), we will cbtain

[ 3 ..-—[(c P+ (S.,) - J,ru)c:,w_;_ms.‘.l. (8. 176)
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vhere !
Cl=C(2)—C(z,) S&=8(z)—S(z,). : :
;
‘%
The determination cf angles & ¥a ap¢ ¥, according to the é’
] given formulas is conducted with the aid of the¢ tables of the Bessel

ST - :

functijcns J_;Izkl;}ﬂ and cf Fresnel's integrals C(2z) and S (z), as the «

entry into vhich serves argument z=ks. lhe tables of the named

functicns are placed in wcrk [ 13].

3
-‘3
1
%

Zquations (8.173) and (8.176) can Lte written in abbreviated

fore:

3=et(s) ad ¥,=eV)(s),

vhere the functions 4*(s) and ¥:s) correspend tc eccentricity

e=1l. ¥

Tyrical plotted functicn &#(s) and W*(s) is given to Fig. -

8.24. The initial part of the active secticr, ¢p which occurs the

grcwth/build-up of angle VWi calls thke critical trajectory phase. The
length of the critical trajectory phase is equal to the length of the

first half-period of the flictuaticn cf angle & cn path of s.

Fage 367.
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At the end of the critical trajectcry phbase, the angle 6 the first
time after start turns intc zerc. AMter the critical trajectory

thasej the angle W, retains approxisately ccnstant value.

the given by us examinztion Lkears qualitative character, since
are nct considered all fcrces, shich act cr rccket in the periocd of
i its motion on powvered flight trajectcry. The acccunt of drag,
hoisting and lateral aercdynamic forces will ctangye the quantitative
value of functions 6(s) and V¥i(s). bowever, the genmeral view of

these functions, presented in Pig. 8.24, will le preserved.

The solution of the grcblea in questicr in more coaplete

setting, upon consideraticn of all acting fcrces, will come to the

<“_‘___..,,_~.

puserjcal solution of systes of equaticrs (:.44). In the right sides

cf thzee last/latter eguaticas of this system, sust be introduced the

prcjections cf the moment ct thrust, detersmine¢ Ly its eccentricity,

and the damping mosents. Ir the first three equations of systea

(3.484) of the projecticn cf force vectcr ot tkrust P, , P, and P,

they sust consider misalignsent ot thke line of its action and

eccentricity. The numerical sclutico cf systes (3.44) with the use of

the missing equaticns frcs system (3.2€) is fcssible only during use
cf BETsVM [digital computer]. Depending c¢n tle fcrmulation of the

[rctlem, system (3.44) canp le simplifieda
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Fage 368.
Chapter IX.
FLIGHT CCNTBCL OF BCCKETS AM CF FECJOECTILI:.

The systeam of steering of flight vehicle in flight is the
costimation of the devices, which epsure the displacement/movement of
the certer of mass of rccket in spage cver tle specific law. The law
cf motion is set either previously - ky f£licht program, or it is
fcra/shaped in the process cf flight with irducticn to target/purpcse
degending cn the characteristics cf relative mction of target/purpose
and rocket. And in both cases steering the center of mass is realized
ty the appropriate chance ir ncrsal and forces cf periphery. During
the soluticn of ballistic fprctlems, is usually examined only the
sechanisa of the action of control fcrces cr the motion cf rocket
relative to the center cf méss ard scticy alcmg trajectory vwithout

the study of the methcds of designing of these forces.

The methods of producing ccntrcl fcrces and the instrument
realization of the ccnticl =system are ezamired in special courses.
Determining the motion characteristics cf guided missiles with

guidance to moving target/ptrpcses is giver in chapter IV and Section
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3.4 chapters VI1. Let us here exasine tlte flight control cf the
rcckets of class "surface - surface™ ard rerge ccntrol of the firing

the projectiles of the ccnstant mass of teriestrial artillery.

§1. Change in the firing distance the artillery shells of constant

mass and by the unguidec¢ rcckets.

Buring the trajectcry calculaticn cf tie wsction of artillery
shells and unguided rockets, the initial ccrditicns cf free flight
determine appropriate tle trajectcry cf the certer of mass and motion
characteristic. In accordance with materials chapter V the flying
rarge c¢f the rrojectile ¢f ccnstant sass it determined by the
Fatameters 689, Vo and c¢. Changing each cf tiem, it is possible to
ccatrcl/guide firing distance. Initial velccity vy, and the angle of

defarture 6, uniquely detersine trajectcry witk the assigned

ballistic coefficient cf c.

Fage 169.

Chbanging ballistic coefficient because cf & chamge in the aerodynamic
shage cf projectile by the installatico of panels, brake flaps or
tingsy it is possible tc regulate firipg distagce. The coamflexities

of structural/design forsulaticn liwit the epplicability of this
method.
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Jn multiply-charged artillery rpieces (loujtzers, mortars,
sortaxs) with firing at different charg¢eés (i.¢. with different vy,)
and the identical angle of departure 69 of cistance they change with
jusp during transfer/transition frcs cne cheirge to the next (Fig.
S<1). At the constant initial velocity, which ccrresponds to one of
tbhe charges, the firing distance clanges seccthly because of a
gradual change in the argle of departure 8, (Pig. 9.2). The
ccsbiaation of both methods provides tke ccrtipsity of a change of
the distance in the assigrec¢ range frcs Xcmm to Xcmer This is
achiewed by the selecticn of the necessary tusler of charges and by
cexrtajn overlap of distances during transferstransition from one
charge to the next. Dependirg cn tte tyfe ct artillery piece, the

numbex of charges changes fros 2 tc 1z.

Gcmplete missile-firinc distance is ccaposed of the distance,
shich corresronds to the pcwered flight trajectcry, and the distance
cf power-off flight. Alscst always the rockets cf class have "surface
- gurface" ipactive leg ccnsiderably qreater tian active and in
essence determines complete firing distance. Fcr the assigned rccket
cr its nose section, the distance, which cciresjcnds to inactive leg,
depends cn the parameterc of trajectcry at tkte e€nd of the active

section. If we do not ccrsider the pcseibility cf changing the
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ballistic coefficient cf rccket cn fassive sectica, then the factors,

wbich estimate distance of firimg, will be: velccity ux. angle 6

apd ceocrdinates xx and K«

Bigures 9.3 shows a chénge in the firirg distance during change
vx at the end of the active secticr. Figures $.4 gives the
trajectcries of the moticn cf rocket tc the passive phase of flight

in the case¢ of changing crly anrgle cf the slope of velocity vector at

the ead of the active secticn 6« tc tle hcrizcrn.

Figures 9.5 and 9.€ shcus the trajectciies of the moticm of the
rccket during a change of tke coordinates »< and y at the end of

pcvered flight trajectcry. 2 clkange in the firirg distance during

charge * and Yy« insignificantly tears tlte clkaracter of the

correction (see Charpter XI). It is sufficiertly effectively it is

possikle to control/guide distance, crly chéngirg velocity vector in

scdule/mcdulus and directicr. ‘1

L“) b ki vt e e T
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Fig. 9.1. Trajectories of an artillery shell during firing with

various initial velocities and a constant angle of departure,

Pig. 9.2, Trajectories of an artillery shell during firing with

various angles of departure and a constant initial velocity.,
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Fage 370.

Fig. 9.3. Missile trajectcries at different velccities at the end of

engine operation.

Fig. 9.4. Missile trajectcries during chance of flight path angle at

tke end cf engine cferaticr.

Frg 95. Fra 7.6.

Fig. 8.5. Missile trajectcries durirg change ir ordinate of cutoff

fcint.

Fig. 98.6. Missile trajectcries during changeé in abscissa of cutoff

pcint.
Fage :371.

§2. Change in the firing distance with the éutcnomous method of

7

rccket controel. A change in the distarce cf the guided missiles

cf class "surface, surface," can be realizec¢ changing the parameters

. b . DT natia PR . it it D& SRR
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cf moticn at the end of pcwered flight trajectcry and by rocket
centrcl in an entire trejectory, ircluding active and passive
sections. In the first case of the characteristic of powered flight,
they are designed sc as tc e€psure the mcst advantageous (for a
specific problem) flight ccrditions cn inactive leg. Considering that
the cosplete distance is determinec¢ Lty imactive leg, it is pcssible

tc wrjte tle functicnal dependence

L=F v, 8. ty. o X Gy Qg. .. @), (9. H

where, besides known values, ‘u - a tallistic coefficient cn

inactive leg;

@, @... Gn - ggcondary factors, which estisate distance (tc thesm
can be attributed, for example, change in tite characteristics of the

state of the atmosglere).

€cntrol of all factcrs, which affect tie distance, or at least
their account in the prccess of flight, is tte froblem whose scluticn
is conjugate/combined with creat difficulties. However, this and not
is always necessary. Fcr exémple, cf lcrg réence tallistic missiles
the large part of the trajecteory passes in tte rarefied layers cf the
atsospkere; therefcre tte effect of weather factcrs proves to be
irsigmificant anl it is fossible nct tc consider them. Of the rockets

the firing distance of whick is relatively ssall and the large fpart




LoC = 78107113 ERCE an\’\

cf the trajectory passes in the dense layeérs of the atmosphere, the

eftect of weather factcrs is ccrsidered by the introduction of

cocrrections under the iritial conditicns cf firing. Most frequently

the range contrcl realizes ty changing the jaraseters of the mcticn

cf rocket at the erd of pcezred flight trajectcry.

Bor oktaining the assicned distance, it is necessary to switch

cff an engine of rocket at the tcrquesmcment wlten are reached the

necessary values .0, 0wy« ard x.

vlh elv yl(

and xx- - ratirg values at the e€nd orf the active
sectipn, which determine the assigned distarce, a vea Oxj Yrn and xx;

- actual values of these [araxeters.

Face 372,

Rocket must be equippec¢ with equirment which would make it

possikle to measure during flight the actual values of all !

jarameters, estimating distance, and tc ccajare them with calculated.

Orly with a strict clservance cf all cesig¢n characteristics of

pcvered flight it is possitle tc oltair at ¢ne and the same moment of

time tte equality

U =% au.lz‘os: K a=Xs U a= Yy (9.2)

PRI SRS 'OF e -
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Apparently, tc attain cesign ccrditicrs cf the motion more
easily in all with the cczmend metkcds cf ccnticl with the constant
sighting of rocket by radic aidss Similar ccntrcl systems can tLe
applied in the rockets cf class (strface - air® and "air - surface®.
Hoyever, the rockets of class have %"surface ~ surface" these methods
for a number of reasons dc rot find wide apjlication. In the
autcnosous systems cf ccntrcl shich widely ere ttilized for the
rockets cf class "surface - surface®, a strict ckservance of design
ccnditicns of motion alcng all paraseters refresents great
difficulties and, therefore, sc is difficult tc attain the observance

cf all equalities (9.2).

Since the complete distance defpends (ir essence) on four
Farameters, asserts itself thcught, that deviaticn cf one of thea
frces ecaputed value it wculd be possikle tc ccspensate for by the
aprropriate change in cther parameters, but, sc as to obtain
calculated firing distarce. For this, it is necessary during flight
tke real distance, defined &s functicr frcs the combination of the
farameters Uy, 03, 2z and yx, to ccmpare fros calculated. In this case,
tesides devices for measurirg all farameters ir the process of
flight, it is necessary to still have ¢n Lcerd rocket the cosputing

sechamisa which according tc the cktained irfcrmaticn would calculate

gt 2 bk

PSP
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the exrected real distarce, it ccrfared it frcs calculated and
supplied the appropriate ccapand/cress to ccntrcls. The coordinates
cf position cf rocket in this case nct cblicatcrily sust be
determined relative to the Farth. Fcr exasple, in the
astronavigational system of ccntrcl cf the cccrdimate of the rocket

they are determined reletive tc any large star.

Jn order to consider e€f1fect cr the distance of each of the
[arameters, it is necessary to determine thke deviation of distance
frcm the calculated, catsed bty the deviaticr of each ot the

Farareters frcm its coaputed value. Let

L=F(v, 0,, x,, y,) (9.9)
Ret us take total differential frcm this function

J oL oL o oL
dL"‘F‘dvn*';.:'d't"!'ax‘ dxl+ oW dyr (94)
Face 373.

oL oL oL oL
dgv, ' 96, ' Oxy ' Oy

congplete distance during a chaage cf each cf the parameters

Partial derivatives detersine a change in the

irdivjdually to infinitesimel value.

It is possible with certain errcr to regplace infinitesimal

valuves final and to accept tbke lirear depercence of a change in the

- - - - vy —

WP RS O
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distapce on a change in eacl of tle farameters.

ften from forwula (9.4) we fird

oL oL oL oL
3 — 3o, 2= 39— Tk, +—3y,. 9.5
L 0"‘ ‘vK oe‘ K ox‘ K oy“ yK

Llet us designate

oL oL oL oL

= ’ By == —— =
ov, ?

on ' VT o

ty

’
[ 4

and represent vk 00y, 0xxand Oyx as differences Lbetween the calculated

and actual values of the correspcnding faraseters
o, =v,(fl—v; 3, =0,(f)—0s Bdx,=x,f—x3
=yt — Yy
Then frcm formula (9.5) we find
L=, [v,()— vl +m [0,) 8]+

F e [ X 8) —x ] 1y [y, 0) — ud- (9.6)

It is obvious that with 61=0 the real cistance coincides with

calculdated; in this case

Byt Beby 8,2+ By, =1, 0, (£) +u0, () +
+peX, (8 1yya ), 9-7)

where (=f!x; - the time, which corresycnds to the cutoff of engine.

Fcr a concretesspecificsactual rocket, cn the basis of the

assigned distance, can le célculated tle lett side of equality (9.7),

wbich is called linear fovr-nestered steerirg function or linear

YIRS
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fcur-membered functional. Tire methcd cf ccrticl in question requires £
seasutement in flight mﬂﬁ.&ﬂﬂ.nﬂﬁ.y,«ffthe calculation of the right
side ¢f equality (9.7) and cf its ccespariscr with the preccmguted

value cf steering functicn.

At the moment of tle crset cf equality (9.7) the engine of
rccket must be switched off. Since the value ard the semse of the
vector of speed at the cutcff of engine car ke determinad not cnly

thrcugh ¢« and O but alsc throuigh tle prcjecticns of velocity

vactor Uxx and Uyx on rectargular cccrdinate axes, then controlling

fupcticnal can te ccaprised, cn the tasis c¢f the functional

dependence
L=F('vx;o Oyxr X yu)~ (9. 8)

Page 374.

Jn this case the rccket must lte equipfred Lty the instruments,

which seasure v, Uyg X Yn

The cutoff of engine wten =f,; will ke cetermined by the

€equalijty i
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oL oL Lot oL _ oL + 7
Ov, VreT ovy Ore Oxy ‘Tayk = Ovyy v“(” I
oL oL oL
F o Ot 5 SO+ 55 ) -9

which, transfer/converting to the fcrm cf cesicrations, taken in

{9.7)¢ can be written ir tte fcra

Pv‘vxk'*"!“v,ﬂllx"i'l":xu +Plyx=t"vx'vx UL P-,"u(tH" v
+ B Xa () + Byyaf). (9. 10) C 3

%the ncncoincidence cof the left and riclt sides of equalities k

(9.7) or (9.8) at the cutcft of engine will give the range error '3

=0, ,—,, (9. 11) E

where through ®xz: and P« are respectively cesignated the value cf
steering function, calculated ir tlte frccess ¢f soving the rocket,
and the value of steerirg function, determined ty flight progras and i

cbtained by calculation.

She value ®.. whick corresgcnds tc the forthcoming
ccgcrete/specific/actual realizaticn cf precetereined program, is
calculated previously ard is stored in the sewmcry of on-board Qi

cosputer. Punction ®xa is celculated cr as they speak, "is ¥

accumvlated” in the process cf flight ard is the function of time.

For eyasple, in connecticn with (9.1C) it is pcssible to write

Dy ()=t 0, 4 (1) + 10,0y 2 () BeXa () Frpya (). (9.12)

R T 2 T ST AT P e - o ~—
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thea in the process of the flight

W ()= o, 0, 4 () + 0,0y 4 () + B )+ Byya ()= B, (9.13)

where O, is determined bty the left side of eguality (9.10). b

the selection of cne or the other smetkcd cf the comgilaticn of
steering function depends cr srecific ccnditicrs. Of the difficulty
¢t realizing the contrcl systes, instituted cn the use of g ;
four-membered steering functicns, are cbvicis. At present for the

rcckegs of class "surface - surface" having large inactive leg, is

arplied the method of the range cortrcl of t1irirg, imstituted cn the
acccunt to different decree of the effect ct the enumerated above

farameters by firing distance. {
Eage 375,

If ve investigate the effect of tle lcw deviations of each of
the parameters " (00, 00y, Ox, and Oyp) cf the deviation of
cceplete distance, thea it will sees that Oxx gnd Oy barely they
affect 6L. Effect 00. depemds cr value itself 6. Pigures 9.7 shows

the curve/graphs, which illcstrate tite deperdeace of the distance, j

.

- e e - B . TR . -
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which corresgonds to inactive leg, cm vx asd b« Prom curvesgragh it
is evident that the distarce is less sensitive to a change of the
angle of departure in tke rarge cf the angles, close to the angle of
saximws range. Therefore, if we disccnnect engine at tilt angle,

clcse to the angle cf maximus range, tlen ctfect &« omn 6L will be

small.

Prcm formula (9.6) we will cbhtain with certain error

M=p,[v,8)— 0l

Rith 6L=0 let us have the one-term lipe¢ar functional

P U =My, ),

which corresponds to speed ccntrcl. In this case during flight, is
seasusred only the velocity &nd vpcr reachirg cf eyuality uvx=vxx the 1

engine is disconnect/turned off. Velccity xist Le measured with the

largest possible accuracy. (cntempcrary onktcar¢ equipment for
velocjty measurement gives the errcrs, placed in very principles of
measugements; however, the &ccuracy cof firicg during the range

i
4
!
coptrcl on velocity proves to Le acceptable. !
|

ialiiicib ikt
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Fig. 9.7. Derendence of distarce cr velccity v. and angle of
depargure 6: 1 - for velocity o 2 - for velecity &y ®uv (When

aig=a'rr the deviation cf distance ax,>8s5

Face 376.
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<. 1. Steering function cn apparent velccity.

In the system of preset centrcl cf rocket as steering function,

there can be use the sc-called apparert velccity or the @

fseudcvelocity. The direct seasuresent cf velocity on board rocket is
nct possible, but it can be calculated by tie established/installed

cn rctket cnboard equipsent Ly integrating the dependence of

|
|
‘ .
acceleration on tiase. {~

#or measuring the acceleraticts, are ajplied the accelerosmeters
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- ipstruments, instituted cp the use of prirciple of inertia. 1The
accelercmeters, establish/irstalled c¢n Loarc rccket, are measured nct
the absclute, but apparent acceleraticr, urcer which is understood
the difference between the acceleraticn of relatively fixed
cocrdinate system and tle acceleraticn cf gravity. The meters of the

apfarent acceleratioas are sometimes callec Kewtcn meters (23].

Bet us examine the schematic ¢iagram cf the work of

accelercmeter and the prircifple cf ccntrol «n the apparent velocity.

the swmall load, sprirg-mounted, has the capability to be moved
alcng guides (Pig. 9.8). Weight shiftirg is prcpcrtional to
acceleraticn in the directicn cf the smcticr ¢f load. The direction of
displacement/sovement is called the axis of the sensitivity of
accelercmeter. Assuming that the axis cf tle sersitivity of
accelercmeter ccincides in the directicr with axis of rocket and
angle cf attack a=Q (0=3), then tle accelersticy an measured by
accelsrometer, it will te equal to the cifference lomgitudinal
acceleraticn of the moticn ¢f rocket -%% and of the projection of the

sccelération of gravity cn the axis cf roclet, i.e., it is possible

tc write
¢,=:—:—(-—gsin 0)==-:—:'—-|-gsin 0. (9. 14)

Acceleration a4, 1is called of pseudoacceleration (apparent
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acceleration), since according tc fcrsula (S.I4), it differs frcm the

T R

trve lcngitudinal acceleration of rccket tc the value of the
frcjection of the acceleraticn cf gravity irdicated. Thus, the
accelercaeter, establiskt/installed frcs axis cf rocket, always
seasures the pseudoacceleration of rccket. 1lke value of
pseuvdoacceleration in tle fcrs cf vcltage it fed to the entry of the

integrator which it integrates. As a result cf integration, we obtain

the aprarent velocity cf the rocket u:

o.=§a.d:=§§:’-4t+‘fgsm 0. (9. 15) -
. 0

Pirst term in equaticn (9.15) is true girspeed of the mcticn of ‘ :
t

rocket. Consequently, it is possible tc write

v, =9+ (le sin ar. (9. 16)
é

T e e ) RIS ¥ et
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Fig. 9.8. Schematic of accelercmeter fcr mecésuring the

fseudgacceleration of rccket.
key: (1). Axis of rocket.
Eage 377.

1hus, pseudovelocity (the apparent velccity) at the acment of
time t differs from true airspeed te value jzshmwﬂ.lf ballistic
sissile flies accurately according tc the program (at each mcment cf
tise pitch angle ccrresjcnds to prcgrapmed value), then in the value

of pseudovelccity it is possikble sufficiently accurately to judge the

value cf true airsgeed.

At the end of the fcwered flight trajectory of rocket, we have

]
v, =0, + \ £ sin 0qt, 9.17
8 )

Ccnsequently, during tle sufficiently jrecise motion of
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ballistic missile along pitch angle tc any valte of true airspeed
(vs) at the end of pcwered flight trajectory corresponds the
cospletely specific value ct pseudcvelecity(vn«). In this case, the
engine cutcff of the rocket must ke conducted irp accordance with

{(S5.9) at the torquesmoment sher

Uy 2a— V=", (9. 18)

vhere vn, -~ value cf pseudcvelocity at curre¢nt joint in the

trajectory, obtained on kcard rocket (steering function);

Un.x - value of pseudcvelccity, designec previously for this
£light trajectory and ccrresponding tc the receéssary velccity (v,) in

the cutcff pcint.

In the process of fligkt c¢n kcard rocket, continuously is
detersined the instantareous value cf the ejparent velocity and it is
compared with its ccmputed value fcr tkte erdslead of povered £flight
trajeatory. Upon reaching c¢f their equality, is supplied the
cossaad/crev to engine cutotf. The accuracy of the operaticn of the
ca-toard ipnertial ccntrcl systex with cpe irtegrating accelerometer
can be raised, if with the aid of gyrcscope-staltilized platfors the
axis of the sensitivity of accelercmeter tc direct alomng the axis 0&
is perpendicular tc the velccity vectcr of rocket 7e in the point of

the passage of the calculated trajectcry thicugk target/purpose [23).

A — R e~
. il e I -

N7 L




Lcc = 78107113 BAGE .2’?’/750

Then the projections of sgeed on nev cccrdirate axes On and OF (Fig.

9.5), turned relative tc the axes starting cocrdinate system tc angle

ct 90 - |6c|. are equal tc

o;=9v,sin |0¢c |+ v,co8 |0 s ©,= — v, c0s|0s |+ v, sin | 0|
(9.19)

It is pcssible alsc to wsrite:

t=xsin|80; |4 ycos|0:|, M= —xcos|0|+ysin|bc| (9.20)
Face 378,

Buring the measurement cf acceleratiogs alcng axes 0t and On it

is possikle to write
L=F (o, Oy, oo '|.) (9°2l)
and, correspcndingly,
oL oL . oL oL .
3= do, — —8 4+ 2= . .
L m“’t*‘m‘ Un - % 35+0m3'| (9.22)

According to the investigaticrs cf work [23] with an accuracy to

low seccnd order, it is pcesibkle tc assume

3|g
]

s
.g

(9. 23)

and then

oL . oL

I
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Ccnsequently, to this method cf centrcl ccrresponds the linear

tincajal steering functicr, which kas tle fcrm

alL oL oL oL
TG._E(”-*.E_"E“,):EE' + o Ve (9. 25)

It is otvious, engine nsust te switche¢ cff upon reaching of

equality left and right side (9.25).

Is known the applicaticn/use c¢f an autcncscus inertial control
system with two integrating accelercre*eérs. In this case on toard
rccket, is estalblish/installed the gyrcsccpe-stabilized platfornm,
which is oriented along the axes cf tte startinc cocrdinate systenm
and dces nct change its pcsiticn dering rcchet flight., On
gyrcsdcpe-stalkilized platfcrn are estatlisbhyinstalled two
accelercmeters. The axis cf sensitivity of cne cf thea is directed in
parallel o axis " Ox;, anotker - in parallel to axis 'Oy; . The
schesatic cf gyroscope-statilized platfcrm with accelerometers is

shcwn cn Fig. 9.10.
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Fig. 9.9.
axyxis of the sensitivity of integrating sccelercrmeter.

Key: (). Axis of the sensitivity cf accelercmeter.

Fig. 9.10.

accelercmeters.

Feys (1). Axis of rccket.

Eage 379.

the accelerometers indicated will, correspcndingly,

ccaprjsing acceleratiors

Ur

3 M vﬂaﬁ .

Schematic of cocrdinates with the inclined location

of the

Schematic of gyrcscope-staltilizec¢ platform with two

measure the
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A5 a gpesult of jiantegrating ¢f dependences ia3UL iud” and the geometric
surmaticn of the prcjecticns of the velccity cf rocket v (f), 7, ./ in

ccmputer, we determine tle value of the apparert velocity
v (= 05, + 1} (9. 26)
1he obtained instartanecus value cf velccity is ccmpared with

value t;x, and upon reacting cf equality occirs engine cutoff.

Bor the increase of the accuracy cf the oferation of the

inertial ccntrol system, which ccntains twec integrating

accelercmeters, directicr cf the axes cf their sensitivity they amust

te selected on the basis cf detailed tallistic investigation (23}
The directicn of the axes cf sensitivity dejends on the flight
[rcgras, motion characteristics and fcrs ct traiectcry. Por rockets
with ¢cnsiderable firin¢ distarce, sust be ccnsidered the rotational

effect of the Earth and its aspnericitye.

§3. Pscgrammed equation cf fitch arcle.

fhe programmed equation of pitcl argle usuelly establishes the

degendence of tilt angle c¢n time cr the over-all payload ratio of
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roccket P=r£%- The iors cf [rcgrarsed eguaticn depends on the
desigmation/purpose of the 1ccket, its design-technical parameters
and fcrm of start (vertical, inclired, e€tc.). 1t prcgranmed equaticn
must be taken into acccunt the character cf the expected trajectory -
its form, distribution cf velocity and acceleretions (normal ard
tangential) acceording tc tise and acccrding tc the path of the center
cf mass of rocket. It is necessary tc consicer the special
features/peculiarities of ccntrcl - ccntrol crnly cn active section or
in an entire trajectory, the possiltle structurel/design realizaticn

cf the ccntrcl system - auvtcrcscus irertial, ccemand, etce.

With the corrpectly ccafrrised frcgram and cconformity to its
fessibilities of the system of control (limitedress of the deflection
cf comtrols) of the characteristic cf argulexr sction 3 (t), 3(t) and
;(t) they must smoothly charge im the frocess cf flight so that the
scements of ccntrol forces ard the lcngitudiral eerodynamic
torgue/moment M. wculd te lccated withkin tte assigned limits,
determined by the rigidity cf construction &pd ty the strength of

rocket (i.e. and by its vweight).
Fage 3EQ.

The degree of curvature cf the trajectery, édjustable within

reasoaable limits for this type cf rcckets, manifasts itself, in
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egsence, the normal (transverse) acceleraticns c¢f rocket and barely
affects the tangential {axiel) acceleraticrs. kcrmal acceleraticns

are¢ determined Ly the value c¢f pitcking mcaent.

Cn (2.86)
M, =q¢SIimia= ¢S, ,—1,,)c;a.

Distance between centers of masses and the center of pressure
lun-ln: barely depends cn fligbht prcgras; alsc are little affected
sith flight program (for a cdefined class of rcckets) velocity head g
and coefficients m: ané ¢;- The deteraininc value on A, has an

angle cf attack a=t¢ —4.

fherefore in crder to cecrease M, amé, tlerefore, to maximally
facilitate the constructicr cf rccket, it is mecessary to approach

fcesibly smaller a, esgpecially at vital iagpcrtarce of q.

the trajectory phases vith larce g must be passed with zero (or

sigimen, close to zero) argles cf attack.

The form of degendence 9 (t) or a(t) must ccnsider the
effectiveness of the wcrk ct ccntrcls. In tie area of transonic speed
(8 = C.8-1.2) occurs an aktrupt change in the aerodynamic coefficients
m, aad c;; which negatively affects tle oferation of the contrcl

systea. Por decreasing tle effect cf ttese charges m: amd ¢, it is

A
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necessary that the rocket wculd fass tle nuater domain M indicated

with 2ero angles of attack [2].

The ncted conditicns setisfies well fcllcwing program for an

angle a during moticn in the dense layers ci the atmosfphere: 5
=ak(k—2), (9.27) R
shere
k= 2es (=)}

@« - a limiting value of angle of attack cr the subsonic

trajectcry phase;

t, - time from stact tc the erdslead ci the vertical phase of

flight;

a - certain ccrstant ccefficiert, usually selected for this %
class cf rockets sc as upcn reaching c¢f nusters Maxa M=0.7-0.8, to 3

chtais angle of attack oed.

Important requirement fcr jrogramsed eguation is the need cf

|
i
providing the conduct of firing for the ccajlete range of distances {
£ICB Xcwn tO Xcmaxr If [8RQE Xcmm—Xcwmx 18 narrcw or distances Xc ﬂ
I
!

are ssall, then program 3(t) can be cpne; with wide-band range, it is

necessary to have several prcgrass (it is desirable - possibly less).
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The ianstrument realizaticn cf the cconticl systes must allov the rapid

ccynedtion/inclusion of the necessary fcr tite assigned distance

prcgras in the process c¢f tke freparaticn c¢f firing.
Fage 3€1.

Buring the compilaticn of the prcgram e€quation, it is assumed
that the axis of rocket is ideally fulfillec cutlined by prograa
angular rotations. Iypical curvesgraphs Ouw(f) and am(f)for a powered -
flight trajectory with thke vertical laaunching cf simgle-stage lcng

ragge tallistic missile are represented in Fig. 9.11[2].

6n first section (C<t<t,) of rccket flight O,,=90°=cons!. On the
seccend secticn of program (t <t<tj) the pitch srgle smoothly éhanqes
frces 90° to the value Oup.x which corresgcnds to the assigned distance
Xc. moreover angle a here chamges acccrdincly (9.27); time t,
characterizes the torque/moment of achievinc the numbers N=0.7-0.8.
The third section of prcgras (t3<t<f) - this is the section cf the
scticn of the rocket in tke relatively raretieé¢ layers of the
atmcspkere vith small g, wlen it is pcszible tc take a > 0, necessary “
fcr prcviding the fprogram cf mction with ®Ogp x=const. In time interval

. oy
fb—ts occurs the transiticn cf progras tc straight porticns with

the aegles Oxi, which ensure tte rarge cf distarces froma xcmm to

Xc max-

L
13
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Rrcgram Oxpl(f) for the curvilinear trejectcry phase is

descrited well by the equaticno
0-p=w+(w.— np.n)(a—z-)v (9.28)

- t—1t

where /=——1- - relative £light tise of rocket cn the second section
n—*%4h

cf program whose value changes frcs z€to tc unity;

h-- flight time of rccket frcm start to the end/lead of the

first section of prcgran;

In - flight time of rccket frcs start to the end/lead of the

seccnd secticn;

t - current time of rccket flight, calculated off the

tcrque/mcment of start.

Por designed calculaticns the grogram can te comprised mot in
the fcrs 3 (t), but as furcticn 6(p). Let tc the torque/moment & of
the end/lead of the rectilinear vertical flight correspond mass ratio
cf rocket p,, and tc tke tcrquesscaent cf tlte teginning of
tectilinear inclined flight - p,. The fprogrém c¢cf a change of the

angle 6 in the process of rccket flicht on tte active curvilinear
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trajectcry phase can be presented in tle fcrs
t=A(r—n+BE—n)+C. (9.92)

Pcr solution wculd te teiny cconcretessjecificsactual, it is
pecessary to assign valves ;,, and ,,. It is pcssible tc accefpt
$3=0.95 and to count that the curvilinear secticn of proyras
ccycludes with p,=0.4-0.5. MAagle O, wpust ccrresgond to the angle of
saximus range. Taking into account thke said prcgram of a chanmge in

the angle 0 will take fcim cf 0=90¢ with 1.(CPpol.95;
. | - o
o=.4(-2——e,,)(p-o.4or+|, npu 095 >8> 045 9. N

=10, ngn,t 045> 83 b,
Key: (1) with.

Fage 382.

Pcr a tuwo-stage rccket the exeaplarysasjprcxisate progras cf
pitch angle takes the fcrm, presented inm Pic. S.12 [2]. The fors of
the flight trajectcry in the wcrk cf first-stage engine is selected
acccrding to the progras of obtaining maxisus ergle of attack nct
Bcre s in suksonic range aré¢ obtainirg o=0 ir range of nuabers
8>C.7-0.8. The froyrammed eguaticn, which determines the mction of
the seccnd stage of rocket, most fregquently car ke undertaken in the

{74 |
8=y, — H(0—1"), (9. 31)
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where On,-- an initial fprogrammed value of fpitch angle for the seccnd

stefp/stage.

St g Bt

Bepending on the basic design fparameters cf the rocket of value

®m0 and © for providing thke maximux cf distarce, they canpn take h

different values.

In a series of the cases when selectinc of the most advantagecus ;:
frcgras, computed values %« and ®uoe car nct ccincide. In this case a ‘
change c¢f the derivative 8#(t) inm the wcik cf tle second step/stage
must provide smooth tranmsition (secticn t'-t"™ ip Fig. 9.12) frca the ]
[rcgram, establish/installed tor first stace, tc the curvilinear |
secticn, selected for tle s¢ccnd stegsstage, during gradual
tracsiticn tc the straight forticrn, ¢pn whiclt is completad the wcrk of

second-stage engine. Tle straight pcrticnp cf trajectory with the

cptinwe angle of the slcpe cf velccity vectcr at the end of the work i

cf seccnd-stage engine prcvides cltaining tie distance, clcse to the

greatest.
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Fig. 8.11, Flow chart cof the program cf pitch arygle for a

sirgle~stage rocket an¢ a cltange ir the ancle c¢f attack.

Fige. 0.12. Flow chart of prcgram of pitch argle for two-stage rccket.

Fage 383,

§4e. Maneuverability and g-fcrces.

Buring ccmpleting cf tle assigned fligtt prcgram or with missile
targeting to the mcved target/purfcse (i.e. during maneuver
accopplishment) change tle value ard the directicn of the velocity of
the motion of the center cf mass of rccket. In sccordance with this

under the saneuveratility ct rcckets, is urderstood the speed of a
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change in the flight speed in value ard directicn. Is estisated the
maneuverability of all types of flighkt vehicles, rockets and
frcjectiles with the aid of the so-called g-fcrces. G-force, just as

velccity, value is vectcr.

¥nder the vector of the g-fcrce cf rocket £, is understood the
relaticn to the resultant of all acting on jt fcrces, except

gravitsational force, tc tte weight cf rccket, i.e.,

.+ F
mg

, (9. 32i

vhere F. - resultant of all aerodynamic fcices;

F: - resultant of all gas-dynamic forces, including the engine

thrust.

fhe mcdule/moculus cf the vector of g~-tcrce n is the value of
dimensionless, which is made it convenient tcr ccmparative
evaluations. G-forces are determined ky eneigy resources of rocket,
Ly the fpossibilities of its aerodyrasic coptiguration, by the ccntrcl
effectiveness and contrcl systes as a whole. The total vector of
g~forgce can be determined its those ccmgrise alcng the axes of the

adofpted system of coordinates.

tangential g-force characterizes a change in the velocity in

A g e
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valuey and the g-forces, undcertaken alcng tie ccrmal to velocity and
called ncormal, a change in the sense of the vectcr of the velocity cf
roccket, i.e., the maneuver cf the latter. Liring the analysis of the
ccgditicns, shich ensure the maneuveralkility cf the rockets, are

examimned usually only ncrsal lcad factcrs.

Let us establish ccrmuricaticr/ccorecticy tetveen the form of
the ccrgleted by rocket maneuver ard tle g-fcrces, necessary for its

accceplishaent,

During the design cf tte ccntrcl systems cf initial space, is
cocgdueting the detailed analysis whcse target/fpurpose - to establish
the required forms cf trajectories (i.€. tle mareuvers), which will
allcw the designed rocket tc satisfy tte stetec operational

I€quirementse.

Figure 9.13 shows the trajectcry cf approach of rocket for the
saneuvering in vertical plane target, ccnstiucted for the smsethcd of

guidamce (on pursuit curve) accepted according to the predetermined
trajectory of target/purpcse and velccity ¢t recket.

Eage 384,

A simjlar trajectory, withcut crening the systes of forces, that
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cassed its fcrm, makes it pcssikle tc estaklist the characteristic
which sakes it possible tc fass tc the deteimiration of the acting on
rccket forces. This kinematic characteristic of the maneuver of

rocket is the radius of cutrvature c¢f trajectcry i,

Figure 9.13 shows that the fpreserted ir it trajectory of the
approach of rocket for target/purpcse is cltéracterized by a gradual
increase in the curvature cr, that analcgously, Ly the decrease cf
radivs cf curvature frcm value ry at iritial gcint in the trajectory
tc valdue B at the collisicn jcint cf rocket fcr target/purgose. In
ccpnection with the half-speed coordirate systes, it is possible tc

srite fcllcwing exgressicns for radii ct curvature:

das dt |
r,-_-;o-._'vd—&, . (9.33)
rom =58~ g (9. 34)

In this case, it was accepted that r > C in the case, the code
ite degicting cut, directed frcm pcint in tle trajectory tcwarad
cepter of curvature, ccircides with fcsitive direction of the

ccxresgonding coordinate axis.

. 0
Batering expressicns (9.33) and(9.34) ezrgular velocities %T and

2 can be expressed by tle apptcpriate g-fcrces on the basis of the

system of the differential equatiors, whick describe the motion cf

the center of mass cf rccket.
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Fig. 9.13./ Change of tle rediuvus ot curvatuvie cf trajectory during
the apjproach of the yuided nissile fcr tarcet/purpose along pursuit

trajecdtcry.

Fig. 8.14. Schematic of cccrdirates during cetermination of g-forces.

Fage 385.

fet the plane of angle of attack a be vertical, and the plane of
angle cf slip p - to it is pergpendicular; tltenm ¢n Fig. 9.14 it is
Fossible tc write the syster of equaticps ¢t tte spatial motion of
the center of mass cf tle guided missile ig the half-speed coordinate
systes. In this case, cecntrcl fcorces is coslined with aerodynaric

forces of X, Y¥*, Z*; the left an’ rigcht sides c¢f the equations it is

sukdivided by weight of rccket ¢=mg.

e
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AS a result we will cktain

| dv -x .
Aodv Pecosacoss— X — sin 6 l
g dt mg
v i *
_"_._'—:M_ ~ cos 63 (9.35
g m mg
-——LCO~‘9 day . —Pcosasinp+ 27 ) ‘
£ dt mg )

Prem the written egquaticmns, acccrding tc definition, let us
isclate y-forces and it is simplifieéd expressicrs for them, after

reglacing as a result of the smallness cf tie argles

sina=~aq; sin3=% cosa==cos3ixl.

Phen the projecticns cf the vectcr of ¢-fcrce on the half-speed

cccrdinate axes are equal tc

! __ Fscosacosa—X -~ P—X
= ~ =

n, H
mg mg
P . L] *
ne=-sna+y FPat+V . (9. 36)
mg mg
P —Pcosasin+2 __ — PR+ 2"
2 4 mg mg .

Inserting the projecticns of the vectci ct g-force into systes
§19.35), let us write
v db

I
n=——+458in6 Ne=——-1cosh;
X P ‘“"f' * f Y
df

n,.=—% cos 6 -—- . (9.87)

dt
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% Hence

a4 _ g . av i 4

i —_—=_ —cosf); —=— . .

! ¢ dt v (R~ — cos ) dt v cos 6 Rz @ d

Mfter substituting witl respect (9.38) intc equations for radii

cf cusvature (9.33) and (%9.34), we will obtain

+ cos 9, - (9.39)
cosd (9. 40)

Fage 386.

The parameters of trajectcry v, 6 and ¥ determine the value
and the sense of the vectcr of speed, kut tikem derivatives and
g-forces characterize tle akility cf flight vehicle to change value

and directicn of the flight speed cf tle certer of mass.

Bependences (9.39) and (9.40) shcw thet the rocket can satisfy :

the maneuver, which is charecterized Lty radivs cf curvature r, only

in such a case, when will le created tle necessery g-forces n,» and

# ns, moreover maneuver with smaller radius cf curvature, i.e.,

sharpar, can be realized, cther ccrditicns teirg egual, because of an

increase in the normal lceéd factors. Lurinc the investigation of

g~fordes, determine the sc~called required ¢-fcrces, necessary for

g -

cbtaioing of the trajectcries of thte assigned fcrm, and the available

i]
.
4
8
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g-forces, which can be actuzlly cttaineé¢ Ly rccket. G-forces required

and arrange/located are ccuwpared Letweer tlezselves,

Bccket can move over prcgrammed trajectcry or over the
trajectcry of the guidarce cnly when tle necessary for its obtaining
required g-forces will Le less or (in the extreme case) equal to the

available g-forces which car ke created by tke rocket

Ryon << Rygopy Bpon <K Rgop. (9.41)

But given conditicns (S.41) it is rot jcssible to consider
sufficient. The motion cf rcckets under actual ccnditions is always
acccmganied different kind ly the short-ters cr grolonged
disturtance/perturbations which deflect,/divert rocket from calculated
trajectcry. For the stakilizaticn cf tte mcticp cf rocket, its
coptrgl system must, as already merticpmed tiat to possess possibility

tc parry these disturbarcesperturkatico-.

Consequently, during settirg cf ccemurnicaticn/connection between
the required and availalle c-fcrces it is recessary to compulsorily
prcvide for the reserve of the norsmal lcad tactcrs 7y and A~ which
is nedessary for realizing assigned rccket tlight under the effect on

cf its randos disturbances.

taking into account this conditicn (9.41) they take the fcrm

Ryon -+ Byos & By Rpon+ Byoy K Ay, (9. 42)
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It is necessary to Ltear ir xird, that settinj the maximum sizes
cf the g-force, both ncrmal and axial, sust Lte ccnducted taking into
acccunt the careful amnalysis of the eftect ¢t c~-forces on the wcrk cf

the cakoard measuring and ccntrclling eguifpsent, strength of hcusing

and asseablies of rccket.




DeC = 78107113 EMCGE JH/770
Eage 3€7.

Chagpter X.

STUDY CF TRAJECTORIES ANC TEHE CONCEET CF THI OETINUN SOLUTIONS OF THR

EECELEMS OF EXTERNAL BAILISTICS. i

The protlems of extra-ltallistic investigaticns are very .
many-sided and depend cn the designaticn/fpuipcse of rocket or
frejeatile and concrete/sgecific/actual posing c¢f the question. The
most frequently enccuntered investigaticys can ke combined into

fcllcewing tasic groups.

1. Investigations, dedicated to settin¢ ccsmonsyeneral/total

Froferties of missile tra-ectcries ard jrojectiles in air and vacuunm.

<. Investigations, dedicated tc firdir¢ optimum solutions of

prcbless of thecry cf rccket flight and prc:ectiles.

J. Investigations cf ccnditicns of three-édimensional/sface [
rendezvous of two bodies, i.e., conditicns ¢f irterception of i
target/purgpose (aircraft, rccket) ty 2e¢ritk cr aircraft rockets or

deteat cf it by artillery stells.
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§. Considerable place in tallistic investigations occupy
cuesticns, ccnnected with determining cf cteracteristics of
scattering trajectcries ard accuracy cf firing (these investigations

will examine we in chapter III).

Almost for all named groups of extra-lellistic investigations,
it is necessary to apply the numerical methcds cf soluticns with the
aid of appropriate computer techrclcgy; only the part of the simple

[rcblexs can be solved &naljtically.

§1. General froperties of missile trajectcries and of the projectiles

cf ccgstant mass mcving ir the atmcsitere.

Let us examine this guesticn in canpecticr with the unguided
tcckets and the projectiles cf class "surfece ~ surface". The rmcst
isfpcrtant motion characteristics it is possikle to consider the form

cf trajectory, the velccity cf the center cif mass and g-force.

The velocity cf the center cf sass of tcdy depends on the acting
cn it forces and with tlte ccnstant/invarialle cceposition cf the

systes of forces changes smccthly.

O IPR
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Bigures 10.1 shows the curves/graphs of a cltamge in the rate of
sotico along the trajectcry of two types ot rcckets - wingless (curve

1) and winged missile (curve 2).
Eage 3€8.

As can be seen from ficure, tke velocity cf the motion of
singless rocket by active sectior sharply gicuwyrises, reaching in its
end/lead cf the greatest value; then cp the free-flight phase (when
the system of forces chanced) it decreases witl the
approachsapproximation cf rccket tc feak cf the trajectory; after
F€ak cf the trajectory, the velocity again cros/rises, and at the end
cf the trajectory, it agair sharply decreases as a result of rccket

kraking by the dense layers cf the atmcsphere.

Pcr winged missiles tle velccity rapidly grcuw/rises by the
launching phase, and on march it is little eéffected, but all the same
it does not remain ccnstart as a result of a change of the mass of
the rocket because of rurncut in the cperaticn cf engine,
ncnuniforaity of the feed cf fuel/frcgpellast into the combustion
chasber, etc. During the mcticn cf the rocket ipm the vacuue, its
velocjty in the engine cperation will ccntiruvously grow/rise. In
accordance with forsula K. E. Tsiclkcvskiy tbte limiting value of

velccity is determined Lty tte weigkt cf rcchet, by the fuel recserves
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and by his energy characteristics (7.146).

LTI e e i - .8 et M et 0. ok el A

let us exapmine the prcperties cf the tiajectories of the
frcjectiles cf constant rass, driving/mcvirg ir the atmosphere,

cbaracteristic for ground-lkésed artillery fpicces.

Let us take tke first equation cf system (S.8), let us

substitute in it value cf F frcm (S.%) and then

-3:—= —cH (y)Giv)

Since c, H(y) and G(v) are pcsitive, tlen

da
~2:<(0 (10. 1)

and, therefore, the horizcntal frojecticn ct speed decreases along

trajeactory.

Let us take the se¢ccnd equaticn cf system (5.8) 5£==—~%vand
X &8

replace in it 4 =:—': then pdp-—%dy.x.et ue integrate this equation

skt

tvice; one time on the ascerding brarch of trajectory from point ¥
tc peak cf the trajectcry S and for the seccné time - on the

desceading branch of trajectory frcs tite apex/vertex that of the

ke e aimalite il

[ednt yai=ps:

9 Vs Puit LY
F, Spdp-_‘j-g-: Spdp-—gj#.
LY . rs =

b ’.l o
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Fig. 10.1. The circuit c¢f a change in the rzte cf motion along -

trajectory for: 1 — wincless tallistic missile; 2 - winged missile.

Eage 1389.

After integration we can write

2 ks 2 Vs
Pat dy w S dy
—_— — = —_—
2 ) S u? ’ 2 £ u,
llll ”Hl

With the decreasing hcrizcrtal frcjecticn cf speed for any pair
cf points, which are lccatec cn cne Leichtsaltitude ». cn the

ascending and descending trienches cf trajectcry, “s>us, therefore

‘2 d ’s d
far< {4
LY * LY "

and, therefore,

pll<|pnl| "onl<o-l' ‘]0-‘-"

e il A aadeninn £E

Thus, the descending tranch of trajectcry than steeper ascending

-
.zm.n.‘m_.‘m mda N

ard angle of incidence is smcre angle cf deferture

10c]1> 6, (10, 3
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Let us find the change in the kinetic e¢nergy of the projectile
cf constant mass, which ccrresycnds tc its cisplacement/aovement from
pcint ys: on the upsard lec intc fcint ywi=ys¢ <m the descending
tranch of trajectory. At the idertical heightsaltitude of the
selected points, a chance ir the kinetic energies is determined by

the action cnly of air resistance F.

Tten
s,

—O—(v.z.,—vf,)=5kcos( v)dS.
2
sipce cos(Rv)=—1, That vii—ve:<0 and. ﬂ)e/h-fbl‘e_,

L (10. 4)

Thus, at poigts in the trajectcry sith idertical

heightsaltitudes ¥»i=yUni the velocity cf prcjectile on the descending

tranch is smaller than the velccity co the (frward leg and the

velccity of projectile in iwmpact pcint cf tie lesser velccity in

release point

0 < Oy ' (10. 5)

Let us examine velccity change alcng trajectory for the
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[rojectiles cf constant mass. In acccrcéance with the first equation

ct systea (5.3) it is fcssille tc write

dv X
. Eace 350.
i Since all values, entering the right side cf the last/latter ;
j equaticn, are positive, tler, cktvicusly, ir the beginning of é
5 ¥

trajectcry the velccity decreases, since dvydt<C. The niniwmuas cf
F velccity will be under ccnditicn dvsdt=C, sten is correct the

€quality

%= —gsin b, 110.6)

It is otviocus, equality (10.6) can be fulfilled omly on the
descending branch cf tlke tréjectcry where sin 6 < 0, i.e., the
nipimum of velocity will te after feak cf tle trajectory; after this
the velocity of projectile will becgin tc grcw/rise, since will occur
inequality %fin9>X/n. In the lower layers cf the atmosphere, at high
air densities, the velccity again will kegir tc¢ tall (Fige 10.2). The
fresented curvesgrafph is characteristic fcr hich-angle tajectories.

Fcr lgw trajectories, depending on initial ccaditions, the maximur on

i Ml e ¢ SRR

tke right side cf the cirvesgraph car nct te fcrmed to impact point;

sith direct fire, the velccity cf prcjectile at trajectory

!
i
f
|

coptinuously decreases.
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Pig. 10.2. Curve/graph cf a change inr the velocity of the projectile

cf cceostant mass dvring its motion in the étscsihere.

§2. General properties of the trajectcries cf tte projectiles ct

ccpstant mass in a vacuul.

Let us give the prcperties cf the trajectcry of the motion of

frcjectile, cbtained on the lkasis cf paralkclic theory (chapter VII

§1)-

The horizontal projecticn cf speed is ccnstant along trajectory,

jce.,

8==0,c08 §, =const, - (10.7)

Parabolic trajectcry is symmetrical iy fors amnd with respect to
velccity change alcng trajectcry relative tc orcirate y, the fassing
through the half cceplete distance. Argle c¢f itcidence is equal to

angle of departure, final velocity is egual tc thbe initial velocity

|0c|==0g3 ©c=0, (10.8)
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Fage 391,

Let us present (7.1) ir tte fcrs

y=xp—E= (14 5}, (10.9)
v,

whexre fo=tg6, - parameter cf family cf curves, described by equation

(1€.9) «

¥e will obtain equaticr by envelope family of curves. For this,
let us take derivative of exfpressicn (1C.9) frcm parameter p,y

£l

x—"
Yo

p°=0

-
let us find that pf=ig'. Sukstituting po iz egquation (10.9), wve will

cktain the equationm of envelcpe

02 x2 .
y=— 8 | (10. 10)
2% 2

Last/latter equaticr ccntains argument ¥ ¢rly to positive even
degree (x2) apd, therefore, that ervelcpes - thbe parabola,

seyssetrical relative to y aiis.

If point (target/purgcse) is lccated cit cf envelope, i.e., if

A _g
% o’

v>

e N sl
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then this point is struck te it cannct. Therefcre envelope (10.10)
they call the paraltcla ct sefety. The scluticn cf equation (10.9)

relatjve tc fo=tgdgy witl

2
Yo _gx
y< 2% 2}

has twc real roots, i.e., target/pirgcse, ccntzined the parabcla of
safety, can ke struck during tvwc adjustuments of sight.
Target/purgose, which is lccated cr the parekcla of safety, can be
stryck during one adjustment of sicht [£9]. last/latter twc
cenclusion/derivaticns are valid alsc fer ervelcring the families of

the trajectories in air, wkich have vg=const and parameter Po=tg8p.

Bet us find a decrease in the trajectciy vrder line of
elevaticn. Let us substitute (7.4) In seccré term of right side (7.1)

and after ccnversicn we will clttair:

1;—=xtgo.—y. (10. 11}
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Eage 319:.

This there will be lowering tlte trajectcry under line of

elevation (Fig. 10.3). In tirn,

X b
pove .°=v.t. 110. 12)

Jt is okvious, witt firing with cpe arc the same velocity at any;

angle cf elevation the giver mcament cf time it will answer one and
the same lcwering under line of elevaticn, which does not depend on
angle of elevation. The lines, which ccnnect the points cf lowering
the trajectories under lires cf shcts ard stich correspond to
iderntical flight times, are called iscchrores. Within the framevork
cf the rarabclic theory cf iscchrone, will represent by themselves
the cjrculferences,'cartied cut by a radivs gy from the center,
cmitted from the origin of coordinates alcr¢ the axis 0y tc value
gt2/2. The isochrones of the mcticr cf the jrojectiles of different
degigoation/purpose in air can be ccnstructed according to the

numerical calculaticns cf tte family cf tre;ectcries.

Certain interest for tlte thecry of coriecticns represents the

a
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d¢pendence, wvhich detersines relative transit time by the projectile
ct the cuts of the ascerding asd descegding trarches of trajectory,

lisited by ordinates y and ., (Fig. 10.4).

Let us elevate forsula (7.6) intc square and is piecespeal
divided it into (7.8). As a result we will cltain siaple formula fcr

calculation cf total flying tirse cf prcjectile along the trajectory

]
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 dig. 30.3. Loverimg the trajectcry under lire of elevation.

PEERN
% \ o}

DI AN
0 t x

Pig. 10.4. Dividing circuit cf traiectcry irtc layers to derivation

cf dependence for "weight cf layer®.
Fage 393.
fransit time by the prcjectile cf a layer cf the space, limited

by crdinates gy and ,  can be found as difference of the missile

flight time im trajectcry, that has initial crdinates y. and yi-.

r

YN s
fcu-n"'c:"‘ 7[(03‘9:-1)—‘/7(!{3"!/:‘-

fhe relative retention time of ptcjecfjle in a layer is equal

t

fc =ty — !¢ ____:l//.(v.!—m—x) _ l// (l‘—m)' (10. 16
c Vs y

s

T

aiai
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Fcr integer n of layers of the equal tlickgess a, to which is
trcken the trajectory, it is pcssitle tc write

1)
IO L R TR (10. 15

”3 n ’3 n
Key: (1) . and.

fhen the conditional "weight cf a layer®, froportionmal to the

retention time of projectile in the i layer, is egual to

o= le(i—t) —tc; =|'n—i+1’_—Vn-i' (10, 16)
e Vn
eb last/latter forwula can be ccsprisec the table with entries n
apd i. this table or fcrsvla (10.1€) can b¢ useé for calculating the
seights of layers during tte aprroxisate (estisated) determinatiom of

the effect of meteorological factcrs cyp the results of firing.

§ithin the framewcrk cf the e€lliptical ttecry, which examires
the motion of projectile ir central gravitaticral field without the
acccuat of air resistance, the trajectcry ct prcjectile is described

by the equation of ellipse (7.14). Fcrm tra-ectcry is determined by




3
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eccentricity e. In §2 chapters V11, are exasineé the trajectories,

wbhich correspcnd tc the cases

e=0; 0<lel; e=1; e>1.

lﬁt us give several ccrmon/gererals/toteél properties of the

€lliptical trajectcry, shich is clcsed on tie surface of the Earth.

the analysis of equaticn (7.14) shcws that the elliptical
trajectcry has an axis cf syrmetry whick ccincides with radius-vector
Fmax ™= Fs, tutied relative tc the teginning of trajectory to vectcrial
angle ¥s Consegquently, ir tke pcirts, arrairgesylccated on the
ascendiny and descending tranches cf trajectcry is symmetrical
relatjve tc radius-vectcr 7, (i.e. the focal aiis of ellipse), will

be idemtical radii r and ancles of arrival (<¢» acdule/modulus).
Face 394,

Substituting in (7.1€) identical values of r and 9, that
correspond to the roints of the ascending erd c¢escending branches cf
trajectory, we can be ccnvirced cf thke fact that the velocities in
these fcints are also equzl cn wsodule/mocdulus, i.e., elliptical
trajectory is symmetrical relatively s nct crly in foram, but alsc

according to the distrituticn cf velccity alcng trajectory. The value

PO

N
i

BT T TR
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cf a radius rs=rmax and ccrrespcnding tc it angle ¢s are determined

forsulas (7.18): if ve take g¢=¢s. then

==L _; (10. 17

if vwe take gqmg,=(0 a0d =7, that

v,=arccosL;-L : (10. 18
y :

§3. Kinematic methcds cf the study cf the tiajectories of guidance.

In the theory of fligkt tc the kinematic methods of study, it is
accepted to relate the methcds, which e€xamire tle motion of the
cepter cf the masses of tlicht vehicle swithcut the explicit account
cf the acting cn it forces cn the assumgticc thkat the velocity of its
centexr c¢f mass in the functicn cf tise is kicwr. Most freguently
kiresatic methods are apfplied during tlte study cf the moticn of the
guided missiles, wvhich are aimed tc mcving tarcets or which are aimed

tc target/purpose from sckile guidance staticps.

We investigate the jpcssikble ccnditions cf the encounter of the
rccket with target with thke different methcds c¢f guidance. In the
generel case for prcvidirg the rendezvcus, c¢istance r between the
rccket and the target/pirrcse must decreases, tut this means that

sust be fulfilled tke equality

dr

W
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Bor an example let us ¢xamine tle case cf guidance with
fixed~lead angle gp-n;,-com'( and will proceed from formula (7.91).

Fcr prcviding inequality (1€.19) it is necessary to have

P COS @y, >>cos a,.

Utilizing (7.88) and transforming, ve will obtain

p'(l—sin'a,.))(l—p’sin'c,.). (10. 20)
Ccnsequently, with the rethcd cf guidance it question for groviding

the escounter of rocket witl target it is necessary to have p > 1,

ie€., the velocity of rccket must ke mscre than target speed.

The ncrmal acceleraticu of the rccket with the method of
guidance in question is determined Lty fcrmula (7.98). For providing
the rendezvous of rccket fcr target/fulfose¢ Ga; must approach aes.

Theén the acceleraticn limit will ke equal
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',.:.'. A2 limay,=0
pu >2 lima,, =0o0;

Keys (V). with.

(10.21)

Fage 395.

In practice, obviously, can ke used crly c2se k< 2. The
analysis of formula (7.56) cives tte range ct tke pcssible values F
derending cn ap (Pig. 10.5). As car Lte seer frce figure, the range

ct the theoretically possitle conditicns ot the rendezvous (it is

cress-hatched) with fixed-le¢ad hcming is extresely limited. B

¥cr the investigaticn cf the fcssiltilities cof parallel apfproach
sethod, let us conduct the kinewmatic ipvestigaticns of the ccnditicns
ctf remdezvcus at the ccrstart velccities ct the mcticn of

target/purgose and rocket (f = ccnst).

Pcr case of P>l rectilinearly drivicrgs/mcving target/purpcse
cap be intercepted in any relative attitude ct rocket and

target/purpose during time interval At since at angles oy and % is
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Flaced cnly the limitaticn ct ideal advance, prevention (Pig. 10.6a).
In the case cf p < 1 rarge cf thke jcsitions cf the rockets, with
shich is feasible the intercepticn of target/purpose, comsiderably it

is reéduced. For prcvidirg the interception, must be fulfilled the

Ipy lui

€quality gt ——=

Upi L]
the ieterception must k¢ lccated ir thte spece, limited by the ccne

, hovever, in ac¢ditichy tc¢ this, the rocket tkefore

whcse angle p = arc sin f (Fig. 10.€L). P

Jf in initial fositicr rocket is lccated cr the surface of cone
with angle ., then Ly tle crly directicyg, whbich ensures interception,
it will be the directicn cf motion, fpergenéicular generatrix of cone.

1f rocket is located withir ccpe, then fossiktle different initial

lead angles an and to Gp2, mcrecver the extreme trajectories

ct the moticn of rocket O, and 0:B will ke rectilinear. The
trajectories of the moticn c¢f rccket, whict lie between 0,A and 0,B,

fcr providing the rendezvcus must te curvilinear. With the

saneuvering of target/purpcse, the rance, it wkich is feasiktle its
interception, still decreases. This cuesticr recuires additional

stvdye
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Pige 30.5. Dependence of the¢ relative velocity cf rocket on

fixed-lead angle. The sladec range ccrresgcrds to the conditions of

the eacounter of the rocket with target witi tte finite quantity of

ncrsal accelerations.

Key: (1). Rendezvous is ispcssible. (Z). It is infinite. (3). large.

(4) « vgon rendezvous. (f). Fendezvcus is ismjcssible.

Eage 396,

Ccmaunication/connecticn ketween tte mcrmal accelerations cf
rocket and target/purpose is set bty fcrsuwla (7.106). It is oktvicus

that fcr the case [ > 1 ncrsal acceleraticrs of rocket will be less

than the ncrmal acceleraticrs cf térget/purjcse.

b+ aule T e .y - T R
LL&.J.A.“‘. . ORI | sk il dations
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for case of p < 1, if the rcciet tefore thte approach is focund on
the bgundary of the region ¢f fpcssikle inteiception - on by
gereratrix ccne with angle p, we heve

(1))
ap=%, cosa,=0 u :’cs {7. 105)

8ap

=00,

8y
Key: (1). and from.

Gbviously that this case cannct te usec. If ve designate the

ratio cf accelerations that is acceptakle ir practice through

(=2
Gan

*

the initial angle @ pmust te egual tc

Gy = arcsin ‘/ -%f__"l- (10. 22)

1t is olvious that in this case Ow<p, a this means that the
1ange cf the rational fcsiticns cf the rocket kefore its arproach for

target/purpose 1is less thkan the rarge, determined from the condition

¢f the fossibility of intercepticn. :

¥#e investigate the ccnditions cf tre ercounter of the rocket
with target with pursuit guidance. Frcs foraula (7.107) it is evident
that fcr providing the enccuinter of rccket witlt target it is

secessary to observe ineguality p>cosas; witk this drsdt < 0 and value
£ in the process of guidance will decresse.
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Fig. 10.6. Schesatic of the intercepticnm of the rectilinearly

driviang/moving target/purpcse with g = cecnst ard parallel method of

apgrcach.

Fage 397,

Pcr the drivem out target/purpose frcm (7.11¢) it is evident
that when sin uy4—0 the distarce between the 1ccket and the

target/purpose alsc vaniskes. Is clvicts, © = C when sinay=0

Pcr the taryget/purgose, which flies tcwarcés, on (7.116) value r

decreases with tendency a, tcward s. When ag=n let us have r = 0.

Let us determine thbe lisits cf the pcssible ncrsal accelerations of
the r¢cket duringy its apprcach tor purpcse éccecrding to pursuit

curve. For the driven cut target/prrpcse, ¢r the basis of (7.121),

with 1 < p < 2 wa will cltain

v
lima,, = ——L-lim(sin y 2~ {1 +-cos y)» =0,
1-0 Pk <0

e e r——
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with ¢ = 2
2 2
i = - "P { =—_4_0_p_'
I:T)a,,, Py lvlr(l’(l-;-cosy)' ok
with p > 2
o »
—_ .4 i (l+°°‘1) = — 00,
lxiﬂa"" Pk 5-—“: (sin 7)*=?

Fcr the target/purpcse, which flies tcevards, on the basis of

(7-122) it is possikle tc ottain:

npu ‘0 1<pr<2 'I’I_r.rga#=0.
4w}
np«@ p=2 '1'_{','“”:_,7&;
[} =—
"wo p>2 !“_T‘a'l’— ©0.
Key: (1)« with.

Since the real rocket with > z cannct mcve with infinite
ncrmal accelerations, tlen during apprcach fcr target/purpose it will
gc not along calculated trajectory and capn fly wide of the wark,
Thus, for providing the reliability cf rendezvcus with ideal pursuit

guidance one should have the conditice
2>p> 1. (10.28)
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If we by firing regulations exclude tle pcssibility of rough
maneuvers cof rocket, then also with p > 2 it is fpossible tc strike

target/purrose with the acceptatle sizes cf thke g-force.
We investigate guicance accoréirg to tite method of coincidence.

On the lrasis of formula (7.139), let vs make several
ccexce/general/total derivations. [uring tte¢ approach of rocket for
target/purgose rp it ajfprcéches r; and UECD IE€ENAdQZVOUS =7y,

therefcre

(28— el =) o0

Face 398.

In the case of p £ 1 wten at scme y pcssilly infinite normal
acceleration of rocket. Thus, during tke dezigr of rocket it is
recessary to observe ccrditicn f > 1. At tle sase time g, it is
directly proportional tc the square of target sgeed, grows wvith

increase in p and at higk values Ua apd P cap render/show not

P S N

EERPCRPFS. V.
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admitted. Furthermcre, the rcrmal acceleraticn cf the rocket
inversely proporticnal tc distance cf target/purgose ;%%ﬂ=r" and wvith
lcw firing distances car also render/shcv e€xagcerated. the emumerated
factors limit the applicability of guidance methcd on three-goint
curved. As a rule, it ic applied for missile targeting to
conparatively low-speed tarcets, fcr example - for the antitank
sissiles (fprojectiles), ccntrclled frém fixed ard mobile guidance
stations. The instrument realizaticn cf thiee-fpcint guidance method

are usually the cowmmand methods of ccntrol with the aid of radars or

wire communication lines.

Tke tendency to utilize the best froperties also of the coamand
sethods of control and bhcming/self-irducticr led to the appearance of
tke ccmbined methods. The trajectcry cf the mcticn of the rocket with
tte costined method of ccrticl ccnsists of the separate cuts, which
ccrresgcnd to the method of quidance accepted fcr each of theam. For
exasple, command predicted fpoint guidance c&én e comkined with
boming/self-inducticn dirir¢ the ccrstant-tcarirg approach. For the
increase of the accuracy of guidance desirally scre possible smooth
conjugation of the individual secticns ¢f tiajectories not only in

angle 6, but also in angular velocity -4,

dai

The selection of cne or the other methcd c¢f control and method

cf gujcance to target/purpcse is ccnducted in each specific case by

! nran

N BT

Ladna
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the design of rocket. On the tasis cf the study cf trajectcries, are
ccpstzucted the zones (spatial dcmains) of the fossible attacks of
target/purroses by the frcjectiles cf class "surface - air" and "air
- air®., Being located at tke mcment cf launchirg/starting within the
2cne of fossible attacks, frojectile can strike target/purpose. Kill
prctatility depends on tke technical flight characteristics of
target/purrose and rocket. fimilar investigeticns are conducted

during tallistic design.
Fage 399.

§4. Ccncept of the optizur scluticrs cf the frcltlems of external

tallistics.

Setting the most acvantagecus (cptimus) ccpditiomns of motion is
cne of the mcst important ard cceplex froktlees cf the theory of
flight. As an examfple cf cptisum prckblex, it is possible to give the
determination of angle of departure at whick is reached the greatest
becrizepntal flying range at the assigned initial velocity. The
cktaised from these sine ccnditions is called the angle of maximum
range ¥,  -Bost simply tle argle cf saxisus 1ange is determined for

the parabolic trajectory of moticn (i.e. if we dc not consider the

air resistance and to acceft g = ccnst).
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Let us take formula (7.5)

vﬁsin?‘o
Xp ==- .
¢ P
Maximum range XC =X max will te cbtainec when sin2hy=1.

Consequently, the angle cf saxisus range §, =45

A characteristic exasple cf the cptimal sclution is also the

detersginaticn of the angle ¢cf maxisug range witlkin the limits cf

€lliptical theory whenm g seconst. Figtzes 7.5 ghowe that the maximum

rapge will answer the greatest value cf angle o5, determined on

forrula (10.18). Frcm Keplerian eguaticcs it is gossible to obtain
the fcrmula, which conmects angles @s and oy,

v} 3in 28,
2 g,oR,‘ -_ r,,v cos? 8,

18?:—

(10. 25}

let us find the maximum of furcticn, differentiate ;%(&?9 and

after making its egqgual tc zero. After ccnveisicns ve will obtain the

fcraula, which determines tlte angle cf the paximus range:

E - IaVy
sin O,M-g‘/ o3 — T

-— r.v.

(10. 26)

Sigures 10.7 sghows curve/graph Oymax=f(va), comprised for the

case r,=R,. Prom curvesgrarh it is evident that at the low initial

PRRVCGF I R
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velccities the angle of maxisug range is clcse tc 459, With an

increase in the velocity, tle angle cf saxiaum range decreases,

W I

1eaching zerc at ortital velocity.

Is of interest soluticn by finding of the sminimum initial
velocity of the prcjectile cf the ccrstant aass, necessary for the

cverccring of the assigred flying range witl kgcwn 7= Problea is

i

reduced, thus, to the deteruinaticn of angle€ Onomr. Dby which will
CCCUT  yupm It differentiated ectaticr (7.20) for 6, and after
saking obtained exfressicn equal tc zerc, ztter a series of

rathematical conversions, we will ckttain the fcllowing expression:

0, o= arctg [— 202 (10.27)
e

The trajectory, which correspcnds to 2ngle @, o Calls the
trajectory of minimum sjeed. The deperdence cf cptimum angle

cr range angle for several valuesg, ., is visille from Fig. 10. 8.

Fage 4CC.

If we ccpsider air resistance, then prcktles regarding the angle

cf saximums range it is nct sclved ip amalytical form without
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sugplementary simplificsticrs. Sisplest patk - ccnsecutive conducting
cf the large number of trajeéctory calculaticns tcr different values
6o and graphing xc=f(8s). Valte Ou_  can Le determined either from
curvesgraphs or by reverse/inverse interpcleticr. Even for the simple
case c¢f moving the rody cf constant mass ir air (grcjectile cf
cacnca—-type artillery) the argle cf saximus range depends not only on
the igitial velocity, but also cn lore, the weight and the form of
prcjectile, united by tke fcrmula cf kallistic ccefficient. Figures
10.9 shows that derending cr bore tie angle cf maximum range can
change over wide lipits - frcm ~30° tc ~60¢. Great difficulties are
enccuntered during the determinaticon c¢f the cptisum parameters, which

ensure the greatest firing cistance with tle ccoplex trajectcries cf

the guided and unguided misciles ard ficjectiles.

Bet us take the cceplex trajectcry of the unguided rocket
prcjectile (see Fig. 0.15.1). The ceterminaticr cf the initial angle
cf the trajectory of maximus range €5 and tle ccnnection points of
jet eagine (focint N) in thke trajectcry cf tike wrguided projectile,
the pasesing in dense layers atmcsplere, refreserts by itself
sultiparametric coaglex rrctlem. Ccuplete distarce depends on

vs, 84, Co. O, O, ¥, aercdynemic drag coefficient (or ballistic
coefficient csy), the thrust P and of tke operatirg time of engine on
the phase of trajectory N - K. The distance, wbich corresponds to the

trajectory phase from gcint K to enccupter itk target, is determined

by vadves Um O, g 884 o
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Pige 10.7. Depoldg‘co ot the angle cf maxisuis ramge
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Rig. 10.8. Depeasdence cf cptimus iritial argle

Eace 801,

1lhus, total distamce vwill depend cn €leven ciscrete values and two

fupcticas ¢,(M) ea2d P (y). It ieg cbvicus that the identificatiom of

e..‘l'

S o

oa range angle
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faraseters, determining under these conditicns the greatest firing
distance, represents by itself the very lakcricus problea, the only
sethcd cf solution of which - calculaticn ct tie family cf

trajectcries.

With the relatively small tiripg distarces, characteristic for
tarrel artillery pieces, total distarce is cetermined in essence by
the second ipactive leg. This makes it fossikle to simplify

ccaparative calculaticns recarding tte initial (gun) angle of saxisum

ractge. 1

Fcr ccnducting comparative calculaticpns, let us make follcwing
assumptions. A velccity increment fcr the tize cf the engine
cgeration let us determine frcm forsula K. I. 1siolkovskiy and the

tctal velocity in tlke ccebired pcirt N-K tc take as

Ux=Ux+Upy,

A s

vhere Upn— velocity, deterained by fcraula kK. E. Tsiolkovskiy;

vtw— vealocity of frcjectile at tlte mcment of firing engine.

The torque/moment cf firirg ergine in trajectory let us select '

cn the angle of maximus range for the seccrc iractive legse For wmedium

B i im e

« - .
Do itan e A

.. e e o s O i~ © e
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and high calibers and fcr velocities v, the nct exceeding ~600 /s,

without large error it is fpcssitle tc take 8y=45°

let us designate tke over-all paylcad ratic of the rocket charge

thrcugh

O’
= — 10. 29)
¢ 00 ! (

wbere (Q,— weight of rccket charge;
€o - initial weight cf prcjectile.

2hen ¢cn formula K. E. T1siclkcvskiy the velccity

—wdn(—). 0.30
v,.—w,ln(l__u). (10.30)
Ccnsidering that the factor of the fcra cf projectile will nct

change with the combusticn ¢f rccket ctarge, it is possible for the

geccnd passive section tc accept

eo=cy (10.31)
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1 170 mm

aﬁ b 100 % /)
Pig. 10.9. Dependence of the anyle of maxisus ranyge Y, OB the

initial velocity and thke tcre cf pic-ectile.

Kc%; (1)m/s,

Face 4C2.

With the adopted assvampticns the iritiel argle of the traijectcry
cf sagisum range can be fcund via the ccmpaiiscr of the results of

the calculations, conducted emjplcying fcllcsinc frocedure. At the

assigned values Vs, Con a fcr different 85 15 ca’ :ulated the first

inactive ley before the achievement cf pfoist with angle g,=45 The
calculation of the seccrd jassive secticn vith initial comditicns
UnmUntUpy, Ox=0y=45° ¢, leads tc tie determination of flight
range xc. Then calculaticns are repeated witl variation by values
Yo Co. @« Using the descrited frccedure, se have comprised the
tables of the fundamental cltaracteristics ¢t trajectory, which

corresgond tc the pcint cf firings cf engipe during which one should

expect cbtaining firing distance, clcse 8o the greatest. Tables gives




[
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gun angle of elevaticr - 6g4;
tte coordinate of tte fcint cf firing engite - «x, and ¥»;

tise delay of firing ergine cr the tise of the motion of

prcjeatile cn the first inactive leg - 1
the velocity cf projectile at the momert ¢f firing engine — Un

Bor each of these values, are ccarrisec ircependent tables. The

entry into tables are tle values:
vo within the limits cf 5C-6CC m/s;
Co within limits of 0.C-1.5;
« within limits of C.05-0.30.
fatles gives in arpendix.

Data points for the ccipilaticn cf the taktles are designed by

the method of numerical integraticp. The data cf tables can be used

S ae e - —— S wm e e e e e
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as injtial for the compariscn cf tte diverse variaats of

trajectcries. Work on talkles is recuced tc lineer interpclation cn

tkree entries.

It is necessary tc keep in micd that tie curve xcmas™=/f(60)
withir the limits cf the angles, clcse to tlcse given in tables, has
flat tc Maxip machine gun., Therefore is admissikle certain deviation
frcs the values, given in tekles, since it cceg not lead to the
ncticeable decrease of firing distarce. At the lcw values cg ard vqy
valve Zs yu AaDd time t« they prcve tc be ssall (xy 8R4 Ya— an
crder of several ten meters and even it is less). These nuserals are
given in takles for the cenerality cf scluticp in all range of the
intake parameters. Taking into acccurt the ccsplexity of ballistic
scluticn, cne ought not tc select lcw values ly, Xa a0d Y. since in
this case engine will ke included cn tle pbese cf trajectory vhere
are still ccnsideratle accular flutter speec ard the amplitude of
putaticn angle, but this will lead tc an ircrease in scattering
trajectories. Furthermcre, engine stst te ircluded at safe distance

frcs gun crew and cn materiel.

Fage &C3.

the sclution of extrewe proktlers in rccket engineering beginning

with the so-called seccnd tesk cf "siclkovedliy which consists in the
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detersination of the law cf a change in the sass of rocket and its
velocity depending cn time, with wkich it is pcssible to expect the :
greatest heightysaltitude cf the rise cf rccket. In the setting cf
Tsiclkcvskiy, the rrobles is sclved fcr vertical ascent of rocket

without the account of the air resistance wlen E = conste

¥

Besearch showed thzt fcr the rared copciticns the maximunm

St e APV

cliskirg range of rccket ircreases with decreascd time of the

ccsbustion of the fuel reserve. This law is disrupted upon

acceleration of gravity witt heightsaltituce. Rrd air resistance, and

|
!
copsideraticn of the air resistance and variability of the k ;
|
5

gravitational fcrce decrease with height/altitude; however, the

energy losses of rccket, caused Ly the acticn ¢f these forces, depend

cn different factors. Tle lcsses, which depe¢nd ¢n the air resistance,

are pstcporticnal to certain rate cf sreed cf mction and for their

decrease it is necessary tc apfproach tle lisitation of flight speed. \
The losses, determined Ly tlte acticn cf gratitational force, are |
grcgoxtional to the time cf moticn and it mist le decreased, i.e., to i
approach the decrease of the burn—up tise cf fuel/propellant and the ;
fastest achievement of larger tligkt speed. The version of the \
solutjcn of problem during which tctal loss¢s will be smallest, ‘

determines optimum state cf motior and, therefcre, greatest climbing

|
rasge cf rccket. l

o

L AP It e . e ey
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Jrcm the given exanples it is evident that finding the optimum
scluticns of the theory of flight is reduce¢ kcth to determining cf
the gecmetric characteristics cf the flight trajectcries (angles of
departire, fcrm of trajectcry, etc.)and to tle ceterminaticn of the
states of motion of rockets (rate cf mcticr, lews governing the fuel
ccpsumption, etc.). The ccmacns/generalystotal fcrmulation of the
[rcktles assumes the soluticr of the prckler cf cgtimum motion as a
wh¢le, i.e., the simultanects determination of the form of trajectory
and flight conditicns. The practical scluticn cf this complex problenm
erccunters great difficulties. Ey especially ccaplex is rerresented

cptimizaticn according tc several mcticn cheracteristics.

Usually are solved simpler prcklems with irtroduction under
tkeir ccnditicns of supplementary sinplificeticrs. In this resfgect
characteristic are two larce grcugs cf frctlems - determining the
gecmetric characteristics of optimum trajectcries under given
copditions of flight (ergine pcwer rating) end determination of
cptimsr flight conditicrs under the assignec fcrm of trajectcry or
the equivalent conditicns, specifying ceometric characteristics. The
sukstantiated selecticn cf the cptimum versicne of the solution of
different prcblems in rccket enygineering is Ltased on the matheratical

sethods of variaticn calcults.

Variation calculus tegén to be develojed from end/lead the XVII




!
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centuxy. As his the fourder rightfully they ccgsider the member of
the russian Academy of Scierces of l. Euler. The object/subject of
variaticn calculus are investigaticps fcr tle extrenum (maximus or

the mirimum) of the separate magnitudes, czlleé functionals.

Fage 404.

Punctional - variatle value whose value is determined by the
selection of cone or several functicns. For ¢xasple, the area of
certair surface is functicnal, since it is cetermined by the
selecticn of the functicn, entering the equeticy of surface cf z =
f(x, y). Resistance of smedivm tc the drivin¢c/mcving in it with the
definite velccity body is also functicnal, since it depends on the
forcticn, which lays out cf the surface of tte ériving/acving rcdy.
Cne Of the first tasks, sclved the methcd ¢t variation calculus, was
the prcbles of the curve cf the faster slofe, tc the so-called
trachjstochrone. In this prcklem were required toc determine the form
Flane curve, the ccnnectirg twc pcints, arrergeslocated on the
different heights/altitude, c¢n whicl the bocy wculd rcll down in
shcrtest time. If we do nct consider resisteénce of medium and

fricticn, then such curved [roves tc ke cyclcid.

Let us call/name tle typical variatioral jrcbplems of rocket

engineering. For the rockets of class "surtéce - air", "air - air"
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and "air - surface" typical are krechistrcclrcne grobleas by chcice
cf the program of moticn, causing tike sinisus tise, necessary fcr
flight froas joint sith crigir cccrdirates xX;, y, and velocity v, to
pcint with the final cocrdirates x, and y,. 1te assignment to
velccity v, in end fpoint consideralkly ccmplicates soluticn. Prchlenms
can be solved both for the climtinc flight erd fcr dive. Are of
interest variational prctless with the assigned final conditiorns

feast tle minimum fuel ccrsuspticr.

Fcr the rockets of class "surtface - surface"™ the most iasmportant
variaticnal frobles it is pcssikle tc ccnsicer the problem of the
selection of the prcgran of saximuas rarge. kcr tallistic missiles
cptimur solution is conrnected with the selectice of value and line of
force of the engine thrust. With tie assigped magnitude of thrust,
the variational protlem can te brcught to tke selection of the

frograe of pitch angle, which ensures saxisus flying distance.

Setting the programs of maximum range is direct-connected with
the prcblems, which appear during the desicr of rockets. One Of most
ispcrtant is a questicr ccrcerring setting c¢f the optimum
ccnstruction of rocket and ccnditicrs/mcde cf its motions, during
which the payload (or warbezd) will le supplied up to the assigned

digtance by the rocket cf ginimus laurcting seight. In this respect

scst characteristic is the froblem cf cptisur weight distribution
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tetween the step/stages of staged rccket arc ercine power ratings of
each step/stage. As evaluation criteria of sclution is usually
received the minimur tctal weight ¢f rccket, shich ensures
satisfaction of conditicns for final velocity c¢r flying ranges of the

ncse gcne cf the assigned weight,
Face 8C5.

Fcr winged missiles characteristic variaticnal problem it is
pcesitle tc consider the prcblem c¢f the prcgrasming of the thrust of
startirg and sustainer engines. The frckles cf the programsing cf
thrust is also characteristic for thke high-altitude rockets, intended
fcr the sounding of the atmcsphere. VWide distrituticn received
variational methods during the optimizaticn cf trajectories and
states of motion of space vehicles. Pary cf the named problems are
sclved by Soviet scientists [2], [31]), [44], [US]. Foreign authers's

wciks are generalized in collecticn [24].

ket us examine the schematic cf scluticn cf one of the
variational problewms of rccket engineering. let be required to find
the functicn, which detersires the ccnsumpticn c¢cf fuel (change in the
mass of the rocket) in tise, during realizeticrp of which the

beighg/altitude of vertical ascent cf rccket will be greatest. It

will wse the equation cf Meshchersbkiy fcr vertical asceat cf rccket

Py
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{1.9) , after replacing tor simglificatica iz tle¢ investigation the

entering it sum of valu¢s ,';,_. -“—7—'0“ Ly sexn -5"-:- w, wvhere w, = comst —

efftective discharge velccity.

ferlacing alseo x ard X on v and %%. let us have

m ‘—"=-—mg—%%w,—k(v). (10.32)

bet the mass of rocket change cr deperdence ma=myf vhere f -
the functicn, which characterizes a change ¢f the mass of rocket

{fuel consumpticn) in tle fpiccess cf tle ercine cperation. In the

beginoing ¢f motion f£(0) = 1.

After replacing in egquation (10.32) vajue cf m on myf and after

dividing all the terms intc constant value mg, we will oktain

R
f%z—fg—%w,——iz—). (10.38)

Let us conduct the replacement cf varietles, after introducing

the value of the elementary path cf rccket @S

' 8V
4 _dv aS_ tv 4] 4 B & g0 .
7T R T 4 dv dt 4 s

Then ' 2
!upi%_._JQ-vﬁayﬁg-njifu

AV Y

il da doctr

;
{
!
!
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After conversion and irtegraticn, we will cbtain exgression for

the functicnal

(f4-];'ﬂvﬂr

slf(.,)l,.j‘ (10.34)

1
(94 +.° R(v)
Fage 4C6.

Tte target/purgose cf the subseguert scluticn - to find this
fupcticn £ (v), with which tte value cf intecral will be yreatest,
i. €., to determine this law cf mass charge frcs velocity, during

shich clisbing range of the rocket will be saxisum.

fhe determination of this tuncticn is called the investigation
cf integral for the extremum. Investigaticr avst be conducted with
specific bcundary cconditicns; at tle start cf tte studied segment the
velccity of rocket v = vy, and of £ = 1, ie€a, ¥88S B = ng: at the
end of the section respectively p=yp, and m=m, 71bese conditions are

detersined ty design features cf the tyge ir question of rockets,

fhe formulated protlem of variaticn calculus is solved with the
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aid cf the differential equaticns cf Euler, which deteraine necessary
thke ccnditicn of the extreaus cf tte furcticnal, which has the

geseral viev

[ Llywx)= _fF 1%, ¥ (x), ysldx, (10. 35)

£,

. d
vhere F - the assigned functicn of thke arguseants x, y(x) and y;=;f-

Let be found functicn y = f(x), that €rsures the extremum of
fugcticnal. For the detersiraticn cf ccrditicps vwhich must answver
this functicn, is intrccéuced intc examiraticr curve, close to f(x),
called the curve of ccafarison. Functicn ¥, which deteraines the p!
curve c¢f the comparison cf the same farily cf curves, as f(x), little
frcm it ditfers

y=f(x)+88y (x),

vhere ¢e— & lov mumber, ard 6y(x) - the ertitrary function, which
turses into zero at the ends/leads of the intervals/gap of integration,
i".'

3y (x) =8y (X,)=0.

e ad

Bheon e=1 the difterence Letween furcticns 8y(x) = y(x)-y(x) i
is called ia terms of increase or a variaticn in argument y(x) cf

fuzcticnal L [y(x) ].
Understanding of variation (8y) of argument y(x) of functional

5P R
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Lly(x)] it differs dsignificantly from an increase Ax in

arquesent x of function f(x). An increase ip the argumeat is connected
with a change in it for tte assigned furcticn, and variation 6y is
ieccrements of coordinates y because cf a ctenge in the fcrm of the
fupcticn at the fixed value cf argumert x. In variation calculus it
is grcven, that the necessary conditicn of é¢xtremum is the inversion
in zexc variation in the functional. If functicr f£(x) = F [x, y(x),
¥l within limits from Xg tc x; it is single-valued, three times
diffesentiated it is ccntinuous itself and ére ccntinuous it partial
derivatives, then a variaticn in tke functicnal it turns into zero,

if the unkncwn function answers the equaticr of Euler

Fage U407.

This condition is necessary. Integral curve eguations of Euler y
= y{xJ Cio Cz) are called erxtrerals. Crly cr extremals cam be reached
the extremum of furcticral. Fcr determining the function during which
car be cbtained the extremusm, cne shculd irtegrate the equation of

Euler. Arbitrary constants are lccated frcas the kcundary ccnditicns

y(X0) = Yo and y(x,) = y,.

the difficulties of prectical scluticr ccreist in the fact that

the djfferential equaticn cf EBuler is seccsd crder equation and its




T AR eTT oY

LCC = 781071134 PRGE —3¥
Y14

scluticn not always can Lte cttained in finel fcrm. If soluticn takes
the final form, then it is sust it acditicrelly to check tc

sufficient conditicns. In each specific prcklem must be stipulated or

scmehcs additionally the detined class cf functicns within limits of 1

which searches for the extremal.

Pinding extremum beccmes complicated fcr the functiomals, which

cogtain several functicns ¢t independent variakle. In this case is

ccegricsed and is sclved the syster ct differential equations, in
which the number of equaticrs ccrresgcnds tc the number of functions. "o
Otilizing the aforesaid, let us find the extresum of functional

(1C.34). In our case the integrand takes tte fcrm ]

p=[i’_i_’;L')"_], (10.37) ’ {

1
"+NRM

¥For a substituticn in the equaticp of Fuler, let us find

oF “ToF' 1) a4 JF)
oo valon

Key: (1). and

bearing in mind that varialkles are v, F(v) &nd tunction £, which i 1

degends on v, but value g = ccpst. 1her
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v ALY
1 2’
e ') +LR(~) lu+—k(v)]
my ma
oF w,v .
o ____wr .
1
0.,' gs +;—° R(v)
- _l_dR(v)+ !.)
-‘_ i’? - '. _ '. ~ ~ ‘ |
£ ()

o+ _L. R [u\+ -'— R (-)]'

Substituting tight sides cf tle writter eguations in (¥0.36) and
sultiplying after substituticn everything Ly 4‘,4“591]ﬂ we will
m

ckttaias s
f"/(v)-——[(o—-.)k(o)-{-w R "’]. (10.38)

Fage 4Ca8.

As a result of soluticr, is cltained tie equation of extresal
during vhich occurs the maximus cf fath S. 1he cbtained depeandence
cagnot be directly used for thke scluticm cf cur grobles, since we |
cbtained function f dependirg crn tle velocity cf the motion of rccket
vy, bup the majority of systess cf equations describes the motion of

} the rocket with independent Lty the variable t.

i let us present

‘ YVall =g &
b dt dv 4t d
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and, after conductingy tte approrriste replacement in (10.33), ve will

cttaia
SR RN P N .
(f+ fow o m = [ef + - RO)]
wvhence
= Q:Lﬁﬂﬁkf_ (10. 39
u+;’o— R ()

Fcr taking of integral, it is necessary tc substitute in it
right side (10.38) and derivative j . which we sill preliminarily

cktain alsc from (1C. 38)

=_ R IR (v) d‘o’R(v)
oo D= [R10) 420 =

Accepting, as Lefcre g = ccrst, we will cltain from (10.39)

wcrkisg foxmula fog t

IO
f =004 % U )
e

(10. 40

R(v)+ .‘c

s
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At the concrete/sgecifics/actual value cf function R (v), that
detersines the air resistarce, irtegral (10.4C) there can Le taken i
pumerically, after which will ke detersined the dependence |
(curvesgraph) t(v). Dependence f(v) is loceted from (10.38) after
sukstjtuticn into it derived 2%39 of the ccncretesspecific/actual
functicn R(v). Having deperdences f(v) and t(v), it is possible to

€stablish the unknown dependence f (t), that determines a change in

T

the mass of the rocket in tise, with which the path of the rocket

vill be maximum. We focus attention ¢n the tact that the overall
consusgtion of mass (fuel/fpicpellart) remairs ccnstant, appears
itself cnly the optimunm version of its experdituvre during flight. The

concrete/specific/actual fcra of tke fupcticn f(t), that connects the

curremt and initial masses c¢f the rccket 'inu-mfﬁ with the

stifulated assumptions degends cn curveygrajh, deteramiming R(v).

kacge dC9.

If ve introduce for R{v) analytic functicn during which there
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cap be taken integral in exjressicr {(10.40), then dependence t (v)

FRCPuT T

will cbtain final form. Fcr example, in [ 371 during the determinaticn

ct the air resistance are accepted Ly ccastants air density and drag

coeffjcient. Then with ¢ = ccnst agd cx= ccast we obtain

RR(v) _

2. L
vl

== 21}

Rlvi-:-l? Q’l’l'_‘,:[’v’: Q’R'd%)’

€arrying out the replacement cf furcticns under integral in

(10.40), let us have

(10,411

O
,=% [1."»1. —w, -2(_'+_"_W_Vl

v(v 4+ 2w,)

v

Integration gives the known fcrmula, wiich connects time with

the velccity cf the moticn c¢f the rccket

t=_1- [-vo_.g‘.we lnmw] . (1042)
v(v+ 2w,)

‘ecall that this relatively sisple socluticr of variational
frctles is ottained witl assumpticrs g = ccrst, p = comst, Cam-
cosst and R(v) = Bv2., Simultanecus failure cf these assumptions leads
tc the fproktlem, virtually pct sclvec at present within the framework

cf classical variation thecry.

In the examined abcve e€xample tke curves ascng which one shculd
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search for the soluticns cf variaticral prciles, had the
fixed/recorded end foints, cetersirirg inteqraticn limits of the
functicnal. More great fcssibtilities have veriation of scluticn under
alterpating/variable bcundary ccréiticrs. Tiey frequently assume that
the end-pcints are located ¢n the sgecific lines or even surfaces. In
these cases the determinaticn cf arlitrary ccgstants during the
soluticn of the equaticp c¢f Fuler 1equires supplementary conditions.

These ccnditions are called transversality ccncéitions.

The extremum of functicnal can ke reached ¢n extremals with
pcints cf inflection. Between points cf inflecticn separate smccth
cuttings off must Le tte integral cuives cf the equation of Euler.
The cocrdinates of fpoints of inflecticn must satisfy Weierstrass-
Erdmann's sugplementary ccncéitions. Eesides thcse named, vwere
citained thke ccnsiderakble fprcpagaticr ard ctker necessary conditions,

fcr eyample, of the conditicn cf Clelsctk, Jecclti, etc.

Fage &10.

#any cf the prcblems of the optimizaticn c¢f the states of motion
cf rodkets can ke referred tc the class of the froblems, called in
variaticn calculus isoferimetiic. Ttis name is appropriated to the
prcbless, in which is placed supplementary isoperimetric ccnditicn in

the form of an auxiliary furcticral. As exasple ot the similar

G sk 5. iR

adanalie b
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trokler in the overall tlrecry cf variation calcslus to usually serve
froklem for finding of the cecretric ficure cf naxinmum area with the
assigped fperimeter. A ctaracteristic example of the isoperimetric
jrctlem of rccket dynamics can te cktaired, after using the given
abcve formulas, which descrike vertical ascent cf rocket. It is
necessary to supply supplementary ccrditiop akbcut the minimization of
the time of the motion cf rccket frces fcint C tc point K, which lies
cn ¢t cirect/straight vertical clist. On thke¢ rasis of (10.39), let us
write expression for the furcticnal, which cetermines the minimunm

tise cf the motion of rccket frcm fpcint O tc fcint K:

nnw=f

(f+ 1,m)dv

l!+;; R (v)

(10.43)

Froblem consists in finding of this furcticn f(v), that
determines the fuel consumjpticn, £y which tie rccket will scve fros
fcint C into fpoint K fcr mirimus tirme. The irkrcwn function must
answer the supplementary cordition, writter in accordance with
(1C.34) and to that determiring the fath of rocket from point C to

feint K
1/

S = (_’_l"_’_'l_".).'_".; (10. 44)
[§4 +; R(v)

P R P - -
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Ferthermore, as before must te meintaired Lkoundary conditions.
In the beginning of the section (withk v = wvg) Leing iavestigated f =
1; at the end of the section (at fcint K, with o=vy) f=f,
t.e. the mass of rocket m=m; 1The scluticr of a similar fproblesm is
given in [ 31]. The fundamental difficulties, which are enccuntered
when sclving variational frctlesms ty classical sethods, and the
isperative need for practicel scluticrs led tc the appearance of
different approximaticn metltcds, tc which cén te attributed

figite-difference method, a Ritz's sethcd ard a series of others.

Becently in ccnnecticn with tke develcjmert of electronic
digital computers for the scluticn cf variaticmpal problems, won

acceptance the method ot dyramic prcgrasming [€4].

¥e focus reader's atterticn tc the fact ttat in practical werk
cn the creation of the speécisens/sargles of i1ccket and ordnance
thecretical variational metltods are &lways ccstined vith design

studyjags and the compacriscr of the deaigayjrcjected specimen/sasgles

vith existing vell recossenced thewselves Iy systeas.
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Face 411,
Chapter XI.

CCBFECTICN FCRMULAS OF FXTEENAL EAILISTICS.

fte basic protlems cf exterral tallistics, examined above, they
ver€ sclved with the initial data, ccrrespcitdirg to technical
specificaticns for rocket (rrojectile) and tc tke characteristics of

standerd atmosphere.

The trajectory, designed at the "ncrmal"™ values of its
specifying factors indicateé, is calle¢ basic ¢r that not disturbed.
Luring the descripticn cf tle ccrplex fprocess c¢f £light on
mathesatical means for simplificaticn in thke calculations, the part
cf the acting factors is rct ccnsidered, btt scme of them are taken
by average values. However, the ccrditicns ¢f firing in the majcrity
cf the cases differ frcus calculated ttecretical. As an example of the
ncrconformity of calculated and actual conditicpns, it is convenient
tc e€xile tc the account cf the effect cf weethber factors. As is
kncwn, the problem cf exterral ballistics is sclved for the normal
(standard) atmosphere, and the wmetecrclcgicél ccnditions with firing,
as a rule, differ from the standard. Calculaticns are conducted for
etill air (dead calm), tut in actuality very frequently the

atscsphbere is not calm and wind can sukstartially change the results

FRPUPUNID TS Y IS PPy W
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cf firing. They affect the jarameters ¢f treéjectory and deviation cf

cther weather factors frcm their rcrmal valies.

Desiring to establish effect ¢n tle trejectcry of any
cell/element, than not earlier exasine/considered, it is necessary to
ccagricse the new system cf differential equeticys, including the
which interests us value. Fcr exasmple, solving cne time the system of
equatjicns of the motion cf the center cf mass cf projectile,
ccoprised without the acccunt of tte curvatire cf the Earth and its
rctatjcn, but for the seccnd tise - ccogrised sith their account, it
is possible to ratesestimate the effect of the rased factors on the
sction characteristic of thke center c¢f mass cf frojectile. It is
necessary to comprise tte new systeas cf differential equations for
the account of the deviaticrs cf scme weather factors, for example
for the acccunt alternating, variatle with resgect to height/altitude

ard vwind direction.
Face W#12.

In sacy instances the etfect of the ferturtéeticn factors can be
ccnsidered without the ccapilaticn cf new differential eguations.
Kost simple this tc make shen tte which interests us factor is
already taken into acccunt in fundasental differential equations and

it is necessary to estatlish the etfect of its change to the results
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cf caidculaticn or firing. If the pareseter teirg investigated changes
sukstantially, then the e€ffect cf this charnce tc the results of
ferfcrmance calculaticn of moticn and trajectcry elements shculd find
Ly the solution of the lasic systenm cf differertial equations with
the new changed data. The ccmpariscn cf the results of the solutions,

cttained with those chancec and “re¢rmal" data, gives allowance.

Jn certain cases it prcves tc ke fcssitle tc introduce into the
results of the solution of interference correcticn of the factcrs,
wbich do nct contain in tte Lasic system cf differential equations,
and without comprising the rew system of equaticns, vhich includes
thte which interests us value. Fcr example, effect on the distance of
the fcrm of the Earth can ke estalklished ty incirect method frca
gecsetric considerations, without sclving tie system of the
differential equaticns ¢f mcticn c¢f jrciectile, comprised for the

spherical cr other model cf tte EFarth.

In practice, as a rule, it is necessary tc meet the swmall
deviaticns of the deterainirg farameters frcs their normal (drawing
rccss and standard) values. In the sgaicrity cf the cases, the lcw
deviations of parameters lead to ssall chaeces in the trajectcry
€lements. This makes it fcssible tc establish tte effect of the
ferturktaticn factors on tle characteristics of the undisturbed

trajectory by deterrining tle correcticrs ir these cell/elements with
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the aid of various short-cut methocés ané depencences.

Qcrrections are called changes in the soticn characteristics or
trajectory elements, which ccrrespcrd tc the deviations of its
detersining parameters. Ccrrections, as a rtle, are calculated cn the

mction characteristics cf tle center cf mass cf rocket or projectile

fcr any fixed/recorded fpcint in the trajectcry. Figures 11.1 shcus
active secticns not disturked 1 anc¢ the disturked 2 trajectories of
the unguided rocket. The ccrrecticrs, whick ccrresgond to the
tcrque/soment of the endslead cf tte engine cperation, caused by the

deviation of any determining fparametcr cr gicug cf the parameters,

will be:

8x, — correcticn fcr actual ccomditicns intc coordinate R ‘
8 — a correction coordinate #u; 00— a ccrrection intc the
velccjty of the motion cf thte center of mass ctf projectile; o8fx— !

ccrrection during the operation of engine erd sc forth

1
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Pig. 11.1. A change in the trajectcry cf the mction of the center of
mass ¢f rocket because cf a change in the ceterzining parameter: 1 -

undisturbed trajectcry; 2 - disturted trajectcry.

Fage 413,

Ccrrections can also te determired for the joint, assigned by
any mction characteristic (Iy tiwme, velccity, thke abscissa, ordinate,
€tc.)y identical fcr basic erd that agitatec cf trajectories. For
example, tc foint b of the tndisturled trajectcry from the condition
cf the constancy of flight time will cecrresjcné gcint e cf the
trajectory of the disturked woticn; ir this case, corrections for a
trajectcry in point b will te valves py, dy. 80, and 8o forth. Curing

the assignment of conditicn y = ccnst tc gcinmt e corresponds pcint c

SN SV
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and for a trajectory at pcirt a we will oktein corrections &z,

80, 06, ...

Jf we take conditicn x = const, tten tc fcint a corresponds
point d, moreover ccrrecticns for a trajectcry im point a are equal
to By,. bu.. Ol and the like. Fcr tle projectiles of barrel
terrestrial artillery ard surtace-tc-surface missiles usually is
deterained ccrrection into complete firing cistence and the deviaticn
ct the impact point in thke fro-ectile ir sice direction. When
ccgducting of direct/straighkt tallistic calculations, i.€., during
the solution of the first prcktlem c¢f exterrel tallistics, correctico
they are intrcduced intc tte cellyelemerts ¢f the undisturbed
trajectcry, designed under standard conditicns (drawing rooms and
meteorclogical). During prccessing cf the results of the firings,
oktained under actual ccnéiticns, the ccrrecticgs are introduced into
exferisental data with the fact in crder tc leaé thew to standard

cornditions.
In the latter case tte sign cf ccrrecticn will be
teverse/inverse to the sign, detersined wher ccrducting cf

direct/straight ballistic calculaticrs.

§1. Correcting formulas and correcticr factcrs.
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It g4eneral form, fcr tle trajectcry element either moticn

characteristic it is pcssitle tc wiite

A=t & & B, | (1.1

wheére A - a trajectcry elesent cr mcticn cteéracteristic;

b —+ specifying parameter.

The deviations of the parameters from ccmputed values,
designated &}, 8. ... Ot will cause & cherge in the trajectcry
€elemeat A which let us cesicnate §A. Ir acccrdance with the
ccescns/general/total fcrmuls of series exparsicr of Tayler, the
correction will be determined ty fcraula (€.11). The nuaber of terrs

cf expansicn, held in calculaticns, defends cr the required accuracy

cf the detersinaticn of ccrrection. Mcst frequertly during the

soluticn of the practical prcblems cf the thkecry of corrections, hold
the linear terms of expansicn. The clttained witt this foraula
ccrresjonds to the formula cf total differertial from functional

derendence (11.1).

Fage 8§14,

If cne assumes that the parameters, united ty functional dependence

{11.1), do not depend cn each cther and in the fcrmula of total
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differential infinitesimal increases tc replace with certainly lcw,

then jt is possible tc citain

=0 e 10 g 4 O g 1.2
M= ltoght -t % (.2

In last/latter forsula are rct ccnsidered tle terms of expansicn of
bigher orders, thapn the first. The errcr ir ccgcrete/specific/actual
calculations, which degencés on neglect cf tle resainders of

expansion, is detersined by special investicaticns.

Correcting formulas cf type (11.2) are called differential, and
the sgecific by them values €A are celled tle ccrrections, calculated
acccrding to the method cf éifferentialss.

Ballistic derivatives -%§;=§£- in tle tikeory of correcticns
are called correcticn factcrs for a cell/eleésert A of trajectory to
tte deviaticn of the paraseter ¢, The correcticn factor (ballistic
derivative) it is numerical equal tc a chance ir the trajectcry
€lement in question with ar increase in the ccrresponding deterwmining
farameter by the unit of its measurement accepted. In the thecry of

tke corrections of canncn-type artillery the ccrrection factors,

which characterize changes in the distance curirg the deviations of

tallistic coefficient __214 the initial velccity —-2%- and angle
o
9
cf departutc-—%&u is ccnventicnally desigrated as basic

ccrrecticn coefficients.

I RPN s Sy - z . - A-_
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As an example let ts exasine clttaining ccrrecting formulas for a
ccojplete hcrizcntal firing cistarce frecwm artillery piece under
corditions of the vacuum. Ir the rased case ccrfplete distance to be

determined, as is known, Lty dependence (7.%)

Xc zi——": % .

He will obtain correcting formula takirg irto account the tersms
cf the expansion of the first and seccnd orcers. Taking into account
that in the last/latter fornula cnly twc arcumerts (vo and 65), in

géneral desigpations on (8.11) let us have
1 (9@ 9
W= u.+-;&)((a, W+

+2 [{,,m.nz o N+ (n.ri fltd (L)

Fage 415,

In the designations cf forsula (7.5) we will obtain

ox ox,
uc= "0“% "’o +f“'§"o +

g [ v 2 T o S ]

S e R 1 s b e 1

e A T



LcCc = 78107114 PACE 55 %‘b\

Cgening the values of partial derivatives, let us have

. e
o= 20 g 4 PO w4 8B gy 4

+_‘°%&n,n.—’”"_":f‘;(w.r. (11.4)

Lasty/latter three terms ere determined ty qguadratic terms of
expansion and are the values of the bigler crder of smallness, than
twc first, determined by the linear teres ci expansion. In the
majority of the cases, are ttilized cnly lirear terms and correction

is determined so

2
trem 20T g | °:°"'° ,, (11.5)

where the ballistic derivatives (ccrrecticnm factcrs) are equal to

%g ‘h';n% : ::Q_ h:e:.’o . (11.6)

Having a value of correction tactcr, it is easy to find

ccrrection in equivalent ccupcrnent cf the tiajectory

M.—‘-ﬁ‘é&.- (1 |; 7)

N e esesn e W
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Jf one assumes that cltarges crly iritial velocity, then

o
-0
ua. Fe bo,. (11.8)

Btilizing (7.5) and first fcrsula (11.€), we will obtain
i~ PR
*c e
i.e. with the assumpticns, which ccrresgond tc faratolic theory, the
low relative deflection cf the initial velccity causes the doukled
relatjive change in the disteérce. Frcceedin¢ ir like manner, it is
fcesible tc cbtain correcting formvlas alsc fcr cther cell/elements

cf the trajectory.

T g ek
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Fte derivation of the formulas cf correcticrs and formula of the
ballistic derived fcr trajectories differegt types of rockets and
frojectiles is considerakly mcre ccnplex then titis is shown higher

tased cn simple example, anc it requires speciel methods.

§z. Qualitative effect cf the determinirg feraseters and the signs cf

tallistic derivatives,

Tte siyn of ballistic derivative (correcticn factor) for the
ccmplete flight distance cf tte frcjectiles cf rccket and artillery
fieces is set depending cn the effect cf an increase in the
determining parameter ty firing distance. If ar increase in the
Farameter leads to an ircreese in the firin¢ distance, then
correction factor has pcsitive value; if firing distance decreases
with an increase in the determining faramete¢r, then correcting
ccefficient has negative sicn. In mary insteénces the sign cf
ccrrection factor can bte established that ¢r the basis of the

qualitative effect of the fparameter cn distance, before conducting of

it s B0

_
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calculations according tc its deterainatice.

Let us conduct gqualitative analysis recarcing the signs of basic
correcticn factors. The initial velccity of the unguided projectile
cf ccastant mass - artillery shell apd the velccity cf ncse cone in
the beginning of inactive le¢g they are some cf the basic parameters,
which estimate distance cf firing. With ap ircrease in the initial
velccity, the distance crcws; therefcre correcticn factor has
fositive value. For rockets with irclined start, the velocity cf
descent from starter (tle iritial velccity) is, as a rule, small the
Fart cf the velocity of the cemter cof mass c¢f frcjectile at the end
cf powered flight trajectory —9. Ar increese in the velocity cf
descent from guides leads tc increase cf the ordinates of an entire
trajectory and an increase v Thus ctkiter ccnditions being equal an
increase in the initial velccity of frcjectile leads to am increase

in the firing distance, therefore, %Ef:>q

the lift-drag ratios ¢t rrojectile affect the firing distance
through the area of midsecticn S ard tle dreg ccefficient c&x(M). An
increase in the midsecticr &nd an iccrease in tte integral value of
drag ccefficient &(M) fcr the time ¢f mcticr along trajectory will

l¢ad tc the decrease of firirg distarce.

Jt is otvious that
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Fage 417,

If we substitute (2.95) intc the equatica

dv X
-—‘; =g -— -.—-‘ﬂ...
that we will obtain
‘;':—-—cH (1) F(®—gsin 0.
Besignating integral characteriatics fcr the time of the scticn

cf preojectile along trajectcry thrcugh H(y) and F(v), let us have

—‘;f&;.<o ard %ﬂ<0-

Fcr the projectiles cf the constast mass ¢ = const and one of

the basic correction factcrs “—;.1<0.-

Ber the unguided projectiles cf varialle erd constant mass,

initial angle of defpartctre is cre cf tte bastic determining

of unguided rocket fligkt alsc sigrificantly atfects the firing
distasce. Fig. 11.2 shows tte deperdence of ccagplete distance X on

o
angle @, and the dependerce cf ccrrection tactcr —=%£ on initial

\

I

|

parameters. The angle of arrival in the becinnirg of the inactive leg ‘
|

~ |

i VPSR
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sngle cof departure Qo Fcr larrel systess arcé vrguided rockets

; §x=0eFor the inactive legs cf the guided and unguided missiles
; Gl
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Fig. 11.2. Curve/graph cf a change cf the ccrrection factor ::

ir fuacticn from initial angle cf Ceparture.

Fage 418.

If 8 is lesser than tte angle of maxisum 1amce, then is correcticn

tactox .-;!.i->0. if 8 scre engle Bymar then o—“"i(o_ In general fora ’
L]

it is possible to write %Efizo. The sign ot coefficient changes in

the dependence from value 0, and tke angle cf saximum range Opmas-

0.
coefficient —C=0
00,

t

i

|

P 0f the fixed/recorded initial velccity U« correcting ,
correspcnds tc xaxisum 1amge and angle of :

derartire, with which this c¢istance is cbteineé. With firing with the
E

angles, close to the argle ¢f maxiwsus disterce szmall changes in the
1

I

| k-

{ angle 0, Larely affect tle firing distance. E"
|
!

f The cell/elements cf tite endslead c¢f fcwered flight trajectory |

ny
PR PR
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X, Ym Ux and 8, can be accepted as the indejendent parameters, which
estimate distance of firing. Effect vx and 6x c¢n firing distarce
the projectiles of constant nsass is exasined akcvae. An increase in
thte abtscissa of powered tlight trajectcry x, whem yx=const disglaces
trajectory to the right; with this ar increase xx and firing

ox
distagces xc are equal, i.e.,a—Q—I.
Xy

An increase in the crdinate ¥ 1le¢ads tc ar increase of the
distance as a result of thke mcticm ¢f 1cckeét ir the higher and less
dense layers of atmosphere and certain elcrcaticn of final

. ox
trajectcry. Correction factcr T'.Q>0.

A change in the mass ct prcjectile affects differently the
firing distance., For the fprcjectiles ¢f ccgstart mass from equatior v
= -X/m - g sin 6 is evident that with an ircrease in the mass
decreases the acceleraticn ¢f grcjectile frcs tte air resistance X/a,
the velocity of projectile cecreases mcte slcwly and firing distance
increases; ccnsequently,

>0,

The artillery shell of ssaller weigqht inder the identical
ccrditicns of throwing (idertical charce) fics instrument obtains
bigh jnitial velocity vy. Hcwever, in flight light/lung projectile
faster loses its velocity tkan identical tc it in form heavy

frcjectile. The total effect of a chance ip tite wmass (weight) cf

|

-
o elecmi
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frcjectile tc firing distance frcm artillery irstrument is set by the

special correcting forascla (see furtler).

Fage 419,

Fcr rockets om powered f1light trajectciy

6_.P-X

—goinQ

with F > X with an increase in the wsass, the acceleration decreases,
wvhich, other conditicns teir¢ equal, will tiinc to smaller Ux. and,

ccpsequently, also to ssmaller distance. Thus, the sign of correcticn
factor nust Lte determined dvriry calculaticr acccrding to

ccncretesspecific/actual data.

A change in the weatler factors will ertail a change in the air
resistance. An increase in tlte air dersity inocreases velocity head
and decreases firing distance; comseguertly,

ox
4if<:u

An increase of the tarcmetric fressure at launch point and in
trajectcry leads, in acccrdance with (2.45), tc an increase in the

air demsity; conseguently,

ox ox
—£ and_£ 0.
Nb<:q dh‘<

U
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Gcmplex proves to te tle temperatere eifect of air on firing

] distance. In accordamce uwitl (2.45) ar increase in the temperature
leads to the decrease cf air density. simultanecusly an increase r
leads to an increase in tte speed c¢f scund in air and a change in

Mach ausber. An increase in Mach nuster car lezd to an increase cf

functica ¢cx(M) in the rance cf ircrease curve c¢:(M), and can give

decrease c;(M) on descending leg cf a curve c,(M). The tesperature
ettect cf air on firing distance ard, ccnsecuently, also the sign cf
correction factor they are set fcr artillery prcjectiles of constant

sass c¢n correcting formulas and speciel takles; fcr rockets - Ly one

cf the methods, presented Lelow.

Fcr the gyroscopically statle frcjectiles cf constart and

variatle mass, the tailwind increases firigg distance and !
|
ox !
—< |
‘h>a ]
1

§3. Methods of calculating the ccrrecticns erd ¢t ballistic

derivatives.
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%he methods of deterxining of tallistic derivatives and
ccrrections substantially clange deperding <n the form of trajectory

and designation/purpose of calculaticn.

Eage 42Q.

Fipnd a use method of the direct/straight scluticn of the systems of
differential equaticns cf mcticn, methcd of the solution of the
differential equations ct ccrrecticps, sethcd ct calculating the
corrections with thke aic¢ cf the ccrpjugatedyccxkined system of
e€equaticns, method of determining tke ccrrecticgs with the aid of the
lav of similarity cf trajectcries, differert analytical methods of
calculating cf correcticns and the ccrrecticn factors, difference and
tatular methcds. Fcr the ccuplex trajectories, subdivided during
calculations into individual secticns (for exasple, active and
Fassive the controlled &rd unguided flicht) grcves tc be advisable

the agplication/use of different cceltined setkccs.

3.1. Deteramination of correcticns and ccrrecticr factors by the

integration of the systems ¢f equaticns of acticn.

Method is applied duricg a sulstantial charge in the parasmeter,
shich determines the trajectory elesent beitg investigated, or if

necessary to determine ccrrecticn tcr the jaraseter, which does not

i s

[P

i
1
1
q
1
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ccntain in the Lasic system cf equaticps, ccmprised for the

undisgurbed trajectorye.

In the first case ltasic system is solved with p the discrete
values of the determining parameter cr at r tte functional
derendences, correcticn tcr change ir whick it is possible to
determine. Let, for exawmple, as a result of struttural/design changes
in exterior fcrm of rocket c¢r its ccnticl cigarycontrols change the
fcrm e¢f the curves/graphs c¢f drag ccefficiert. let us designate
furcticnal dependence fcr tte undisturked trajectory ¢ (M, Re) and
fcr the missile trajectcry cf the chanced fcrs {8, Re) . For '
detersining the effect of a change in.the fcrm cf rocket to the
cell/elements of the endsleed ct pcwered flight trajectory, we will |
us€ the system of equaticns (3.59), after directing thrust along the
azis c¢f rocket and after drcp/cmittirg comticl fcrces. For the
undisturbed trajectory the systeam car t€ sclveé at the values
; Xe=gSc,(M, Re\ ¥ =¢Sct(M, Re)ea. (11.9)

For the rocket wvhose forms changed,
X =¢Sc. (M, Re} Y ,mg8cs, (M, Re)s (1119

system of eguations will take the fcra

P+Y;
-~

s p=X a
/o-—.’--gsinu [ c—-f-eool:

(1. 11)
y=0vsin®; xmvcos® merm(ly s=d,(f)—0.

If during a change in the fors cf the 1ccket (or the

cepstzuction of control devices) Lesides X &ré¢ Y changes even axial
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ccaponent of the engine thrust, then dering the solution of

last/latter system cne shculd tse the changed derendence Pi. The
ccaparison of the results cf soluticns for the undisturhbed and
disturted trajectories will give allcwance tcr a change in the form

cf rocket (its aercdynasic characteristics).

Fage 821.

Are possible the cases, when the fparaseter, which detersines the
mcticn characteristics cf rccket, is nct prcduced change other
initial conditions of basic system cf egquaticns. For example, let
with tte firing the unguided rccket charge the angle of departure 6,.
In this case the corresjcrding system cf ectaticns - (3.80) or (3.81)
- is sclved the necessary number once at tle ckanged values 6y The
nusbex cf solutions derends on the kcundaries c¢f change 9, and of the
chara¢ter of value being investigated change degending on 64. If

xc=f(6)it changes smoothly and within the limits cf the secticn being
investigated from Oy tc Geuy tkis depercence can be accepted for
lineas, are sufficient two scluticrs at the extreme values 04. If
third scluticn, vhich ccrresponds, apprcxisetely, to the middle of
interval 05, will give rcticealtle deviatictr frces straight line, then
the nusber of solutions mtst be increased. 1ke ccastructed acccrding
to the results of scluticrs curvesgraph or the ssoothed tabular

defendence x¢=f(6,) will make it possikle tc determine correcticn for
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distance Axc, corresponding tc the deviatior of znyle ot departure

86 ge cf?'rhe advantage of the describted methcd is the possibility of
the account of mutual and irdirect effect cr the allovance cf a
cbange in the values, witich depend cr the deviation of the basic
farameter and presented in lasic system difierertial equations.
Furthermore, method makes it pcssikle tc determine corrections for
€ach ccaputed motion characteristic ir any essicned point in the

trajectcrye.

The determination cf ccrrecticnp factors according to the results
cf the solutions of the differential equaticns cf motion of the
center of mass is expedient when tte deprendence cof the value being
investigated from the detersining parameter car te accepted as linear
within the limits cf the €xpected charce ir the deteramining
garameter. In this case at first tte systes cf equations is
integrated under standard ccnditicrs and fci a second time - at the
changed value of the parameter whose effect is investigated. After
this is computed tbe urkncwr ccrrecticr factcr. for example, for
detersinaticn correcticn factor. Fcr example, fcr determining the
ccrrection factor into the firing distance cf learrel syster to the
deviaticn of the initial velccity is must Ly the solution of the
ccrresiending system of eguaticns to find firirg distance at value
Vo, accepted as normal, and with vgoy = vg ¢ Avg, after which to find

the correcticn factor

&= Fv £ ouy — %ov,
L gy B ™
h~h (1. 12)

o~
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This sethod requires ccnducting calculaticrps with high accuracy (i.e.
ky the provision fcr a large quantity ct accurate significant
digits), since with low Awg are gpcesible the large errors in the
detersinaticn of difference J’“.-lu. and, tterefcre, correction

factor.
Fage 4z:.

Pigures 11.3 gives exasples of the grajhydiagrams of the
derendences %EE on vg fcr a tarrel system. From curve/graphs it
is evident that the value ctf ccrrecticn factor can depend
sukstantially on the determinirg faraseter and the use of discrete
values cf correcticn factcrs is admissille crly within the narrcw

linit cf a change in the detersining farameters.

fhe system of equaticrs, which descrikes tlte undisturbed wmotion,
and the system of equaticns, written takinc intc account the
perturkaticn factors, tbtey sust be ccmprised depending on specific
frcblen. The systems of equaticns, ccemprisec with the freguently
utili2ed assumptions, are clttained in chapter 11I. The perturbation
factors can te represented in the fcrm cf acditicnal accelerations

alcng the axes of the cccrdinates, in which is comprised basic systea

i _ o sdtnaciosiiotettnaitiatnio.

i

ik Aae MM ki

LIPS T A P S
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cf egquations. For the iractive legs of the unguided rockets and
trajectories of artillery stells with irdejendert
alternating/variable t (time) as tke syster of equations, which
descrjkes the undisturted flight, car be undertaken system (5.7) with
the additicn cf one egquaticr, whiclk descriles asction in side
directicn alcng cocrdinate 2
Xw=—Ex; y=—Ey—g: z=—Ez.  (11.13)

The additional accelerations alcng the axes, caused by the
€éftect of the perturbaticr tactor, let us cesicrate respectively
& 8y and & Then thke system cf eguaticns, wiitten in general form
taking into account the influence cf tle perturtation factor, will
take ske fcra -

x= =Exte; y=—FEy—g+ta3 zm—Ez4s, (11.14)
For example, with the wish tc consider the iotational effect of the
Earth cn rocket tlight, it is necessary toc ccmpere (2.33), (2.35) and
(3.75) . After compariscp we will clttais
s, =00 —2C0,; o,m=0; s,m=0%} 200,

Bor the systems in which on tte left side cf the ejyuations do

rct stand‘directly the acceleraticr, tte terms, which consider the

pertuctaticn factors, will le different frca &= & and &,

k
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&,
g: 1/)
. b4
20 l ,
R _
0 00 40 600 80 vomAL) »
0.
Fig. 11.3. Curve/graphs jﬁ'-ﬁw) for the Larrel system whose

jrcjectile has the tallistic coefficiert ¢f ¢ = 0.2: 1 - at 6o = 259

2 — at 65 = 559,
Key: (1). m/(n/S)e (2)e H/S.
Face 423.

Fcr example, with independence alterratingsvariaktle x as the systes
cf equations, which descrites the undisturted flight, let us take
systes (5.8)
8wk Py=—L i ymg =
The system of equations writter taking imtc account the
perturtaticn factors, will take the fcrs
wm—Ete p=—ktei =g L= (1115)

We ccovert values &, and p, with ccnsideraticam of (11.14)

8yt — E+L3
P = 4 (_L) e _ix—zy

4t \x | ax x3
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Besemabering that ¥ = u and by utilizinc the first two equations
cf system (11.14), we will cltain
o 1
Py= =4+ tg—2,0)
1hus, frcm the compariscn of the ottained equations with (11.15) ve

tave

w=it and o=y =) (11. 16)

Ecr example, for a planmar trajectory tte terms, which consider
correction for a change in value ard directicn cf the acceleration of

gravity in accordance with [9] are apprcxisztely equal to

1
.,.._.5..;; anol .,-,;(2y+xp)-§. (11.17)

Je 2. Bifferential equaticns cf correcticnse.

AIn the case of the low deviaticns cf tle cetermining parameters,
the ccerrection factors can te determined durinc¢ the solution of
differential egquations cf ccrrectices. For the ccmpilation of the
eguaticns ¢f correcticns, wne will tse the cenerzl method of the
ligearization of the differential equations, which describe the
sotion of the center of mass of rocket cr picjectile (€hapter VIII).

Usvaldy are considered cnly first sesters ct expansion in Taylcr

. e 4t o m v

I
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series and then for the linearizaticn cf ectaticms, it is fossible to
use fcrmula (4.75). the tasic system cf differential equations is

selected depending cn specitic prctless
Face U424,
As an example we will ottain the differenticl equations of

ccrredtions for the powered flight trajectcry c¢f the unguided rocket.

In the ramed case we utilize a syster cf equaticns (3.79)

vsp:x-fﬁnh i=—£%ﬂ;b=umﬂ:k—vmﬂ.

Let us designate right part cne e€quaticn thkrough g, and will
discover the entering it values. Let ts corsider that the drag
ccefficient depends only frcm Mach nuster écd éces not change with
heightsaltitude. Let us alsc assume that fcr design data point in the
trajectcry a change in thkrust P dces nct degend cn change in altitude
¥

_ 1 . _ Sev? e .
Gy=— a7 [Iml/,g 92 cx(M)— g sin u]. (11.18)
last/latter equality can ke rewritten in tte fcrw of the functicnal
.degendence
a'sfl(v' " yv Jl' S, Qv C‘(M)' m.. |"‘| l).

Designating right Fart Twc equaticp thiough a. let us write the
fupcticnal dependence
a.‘fl(v! .)'

Entering similarly, we can write for tie third and fourth

—

oo . Ak ok St

il




LCcC = 78

equatjicns

107115 EMCE 38

ay=fs(v, 9) gl 3:=/Si(0, V).

Utilizing forwmulas cf linearizaticn (€.15), we will oktain the

system of the differential equaticrs cf the corrections

4 da, Oay ds,
w =018 Beyy a1 Sy

9ay L3 M aim|:

2 39 22 301 P gy, 11.19
7 (0= b+t ( )
A 3y) =99 394 Y
=By =2 e
2 )= 1 %
a(&n &’Mr+‘“ 3. J
The determination of Ltallistic derivatives -%} in many

instances rerresents although not ccefplex,

Fage 825,

For the adopted by us system we will cltair

Jakcrious probles.




14. a,.=-a—:= —osin .

After this the system cf the differential eguations of

deviaticns let us write in this fcrx:

e 0)m 10+ aorl - By 8,V F e e, +
+amtm,ta, 5 8@l

< (W)= apbo -+ ae;
< ()= apbotani
< Qe)=a oo,

- ere—— >
Lcc = 78107115 EACE }9’8‘[
=% _Sev LR IURER
2. ¢,a=%’=—gcou;
=% ___1gv %,
=% _P 1.
4 Bos, = oy m Jy ’
=% ___ X 1,
5.aw—-w il
6. a't =£!=—"'{o 1
*  dex m ¢ (M)
7 a".=-—=—-P_—i.i;
m m
8 a 1 [514_ mlie p—x\]. (11.20)
1275 m] |m| | m m ( - ) *
9 gcost
9. an= v o2
_ﬂ_gsmo .
10. Q= F7) —_'—‘0 ’

corregtions cr as cccasicnally referred to zs, system of equations in

(11.21)

S

ot R a e e

P
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Face 426.

8ystem of equations in deviaticps witlt independent
altermating/variable t, suitable fcr tre cealculation of correcticns
and correction factors fcr fassive fhases cf trajectories of the

unguided rcckets and trajectcries cf tle prcjectiles of tarrel

systems, ve will oktain frco syster cf equaticrs (11.21) . With the
L ]

-,||= 0 énd the first equation of

=

ccystant mass of procjectile P = J,
systems (11.19) can ke written thus:
L om0 S Py S ag

+ e o2
Resgegtively in the formulas cf coefficients

(11.20) it is necessary
tc take

X
-
‘v-.:{
apd in the first, third, Ly the beel, the sixth formulas to equate a
= Bg. The resaining forrulas cf ccefficients will remain without

change. The system cf the differential equeaticns of correcticns
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taking into account this will take the fors

L 0)=a, W0+ o by +augdo +
+8oc 8,4 aom, Mg

d
- ()= w30 302
dt ( ) a +a“ i (ll. 22)

:—‘(‘y)=a,,&v+a,.u;

7“- (R%)=a, 80+ 2. M.

%8e vill obtain the systea of equations in deviations, suitable
fcr determining the correcticns intc tte trajectcry elements of the

frcjectiles cf constant mass with indefrendert alternating/variable x.

As tasic system let us take system (5.€), stich describes the mcticn

of the center of mass of artillery skell cr unguided rocket on
iractive leg in the dense lezyers otf tte atncsfplere

g= 5 Pk g =l

Let us recall that E=cH,(y)0(wn,), vhere¢
o=a VI l/ 3:!-

Sipce Hy=mf(y) and v = £,(y), the E = f£(u, F, ¥)-

Eage u27.

tet us designate by anmalogy with frevicus

al_fl('v 14 !1)3 a,"f.(')% ‘l’fl(’)‘ ‘l-f‘(.)v
asd thea

&, =a,; p,=a, y,=ap f =a,

B T U G P,
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Carrying out the linearizaticp cf the ¢quations of systenm,
accepted by us as kasic, we will cltain the system cf differential

equatjcns in the deviaticrs
;‘; (h)‘ +¢.... +alp6p +¢.,3y3 |
. ‘ (11.28) j
d == —_— £ .
;;-(lp)—a,.ll: ‘—;J('y) a5 ix (¥)=a,le e
tet us find first thke values cf tte ccetficients a;,, entering I

the first eguation cf systes (11.23), ; i

e N T
The values of tallistic derivatives let us find, utilizing (5.6)

-
£

and (11.23). Differentiating L on v, frcm (£.6) we will cbtain

L '-cH.(y)a'(o.W“H?l/ (11.24) n
Multiglying numerator and dencminater cn #G(v.) aad designating
G’ (v,) ‘
1({:)—'& J (o), (11.25) |
we will cbtain i
a_.._-:;. 7 (%) (11.26) !

Biffetentiating E ¢cn p, we will cltairs i
;_;.-m.(y)a'(o.)-wl-;-/ ]
After nultipl.ying numerator amrd denomiratcr on Q(w)ViFA ve
will cttain
c..-—;_—&. f(w) 1.7,

acre latorious proves tc be detersinatica a,, since BR) depends

cn y thrcugh values H,(y) and o= f(p):

@ __u Olﬂu)l+u
] m W

o
»

Fage 428,




LeC = 78107115 EAGF 24

¥rcm degendence for E, let us bave
a8 2
A0 imiadialay 2O R

¥cr deterainatioa ‘Pﬁ:’ﬂ ve will use torsula (2.54). after

substituting it intc exgression fer H,(y)

nomy/Z L w

tet us take the logarithm expressica (11.28):

4
lnH.(y)-—;—lntw—%lnt—-;- S‘!E-

[ ]
Eifferentiatiag os y ccnvertiag, we will cltaia

9 Hc (') " 1

-L;,—l-—ﬂ'(y)(;,'-+;;). : (11.29)
Furtheraere,

S =cH\(§)C' (0)=2 £ (0 (11.30)

%_, m(_‘?"'zr':_':v_)- — ;'r. (1.81)

Suhstituting‘the value cf partial derivatives, we will obtain
after the ccnversions
-—‘—‘--—g. ﬂ:‘—)_ﬂ ! l)

The coefficients of last/latter tiree c¢qguations of system

(11.23) will be egual tc¢

4-?.-: ay,=1i a.,-—%. (11.33)

3.3. betermination of ccrrecticn factcrs by the integration of

¢ifferential equaticns c¢f ccrrecticrs.
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the integration of equations in deviaticns makes it possible to

cbtaim correction factors and correcticns irto the motion

characteristics, presented in the left sides cf the equations, for
any fixed/recorded foint in the trajectcry. Kitkcut supplementary
simplifications the system cf equaticns of ccrrections in the gepneral k
case is solved cnly by rumerical integraticr cr in the analog (,

€lecticnic mathematical ccmfuters cf cenbiricus action.
Fage H829. [

Coefficients ai; are calculated frcs tlte data cf the undisturbed

trajectorye.

As an example let s examine the scluticn cf system (11.21). Let
us determine correcticr factcrs for the endé, ,leeé of povered flight
trajectory in the fcllcwirg hypothetical initial data, necessary for

the s¢lution of assigned missicuo:

midsection - S = C.2289 n2;

dnitial mass - mg = 177.1€ kges2,s;
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the ccnsumption of mass —{;|= 23.2 kges?2 /g5,
thrust - p = 4.4 t;

the operating time of engine - =24 =3

the initial velocity - vg = 3%.%5 mys;

initial angle cf departure 8o = 25°00°;

spot height of start - y, = 0.

Cell/elements of tle urdisturted trajectcry, which correspond to

ipitial data, placed in ¥atle 11.1.

Fcr convenience in thke introducticn of scme deviaticns the first
eguaticn of system (11.21) Jet us ccrvert atter isolating in its
right side separate dimensicnless cuantities - ratios of deviaticn of

the determining parameter tc its ccmplete velue:

-‘iL; .!_; —".; aand“." .
N e L7 oy 1m|

E3

g
PR VL P
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* F¥able 11.1. Cell/elements cf the undisturtec trajectory.
3
) @ Sassanr ;
% m wop. t ¢ v, §V ' v ¢x (M)
', 0 0 35,5 25°00° 0 0.3060 j
1 0.2 86,6 23°04' 3.2 0.3060 ‘
2 0,4 139,2 22°1)° 4,3 0,3060 "
3 0,6 193.2 | 21°3¢ 9.8 0.3066 Lo
4 0.8 248.5 2105’ 19.6 0.3180 SR
5 1,0 305,4 20°44' 33,8 0,3700 .
6 1,2 363,5 20°25' 56,6 0.5933
7 1.4 42.9 20°09" 88.7 0.6182
8 1.6 483,5 19°55’ 128,1 0.5950 ]
9 1.8 546,5 19°43 71,3 0.5415 g
10 2,0 610.0 19°32 219.8 0.5100 {
1 2,2 675.0 19°22' 268, 1 0., 4850
12 2.4 742,5 19°13 32,2 0,453 '

Kef: (1). on pores. (2). Cell/eleacgt. (3). /5. ;
Fage 430.

In this case, instead cf the ccefficierts ai;; into eguaticn,

¥ill enter the following values:
P,
instead of 4w, fu.=-4-1,-’|=~;.
jnstead of av xan‘, fvo-*anQ“fnx’-auxcxg—%; |

=== — =X W
jnstead of aum, Gem,My™=fom, . ——3 |

P
G
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instead of s, “vI-‘IM“’f...;,-L-i- \mIt(P—X)

Taking ipto accoumt this eguaticn will cbtain the fors
d
B0 =Wt Mt 8 Ay + for, Tt frg L

b, dmy 3| m|
+fvr, Py ‘T‘fn.‘;'*'f.;.‘"l—;l—-
Ccefficients (11.20) cf the differential eéquations of

correations taking into acccunt nev valuves [i; let us presemt in the
fcrm of curve/graphs and talles, wltich contéin the average values cf
ccefficients on the secticn ct appicximaticr. Since the cell/elements
cf sugporting trajectory usually are assigre¢d o argument t, and
partial derivatives it frcves tc be necessary tc calculate according
tc argument M or y, then it is necessary tc iptroduce into
examination intermediate derivatives. Fcr e€xasgle, for the

determinaticn

day Sev M dc, (M
et o S0

it is necessary to calculate
Geg (M) _ dee(M) &
oM [ m’
fcr determining the fpartial derivatives frca t, ve will ucse the

fcrsulas of counted differertiation (€.<8)

(3-_,(5)) ot (Mes)— e (M)yy
* ) 2%,

(W)=

where M — a space on tire,

=

e e e T ———— T T T T T
S
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For determining the values cf derivative at the first and
last/latter points (25) end (2&) it is necessary to use
*o “n
Keston's first and seccnd interpcleticr fcraules,

Fage 431,

1he results cf calculaticn J!ﬁgﬁ. and %5- ére civen in Table
11.2. An exarple according to the calcwlaticr cf coefficients Gw and

8n is given in Fable 11.3.

In terms of the calculated values ay se ccnstruct the
curvesgraphs of coefficierts and carry cut stepped approximation
thrcugh equality the areas, liwitec ly secticn curved curve/grarh and
by strpaight line. The averacged valves c¢f cce¢fficients for a numerical
example in question are given in Takle 1l.4. Tne characteristic

curveygraphs cf coefficients are given to Fig.  11.4-11.9.

The values of the vcltages of electrcr analogue by which with
transjticn to machine system of equaticns are replaced the real
values, are connected with each ctler ky tte apfpropriate scale

factors, fcr example:

RTINSy

/
P
o el Mt i Lrna
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wy V/rad.

EACE )3?’

and fdight path angle.

Uw=pudv, Uy=puM,..., vhere

- scales cn vcltages tcr a velocity increment

the numerical values cf the scales of suppcrting/reference
values are selected frcs the ccrditicr c¢f cttairing the maximunm

which characterizes real value, are¢ nct more than 80-100 V.

Table 11,2, Derivatives of c (M) and ‘1 on time,
) e, (M) oM de, (M)
M no nop. t o > M
0 0 0 0.724 0
1 0.2 0 0,762 0
2 0.4 0,0015 . 0,785 0,00191
3 0.6 0,0300 0.802 0.0374
4 0.8 0.1585 0,822 0,193
5 1.0 0,6882 0.845 0.815
6 1,2 0,6205 0,865 0,718
7 1,4 0,0042 0,882 0,00477
8 1,6 —0,1018 0,908 —0.211
9 1.8 —0,2125 0,930 —0,2284
10 2,0 —0,1412 0,945 -—0,1494
11 2,2 —0,1425 0,970 —0,1469
12 2.4 -9,3810 1,022 -0,373
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Key: (1). cn fores.,

it

Fage 432,

The numerical values of the scales cf the veristle coefficients of
] the realizable with the aid cf urits variatble ccefficients, must not

exceed 1.0. For further use scales it is expedient to round cff to

e+ e e i it

the nearest convenient rumtete.

Let us rewrite syster c¢f equaticres (11.21) in the form of
gachine system with the intrcducticn ot stresses in dimensiocnal { ]
values, bearing in mind that functicns fw. fems foap Sw and
Joc, i’ our case refpresent Lty tlerselves supjcrting/reference values,
bet functicne g, Gw, a,), G4w...Gx - variatle coefficients when
1 v, 3, ¥y and so forth
S Unn)= =y | 20 | Use — ks | 800 | Unn+-

. 3 AQ
+kryat'y"l 3y +ka'U/"’| -73- —kvo’ lllgql Q— -

d|u§l;

- Ber LLR ]
ko Utec e, et ot R U

% (Us))=kawa U e + knaael 13

j“—' (Uly )= kp.a;nulo + Ry a;IUI.:

%(Uu)-k,.c;.U.. —ke |85 |Un

iIo this systen 471-l~,,°u-
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Fable 11.3. Example of the calculaticn cf cceftficients |a,| and |ax] f
éﬂ e <+ ez (M)+ :
B, | |m occon] 48l R Mmmeet |0y |00 -
z .
o| o 0,052 0 0,3050 10,86 | 177,18 o,oorlal 15,00
110,210,127 0 0,3060 26,51 | 172,54 |0,00438] 33,83 .
2| 0,4]0,204] 0,00039 0,3064 42,6 167,90 |0,00726( 52,55 o
3|06 [0.284] 00105 | 0,372 61,3 | 163.26 [0,0107 | 71,02 "
40,810,365 0,0704 0,3884 96,5 158,62 {0,0174 | 89,39 o
5|1,0/0,448| 0,365 |- 0,7350 24,3 | 153,98 |0,0416 |108,1 o
61,2053 03838 | 0,9 3550 | 149,34 0,068 [126,8 | 3
7(1,4(0,622( 0,0030 0,6212 262,8 144,70 [0,0518 |145,7 1
8!1,60,710| —0,15 0,4450 215,0 140,06 10,0438 |164.7 .
9] 1,8(0,803] —0,1835 0,3580 195,7 135,42 10,0413 [184,4 |3
0] 2.0/ 0806] —0.1238 | o2 | 9.4 |130.78 0,052 [203,9 o
i1]2.20,992] —0,1455 | 0,335 | 22,0 | 126,14 10,0819 2339 )
121 2,4 {1,000 —0,406 0,0470 |- 34,9 121,50 -wm¥m.4 {
&

Key: ,(1). cn fpores.
l




IoC = 78107115 EAGE @3

864

Fage 4133.

faktle 11.4. Averaged values of ccefticients 6y and sy

t e k_:;joéﬁ.‘%ﬁ; 0,6—| 0,8—1,0{ 1,01, LZ—LJ!.#-;J L&-Lalua—ax*zn—e. 2,224

, 6| 0,8

{8yt | 1/c | 0,008 nocsss a0oss4io 0137, ©0,0278] 0,0578  0,0605 o.o«sa] 0.0422] 0,0444] 0,0516] 0,0435
jaso] |wic | 24 | 43 |61,6| 80 | 90 n7,e | 137 155 174,8 | 194 214 234
Gr0-105 | I/m|375 | 75 |. 34 | 19 | 12 8 6 4,5 3,5 3 2,5 1,8
o, |wc3|263 |279 | 298 | 508 | 328 347 362 sl 403 429 457 487
fol m) |Wet|260 275 | 200 | 310 | 330 350 370 400 420 440 470 510
Ay — J0,9138l0,923 o.s::l 0, 0934| 09%| 0,938] 093 0,940

|a,y) |M/ct | 8,978(0,057 | 9,105 9,138) 9,164 | 9,18¢| 9,200| 9,216 9,23
a.y'lm l’c, 0,00 0,03 0,06 | 0,20 0.38 0,56 0.84 1,10 1,40

fos, |wc3|259 |266 | 274 | 282 | 200 299 308 317 3z

a, mc | 56 | 101 | 152 208 | 258 312 %3 425 476

s, —mmhmomwxsmm 0,351 034 | 0,342 0,3%
| fool= |ujc2 0,10 0,30 |0,76 | 1,40 2.40 4,80 | 88 | 12,25 | 15,55
= | foe,|

o e m‘oowi 0,022 0,01 o.om‘ 0,008 0,0085 o0, 0,0065,
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Fage d34,
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Fig. 11.4, Stepped apprcximétion of functicr @el(!) 1

Pig. 11.5. Tc approximaticn of functicn dslf)

Fey: (1). m/s.

~ - e e P A >+ o 2o e
D e . s addh N e ks Bl
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Fage U35,
-
{
lulg‘) Kl‘ &y Ve
$2 400 o
81 8003} - - . 4. - _ ,4
s0}- 0,002
89 4001 ,
u, 10 70 tc ) 3 10 ¢c

rig. 11.6. To approxismaticn of functicg as()

Key: (1) . m/s2.

Fig. 11.7. To apprcximaticn of functicr awl)
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Fig. 11.8. Tc approximaticn of functicn Fel?)

Fey: (1). m/s.

Fig. 11.9. Tc approximaticn of functice sn®

Fage 437.

Ccefficients & estatlish coassunicaticn/ccnnection between
scales with transiticn frcm physical crantities to voltages. With
scse values of the scale tactors, determinec fcr an example in

questicn,

1, _ _’_B___.
|"¢.,=16‘"'l';c—o Ph—lda.’e H

1, 108 .
200@'-”;;; P b= l(()s H
Ples, =03&m : my=5
Key: (1). V/8. (2)« V/{2/8)e (3). V/Bm.

Pg

'=

The cocefficients, which establish ccmsunicaticr/connection between

scales, will be equal tc

Foget 5
— (x13 — 10 =0 L .
kﬂﬁ"‘d‘u!‘t 200-10-5 001 ¢’
e 10 1
"J . == - ——
' “"l," .” 5 [4

On the basis of the cttained systes cf equations, is comprised

R e e R I e AP oA e R i dnlt = Y
L N e Pkt il ahatanaicaiddi il N . U, R R SN Sl -~
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the blcck diagram of the set of prcklem in the simulating electronic

ccmputer. Pigures 11.10 depicts cre cf the jcssible versions of the

tlcck diagram of soluticn ¢n widespread Soviet scdel MPT-9-2. The

klcck diagram of the scluticn cf prcltles is installed in the setting

field cf machine. Initially assignirg (joszible deviations of the
jazaseters), let us determine the effect of each of thea on change

Umw %m P Oxindividually. Let us take tke iritial deviations:

§vg 5 m/s, which corresponds tc voltege Up =50 V;

66 = 0.458 deg = 0.46 deg, which ccrresgonds to voltage
Uw,=80V.0btained in machine valuecs 0Ovy Oxx, Oys and 06 in voltages
axe tramslate/transferred according tc scale factors into physical
guantjties. For the increase of accuracy, tke scluticn is repeated
several times with fositive and negative deviations 6vy and 66,.

Correction factors are calculated frca avereége values

00, 08xn Ofn 00n located in ¥akle 11.5.
T o SR S ——
- o R T R TR S PR T - " i . e
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Takle 11.5.
() | I L
Dapaiserp U | e (WU, | 32 | U e | U "y
:.' iy o)) » | :" u :. rpeXk
N | 61{w|s8] 15| 7] 8 [0
u.-o.?:@ -4#-&1-. -24 8 | 83] 8 |00

Key: (1). Farameter. (2). m/s. (3). deg.

Fage 438,
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Fig. 11.10. Unit schematic cf soluticn cf sjster of eguations in

deviations on electron analcgue.

Fage §39.

Using the data of Taktle 11.5 let us detersine correction

factors. Let us cite the calculaticn cf scre cf thea

L
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oy Ve 4T

o ot gy =04 u/cll/C-

ax‘ ~J_=-8—8—=

-~ ~ Yo 50 76 IF)Cn

e M 155 n%/c,

Wo by 5,0

ﬁ‘_.~—‘_=9_____ ;
e S 0,064 rpu/u/c
dve e 08 o35 u/C/I‘PM'
FR [T 0.46

Oxe . by _'~1_°_ 35 Jrpan;
O o~ By =12,65 W/fpan;

aﬂo 36, 0 46

BN W 047 %
“o...% e I.Wrgagjrpu.

Key: (1). m/s/n/s. (2). 8/8ys8. (3). degreesis/s. (4). m/s/deg. (5).
n/deg. (6) . degsdeg.

Sisilarly can ke fcund correcticn tactcrs, also, to other
detersining parameters. The oktasined values are utilized for
calcudating cf correcticns &nd characteristics cf scattering

trajectcries,

3. 4. Ccnjugated/combined system of equaticns of corrections and its

scluticn.

the system of the ncnhcmogenecus linear differential equatioms

.. - . e et ’
(EX OO T P PRTTIW b
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grcup cf which includes the systems cf the cifferential eguaticns of

ccrrecticns, can have irterccnrected circuit of linear homogeneous
equatjcns. The number of varialtles ccniugatescceabined and basic of
systems they coincide. kcr the rule ¢f the ccspilaticn of
interccnnected circuit cf linear hcmcgereots eguations, the
ccefficients of the first equation are taker egual to the
coeffjcients of the first nembers cf kasic system of equations, the
coefficients of the seccnd equaticr are taker egual to the
coeffjcients of the seccnd mewmbers cf fcndanental equations, etc. In
new systeeg all coefficients are taken with cppcsite signs with
respect to rtasic. On the tasis of the determination of aomogeneous
differential eguations, in interccrneoted circuit let us drofp/cmit
the absclute terams, availakle into Lkasic. ¥cr &r explanation let us
take tle system of the cifferertial eguaticrs ¢f corrections (11.23)
and let us rewrite three first joint cf equéticm, after introducing

texrms & and &, the ccnsidering disturbance/perturbations.

Face Hu0.

For generality let us write the terms, whict have zero coefficients;

cceffjciepts a; let us take by absclute values, after introducing

intc equaticns their signs in an explicit fcrs.

R T

TR
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-‘!;- (Am)= —a, 8 —a,bp+a,by+e3
1 .;‘_’;_(ap)=a,,ba+0-8p+0-8y+t,: (11. 34)

—= (y)=0-+a,,bp+0-3y.

let us accept systesm (11.34) fcr tasic, Degendent variables in

it are u, p and y. Let us write the ccpiugatedyccmbined with (11.34)

usbilateinitn,

system of equations, after designating variékles through a,, A, and

1 A3
| r=tuh =0y
L %=a¢p)‘l"0)‘:"avp)*a3 (11. 35)
| T =~y — 0y — Oy,

In the general case¢ tte physical e€ense of variables A, . depends
cn the content of the ccefficients cf fundaszental equation a; and of
terss . &« and % Jlet us establisb ccosuniceticrsconnection tetween
variatles tasic and by that ccrjugatesccmbired systems of equations

| fcr oxr case. Let us multifply the eqguation ¢f tasic systen

respectively by Ay, Xz, and 23, tut the equecticr of interccnnected

e

circujt on 6u, 6p and &6y let vs add them. 2iter conversions let us

B s 3

have

- -

b ()4 == )+ () +
e DLpap My Dmie i,

and, further,

== (A mhe, g, (11.38)

w i ; N Mttty b i:“"‘""‘u
N it ot 2t it e .
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Let us integrate the right erd left cf the jart cf the last/latter
eguatjcn from x; to xp- Ther
K- Dby -+ Ry — b by — gy — by =
={ Oatatrg,)dx. (11.87)
The cttained equation is czllon/general/total and it is correct under

any initial conditicns.
FEage 4U1,

Fcr the basic trajectory in guesticp integreticy limits cf
interccnnected circuit can te selected in tle menner that this is
cogvenient for the soluticr cf the specific prcklem of the theory of
ccrrecticns. In many instances it fprcves tc ke advisable to integrate
ccnjugate system of differential equaticns, beginning with final

pcirt in the trajectory.

Por example, during the detersination ¢t ccrrections for the
inactive legs of the unguided rcckets cf class "surface - surface"
and the trajectories of the prcjectiles of terrestrial artillery
interacnnected circuit (11.35) is irtecrated frcs the impact point in
the prcjectile to the Leginning of tle trajectcry phase im question.

let us write equation (11.37) for the fassive section ot ground-kased

A . P W= i DR RS _— oo
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B st

e,

d = ST - lakh: il e b p——
e gl T P BRI, it j il : G
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missile trajectory

M cMc+dacdpctdochyc — hle, —

g by = | (e i .

!
* (11.38)
In order to obtain frcs (11.38) the fcimula, which determines

ccrrection into distance, it is necessary tc select cne of the
cogfficienats )ic B0 that it would ccrtaim Orc, the remaining
cog¢ffjcients of interconnected circuit they are taken eyual to zero.

For an impact point (Pige 11.%1) it is fossible to take
__!S..;
e 12¢|
after cocmparison with thke third texrs cf eguaticy (11.38) we will

cttain
1
b {rel’
Furthermore,
om0, AggwO. rros (11.38) l'ct us have

becminde, +ibn, Hidy - [ Gt dp ke, (11.39)

the physical sense of values ), A, 8pd ), is explained, after

saking equal to zerc e« arc¢ sy ard in pairs deviations

Otiy, 8P, s for example, by taking  Opx=Oyx=0 and Oip=1, 1let
us fiad

&-—'-'-‘-

) -,

Similarly ve will oltain

RPN SISt VIR YRR NPy

| e sk s

SSVRIRIIPY™ PO

Nekasardtiim 2
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Fig. 11.11. The cuts of trajectcries, adjacent tc impact point: 1 -

rct disturbed (calculated); 2 - defcrmed.
Eage 442,

Instantaneous values );, Az, A3 ip fumctice from x, including
Mx Mz aBd Ae are obtained by the rumericel imtegration (by ETSVA
cr with manual count) of interconnected circuit (11.35) under the

initial conditicns

1
he=0 Mc=0 dyom=—r,
, | 2l
%he space of integraticn for ax is taker with minus sign, since

integration is realized frcr cne x¢ tC X

During the determinaticn of ccrrection intc distance from
(11.39) values Ouw 0px ard Oyx they avust be determined during the
study cf the preceding/previous trajectcry jhase or be specified by

asgigozeat.

1o eiaN s s,

PO

AT T

-t A

A
'
's
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A
r If ve assume Ju,=dp,=0yx=0, . ther ;
P 4
“ W= f (ty+ A, dx. (11.40)
x . i
last/latter forsula nakcs';t possitle tc determine correction into f

distasce for the factors wicse effect is ccrsidered through e, and

ep (sctational effect cf thte earti/grcund, a change in the =

meteorxrological conditicrs, etc.). !

Curing determinaticn O8xc for the trajectcries of the projectiles

cf grcund-tased cannon-tyge artillery the irtegration of g

PRSP R

interccnnected circuit (11.35) it is necesséry tc carry out frca*c

tc x = 0. Furthermcre, for the pcirt cf £1light it is possible to

acceft 8yq = 0 and then frcs (11.39)

*c
Loy bty +dnabpy +J' (hats +1g8,) dx. (11.41)

Last/latter formula is ccmmcn/general/tctal ccrrecting foraula for

the ccrplete horizontal firing distance grcund-ltased artillery fiece.

Vo m e

3.5. Betermination of correcticn fectcrs frcs thke similarity of

trajectories.

Por calculating tke ccrrecticrs into tie trajectory elements cf

!
the projectiles of constant mass, firequently are utilized the :

defendences, obtained ficm similarity ccnditicrs of trajectories. I

Sl i o s < TaS < m

Let us take the first equation cf systes (7.141) and let us

e ik
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M
determine correction factors fcr ccsglete ¢éistarce tor a change in
fressure and temperaturé cf air is tte faint cf flight (and further
alcng trajectory). 1f we assume %W™%w, thea O =% apnd
K=y (9, %, &) (11.49)
Face 443,

After recalling that c"—:i%u and, ccnsidering vg and 945 in (11.42)
ccpstantsinvariable, let us take alternately derivative of g, on c

ard cn hge

ox ox
uted Sl -JPLE
% % (11.48)

If to accept hymAyy, Toveton,
vill take the form

xc=7'9—¢,(v¢, c, §,). (11.44)
w
Accepting in last/latter equality 6, censtart/ipvariable and

differentiating alternately cn vy ard »g, we will oktain after the

ccnversions
F= (xc ) . (11.48)

Frce (11.43) and (11.45) it is e¢vident that the correcting
coeffjcients, which consider effect cr the firipg distance of the
deviaticn cf barometric fressure fics giver standard ataosphere and

the tesperatures of air ir release fpcirt (ard fxrther along
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trajectcry), can be exgressed through tasic correction factors to the

deviations of the tallistic coefficiert and tte initial velocity.

3.6. Analytical method can te applied ir the case when the basic
value being investigateé is determined Ly tle funmction, which
allcwgassumes oktaining derivatives in analjtical form. Method, as a
tule, is uvtilized durin¢ the study cf thke tiajectories of the
[rcjecdtiles cf constant mass. an exauple ct the use of the named
sethod have examined we in §1 fresegt chaptexr vith the assumptions,
shich corresgond tc the pareétclic thecry cf the motion of fprojectile

(11.6) «

Ottaining rallistic derivatives ip ccrrecticn with the
€llipkical theory of the scticn cf the frojectiles of constant mass
is examined in detail ip wcrks [2], [<2], [3S), [46]). It is presented
here tte basis of tle ccamcr/¢ceneralystctal jrocedure of obtaining

correcting formulas and correcticn factcrs.

Fage 444,

Let us take the equaticn of elliptical trajectcry, which contains in
an exglicit form the parameters, whichk corresgcrd tc the beginning cf
inactjve leg and deterxirirg all tke mcticr characteristics,

including firing distance [2), and let us write it for point C' with

8 ot 2
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a radius r=ro- >R, accepting it for the Leginring of the entry of

frcjeetile into the demse layers of the atecsghere

[z a4t — 2 ety

_L,.".'i [2re g0, g $+(ry—rc =0 (11.46)

The wsitten equaticn car te fresented in tte fcrm of the functicnal
dependence
F(Q,, v, r., for, 20)=0

and to vwrite

|.2'c' (141289, ',.'2 (ratre ’]"'"
_2—’:'—: re g, tgo— ’.:: (ra—re)=F(8,, ©,, 1, rc*, 20).

Hepce it follows that 29 =f (B, Un, Fas rc).

In connection with tte spherical mcdel c¢f the Earth,
ccmmumication/connecticn tetween angular anc Ly linear circular by
distamces is determined ty the relaticsshijp,sratic

Lemfy+2Rg 9. (11.47;
It is cktvious,

L-'(vm ..v Fas e l.)' (ll'“)
and the corgrecting formula, cbtained taking intc account only first
terss of expansion, in accordance sith (11.4) it will take the fore
o o oL [ A o
Um——, 4+ — —0r 22
Ballistic derivatives %%. in accordance witk (11.87) and (11.48) will

te egual %o
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vy
o 9 a 9
e R we =g R
8o
oy,

Eage 4S5,

Fquaticn (11.46) is writtem in implicit fcrs and, wvithout
isclating the deterwmining fperameters, we will cttain ballistic

derivatives (correcting ccefficierts), usinc the obvious formula

oo _ Ny
-y FRRY
Let us give as exasple the derivaticn of the defendence for a

. oL
ccrrecticn factor —.
vy

Bsing (11.46), we will okbtain

=2 o)~

-4 -'l:-'l-rc- g, ig¢—208 (r,—rc % (11.49)

’-'a 1
o |2 1= (r.+rc-)]tg¢“,*—

r%

1
- e P ), ——
s e g0,

eyl (11. 80)

Cale ,(11.49) to (11.50), let us have

IS Tl SNTPIAIINIIS - g3 ot o v om o= =7 7 SO a T —
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¥ W) _
o,

21:'- [(ra + roe) 8in3 ¢ + 7o tg Oy 8in () + (ru — 70 ) c0B3 §)

["c @ +wm--'—',5-(r.+ re ;]tu—f':'—'-re- gt
(11.51)

Poraula for the calculaticn of correcticm ittc firing distance during
tbe deviaticn only cf iritizl velccity takeés the fora
U, =2l a0 poae,. (11.52)
oo, o,
By form can Le writter correcting forsulas alsc fcr

ctler determining fparaseters

o, =2 Ry, (11.59)
U, =0, (11.54)
o w2f Aree. (11.55)

Fage Ud46.

Frequently they introduce intc exesineticr value x = rv2/k which

for imitial conditions is equal to h-snfl. Utilizing value x, it

is necessary to bear ir wmind, that s=f(ry vy) and
=3y L O
&, o, V. + F .. (11. 56)

let us give without derivaticr the ballistic derivatives,

expressed through x [2]. When rc =R,

g
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2R
g.+—’-l-u +1g20,) sin2 g 1g ¢

[ ] .
. R e (ra— Ry + Ry (g4, 1g¥)

oL R (1 4+1g26,) sin2tgdy (11.587)
o0 9 =R, + R gl igd) *

_!l.__ (1+tpl_!zg¥—2l'!0.tEﬂdulg
o0, 2R’3 ra(ru—R, + Rytghtg *

Pox a sysmetrical trajectzcry in the cese ro=mr,  we will oktain

O(N) _ *at20in3¢-(1 +tg80) ,
ory 2olq tE 0y *

Q00 _ Aain?y-(1 + 1gtey)
dou Tt tg 0, ; (11‘ “)

() _ (xa—21g0. 1g9) (1 +g20) sin ()
. .

gl

fange angle in case when re =Ry, can té refresented in the fora
ct the functional depeandecce
”-F [ ('m .-9 ‘-)v
shere Ay— a heightsaltitude of the imivial fcint of the elliptical
trajectcry atove the surface of the sptericel mcdel
.--fr-R’-
eaxth/sgrcund. In this case, a change in the rance angle taking intc
acccuat omly linear terss of exparsicc ig terss of (11.2) is equal
UM} oy 1200 39 4 008)
) s |
=Tk, +200 0 15w, (L8
stilizing (7.19), L. ¥. Lysenkc vas ccrverted (11.59) and
cbtained the equation, ccnpecting ipm imflicit fcrs of deviation

00n 06284 Oy [18).

gy
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Face 847,
2».( 1 —cos Y )+ ", [l_'_k‘(l-euﬂ)]_‘
L 2y co02 8y 3 2rgco8d d,
==3(2"J)[ sin2y sin (4, +N) ]_w sin (6 4+ 2) -
%y C082 0, | cos 0, '[ cos 8,
__sin§, op)_ 2808 .
e — 2Tt (1—cos29)] . (11.60)
Rementering that dL=R30(2¢¥), fica (11.‘6(:) ve will cbtain when
00y = dhy=0:

o _oh 1—cos .
v, va 6in 2% — %, co8 by sin (3, + V)

If cne assumes that the elliptical trajectcry is symmetrical and

tegins on the surface of tte Earth, i.e., r,=rc¢=R; and projectile it

bas velccity os=0s, then

%:2—%— [sin 2¢+ ctg 04(1—cos 2¢)]. (11.61)
#igures 11,12 gives curvesgragks L,:f, (9,) with different
M (]

29. Pgcm curvesgraphs it is evidert that ir all cases the ballistic
derivative j:% has positive value. With idertical angular firing
distance, it decreases witk an increase of the flight path angle in

the beginning of passive elliptical secticr.

Fiom eqguation (11.€0) accepting 00x=0Ag=0, ve vwill obtain
K sin2(h+¢) .
= 2Rs [———ﬁ'——*’--“ll s 1] : (11.62)

Lerendence %-f..(.') is given to }lig. $1. 13. with an

increase in the angle ct departure, tallistic derivative —:%

decreases, transfer/converting frcr fcsitive velues to negative. The

2zerc value of derivatives ccrrespcrds tc tke cptimum flight path
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angles in the beginning cf passive section. Witb assigned the flying
rapnge the zero value of derivative arswers the trajectory, obtained

at the siniwmum initial velccity vge

Tte ballistic derivative of a chatge ir the distance in

teightsaltitude gave inactive leg was egqual tc

& . ()
o 2¢cigl, s . (11.63)
The curve/graphs of defendence -‘—‘:-—f.(O,) are given tc Fig.

11.14. In all cases the derivative bas fcsitive value.

s
»
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Face 448,
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Fig. 11.12. Cbange of ballistic derivatives % in functijon of

angle of departure 6,=d,

Key: (1). kmes/m.

at differect valves cf range angle :2v¢
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Fig. 11.13. Change of ballistic derivatives 7":— in function of

angle cf departure g,.9, at different values cf range angle

Key: (1). (km/merad). {2). merad.

Fige. 11.14. Change of kallistic derivatives -i&_ in function of

angle cf departure 6:~8 at different values ¢f range angle 2 W
Key: (1) . ka/m.

Fage 449,

fith jdentical distance it decreases with ar increase in angle 0w

e e e e s sl oML o
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the analytical mettod cf deterszinirg tte ccrrection factors can
te alsc used in connecticn with different apprcximate soluticns of
the probles of external tallistics cf the frojectiles ot constant
mass, driving/moving in the dense layers ot tbke atmosphere. Let us
examine obtaininy fcrrmulas ard correcting ccefticients for the method
cf pseudovelccity. We utilize formulas (7.€:%) ard (7.65), the
ccnnecting complete firing distance with the parameters, which

deternine the trajectory:

x¢ == (D= Dk (11.64)
-_A
(

Substituting (11.64) in (11.65), we will clktain the formula, which

ccgaeets xccc', 8 and vg:

C'xe (' sin Wyt Jo)= Ac — A, (11.66)

Bor obtairing the differential correcting formula of form (11.2)
let us differentiate lastslatter equality, ccosidering variables
Xc, ¢, Up, 8. It is obvious that the terms, which ccntain wuc, will also '

be vacziables

c’'xed (¢ sin 20,4+ )+ (¢ sin 0,4+, )d (c'xc)md Ac —dA,.
(11.67)

Utilizing a basic ccrclusicn cf the method of pseudovelocity,

let us write
dA=JdD.

-t o e e
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Then the right side of e€quaticn (11.67) car ke 1epresented in the

fcrs

dAc—dA;=J D~ AD,

Valuve dDc can be expressed by the initial farameters, it

diffexentiated (11.68); threr
dAc—dAy=Jcd(c'sc)+ Jod Dy—J A D,

Carrying out the replacement of right side in (11.67), after
ccnvexsicn we vwill obtain
¢'xcd(c” sin 2y +J )+ e’ sin My — (S — I )] d (¢'xc)m=
‘ -(JC‘J.)‘D.O (‘lo “)
Lifference (Jo—J,) can be deterained fxom tle tasic conclusion of the

method of pseudovelocity. 1f we in fcraula

gi=tglc=—glt|

(7.€() replace

that we will obtain

Je—Jy =2 cos* 0, (1g 8,4 tg | 0 | )=
=’ sin 20,4 2* cos' 9, tg I.C I

Fage 8450,

After substitutiag Je—/, in (11.6€), sfter conversion let us

have

Xod (¢ 3in 20, 4 J,) =2 0884, 1g | 8¢ | € (¢ X )
=(sin 20,4 2cos*s, ig |0 | ) 4D, (11.99)

e ——— v Y

¥ e PRI o v, s oo - PO NN ey
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Bealizing differentiaticn and carryimg cus the replacement

g—m—; g—_‘ﬂ. ’
4% via () 4D G(w

we will obtain

sin ¥ dc’ + 2'x, cos -, 2N __
Xc 8in Wgdc’ + 2'xc cos 048, —2g c‘aa(qﬂ

—2cos'0.tg|oc|xcdc'—2cos'i.1g|lc|c’dxc=

= —(sin 2'.+2¢°9"o'l|'c|)a-‘72;~

After passing from differentials to finite low increments, we

ccpvert lastslatter egsality and we will cltair the differential

R

ccrrecting fcrmula
ox o=, ox '
fodad 35 VU0 Wuind -3 ¥ Y0 Bghdind - {
A A !
After conversion let us have

PO L.
tg|0c|) ¢ +mu.tqoc|"'+

1 ex
+m['ﬂ%‘ll%l-;ﬁ;§-§ Yo, (11.70)

O

uc- —3c(1 -—

f
Frequently is introduced sulstituticn V.T'&;LT' and then the :
c ;

foxrsulas of ltasic correcticon factors will take the fora
% ¢ N,y costlytgl .| ‘ (11.71)

ox, 1 £X

pind - 14y~ (- ]

by o'G(wy) [ +v “vicosttytg| |

Analytical method is agplicable fcr detersining the ballistic

derived and higher orders, than the first.
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Fage 451,

Within the framework of paratolic theory, tie kallistic derivatives,

vhich characterize princijal part cf tte change in the function, are
detersined by formulas {11.%). The refinesert cf correction is
detersined by three last/latter terms :of fcrsula (11.4), from which

the seccnd derivatives are egqual tc

.&-2_!'5-; %-4 **‘“ ] a‘-—‘,";&'
(1.7

. . &L [ ] "l
Similarly can be obtained derivatives F) ’ ] aad wae, ©°° the

tasis cof elliptical thecry.

A St

However, the mathesatical ccmflexities cf cbtainiag the secoad
derivatives, the lcwv value cf the standerd ceviations (yo,)?, (8¢,)? aRd i
ct'pt,“ct v b0, ond, 2s a result, the insignificaat refimement of
ccrrection itself, given by these terss, lead tc the fact that in the
practical calculations cf ccrrecticys are ccnsidered the usually only

lipeaz terss of expansicn.

3.7. tabular methods of calculating the cortection factors. j

Under tabular methcda let us understarc tte methods of
deternining the correcticn factors with the aid of the various kinds

cf the precosputed tables. 1he use cf tables wcn acceptance during

- o —— - . - ,,‘.'_,u
i« i e sttt St it i imaieiiton i st -
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the calculaticn of correcticns tc the trajectory elements of the

frojeatiles cf cannon-type artillery. Is krcwn the use of Fkallistic

collecticns (ballistic takles) for calculating the correction factors

in the sethod of differences and tte use of takles of quite

ccrrection factors. The majcrities of tallistic collections contain

the cell/elesents cf characteristic pcints
pcrsal meteorclogical ccnditions depending

jarameters c, vp and 6j.

Pcr zenith trajectcries the nuxker of
includes time t (see pace 2£86). The taktles
with the ccnstant space of the determining
it possible to utilize for the calculation

kncwn formula of nuserical cifferertiation

Y mmati=fem)
W,

in the trajectory for

cn tke determining

cetermining parameters,
are comprised as a rule,
jaraneters and this makes
c¢f ccrrection factors a
(6.28):

(1. 73

Alternately substituting in the nusetator cit last/latter forsula the

firing distance, undertaken degending .cn a

cktance in the determining

parameter, and into dencminator - the tabuleéer interval (space) of the

determining parameter, it is possiltle tc oltair the values of Lasic

correction factors for the calculaticr c¢f ccriections into distance.

Fage 4t2,

Fcr the ground-based canncn-type artillery
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X g 4
dxc __Tcterrn c(c-gL):

% 2,

“C - *e (9ybly,) ™ *c ('o-‘o., .

F o, H (11.74)
dsc  Fcind M) T Fe ity

%, 28,

Last/latter correction factor in a series ct the cases nust be

calculated when Ay, updertaken ir radians.

Bor the trajectories of antiaircraft artillery with the assigned
ccpstant/invariable time t ¢f formula fcr celculating the correcticn

factors, they take the follcuing fcrs:

O&  K(cth)—X(r—h)
de 2,
Oy Vb —y(c—b,) |
& 24, ’
0x _ Floetho,) ¥ (vehp,)
2. (11.75)
l- ¥ (vothy, ) = ¥ (ve=by, )
S
Bx _ XUk, ) =X (mlas)
0% 24, ’
Oy VRaemy TV (g
L) ", ’

2|

the tables of correcticn factcrs can te cezlculated by one cf the 3

descrited abcve methods.

Since the trajectcry is detersined by jaraseters c, vo and 65,
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alsc the tables of correcticn factcrs have tle same entries.

Are known the correcticn cards cf artillery acadeamy, calculated
ty the method of the nuserical integration cf the differential
equaticns cf correcticmns [S9].

In tables for karrel artillery pi€ces, they are given:

o .
Qi=—=X — change in the complet¢ distance with an increase in
“ E

the tempepature of air cn 1° along an entire trajectory;

Q,.-%ﬂ._ change in the ccafplete distarce as a result of an

increase in the initial velccity cn 1 m/s;

o
Q£-|-—“-‘-l-%—,change in the compléte distance as a result
¢
cf an increase in the Lballistic coefficient cr tarometric pressure on j

1¢6/¢;

Qe,— change in the ccmplete distance as a result of action on
the pscjectile of lcngitudiral tailwind witl a velocity of 1 m/s,

copstent along an entire trajectcry;

Q"-latotal deviaticn of the ispact fcint in the projectile

as a gesult of the acticn of cross wind at ¢ rate of 1 a/s, constant

[N ——— Pr e e e ———
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alcrg an entire trajectcrye. 4

Practical work on takles is reduced tc lirear interpolaticn in

terss of the assigned irtake valuves cf ¢, vg ard 84.
fage &%3,

§4. Cporrection into firing distance artillery shells during a change

in the initial wveight. 1

the weight of projectile affects bcth the mcticn of projectile
in the bore cf artillery instrument, detersinipn¢ its initial velocity
and tp the trajectcry cf its free flight ir the dense layers of the ]
i atmosphere. Piring distance depends cn three values: vg, c and 6,4;
the weight of projectile is determined tirst twc. Consejueatly, at

the fixed angle of departire it is pcsgible tc srite gomf(oy, £).

if Bet us make an assumfticn about indeperdence of action vy, and c
cn firing distance and we will use the diftferenmtial correcting

fcxauida ]

LA
Wee™ o b.+—‘-f-lc. (11.78) 4

;; The dependence of the iritial velocity cn tle weight of projectile we

will ottain on the correcting fcrsula, knowr frcam interior 4

TTMT AR e Py g . T W A S A e o
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tallistics,
-

where [lo— correctiomn tactcr.

Prca formula for tle tallistic coefficient c=(id2,Q)103,

accepting groduct id2 ccnstant, taking the lcgaritha of,

differentiating and replacirg infinitesimal increases by final low,

ﬁ. Sukstituting évg amd @ in (11.76), let us

we will obtainm

have

Fage US4,

&, . . .
Simce correction factor % value negative, is convenient to take

it Ly absolute value and then

el fiehin ]

whence correction factor intc distarce directly by weight of

prcjectile is equal to

seillomt) o

Taking into account this designaticn we will ottain

Uﬂn‘*%%"l:
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Berending on specitic conditicns, the ccrrection factor and
ccrredtion into distance fcr the deviation c¢f the veight of

prcjec¢tile can have dif ferent signs.

§5. Account of the effect of the atmospheric parameters cn rocket

flight and of artillery stells.

theoretical studies and firings ccnfirs the essential effect of
the deviations of veattker factors frce their ncrsal values for rocket
flight and projectiles. Tte effect cf weatter factors is considered
during determining ¢f mcticr characteristics, dering the calculation
cf scattering trajectories and the determigeticp of the accuracy of
firing, in the calculaticns, ccnnected withk thbe design of the systenm

cf the flight control, and during calculaticns .cr strength.

In ballistics the effect of the deviations of the atmospheric
parameters of rocket flight and frcjectiles car be taken into account
bty three methods. First method - calculaticr of corrections according
to the ground-based deviaticns of fressure, bumidity and teaperature
frce the ncrmal under tle assumpticn of the validity of hypothesis
about tle vertical equilibrium of the atmcsihere and the

Fresesvation/retention/raintaining of the ctaracter of a change in

l
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the tesperature with the bheightsaltitude of the similar of the
functico » (y), accepted in standard ateosplere. An example of
cktaining correction factcrs intc distance to the deviation of
gtcund-based barometric pressure ard virtual temsperature is placed in

§3 rresent chapters [fcrasula (11.43) ané (11.4%) ).

the second method ccnsists ir determinaticn and use of ballistic
sean deviaticns of weatler factcrs - average, ccnditionally constant
with zespect to an entire trajectory of the deviation of virtual
tesrerature from normal law ard ccnditicnally ccnstant neutral wind.
The first and by the seccnd methods are applied most freguently in
practical work during preparation cf firings agd processing of their

results.
Page 45S5.

Yheoretically stricter is the tbird method according to which
into the systems of differertial equaticns ct mction are introduced
the eguaticns, which directly detersine a change of the weather
factors in the function of any cccrdinate (scst frequently
heightsaltitude) or in the functicon cf time. With a strict acccunt of
the effect of a change in tle atacsgberic farameters to rocket flight
and artillery shells in calculatior, must te¢ utilized the

copcretesspecific/actual (experimental) functices, obtained according
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to the results of the scurding cf the atmosjhere.

During forecasting of & change in the seather factors, are used
the statistical processings of the results cf meteorological
investigations. The resvlts cf statistical jrccessing can be
tefresented in the form of the randcs functicns, coamprised on
coordinates and on time. Statistical ficcessing cn coordinates is
ctilited usually in Lallistic calculaticns, statistical processing on
time is utilized predominantly during setticg cf wind load on flight
vehicle in stress analyses, in the stabilit) aralyses of motion and

flight dynamics in the restless atmosplere.
€.1. Account of a barometric change and temjereture.

A barometric change and temperature on heightsaltitude for a
standard atmosphere is examined in chapter 1I, §3. With the wish to
ccpsider in kallistic calculaticns the concretesspecificsactual
realizaticn, experimental cr calculated, it is recessary to have the
data ¢on a Lbarometric chance, husidity and temferatures of air on
heightsaltitude, presented in the fcrm c¢f fcrmulas, tables or
curvesgraphs. Air humidity easily is ccnsidered through virtual
tespesature cp formula (2.4%). Fressure and tesperature are
introduced into calculaticn acccrding tc fcrsulas for an air density

(2.43) or (2.51), temperature isc ccnsidered alsc in foraula for the
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sgeed cf scund. During the tse of curvesgragk c,(M), comprised for
grcund-based standard ccnditions, the effect of a change in the speed
cf sourd in heighty/altitude for drag can ke ccnsidered on formula
(2<108). A change in the thrust ir heights/altitude must be calculated
fcr cencrete/specific/actual metecrclogical realization according to

cormon/general/total eqguaticn (z.11%).

It is obvious, each rezlizaticn of the chzrged weather
constituents on heightsaltitude requires thke rdependent solution of

tte selected system of equations.
Fage 456.

Se2. Bquations of motion cf tke projectile cf ccnstant mass upcn

consideraticn of a tarcmetric chance and tesperature.

Buring the definiticn ¢f air drag sith the aid of coefficient
¢:(M) the account cf a chanrge in tte fressire and temperature is
copdudted, just as it is described in the fieceding/previous section
fcr the projectiles of variatle mass. If we tor determining the drag
vse value E (5.6), then the system cf differential equations, which
describes the moticn of tlte fprojectile cf ccnstant mass taking into
acccunt a change in the pressure and tempersture, it can be given to

the general view of equaticrs (11.14). let ts take changed value

(VG SIS

Yy

it D e At i Aot s e 1o
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(E+6E), then
¥=— BT Ex; g--sy'-g—-;ieg'. (11.80)
In accordance with (€.€) it is=s possible tc present E=f(c, h and

v) and to obtain [ 9]

Mk W SEo+] | w
E ¢ A 2 t

(11.81)

Value f(n,) is determined frcm (11.25).

Evring a change only irp Lallistic coefticient in accordance with
{11.8C) and (11.81) we will oktain the follcwirc system of
differential equaticns:

b= —Bi- Y Eh = —Ej—g B (1182

With ghe ccnstamt Ltallistic coefficient

¥ —Ex—(l-— f(v)+1 . L)Ex:
A 2 T

- . M SO+ g )L (11.83)
y-=-l='y—e—(—.---—2——--'—)£y.
After integraticn can le chtaired the scticn characteristics of

the peojectile of constant iass during the deviations of pressure &h
and of virtual temperatire & from tte values, éetermined ty standard
atmcsphere. If vwe use hypcthesis alcut the vertical equilibrium of
the atmosphere, then tke changed mcticr characteristics can be
cbtained depending on surface pressure and the function of a change

in the temperature with heightyaltitude [9].

faking the logarithm of and differentiating equation for h




C e . e . . A—a—. :
P [

£OC = 78107116 EIGE 4o~
03

[tarcametric function w(y) ] and transfer/ccavertiny from infinitesisal

to fiaite low incresents, we will cttain
L-a_.[¢ S_q.]
] N ] L §

cr, by differentiating seccnd term cn v, leét us have

’ .
L LN O P
. ~+.‘§‘4. (11.08)
Fage 4%7.
Introducing replacepent in (11.83), ve will citaia

- . 1 ¢ & I+ 3 ).
R e e

é-—Es}—g—('T’;‘ +%5%dy— (11.85)

2 4

_ )+ u)“

Last/lattex system of equations does nct reguire for its soluticn of
fuscticning the barcmetric change sitt heigktyaltitude and it is

ccpvenient for theoretical studies.

€e3. Account of wind effect on the flight ¢t the unguided rockets and

artillery shells.

Basic problems during the study cf the action of wind on rocket

idicen . . oie

P
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flight and artillery shells are: setting the m«chanism of the direct
acticn cf wind on the driving/moving roccket and projectile, setting
petvorks of the motion of the masses of air and the proof of the
legitimacy of the diagram accefpted durirg tie sclution of one or the
cther froblea. Metecrolcgicel investigaticys stcw that for the time
interval, which exceeds the tise cf cne grcup cf firings, the motion
cf aiz masses in sufficiently large territcry cam be considered as
relatjvely steady and rectilinear with freferred horizontal flows. In
guch flows wind velccity gradients in time &énd torizontal direction
frcve to be unessential. Figures 11.15 shous an example of a change

ip vind velocity in horizcntal directicr.
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Pig. 31,15, Change in wind velccity in horizcntal direction.

Rey: (). m/sa

Face 458,

Tcgether with the relatively tranquil flows of air masses, therec is
chaotjc vortex/eddy, intermittent air mcticr, which is called of
gustiness. The investigaticn ot the eddying effect of the atmosghere

cn rogket flight and projectiles is ccsglex independent problem [201].

Puring ballistic calculations and duricg tke preparation cf
firing usually are accepted fcllowing assusjtices about the character
cf the moticn of the atmosplere: ttey dc nct ccasider vertical wind

ccsponent; they assume that a change in the wind in heightsaltitude

resains constant/invariatle within the limits ¢f the entire

trajectory in guestion, i.e., it is assumed thet wind does not depend

e, " - . . .
%u_,_,_ e e Sl o e+
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¢ch horgizontal coordinates. %ith the adopted assumptions it proves to
be sost convenient to represent the velccity vector of wind being cf
twe comprising: the constant Wp(y) ard raades g (p)

W ()=, (y)+® () (11.86)
Ccnstant coaponent corresjcrds tc the pathematical expectation of
Uprer wind y and characterizes the ccrtinucts uciform
displacement/movement of the masses cf air. Random comprising
chbaracterizes a change in tle wind frce one shct to the next to
heightsaltitude y. When ccrcucting cf calculaticns the velocity
vectogs of wind they expand in the cirecticy of firing (so-called

lcngitudinal wind), also, in standard tc it (crcss wind).

fthe special features/peculiarity of the mcticn of flight vehicle
to the moved atmosphkere ccunsists ir the flact that its velocity
relative tc the earth/grounc and relative tc tlte driving/moving
sasses of air is different. The velccity of flight vehicle (aircraft,
rccket, prcjectile) relative tc the Earth it is accepted to call
grcund speed, velocity relative to the atmcspkere - air. If the
grcund speed of projectile {(absolute) is desigrated by vector V, the
velocjty of the motion cf tte atscsptere relative to the Barth
(translaticnal speed - wind velocity) ky vector W and the airspeed of
frojectile (relative) through ?; then

LR S W 1

and the velocity of proZectile in moticn relative to the atmosthere
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G
is egqual tc
R R AR N

The acceleration of projectile in moticn relative to the Barth is

€egual to ?. and relative tc the aticsplere 9. In this case, it is

necessary to bear in mind, that the acrcdymeamic forces and
tcrque/mcments are determired bty the airspeed, i.e., §, whose

pcdule/aodulus can te designed cn the arprciimate dependence

50“ o 5 (1.89) .

Eage 459.

The mechanism of tlte effect of wimnd iy the general case during
the scluticn of spatial picklem takiny intc acccunt the angles of
atteck and slip, determined with resgect tc airsgeed, is very
comgplex. Therefore in practical werk frequertly is exaamined the

action of longitudinal and cross wird separately.

Bet us write by analcgy with (3.44), (:.49) and (3.50) the
systess of equations, which descrilte tle sejarate lcongitudinal and
yaving motions of rocket, taking into accourt im them respectively
cnly lcngitudinal cr only cicss wird ard ccuintirg that thrust P is
directed along the axis Qx; ci rccket. For the axial motion cf the
frojection of vector equality (11.€8) cn tte axis of the starting

cccrdinate system, combined with the center of mass of projectile,
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ate egqual (Fig. 11.16):

0= 008 0 mw i Gy=wsin . (11.90)
The f£light path angle in relative axial sction is determined

frcs tte dependence

“I osiad .

oV ety (11.91)

the fundamental equaticrs, which descrite the axial mction of
the vaguided rocket taking intc acccunt the acticn of wind

B.=const, yi11 take the fcim

y,,--;lP-x.p@.—»{-‘rgm«.-n—omtl

(11.92)

R e

L s

R Py
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Pig. 31.16. Schematic cf the ccomstructicn cf argle of attack in

relative motion upan ccpsideraticn cf lcngitudinal tailwind.

Key: (1) Trajectory.

Fage 860,

Sugprplementary equation for determining the engle of attack in

relative motion
a=—0. (11.98) | i

in accordance with (2.85), (2.€€) and (2.€S) aerodynamic forces 3

and terque/moment taking intc acccunt the acticn of loagitudinal wind

are agrroximately egqual tc

Xr-‘.;" (MR Y,.—'%SC:I,;

M.,,-%sm:. .
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where

o (M)mme (M)t C (00 )
Cre (My)==c gy (—:L') .

The system of eguations, which descrites tlke yawing aotior of
the unguided rocket taking irntc acccurt the acticn of constant cross

vwigd &, can be writter in tlie fcre

. 1
= — meo..(_Pp+z’)= (".95)

Jpb=M,,; $=C 4B zm= —vcoshsin¥;

fecall that velocity v must be determined during the solution of the

systea of equations, which descrikes axial scticn.

puring the determination of tlke directicn c¢f the yawing mction
cf rocket cn povered flight trajectcry;, has a value the nmutual
lccatjcn of the center cof mess and resultant pressure of rocket. The
effect of crcss wind #, cr rocket will create supplementary
aexcdynamic force . R, applied in resultant pressure (Fig. 11.17). Of
figned statically stable rccket the resultert fressure is
arranges/located after tle center cf gravity pearer to tail assenmbly:
therefcre under the action cf torquesscment frcs force R, rocket
will turn itself by nose secticn tcuwards wind sc that its
longitudinal axis will ccircide with tte vector of airspeed. In this

case, will appear lateral thrust ccmgcpent P the directed against
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vipd ard when P¢>R, rocket will Le mcved also against wind. The
spin-stabilized missilee as a result cf derivation, composite acticn
cf the force of Magnus ané cross wird can be mcved on powered flight
trajectcry in wind directicr. Cn iractive leg with P=0 the rocket
just as the frojectile c¢f tarrel systes, will te moved in the
direction cf cross wind. Figures 11.1€ depicts the scheamatic of
yaving moticn against wsin¢ cf the stetically stakle fin-stabilized
rccket on powered flight trajectory under tle assumption that the

rccket is inertia-free.
Fage €1,

Let us designate the horizcntal prcjection cf the velocity of the
center of mass in the starting cocrdinate s)ystes through u=v cos 6,
| tbe hprizontal projecticn c¢f the speed in relative motion through 1

t k.. Bocr Pig. 1116

8, =) S feillsw,sin ¥; (11.96) !
cos t,g'&:";"‘l, (11.97) 1

sugplementary equation for determining the =lip angle in the relative

yawing mcticn ii
p=¢-—-V,. (11.98) !
Aercdynamic forces and torque/moment taking intc accocunt the action :3

cf cross vind will ke egual tc

Z,-’—;im u.,-i;'Lw;, (11.99) }
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Pig. 11.17. Rotation of the unguideéd fin-statilized rocket against

wired.

Ve
Pig. 11.18. Schematic of ccnstruction of slip argles during yawing

scticn cf rocket against wird.

Fage 862,

Figures 11.19 depicts the sche¢matic of yawing motion stabilized
by rolling of the rocket (projectile) in pcwered flight trajectcry in
the case vhen lateral tirtst ccopcrent acts in wind direction.
Acccrding to Fig. 11.19

s,=) Ll "2nw,sin ¥; (11. 100)

vosslcos ¥
———
8y

cos ¥, mm (11. 101)

~ -

s
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and swiplementary equaticn
B=9—V,. (11. 102)
Jcr spatial motion with cconstant wind frcs vector equality

(11.88) we will obtain for smcdulus cf velocity

o my(o,—oFHe,—wf—(c,—wF  (11.103)

wvhere o, o,y and w®,w, and w, — frcjecticy of the velocity of
the center of mass of prcjectile and prcjecticr cf wind velocity cn
the axis of the startinc cccrdirate system, ccmkined with the center
cf mass. Upcn consideraticn only of herizcrtal component wind

=Y TSI FETE ). (100

Gcnsidering stable rccket as material joint of variable mass and

taking into account that with wind fcrce vectcr of thrust coincides
with thke airspeed of the center of rass, vwe will obtain the cosines
cf the angles between tle directicr cf airsgeed and the corresponding

axes ¢f the starting systex cf coordirates

e BBy S W% B M (11, 105)
Uy 'r’ % L 9, - O

. auantl
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Fig. 11.19. Schematic of the constructicn ct slip angles during the

yawing motion of rocket in wind directicp.

Eage 463,

Fcr a statically stable fin-stabtilized rocket cp powered flight

trajectory, the system c¢f equations c¢f moticn teking into account

wind will take the fora

;,,=._:iz -—%:'—(v,—-,)Sc,(M,}: -
¢,=AP£~._% (0, — W,) Sc . (M,)— g3 (11. 106) i
(4

. i.,-’_:_'L"—:—":(o,-—ﬂ.)Sc.(_M;). ‘
Curing the study of the zcticn cf the cyrcscopically stable 3
rccket (TRS) on powered flight trajectcry ir the right side of the
last/latter equation of first term the sigr stst be changed by
reverse/inverse: |
b= —

e 2 (g, —w,) Sc, (M) (11.107) !

MU,




'
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Fcr the prcjectile of ccnstent mass, systerxr (11.106) will take the

fors
"’18 _er (v:_‘l)scl(M'):

o= "—("’l—'y)scx(Mr)'"B: (11. 108)

o,= — T (0,— w,) S, (M,).
m -

If we determine the drag through the kallistic coefficient of c

and functicn 'QOre,), then value E in (5.6) wmust te calculated thrcugh

velocity o, i . '
E,=cH.(y) 0 (vw) © (11.109)

Bcr the projectile cf ccnstant sass the system of eyguations,
shich ccnsiders wind effect, can te€ writter in the form cf
cosmon/general/total syster (11.14)

xx= —E,(x—w,) y=—Ey—4p; 2=—E (z—w,). (11.10)

Using (11.104), it is f¢ssille tc cktair

v,-no‘/l - ""‘ 2:}. (11. 111)

shere

s=Vwiw 08 onl)/BFIPTE.

. N e N _ - P e
R, U A . Lk G0 bk atihditiinasthaslion.

[

o ey S A

e el ki

e A n e i
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The velocity of the prcjectiles of ccrstant mass, as a rule, is
ccpsiderably more wind velccity. Fejectsthrcwirc in (11.111) terss
w2/v2 and !%hu lcw in ccmgariscn with unity, e€xpanding simplified
furctica (11.111) in a tincesial series and cisregarding in it the
teras, which contain relaticn to tie frcjecticyp of wind velccity

w; %c the ground speec in larger thar by the first, degree,

fcesible, fcllowing [9], tc clttain

v=v-w, X; ' (11. 112)

G (ve)=GC(vy) [l —w, —’::'—"Jc]; (11. 118)
/@) .

E,=E[l-w, - x]. (11. 114)

shere Jf(w) is determined frecm (11.25).

Eage UE4.

Sukstituting E, in (11.11() and éisregarding the small seccnd-crder

guantities, it is possille tc ottair

k= —EX+E [1+ 16 .'t']-ﬁ
y=—Ey+E .f:'d - —g; (11 115)

5--Eé-qL

Sel4. Account of wind effect on the flight cf the guided missiles.
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¥or the guided missiles ¢t difterent t)pes wind, it is one of
the tasic perturbation factcrs whcse actics is jarried by the control
system, wvhich holds the center of mass cf rccket in the predetersined
trajectcry. Tﬁe deviaticr ¢f projectile frca calculated trajectory
under the effect of wind load is thke ccmpchnent part of the overall
€rxcr for the firing the guided missiles. Mct 8ll types of the
ccptrcl systems parry wind and in certain céses its acticn must be
copsidered by the methcds of rallistics. Dvring preset control only
cr the pitch angles, yaw anc¢ tank the ccntrcl system cannot consider
and parry the deviaticrs ¢f ccordirates x, ) ap¢ z, caused by the
action of wind. Assuming thet the ccntrcl frcvides obtaining the zero
anglesg cf bank and yaw, let us corfrise system cf equations for
determining cf the longitudinal-behavior ctaracteristics of the
rccket at the assigned tilt angle @y (f) anc with rectilinear
bcrizontal displacement /mcvement cf the mastes cf air. As before let
us designate calculated values in relative acticn by index r and froa

{3.56) will have

er
Qg —-;g:.—":--«,l.. (1. 118)

after shich on (3.58) we will ottain

s, e e — )

Gor= 143y, Moy

i ad et A a R i coin A el L
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Fage 4€5.

In the absolute motion

- Sokoy (dp —0) .

. (1i.117)

Cn the smallness of angles accepting

Sin G Whgy  SiNGg, T@g,4 COSBy=ag, =1
and using (3.59), we will cttain tte systes of equations the
lcggitudinal ccntrolled ftlight, which ccnsicers the acticn by

lopgitudinal cosponent cf tite wind

6=P-—X,co‘(0,-0)+ Y, sin (0, —0)
-

gl _ : _ cos®
b mulpao .{r S"‘I(O, 0)+Y,COS(0,—°)] -£ v [
0=0+a, (WA 8=6,-4a,,)

—gsing

(11. 118)

) 08 !

Rl T e LSS
o?

Y'-T'Sc;c.,-)’:c.,.

Hith the tailwind

o=)/Ftel—Tom,coo®; ym=ovsin® x=vcosh (L 119)
Vo= 0,(t) B m=m(t).

and.

Baving longitudinal-tehavior characteristics, yawing motion

taking into account wind car be calculated frcm the separately sclved
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gystes cf equations. On (3.€2), it is pcssille tc write

2z by,

By, = — ‘

i _"0,.01 . 1
(

and further

R L b
T4ey &

Bey = (11. 120)

Curing the writing cf last/latter eguality, it was assumed that the

\ tocket has gas—dynamic ccnticls of flight {(the Jet vanes) and,

i therefcre, ccntrol force apc torgquesmcment tkey do not depend cn the

effect cf wind.

Fage NE€6.

In absolute motion, as tetore

2#‘ " iph, 4
== e - -—-". .
p. St (] i’

|

3 = (=) |
s 14 l}.. ) k

Cn the ssmallness of the angles

sinfy==Bg coshyscoss, = 1; sin by =ber

The first eguation of systes (3.49) tading intc account the action of

crcss %ind will take the fcia

i--—-;-‘—-— ["’4“"4’!']-

1l A 4 i ar aa . aan

X
H

. -
s i i e e e i
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EAGE .«36‘97/0
If there are no any special consideraticns, tte programmed value of

the yaw angle should take ecual tc 2erc and systea of equations

taking into account exrressions fcr fg and [ will be written as

focllows:

o (" {  ¥P - "Q,'rz’
mvcesd |14y, 1R ley

2= -—vcosfsin ¥;

2= Slh =20 (1. 121)

o) FFS= T Y.

Sipce ¢m=0, then in yawing moticn axis of iccket must be moved in

rarallel to itself (Fig. 11.20).

Jaloamne . 8 .an

—

B el TS Y
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Fige 11.20. Flow chart cf tke guided missile ugcn consideration of

the action of cross wind (¥ =20).

Fage d467.

Buring control on coordinates, wind efiect is parried by the
coptrol system. the dynarics of mcticr in the restless atmosphere and
the calculation of the ccrtrcl system fcr wird
disturtance/perturtaticr is examined in the auvutcmation of guided

sissiles [19]), [20].
S.5. Ballistic neutral wind and Ltallistic temperature deflecticn.

Jotroduction into the lallistic calculeticn of the
concrete/specific/actual furcticns ¢f a charge in the temperature and
wigd ¢n heightsaltitude is latcrious prcbles. Each meteorological

redlization requires the incependernt scluticn cf complex system of ﬁ

equatjons. Ccnsiderably the more simply apprcximation methed, which

copeists in obtaining cf tke ccrrecticgs, designed cn differential

’ PR
it mta ittt i ibitiniisk stiiiieinaliai et i itloniticn s
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correating formulas. Tte applicaticr/use cf differential correcting
fcxmulas for determining the ccrrecticns f£ci1 wipd and deviation of
tesgexature cf air from norsal functicn r(y) prcves to be possible,
if we introduce intc calculatico reutral ccrstast according to an
entire trajectory wind and ccnstant deviaticr of temperature. These
ccrstants were called frallistic averace. Ezllistic vwind - w; and
ballistic temperature deflection - ¢, the) sre¢ defined froa the
ccpdition that those catsed by their acticer cf the deviaticn of
isfpact foint will be tke sase as diring the teal
ccpcretesspecific/actual rezlizaticn of a ctance in the wind and
temferature onp heightsaltitvde. If are kpcsr tallistic average, then
tle deviations of impact pcint trcs thcse éeésigpred under ncrmal
meteorclogical conditicns will Le detersineéc according to simple
forsulas. Correcticn irtc distarce fcr tallistic temperature

deflecticn is equal to

u,...‘_;ﬁk,. (11. 122)

Ccrredtion into distance fcir the acticn of lomgitudinal component of

the tallistic wind

“ .
uc..-.;;s .‘.' (ll- 123'
the lateral deviation of isgact pcint from the actioa side component
cf the wind
lc.."'.;f'u' (11. 124)

i i e
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She most theoretically substantiated methcd of calculating the
kallistic average, suitakle for sciertific research works and the
ccptrcl/check of approximaticn methcds, follcws cf the condition
indicated above of their determinaticr. Bor an example let us examine
calculation procedure bty lcrgitudinal ccmgcrent of ballistic wind. On
the data of the undisturkted ncminal trajectcry, we determine firing
distamce gy and ccrrectice factcr tc constant in an entire
trajectcry wisd - —:-:-S-

x

Fage §68.

The determination of correcticn factcr we cérry cut cne of precise
methods, described above. Fcr exasple, Lty tie sclution of the systen

ct equations, which includes ccrstant sind.

Irajectory calculaticn is repeated during the practical
realization of a change Ly wind ccrpcnent ir teightsaltitude, is
deterained .., aad cerrecticn intc distacce.

Wce, ™ Xcw, —%c- (11. 125)
Longitudinal compopeat of teallistic wind fcr a

concrete/specific/actual trejectcry and corcretesspecificzactual wind

fupcticn is equal to

.,,-‘.;'%. (11. 136)
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A similar method can be used fcr deterrsininc siée component of

tallistic wind - w,; end Lallistic tesperatire deflection Oty

Bor a practical work are ajplied mcre idle time, but less
frecise methecd, connected with the determiréticr of the weights of
lagers. For determining thie uweights cf layers agd ballistic the
sedian trajectory it is divided cn heightsaltitude into a series of
layers (usually an equal thickness). Tte tltickness of each layer is
taken depending on trajectcry height frxcm Z2(C tc 800 m, multiple of
100 ms For each of layers, are detersined tie ccrrection factors

) (R0 (),

f X4

First two determine charge in the ccmplete distance with an increase
in the temperature cn 19k ard wind velccities ¢n 1 m/s only in the i
layer. The third correcticn factor determines the lateral deviation
cf the impact point in tke projectile with crces wind 1 m/s cnly in
the i layer. The calculaticr of eack ccrrecticr factor for the i
layer is conducted independently; with a chence in the temfperature or
the account cof wind in the i1 layer ir remairinc layers, is assumed
norsal lav r(y) and deac calm. Fcr e€ach tra-ectcry it is necessary to
ccpduct n of the calculaticrs shere n - mirisus number of whole
layers, in the sum of heightsaltitudes cf wtick is placed the
trajectory height. Ballistic temperature deflection is determined

frce tte equality

Mo e e e
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vhere o —

in the i-th layer from sean temperature in the i~th layer,

by the normal law of a change in tle temperéture on heightsaltitude.

Face 469.

Ballistic temperature deflection

2(_‘:-‘) ™

(11. 128)

The relaticn

=gz~ (1115
©

is called the wveight of the i-th layer accciding to temperature.
Ccpseguently,

u‘-zm,. (11.1%0)

%he calculation of the weights cf layers cf ballistic wind is
hinder/hampered by the fact that wird is vector guantity and can
change sodule/modulus and directiop dependirg cg the number of a

layer. Furthermore, one-tyre rccket and artillery pieces, having the

deviaticr cf concretesspecificsactual mean teaperature

deterained

RERIE 1 WP, Ty
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ident ical weights of layers, will have differecrt ballistic wind
derending on the line of fire. Because cf tiis the calculation of
ballistic wind is conducted for the ccrditicoal line of fire with
z2€ro0 azimuth, i.e., for a directicr in rortk, sith the subsequent
ccavexsion in the real line of fire [18)c Yle line of fire is
deterained by the azimuth cf firing Aa-hy the angle, calculated
clcckuise off direction in rorth refcre directicn in target/purpose.
Azimuth of wipgd A.;—-the angle, calculated also clockwise off
directicn in north to the vector of wind, cirected toward the firing
fositicn (Fig. 11.21). 1ley have plus sign the lcngitudinral wind,
directed tcward target/purgcse (i.€. tailwird), and the cross wind,

shich blows to the right frcm the line cf fire.
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11.21. Azimuth of firing A, and the azisuth of wind Aeg

lig;

Key: (1). North. (2). West., (3). Fast. (4). wind direction. (5). Line

cf fire.

Eage 470.

Acccrding to determinaticn tor the incidentel tallistic wind,

dizected fros north to soutk, it is fossible tc write the equality:
= . ox
kc-," !1 : ( s, )l.(c-mt 3—-5-' . W5 (C-0)»

uhence the lcungitudimal tallistic wind

[ J
W (Ci0) -gh‘,‘ WeC10)is (11.181)
wbere
[ ¥ o~
el [ —E 11. 132)
ot ("x)c/ ou, : (
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- weight of a layer on lcngitudinal ccsponert cf ballistic wind.

The lateral deviation cf frojectile uncer the action wind

ccafonent, which blcws frcm the east tc west, is equal
v oz oz
-:2: —S e —£
Zcw, ( 3 ')l (B=3) § = Fr W3 (3-3).

Hepce side ccmponent the velocities cf the tallistic wind

[ J
'lu-m“zh,: oy, (11.133)
shere )
oz ox
=] —£ s
4-“ ( .'3 ‘.‘ pec

a layer on side component wind velccity.

fthe direction of the action of tallistic wind is determined from

the acgle

(11.134)

. ’.ct. '\' . .

If ballistic wind is directed toward tte firing position from the

fizst fourth, thes A..-g'..; if frcx tke seccnd fourth, then Ay =

e e b

B0°—a,,; if from the third fcurth, tten A  =i4e, and if

from the fourth, as shcwn ir Fig. 11.21, tlen g."q-]w_.__-.q‘,

Bodulus of velocity cf the tallistic wind

O Va, P s R

[ N

Jor the real line cf fire, lcngitudinal and side coamponents of
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tallistic wind are determined frcm tke formulas

Eage 471,

The weights of layers ¢ o, 9w £OX Cne and the same layer it
is various in value and depends on the numkteér cf a layer. If we in
fcrsula (11.127) assume  3,=¥),=...=d,=¥;, then
¢4+ - +9,=1 is analogous

:iﬂig;jggﬁilqﬁ=h

Equaljty to the unit of tke sum cf the weigtts cf layers is testing
the ccrrectness of their calculaticn. Fcr célculating the correcticns
into ccmplete flying rarge fcr wind and deviaticn of temperature in
ccgnection with artillery stells the weight of layers in the first

approximation, can ke desiqred cn cttaired in parabolic theory

fcrauvla (10.16).

Pcr different systems and the trajectcries of one system, the
weight of layers will ke differert ard it mist be calculated
previcusly. During the preparation cf concrete/sgecific/actual
firings at the data of asetecrclcgical Ltullettir are calculated from

layers of deviation gy wc oy, we-ay, after shich are calculated

ballistic temperature deflection and tallistic sind.
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fe €. Aprroximation correcting formulas to lcngitudinal and lateral

ccnstant wind.

The set-forth methcd is develcped for the account of the
separate effect of constant longitudinal an¢ crcsswind on the mcticn
cf the center of mass ct artillery shkell. Vertical component wind

velccities is not ccnsidereda

let us examine first crly axizl mctico. The special
feature/peculiarity of metlcd ccrsists in tle fact that relative
scticn of the center of mass cf projectile is examined in the
coerdinate system, which accomplistes translaticnal motion relative
tc the EBarth in wind direction with its velccity. Complete firing
distance relative tc) (in aksclute mction Earth with longitudinal
tailwird w: is equal to

‘M-‘Of.'.#' . » (11.137)

shere %cr— distance in relative ucticp;

le— total flying time, identical kctb in relative and in

absclute mctions.

Pesignating %¢c— distance in abksclute mction with dead calm,
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we will obtain correcticn fcr the lcamgitudiral wind

(o} o
B T . A
g Wt {11.138)
Fage 47:.

Eifference xo-x, is usually sxall for its determination it is
fossible tc use differential correcting fcraule, bearing in mind that
the trajectory of tke projectile cf ccnstart rass is determined by

values vy, 64 and c

.. 0x
Mgy, = b0, + WG ket we (11199

Pifferences in the initial velocities e¢ndé angles of departure in
aksolute and relative scticrs are egqual to

Wy=v,— 05 W=, —0, (11. 140)

Eifference in the lallistic ccefficients 6c=0.

The relative initial velccity in axial mcticn and the angle of

departire alcng Fig. 11.22 are equal tc¢

o=} FTE—Tam, o0ty (11 141)
ain
- . 11. U2
s, Py ( )
After the determinaticn of basic ccrrecticn factors !f&..%al

and of the time of motic¢n tc along tte deta ct nosinal trajectory,

. S . At Y -

ERERE 2o o V8 S 0N
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it is necessary to calculate W, &, and ¥, %,

; Gcrrection for longitudinal wind will te determined according to

torsula (11.139). For kigk initial velocities it is possible to use

sith gcrmela (1L.112), after replacing im it “xyv by cos 6p; then |
W=~ —w,0e8, (1.8

let us present (11.142) in the fecrs N

w=t fi- 2o
I.
i
§
i
i
)
i
K

o e i i e

i o

s e o
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Pig. 11.22. Schematic of the detersinatioa cf the initial velocity

arné angie of departure in relative plane mcticr under the effect of

copstant tailwind.

Fige 11.23. Schematic cf deterrinaticn cf iritial velocity and angle

cf departure in relative yawing mcticn under etfect cf ccnstant cress i

wird.

Fage #73.

fecompcse/expanding the valte, included intc Ltrackets, in a binomial ‘
series and omitting the memlers of the seccrd ard higher than the !

crder of ssallness, it is fc¢ssible tc cttair: |
!
- el
W, —tgh= 28 _
l
Ccunting approximately

=gt — gt 2,

——— . -
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we will obtain
L )

let us substitute (11.143) ané¢ (11.144) ie (11.139) and after
ccnversions we wil] obtair the appicximaticr ccrrecting formula

“c-,":[‘c - %:"0“ LY +_‘£§. %!]o (11. 45) >

where .%EE it is taker in the dimensicnality m/rad.

fhe lateral deviaticn c¢f the center of mass of projectile under
the action of constant crcss wind ir aksolcte action is equal
z,, =z, 494 ' (11. M6)
In the system of coordinates O, drivipg/scving with the speed L]
cf crcss wind in the directiocn of its acticr, thke velocity of the
center cf mass of projectile is equal tc
=

C€n Fig. 11.23 u—ﬂﬁ. i

cr.

v.-c.‘/;l-j—('—:)'. C (LMD

Fer hjgh initial velocities (!‘,)".1. ]

Syfue, and doym:0.
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¥rcm the same figure 11.23

o sie )
- - N (‘l. 48
1?!. et ) ';7:ir=1a!-
- ;a;;;b

for relatively low argles of departure ané large vy can be
ccunted {gl,~ighy and &6,=0. With the adopted assumptions lateral
deviaticn & is detersined by the rctaticr cf trajectory plame of

relative motion relative to the systes cf ccordinates 02, around }}

axis g to angle ¥,  and then for am isjact point !

=—xolg ¥, = — ol (11. 149)

Face 874,

The lateral deviaticn cf prcjectile of relatively terrestrial
starting coordinates for current fcint in tie trajectory with respect

to (11.146) is egual

Y S LA, . 150
Zg, =Wt ey s (11. 150
and fcr an ispact point
X
Zco, ™, (tc— T LSy
Let us note that value ftgV¥, ==—=t is cttained without the

o C08 & _
acccunt longitudinal cospcnent wind velccity. 1f we consider

lcpagitudinal component cft wind, ther

-A— .
WY, = i (11.152)
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As a result of the made simplificatioms ir formula (11.145) and
(Y1.1%1) give noticeable ertcrs at the low initial velocities and the
large angles of departure. Acceptalle results can be obtained cn

(11.145) and (11.151) with vg>250 »/s and 6¢<459,

§6. Determination of ccrrections during the calculation c¢cf comflex

trajectories.

Ccaplex trajectories are subdivided irtc the individual secticns
vhich are distinguished by the character ot effect on rocket flight
and projectiles of the lasic and perturtaticn fcwer factors. Fcr
example, under the effect cf cross wind on the ective-reactive
statically stable unrotated mine it will twice change the direction
cf yawing motion (Fig. 11.24). On the first inactive leg, the mine
will be moved in wind directicn, cp the seccnd section (active) the
yaving moticn of mine will te directed agairst wind and on tke third
section (seccnd passive) tle aine will Le acair soved in the
directicn ¢f cross sind. Value and tle sigr cf érift of rocket frows

plane of reference of firinc cn the first ard second sections g and’

&,
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Pig. 11.28. Schematic of the lateral displacemert/movement of

active-reactive mine uncer the eftect c¢f cr¢ss wvind.
Fage 475.

For each of the secticrs cf the mcticn characteristic of rocket, they
are determined by the initial conditicans: the ccordinates of
transiticn point tc the changed character ¢t mction, by the sense cf
tte vector of speed and ty the scdilvs cf velccity of the center of
sass at the mcment cf transfer /transition. lurttermore, for each of
the sections acts its system of forces. Phe inertia froperties cf
rcckes (projectile) detecrire ssccth transiticr from one section to
the nesxt; the horizcntal prcjectior cf trazectcry in Fig. 11.24 does
noct have acute angles, and the maximsus values 2z, and z, do not
ccrrespond to the pcints of the replacesent cf the systea of forces,

i.€e., to points N and XK cn elevaticr.
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Coordinate definiticn ¢f the e€nd pcints ctf complex trajectories
- the fpcint of shell burst svith antiaircraft fire and of the impact
fcint in the projectile withk ccntact firing - it is possible tc
copduct in the manner that this was descrite¢d alove. Systems of
egwatijcns for each cf tle secticrs aitst include Lasic forces and the
ferturtaticn factors whcse effect c¢cn tte results of firing is assumed
tc establishs/install. Mcticn characteristics at the end point of the
freceding/previous secticn will be initial ccrditions for that

follow.

Buring the use of cifferential ccrrecting foramulas, the
ccrrection factors aust te determired separetely for each cf the
sections; the obtained ccrrecticns sust sukseguently be summarized
taking into account their signs. It is necessary to keep in sind that
the method of differential correcting fcrstlas in application to
ccsplex trajectories is nct considered transiert processes frowm cne
secticn to the next. It is assumed that the new system of forces
issediately, without t:ansignt process, charces thbe direction cf the
soctica of the center of mass of rocket cr frcjectile. Upon this
settimg smcoth curve of thke hcrizcrtal grojecticn of trajectory in
fig. 17.24 will be converted into krcken lire with salient points at
the end/leads of the secticrs., Let us examite, for an example, the
calculation of the lateral ceviaticn of the imfpact point in the

snguided rccket from plane <¢f reference of firirg under the effect of
ccystant cross wind (Pig. 11.29).

1.3
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fig. 11.25. Circuit of lateral displacesent cf frojectile of constant

sass under acticn cf crcss vind.

i Key: (1)« Impact point. (2). Plane cf refer¢nce of casting. (3). b

L

firing gposition.

Fage #476.

Pciat iﬁu.é;tojoction cf tte point cf the eénd/lead of povered flight
trajestory om horizontal plane. Distance frcs gcint K, oa the

projedtion of the plane ¢t casting cr hcrizcntal plane (line of fire)
- §se Lot us designate through zox— deviatica cf the imgact poiat im ﬁ
the psojectile from the lim¢ of fire, deterarine¢ by deviation U The

INEAFIIE QIR SR

N
!
j
t
A




DoC = 78107116 ERGE —5?/C?Lfo

lateral displacement of frojectile, determined Lty the deviation of
velccjty vector of angle 8%y im hcrizcrtal jlare, let us designate -
200 The lateral displacement of prciectile, determined by the
deviaticn cf velocity scdulus, let ts desigrate through z,, and the
lateral displacement of projectile, determired ty the effact of wind,
let us designate Zce, Por the case when the deviation of determining

jaraneters ¥, >0, 42, <0; 80,<0 and w,<B6, in écccrdance with Fig. 11.25

we cbtain the total lateral deviatice

Zom= — 2o — 2oV, —Zce, +Zce,: (11. 153)

Gtilizing a differential ccrrectinc fcrmula, we will obtain
oz oz oz oz,
-ty — S ——C -
zc 7o Oz_, . W, o w, + W, (ll.Al&)

Ccrrections for wind w, ané¢ for a change ir tlte¢ velocity at the end
cf the operation of engine &vy are determired bty one of previously

exasined methods.

Nith the adopted assumptiocns the devietics gg, will lead tc
equivalent displacement relative tc axis Ox cf the projection of an

entire trajectory cn hcrizcrtal plane, i.e€.,

oy

“' R o - 'r:. .
-1 AnD ;;;ég"h' 1

Ccrreation factor fcr a charge in the angle 8%y will be deterained

frcm gecmetric consideraticns. Let the velccity vector of &, Le ’
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deflected frcm the glane, perallel to flane ¢f reference of firing

and passing through pcirt K, by angle j!gﬁ(in irtclined plane); then

Frcs Big. 11.25

Here Lg— length of inactive leg when ]ﬁhﬁﬂ. Cn the smallness of

angle, it is possille tc accept IMOWamsWy ab¢ then

Fage 477,

Let us examine the prccedure cf tte calculation of the
ccrrections, which consider the curvature ct tte karth. For the

spherjcal model of the Fartlhk ir the certral gravitational field of

the plane cf two trajectcries, agitated ané nct disturbed, they

comprise the dihedral angle whose
center c¢f the Earth. The¢ value cf
by the lateral deviaticr cf point

calculated end/lead of the engine

fin/edge traverses the conditional
citedzal éngle will be determined
kK cf value pz, Let us dJesignate the

cperatice with poinmt K,  the real

-
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end/lead of the engine cfperétion - ky a poirt K. The projections of

foints K, and of K on the surface of tle sjhterical model of tbhe
Earth let us designate'ké and Kg; resrectivel), impact points let us
desigmate C, and C. The finsedge cf dihecéral anyle is lccated fronm
the radius-vectors, which ccnnect foints K, ané K: with the
ccrditicnal center of tte Eerth, cp angle w/2. It is obvious, Sexve
& as this was obtainec¢ earlier fcr lcw firinc distances with the
ncgintersecting planes lasic ard tkat acitated cf trajectories. let
us designate in Fige. 11.2€ intersecticn of tte fin/edge cf dihedral
angle with the surface cf tte Eartt Lty foint - a. It ve do not
ccrsider the difference betveen #¢x at beicit/altitude g, and g, on
the swrface of the Earth, tlen it is fossiltle tc use similar
spberical triangles (yaC and KapK, Fres spterical trigonometry

s X TR

Bg =5, 0089}
and, swhich means, that
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Pig.All.ZG. Lateral displaecement ot the prcsectile of constant mass i

s.» d6pending on the lateral lirear deflecticy cf initial fpoint 8

Fig. 11.27. Lateral disflacesment cf frcjectile cf constant mass Zcv,

derending cn lateral angular deflecticn of velccity vector oV..

Fage 478.

kith the lcw range angle

oozl gad 2, wle,

In the fparticular case, wken Q_.;_' 2¢c«=0.

Let us examine correction for angular ceflection [} /™ with the
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srherical model of the Farth. In Fig. 11.27 sides of spherical

triangle (K, and CK, are prcjections cgy the surface trajectories of
calculated and disturbed Earth. The lateral deviation of iapact point
frce trajectcry plame, passing thrcugh foints K and C,, determined by

angular deflection @W¥, we will ottsin from spberical triangle (CpK;C

R 8in 2¢ o’c :
zcv = by "”’ﬂ'- w.. (11. 159)

The correcticn factor

S Rasad (11. 360)
P el _

Tte great value correcticn e, will have with range angle W=
'. - - - ]
3 vith distance 2=2n the correcticn will Lecome equal to zero.

With short distances Mazi’- and then ve will obtain already

krcwn to us formula (11.1%¢).
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Chapte: LII.

Iéitial conditions cf stot.

Type and the designaticn/purpcse cf rccket or projectile, their
ccpstruction, aerodynaric ard kallistic daté, tlke constructicn cf
frcjectile installation arc¢ setecrclcgical ccnditions, by which is
copducted the firing, detersine the initial ccréitions of shot for
the assigned distance. Cf thke unquided rockets and projectiles,

initial copditions lay cut cf trajectcry.

the characteristics of the spetial mcticn cf the unguided rocket
can be detersined, after sclvirg systex of eguations, obtained fromnm
equaticns (3.7)-(3.12), and (3.14)~-(3.23), éftexr placing in thesn

equal to zerc control fcrces and tcrgue/momerts.

After simplificaticns the system will take the form

S~
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'—(P -4\'+Q:B i-—(P,.+Y'+Q,.).
L oo - —— (P..+z~; : w:», .
-’:.50.4‘(-’:.—1,, )o,..,.azM,‘

Loy, e =T 00, = 3 My

A-h.g.. +(J,,—l,,)-,k:,‘_2 M
"'"‘**“"”‘f"&“ﬁ‘ " o : (2.1

KN r“‘
B

é """- (wy, Cﬂ?"ﬂgm'ﬂ

3 ;39&.—1:0(-.0037—«%7).
a'-nnicoscws9+cq30(sinacosvc+
+°°“Mdﬂ‘1cﬁ "*
SORD oM 9 00y W (st Do 9
SNy 1
coshlnv—slnyccospeosi—slnpdnl: )

—’--ueos.eos!’; —l-svsln [
o & (12.1)

¢
f:-‘i.a —gcosfsin ¥; m-"l.—5|".'|“-

Fage 4€0.

Bcr the solution of the written systes, it is necessary tc kncw

the ieitial values of tke fcllcwing valtes: the initial value of mass
mg; the imitial values cf the moments cf irertia Jew Ioer Jres the
initial values of all fcrces and tcrquesmcaents, writtem in right

Fart cne of six equaticns cf systesm. Furtherscre, it is mecessary to

kngv the initial values of fifteen scticn clarecteristics s Bo
o, X, Yo 230 On P You G0, Bov VCoo Oapee Opee B,
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Jf we instead cf equaticans (3.14)-(3.1€) etilize three equaticns
(3.13), then instead of e;,%, and %, it is pecessary to knov
8, ¥,38d y, The enumerated initial ccrditicrs avst be determined for
the torque/moment cf the lcss of tight coupling of the unguided
rocket with projectile installaticrn. Fcr determining the effect of
scattering initial conditicns for scatterinc of trajectories (or
impact points) it is necessary tc kpcw the stockastic characteristics
of the named initial values. The scluticn c¢if assiyned mission
regresents great difficulties; therefore tle ettect of initial
ccpditions for the results cf tiring is estirated in the simplified

setting with cne or the ctker assumfpticrs,

Effect on the firirg distance cf deviaticrs from computed values
cf the initial angle of departure, cf iritiel velocity and
meteorclogical conditicrs is ccnsidered with the aid of correcting
fcregulas and is examined in chapter XI. Let us tere show the effect
cf the design features ¢f frojectile installaticn on the formation cf

tke initial conditicns c¢f firirg.
A change in the initial conditicns of shot can occur because of:

a) the motion of the carrier cf arnamept;

Y < vt
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b) the oscillation/vikraticn cf tlte carrier of armament and
strictly projectile installeticpn as a result cf the elastic

[rcgerties of constructices;

c) the loss of the axiel aligneent of 1ccket and launching racks

with the descent of rocket frcs guidesy

d) the effect of gas flows, which is eaxhikited with the descent
cf the rocket from launcher or cn leaving ¢t tle gprojectile of

artillery instrument frcr Lcre.

Fage &81.

§1. Effect of the mcticr cf tite carrier of ermament on the initial b

ccpditions of shot.

The motion of the carrier of arsasent és sclid body can be
divided into the displacement/zovesent of its center of mass and
oscillation/vibraticn relative tc the center of mass. The
displacesent/movement of the center cf rass is detecrained by twc
scticas - by basic aoticn ct the carrier of arsament under the action

cf motcrs and the oscillatciy moticn cf the center of mass under the
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effect of environmental disturtances (fcr exasple, the orbital

tcseing of ship, caused sea rating).

the oscillaticn/vikraticns of the carrier cf armament relative
toc the center of mass, Lty aralcgy sith the tcssing of ship, it is
foesible tc divide into the rclling sction - rclling of carrier
around its loangitudinal axis; keel tcssing - fluctuation of carrier

cf ite relatively vertical exis.

The total imitial velccity of projectile ir earth-based
cccrdinate system withoutt tlke account of tke rctational effect of the

Earth is equal to
Po=Por+Uat¥,y (12.2)

where F,— velocity of prcjectile of relatively projectile
installation at the moment cf the lcss cf tight coupling with guides
Ly the latter (for the fprcjectile cf artillery instrument - auzzle

velocity):

§s— a speed of runnirg cf tke carriezr of arsament (ship, tank,

aircraft);

¥x— the supplemertary initial velocity, caused by

envirgasental disturktance, in which mcves tie carrier (for exawple,

e i et ikt
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the tossing of ship-launch wvehicle).

The greatest difficulties are encountered during determination

¥y. If vwe do not consider the effect of mecius 2nd to equate vy=0, then
the value of the velocity cf rccket (prcjectile) in module/modulus
and direction in earth-lasec cccrdipate systes will be detersined by
fcllowing manner. let us jcin the lLeginpinc ¢f earth-based coordinate
systea with the center cf mass of launch velicle and it is directed
axis CGx3 then so that it wcutld ccircide witt the velocity vector ¥s
(Fige 12.1). The sense cf tle vectcr cf the velccity of the motiom of
the center of mass of prcjectile relative to lauvach vehicle #s» let
us assign Ly angle of departure in relative sctican @, aad by the
heading/course angle of firing gse. 1beém, Lecriszg in mind that U —
trapslational speed, we will obtain fcr the prc-ecticns of the speed
cf projectile on the axis ct earth-tased cccrdirate system the
fcllcuing expressioas:

,ufgi;‘g‘g ' (12.3)

= =W 4,

e —y———
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Pig. 12.1. Heading/course angle, tke ipitial velocity and angle of

derarture, oktained taking irtc acccirt the velccity of carrier.
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Fage 882.

Mcdules of velocity of rrojectile im tke alksclute motion

wmy TIFL,

Substjtuting equalities (12.3), we will oltezin after the conversions:

=
V=0, ‘/l+2il-cosl.eos¢,,+i. (12.4)
Beading/course angle of firing in the aksolite sction
== %“n fre
% “t‘( Vor 608 bor €08 7  + 0% (12:5)
Mngle cf depaxture in the alksclute scticn
o.-mcos(-!“"ﬁ?"""!-} (12.6)
Oy 608 ¢,

Three Last/latter forsulas are cbtaimec¢ cm the assuamption that

[rcjectile - material pcint.

¥cr determining initial missile attituce (rocket) relative to
the Barth it is necessary tc consider the etfect of the

cscillation/vibraticns c¢f tlte carrier cf arsamert and launcher.

Bet us examine the effect of the cscillaticu/vibrations of

lasnch vehicle relative tc the center ¢f mass cy a change in the
paraseters of the scticm cf rocket at descert from laumching rack. We
utilige five systems of ccordinates (Pig. 1:..2). The

oscillatioa/vibraticn cf tbe carrier cf arsasest let us exasine

relative to earth-ltased cccrdinate systen 0,142,

L

P LT X .
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Fage 82,

B

Fig. 12.2. Coordinate s)stes for case of missile takeoff frca

unstabilized launcher of drivingsmcving carrijer.
Fage HE3.

The origin of coordinate system  OuXayuZs, is rigid, conmnected with
caxrier, let us place in tke center cf sases cf carrier O The
rtctaticn of the system cf ccordinates pufarclative to system X342,
let us define that as usuval, by three argles: in horizontal plane -
Ly aanjle ¥». in vertical flane - by angle & lsteral rotation
relative to axis O, ~ Ly angle v In the center of oscillaticn of
lawncher 0, let us place tle reginning of twc cocordinate systews:
the systems of coordinates OnXeyu?u: cf the rigidly connected with

carrier, and system of cccrdinates UpXaysnzs, ccnnected with
launcher.

-3
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the axes of coordirates Xs¥m?3, are ccllitear to axes Xaladn
The rotaticn of launcher relative tc carrier ig determined by two
argles: by the heading/cotrse angle cf firirg @rc - betveen axes Oux™
and Os%», and the angle o» those determining the slopesinclinaticn cf
lawncher to the plane of axes Onts, ard OsXa, k) rigidly connected with
carrier. The fifth coordinate system is the systeam O0,x,y,2,,
ccnnected with rocket at the mcment cf its cescent with guides; the

axis 0,x, of this system ccincides with the line of fire.

Tte pitch angles, yaw and kack c¢f rocket at the moment of the
lcss cf tight coupling with the guides cf tie pcnstabilized launcher
cap be determined fcr twec pe¢siticns ¢f the laupch vehicle: at the
zerc values of the angles cf rotatice of the system of coordinates
Guhhmn connected with Jaurch vehicle, relative to terrestrial systen
(Pa=gu=yy=0) and for the argles of rctaticr, different frcm zerc
(i.€. for the case Puvk0, @0 and wvw90). (ifferences in the values
cf the pitch angles, yaw and rtank cf rocket, determined for the named
tvc positicns of rccket carrier, will detersine the effect of the
cscillation/vibraticn of carrier cn & change in the angles, which

determine the position cf rccket cf relatively ground coordinates.

If vwe dc not considexr the elastic vibraticns of the

i tida e e

e e e r——r—— T
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ccanstructicns of launch vehicle and cf launcher and
disturkance/perturtaticns cf rocket at the mcment of its descent fron
guides, then, by using the table cf transfer ccsines from earth-based
cccrdinate system tc the cccrdinate system, ccnpected with rocket
carrier (by table, similar z.3d), we will citair equations for
detersining the deviaticns c¢f the fpitch angles, yaw and bank of
rocket at the amcment of start deperding on the angles of the

viktration cf launch vehiclea

Ber case Yamgm=w=0 and the adcptec Ly uvs assumptions at the

scment cf the descent cf rccket frca guides, let us, obviously, have

WegnYo=q. (from directicn @s) and ;3 = (.

In other case, when v 9u¥0 apd yavk0, the rocket will descend
frcs guides at angles W& and y. Ccaparing, as this made V. P.

Kazakovtsev [ 18], cell/elements of transiticn at the moment of the

start ¢f rocket frcm the system of cccrdianates 00‘:!’85 toc systes ]
0343:;742; OD angles enY and e is direct from terrestrial
systes 04 x5 32, to systes O0,;x,y;2;, ¢ agcles ¥¢ and 7, ve will

cbtaia equations for determining tke deviaticne of the pitch angles,

8 "

yav and Ltank of rocket deperding c¢r thke ancles c¢f the vibration of

rccket carrier [18 ]a

!
Fage 4E4, j
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Accepting, as a result of the ssallness of angles,

Sin ¢.=¢.| Sin ,.=’.' Sin YI=YI'

cos ¢, ==C0s §,=C0s Yy=1,

we will obtain

3 ’ — .—1‘-m'rc+1.“ﬁ+‘iﬂ"c — .
! o mtg_ 08 ¢r ¢ — ¥u 1€ ¥a + Yy 8i0 gy ¢ ] o (12.7)

Ad=arcsin [p, cos ¢, . cOS , +sin g, —y, cos ¢, sin g, J—.; (12.8)

ay=arctg [ - ’;l.gq”'*"' . (12.9)
L Py 5in @, — 60'1’:: — Y 8ine, i8¢,

The projections of the angular velccity vector of the rotation
cf launch vehicle of relatively earth-lase¢ cccrdinate systes cn the
ccpnected with it coordinate axes, similar (3.13), will be written in

this fcram:

o, ,=¥,8in ¢, Ly, (12.10)
®, =, COS ¢, COS y,+¢,8iny; (12.11)
«, = —%, C0s 9, sin v, +§, 08 Y. 112, 12)

Since we consider laurch vehicle and lzuncier as rigid and
tigidly connected tkcdies, tlen it is cbviots that the vector of the
irstantaneous angular velccity cf launching racks will ccincide with

the vector of the instantanecus angular velccity of launch vehicle.

If ve introduce tle assumpticr that tke rccket during motion 4
alcrg launching racks ccmpletely receives tke zrgular displacemxents
ot guides, which ccrresjcnds tc the stiffering jocint between thenm,
then the vector of the instantanecous angular velocity of rocket will 1

Le equal to the vector cf tle irstantaneous amgular velocity of

guides. On the basis of the aforesaid, it is pcasible to easily find




.

DCC = 78107117 PAGE /767

the pxcjecticn of the vector of the instantenecus angular velocity of
rccket, caused by the mcticr cf launch vehicle, cn the axis of the
connected with rocket systex of cocrdinates Cyx,y,25. Taking into
acccunt dependence (12.10), (1Z.11) and (12.12), and also the
directicn cosines of passage from the systes of coordinates UsfaisZa

to the systes of coordirates 0,x,y,2,, let t£ have
o, m=e,,0089,008 ¢, Fuy, sin e, 4e,,co8p,8in ¢,3 (12.13)
0y, = — 0, SIN 9, CO5 ¢, .0y , COS Py — 0, . 8iN ¢, 5in g .{ (12. 14)
o= — 0, , 300, +,,008 . - S {1

The obtained equaticns make it fossible tc determine the angular
velccjities of rocket at tke nmcment cf start frce the nonstabilized
launcher of the oscillating launch vehicle (without the acccunt of

disturktance/perturbaticns with descent).
Fage 485,

Let us exanine the disturlance/perturteticns of rocket with
descert from the directing¢ statilized launchker, caused only by the
scticn of launch vehicle. Tle autcmatic macitine of the angular
stabilization of launcher prcvides ttke constancy of the angular
fcsitjcn of the guides with rocket in space. Hcuwever, the rocket will
have the initial disturltarces alcng the pcsiticg of the center of
sass and rate of motion witk start, determired ty the motion of
launch vehicle, by the ncnurifcrmity cf covise and by the orbital

tcssing of its center of mass and ky tle vilraticn of carrier

JURIC R ¥ Soe

-




L ket

poc = 78107117 EZGE '8”95?

relatjive to the center of mass. The necessary cccrdinate systems are
shcwn cn Pig. 12.3. Fixed (terrestrial) c<ccrdinates let us
designate Oyx3y3zy tte ccordinates, rigic¢ly ccnnected with launch
vehicle, 1e€ us designate as before Osubn?a. Let us introduce with the
support systems of coorcéinates OuXm¥mZm, Ou¥polipe?s 204 UotX gu¥anzae,

axis of which is directed ccllinearly agprcjiriate by the axes cf
tasic earth-ltased ccordirate systens, ard beginring let us place: O

- tc the center of mass of launch veticle; 0y - to the conditionmal
center of oscillaticn cf launcher; 0o - tC tte center of mass cf

rccket at the mcment of its descent frce latncting rack.

The axes of the system of cocrdinates Ouiuias are turned
relatjve to the system cf cccrdinates Ok o on 2 at angles ¢ %= and
ve, the determining vikraticns of the carrier c¢f armament relative to
the center of mass. Let us intrcduce abcther cccrdinate system whose
teginning let us place into tke pcint Oo  ct the position of the

center c¢f mass of rocket at the mcment cf its descent from guides.

Sdaiia s,

£ fanis
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Fig. 12.3. Coordinate systes for the casse tie stria of rocket frcs

the stakilized launcher.

Fage UE6.

Axis Wgmg is directed alcng axis ¢f rocket with its descent fros
guides, axisQupe it is arranged ir rance plene, vhile axis OceZoo will

supplement system to right, Sirce launchter is stabilized, the with

the adcrted assumptiom directicn of the axes cf the systea of
cocrdinates b«#&vuﬂw is ccnsteagtpinvariaktle in space and range
| plane coincides with coordinate plane  OceXcobos. . The initial angle

cf the line of fire and the anyle cf elevaticn ¢f launching racks let

P

us designate through w ard ¢, (Fig. 12.3). Without examining the

disturktance/perturtation of the rocket witl descent froa guides, let
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us ccnsider that imitial pitch angle 9y5=¢,. Frcs the center cf base
grcund coordinates 0, let us ccnduct grourc cccrdinates OmXsedzelse

cf axjs of which it is cirected ccllinearly tc axes OcofoalosZes.
Furthezmore, in Pig. 12.3 it is sarked: 7 - radius-vector, carried
cut frcm peint 03 (conditicnally selected &erd fixed on the Earth) to
tbe cepnter of mass ¢f launclt vehicle; F- - radius-vector, carried
cut fxca the center of gmass of launch vehicle tc the conditional
center of oscillaticn cf launcher (I1IsKPU): 7 - - radius-vector,
carried out from the center of oscillation c¢f launcher into the

pcirt,; occupied by the center cf sass ¢f rccket at the moment of its

descent from guides. In the prccess c¢f sovicg the carrier cf arrament
7y it changes in module/mccéulus ard directics, # - changes only in
the djrecticn, ?, is constart in tlte value (it we do not consider
scattering the time of the moticn cf rccket alcrng guides tc the loss
with them of power interacticn) anc¢ dces nct change its direction in

Space.

Let us designate: 5, - velocity vectcr of the center of wsass cf

the rocket (relative to the Earth) et the wmcmert of its descent frcam

guides with the driving/mcvirg carrier; vg - velccity vector of the
! rccket at the moment of descent frcop cuides witt fixed carrier (i.e.
1 relative tc earth-based cccrdinate system) ; Vey Vpyye Yy - Frojection

Uy 08 the axis of earth-Lased coordinate systes Oy mety.




pec = 78107117

FE2GE 5&”7é/

fhe deviations of the velocity cf rocket, determinad Ly the

motica of carrier, will te €gqual tc

“q."ﬂu;—‘u ‘mh-.‘qhi"Aqﬁﬂ?’hﬁ_Q$zd”)
since ?, it is directed alcrg the axis OuXe collinear azxis

Oaeer-

Op Pig., 12.3 taking into accocunt the stipulated conditions
U=(0,+a0) + (o X (ro +r)] +0 (1217
Here j, - velocity of the undisturked soticn cf the center of mass

cf caxrier;

APy ~ additive velocity cf the fcrward soticn cf the center of mass

cf casxrier, caused by the ncnunitormity of its wmotiong

- - angular velocity vectcr of tte rctary soticn of carrier of its

relatjvely center cf mass.

Radius-vector r,, as value low in comgériscn with a radius /s

stbsequently consider we will nct.

Fage 4€7.

It is consistent axzis O, with velccit)y vector #s then

- -
U, == Oy

prn
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It is expressed additiocral velccity AFx thrcugl projecticas on the
axis of earth-based coordinate systes

89, = X353+ pgpe -+ Sp%s.
Here X, ys, Z;» - the f[rojection cf vector 89, cn the axis of
cearth-tased coordinate systea 0;‘;0.8;3 3.73.?3 - the unit vectcrs cf

grcund coordinates.

Ncw let us rewrite (12,17)

Ope =0, +%5) X3+ yaps + 2520 +

—;v .TI:' ;:
o By @, o]+ To¥o0e (12.18)
ne y.’ zl .
HEX@ (rn Gym W:x ~— ELOJjECticn @ cn tle axis cf the systes of

ccqordipates OnXa¥n?s: X ¥Yn, 2« - projectioyp Px cn the axis of the systen

cf coprdinatesOurayszs; Xu yu 2« ~— theé ccrrespcndirg unit vectors.

Utilizing cosines cf tle angles cf dbrarsfer/transition (rg) from
the axes of system GgXy32; to axes OpXge¥mZn: 2nd also the cosines
cf the angles éf transfer/transiticr frcm tte aizes of the system of
cccrdinates OutufaZa to the system cf cccrdirates OmSmymis (By)., ve
will obtain the projecticns of vector equality (12.18) on the axis of
cccrdirates OmXmFunTadhn)

- e mr———————
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gy == (O +55) e + gt + Foftu+- (R L= W) B+ | (12.19)
(- :Izl)*.+(.llyl-¢”l‘x.)k.’ )
Oy = (0, k3) iy T liaa + Etes +-{OeBe = % bi) b+

AW, Xy 0 Tl Wy 5o b
After substituting (12.19) intc egquaticns (12.76), let us have
; ey Wy = {8 Wﬂn$m+--.s
2 m,aeo,,e(o,-i-z.}n, T Tl (12.20)
800 0y = (R Mg P

Cosplete writing of equaticns (12.20) at ti¢ crened values of

transfer cosines % and &y is sutficiently bulky.

Fage 4E&8.

, Fclloweing V. P. Kazakovtsev, it is siwplified tlkem [18]). In viev of
. the ssallness of the ancles cf the vikraticr of carrier ¥w®mW
| screover

sin ¢, =¢,: sing, =93 siny, =y,

and

m’.zm!.zmv.zl.

let s diszegard the prcducts of lcw values singesingu~0; and sin ¢y sin y,
¢f so forth. The projecticas of the vector c¢f the instantaneous

angular velocity of carrier we take ip the fors

Y TR 8 R,

i,
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Taking into account the naned assuspticns let us write (12.20) in
abbreviated foram [ 18)

Av, =(0,+ y) O3 8,008 445 8in 84+ 24 cOs ¥, sin 4
+$, (2, cos 8, cos §,— x, cos 8, sin $,) 4
+?.|| (x, sin 8,— y, cos &, cos §,) +
+¥, (4« €OS 8, sin §o— 2, sin 8,);
89,,=—(v, +x;) sin 8, cos g+ y5 cos §,—
‘ — Zy sin By sin ¢+, (x, sin 8, sin ¢, — z, sin 8, cos &)+
| +#. (x, cos 8,+-y, sin 8, cos ¢,) —
~ Va(yn 5in 8,in 9+ 2, cos by
AV = — (v, +x5) sin g, +23€08 §—$u (%, cOs ¢, +

(12.21)

+2, 310 %) 49, g $in dy+ Yoy, 08 .
in the writtea equations of valueos, Wwand #;, are constant and do not

depend cn time. Variable values will te: tle fFrcjections of

additjcnal speed 2,3, ¥5. %, the argles of rctation of carrier -
o Pu Yu;'
A e angular velocities ¢f the rotation cf cerrier of its

relatjvely center cf mass.

We will obtain changes in the mcdulus cf velocity, angles of
attack and slip, determined Ly the mcticn ¢t cazrrier at the moment cf
the descent cf rocket frcs the directing stetilized lauacher. lLet us
ccgsider that at the mcuent of the descent ct rccket from control
surface of its syametry will be vertical and ccincides with the plane

of eagth-based coordinate systens, detersinec by axes Onipw and 0 30%se .

e i eme e n e e ——'——W
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Luring the motion of carrier, the axis cf rccket at the soment of its
desceat from guides will ccincide in tte directiom with axes 0gp%y
and Owpx, a vectcr a the tctal velccity cf rccket ¥y will be
deflected frca the axis of rocket (Fige 12.4). Line O, B -

projection ¥, on the plane of the symsetry c¢f rocket.

Fage 489,

Angle cf attack is defined as angle letweep the frojection of

e e e

velocity vector on the flane of syssmetry agd the axis of rocket;

ey

angle c¢f slig - as angle Letween vectcrs of speed and its projection

¢cn the flane of vertical symmetry. On Flig. 12.8 at the positive

gt et NP

values of thcse cosposirg velocities AV, AU, 49, we will obtain a
fcsitive value of a change in the angle of attack Aag. In accordance
with BPig. 12.4

Mo

sin (A&)-m‘ ’ .

A'I'
AB,=~=arcsin -ﬁT; 12. 22
Vvt + Mot My, (%)

*
w+bv,y,

A-.--ct(-T‘_'-._!:— ) (12.28)
' )
4 change of the modulus of velocity of rocket at the moment of

either

cr

desceat from guides, caused by the scticn ¢t launch vehicle, we will
chtaias on the following dependeace:
in=op—w=l/ (ST A FFa_Favl - (12,90
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§2. Motion of rockets alcng launchipg racks.

6ne of the most widely used trigger circuits of the rcckets of
lcw ané average distance is tle sclematic ¢f missile takeoff fron
launching rack. There are differences in tle character of the soticn

ct roeket alcpg the guides éependipg ¢n the sisultaneity of the

descent of the tags of rccket from guides. L€t ts examine first the

case c¢f moving the rocket swith the sisultanects descent of tags.

Basic forces and tte tcrgquesmcxents, shich act on the rocket

during its mction alony guides, shcwn ¢n Fig. 12.5.

L. .
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rige. 12.4. Changes in thke angles of attack and slip, determined by

the mcticn of carrier.

Fage 430.

Cn rocket acts thrust P, lcrgitudiral X, arc¢ ncimal Y; aercdynasmic
fcxces, longitudinal X, ard normal ¥, gas-dynaaic forces,
gravitatiomal force Mg, ncrsal reacticpys Fri, Fer  and frictional force
Fyy, Fsy. in the tags. On figuire is alsc showr the starting system of
coardjnates Oxpyo and tke system of cocrdinates Oefays The beginning
of this cocrdinate system {foint @, ccincides with the imitial
poesiticn cf the center of mass of rocket prior to start. Axis
coincjdes with axis of rccket ard tc parallel guides: axis Owas is
fergendicular to axis Owta ard lie/rests at the longitudinal plane of

the sysmetry of rocket.

Will write the equaticns cf mcticn of i1ccket along the guides in

e

-

e T i A B e g o s e e
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the systea of coordinates Oppyy shich we we ccnsider fixed; in this
case, let us consider launcter aksclutely rigi¢ tody with rectilinear
guides. Also let us consider that the cleareznces between the tags of
rocket and guides are egqual to zeroc. Tkea

P ﬂI-P—-x"{-xn—’-‘—F.m“’ LY

"’”"-Y,+v,.+m+r~.—mgms-.=-o

I =M, +Al..,+F,j,—f~i,-f.

Equality zerc second and third equaticpys of systea (12.25) is caused
Ly the introduced assuapticibs. In this fors these equations make it

possille tc determine pcwer lcad cr the tags cf rocket,

Buring the motion ¢f rccket alcnqg the cper guides of the value
cf axial aerodymamic and gas-dynasic forces, ar¢ lowvw in cosparison
with thrust. So are small frictional forces. Tlerefore during the
calculation of the undisturted scticn cf rccket along launching
racksy it is possible these forces tc disrecaré. The second and third

egquaticns of system (12.2z5) are actually tke equations of relation,

tet npot by eguations of mcticn.
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Pig. 12.5. Circuit of tbe fcrces, which act c¢an the rocket during its

sctico alcng guides.

Key: (). c.nm.

EFage 491,

Bemce it fcllows that instead of the systes of equations (12.25) it

is possible to be restricted tc one equaticr ¢f the axial moticrn of

rccket along guides

fx, P ' .

Integzating this equatico from t=0 tc the time c¢cf the descent of

rccket t,, we will cbtain tle parameters of the undisturbed moticn cf

rocket along guides. For integraticn it is recessary to knovw the
q thrust and mass of rocket ir functicr from tise. The time of the
descent of rccket t, is determined in the frccess of integraticn,

wvhen the instantaneous value of cocrdinste *v lLecomes equal tc the

-l
E
-1
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lepgth of guides /. At this same torque/mcaent determine the
velccity of the motions cf the rocket whick will be the initial
velccity fcr the pcuered flight cf the rocket
Ve=Xn_,, - (12.27)
Frequently the numerical integraticn ct equation (12.26) is
rerlaced by the analytical soluticr which is irstituted on the
introducticn cof any surjlementary assusjticrs. Let us examine one of

kcst widely used analytical scluticas [18].

It is known that dcring motior 2lcny cuides the rocket
€xpendsconsumes the sgall nmass cf fuel/grcpellant, in this case, the
time ¢f moticn along guides is sutficiertly sszll. Consequently, the
mass cf rocket can ke tezken Lty ccnstant, equel tc its average value
cn the secticn cf the wcticr cf rccket alcrg gruides(Mew). A change in
tke thrust in time is shcwn on Fig. tc 12.€, frca which it is evident
that during the motion cf rccket alcng directirg force of thrust on
initial section increases tc value P, and ther it remains ccnstant.
For amalytical soluticn let us replace the curve P(t) on the initial
secticn of straight line:

i<y PP, -5'- | (12.28)

Here & - time of the activaticn cf tte motcr.

Cn the seccnd section the value of thrust will ke coastant

fy GLGlg  PifymeP mconst. (12.29)

A e, e e
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Bet us examine the motion of rccket on the first section cf its
disrlacement over guides. Equaticr cf ascticr taking into account
(12.28) takes the follcwing fora:

TR S

“ TR

e e At it e eo o canaibbbisektitiosninne,
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Pig. 12.6. Curve/graph cf a change in tte tkrust during the motion of

rccket along guides.

oy A 2 ISP R Wy A

Eage 492,

let us integrate twice equaticp (1z.3C), remembering that with

t=0 X=u=0, zx=0. Then we are have

0 (12.81)
x.—m—"-l'-——gsm 0. (12.32)

Bet us substitute intc eguaticns (12.31) ard (12.32) value f=f;

then se will obtain derendences for detersiring of path and velocity

‘ at the end of the initial secticn cf tle mcticn of the rocket

o,a(z_:& — g sin 0.) 1 (12.33)
Sop=(Gos =y esin ). (12.34)

2hese values will be initial data for the calculation of the
seccnd section of the mction of rocket alcp¢ guides. The equaticn cof

sotion of the rocket in this case, acccrdirgly (12.39), takes the

fcllcesing form:

By o ® P osine 12.35
e gsing, ( )

j
|
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! let us integrate twice equation (12.35)
| vuax, =, (L& —gain 8,) ¢t —¢ 12.36
; a0yt (LL—gatn ) ((—ty% (12.36)
! 1
E ] - S—— b """ . 087
! Ky iy gt Oy (=t (=g sin 4) (=P, (12.87)
For the torques/moment cf the descent c¢f rccket from guides
t=1ly, 3g=0y and na=l.Consequently, it is possikle to write
o H{ T b (12.8)
b= toy 0 (=t + g (20 —asin &) (,—4F (12.39)
Let us re-group equation (12.3) relative tc the time of the motion of
rocket along guides to descent. As a result of simple comversicns, we
will cttain
' -ﬂL-‘jhﬂbf:; R R Y
Mep . wpeET L ngM
!EJLVZIHVJ S
x[‘/ ":4'2""""’)»-(-@ -,-'zﬂ!&)-'.]-ﬂr (12.40)
Fage HS3.
Oltained equations (1zZ.33), (12.34), (12.3€) and (12.U40) make it
ﬁ fcssible tc expect velccity cf rocket o, [féth X*mp the time cf mcticn
?; alcng the guides t,, and alsoc velccity cf tke 1ccket with descent
f frce the guides vy
|
g Let us examine now the roticn cf 1ccket alcng guides with the
A
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pcnsimultanecus descent ¢t the tags ¢f rocket. In this case it is

necessary to distinguisk twc secticns cf mcticn.

Birst section - mcticn of rocket tc the tcrque/aocment of the
descent of the first tag frcm guides. The mctice of rocket on this
sectipr in nc way differs frcm the scticn cf zccket in the first
case. Therefore the equaticns, ottezined abcve, are completely
suitable for the calculaticr of the first secticn. The time of the
scticn of rocket aleng Ly guides tc the descent of the first tag let

us designate t,.

Tke second section (scmetises it they call the section of
cutrut) motion it Legins atter the first and terminates at the moment
cf the descent of the seccndé tag cf rocket trcm guides. This section
is characterized by the fact that tke 1ccket oktains supplementary

degrees of freedom, namely - tc swivel feature around rear tage.

Basic forces and thke tcrque/mcaments, swtich act on rocket on the
seccnd secticn of its mcticn along guides (fcr conditional rotation
counterclockwise) are skcwn ca Fig. to 12.7. let us comprise the
equaticns of motiom of the 1ocket relative tc tle axes of the systenm
cf coprdinates Ontam in tlis case let us consider guides fixed rigid

bcdy. let us accept alsc, thkat F=Fy. 1len

~ B T T T R e

4
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m&‘-P.‘“ A’—X,m ‘."‘Y;dﬂ A.—
~Fy—mgsintg

my, = P,sin 48— X, sin AB -V, cos a8 -

- 4F ey —mgrosly (12.41) %.

J i;-n--u.,-zw,m AV —Fy 3 cos 80+

AL ST

ko ‘f” E"* oy : Masht

Pig. 12.7. Circuit of the fcrces, which act cn rocket on the sectiom

ot descent frcom guides.
Ke¥: (1). C.nm.
Fage 494,

3¢ these equations it is necessary tc add tike equation of relatios,
ceuged by the displacement ¢f the certer of mass of the rocket uwith

its turning cn the secoxd tag
ya=lA0. (12.42) ]

The studies of the motion of rccket cp the section of output
sheved that for always cf scticn tle value ¢f aggle 4% does not
exceéed ten angular minutes. Therefcre it is focssible for
tzigcacmetric functioms tc accept the foldcuing values:

Cos A® ==1; sin AB==,l.

It is simplified tle third egquaticn of systes (12.41) on the
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basis of the fact that the amgle 43 is low; fcr rockets usually
13;104 and force Frr=fFws, where the ccefficient cf the friction of
€teel in steel fxbD.Z. We will okttain

I Mo =l 041 54 8] Mo Pty ;

(12.43)

sigce three last/latter terss in tracket fcir tke values of f
indicated, 4 and A9 in ccrfpariscn with L, ficve to be values low and
them can be disregarded. The velccity cf tke mction of rocket alcng
guides does not usually exceed 7C m/s. In tbkis case aerodynaaic
fcrces and tcrque/moments are obtained Lty svfficiently low, and thes

in eguations (12.41) carc te disregarded.

Taking into account entire afcresaid aicve the system of

equaticns (12.41) is led tc the fcllowirg sisplified form:
mx, = P,—mgein §; o
mp =P,y —mgcest,+Fug §. 128

Jo9= —LF ny .
Here for convenience in the reccrding, is sarked a% = o,

In that obtained of systeas, tke first equaticn connected with the
seccnd and third equaticns. Consequently, it it is possible to
integrate separately. Ttis equaticr ccincides in form with (12.26).
Integxation of egquation gives the velccity cf the motion of the
center of mass of rccket alcng the quides ii the function of time.

Fhysical sense of thke possitility cf iptegraticr separately of the




Loc = 78107117 PAGE ﬂ777

first equation of systes (12.44) censists ir tte fact that the

lateral divergences barely affect the velocity cf amction.

Fage 495,

Us interests the rctaticn of the rccket duvring its moticn cn the
sectipn of output. Therefcre let us exasine tke second and third
ecuaticns of system (12.44). Let us introduce replacement =hey let
us re-group the second eguation cf system relatively Frr let us
sukstitute the obtained valte into tle thirc¢ equation. Taking into
acccunt the equation of releticn (12.43) we will obtain

(4, + mB) §= Pl — mgi, cos 8, (12.45)
Iet us introduce the designztionms
Jay=t,, +mi; %4‘--4,.
let us substitute them into eqnat;;n {12.4%) and after conversicn we
will cttain

$—a,pm --"—"5%232 i (12. 46)

Buring the integraticn cf equaticr (12.46) the mass of the

provn

rccket can be taken by average value c¢n the section of ccnclusicn. In
this case the right side cf equaticr (12.4€) is a constant value, and |
equaticn itself - by linear heteroceneous with ccastant coefficients.
1bis eguation it is possitle tc intecrate ir arelytical forr. Withcut
giving intermediate ungpackirg/facirgs, let is write the obtained

resclts cf the integraticn
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F,' ‘..-‘ - —_._i”.::. [‘G G.'-“)_‘_.—f; Ce=dy) _2] : (12.47)

‘._ﬁ__ 'wl:"O e lt'z'f,'"'"-f"—'“"""l. (12.48)

. .

vhere t, -~ time of the descent of the seccypc tag fros launching rack;

8435 - angle of rotatior cf the axis of rccket at the end of the

secticp of ocutput;

4o - angular velocity c¢f the axis cf rccket at the end of the

secticn of output.

The constructicns of tle starting/laurchinc moved settings up of
ground-based rockets are citfferent. They car have guides of framework

ccnstxucticn in the fcrm of the shaped Leass cf tubular tyre, etc.

Launchers for the rcckets, sterted frcas aircraft, usually bhave
either tubular guide or =simply ligkt/lurg farmytrusses for the

susreasion of rockets.
let us examine the tasic special featurespeculiarities of the
sctica of rockets at the 2cient cf the start when there is

interaction between the rccket and the starter.

§3. Motion of the rockets during laurchingsstarting froa launching

T TR T A it A, e SRR TGO T A A AR TGN P o ¢ -
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jad and from shaft/aine.

The isclation/evolution of rocket frcs lauvrching pad occurs as
irstantly at that torques/mcsent when thrust tecins to become mcre

than tle weight of rocket.
Fage 4S6,

For the calculation of furtlter trajectcry cf the motion of rocket, it
is necessary to calculate tle faraseters of the rocket with its
treakaway frcm starting tatle. In essence tiis is related tc the
detersinatice cf the initial mass cf rccket my, since the part of the
fuel/prcpellant will be spent to tke engine cperation from firing

foint to breakaway torque cf rccket cf launchirg pad (i.e. for time

fer).
%he mass of rocket we define, as tefore cr the formula:
[}
m.—m‘,—rl m| ) dt,

vhere m., - a mass of rccket prior tc¢ the lLeginning of ignition;

|q {t) - the consumption of mass, wltich in tle [rccess of the

launching of rocket is the value of variakle depending op tirme,

Thus, for the calculation of the fcvered flight trajectcry of
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tallistic missile as the ipitisl faraseters we tave
Oy g mm gz} Gyom ..-”’.
let us examine now the motion of the rccket on the launching

phase during starting/lauvrclting frcm shaft sine.

Figures 12.8 shows the flat/plane schesatic of the action tasic
fcrcesg and torgques/mcments during tlke mcticn cf rocket from
shaftysine. From the figure one can see that Lesides the thrust P and
of the weight of rccket Mg «p rocket act eser gas-dynamic forces
j%hlgéd torque/moment Mmi. Gas-dynasic fcrces and torque/mosents
appe€as because of the limited voluwe cf shatt/sine. The gases, which
are formed with the ccatusticn cf fuel/prcrellapt, escape/ensue from
engine noczzle and fall intc the limited space. In sfrite of
gas-bleeding channels ir this space is forme¢d tte zone of elevated
jresswre. Part of the gas Lursts ofen letween tke walls of rocket and
shaft/mine, affecting side walls of rccket. Space after the bottom of
rccket because of the mcticn of rocket always ctanges. In connection
with this they change ard tte paraseters of gas, which is located
teycnd the bcttcm cf rccket, therefcre, ccrtinccusly change also
gas-dynamic forces and the tcrquesscments, which act on rocket. The
effect of gas-dynamic fcrces and tcrquesmoments cn rocket ceases cnly

after its output froa shétt/mine.
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Pig. 12.8. Circuit of the action of forces ¢n the rocket with start

frcs staft/pine.

Key: (1). center of gravity.

Fage W897.

The calculation of gas-dyramic forces &end torque/moments is
extresely hinder/hampered dve to tle unsteacy ctaracter of a change
ct the parameters cf gas ip shaft/nire. Aercdyramic forces and
torque/noments in this case are virtually elsept, since the velccity

cf the rocket during mcticn in shaft/mire aré cwtput from shaft/aine
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dces act exceed several ten meter: per seccid. 1he perceptible effect }
]
cf 2excdynamic forces ard tcrgue/mcments on tke motion of rocket

afFfeass only at the velccities mcre tham 5(-70 E/s. Therefore for the

calculaticn of moticn rccket in the period cf cutput from shaft/mine }f
H

aercdynamic forces and tciques/scments it is possible not to consider. i.‘

{
According to the schesmatic of tke acticn cf forces and E
torquesaomentyg, let us ccmprise the eguaticre cf motion of rocket in ;
}

the prccess of its outptt from shaft/wine. 1ke equations of moticm of
the cernter of mass let tvs write in projecticns ¢n the axis of the
starting coordinate systes. During the axisjsmetric construction of

rccket, the prcblem can be sclved in flat/plane setting and system of

L.

€equatjcns will take the fcllcwing fcrm:

mx=(P+X,)cos®—Y, sin §;

Jz,‘;z,=Mr z,+Mps.: l
(12.49)

i’=“3,: m=Me _‘;" m I(‘)dt;

b,=90% omV A48 i

§or the calculaticn of the tarameters cf the motion of rocket,

the system of equations (12.49) is irtegrated tc that torque/mcment !
until rocket leaves the sktaft/mine ard to it will cease to act gas
flcu. As a result of intecraticn, we cbtair tte initial parameters of

sctica for a powered flight trajectcry: vaf0; Xoa=yo=0; 9,, and alsc
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value mg; in this case, cre shculd ccnsider thke fact that during

scticn in shaft because cf cas—-dyramic forces arnd torquesmoments the

rccket will ke deflect/diverted alcpg thke jitckt angles, yav and bank.

§4. Supplementary factors, vhica determine the initial comditicns of

shot.

A

Buring the motion cf rccket alcng guides, the gas flow, coming
cut frcm nczzle units, washes the farts of launcher. In this case, is
€xbhitkited the supplementary acticn c¢f gases cn launcher and rocket.
Variows kinds deflectors ancé reflectcrs car Le the reason for the
ajpearance of secondary gas flous, whick frequently act cm rocket

upsyssetrically.
EFage 498.

3s a result cf the elastic froperties cf rccket, of launcher and
scil, the initial conditicns of moving the 1cocket differ froms the
calculated. Tte thecretical calculaticp of gas~dynamic forces and
tciquesscments, which act c¢cn the rccket, drivings/moving alcng
launching racks, is freguertly difficylt, It is difficult to also
theoretically describe the vitraticrs ¢f lauincher and Focket during

their interaction during start. The diversity cf initial conditions

with shot is one of the reascns, wtich detersine scattering the

B ST U
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unguided rockets. The experivental study cf the dynamics of start

sakes it possible toc detersine the initial ccrditions of shot and to

introduce correcticns intc calculaticn date.

¥ith shot from artillery instrusent as a2 result of the elastic
froperties of shaft, qun carriage ard defcraaticn of the soil of the
firing fosition, the initial ccnditicns ot shct also differ sosewhat
frce the conditions, estatlishsinstalled with aiming. On leaving of
frcjectile frcm bore the unsymmetric actiop of cas flows on the
outgoing projectile. Of ssccth-bcre systems the unsymmetric action of

gas flcv on tail assembly with initial angyle A3 can lead to the

ccpsiderable scattering cf angular iritial ccpditions (Fig. 12.9).

As a result of the vitraticns ¢f weapcr ard deformation of the
scil of the firing positicn, the argle cf elevation of instrument ¢,

establish/installed with aiasing, dces nct ccircide with real angle of

departire - 8g5.

An angular difference y = 0o-¢ is calleé ergle of jump which can

be both the positive and negative. The numerical value of angle of

jumg fcr this instrument depends cr many factors: the elastic
propesties of shaft and gur carriace, scil cf the firing position, i
tallistics of instrument, which determines jcwer loads, the angle cf

ele¢vation, rate of fire, etc. Tike thecretical determination of angle

A '
. A
L . O imathiit.
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cf jusp causes great ditficulties; therefore as a rule, angle of jump
it is determined experimertelly [5S]. at a distance of x from the

suszle end face of Larsel adjustable parel.

Fig. 12.9. Change of the initial argle cf departure in the period due

tc gases.

Fig. 12.10. Schematic of deterrxinaticn cf argle of jump with firing

frca janel.

Face 499.

Instresent is aimed on the cross lines, aditstaltle on msuzzle and
treech faces, into the mark, plcttedsapfliec ct panel so that the
shaft tefore the shot wculd have (¢8 guadrant) anm angle of elevation

to (Pig. 12.10).

4s a result of the name¢d reascns the fi1ojectile will fly not in
the direction OA, but at the ipitial mesent it will be deflected from
0A by angle cf jumfp y. With small x it is pcssille not to consider
the etfect of air resistance on a dacrease ia the projectile the

hearth of the lines of shot and to detersine¢ decrease according to
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forsula gt2/2. Thes, on the rasis cf Pig. 12.10, we obtain
1
v=arctg [; ()] (12.50)

Time t can be determined either experimentally cr approximately on

the kpown initial velocity cf rrcjectile vy,.

X
weosly
At the zero angle cf the increase

ye=arclg (-f-+-’l-'.'§) (12.51)

The determination cf the mean statistical value of angle of juamp

=

Ireguiges repeated firings. For detersining the angle of jump of
rocket systems, are conducted sc-called "rccking testings® during
which it is simulated tle ncticn of rocket élcnc guides also op the

initial trajectory thase.

In conclusion of chapter, let us ncte that the study of the
dypamics of the start of ccrcretessgpecificyectual rocket system, just
as the initial conditicns of shot frcm artillery piece, it represents

Ly itself complex ccmpcsite prcbhlern.
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Fage 5C0.

Chapter XIII.

Exrore for firing, wmissile cispersicnm ard ct prcjectiles,.

The errcrs of firing it is pcssiktle tc divide into rough
miscalculaticns and errcrs, ccnstant cr systematic errors and errors
randce. Rough miscalculaticns are the ccnsecuecce of poor
trainjng/preparaticn of whkich cperates systes calculation and can be

rescved by the increase of skill and ccsbat treining.

the source of systematic errors acts ¢r all shots equally. For
example, longitudinal ccrstant tailwitd incieases firing distance
against calculated, and ccntrary decreases. Ic systematic errors can
Le attributed also the exrrcis in the detersmination of the coordinates
of tasget, etc. If we by tte methcds cf the thecry of corrections
ccnsider in calculations alsoc during tte fpreparation of firing the
eftect of the corresponding factor, systematic errors can be, if are
pct excluded entirely, then to a ccnsideratle cegree are decreased.
It is necessary to reveal/detect tle reascpsz fcr systematic errors
apd tc ccnsider thesm during tle preparaticn cf tiring. With the

firing the rockets, prerared according to scme ¢éravings and technical
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specifications, frcnm the guides of cre and the same launcher, from
cne launching site, durirg cne and tte same settings up of the sight
sechapnisss of missile trajectory they will tct ccincide with each
cther. With the firing identical frcjectiles frcam barrel artillery
fiece durirg identical charces and the adjustmerts of sight cf the

trajectory of separate proiectiles, alsc they dc not coincide.

fhe noted phencmencn calls scattering trajectories. It is
exgplained by the effect cn rccket flight ar¢ prcjectiles of the
randce errors, which are the ccnsecuence cf the combination of randoa

changés in the separate valuesa

Entires/all rocket (or projectile) in ccllection, its serarate
structural/design units and fparts are sade vith the appropriate
tolerances in size, the weight and cther parameters. Change of
different values withic the lisits cf allowences and diversity in the
effect cf weather factors wkich it is difficult to consider as
systematic error, and is thke scurce cf the 1andcm errors, which lead
tc scattering of trajectcries and impact pcints in the rockets

(projectiles).
Fage 5C1.

fhe group cf the trajectories, which ccrrespond to identical
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injitial data, is called tlte team (cr steaf) cf trajectories (Fig.

13.1)4

With firing at grcund targets, as showr ip Fig. 13.1, the
deviation of impact point frcs target/purpcse is determined by

cccrdjnates x and z.

Tle characteristics cf scattering are ceterained with firing at
becrizental or vertical plare, and scatterirc¢ itself is called

scattering cn plane.

Bith firing at the flying tarcet/purpcses with the so-called
remcte projectiles with the frcximity fuses cr surface-to-air
missiles, the places of the explosicns cf wirbeads are
arrange/located in certain space axcund the calculation predicted
ccllisicn point, i.e., cccurs volumetric scittering (Fige 13.2).
During volumetric scattering the pcsiticn ¢f the pcints of
discontinuity is deterwmined Ly cccrdinates %, y, z. In this case the
cccrdinate plane, on which are detersiped cccrdinates y and 2z, is
condudted through the predicted collisicn pcint of projectile for
target/purpose, it is perperdicular to the velccity vector of the
center of mass of target/purpose it the precicted calculation

ccllisicn foint. Coordinate x is detersined ip the sense of the

vector of the velocity of tke center of mass of target/purpose.
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Pig. 13.1. Sheaf of fire.
Reys (1). Sheaf of fire. (z). FElace cf start. Cil’ningeiﬁ

Fig. 13.2. Three-dimensicral/space scattering with firing remote

[rojectiles.
Key: (1). Plane of figure. (2). Fredicted ccllision point.

Fage 502.

the random errors, which determine the scatter of points cf an
incidence/drop in the frojectiles ¢r rlane c¢r vclumetric scattering

uith tise fire at air or underwvater targets, appear without the

detersined order, tle ccncretesspecificsactual reasons for their
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affpearance are known sosetimes only gqualitatively, and sometimes also

are eatirely unknown. Ic judge the acctracy cf firing at the data of

any shct would be incorrectly, since same tliis result was accidental.

Por evaluating the accuracy ot firing, are¢ utilized the

characteristics, which reflect the frcperties cf random variables and

tapdca functions and laws, Lty which ttey ar¢ sviordinated. The
sathesatical Lkasis cf tle determinaticp of scatteringy trajectories

and of the points of the cperaticr cf warheads (cn plane and in

A et

space, cn coordinates and cn time) are the jrotakility theory, the

rY

theory of errors and mathematical statistics.

P

The flight of fprojectile, exasiresconsidered taking into accouat 3
the rarcrdcms disturbances, initial and wkich ect in the process cf
sction, can ke considered as stochastic prccess, described by the

random function, concretesspecific actual realization of which is

this trajectcry. The study cf the randcx cleracter of missile
trajectories and of pro-ectiles is Lased cr the special section of

the probability theory - theory of rardcm functions or, othervise,

the thecry of randcm or stochastic frccesss. Tke serious obstructicns
ct theoretical and calculated crder are enccuntered during the
stcchastic investigaticns cf the trajectories cf the guided missiles
agd of projectiles, whose rumber cf factore, which affect the

deviaticn of motion characteristics frc¢s tke czlculated (ideal), is

especially great.
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In practice during the study cf tle scetter of points of the
regdetvous of the rccket (picjectile) with flatysplane
taxrier/cbstacle or the vclimetric scatter cf fcints of the operation

cf reacte projectiles in space for sisplificaticn in the scluticn cf

frctles utilizes the secticis c¢f tte picbatility theory, which

€xasine randcs variables.

The region of the stochastic studies ct scettering trajectcries
and of the isclated pcirts cf the cperaticr cf the warheads of the
rcckets, projectiles, min and aircraft tomks is extremely vast. MNany
questicns require the detailed specialized investigations. In
ccpnection with firing stcectastic prcblems can te divided into two

large grougs.

The first group of rrotlems is characteristic for stages cf the
desigm cf means armament, tlteir firal adjustsert and testing. One of
the tasic prcblems cf tte first grcufp is study cf the action of the
perturtation factors and calculated determirin¢ of the expected
charadteristics of scattering, accuracy of firirg and, in the final :
analysis, the effectiveness of the acticn ci: thke design/prcjected

seans armament.
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The second group ccvers the prcileéms, ccnnected directly with
the use of the already available mears armasent. Are this involved,
fcr example, the develcgxent cf rules and setbcés of use combat of
technology, the determiraticn cf the ccrsusjticp of the resources

arsament for accoaplishing cf cne cr the otter tactical amission.
Fage SC13.

These questions usually are exaasined in indegendent courses “fheory

cf firing”, the "Fheory ct tomking®, etc.

Both named groups cf stochbastic investigations are tightly
interdcnnected, at their tasis liesrest the sathematical sethods of
tte theory cf probablity) amd tke generalizec statistical experiment
in the foram of the characteristics cf scattering and accuracy of the
werk cf articles as a wbcle (rockets, frojectiles, etc.) or the
separate structuralsdesign cnits, clcse in cesicnation/purfose and
cecnstruction (autopilots, gyrcsccpes, acceleration pickups, etc.).
The ccabination of mathematical investigaticns with statistical
Frccaessing of experimental informaticn was called
exferimental-theoretical sethcds of the evaluaticn of the
characteristics of the sissile dispersicn ard frojectiles.
Experimental-theoretical sethods, vsed durirg design, are divided on

the sc-called analytical methods and the metbcde of statistical

Cti e i T E et ek e o i e £ s i
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testings. The realizaticn of the latter practical is possible only

during use EVM [ccaputer ]; these metlcds in Lallistic fractice
were called the conditicnal the methcds of sattematical cr electronic

firing.

§1. Aonalytical methods cf tle evaluatiaer cf the characteristics of

scattering.

Determining the characteristics of scettering for the newly
desiga/projected systers ct rccket cr artillery armament only
pcssible experimental-theoretical methcd. I€ét us examine one of the

varieties of this method - &nalytical smethcc.

Fcr using this methcd, it is necessary tc know well comnstruction
cf the design/projected system, technclcgy c¢f its manufacture and
fhyeical nature of the pertuirtaticr random factcrs. Only in this case
tte effect of each of thke randcm factcrs ir question can be
determined by calculaticn. Let us exzasire fcr an example determining
the characteristics of scattering for ary jcint in the trajectcry,
for example, for the pcint, which correspercs tc the ends/lead cf the
cperation cf the ercgine cf 1ccket cr fcr the gcint of intersection of
trajectory with the plane of target/furfose. Trajectory elements at
the peints indicated will ke randcs variables. For example, the

digtasce x¢ of the firing frojectile from larrel artillery piece can




.::;“f?f“””“;:,f T : ‘ — EN—; AiﬂllllIl-lquw
d : - ' A

L¢C 78107117 PAGE #F
| ” 775

te represented as functict ¢f randca variakles vy, 69, Mg, € and of

sc¢ forth.

Let us examine randcs vacrjakle A, whick cac be presented as
feacticn of several randcs argusents . ..
IR, 0 41 Y SR A% (18.1)
It iz decomposed (13.1) in Taylor series is the viciaity of the
value cf function A, which corresgcpds to tle mathematical
expectations of arguments My, Mi.-.-My,r after preserving in expansion

tte meambers not higher thanm seccnd crdere.
Fage 604.

Then stochastic dependence (13.1), adheting to the designaticns of

fcrzuda (8.9), can be ;tésetted in this fcra:

A=f (my, m...;..m..)+§ (g‘&)‘mt

+5 2("—,&)_ (up +§ (o) %% (8.

where & and 8. - in the case in guestion the centered randon

variablas:

ol —my, Wymmly—my,
Partial derivatives in (13.2) during tte czlculation of the

sissile dispersion and frcjectiles ccrresgcrd tc the ballistic

PPN
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derivatives the prccedures ¢f deterrinaticr cf which were examined in
€hapter XI. Index m shous that during the calculation of the values
ct derivatives the argusents & sust ke urcéertaken equal to their

sathematical expectaticrs My,

Arplying the general nmethods cf detersinirg the numerical
cbaracteristics of the distributicn cf the tfunction cf randos

arquments, let us write [ 1C]

mam . -.)+«—$

PR m‘a

-~ dispersion cf randcs arguaent b’

o -

C -
Y

where D“-;"’ "'"’
Ky“;;(&‘ ‘i,)&""tﬁh' - covariance cf tle ir pairs undertaken

argusents & apd ¥

In the simpler case when Mndniiiile ate nct correlated, the

;uccding/pteviaus forsula sxill take tle fcis

N Q&évdﬁff,»
mm-dwﬂh.l&u-«ﬂu)if‘ 

Fecr function many altercatingsvariable A tte formula, which
makes it possible tc detersine its disgersicn Da is obtained coamplex
and its practical applicaticn/use encounters the great difficulties

¢t theocretical and calculaticn crders.

. - I S P
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Fage 505.

Porsulda considerably is siesplified, if cne e¢ssuses that argusents

| "V " are functicrally inderendept asé pct correlated. Then

DA-X Dt,+—2( (p.m-o')+
+§(a% ), o, "+2 (3).(GF) i 29

L] \ "
where hl&]-'zpc(ic-mt,)' and P.M-Zp,(!,-—m;,)t - the respectively thirad
i=- -
and forvrth central moments; :E- sign, which seans that is conducted
[ 23
the swmmation of all possikle pairwise costinaticns of random

variakles &&.

Jor the normal law cf the distribwtion

k=0 », &1-3':-302

anpd then foramula (13.5) is converted ag follcws:

D"‘Z & -D"+ g\d):DHX aeae;)'D"D"'

(13.6)
As is evident, forsulas (13.3) and (13.5) are very complexg

simplified formulas (13.4) &nd (13.€) durinc¢ tkeir practical use also
will lead to bulky and ccaplex calculations. Thkerefore during

detersining of the characteristics cf scatterirg at the stage of

P
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tallistic designed calctlaticns, tkey are limited usually in the
foxmula of expansicn (8.9) cnly by linear terms of a series. Then

ragdcs function (13.1) can ke represented ir tbhis fcra:

' -4 {-‘:f.: e
Ay (18.7)
Applying the general methods cf determisipg the numerical s

characteristics of distritution for linear functions, we will cttain |

R

for mathematical expectaticr ard the dispersior of random function A

the fcllowing expre

ssions:
- gy

Teay b
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Fage 5(C6.

Transfer/ccnverting to root-mean-square deviaticn, ve will obtain

DDA NIRRT

shere r;;, - a coefficient ct ccrrelaticn ot value § and Y

Calculations according to fcrsula (13.¢) cean be carried out, if
are koown the particular derived (31) and nuserical
-

characteristics of distritution for the arqumerts of the stochastic

systea:

mathematical expectaticas my, My, ...mg, and the

correlatiocn matrixydie

My Ao by
/ LT ] B

Vo 1P
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recall that the cellselements ¢t the ccirelation matrixsdie,

arrangeslocated alcny prircital diagcral,

the disgpersicn of argusents. For calculaticts according to fcrrula

(13.9) it is necessary tc heve, beeides o, and %, the

standardized/normalized correlaticr ratrix éie, which consists cf the

ccefficients of correlatice o,

If random arguments are not ccrrelatec, tten all cell/elements

ct cosrelaticn ratrix/die, except diagcral, aLe equal to zero

(Rk;=0 with i#j) and then frcm forsulas (13.8) and (13.9) let us

have
~Y 2Ly '
D, g( ) Dy, (13.10)
cr
.:_2(%):.:,. (LRI

It is necessary to keep ip mind that ir tte examined methcd of
determining the nuserical characteristics ct scattering the functions
cf randcm variables are nct estatlishsinstallec the lavs of their
distrjtuticn. For the detersination cf the laws of the distribution

cf the functionsof randcas argusents - the devsity of distribution and

cf distribution functicn ~ ere required special

tley represeat by itself to

JP PP
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exgerimental-theoretical studies.

Fage 506.

As indicate many tltecretical studies apd statistical testings,

total scattering of artillery shells it is sukcrdinated to the ncrral
law of distribution; scattering the determirirg farameters (vo, 6o 'i
and c¢) is also subordinated to the ncremal law cf distribution. This

seans that the norwmal law ct distrituticn fcssesses the progerty of

7 IR A R TR S L

stakility according to shich it is pcssible tc expect that the

RPN

functijcn, cbtained as a result of the ccmbiraticns of the randca
arquments, which are sulcrdinated tc tle ncimal law of distribution,

will be distributed alsc according tc ncrmel law.

let us assume we have the functicn of n-independent random

variables, distributed according tc the norsal law

A=1 (& b L)

It is cbvious, the mathematical exfpectation of value A will be equal

f
m,=Y Ap, (13.12)

In conformity with the froperty of stalility, let us have for A

the norral law of distrituticn with the rcct-smean-square deviation,
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determined with resfpect tc fcrsvla 13.11,

(A—m ,)*

e ¥a

S (A)y=

%a

For the normal law of distributicn, the rcct-mean-square deviation is

ccpnected with the middle error E thrcugh tle ccnstant factor

E=087450 (13.13)

and then
- . __“' :
B 2_;(‘9)-?:" (13. 14)

1f we designate mean deviaticn, which characterizes that comprise of
the cpsplete scattering of functior A kecavse ¢f scattering of random
factoxr §, through
. ¥
8__:,-(;#-)#«,. (13.15)
that tte middle errcr, whick characterizes the complete scattering of

value A, will be equal tc

E =V Ei+Ea+... +Ei. (18.16)

Bean deviation of the determining paraseters frequently designate

thzough rq
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[ A T RY




LCC = 78107118 PAGE ,5//003

For ezample, for the Larrel systen
rfe, = Mean deviaticn Vb ;
s - mean deviaticn Q&}
e - mean deviaticn @.

Fage 508.

If we introduce 7, that

E,~ 2. (??“ r,)’. (18.17)

Fcr our example

E. o= ‘/'(‘—:fr-.)'+ (‘{f ra.)'+ (‘—:f r.)'- (13.18)

Thke prorerty cf statility pcssess rot all laws of distribution.
Fcr example, combination cf the values, whick ctey the law of unifcrae
density, gives new law [10]. Special ccrplerities are encountered

during the determinaticn cf the laws cf tte distribution of the
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fugcticns, which are the ccnsequence of the ccatinations of the

arguments, which have difterent laws cf distrikution. This fact

—— L ERAS e

decreases the accuracy cf the examired metlcd during its

Aa

apgligation/use for determining scatteriny the trajectories of new

criginal ccntrolled rockets and projectiles. k

Let us examine performance calculaticn of scattering the

unguided rcckets by analytical mettcd.

The contemporary urnquided rcckets cf class "surface-surface"
with engine, usuvally by worker on solid fuel, are utilized for a
tiring to the comparatively shcrt distarces (it is not more than
5C-109 km) . The trajectcry teight cf such rcckets, as a rule, does
pot exceed 30-50 km, i.e., entiresall sissile trajectory passes in
the sufficiently dense layers cf the atmosflere, and air resistance

significantly affects rccket flight entire trajectory. By the rockets

cf this class they conduct firing mainly at the target/purgoses,
arrangeslocated on the sutface cf grcupnd or sea; therefore the

greatest interest represents the scatter cf pcints of incidence/drop.

The weak interconnecticn cf lcngitudiral ard yaving mctions
sakes it possible to separately examine lorc¢itudinal scattering (cn
distance) in the directict cf x-axis cf the starting coordinate

systea and lateral - in the directicn of z exise

-
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Tte characteristics ¢f scattering comgplex trajectories for each
of the sections are calculated separately, ust as the correction
(see Chapter XI §6). The cheracteristics of scattering trajectcry '
eleseats at the end of the freceding/previcis section serve as ﬁ
initial characteristics fcr the sulseguent secticn. Let us examine
determining the characteristics of scatterirg separately for active
ard ipnactive legs. For the calculaticn c¢f lcngitudinal scattering on

active secticn, we utilize a systes cf eguaticrs (3.79)

i Pt Gy it vt

Eage 5C9.

The integration of this system wakes it pcssible to obtain the
sction characteristics cf rccket as saterial pcint. Let us write the

right sides cf equations (3.79) in functicrel fcro.

) Po xo vy B .- "
o=f( m, e 05 b=f,(v 0);] (1319

y=Jo(o, 0 x=f (v, 9).

Scattering the cell/elements of trajectcry ¢t thke end of the active
secticn will be determired ty the prcktable deviations of the
arguments of system (13.19) and ty scatterirg tbe initial conditions

for which it is possible tc accept tte randcm vector of the velocity j
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¢f the center of mass at the mcrert c¢f the cescent of rocket froas
guides, that is changed in sodulesmcdulus ard direction. Scattering
the cgcrdinates of initial jcint in the tre_ectcry with fixed guides

can be disregarded.

Thrust P and drag X in turn, degpend c¢r a rumber of factors;
therefcre expedient to cgen tleir values, fcr which we will use

previouvsly obtained dependence (11,.1€),

o=/f,(v, 4, g, J“; S, e cx(M), m,, Iﬂ.l)-

tank the unit/single mczentum/impulse/pulse J, depends mainly cn fuel
heating value and in smaller measure cp the cesign features cf
engine. Cortemporary sclid fuels regresent Ly themselves, as a rule,
the mixture cf different ccaponents. Tte ccapcsition of amixture
ideally accurately for all rockets cannct Lte meintained; therefcre
unit/single mcmentum/impulsespulse fcr ceactk rccket will differ
somewhat fros the rcminal. 1c the value of ynit/single
scsentca/impulse/pulse, has eftect tle initial temperature of
fuel/propellant. This fact elso leeds tc tite spread ot unit/sirgle
screntun/iapulse/pulse, since tc attair the idertical temperature

field cf charge in all rcckets is virtually impcssible.

Instead of the consumption of mass during setting of the scatter

cf trajectory elements 2t the e€nd cf tte active section, they prefer
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to examine the operatinc tise cf ergire fai sith sufficient accuracy

cosmunication/connecticn tetween thes is exjressed by the dependence

g,
shere m;, - mass of fuel/prcpellant.

the operating time cf engine & also cifters from the nominal,
since they occur the scatter of ccerkustion chasier pressure and the
éispession of the nczzle thkicat area, that lead to the scatter of

fuel ¢cnsumpticn per seccnd.

the spread of unit/single momentussimpulsespulse will affect
sairly scattering of the velccity cf rccket at the end of the
cperaticn of engine 9, vwhile time jitter cf burning - scattering of

ccerdinates . and the angle of tte slcge cf velocity vector &

Fage £10. }

-

4

Shrust represents by itself tle vectcr, determined, besides
scdule/podulus, even by directicr. Tte law ¢f 8 change in the sense
cf the vector of thrust alsc dces rct remaic identical for the

rockets of one party/tatch. They cccur eccertricity of thrust, i.e.,

i i

it
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the displacement of the thrust line relative tc the center of sass of

rccket, and the misaligrmert of the thrust line when it is not
farallel tc axis of rocket. This leads to tte fact that the axis of
rocket differs from tangent to trajectcry, rccket moves with the
angles of attack and slip. &s a resvlt ¢f iritial disturbances and
the disturbance/perturktaticrs, which act ir trasectcry, even in the
aksence of eccentricity ard misalignment of thrust the angles of
attack and slip are not equal tc zerc. The jresgence of these angles
determines the compcsing the thrusts in trarsverse direction,
defcrainy trajectory. Trajectcry c¢r active secticn heaves or is

cmitted, it is displaced to the right ¢r tc the left.

System of eguations (3.79) is ccmpriseé¢ fcr normal
meteorclogical conditicrs. with the wish tc ccrsider the atmosgheric
disturtances it is necessary functicnal depe¢nderce (13.19) tc add as
arguments frressure, the texperature c¢f air erd the wind (see Chapter
XI). %ke mcre complete acccint cf asercdynamic fcrces will require
fassage from system (3.79) to another lasic system of equaticns,
which includes necessary thcse ccmirise of sercdynamic drag. Let us

desigoate the atmospheric perturtaticn tactcrs through .

Initial conditions let us consider angle 6,5, by angular velccity

L]

6o and by initial velocity vg.

o o
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Por simplicity of writing, let us desi¢pate trajectory eleseants
at the end of the active secticn X ¥n Ox and 6, through Ay
themp, taking into account (13.19), (11.18) &nd the considerations

fresented, we can write stcchastic dependerce fcr Ay

Ag=f1(Jy t,, e, 8,, S, c (M), m,, 0,, 6, o©,, L) (13.20)

In first part one four argqusent detersires scattering thrust;
arguments S and &(M) determine scatterirg cf drag; argument mg
detersines scattering imitial mass {or weiglkt (Qgy); arguments 6,, éo
ard vq determine scattering initial ccpditicps end value §, - tctal

eftect cf the atmospheric disturtances.

The root-mean-square deviatios cf eack of the random argusents

let us designate respectively g, e B3 N Ogv/ e,y %00 e % Ov,, Ot

det all the randos arquments L€ nct ccirrelated and are
sukcrdinated to the norsal law cf distributicn; then the total
scattering of random functicn A,; is also suicrdinated to the normal

lavw of distribution and is detersined by fcisula (13.11).

Face 511.

For sjmplicity let us write sefparately averezge quadratic deviation




pecC = 781C¢7118 EIGE ¢$f=/Q9A0

%, deterained by thrust, air resistarce, L) weight, initial
ccpditions and the atmcspheric disturtarces. Frca scattering of

threst vector, we will cktain

(a‘: l)'= .
- T e+ (e BT

(13.21)

The roct-mean-square deviation, determined ty scattering drag, is

egqual

For the calculation of scattering, it is pcgeille toc take constant
fcr entire powered fligtt trajectcry value s, e€xpressed in

Ferceantages.

Root-mean—-square deviation frcm scattering of the initial mass

(o4, Jm=(oa o= ( Tt )t (13.23)

Frcm scattering of the initial conditicns

en i/ T H T BT 0o
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the root-mean-square deviaticn, detersined by the atmostheric

disturktances, is egqual Fh

(oa, )or= ,_2, (%‘-)' of. (.13. 25)

In the analytical methkcd cf calculaticr of scattering in
guestjcn tc directly consider thke chance cf the process of changing
the wveather factors witl heightsaltitude aré¢ tise is not represented
[cesible. It is expedient fpreliminerily frcr a change in the weather
factors as random functicns to pass tc scatterirg of ballistic wind,
the kallistic temperatuvre deflecticpg and baicmetric pressure, after
descriting by their correspcnding rcct-geag-square deviation frcm

standard conditions, determined Lty stancar¢ atscsphere.

G6rand average standard deviaticn, whick characterizes scattering
tke cell/elements of moticr at the end cf tie ergine operation, will

te determined according tc the forgula

Eage S12.

Scattering trajectcries on passive secticr is determined: by

gcattering initial for a passive secticp mctior characteristics, by

PR




LOC = 78107118 PAGE 3 ,45/2

scattering aerodynamic drag, by scattering seiglkt and by scattering
meteoxclogical factors. Frcrm aerodynaric chkeéracteristics let us as
tefore consider scatterinc ¢nly drag. The ckaracteristics of
scattering the values cf trajectcry €lesents at the goint cof the
end/lead of the engine cperaticn, determined c¢p formula (13.26), let
us designate respectively: o,, o, 9, 9. 1f we consider that the
scatter of pcints of an incidencesdrcp in tie rccket was detersmined

cnly by scattering initial ccnditicns, ther we ¥ill obtain the

sc-called latent scattering for which

oV B R T

_c.., ; (13.27)

The effect of scattering the drac coefiicient and weight of
rocket on passive secticn can te registraticnsaccounting thrcugh the
apfropriate root-mean-squatre deviaticr ¢f diag coafficient e, and
the roct-mean-square deviation of thke weiglt of rocket sq. Hovever,
i more convenient on fassive secticn tc irtrcéuce to examinaticn
tallistic coefficient cn-O. 100 ard tc detersine the inﬁe’ﬁiately

rcct-sean~sguare deviaticn c¢f tallistic coetfficient - a,

The root~mean-square deviation, which claracterizes the
atscsgheric disturtances cn passive secticn, let us determine

according to the fcrmula, similar (13.2%5), after introducing the
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index cf "p"
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The determination cf rcct-mear-sguare ceviation must be
ccnducted in accordance with tte ccnsideraticns, presented in
ccrnecticnp with formula (12.25). Or trajectcries which pass in the
relatively dense layers of the atmcsghere, frcm weather factors the
ecst essential effect exerts scattering wirc velccity. Taking intc
acccunt lrasic factors fcr tte upguided rockets, average yguadratic

racge error will be determined acccrding tc tke formula

R

AT

13
R

T T

Eace 513,

Scattering in side direction c¢n inactive leg is determined in
€ssence: by scattering angle Wx, characterizing the sense of the
vector cf the speed of relatively flane of 1eference of casting; by
scattering angular velocity W, Lty scatterirg cccrdinate & ard by
scattering the velccity cf lateral kallistic wird. The total lateral

scattering of trajectories is characterized ty value
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In the more detailed study cf frcktlem, btesides the named
factoes, it is necessary tc still ccpsider eccentricity of masses and
aercdynamic eccentricity, ceused ty the teclnclcgical inaccuracies,
for example, by the misalicrsert cf stabilizer fins. As a result of
eccentricity and misalignuert cf thke axis ct tlrust of aercdynamic
eccentricity and eccentricity cf messes, arc¢ alsc the
distuxtance/pertuftaticrs c¢f the rccket witk descent from guides,
aprears scattering the angles of attack and slif. The more detailed
account of all affecting factcrs (including technological) will
copsiderably complicate scluticn. Upcr concsideration only of basic
fertusktaticn factors, tke examined methocd mezkes it possible to
rate/estimate the characteristics c¢f scattering the design/projected
rccket and to deternmine the advisaltility of further develojpment of
the assumed constructicn. It is necessary tc keep in mind that when
the prcblem is solved in the first apprcxiseticy, it is difficult,
and sometimes also virtually it is nct fossiltle to consider the
correlation ccmmunicaticn/ccnnecticns between the separate
ferturtaticn factors, it is difficult tc previcusly establish/install
the laus of the distriktuticc of rardcs arguserts and the randoxa

furcticn of these argusents. Frequertly witkcet sufficient

ot A —— -




DoC = 78107118 EAMGE -&3/&/5

substantiation it is necessary to select tte ncrsal law of

distrjtution.

Special difficulties are encountered during the calculated
detersinaticn of scattering the guided sissiles cf class
"surface-surface"., Despite the fact that siailar rockets are equipped
by the control systeas, to ccmpletely reacve their scattering is nct
rerresented possible. Steering functicrs cf type (9.9) and (9.10) are
ccsrrised with the specific assumpticos. In tte sajority of the

cases, are considered crly first terss cf eipatsion in a series,

since the account of quadratic terss cf expansicn leads to the
ccnsiderable complicaticn of the ccntrcl systes. The noncoincidence

cf the right and left sides cf equalities (%.7) or (9.10) at the

et tia T e a

cutcff of engine will alvays give the error, determined in general

fcrs by fcrovlia (9.11).

The cessation of the operation cf engire (resetting tc zerc of

thrust) is realized not instantly [3€].
Fage 514, {
The momentum/impul se/pulse cf the aftereffect c¢f thrust, after the

delivery of the main cosxzand to its cutcff, will hava certain spread,

vhich will give scattering velocity v, If the rocket is contrcllable
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cely cn active section, thker on the descending tranch of trajectory
they will cccur of the disttrtancesperturbaticps, determined by the
Fassage of the rocket through the dense layers cf the atmosphere. The
enumerated errors, caus¢d Lty the methcd of ccntrcl accepted, are

called systenmatic.

Besides systematic errcrs, tc the flicit cf the guided missiles
have effect the instrument errcrs, shich are inhterent in steering
devices. Bhe gyrostabilized platforams, cn witick are
establish/installed accelercmeters, have attendancesdepartures, in
ccpsequence cf vhich the axis cf tle sensitivity of acceleroseters in
the ccurse of time differ frca given cne on the start of the
direction of measurement, yes even directicr itself, measurements cn
, Start is assigned with e€rfrcr., But this leads tc the fact that fhe
frcjecticns of the speed cf rocket and its ccordinate are deteramined
with errors. The formaticn cf steerin¢ functicc ® and its compariscn

with ccmputed value ¢, for the erdslead cf pcevered flight trajectory

are ccnducted also with errcrs.

tajk average gquadratic rance errors fcr the class of rockets
incéicated can be designed Lty analytical mettcd ¢r the method of
statistical testings, examined subsequertly paragraph. If is applied

analytical method, then calculaticn fcrsula takes the fora

ey
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o= l/c{. +o{m + (:,_:'I,I")' +2 (\_*‘é"'t‘):.‘ . (18.81)

shere o, - IMS range e€rrcr as a resvlt of the assumptions, accepted

during introduction to steering functicr;

OLmmcrpy -~ rCmS range €rrLcrC as a result cf the presence of

instrument errors;

. " the root-mear-square deviatior cf the

scsentum/isgpulse/pulse cf aftereffect.

The third term (13.31) expresses effect on the éispersion in distance
cf the spread of the mcuentun/ispulse/pulse cf the aftereffect of
thrust, and last/latter tersm characterizes tte effect on o, of the
disturktance/perturbaticns, which act cn the section of the

atmcspleric entry.

Scattering long range tallistic missiles ir side direction first
c¢f all will te determined ty scattering tre_ectcry elements at the
€nd of the active secticr (i.e. cf tte cutctf fcint of the thrust).
The lateral scatter of fcints of inciderce/C10f as a result of this

reascs in linear approachyepprcxisaticr is cetersined by the fcrmula
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Eace 515,
#cst essential effect cn value 9. have terms 3:10". and
L 4
%ﬂ;.k, Thrust cutoff is realized irn functicr value, governing
1

flying range, because of this tc utilize a selection of the cutcff
pcint cf thrust for obtainirg tike sirisum ¢t lateral deviation is not
tefpresented possible. Therefore for decreasing the scattering in side
direction, it falls cn &ll jcwered flight tiajectory to atteapt via

centrcl to decrease values o, and g,
(4

fhere is an error, which the autcncmous system control not at

all can rewmove. This errcr is sightirg errcr alcng azimuth.

Acceptable accuracy in side directicr ir tle autonomcus control
systes it is possible tc actieve crly ir the case of small sighting
error. Sighting error along azimuth can be ¢ver if is not removed
entirely, then is substartially decreased with tracking rocket flight
¢p ground tracking staticns and on ccrductirg thte correction of

trajectory.

B 1
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Together with the devieticns cf trajectcry elements at the end
cf the active secticn cf scettering ir side direction definite effect
bave the disturbance/perturtaticns, shich act ¢n the rocket upcn its

entry into the dense layers cf the atmcspheie.

The scattering, caused Ly the exazinec¢ akcve factors (i.e.

derending cnly on rocket itself), they frectently call technical.

Besides technical scattering occurs arcther the scattering,
ccnnected with the errcre fcr the preparaticn cf firing. To the
€errcrs for the preparaticn ¢f firirg are relatec¢ the errors in
determination of gecgrarhical reference of the launching point and
target/purrose, error in the detersination ¢f tke atmospheric
Farameters, error in the detertinaticn cf tle temperature of
fuel/frogellant, etc. The errors fcr training/greparation for this
grcup of launching/startirgs are mcre less zre idenmtical, but they
noticeably are distinqguisked fcr ditferent crcugs. The errors for
training/pregaraticn lead tc scattering of the centers of the
grouping of rrojectiles and rockets in different firings. If the laws
cf technical scattering aud ertrors fcr trairinc/preparation are
identical, then the characteristics cf complete scattering will be

equal to

o=V e T SV T (133

-

i o itk il i i
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Fage 516.

Respectively under tte ncrral laws of the distribution of
technjcal scattering and errcrs fcr trainin¢/preparation, it is

pcEsible tc write fcr mean ceviaticr:

(13.34)
(18.35)

vhere B,, and Bg, — widdle, cr prctatle, rarge errors and in side

directicn, that characterize technical scatterirg;

Byaox and Bgyoy - giddle, c¢r riokatle, the deviations, which

characterize the ertors fcr training/preparcticge.
Fcr setting of kill prctatility tc tarcetypurpose, the
assunition consumpticn ard time cf fire for eftect to target/purpose,

the acccunt cf the errors fc¢r trairing/irejératicn is necessary.

§2. Determination of the characteristics of scattering by the methcd

cf statistical testings.

The method of statistical testings ~ cre ¢t the most universal

Er——

.
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sethcds of determining the frotabilistic cleracteristics ot the
results of the large numkter ot scluticps of tke systems of the
differential equaticns, which describe fhysical process, in which the
initial data are assiyned as randcs variables. Methcd found
argflication/use in many areas ct science arc¢ technology, including in

v

tallistics (8], [18].

In the latter case is perfcrmed tke czlculation of a large
quactity of trajectcries cr ccajuters. Thcse cf the parameters the
effect cf scattering the whkich is assumed tc ccpsider that they are
represented in the form of random ruasters. 1te functions the effect
ct scattering the whkich is assumed tc ccpngider, for example, a change
in the weather factors sith height,altitude (). els). B(), they are
represented in the form cf random furctions. Eefore conducting cf
statistical testings (calculaticrs) is condicted the careful study of
all pazameters and functicns, which affect tle motion of rcckets and
frojectiles, are establishyinstalled tle lass c¢f their distribution
and neserical characteristics cf ttese laws. Thken is comprised the
scst ccmplete, for giver specific conditiors, system of equaticrs,
shich includes the randcm parameters and thke functions whose effect
is assumed to consider. Utilizing tte cltaired values of the randos
Farameters and functions, is perforsed calculaticn ("experiment™) on

comguters.

sarapinatal s o v
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Face 517,

The randcm parameters durirg the j testing are taken in this

form:

W=MEHNe | T
Ww=MRHN ] e
PHE

b =M ]+ Nattu:

Hezxe §y - value of the i parameter duriny the : testing

-

cealculaticn);

Mt] - mathematical expectaticr cf the i parameter or its

rcsinal value;

Ny - the random pusker, whiclk characterizes the value of the i

cerameter during the j testing; fcr example, during the first testing

= Ny, cn the secomd -~ A, and so forth,.

The random functions, intrcduced into lallistic calculaticn, are 'j

assigned either in the form of experiwental specific realizaticns
cttained during testings, cr in the fcrs cf the realizations, '

cbtained during the cancnical expansicp of the random functioas, ‘

B i L et P PSP TRUV AP o - -- e s
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vhich describe a change in €ach of tle charecteristics.

As is known, the cancnical exgansicn cf random functicn is

regresented in the fors

L]
X(O)y=m )+, Vau(t), (13.37)
=} . -
vhcro;buur - mathematical expectaticn cf réndcs function;
‘ath 9 -.----%(f) - ccordinate functicys; Vi, Va.....Va -

uncorselated random variatles with the mattezatical expectations,

€qual to zerc.

Jn ballistic calculaticns are inticduced the random functions,
shich reflect a change cf tte weatbter factcis cepending on

teight/altitude.

Buring the use of cancrical e€xpansions, it is possible to write

for deviation of temperature frcem the acrsal law

. - N"',;'.‘

shere V. and;d; - randca variable and cccrdirate function, that

characterize deviation cf temperature.

Fandos function for wind, for reasons, presented in Chapter XI,

Lo ettt st s ki bt PR
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% it is expedient to fresent in the fcra c¢f tuc functions. In

N
direction morth-gouth:

1

: mw)-@u).fz?@nwm, (13.39)
Fage 518. ' ?

E W
In disecticn east-yest:

. m(v)=§-5t(l)+z VeosiPop gt (9 (13.40):

Here Gc_p(y) and ‘was(y) - change in tte everage values of the

frojections of wind velccity in heightsaltitude; i'“%hﬂ” V;'_J -
ragdcas variables; ¢, _.(y), 9,‘4,(;) - cccrdinate functions, whickh
determine randos comprising velocity of wic¢ according to

height/altitude in the efpprcrriate directicr.

In each concrete/sfecificsactual trajectcry calculation, it is
utiliged on cne of the realizaticns cf rapdcs functions
‘0T(#), e ¥) and ws (4). Bandom variables and coordinate functicos
are déterained as a result cf the very labciious probabilistic
analysis of large quantity cf the experimertal data, obtained with
the meteorolcgical sounding of the atmcspheie. kith ballistic rockets
the nuamber of compcnent in right sides exparsicms of random function

(13.38)-(13.40) is determined by the availaile experimental data,
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their reliability and a guantity. 1In tte sa-crity of the cases, frcve

tc Le possitle to take 10-1° terass cf exparsicr.

Let us examine the exesplarys/apprcxisate crder of the use of
expressicns (13.38)-(13.40) during fperfcracerce calculaticn of
scattering of rockets. 1he characteristics ¢f rendom variakbles V}
and cccrdinate functicns ¢dy) we ccrsider kncun. Let us assume that
availatle there are on n cf coocrdirate functicrs for determinaticn
81, @Wep and{wrﬁ and frcm n cf tike tables ct randcm ccefficients,
After taking according tc cne rardcas rumher .V, cf each table, after
sultiglying each of ther by its (ccinciding in number) coordinate
functicn it summed up tle cltained terss, is fcund
concretesspecific/actual cuive (realizaticr), shich characterizes the
law of a change in the ¢eviaticn cf temperature with heightsaltitude

at the first "launching/startirng".

Then similarly is fcurdé the law cf a clance in wind velocity
with beight/altitude, characterizec Ly functices weyp (§) and
Wa—a (¥). Por the facilitaticn of calculaticrs, they project wind
velocity in the line of fire and tle side direction, as a result of
which is obtained 'w.(y) and ‘w.(y).- 7The cttaired realizaticns of the
deviations of the atmospheric parameters frcm tte standard 6T(y).,
w.(y), w,(y) are utilizec during the scluticr cf the system of

eguaticns of the motion cf rocket fcr tte first "launching/starting".

i

Fmada B Nmte . 4
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in exactly the same way are calculatec realizations 61(y).,
w(2) and w.(y) for the 2nd, 3rd ard sc forth cf

"launching/startings".

Utilizing the obtained values cf the rendce parameters and the
tandca functions, are carried cut trajectcry calculations
("experiments”) on ETsVE [:SuBM- digital ccaputer] or AVM. Analcg
ccpputers give results with large errcrs; tcwever, they are favcratle
when tc describe mathematically phencmeron is rct completely
rerresented possible ard it is necessary tc jcir up of machine the

real assemblies of article.

1he results cf calculation, cltained ir tte first "testing®, are

introcéuced into tatle.

Then thus is conducted tie seccrd "testing®™, the third and so up

tc the latter.
Fage 519,

When are carried out all "experiments", frce table is extracted

the which interests us value (fcr example, distapce, flight altitude,

P ey e T N A R R Dol ™ ey gy Yy TR TR R




LCC = 78107118 EAGE é?/0027

€tc.), are establish/installed the law ¢f its distribution and the
numerical characteristics cf law. Thus, as & result of "testings" is
cbtained the complete description cf studiec¢ vzlue from the

prctatilistic point.

fte reliability of results durinrg the a2gplicationsuse of a
sethod of statistical testings degpends to a ccrsiderable extent on
the nember of the "experiments concucted” 2rd ¢y the accuracy cf the
rathematical descrigpticr cf phencrencr; for obtaining the reliable

results, are required usually hundred and tiouesand “experiments®™,

By basic advantage cf the metkcd cf stitistical testings vas a
sutficiertly complete descripticr 1ccket £light as of random process,

detersinaticn of all characteristics of this frccess.

fc deficiencyslacks in the methcd, one shculd relate the lcng
tise¢, zequired for condictirg such "testings", and high consumfption

in ccefparison with analyticel methcd.

Ey the descrited methoé are determineé tle characteristics cf
ccaplete scattering. In crder tc detersine the effect of scattering
the separate parameter cr function, it is ce¢cessary this parameter or
the functicn to represent a:s randcs, 2and res2iriny detersining

parameters and functicrs tc take cr rating (cx cn mathematical
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exgectation). Similar investigations are ccrnected with the
calculation of a large gquantity ¢t traZectcry ard the corresponding

exfenditures of the machine count tire cn ccaputers.

§3. Determining the characteristics cf scatteriry according to the

results of firing.

Pirect/straight experiment (firing) tltey meke it possible mcst
tc correctly estimate tle claracteristics ¢t scattering. Firing is
ccpducted in the final develcpment staces ¢t missile or artillery
cosplex. With an increase in tlte ccstyvalue c¢f rcckets (projectiles),
it is logical, they descend the fcssikility cf cbtaining sufficient
statistical material by ccnducting the firirgs. Therefore the results
cf firing always are estimated in ccatiraticp with theoretical
calculations. The kasic difficulty ct the sclution of tais fprotlenm
with rccket firings ccnsists in the liwitedress of statistical
saterjal or, in other wcrds, in the lcw nurier c¢f rocket launchings,
2n¢ also in the fact that is previcusly unkicwr the lav of

distributicn.

)
i
i
i
]
e
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Fig. 13.3. Scattering tte ccordinates cf thk¢ impact points in the _
frcjectiles in locality. !

Eage 520.

It connection with this it the process c¢f tle calculation of
rumerical characteristics according to the 1esuvlts of experiment, it

is negessary to speak nct atcut precise of their value, but only

abcut the average statisticel values cf the clktezined quantities. The
average statistical valves cf rumerical chsracteristics usually are L
desigmated with line akcve. Fcr exangle iﬁq-_jL - average
statistical mathematical expectaticn ct rascca varjable;

- Dix}=D, - average statistical dispersicn cf random variable,

etc.

let us exanmine the tasic stages of prccessing the results cf
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firing. Let us assume that with "n" rocket laurchings we have "n" of

the foints of their incidencesdtop ¢n flane x02 (Fig. 13.3). The

ccordjnates of impact pcints it is mcst expediert to deteramine in the
startirg ccordinate system. They first cf &ll extract consecutively

the cocrdinates (x; z) of each impact fcint in second and third

cclumeés in Table 13.1.

Further are determined the values cf average statistical

sathematical expectaticns according tc cocrcéinetes x and z

23 . . .
M= R ¢ ¥

T
R.-g;- S
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Table 12.).
f
& K
<. o] 5t | 2 | 2R 2K | (x—Hp | (o—Mp (;::J—-%X)
1
2

!

Keg: (1). Number of experiment.

wmn
L%}
-
[

Faqge

column of
Then are filled the resaining awwsws €atle 13.1 for all

exgerisents and are determined averace statistical dispersions

D B and covariance; (Kw) acccrdirg to tke fcllowing dependences:

$ (x— NP - o
E~EL£3—ﬂ e

2.1 (2,— n:’

D,= ; (13.44) \

ﬁm-mm_m)

R, - (13.48)
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Ferther are calculated average statistical values of
root-mean-square deviaticr (0. 0;) and cf tie ccefficient of

correlaticn (Fm):

‘. ;‘3/5:; (13.46)

=V Dy (13.47)
r, —“Rn (13.48)
- .‘.‘- .

Passage from dispersicns to rcct-sean-square deviation usvally
is sade on that reason, that the disensiopelity o is equal tc the
dimensicnality of randcs variaktle, while tte dimensionality of

dispersion it is equal tc tte dimersicrality ct the square of randces

variable. By correlaticn ccefficiert also tc mcre usually

ccunveniently use than ccvariance. 1he ccrrelatica coefficient is

disensictless and chanyes from 0 tc 1. 1f '§ =0 therthis means that

Letween random variables x and z tlere is go ccrrelation. These

values are independent frcm the fpoirt ct tlte prctability thecry.

Cifference F.n from zerc is the sigpn/critericn c¢f existence of the
sbechastic dependence between randcs variakles x and z. But if ;
fa=l,  then random variakles x anc¢ z are ccapletely dependent cn

each ctler.

-
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Pcr evaluating the reliability cf the cttained average
statistical values c¢f rumerical characteristics, calculate for thenm
the sc-called confidence intervals. let us e€xamine as an exasfple the
determination of confidence interval for tke average statistical

sathemetical expectation c¢f randcm variable x.

Let as a result of prccessing data of firipg we obtain that M,

and it is necessary to ratesestimate error ‘iL_qu“ vhere M. -

Frécise value of the mathemetical expectaticn ¢f random variable x.

Fage S22.

let us assiyn certain sufficiently larce prclaltility g (for exarsple,
f=C.9), such so that the event withk frctability g it would be .;

jossible to consider virtually reliatle, anc let us find such value

¢,. for which

(M =M< )=p (13.49) |

Then the range of the virtually pcssible values cf the errcors, which

appear during replacement M, cn M, will be ts. Large in absolute

value errors will appear with the Jcw probatility

, am]af. A (13.50)

Iet us revrite equality (13.49) in this fcrs:
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‘ P(M,— <M, <M, +e)=p. (18.51)

Cktained equation (13.51) means that with pickakility B the unknown

precise value M: falls intc fcllowing interval (Fig. 13.4)

'J.-(n‘--“ ﬁ: “‘l‘&)

Value .J, is called cf ccnfidence interval, and B - confidence
ccatficient. n our case p - the prctakility of the fact that the

ccyptidence interval ‘J¢ will cover value M,

Let us determine ccnfidence irtervals icr the average

statistical mathematical exfpectaticrs cf the rardom variables of

ccordinates x and 2, Fcr this, let us assigr value B, from which let

us find value t9 [10]). The relative Lkcundéaries cf confidence

intervals let us determine according tc the fcramulas

§i.-.-"; :'\’ T
(oh.d-l. VI‘ o '.‘. ‘(M
A g e A

g YE

‘Qaf-,.’.f"

PO

Ccmsequently, confidence intervals fcr averéce statistical

sathematical expectatiors vill be egqual to

T
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Fig. 13.4. Confidence intervalrl, cn ‘numter scale axis.
Fage S523.

fhe relative koundaries of ccrfidence inte¢rvals for the average

! statistical dispersions of randos variables X atd T can be determined ;5
F ty fcllowing formulas [ 1C]: F:
| ~ . s I
] (!)o,=t.l/mv,: (13.67) e |
f . \_._ ! 3

_ (‘)o,-h‘/;_zjb.- (13.58) IR
r In this case, the confidence intervals cf average statistical _;

dispersiocns will be egtal tc
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" Uno,=[Ds~lo Dutslo,); (13.59)
" oo, =[D,~(&o; Dy+iv)o]. (13.60)

If wa designate
0=V D~ s~V D, +w,,

then it is possible to cttain ccnfidence irtervals for average

statistical standard deviaticrs

U UKW (13.61)
- ok, (o o) - - (13. 62)

The following develcpment stace cf firirgs is the construction
cf the histcygram in fora cf which is introcéitcec the hypothesis about

the possible character cf tte law cf distrituticn. For the

cepstruction of histogram, are carried cut fcllcwing

prccess/operations. They divide entire range of the obtained values x
and z for the discharges (intervals), limited Lty values g %

and 24 8 (for the i interval), erd ccapute a quantity of
values of random variable mi that being necessary for each i-¢4
discharge. Por coivonionce in the ccmstructicn cf histoyraws, take not

wnd
true values % apd S» & tleir deviaticns frcms the corresponding

-
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sathematical expectaticrs a and ;4 Usually tumerical length is
€qual to six, eight and it is thinper - tes. Generally a guantity of
discharges k depends on the nuster cf the eiaperiments conducted. The
greater the experiments (r), the greater ntnerical length can te
taken. The length of discharge it is ccnvegient to take equal to
root-mean~-syuare deviaticn. The selected dischsrges and a quantity of
values cf coordinate {mq), that beinc necessary fcr each discharge,
will bring in into the first two lines cf thle (13.2), which is made
fcr random variable x (fcr an examile it is urdertaken of six
discharges, on three discharges to each siée frcm zero). Sismilar

tatle it is necessary tc make, alsc, fcr rardcas variable z.
Fage 524.

€n findings are ccnstructed tlte histccrams toth for the ramndos
variable x and Ior randc¢s vériakle z, fplotsdepcsiting along the axes
cf abscissas discharges, stile alcng tlte axe¢s c¢f ordinates - the

ccrresponding to them guantities of values (m) ¢f random variatles.

Analyzing the obtained histogramss, is intrcduced hypothesis on
the prctable character cf tle law ¢f tte distritution of given random
variable. For example, cn tte histcgram, preserted in Fig. 13.5, it
is fossible to intrcduce hyjcthesis abcut tie tcrmal law of random

rusker distribution x.

L el UL
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The introduced hypctkesis or the law cf distribution of given
rardcs variable must be checked ¢n gccdness cf fit. Most frequently ;
for this is applied Pearscr®s sc-called critericn 4, who makes it
fossitle to ratesestimate tle deqree cf the cccrdination introduced

cf thecretical and statistical laws cf distrikution.

Value o* is determined acccrding tc the derendence

. . : - .
LIS . FORATESURE L SPNE S |

where pi - the hit protakility into ttke i-th cischarge, designed

acccrding to the introduced theoretical law cf éistfibution.

Takles 13.2.

° ° ° [ L] [ ] L ol e °
1 (‘ ) Paspaau —Xg —xg‘-—xg; —Xpl—x: (;{ 0; xy | x53 xg} x9; x5
2 m;
3 A x‘;-n
e} 2a,
4 ® 0"_ .
0{2 Sx
1
5 pi= | 3—4]
-6 np;
7 m;—np;
8 (my—np)?
9 8:6
Fey: (1). Discharges.
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Pig. 13.5. Histogram of processing test resclts.
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Fage 525.

Jor example, for ttke ncrmal law cf hit prctability distribution

RFE W

cf randcm variable x intc this discharce is ccmputed according tc the !

]
§ fcrrula i
% .
1 A ;14-1 A ;l ] ;'
Ed = | - ' 13. 641

é Py 2 [ Qiig‘r ] oy (

3 ',
i :
% o * L
shere Xy Xpaq ~ bourdary values cf the i discharge; @} 2=0,6745:

3,=3, - rocot mean sgvare value cf given randcm variable, found
X
Q '/if“

i

A
earlier from experimentel data; ¢| l- value of the given

fupcticn of laplace.

-

Calculation of y* fcr the normal law cf distritution is

ccpvenient tc conduct with the aid of Fable 13.:z.

Further is defined the numker cf degrees cf freedom r as ;
pumerjcal length k minus the nusber cf conditicrs

(ccmmunicaticp/connecticns) S, superimgcseé¢ for the theoretical law

cf the distribution

rkeS. (13.65)

accerted.

In cur case the numker of stperimpcsed conéiticrs

e
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(ccamupicaticp/connecticne) S is equal to tlree:

1) it is necessary that the sum of frecuescies would be equal to

cne;

2) is necessary the ccinciderce of tte tlecretical and average

statistical cf mathematical exfpectaticrs;

3) is necessary the ccinciderce c¢f the thecretical and average

statistical c¢f disgpersicuns.

Further according tc tlrose found y* amé r Cetermine probability
f cf the fact that the law cf distritution éccegpted does nct
ccotradict experimental datz [ 10]. If frobaltility p is low, then
hypothesis atout the intrcduced law cf distribotion is reject/thrown
as unlikely. But if the cktzined fprctability (p) is relatively great,
then hypothesis can be reco¢nized Ly tte nct ccotradictory

experimental data.

Is how lov must be prctability f, in cider to reject/throwvw a
hypothesis concerning tle irtrcduced law cf distribution, a question
nct defined. It cannot te sclved frce mathematical consideraticns. 1n
fractice, if p<0.1, ther it is recessary eitter experiment to repeat

cr to atteapt to find tte wcre adeguatesapjicacting law cf
distribution.
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It should be noted that with the aid c¢i critericn y* (or any
cther goodness of fit) at tlte high values cf p it is possible cnly to
€stablish that the hypothesis accepted abctt the law of distribution

does nct ccntradict experimental deta.
Fage 526.

The experimental characteristics cf scettering are compared with
calculated, together tley are estimated. If necessary are introduced
the ccrrecticns into the calculatec¢ law of c¢istribution and

characteristic of scattering.

The scatter of pcirts c¢f an irciderce/crof in the artillery
shells and unguided rockets they are sutorc¢inated tc the ncrmal law
cf distribution; in this case, the ispact fcints are arrange/located
cn plane within the limits cf the ellifse, called the ellipse of
scattering. The center of ellipse ccincides witlk center cf dispersion
(cx by the center c¢f grcupirg). With tte firing the artillery
rotating shells as a result of right deriveticr, the center of the
ellipse of scattering is displaced tc tte right from the directicn cf

flane cf reference of firirg. With firirg at lccality, the axis of

ellipse in the directicn cf tiring is ecual tc 8B, In side direction

;
]
}
{
[

o~
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the axis is equal to BBs. %ith the firimg at fapel the projectiles,
which have lcw trajectory, the elligse cf scattering it apgrcaches a

circumference. Proltable (mwiddle) deviation in the direction of

vertical axis is designated B,, a in side direction, just as with 'H
firing at locality, is designated B, FEatics DBi Be and B in a
Xc' x¢ E 7 |

artillery is conventionally designated as tle ctaracteristics of !

clcsely grcuped fire. |

With firing at locélity ty the unguidec fir-stabilized missiles ko3
at small angles of increase, just as with tle firing artillery
shells, By>Bs; wvith firirc with tle argles, clcse to the angles of

saximver range, B¢>B, and transverse is directed perpendicularly tc

the line of fire (Fig. 13.€).

Eepending on thke ccmtiraticn cf tle actinc random factors, which

determine complete scatterirg, the lcncitudinal axis of ellipse can

te indlined toward the line of fire.

Let us examine dependence for the calctlaticn of certain
characteristics of scatterirg the frcjectiles cf cannon-type |
artillery, which proceeds méinly as a result ot change from cne shct t Z
tc the next gy, G ¢ The effect cf scattering weather factors for
cne short-term firing it is possiktle nct tc ccrsider. As a rule, the

reasons, calling change oy % and ¢, they act independently cne
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frcs ancther. Let us designete mear deviaticn oy through re,0
thxcugh r, and ¢ through r. Middle range ¢rrcrs in the case cf

acting cnly cne reason, are equal tc:

— TR
g;ﬁ-uzfdhg EL-n;fiqg'flafpiilrb

shere —:‘;‘ﬁ, -::..t, .—:‘L already to us tasic ccrrection factors.

Eage 527,

Since each of cause acts independertly cne from another, the

tctal range frokable errcr is determined frcs the formula

) LA 1
B’l/ —S-r,, _‘sr.,) +(-€-r,). (13.66)
“n e °
Mccording to the characteristics cf cceplete scattering, it is
possitle tc calculate tle claracteristics ¢t scattering of one of the

detersining values. For exasple, if we shoct the barrel system at

angle of elevation, clcse tc tle argle cf smaxiaum range, and to
detersine experimental B, then, krcwiag tket 2t the angles, clcse to
the angle cf maximus range %'f—zo. it is fpcssille froa formula

(]

{(13.68) to find valvue

| et/ B(RE )

\ - . < - - e N R v i
P . R S o hekainitaiteimnetion . i ittt
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Value ry, is deterzined accordirg to tle results of ballistic

firings with the use of the formula

——r—

S (o
r,,-o.s‘us]/ -%-:1- (18.67)

vhere Awu=uv,—o,, - a deviation of the initial velocity on separate

shets vy freoa arithmetic mean velccity in the group

L]
L{]
-l

Y=
Fcr evaluating the scattering with the tise fire the rockets or
the prcjectiles of classes the "eartktsgrouré¢ - air" and "air - air"

cab be used three probatle deviaticn B, Bs apéd B, since the foints

ct discontinuity will cccifpy the area ¢f stéce, limited by the voluame
¢f dispersicn. In this case it is necessary tc cdetermine the rctaticn
cf the principal axes of thke vclume cf disgersicn of the relatively
starting coordinate system. Cne Cf the axeg it is expedient to guide

tangentially toward trajectcry (value its € By), the second axis -

alcng the normal to trajectcry (value its € By), the third - cn

bipcrmal (value its 8 By).

the volume of dispersicn is stcwn cn Fig. 13.7. The ccordinates
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ct center cf dispersion will be ®a Ny

(X

Pig. 13.6. Ellipses of scattering s»ith the tiring the unguided rocket

prejectiles at different arcles cf elevation.

Fage £28.

Bhen with firing at lccality either vertical barrier/obstacle

jretable deviations in citferent directions are identical, is
introduced into exawminaticn grcbatle citculer ceviation, frequently
calling it simply circular deviaticr cr circular error.

)

i
Circular probakle devieticn is called & radius of circle with
cepter in the center of disgersicn, the hit prctability to which is

\
€gual to 0.5. It is obviovs, circular error »ill be the more than |

) .
] .
Y P el
> v cned b e st ki e it s ’ L ad, H
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aprrogriate deviations in tte directicn. Tte¢ dependence between the
Frclatle circular deviaticr E,, (by circular errcr) and the protable

deviaticn in the directicn takes tle fcrm

Egp~175E ) (13.68)

Cr, in connection with firing at lccality,

rxp=1,75 By =1,75 Bg.

It is otvious, when By=Bs=B, it is jcssible to introduce into
examination the sphere cf scattering, alsc, fcr its characteristic -
spterijcal rrobable deviaticr. Under sptericél prcbable deviaticr is
understood a radius of the sphkere, tte hit jrcltakility of the point
cf discontinuity into which is equel tc 0.%. Spherical protable
deviation can be determined thrcugk cne of jrclekle deviations in the

direction of formula

Ece=~228E. (13.69)

___ —
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Fige 13.7. Volume cf dispersicne.

§4. Exrcrs of firiny with irducticp tc targetspurpose.

The accuracy of firing and scattering sissile trajectories
(p1cjectiles) with inducticn to target, /purpcse depend cn the

designation/purpose of 1ccket, its ccnstructicm, principle of

cperagkion and equipment/device of the ccmtrcl system, i.e., Oh the
sethod cf guidance, maneuveratility cf projectile, inertness of
ccntrel and instrument errcis [ 16] accegted. Pcr the index of the
accuracy of guidance, is taken the valwe cf the error, under which is

understood the vectcr quantity, which ccrresgconds to the minimunm

distatce betveen the projectile and the tarcetypurpose (h). With the
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} errcr, egqual to zero, let us have the sc-called direct hit.

Fcr the total characteristic cf tlte accuracy of guidance, it is

necessary to know the mathenatical exgectaticns cf components of

| veCctox of error A A, h, and the ccrrespcndirg to them dispersicns

D.’. D.'.. D.,.

r Fage 529. :
E Letersining the characteristics of the accuracy cf firing at the kﬁ

three-dimensional random vector of errcr rejresents by itself very ;

b

E

cceplex problem; therefore in practice errcr determines two thcse

comgrise, lying in the plane, passing thkrouck tlke vital

structural/design asseskly cf target/purpcse sc¢ that the vector of

errcr sould rossibly mcre ccrrectly characterize the accuracy cf

guidance. For the approximate estisate cf ei1ror, it is possitle to be i

restricted to its module/mcculus,

Scattering the trajectcries cf hcaing aissiles is caused by a
series of the reascns: Lty eirors, determinec ty the inertness cf j
centrol, by the errors, éetermined by the limitedness of the maneuver ;‘
cf rocket and which depend cn the retkod of guidance and maneuvers of |
target/purpose and rocket, and by the instrument errors, which are .

exbibjted in the process of the guidance an¢ in the so-called "dead '
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zcge" cf control, in which the ccontrcl systen

ceases to act.

Ascng instrument errors first of all cre
measuring error of the arnqular cccrdicates cf
tc rocket,

Instrument errors, whick determire

cf target/purpose (coordinatcrs), lead to tlke

DU U
—m

Fian _"_‘__“'____’___./—-—-_ \

fcr a number of reasons

shculd note the
target/purpose relative
tte angular coordinates

fact that missile

targeping is realized nct cun targetyruirgose, but on the fictitious
[cint, arrange/located cn certain distance ircw target/purgcse. The
greater the errcr fcr cccrdinatcr, tte greater the value of error. To
correct the errcr fcr ccordinator ¢uidance system not cam, since it

accepts the directicn, ircicated by cccrdiretoxr, for true.

Tc the errcrs for cccrdinatcrs are devcted at present

syfficiently many works beth in Scviet and in fcreign literature.

Scattering missile trajectories with remcte control ir the case

shép measuring device is lccated cr rccket (fci example, television i
head) , is determined by tte same scurces ¢cf errcrs that and with
hcming/self-induction, with this vectcring errcr it does nct degend -
cn the range of the contrcl system. In the case of remocte contrcl
with the arrangement/pcsiticr c¢f measuring cevices (goniometers,
radars) on control post scattering trajectciries is caused by the

errcrs for determining the coordinates cf rccket with the aid cf
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radar. With command and rescte ccntrcl the value cf error, caused by :
instrument errors, increases with an incresse ir the range of
remcte-contrcl system. Ic irstrument errors cat be also referred the

exrrcrs, which appear in ccmputer ard in comsand radio link.

While relatively small target rances erd its maneuverings

|

essential effect on errcr have the errcrs, cavsed by the inertness of ! i
rccket (limited maneuverability) anc cf tte errcrs, caused by the §

irertness of ccntrcl. b

The guidance dispersicrs as a whcle just as purely instrument

vectering errors, are exauined in the speciclized literature, for

€example, in [16].

Fage 530.

let us here examine only c¢ynamic errcrs, ccrnected with the inertness

cf rccket and the mcticr characteristics of target/purpose and

rccket. The action of the dynamic errcrs, deterxined by the inertness
cf rocket, is exhibited in the fact that tke rccket reacts tc the
ccasancéscrews of the centrcl syster with certairn delay, that, it is
lcgical, it leads to abcut Mach. Dynamic errcrs depend substantially
cn the guidance method which detersines reguired normal load factors,

and frcms the character cf the maneuverirg ct tsrget/purpcse.
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Bet us examine the errcr, which dejends cr maneuvering
characteristics of rocket. Paneuverakility can te determined either
ky the smallest possible racdius of curvature cf the trajectcry cf the
scticn of the center of mass or by saxisall) pcssible transverse

acceleration a4, on which depend tke ncrmal lcad factors.

The minimum radius of curvature, freqeently utilized during the
ccpstructicns of the trajectcries cf tle mareuver of rocket and

during definition of lethal areas, can Le detersined by the kncwn

fcreula of the kineratics

"2
e=-L. (13. 701
Gpp

The ncrmal acceleration cf rocket cn fermule (4.11) is equal

Cu s 4 4 . .
angular velocities f? and ;} are determired ry the motion

characteristics of target/purpcse 2mé Ly guidarce method.

If ve proceed fros the kinematics cf tte cuidance in one flane,
then with error functicr r(t) rust bave a mictisum, and the derivative

dr)dt ke equal to zero. Frcm (4.€) ccnditicr dr,dt=0 for an error is
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fulfilled with

v, 008 I.-Q'COI QY.

Bor an example let us ckserve the crder cf value determination

cf errcr vwith missile targeting tc tarcet/pitrpcse from the methcd cf
- }
pursuit, described in €hapter IV. let tvs ciamire the kinematics of

the mction of rocket on the lastslatter secticr cf the path befcre

i its rendezvous tor targetyspirpcse, accefting p=const. A change in the ‘

distance between tke tarcetypurpcse and the rccket and the rate of

i
the rctaticn of the line cf sighting with pursvit guidance to the i
target/purgose, driving,smcving tcwards, we %ill cktain that cn the f
|
1

kasis cf fcrasula (7.109). let us rerlace ic (7.109) dys/4t from

|
fcrasula (7.114) and we will cttain

V""l‘in'l
5 st |

13.71
By p ( )
Fage 531.

In the general case rgw it is possiltle to deterrine, after applying

cn rigkt side (13.71) tle ccnditicp

ar _f(omsing) & MG\ _o 4372 |
Ta(a._,)ad_-_,g_ l

« 'y

While maneuvering of target,/purpose in the cirection and velccity,

ittt et -
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the pxcblem is solved crly rumericellye.

Similarly it is possitle tc derive the fcruulas, vwhich determine
the errcr, which derends c¢r naneuvering characteristics of rocket,

and fcr cther methcds of guidance to target,purgcse.

It is necessary to keep in mind thet tie éazmage to target is
cetersined nct cnly acciracy of guidarce. Tke calculation of the
effectiveness of firing must ke carried out taking into account all
acting factors, including the factcrs, whick depend om construction
and werk of the warhead cf the rccket. This is the large problen,

ccring cut beyond the sccpe of this book.

W T R e NI T
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Fage S32.

Chagpter XIV.

EJEERIMENT AL METHODS OF EXTERNRL ERALLISIICS.

The methods of conducting kallistic testirgs, their
crganizaticn, metering equijmert ard sethcds of processing test
recsults depend on the ccnstruction cf the ex;exience/tested
frcjectile and designaticrsiurgcse cf firirnc. Extra-ballistic
testings depending on desigration/purpcse cén te divided into two
large groups — intc lakcratcry testirgs, ccrducted, as a rule, with
firing from specidl projectile settings ufp cr artillery instruments,

and to the range tests c¢f rcckets aré arttillery shells.

Baboratory tests are ccnducted ipn the specially eguipped dashes
¢r cn gclygon ballistic rcutes. Firings car te carried out bcthk on
those cpened and in clcsed (deccspressicn) 1cvtes. The separate types
cf testings are firings for determinin¢ the initial velocity of

grcjectile and characteristics of scatterin¢ tie initial velocity,

-
(3
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firing for determining cf tlte aerodynasic ctaracteristics of
full-scale specimen/sanples and mcdels, firing for determining of the
stability characteristics of mcticr and dyreésic gualities of

full-scale specimen/sample cr mcdel.

Pclygon firings frcm artillery instruments and by rockets are
carried cut for purprose of the determipaticr of the initial
conditions of shot, ranging of tiripg and characteristics of the
scatter of pcints of incidenceydrop. Wten ccnducting of firings frca
rifled artillery weapons, can be prcvided experimental determinaticn
of derivaticn. Each fcro cf the ramed fclygcrn firings can be carried
cut inderendently in the frccess of creaticit ard final adjustment cf
the specimenssample of arsasent cr ccmpcsite ir the process of

subsequent testings and perfecreing wcrk on the creation of firirg
™~
tatles.

Independent value Lave the trajectcry ckservations of rockets
and prcjectiles. Trajectcry cbservaticrs ir tte form of the fulfilled
Frckless can ke divided intc three grcups. The first group is

cornected with testing cf rockets and projectiles.

Fage 533,

Second group - with trajectocry predicticn, the detection of the

L O CORHIE TIPSR, V! P JOK IO - T
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places of the missile takeotfs and cf firin¢ pcsiticns of 5£ti11ety
instrvments, the determinaticn of tle predictec¢ points of ipfpact in
the rcckets cr propcsed tarcets. Tte third crcup of trajectory
cbservations is connected directly with tte interception of the
drivings/moving rockets and frojectiles cf é¢ifferent

designation/purpose.

In the process of creation and final zcjustment of the new
specimens/samples of the rockets and ctler fligkt vehicles final stage
are flight tests. Ttey serve fcr cktairing the mcst complete
ipfcrmation about the wcrk cf missile ccaplex as a whole, and also

its sefparate parts.

Flight tests are orly testings which séke it possible to
tatesestimate the behavicr ctf flight veticle directly in flight and
to define such parameters cf its mcticn as linear coordinates,

velccity, angular displacement, g-fcrce, etc.

As a rule, any the newly created specisens/saaple of rocket

passes two types of testirgs - check-ctt anc ccstat.
The first are interded for perfcrsance checkout of different

systess, placed on Loard rocket, ard tte flight characteristics cf

rocket as a whole. Test specimen is eguipped with a larye quantity of

b b s i i

VeS|
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inspection and measuresent and cthexr sgpecial ecuvipment which is
Flaced cn koard the rocket instead cf scme assemblies and the units
shcse work dces not undergo investigaticns, ané¢ their absence dces
nct interfere with the rcrsal furcticnirg ct all remaining
cell/elements and units cf rocket. So enter, fcr example, with by

warhead and the equipment, shich ersures its detriment/blasting.

All obtained on board rocket infcrsaticr is transferred at
trackjing station where cccuvrs its treatsent. These stations conduct
alsc erternal measuremerts fcr parameter detersinaticn of the wmoticn

cf rccket.

Ccmtat tests are irterced fcr testing cf the military
characteristics of rocket. They are ccnducted fcr the evaluation of
scattering and effectiveness of acticn cn tle tzrget/purpcse of the
newly created specimen/samgple. During service firing usually special
setering equipment onktcard fcr tke rccket iz nct establish/installed
and ia the process cf testings are ccnductec crly external
measuxements, which can te fulfilled with tte aid of ground-based

cptical and radio engineering (radar) equipaent.

Peprending on the method of measurerent of the parameters cf
trajectories, extra-trajectcry radic ergineerirg measurements are

ccnetructed most frequently according tc active and passive

S el M oa )
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The active principle cf measurements is ckaracterized by the
fact that entiresall meterirg equipment is arrarge/located at
trackirg station, and tle flight vehicle cply reflects the sent to it

frcm staticn signals.
Fage 534.

This principle of measurements is ttilized tcr the taryget detection
and tracking their moticn alcng trajectcries, as a result of which
are determined (for example, for lellistic missiles) launching
foints, the rredicted trajectcries and the ispact points in the

Icckets.

¥ith the passive rrinciple ct €xternal reasurements, basic
scnitcring-measuring equipsert is glaced cr the Earth and fixes the
fcsiticn of flight vehicle accerding tc the sigrals of the radic

transsitter, establish/installed cy Lkcard tie latter.
§1. Measurement of speed c¢f mcticr c¢f becdy <t tallistic route.

6ne Of the most widely used methcds cf detecrmining the rate of

the moticn of body along trajectcry is the metlicd, instituted cn the

dends
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seasvrement of time t of passage ty the body cf the section of the
rcute c¢f the specific length }. It this case, after making assumption

abcut linear change of speed, is calculated its unkncwn value from

the dependence
1
U-T ﬁ'

The obtained value of velccity v is related to pcint in the

trajectory A, which ccircides with tte piddle cf the measuring

secticn } (Fig. 14.1).

BFcr decreasing the errcrs, caused ty tie everaging of velccity,
the lergth of secticn ] selects pcssible lcser, how this allows
setering equipment. As it is clear frcs the essence of the examined
method, its realizing meterirg egquipment must ccnsist of two
interdefpendent compcnent/litks. The first ccmpcrent/link - these are
chrcncgraph, instrument fecr measuring the transit time by the bedy of
the trajectory phase. Tle seccrd ccrpcrentylink - these are the
lccking apparatus, adjustaltle cn tle end/lecds ¢f the measuring rhase
cf trajectcries, at consecutive signals of shich occurs the

starting/launching and the cessaticp cf the ccaputer of chronograph.

Let us examine in scre detail the equijsert, utilized for

velccity measurement.
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Fig. 34.1. For determirnaticr of averace speed cr section of ballistic

ICK tep

Fig. 14.2. Block diagram cf electrenic chrcrcgregh.

Key: (1). V.

Fage 535.

Chrcnograph.

She most widely used at present tyge ct the chronoyraphs,

utiligded on ftallistic rcutes, is tle electrcnic chronograph (EKh),

wcrkiag according to the principle cf tte ccapariscn of the measured
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tise intervals with the sum of the pericds cf cscillations of the
high-frequency crystal cscillatcr cf tke electrical signals. The
klcck diagram, which elucidetes device work c¢f cne of such

chrcncgraphs, is given in Fig. M4, 2.

ROy ssrote ., D

1 In this schematic:

BU1 and BU2 - respectively more frcntyleading and rear locking

apparatus; UPSB - amplifier-convertcr of the sicnals of blocking; EP 11

- electronic breaker (switcl); KGECh - quartz tigh-frequency

cscillator; ESU - electrcnic ccmputer; VS - ccrtrolled rectifier.

Chronograph is supplied thrcugh tke unit vS¢ from the

grid/network of alternating current with vcltacesstress ~220V.

The measurement of tise by chrcrcgragh is ccnducted as follovs.
In tramsit through BU1 the Lcdy whcse velocity) aust be measured
appears the electrical signal, which is appropriately converted and

is amplified by the unit LESE and it fasses tc unit EP.

The high speed electroric interrugter (triggering time its

~1¢107¢ s) at the signal frcm tlocking EUl clcses the circuit, which

B L

ccgpnegts computer with crystal oscillatcr. In ttis case, alternating

current from KGVCh with period of T = 1/f tegire to pass intc ESU,
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vhich ccaputes a quantity cf entered it momentuas/impulse/pulses. At
the mozent of the cutput cf Lody frcm measuring section at the signal
frcs BU2 again wearsoperates the urit FE,; kit already disconnecting
KGVCh frcm ESU. Thus, fcr tte time cf thke scticr cf body along the
measuring phase of trajectcry the FSU will 1eccrd the specific
guantity of the entered it feriods T1. If tle pusker of periods is

equal to n, then the unkncwr time

tmal,

Jn the chronographs, utilized during tellistic measurements, are
applied KGVCh, that develcp current with frequercy not less than

f=1e10S Hz, i.e€., with the c¢scillatcry jericd, it is not more
. 1 [}
TR

Erxrror due to the irstalility cf tte fregquercy cf KGVCh they

virtually disregard, sirce it dces rnct exceed C.01o/0.
Fage £36.

Bcror from a reading error the nseasured tise interval comprises
nct mpre than one period, since the teginnirg cf the measured tise
interval can either coircide with the mcmertus,simpulse/pulse of

generatcr or rendersshcw in spacin¢ letween fulses.
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Exror At=T is for FIKh maximum over entire range of the measured

time intervals.

The computer of chrcoccraph can take a reading of
sosentuB/impulse/pulses eitlter cn decimal c1 alcng binary syster; can
ke used the combined systew. Figures 14.3 siows the schematic of the

wcrk of ESU in the decisal system cf ccunt. Ccrsists this ESU of

several identical ccmputing decades, assensltled c¢n electron tubes or

transjstorse.

Buring thke measuresert cf time, tte cuirert frcm KGVCh with
frequency f proceeds tc tlte tenth scmentum,impulse/pulse from decade
No. I it gces to decade do. II which ccunts already ten pericds, and
so cn. The fpassage cf tle siqrals thrcugh decades is noted on display

tnit ficm necn bulbs for visible reading (irdicators can be and arrow

ty‘e)n

At the moment of tte cessation cf ESU et tte signal BU2 on
indicator of each decade, it fired the tulk, which corresponds to the

rusber of pasts through this decade cf fericds.

Thus, for instance, in the pcsiticn of the cessation cf ccunt,
shcwn cn Pig. 14.3 (unéarkered small citcles - the burning neon

tults) , computer fixed a quantity cf scsentuasisgulse/pulses n=3851;
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this ¢crresponds to the measured flighkt tise
f=nT=385! . 10-5=0,03851 &

the lisplay system of the chrcpcgraph whose computer is

institcted on the use of & tinary ccunt, is shcwn on Fig. 14.4. It
includes 12 cells, equifpped each by the necr buvlb (number of cells
can be other). Ignition with the cessations ¢f the chroncgrarh cf any
necr bulb corresponds tc the passage throuct tkis cell of the i
computer of the quantity cf mcmentvus/isgulse/ptlses, equal to number
M=~ vhere N - number cf cell. Nusber t}is (m) calls the "value"

of cell. The "values"™ of each cf 1z cells are civen to Fig. Ly 14.4.
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Schematic of reccrding the seasuied time interval with

Fig. 14.3.

decimal system cf ccunt.

Key: (1). s. (2)- From. (3). Hz.

Fage 537.

Thus, total number of mcmentum/impulse/fulses, which entered the

chrcncgraph for the time cf the moticn cf lcdy, will be determined

frcs turning neon Ltulbs taking intc acccunt thkeir “value%., For

example, in the positicr, stown in Fiqe 14.4, ccmputer recorded the
rumter of periods
Ra=2042' 4204264274 204 2104 21! m 3851,

that with £=10% Hz gives thke flight time

f=nT=0,03851 §

e e ———— e 5---un-nhtL.J
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Iccking apparatus.

The forms of lcckiny apparatus kncwn such - are applied
€electrcstatic, capacitive, fphotoelectric, accustic inertia, etc. cf

tlockirg. Let us examine fcr an exasjple scme cf the blocking

cell/elements.

Frapes—-targets. Frame-target (Fig. 14.%) represents hy itself
the flat/plane frame, usually square. The sizesdimension of frame can
change depending or bore d «f scdel whcse velccity will be measured. |
Tc frame isolated froam it is wound, as shcwsr ir figure, fine/thin

wire with a diameter of dp=020—025 ss (tirsel). !

Frames—-targets are estatlish/installeé¢ cn the route sc that
their planes would be perpendicular tc the trazectory of the mcticn
cf tody, and their windings are included ir the unit UPSB of
chrcncgraph and are supplied by direct curtent. With passage through
the plane of frame-target, the Ltody tkreaks its winding, what is the

signal for startingslaunchirg or cessation ¢t ESU of chroncgragh.

Fcr providing the reliatle interrupticr with the driving/mcving
tcdy of the winding of frame-target the distance between adjacent
turins cf vire } is taken frcm ccnditicm 3€C.25d, and the winding/ccil

¢f wire is conducted with certein interfererce in order to decrease /
the possibility of its separation intc sides acd dravinys. Fror the

sase purpose during measuresents v cf the tcdies of the lowv caliber |
cf the wire of frame-tarcets, tktey stick cr fime/thin paper. )
t

: . Bl e AR WL o F—— -
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l Fig. 14.4. Schematic of reccrding ¢f seasuvred time interval in the

Ltinary system of count. :

Rey: (1). cell. (2). Value cf cell.

Fage 8§38,

Tc frame-targets are chkaracteristic the fcllowing operaticnal

deficiency/lacks:

- is necessary to restcre the ccipleteress of their windings

after each measuresment,

- occurs certain ncnuniformity in the interruption of the wires

of wimding, which leads to the unavoidakle errcrs in value v.

Nevertheless frame-tarcets, in view cf their reliability and

gisplicity, are utilized very widely.
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$clenoid blocking. The sensinc cell/element of the given

blocking is the solenoid with doutle windirc¢, fplaced in metal casing
(Pig. 14.6). one windinc ¢f sclencid is supplied by direct current,
creating ccnstant magnetic flux. With fassace within the sclencid of
the metallic body, whiclt jcssesses sagnetic prcgerties, changes the
magnetic flux (as a result cf change) cf magnetic permeability) and
ip inducing winding of sclenoid, ccnnected sitbt UPSB, it is induced

the pulse signal of currert.

This signal - weak and in the unit of UESE it is amplified and
ccypverted into the signal with steep wave ficnt, convenient for the
cgeration cf unit EP cf chicnogragk.

S$clenoid blocking fcssesses a series cf the advantages:

- allows prolcrged repeated use, since do nat require any
fLocess/operations on the restcraticnsreduction c¢f their J
ccspleteness,

- does not distort the flight of the tcdy leing investigated,

- it gives a precise ard unifcrn time asark of passage by the

bcdy c¢f the rlane of sclenoid. !
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hovwever, the applicaticn/use cf sclencids as locking apparatus
reguixes ccnducting firings Ly the ma2gnetized lcdies and it is

ccpjugate/combined with thke ccmplicaticn of the units UPSB of

chrcncgraphs.

Fhotoelectric blocking. Recently, in ccnnection with the
appearance of low-inertia phctccells, fcr lebcratory ballistic routes
they will begin to use extensively fphotcelectric nlocking. The
exemplary/aprroximate sclematic cf the separate assembly of

fhoto-ktlocking is shown or Fig. tc 14.7.
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Pige 4.5« Fige. 1446.

Fig. 14.5. Wire frame, target,.

Key: (1). To chroncgraph.

Pig. t4,6. Sclenoid blccking cell/elementa

Fage 539.

It ccnsists of tube L, low-inertia phctocell FF and three-stage

amplifier with thyratrorn.

Bith the passage of the model cf the Lcdy ltetween the tube and
the phctocell, it intersects light ray, cateing an instantaneous

cbange in the illuminaticn ¢f photccell. 1he appearing in this case
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electrical signal, in passirg ty thrcugh tte asgplifier, triggers the
thyratron of electronic relay whose cutput pulse enters the

electrcnic chrcnograph EKh, includirg c¢r disccrnecting the computer
cf the latter. Photcelectric blocking provices thke high accuracy of

time sarkse.

Inertia blocking. Cn labcratcry tallistic rcutes, mainly fer

artillery practice from small arms, is utilized inertia blocking.

The ccnstruction c¢f the inertia klcckirg cell/elements can be
different. One Of the ccrstructicrs, tke sc-called "comtact cup", it
is shcwn or Fig. to 14,E. Tlis ccntact inertia cell/element,

ccnnected to the entry cf chrcncgrarh, is festered on the metallic or

Flywogd plate, placed at tke erd of the rcute. From the impact/shock
ct the model of body into plate, tle latter shuéders and contact bar
to instant rebounds frcs the wall cf cup. YThe cccurring with this

rhencsenon explosicn of electrical circuit, as in frame blocking, it

is the signal for a chrcnccragh.

|
The advantage of tle irertia lccking ajparatus in the fact that 1;
the cgntact in them is restcrec after each stct automatically (unlike "
frames-targets). However, tc ke applieé¢ fcr tlccking the rcute they i
can cnly as last/latter cell/element, since sharply is changed the

character of the mcticn cf model alcng trajectcry. The length of the
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Fhase cf trajectory } fcr velocity measurement cf bodies with firing
frce artillery or rifle systems is selected cy the basis of the

required accuracy of the determinaticn cf veélccity and possitilities

€t chrcnagragh.
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Fig. 14.7. Photoelectric blccking cellyelement.

Rey: (). Amplifier.

Fig. 14.8. Inertia blocking cell/elesent.

Fage S40.

Since the velocity in the descrite¢d sethcd is defined as

that the greatest relative error ir its determination will be

A
]

Bere 41/) - relative fault cf measurement cf base }; At/t - relative

MM
R e -—
l+¢
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seasusing error for the flight time of tody cn chronografghe.

Bet according to test conditicns ke required toc obtain this
accuracy of determinaticr v, in crder tc Av,vg(.20/0. This will be, >
fcr example, provided in such a case, wkten l!/kO.lo/ognd%(O.lx. f '

Since for the electronic chronograph the error AfeT =const,
we obtain -’%(0.!9‘; whence |

t310007. Por a special case, with T=1¢10"% sitk t30.01 s. Based op gi
this minimum interval of time there is estatlisbed the length cf the
measuring section ], egual tc JPvt=C.01v tc m, where v - expected
rate of the rotion of tcdy. Knowledge 1 makes it possible tc find the
fersissible error A} in tle setting vp cf tlocking devices fron
relatjcnship/ratio A1€C.0001 3 m. With the ckservance of tvo these

comrditions av/vg0. z0/0.

Buring the definiticn cf the initial velocity of the projectile
¢t rifled artillery systes, the lccking apferatus place alceng
trajectcry in the smanner tkat it is shcwn cr Fig. to 14.9. In this
case, distance 1 is selected in accordance sitl considerations

fresented above, and rescvalsdistance 1, of first blocking device

frcm the pcint of the flight of prcjectile - sc that on BU1 would not Ij
affect the escaping fros frcjectile setting up gases. Value 1, Lf
defends on the form of frcjectile setting vjp, Lttt usually does not

exceed 20-30 m (duping frame blccking). The average measured velocity

-

cf projectile ve,=v can be referred tc the half of the distance '

betveen frames—-targets. Icr velccity transfcresation to muzzle end {;
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face, i.e., for determiring the initial velccity vy, they use the

forsula, oltained in the aralytical sethod ¢f pseudovelocity in

ccaneetica with the short lcw trajectories
D) —-Diw)=ar. L oan

Page Sa1,

Accepting for a special case in guesticn thke liprear dependence
betveen the change in tte velccity and the chasge in fuanction D(v),

it is pcssible to ccaprise the grcjcrticyp
Lm-bm) 0, (4

shere AD(v) - a change ir function [(v), thet ccrresponds to a change

in arguseat v on 10 a/s.

After designating v-vy=4v and ccaparing (14.1) and (18.2), we
¥ill clktain

00 4oy

Openiag the value of the Lallistic ccefficient cf c, ve will obtain

correction for velocity transformaticn to tie asvwzzle end face

[ x
- |00 — . .
AY 1 G (14.3)

shere x - a distance betweer the suzzle end face and the middle of

. v o M a® e A i
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the blccked phase of trajectcry (Pig. 14.99; i - an experimental
factor of the form cf projectile (tullet). Values AD(v) in ccnnecticn
with tbe Siacci functicn of air resistarce can te taken on table 31,

given in work [59).

§2. Determining aercdynamic characteristics acccrding to the results

cf ballistic firings.

Cne Of the most isportént aercdynamic charécteristics - drag

coetficient ¢(M) it can Le determined ty firirg onm ballistic route.

The calculated dependerce, whick makes it fossikle to determine
the average value ¢f drasc ccefficient ¢n the firal cut of trajectory,
Frcceeds from the law of a change in tlte kiretic enmergy of projectile
and reguires the measurement cf the velccity of projectile in two
fcints in the trajectory. Tte diagrarm cf irstallation of locking
apparatus alcng ballistic rcute is shcwr cr Fig. e 14.10. If
frcjectile setting up (for example - mcrtar), dces not make it
fcssible to have horizontal trajectcry, ther lccking apparatus along
trajectory are estaktlisk/installed cr different heightyaltitude (Fig.
14.11) . Let in the general case te kncwr tite parameters of trajectcry

v, x, y at two different pcints; tlen it is pcssible tc write
—‘?—-——-QX ¢s+§ mg cos d\)dy. (14.4)

where 3 - mass of bedy; X - drag.

e -
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Fig. 14.9. Arrangement/pcsiticn of the tlcchinc cell/elesents along

trajectcry for measurinc tte initial velocity.

Fage Su42.

Taking imto account that m({.})-mﬁ)-m 1800°= —1, we cbtain

%
_’!. (q_qg)-s XdS +mg(ys— 0 (4.5)

$,

Fcrce X from under intecral sign ttey will carry by average value,

then

= (=) — M (1 — )= X (5,—S))

and further

n *-":—2‘('!-'!) ‘ 6
x”-7. s’—sl . ll ~ )

Usually firing for determinatics g, (M) or Lallistic route is
crganjized so that the measured trajectcry ptase¢ would render/shew
hcrizcntal fcor the fossitility cf the excejticrselimination of the
gravitatcpal work (see Fige 14.10). In this case, obviously, let us

bhave

W= Si=xg Smig 8.-3._.-._-3.-_'73»5'14'

o W« T L

ar
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Taking into account that imcicated
= -4 PR
Kemg =~ . ey

Each cttained the data cf experiment value X, must be referred to

: a certain value of the velccity cf article fcr shich is accepted the
3

average speed at the length of measuresment I, e€qual to
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rig. 18.10. Setting up of the blocking frases during determinaticn

c«(M) ty firing.

Eage S43.

Fcr txamsiticn frome the force cf drag Xe to serodynamic coefficient

(M) is utilized the dependence

where p and a - a respectively mass air dersity and the speed of
scund in air at the moment cf experimentaticn; € - area of the
midsection of body. Prcm the ccmpariscn of expressions (14.7) and

(14.8) for x, it follcas

$Es e (2)

Hence unknown value (M) ig egqual

i b

c ('g)_.‘_-_n_—_'n.. (14.9)
*\e Slg +mn :

D

SN
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Pinal calculated depencence, after corlination of all constant
values and scale factors, takes the fcres

o). Q u—-
"(.) 59 S wrw

(14.10)

where @ - a diameter of the midsecticn cf tkcdy; P - the specific

gravity/weight of air.

During calculation the entering tle fcisulz values must be taken

in the following disensicrality:

Qb dun: Lo @ il 0 wf?

The values of the specific cravitysweight ¢t ait P for the different
values of the barometric fressure b sg Hg ard thke temperature of air

toC must be determined frcm the apprcpriate takles.

Tte length of Lase L fcr reasyrement *x gust be selected so
that is justified the averaging of value X &nd, at the same tise, is
frovided the noticeable incidencesdrcp in tte velocity of body,

pecessary for obtaining of the requireé acciracy of calculation ¢,

Under conditions of rargespolygcn, usuilly, base L is takern
equal to 200-400 m; under léetcratcry ccrditicns when the length of

tallistic rovte is limited, it is allcwsassumed to take the base of
the egual to several of ten neters, dejeadirg ca the veloscity v of

the setion of body and fossitilities of chrcnographs.

— e o w e e et et e did o
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Fige. 14.11. Blocking inclined trajectcry.
Fage Su4,

Aerodynamic functicns with tiltingc mosent K‘(—:-) aad under
lift KN(%V) also can te determinedé ty resvlts of firing. Por this,
during experiment must te seasured the cell elesents of the rotary
sctica cf projectile §, é!’-i'} after wkick tle named coefficients

are determined from the apprropriate calculaticy formulas.

Are known two methcds ¢t detersining erqular missile attitude in
the process of its mcticn alcng trajectcry - method of photography in
tvuc mutually perpendicular flanes end smethc¢ of firing at cardtoards.
In the first case the argles of the slcpe ct the longitudinal axis of
[rcjectile tc the directicn of the mcticn ci tle center of mass are

determined frcm phctographs, in the seccnd - these values they can be ;

cbtained by the measurement cf hcles ip the specially processed

fine/thin cardboard. Dutrirg the ccircidence cf the longitudinal axis
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cf projectile wvith velccity vectcr, tte hole it cardboard has a fors
of ciccuaference., If nutaticn angle é#C, then hcle has oval form
(Fig. 14.12). Angle, ccsprised by tke lcngitudiral axis of cval with
vertical line - precessicp angle v Racvwirc tbe size/dimensions of
Frojectile, according tc tte sizesdisersicys cf the axes of oval a

and a;, it is possikle tc determine rutaticr zrcle 6.

§ith the sufficiently large nuskter of crcss sections, vwhich fix
missile attitude on each of tke pericds of ¢ cltenge in the putation
angle &, it is possible tc cbtain exferimertal curves/graphs d=flv).,
Ectuween the cross secticns, which fix aissile attitude, are
€stablish/installed the lcchring aptaratus, shichk make it possikle to
measure the transit time of tite prcjectile thrcugh the appropriate
CICss sections. In summaticr, it is fcssible tc ottain the

exgerisental dependences

and
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Fig. 14.12. Form of hole ir pastebcard tarcet.

Face 545,

As an example let t= examine determimetice Iﬁ%%?; in the
assumption that the dynasic axis of eguililtrius coincides with the
velccity vector of the center of mass cf prcjectile. We will use the
fcrsulas, obtained in Chapter VIII, §4. PFrca (€.81) it is possible to

wgite that the half-pericd cf the fluctuaticn cf angle 6 will te

€qual tc
RO

.;.' ;

vhence ;
.—“. ‘i' 4;
;ﬂ (14.11) |
i
]
Erce (8.79) let us find Cg
|
pat(l—e) i
Wi

94 Bamanr
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and, after substituting (14.11), we will cltain

pet (] 2
-l
The aperture of value a and P and after replacirg r, on (8.84), we

cag write

an ‘wy Cwiv} 4u
‘7 100H (y) K (7)-~_; -7

Rith firing at small argles cf increasze H()})=1. Then the average
value cf coefficieat R,(-s-) when v 2lso is taken by the average
valve and the angular velocity of spin r=rg=ccrst, we will okttain

equal to

R.(%.)..__'!L_( o _ “). (4.12)

Value h is difficultly definec¢ Lkctk tkecretical and
experjmentally and, strictly sgeakimg, it it is alternating/variable
during the fluctuations of frojectile in tle fprccess of moticn.
Luring the use of known esfpirical fcroulas for determining of h, for
examgle, the formula, given in explanation tc (2.111), it is accepted
b=ccnst. The tables or the curvesgraphs, ccagrised in this case for

v
ch:)' must contain irdicaticn ¢t the meticd cf deteraination he.
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Are known also the methods of determiréticr acccrding to the
results of firings cn tle lallistic rcute cf the aerodynamic
ccefficient of lift and of the coefticient cf tie damping moment.
Petbods these are ccmplex ard the accuracy cf the obtained results is
intericr to the accuracy cf the results of experiment in wind
tunnels. For familiarizaticn vwith tte methcaos irdicated let us sen#
avay the reader to books [S., [59) and the themeztic works on

tallistic testings.
Face 546.

§3. Theoretical bases of the methcds cf determiring the positicn of ]

rcecket.

fhe position cf body in space at the ery scment of time is
detersined by six generalized cccrdirates. Three Linear values -
determine the position cf tle center cf mass cf rocket, while three
angular - its orientaticr ir space. These argles frequently call i

Fuler angles.

Let us examine the fossible methcds ot determining the position

i
ct rocket and calculated dejendences fcr celculating the ccordinates. ;
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The cocrdinates of rocket ir space can ke defiged as coordinates of
the point of intersecticn cf different surtaces. The surface, which
detersines the possible aircraft attitude at tke given imstant,
freguently calls the svurface of fositicr cr fcsition surface. Three
Gecmetric surfaces during intersecticn bave cn€ or several coason
foints. Thus, with the aid cf three surfaces cf position it is
Jcesiktle tc fix the locaticn of rocket at zry jcint of space. The
tyge of position surfaces depends ¢g the utilized ground-based

seterjing equipment.

If we simpultaneously fcllow the rocket frcx three ground-based
fcintjitems and to calculate its remcval/distapces (slant ranges)

frce €ach of the staticns, then pcsiticr suifaces will be spheres

sith e¢enters in the pointy/items of tke tracling, described by the A

radiij equal to slant rances.

The method positicr firding ct £light sehicle in space as of

jcint of intersection of three spheres is celled ranging.

¥e will obtain forsulas fcr cccrdinate deteraminatioa of the

rccket in of the terrestrial system Cxyz frcas the measured from three

fointsitems cf tracking slart ranges. let tle tracking stations be

arranges/located in fpoints C,(Xx,4 Yie Z1)o 1..qu,, Y20 22) and %(x,.

Yaes 23) (Pig. 14.13). Let us designate the cistences between tracking
statigns and the begiaaing cf the systes of cocrdisates Jae 120 32-

9ith sespect slaat ramges tc pciat ia the tzajectory H(x, Y. gs) - 4

tikrough p,, Pas P3e distance 08 - thrcugh ¢¢-.
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rig. 12.13., Fanying metbod cf positicn tincdicy cf rocket.

Keg: (1). Trajectory.

Fage S47.

Frca analytical gecaetry it is kncwn ttat

W=V AFATR E (14.14)

bnalogcusly are determined values g,, g3 arc 1z, 3.

The length of cut (M can ke representec ion the form

o=VAFFFd (14.15)
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Let us discover equaticn (14.13), after suilstituting in it

equaticns (14.14) and (14.1F)

o=V T+ a—2(5x+ ny+22) (14.16)

Dejendences for determining the values g, ard g3 take the same fcrm,
coly ot the entering in tkes values index 1 is replaced by index 2 or
3 respectively. After ccajrising exgpressicrs fcr differences p2,-p2,,
£2,-p23 and p2,-p2 5 and after re-grouping terms, we will oktain

(T =X) X+ (3= o) ¥ (81— 2g) Zmmcy;

(5y = %) X+ (h— ¥o) ¥ +(2— £) Bmmcy (14.17)
vhere (Xy— X9 X+ (39— #s) ¥ +(8y = &,) Bemicy,

c;-ﬁ%f«g-ﬂg4~‘¥-a¥~

System of equations (14.17) frrther is ccrnverted as follows:

ﬁ-“%(ﬁ-ﬂﬂ+dh-‘k

sy —ip}) -

vhere




:————-—-—N_v— - % -
. o < — e — - -
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Fage 5u8.

Fcr determining the cccrdinate y, it is pcssible to utilize the
degendence, cobtained frcm equation (14.13) efter the substituticn of
values x and z fros expressicns (14.18)

(a*+-8+1) * 4+ 2(x,a — y; + 2,0 —ae, — bey) y—
—~ (e}~ —ei—e1+2x,6, 1 22,6,) =0. (14.19)

Usually they attempt tc arranceslccate all tracking statices cn
] the sase level, i.€., iv plane xC2. Ir this ca € y,=y,=yz=a=b=0 and
the coordinates of rocket are detersined frem tte formula

x-‘l:

y=V 01— li—€l— e+ 2x.6,+ 2240 (14.20)

! Buring external measctrepents frecuwently is utilized the
sc~called total ranging metlod wher the pcsiticn of rocket in space

ie defined as roint of intersectior three e€llifpscids of revcluticn.
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It is kncvn that tle fcint, wkich Lkelcrgs to ellipse, possesses
that prcperty that the sum cf distances frca it to fcci remains
copstant; any point of e€llifgscid pcssesses this same special

feature/peculiarity.

Fig. 14.14 illustrates the applicaticn,use cf a total ranging

methcd for the determinaticr of the fcsiticr ¢f rocket oa plane.

We will obtain dependerces fcr cccrdirate determination of
rccket in earth-based ccordinate system Oxyz, after using Fig. 14.13.
let us consider that in the Leginning cf cccrdinates is located
sc-called master staticn, ard three wirgmer (re¢ceiving) are

arrange/located in points (,, 0, ard C;.

Jn the process of tracking tkte rccket there are determined the

sumss ¢f the slant ranges

=0+t Gu=0t0 Q=+ . . 144.21)
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Fige 14.14. Total rangirg methcd of gceiticr £finding of rocket,
Key: (1). Trajectory.
Eage S549.

After substituting intc the left side cf eguation (14.16) value

fs frps equations (W.21), we will citain

5HX+ 0y + 2,2 — ol = fs (14.22)

shere

1
fl*‘; (h’—ﬁ’l)-
Otiligzing two seccnd ecuations (14.21), aralogously wve can write

XX + Yyt + 2o~ Qe = /o

14.23)
XeX 4 Yol + Z3Z — Qftgg ™ [ 5. (

vhere

fomt =k frmt (B—dh).

e
. o
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In three eguations (14.22) and (14.23) - fcur urknown values x, y, 2
and pg. For their determination these equaticns must be solved

tccether with equation (14.175).

Are given below expressions fcr calculeting the coordinates of
fcint M in the case wher leading ard slave staticns are

arrangeslocated in plane xCz

xe=— s (2t — 20— (S o — f ) —
—Qn (fe#:— fo#:lli

y=Vea-o—2 |

2= [0 (= St~ f1 (50— X — | (14.24)
= (afy—xfilli

G b (oS — 2 D2 e £ )
.+f|(x|’a;""‘|”v e

shere

A= X, (2f0a — Zfeg) — 2, (Kden — ebva) — Qeu (X123 — Xy Zs).

Method, instituted con the definiticy cf the position of rocket
as points of intersecticn cf three hyperbclcids cf rotation, is
called differential ranging. On plare the lccaticn of rocket with the
aid cf this method is defined as pcirt ¢f irtersection of two

hyfperbclas (Fig. 14.15), fprcgerty cf which is the fact that a

ikt e e essssssss——
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difference in the distances frcm fcci tc the pcint, which lies cn

hypertcla, there is a ccrstant valve.

Fage 550.

Petermination of ccordirates ip differentisl ranging method is

conducted cn formulas (14.2l) Ly replacemsest e om Ag, vhere

AQ;=0c— 01 AQ:=0Qy—@p AQ;=0Q¢— -

Tte position cf rocket car be alsc unasbiqucusly defined as
intersection of two ellipscids and srhere, two hyperboloids and

sphere, tvo spheres and ellifscid, etc.

Frequently the locaticr ¢f tccket is defired as point of
intersecticn of sphere, ccne and plane (FPic. 14.16)« In this case the
fcsiticn of rocket will be determined by tle spherical ccordinates:
slapt range p, by the bearirg angles 3 and ¢f flace §£,
1ransferstransition frcx them tc tle cccrdirates of rectangular

system is realized on tle defpendences
Xmocosscos A; ymgsing zm=qcosssind. (14.95)
€esides spherical cccrdinates, fcr determining the

three-dimensional/space aircraft attitude scsetimes there is applied

cylindrical system. In this system tley are measured the bearing
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angle cf object A, the fprcjection cf cut OF cn flane sz:l and

rescving of fpoint M frow this plane - b (Fic. 14.17).

Tependences for transfer/transiticn frcm cylindrical coordinates

tc rectangular take the fcrsx

Wide acceptance will clttain tlke directicr-finding method cf
cccrdinate determinaticn cf okject. It lies in tbe fact that frcam two
trackjng stations 0, and 0, with tke aid cf special equipment are

reasuged angular coordirates cf Loéy A, ané e but according to the

bearing angles and gplace cf object and the krcwr Lase distance
tetueen B staticns are cetermined tle ccordinates of point M (Fig.

14.18) «

o Ay - —— = R e e d
l REEI Y. N, O RS A F
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L) 7oonman,

Pig. 14.15. Differential ranginy methcd of jcsition finding of

rccket.

Keg: (1) Trajectory.

Fig. 14.16. Position finding of rocket in sjherical coordinates.

Fage S5%1.

e WIS el

Frequently for convenience in the calculaticns instead of the
azimuths, are determinec¢ ancles o, calculzted cft direction in one
cf the tracking stations, tc the laurching jcint of the rocket or to
ary ancther characteristic 1 turn/sharfen tle earth®'s surface.

Iransfer/transition fros these angles tc azisuths (and vice versa)

e —— T P SR TH =70

does nct rerresent difficulties and is fulfilled on simple analytical
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derendence. For exasple, ipn ccnnecticr with Fig. 14.18

4=4, -Aliv

where A, - angle, calculated from lccal meridien tc directicn in
target/purpose; A; - angle between tle lccal wmeridian and direction

frce gcintyitem 0; in pcintsiten 0,.

We will obtain formulas fcr cccrdinate determination of rocket
it ccnpection with the directicr-finding methoé cf external
reasurements. Let the fpcint,yitems cf trackicg le arrange/located on
Flane x0z in the pcints 0, and 0,, tke distance ketween which is

€qual to B (Fig. 14,19) 1,

FCCINOTE '. The topographic excess cf the mseasuring posts above plane

X¢2 intc our conclusicns it is nct ccnsidered. ENDFOCOT NOTE.

As sajin direction for the reading cf hcrizcrtal angles, let us select
the line, determined by the axis 0,x cf earth-tased coordinate systea

which passes through gpcints ¢, and C,.

#or simplicity we ccrsider thkat axis (3 ccincides with direction

gever - Yug; in this case, the measured angles will be azimuths.

Let us designate distarce WA§ througt ), and 9, through },.
Izcs HOMA ve have ‘




Fig. 14.17. Fic. 14.18.

Fig. 14.17. Position firding of rocket in cjylicdrical coordinate

systen.

Fig. 34.18. Angular cocrdinates, used ir directicn-finding methcd for

fcsiticn finding of rocket.

key: (1). North. (2). Scuth.

Fage 552.

faking into account this fcr the cccrdinates cf foint M in systes |

0,2yz, ve will obtain

B
x-m-slnA,mA,.

-~ B8k L Buma
Y a—a) BN T aag—ay B

-——-—-—'———
B e 47 sin A sin A,

[ S P " e ¢ g A o~
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Values x, Yy, z can Lte civer tc acrcther fcrx, if one considers

that ,
“M.--:- tgey; (14.28)
sindy=s gy (14.29)

After substituting (14.z€) and (14.29) intc fcraula §14.27), we will

ckbtain
Btgecos Ay .
X= —_— :
g og00s Ay —ige) 008 Ay . . s R
'!l:!!‘l . i _ Py
'-'C'!“lll'—'l':.l la". T ) (“’-m
1 LTI —  Bgudlndy - .} e
tgegcos Ay —tge co8 Ay tgegco8 Aq—1tgecondy . - -

fogether with the directionmfindinc metkcd of determining the
[csiticn of rocket, is apglied alsc tke ccutired
rapgiag-direction-findirg methcd, in which they are measured slant
range and angular coordinates - ancles cf azisuth and place of

target/purgose.
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Fig. 14.19. Schematic tc the derivaticn of 1elationship/ratios for a

directicn—finding method.

Keg: {(1). Trajectory. (¢). fouthe (3). Nortt.

Fage £%13.

Shus, all the existing methods cf the external ameasurements are
r€duced in essence to tle measurement cf slent range and the angular
ccordinates, which deterrine directicr in rccket. At tracking

staticps, these measuresents can Lke ccnducted with the aid cf cptical

and radio equipment.

§4. Cptical measuresents.

§ken conducting of external seasuremerts, very widely is
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utilized ofptical equipment (cinethecdolites ané cinetelescopes,
tallistic cameras, apparatuses fcr tigh-speed/velocity photography,
etc.), which for this fpurjcse was adcpted ccnsiderably earlier than

radio engineering.

The basic advantages cf optical measureeents in comparison with
radio engineering are tteir clarity, since cptical eguipment makes it
fossible directly visually to ccntrcl tke piccess of moving the -
flight vehicle and tc photocragh it fcr the sulsequent analysis (for
exasple, vwith missile takecff, stage se¢paraticr, the intercepticn of ‘
target/purgose, etc.), anc¢ the high accuracy of the determination of

angular coordinates of cltject.

fherefore optical equigment part is utilized for calibrating the
radio engineering reasurirg systess. Thes, fcr instance,
interfercmetric system "Minitrek" is caliktréted Ly optical
instruments with an accuiracy tc z" {16). At tie same time the wcrk cf
Cptical equipment lends itself wcrse tc avtcwmaticn and it depends
sukstantially on the state c¢f the atmcsphere at the moment of the
seasurements which, as a rule, are ccrductec Lty ccaparatively srall

distasces to flight vehicle. Ir view cf this cptical measurements do

nct eliminate radio engineering; ttey successfully supplement each

cther.
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For conducting the €xternal mezasurements c¢r the individual
se¢cticns of the missile trajectories cf lcrc¢-rarge, for the
fhctograrhing of short trajectcries, fcr sccring of air-to-air
sissiles and the "earthygrcund - air™ is appliec¢ the cinetheodclite
sethod which makes it possille tc find rot c¢nly
three~dimensicnal/space cccrdinates cf flight vehicle, but also its
velccity, but in certain cases alsc acceleréticy and a series of
cther parameters of moticr. It realizes the direction-finding method
cf measurements and lies in the fact that ficm tuc (or three)
cinetlecdolite posts they simultanectsly ccrduct tracking the motion
cf cne cobject, they phctcgraph it ard detersine its angular
ccordinates (azimuth ané arcle cf elevaticg) ir the function of time.
A= a rule, in cinetheodclite staticn enter tkree posts of tracking.
Cne Of theas fulfills auxiliary functich ané¢ cat ke used for the

centrcl cf ccordinate deterwinaticr cf cbject.

Fage 5%4.

Furttersore, simul taneots tiracking frcm thrce cinetheodolite stations
sakes it possible tc exclude randca geasurirg errors with the cut of

cbject at acute angles, ard also during phctcgrephy against the sur.

Basic part of any cinetheodolite - the sain thing ! and sighting

2 telescopes (Fig. 14.20)wbhcse optical axes ere¢ parallel. Sighting
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telesecpes (sights) play auxiliary zcle ané sexrve for the
facilitaticn of the fprccess cf the guidance cf the optical axis of

zain (measuring) telesccpe for the cljective of photography.

Usually cinetheodolite for the increas¢ of the accuracy of the
tracking is serviced by twc cperatcrs cpe ¢t shich aims main
telesccre at flight vehicle along a2zimwth, énd another - on angle of
elevaticn. The position cf the object cf the relatively optical axis
ct main telescope with the aid cf scvie camera I continuously is
detented tc motion fpictire film. Tle gates cf tte camera/chambers of
all cinetheodolites of cne station are synclrconized between
themselves with the aid cf special electricel circuit with high
degree accuracy, and entiresall phctcgraphy it is conducted
autcmatically. Thus, the prcklem of cperatcirs is reduced only tc
vigual tracking the object ard the reterticr of cbject on the optical

axis c¢f main telescope (in the center cf crcss lines).

Tke photoyraphed moticn picture film ircludes entire kasic
infcrmation about the scticr of flight vehicle, written automatically

in the frocess of tracking.

-
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Pig. 14.20. Cinethecdolite.

Eace 555.

Cn eadh exgosure are
cinethecdolite, frcm
cf frare for joining

which determines tbhe

reccrded the ccrditicgel index of the

whick is conducted the cbservation, the number
it to time, tle refererce c¢rid (or cross linesg),

pcsiticn cf tlte cptical axis of maian telescope,

the image of object and the gonicmetrical scales with the fixed

values of azimuth and argle cf elevaticp, witich determine the

directicn of the optical axis of ma2in telesccpea

Pigures 14.21 gives exposure, photcgrephed in the process of

I oy
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cinetheodolite measurements. In left lower éngle is photographed the
gonicmetrical scale for the reading cf azisuvth, halfway - the scale
fcr the reading of angles of elevaticn, while ir right lower tc angle
ar€ gjven the number of expcsure ard tlte irdex c¢f theodolite. The
teading of angles is ccnducted on the indiceétors which are
establish/installed against the agjrcgriate divisions of the
gcpicmetrical scales. As a rule, expcsure ccunter initially to zerc
it is nct establishy/installed; therefcre fci the designation of the
beginaing cf the synchrcnous working cf all three cinetheodolites, is

arplied the special mark cf fperscrrel/frames.

At the moment cf tlie "gripscapture™ cf cbject by the main
telesecfe cf cinetheodolite, and alsc in tle fprccess of tracking the
fast mcving target/purpcses due to tte fossiltle errors fcr oferators
the image c¢f object and tle center cf cross lines of reference grid,
as a rule, dc not ccincide. This speaks abcit thke fact that the
ocbject of photography is displaced relative to the optical axis of
telesccpe and for the precisicr deterziraticm c¢f its angular

cccrdinates with the interpretation cf fils shculd introduce

ccxreations into the bearinc angles and place.

T Ry e
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Fige 4.21. Exposure, fphotcgrarhed with the aid c¢f cinetheodolite.

Fage 956.

1he signs cf corrections depend cn tte loceticr of object cof
relatively reference grid. Thus, fcr irstarce, if object is located
in the first fourth, angular correcticgs have flus sign, if in the
third, then corrections must ke decucted frcs re¢adings of the

gcpicretrical scales, etc.

For decreasing the fcllcwing errcrs, tte guidance of
cigsethecdolites to moving cltject can te realizeé¢ and it is
autcsatically - with the aid of radar staticns »ith those errors

which characterize radar methods ot external trzjectory measurements.




v i

LecCc = 78107119 PIGE %
Y

The higher accuracy of tracking prcvide the cperators, which correct
the rotation of main telesccpe with the ai¢ of tand drives. In a
pugkter cf cases there is alsc applied the [1eset guidance of
cinethecdolites to target, /purpcse. The accuracy of the cinethecdolite
sethod of measurements depends suikstantially ¢t tne synchrcnise cf
tte werk of all thecdolites and frequercy stabkility of photography.
Fcr the possibility of the introducticn of ccrrections for lack of
sypchrcnaticn, is conducted recording the tcrquesmoments of the
cosjplete opening of the gates cf cinetleodclites with the aid of

kigh-precisicnp chronograghs.

Very laltorious prcecess/cperaticn is the decoding of the
Fhctcgraphed motion picture films, whkict ccrsists of remcoval/taking
cf readings from the gonicmetrical scales fcr tke bearing angles and
gflace;, and also in the determiraticr cf correcticns for the
rcgcoincidence of the image of object with the cptical axis of
cipnethecdolite. Decoding is frequertly fulfilled by hand with the aid
cf the instrument, called ccmparatcr. It ccrsists of microscope and
tvc measuring grids. The measuring grids are¢ irstalled to the
carriage which can be mcved in two mutually perrendicular directions.
The position of measuring grids relative tc¢ the exposure is
determined with the aid of the special scales which can be graduated

in the porticns of degrees.

SR TS
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Those considered the gonicmetrical dial/lisbs of each frame of

the value of azimuths 4,, and of the argles cf elevation ea, and
alsc cf correction (taking imtc acccuint sigr) into these angles
AAxi and Ae, for the ncrccincidence cf tle image of object the
cptical axis of main telesccpe (with tle certer cf cross lines)
usually will be brcught in irtc the special sersice record (tatle
t4.2) o in which are calculated alsc tie valies cf true azimuths

Ai=Ax+AAy and of angles cf elevaticn gimey+Ac,,.

ab For accelerating the prccess of the deccéing cf motion picture
filses, are applied also thke methcds cf the semiautomatic and
autcmatic readiny of readings of tke gcricmetrical scales (in the
presence of special equipsert), in this case¢, the angular coordinates

are autcmatically recorded c¢n puncltedé cards cr cn magnetic tape.

In terms of the values cf arngles A(f) and e(f), smoothed with
the aid of the method of least sguares [10], ardé with known base B
can ke designed on forsulas (14.27) cr (14.:0) the values of
coordinates x(t), y(t), and z(t). Sfimilar calculation is conveniently

fulfilled cn form, presented Lelow (talle 14.3).

the comrrising velccities of the mcticr of rocket along the azxes

¢t coordinates Ox, Cy, (z are lccated Lty the numerical

differentiation
Ax Az
o= u= ® o=T.

Pull speed is calculated fros the degperdence

'-PE+E+&
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lakle 14.2. The angular ccordinates, cttaired with the aid of

cinetheodolites No. 1 ard Nc.

Z 1.

FCOINGCIE ®, In an example cf calculaticr (teable 14.2 and 14.3) is

used ccnditicnal assay. EBDECCINOIE.

Whyx N
Qa, S e

20aHT2 )@:}m e m o ™0

An 42°17

AA, +2

A 249

: “ 27°49'

A, el

" 21°46°

Ag 100°4'

MM, -V

A 109°3°

2 tw 36°26'

Mg -2

o 3

Key:s (1). Launching/starting.

angles.

{2) . cinethecdclite.

Q).

frame.

(4) «
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Fage SS8.

Analogously can be fcund the acceleraticn cf object as
derivative of velocity. Hcwever, repeated éifferentiation does not
prcvide the necessary accurecy cf calcrlaticns and therefore, as a
rvule, it is not applied. Fcr detersiration cf acceleration, more
frequently are utilized tle direct methcds ¢f smeasurements with the
aid of special sensors. Tke obtaine¢é values of the full speed v and
its cosgrising o, o, o, sake it jcssiktle tc determine the angular
[oceiticn of the velocit) vector of rcclket ct relatively earth-based

ccordinate system. Angles @ and ¥ are fourd ty the formulas

and

sin 8 mvy/o § 1g ¥ = —~v,/0,,

cbtaioed from (2.4).

In principle it is pcssible tc find alsc such parameters of
pction as g-forces, angles cf attack ard slig, but the accuracy of

their determination will te lovw.

Cinethecdolite measurerents are appliec¢ fcr determining the
[arameters of the xcticr c¢f cbjects at shcrt distances. The
fcesibilities of optical measurements can te¢ exganded during the use

cf the telephotocine careras.

i a

e
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table 14.3. Calculation cf the coordinates ctf clject.
B=6000 u (1) Myex Mo

Quz‘ tc 0 n| |
1 Ag—A, 66°44’
2 sin (A,—Aj) 0.9186
3 B:[2) 6533
4 sin Ay 0,6732
5 cos 4y 0,7394
6 sin Ay 0,9452
7 tg sy 0,5265
8 g ey 0,7373
9 13)-[6] 6175

10 x=1[9)-[5) m 4564
1 z=[9]-[4) u 4157
12 n=09)[71u 3251
13 ¥2=[3]-(4)-[8) u L
|y bkl 241

Here numerals in the brackets conditiccally designated the values,

which stand in the apprcgriate takle rcus.

Fey: (1). Launching/starting. (z). line.

Fage 5589.

Such telescores are estaklishyinstzlled on sgpecial base/rocts and
have mcre poverful cptics. 1hey are applied for recording the

frccesgses of the stage separation, intercegticem and other phencamena,

vhich cccur at considerakle removalydistance frcms okservation

—— e s - T R
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statign. Fiqures 14.22 gives thke general view cf the American
cigetelescope ROTI, which makes it possible tc seasure the angles

with accuracy (20-30)".

Oftical measurements widely are utilized fcr tracking the
artifjcial Earth satellites, the space staticns and the ships. Fer
this, is conducted the ghctcgraphing cf object against the background
cf the stars whose positicn on celestial splere is known with high
degree of accuracy. For thke phctograghing cf such strongly distant
cbjects, can be applied tte cinetelesccpes érd the ballistic
cameraschambers which, vrlikle the first, are fized, but they have the

large field cf view.

8ith the aid of the criented cn stars lallistic camera/charbers

it is fossiktle to detersire angles with acciracy 3" g -5".

Purther develcpment of cptical seasuresents occurs over the path
c¢f an increase in the distarce of phctogragly, accuracy of

detersination of angular cccrdinates apd axtcpation of readout.

[ PR O SN

S o VPV
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Fig. W4.22. Cinetelesccge.

Fage 560.

Recently together sith optical equipmert ircreasingly mcre
widely begins to be utilizeé infrared .technclogy. The instruments of
infrared vision are applied wken is binder/taspered the use cf
cptical or electronic ecuipment - fcr exaeple, for the study of the
initial moment of missile teékecff when the usual phctographing of
rocket is impossible due tc a large quantit) of dust and smoke; they
successfully are utilized fcr ccordinate determination of object,

entering the dense layers cf the atscsghere, ard in a series of other

PO
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?he methcds of trajectcry measuresments with the aid of
radio-techrical resources, the methcds cf jarameter deteraination of
the trajectories of ballistic missiles from tte data of radar
measurements, the methcds cf measurirg the errcr on the flying
target/purgpose and the determinaticns ¢f the errors for external
Beasurements are presented in wcrks [25] ard [61). The gemeralization

cf the named questicns is fpertially carried cut in work [18].

LCC = 78107119 EAGE .
124 # |
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Appliveaiviren /o pend i x.

Tables of the characteristics cf tte gciat c¢f firing engime on the

first passive phase of ccmplex trajectcrye.

(1) Snavemen 0, e vy w8

% mxmxsozoommasolmm
«=0,05)
0,0 | 45.0[ 45,0( 45.0] 45.0[ 45,0[ 45,0 45,0] 45,0
0.1 {452 45,5 45,7 45,9] 46.0| 46,1 46,1 6.1
0.2 | 45,5 46.1] 46,4] 46,3| 47,1} 47,3 1.3 42,3
0.3 | 45,8 46,6| 47,1 47,7] 45,1] 48.4 48,4] 48.4
0.4 | 46,0 47,0] 47.8) 48.5 49 2| 49.6 49.6] 49,6
0.5 | 46,3 47,5| 48,5 49,4 50,9} 50.7] 50.7] 50,7
0.6 | 46,5 47,9 49,2 50.2| 51,3 51,8 51,8 51,8
0.7 | 46,8) 48,3 49,8 51,0| 52,9| 52.8 52,8 52,8
0.8 | 47,0 48.6 50,2 51,7| 52,9] 53.5 53,5 53,5
0,9 |47.1 48,9 50.5| 52.1] 53.3| 54.0 54,0] 54,0
1.0 | 47,1 40.0] 50.7| 52,3 53.5| 54, 54.2| 54,2
1,1 | 47,1) 9,0 50.7| 52.3{ 53,5| 54.2| 54.2| 54.2| 54.2
1,2 | 47,1] 40.,0] 50,7| 52.3 53,5{ 54,2| 54.2| 54,2 54,2
1,3 | 47.1] 49,0 50,7 52,3 53,5] 54,2 54,2] 54,
1.4 | 47.1] 49,0] 50,7] 52.3 53,5/ 54,2 54,2 54,2
1,5 | 47,1 49,0] 50,7] 52.3| 53.5| 54,2 54,2 54,2
a=0,10

0,0 | 45,0} 45,0/ 45,0) 45,0} 45,0] 45,0] 45,0| 45,0) 45,0
0.1 | 45,5 45,9] 46,3 46,8 47,0] 47,1} 47,1} 47,1] 47.1
0.2 | 46,0] 46,8} 47,6 48,3 48,9 9,1 49,1] 49,1] 49,1
0,3 | 4.5 2.8 8,9 50,0] 50,0 51,9 51,9 51,9 51,
0.4 | 47,0 8.7 50,2 51,0 52,7] 53,2 53,9] 53,9 59,
0.5 | 41,5 4.6 51,5 53,8 54,6] 55,2 55,2 53,3 5.
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50 | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600

€0

0,6 | 47,9]50,4| 52,7| 54,7 56,3| 56,9/ 56,9( 57,0/ 57,0/ 57,0{ 57,1] 57,1

0,7 | 48,3] 51,1| 83,7| 55,8| 57,6 58,3! 58,3] 58,4 58,4] 58,4] 58,4| 58,4
| 0,8 | 48,5| 51,6/ 54,4 56,7 58,5| 59,4| 59,4] 59,4| 59,4( 50,4 59,4 59,4
{ 0,9 | 48,6/ 51,9 54,8 57,3 59,1( 60,0 60,0[ 60,0 60,0 60,0f 60.0 60,0
' 1,0 | 48,7 52,1] 55,0/ 57,6 59,4 60,2] 60,2 60,2] 60,2| 60,2 60,2] 60,2
1,1 | 48,7| 52,1] 55,0| 57,6/ 59,4| 60,2 60,2| 60,2( 60,2 60,2| 60,2 60.2
1,2 | 48,7| 52,1| 55,0| 57,6] 59,4| 60,2} 60,2} 60,2 60,2 60,2| 60,2| 60,2
1,3 | 48,7 52,1] 55,0/ 57,6/ 59,4] 60,2{ 60,2 60,2| 60,2| 60,2| 60,2| 60,2
1,4 | 48,7} 52,1| 55,0/ 57,6| 59,4] 60,2 60,2/ 60,2| 60,2| 60,2/ 60,2| 60,2
1,5 | 48,7} 52,1/ 55,0] 57,6| 59,4| 60,2 60.21’60,2 60,2 60,2 60.2’ 60,2

¢=0,|5

0.0 45,0| 45,07 45,0} 45,0] 45,0] 45,0/ 45,0, 45,0 45,0/ 45,0, 45,0| 45.0

0,1 45,7 46,2| 46,7| 47,1 47,4 47,4) 47,5] 47,6 47,6{ 47,7| 471,7| 47,8

0.2 46,3( 47.4] 48,4 49,3) 49,8 49,91 50,0/ 50,1] 50,2| 50,3 50,4} 50.6

0,3 47,0| 48,7| 50,2| 51,5| 52,2} 52,3 52,4 52,6 52.:* 53,0! 53,1{ 53.3
6

0.4 47,6] 48,9) 51,9, 53.6] 54,5) 54,6) 54,8] 55,1) 55,4} 55,5 55,7 55,9
0.5 48,3 51,0{ 53,6( 55,6/ 56,8| 57,0| 57,2 57,5/ 57,7 57,9/ 58,1 58,3
0,6 48,9) 52,0 55,0{-57,3) 58,7} 58,9{ 50.1| 59,3, 50.4] 59,6| 59,8; 59.9
0,7 49,4/ 52,9! 56,1] 58,6/ 60,1{ 60,3( 60,4| 60,5/ 60,6/ 60,7/ 60,8 60,8
0,8 49,8 53,6| 56,9 59,4 61,0/ 61,1{ 61,2| 61,2 61,3, 61,3 61,8 61,3
0.9 50,0! 54,0] 57,5| 59,9{ 61,4 61,5 61,5( 61,5 61,5 61,5 61,5 61.5
1,0 50,0 54,2 57,8 60,2| 61,5{ 61,6/ 61,6/ 61,6| 61,6 61,6| 61,6 61.6
1,1 50,0| 54,2/ 57,8 60,2| 61,5 61,6| 61,8( 61,6/ 61,6, 61,6 61,6/ 61,6
1,2 50,0} 54,2 57,8{ 60,2 61,5/ 61,6( 61,6{ 61,6 61,6; 61,6i 61,6{ 61,6
1.3 | 50,0) 54,2 57,8/ 60,2| 61,5 61,6} 61,6/ 61,6 61,6/ 61,6/ 61,6 61.6
1,4 | 50,0 54,2 57.8| 60,2 61,5{ 61,6{ 61,6| 61,6{ 61,6{ 61,6| 61,6/ 61.6
1,5 50,00 54,2 57,8| 60,2] 61,5] 61,6/ 61,6/ 61,6| 61,6/ 61,6/ 61,6] 61.6 |

LA L

ng . i
0.0 45,0] 45,0; 45,0} 45,0} 45,0 45,0 45,C} 45,0| 45,0{ 45,0/ 45,0 45,0 “
0,1 45,7) 46,3| 47,0{ 47.,5] 47,6| 47,9| 48,1| 48,3 48,4] 48,4| 48,6/ 48,8
0.2 46.4| 471,7| 49,0 40,9 50,3 50,8] 51,1 51,5/ 51,7} 51,8} 52,1] 52,6
0,3 | 47,1 #,1] 50,9 52,8| 52,9 53,5 53,9 54,4 54,7] 55,0 55,4 86,1
0,4 47,9{ 50,5( 52,8] 54,5 55.3 56,01 66,5 57,04 87,58 57,9 58,4 88,1
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100

150

0,5
0,6
0,7
0,8
0,9
1,0
1,1
1,2

48,6
49,3
50,0
50,5
50,9
51,0
51,0
51,0

51,8
53,0
54,0
54,8
85,3
85,5
85,5
85,5

R e

54,6
86,2
57,5
58,5
59,2
59,5
59,5
59,5

56,5
58,3
59,7
60,7
61,3
61,5
61,5
61,5

87,5
59,4
60,8
61,8
62,4
62,6
62,6
62,6

62,9

63,1
63,1

58.8, 59,3
60,6

63,11 63,1
63,1| 63,1

4,00 45,0
48,3] 48,7

51,6 52,
54,8 55,8
57,9 58,9

60,4| 61 2‘
62,2 62,8

59,8/ 60,3
61,5 61,8
62,4 62,6
62,9 62,9
63,1 63,0
63,1 63,1
63,1] 63,1
63,11 63,1
63,1 63,1
63,1/ 63,1
63,1 63,1

45,0] 45,0

2’ 49,6
53.2( 54,1
56,8/ 58,1
59,9{ 61,0
62,0 62,8
63,2! 63,7
63,9 64,1

64,3 64,
64,5| 64,4
64,5 64,
64,5| 64,
64,5 64,4

60,3
62,1
62,7
62,9
63,0
63,1
63,1
63,1
63,1
63,1
63,1

45,0
50,3
55,
82,5
62,1
63,5
64,1
64,
64,
64,

64,4
64,4

64,5] 64,4| 64,
64,5 64,4 64,
64,5 64,4 64,

61,3
62,3
62,8
63,0
63,1
€3,1
63,1
63,1
63,1
63,1
63,1

4$,0
51,5

57,7

61,5

63,5

64,3
64,3
64,3
64,3
64,3
64,3
64,3
64,3
64,3
64,3
64,3
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“ | 50100 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600
a=0,30 -~
0,0 | 45,0] 45,0 45,0f 45,0/ 45,0 45,0{ 45,0/ 45,0] 45,0 45,0/ 45,0( 45,0
0,1 | 45,8 46,5 47,2| 47,7 48,3) 49,1] 49,4 49,8] 50,2] 51,2 52,5/ 54,0
0,2 | 46,6 48,0/ 49,3 50,2| 51,6 53,0{ 53,6 54,4 55,1{ 56,7| 58,9( 61,5
0,3 | 47,4 49,5 51,4 52,9 54.:‘ 56,4| 57,4| 58,4] 59,4 61,1} 63,2 65,4
0,4 | 48,2 51,0 53,5 55,5| 57,7 59,3 60,5| 61,6/ 62,6/ 64,0( 65,6( 67,1
0.5 | 49,0| 52,4| 55,4 57,9 60,2| 61,7} 62,7 63,3| 64.7| 65,8] 66,8 67,9
0.6 | 49,8 53,8 57,1} 60,0 62,2/ 63,6| 64,3| 65,1| 65,8 66,6 67,3| 67,9
0,7 | 50,6] 54,9 58,5 61,6 63,7 64,8 65,3 65,8 66,4| 66,9 67,5| 67,9
0,8 |51,3| 55,7 59,5 62,7| 64.6| 65,5| 65,8| 66,4 66,7/ 67,1| 67,5 67,9
0,9 |51,8 56,2/ 60,0 63,1| 65,0] 65,8/ 66,1 66,5/ 66,9 67,2| 67,5/ 67,9
1,0 | 52,0 56,3 60,2 63,2 65,1 65,9] 66,2 66,5 66,9 67,2 67,5 67,9
1,1 | 52,0 56,3 60,2| 63,2| 65,1| 65,9| 66,2| 66,5 66,9| 67,2/ 67,5 67,9
1,2 | 52,0 56,3| 60,2 63,2| 65,1 65,9) 66,2| 66,5 66,9( 67,2 67,5 67,9
1,3 | 52,0 56,3 60,2| 63,2 65,1| 65,9] 66,2| 66,5 66,9{ 67,2 67,5 67.9
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1,1 | 180 | 360 | 570 | 780 { 1020| 1240] 1500} 1750{ 2020] 2290] 2590{ 2880
1,2 | 180 | 360 | 580 | 770 | 1010| 1220| 1480] 1710} 1970] 2210] 2480| 2760
1,3 | 190 | 370 [ 590 | 780 | 1020] 1230| 1470] 1690| 1940| 2160] 2390/ 2650
1,4 | 200|350 | 610 | 820 | 1050) 1250) 1490] 1710] 1930] 2140] 2330] 2550
1,5 | 210 430 | 650 | 880 | 1100{ 1310{ 1520 1740] 1940] 2130| 2300/ 2470
0,0 {0,0]0,0 0.0, 0,0
0,1 3| 2 2570| 3660
0,2 | 60120 4540, 5760
0,3 |130 280 4340| 5030
0,4 | 200500 3060 4440
0,5 |22 |52 3660] 4100
0,6 |22/ 480 3430] 3850
0,7 |210| 40 3220] 3620
0,8 |190]410 3040] 3400
0,9 | 18030 2880] 8210
1,0 |180 {870 2750| 3050
1,1 | 180360 2000
1,2 | 180 | 370 2520] 2770
1,8 | 100 | 300 2830
1,4 | 190 | @00 260
1,6 |[210] 40 2500
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a=0,30

.00 0,00 0,0, 0,00 0,04 0,00 0,0 0,0

0,0 00(00}0,0]0,0

o

0,1 4 80 | 180 | 350/ 610/ 880f 1250 1690] 2440| 3460 4770
. 0,2 50 270 | 460 | 840 1150; 1660| 2400] 3310/ 3970/ 4800{ 6100
0,3 130 540 | 850 | 1250{ 1650 220Q| 2660| 3140 3840, 4360, 6060
J 0,4 210 770 {1070 | 1420| 1820} 2120/ 2510 2930 3420( 3860 4450
3 0,5 |240 750 {1030 | 1330 1670] 1990} 2350; 2730| 3140| 3560 4000
3 0,6 220 700 | 970 | 1250) 1560] 1870| 2220{ 2560| 2930| 3300{ 3710
0,7 210 650 | 910 | 1180 1470| 1770| 2090! 2400| 2740/ 3090 3460

0,9 180 590 | 820 | 1070{ 1320 1600 1860{ 2130( 2420, 2730| 3070
1,0 180 570 | 790 | 10307 1270 1530 1780( 2030 2300[ 2590; 2900
1,1 180 560 | 780 { 1000 1230| 1490 1730} 1960| 2220, 2480 2750
1,2 180 560 | 770 [ 990( 1210, 1460 1700! 1930| 2160| 2400 2640
1,3 190 570
1,4 200
1,5 210

780 | 1000 1220 1450 1690, 1920
600 | 820 | 1040} 1250] 1470] 1720| 1930,
650 | 880 | 1100{ 1310] 1530 1760 1970

Sﬁem n uﬁu vy W:,
50 | 100 | 150 | 200 | 250 | 300 | 350 | 400 | 450 | 500 | 550 | 600
a=0,05

2130] 2330| 2510
2160; 2340| 2490

30
130
260
430
490
460
430

0.8 190 | 400 | 610 | 860 | 1120{ 1390; 1680| 1970, 2250] 2570| 2900| 3250
380
370
360
360
380
400
430

€p

0.0 (0,0(0,0]0,0}0,0(0,0|00( 0,0 0,0 0,0 0.0
0,1 1| 9| 30| 60| 110{180| 290 310 400 700
0,2 | 20! 40{100{150|210]310] 480 690 850) 1620
0,3 | 60100170 | 260 | 360 | 510 | 720] 960| 1240 2450
0,4 |100] 150|240 | 350 | 470 | 660 | 890| 1170/ 1470 2690
0,5 |110] 180|200 {430 {570 | 740 | 960! 1220 1520 2570
0,6 |120]220] 330480610790 980| 1210] 1480 2450
0,7 |120]250 | 370 | 520 830 | 1000 1210 uzo( 2350
0,8 | 130|270 400 | 550 860 | 1020] 1210, 1400 2260
0,9 | 130280 | 420 | 580 900 | 1030] 1220| 1400 2160
1,0 | 140 ;200 | 40 | 590 920 2110
1,1 1150 { 300 | 460 | 600 940 2060
1.2 | 150 310 | 470 | 620 960 2030

200 | 400 | 6490 970 1980

330 { 490 | 060 990 1940

330 | 500 | 670 000 1900
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a=0,10 ¥

0,0 (0,010,000 0,0 0,0 0,0 0,0 0,0 00 00 00 0.0 E
0,1 2( 16| 50| 110[ 220| 340 460| 600 760/ 930| 1130, 1340 =
0,2 | 50 120|200 340 1190| 1470| 1810| 2300| 2850
0,3 |110] 250|410/ 640 1720| 2200| 2600! 3240! 3820
0,4 | 160 (360|560 soo 2100{ 2520{ 2070| 3460, 4030
0,5 |180 | 400 | 650 | 900 2270| 2700/ 3190| 3670] 1250
0.6 | 190|430 | 680 | 940 2370| 2790| 3240| 3770! 4330 ,,
0,7 (200440710 980 2440] 2850| 3310, 3830] 4380 5
0,8 |210 | 460 | 740 | 1020] 2480] 2890 3370/ 3840 4390
0,9 | 220 | 480 | 760 | 1050 2500 2910/ 3370| 3830| 1360 1
1,0 | 230 | 500 | 780 | 1080 2500 2900/ 3350, 3800| 4300 s
1,1 | 240|520 | 8001110 2500| 2880| 3300| 3730 4220 ;
1,2 | 250|540 [ 820 | 1130 2480 2840 3240 3640 4110 !
1,3 | 260 | 560 { 840 | 1150| 1460] 1750{ 2130| 2460| 2800| 3170| 3540| 3960 ¢
1,4 | 270 | 570 | 860 | 1170| 1470 1800] 2120| 2430] 2750] 3090 3430, 3790
1,5 | 280 [ 580 | 880 | 1190] 1480] 1800 2090| 2390/ 2690, 3000] 3300] 3600
0,0 0,0}0,010,0 0,0 0,0 0,00 0,0 0,0 00 4
0.1 2/ 70 540/ 740/ 40! 1200/ 1450! 1790
0,2 40 | 120 | 240 1030] 1340] 1800! 2280 2920' 2620
0,3 | 120280 | 440 1520{ 2000 2730 3380' 5040 3
0.4 | 180370 | 600 1880| 2420 3060| 3700 5070
0,5 | 210 440 | 700 2070{ 2600 3150 5000 ;
0,6 |23 490770 2180| 2670| 3160 4200! 4930
0,7 | 250 | 530 | 820 2250 2710} 3170 4250| 4850
0,8 | 260|560 | 860 2300{ 2730| 3180, 4200| 4760
0,9 270 | 580 | 890 2330{ 2740| 3170 4140| 4660
1,0 | 280|600 | 920 2350( 2750, 3150, 4070] 4550
1,1 | 280 | 620 | 940 2750| 3130 3990] 4440
1,2 | 290 | 630 | 950 2360| 2730/ 3090 3900] 4320
1,3 | 300|630 | 980 3050 3810/ 4200 ]
1,4 | 3060|900 4080 |
1,5 |06 |90 Raand i
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a=<0,20

0,0 [0,0(0,0[00{ 0,0 :62' 0,0 0,0 0,0 0,0 0,0 0,0 0,0
0,1 3| 20| 80| 180 460 670 940 1280/ 1510 2430
0,2 | 70150 | 280 | 480 730| 1070| 1400 1950/ 2600| 3230 6100
0,3 |160| 320 | 540 800 1080| 1440( 1820] 2450| 3140| 4000 6300
0.4 | 200|420 | 700 | 970| 1300| 1690| 2110{ 2720| 3400] 4250 6100
0.5 | 220 480 | 760 | 1080| 1440| 1850 2300] 2880| 3540 4260 5800
0,6 |220 | 490 | 790 | 1130] 1520 1970( 2430| 2970| 3570 4210} 5530
0,7 |230] 510|820 | 1180

0,8 | 240 | 530 | 850 | 1220

0,9 | 250 | 550 | 870 | 1250

1,0 | 260 | 560 | 900 | 1280

1,1 | 270 | 570 | 920 | 1310

1,2 | 280 | 580 | 940 | 1330

1,3 | 200 | 610 | 960 | 1340

1,4 | 300|630 {980 | 1350

1,5 | 310660 {1000 | 1

00 {00100} 00 O,

0,1 4| 2

0,2 | 80160

0,3 |160/ 350

0.4 |23 |40 1

0,5 |20]55 1

06 |270]|s7 | 910 1

0,7 | 280500 1

0,8 |200]610 1
- 0,9 |300]6% 1

1,0 | 310 | 640 | 1000 1

1,1 | 320 es0 | 1010 1

1,2 | 320 | 660 | 1030 1
1,3 |8 ere 1

1,4 {30] e }

1,5 | 30700 1
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b 50]100[150{200250300350400450500'5506«)
a=0,30

0,0 10,000 0,0 0.0/ 0,0, 0,0, 0,0, 0,0, 0,0 0,0

0.1 | 4! % 370 650] 950| 1360| 1860 2740] 3000’ 5670

0,2 | 80| 180 890{ 1280 1800] 2550] 3500] 5080| 6800 8300

0,3 |180 | 430 1360] 1800| 2440| 3350{ 4460] 5600) 6940, 8410

0.4 |270 570 1680| 2160| 2860| 3680| 4540| 5480| 6610; 7960

0,5 |300]610 1800] 2300| 2040] 3680| 4460 5280! 6200| 7350

0.6 |310|630 1850| 2350| 2040] 3650| 4360] 5090] 5890] 610

0,7 | 220|640 1880! 2380| 2930] 3610| 4260 4920] 5610| 6370

0.8 | 330650 1900 2390| 2930| 3560 4160| 4750| 5370| 6010

0.9 | 340|670 1920 2400] 2920| 3500} 4050| 4600) 51701 5730

1,0 | 350|680 1930] 2400] 2900| 3430| 3940| 4460 4990 5500

1,1 | 350|690 1930| 2390 2870| 3360| 3840 4320] 4820| 5300

1,2 | a0 |70 1920 2370| 2820| 3200 3740| w190| 4650| 5120 e
1.3 |37 720 1910] 2340| 2760| 3210| 3640] 4060, ©940

1,6 |30 7% 1900 3 3920 4340} 4770 ‘
1,5 |0 |70 1 a:,::’ 4600

. Keys (1). Values. (2). sith. (3). m/5. (4) . & vith.
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DISTRIBUTION LIST

DISTRIBUTION DIRECT TO RECIPIENT

ORGANIZATIOE MICROFICHE ORGANIEQTION ﬂ}CROFICHE
A205 DMATC 1 E0S53 AF/INAKA 1
A210 DMAAC 2 E017 AF/RDXTR-W 1
: B344 DIA/RDS-3C 9 E403 AFSC/INA 1
1 C043 USAMIIA 1 E404 AEDC 1
; N C509 BALLISTIC RES LABS 1l E408 AFWL 1
C510 AIR MOBILITY R&D 1 E410 ADTC l
LAB/FI0 E413 ESD 2
C513 PICATINNY ARSENAL 1 FTD
C535 AVIATION SYS COMD 1l CCN 1
C591 FSTC 5 ASD/FTD/NICD 3
C619 MIA REDSTONE 1 NIA/PHS 1
D008 NISC 1 NICD 2
H300 USAICE (USAREUR) 1
PO0O0S ERDA l
PO0OS CIA/CRS/ADB/SD 1l
NAVORDSTA (50L) 1l
NASA/KSI 1
AFIT/LD 1
1
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